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ABSTRACT

In recent years, research into metal ion extraction using hollow fibore membranes has grown,
focussing on the extraction of a wide range of metals including base, transition, and rare earth
metals. This nondispersive solvent extraction technique does not have many of the disadvantages
such as emulsion formation, foaming, and flooding, which are associated with the more traditional
dispersive solvent extraction techniques. Current studies using hollow fibre membranes for the
separation of Zr and Hf generally use the same experimental setup consisting of a manually
controlled system monitored by analogue gauges. Although the manual system is sufficient for
initial proof of concept studies, it does lack the accuracy and repeatability to advance this
technology to the next step of commercialisation. The aim of this study was therefore to design,
simulate and construct an automated membrane based solvent extraction (AMBSX) system for
use in Zr and Hf extraction research. Boundary conditions entailed that the system should be
chemically resistant to acids (up to 9 mol/L) as well as to a variety of organic solvents commonly
used in solvent extraction. In addition, the apparatus was designed to be able to function over a
range of pressures (0-200 kPa), flow rates (100 - 900 mL/min) and flow directions (co- and
counter-current) up to a temperature of 35 °C. The objective was to attain independent automated
control of both flow rate and pressure in the system, while improving the accuracy and

repeatability of the results.

The automation of the experimental setup was done using National Instruments hardware and a
central controller programmed using LabVIEW™. The system was first simulated using
LabVIEW'’s built in simulation functionality as a proof of concept for the control of the system. Flow
rate and pressure were controlled using proportional derivative and integral (PID) control
algorithms and optimised using the Cohen-Coon tuning method. It was shown that proportional
integral (PI) control was preferential for the AMBSX system. After the design, construction and
commissioning of the AMBSX, the system was optimised using the method obtained from the
simulation of the AMBSX. After optimisation, a case study for the extraction of Zr and Hf, using
Cyanex 301°® as extractant, was conducted on the AMBSX using pressures of 100 kPa and 70
kPa and flow rates of 450 mL/min and 350 mL/min for the aqueous and organic phases,
respectively. Five separate runs of 120 minutes each were done to determine the control and
repeatability obtainable with the AMBSX. It was shown that the automated system was able to
accurately control the flow rate and pressure to desired set points. This improvement of accuracy
led to highly reproducible extraction results with the standard deviations between the five
extractions varying by less than 1.2%. From this it can be concluded that the design, simulation
and construction of an automated system was successfully implemented with independent control

of the flow rate and pressure.
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1.1. Introduction

As the energy consumption of the world increases, more sustainable forms of power generation
become increasingly important. Nuclear power is an example of a sustainable form of energy;
however, the production of nuclear waste is of concern. The low, medium and high level nuclear
waste that is generated must be isolated from the biosphere indefinitely [1]. While the spent fuel
is the most important contributor to the waste, an improvement of the materials used in nuclear
reactors will help reduce the production of waste by increasing the reactor’s service life. Crucial
to the reactor is the fuel housings that contain the enriched uranium. This cladding is currently
made from zirconium (Zr) alloys. Zr alloys as cladding for fuel rods have been an essential
element of the nuclear energy industry for the past five decades [2]. The choice of Zr is based on
its chemical and physical properties, which make it ideal for use in the reactor cores.

Zr is a hard and ductile transition metal and is silver in appearance. The most important source
of Zr in nature is Zircon ore, which is a silicate oxide that can be found in coastal and river sand
deposits, with the largest zircon mines found in India, Sri Lanka, Australia and South Africa. Zircon
is also a main source of the metal hafnium (Hf), which makes up 2-5%wt of zircon sources [3]. Zr
was first discovered in 1789, but was only named in 1797. The first purified Zr metal was produced
in 1925, coinciding with the development of nuclear science, by reducing vaporised Zr tetraiodide

(Zrls) on a heated tungsten filament.

Hf is commonly found in naturally occurring Zr sources. Hf is a heavy transition metal, falling in
Group 4 of the periodic table with Zr and titanium (Ti). It is white-grey in appearance and is less
malleable than Zr. Hf was only discovered as late as 1923, 134 years after the discovery of Zr.
This was due to the similarity between the two metals, which made it difficult to differentiate the
one from the other. Hf is mainly produced as the by-product of the Zr purification process. Its
current industrial applications are as strengthening agent in nickel alloys, and as temperature

control rods used in nuclear reactors.

Zr’'s high melting point of 2125 K, high corrosion resistance, low hydrogen absorption, and most
significantly its low thermal neutron absorption cross section of 0.2 x 102 m?/atom make it an
ideal candidate as cladding material for nuclear Light Water Reactors [4-6], as the cross section
of Zr allows neutrons to pass through the fuel cladding without being absorbed. However, the 1-
3%wt Hf contained in zircon ores has a high thermal neutron absorption cross section, which is
approximately 600 times larger than that of Zr. When retained in the Zr, this contamination
increases the neutron absorption, thereby diminishing the performance of the alloy. It is thus
important that the Hf is separated from the Zr to increase the service life of the components made
from Zr alloys. The production of nuclear grade Zr that has less than 100 ppm Hf contamination

is an intricate and costly process as Zr and Hf have similar physical and chemical properties [7].
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Currently industrial processes that produce nuclear grade Zr [8] have inherent problems, the most

important of which entails the inefficiency and cost of the production of such purified metals.

The purification of Zr to a nuclear grade has large economic potential for South Africa; however,
currently the zircon is refined to zirconia and exported without further beneficiation. Thus an
initiative was started by the Department of Science and Technology (DST), South Africa that
launched the Advanced Metals Initiative (AMI). The South African Nuclear Energy
Corporation SOC Limited (Necsa), due to existing expertise and infrastructure, was entrusted to
investigate the manufacturing of nuclear metals, thereby establishing the Nuclear Metals
Development Network (NMDN) Hub of the AMI. Solvent extraction (SX) was identified as a
potential technique for this separation [9-15]. SX involves the selective separation of the dissolved
metal species into two immiscible liquids, namely an acidic agueous medium that contains the
dissolved metal salts and an organic solvent that contains an extractant [8]. While SX is
considered a viable means in the hydrometallurgical method of metal ion extraction, the technique
is a batch to semi-batch method, which has disadvantages when scaling to an industrial size
setup [13]. Subsequently, a method for continuous flow was developed for SX using mixer-
settlers; however, mixer settlers require large areas to allow phase separation to occur. The
combination with large volumes of flammable organic solvents can prove dangerous when large
volumes of low ignition point fumes are produced [16]. In addition to scaling problems, SX has a
detrimental problem of 3" phase formation (or emulsion formation), which can sometimes be

avoided by adding phase modifiers to the organic phase.

A solution to 3" phase formation was attained by the introduction of hollow fibre membrane
contactors. The contactors allow the mass transfer to occur without the mixing of phases. During
membrane based solvent extraction (MBSX) the organic phase is, for example, immobilised in
the pores of a hollow fibre membrane, while the aqueous phase is forced onto the surface of the
fibres using a pressure differential. This creates contacting surfaces at micro sites at the
membrane pores, allowing mass transfer to take place without a mixing of the phases [17]. This
approach allows a more continuous process, enabling methods such as a cascade process to be
used [18,19]. Due to its advantages, MBSX has been used in a variety of metal separations
including zinc, vanadium, molybdenum, mercury, neodymium and platinum group metals [20-24].

In 2012, an MBSX technique for separation of Zr and Hf was patented [25].

Apart from the avoidance of 3™ phase formation, MBSX has additional advantages including ease
to scale up to industrial size due to the absence of moving parts within the membrane. Since
membranes have a modular design, additional modules can simply be added if more contact area
is needed. Furthermore, MBSX has a low loss and retention of solvents which is important when
expensive solvents are used. The MBSX allows for a larger range of flow rates and flow directions

as compared to other liquid-liquid extraction techniques. In addition, MBSX allows for the
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concentration of streams by using ratios that are less than 1:1. Since the membrane contact area
is known, it is easy to predict and optimise extraction performance [26]. Although this method has
been extensively used for laboratory scale investigations, the experimental setup always
remained manually operated [27-31].

1.2. Problem statement

With an increased use of hollow fibre membranes in hydrometallurgical processes [13,26], the
need for an accurate, controlled experimental setup has arisen. The manually operated MBSX
setup used to date has many fundamental design flaws, including: i) the repeatability and
accuracy studies proved to be problematic, ii) high chemical consumption due to large internal
volumes, iii) turbulent flow through the system caused erratic pressure spikes, iv) lack of control
lead to flow rate and pressure drifts over extended contact times, occasionally leading to
breakthrough of the organic phase into the aqueous phase, v) flow rates had to be manually
calibrated and operated before each experiment with no independent pressure and flow control,

and vi) experimental parameters and data had to be recorded manually.

1.3. Aim and objectives

The aim of this study is to design, program and build an automated hollow fibre membrane based
solvent extraction (AMBSX) unit that is capable of increased control and monitoring of MBSX
research, thereby providing more repeatable and consistent data of the MBSX process. The
disadvantages of the MBSX will be addressed by automating the system. The automisation will
be attained by first designing, simulating and then constructing an AMBSX for the use in studies
of metal ion extraction, specifically but not limited to the Zr/Hf separation that has been optimised
using batch SX. The AMBSX will have a level of automisation to reduce human input, but it will
also have to include digital metering equipment for the capture of data during an experiment. The
system must enable flow rate and pressure control to be independent from one another, enabling

a larger range of experiments into the mass transfer and kinetics of the AMBSX process.

The AMBSX must be able to control and measure flow rate and pressure of both aqueous and
organic streams, where control will be achieved with proportional integral derivative (PID) control
by first simulating the system before applying it to the AMBSX. The flow rate must be variable
from 100 ml/min to 1000 ml/min. The internal pressure across the membrane must be controllable
and have a maximum pressure of 200 kPa. The AMBSX must be chemically compatible with
hydrochloric acid (HCI), nitric acid (HNOs) and sulphuric acid (H.SO4) up to a concentration of 9

mol/L for the aqueous stream, while the organic stream must be able to handle organic acids and
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hydrocarbon solvents. This will ensure that the AMBSX is compatible with a large variety of
experiments. The AMBSX must have a cleaning procedure built into the system and also be able
to change flow direction across the membrane to enable either counter-current or co-current

experiments. To attain this, the following objectives were set:

e A literature survey will be completed on current Zr/Hf SX and MBSX separation
techniques, including MBSX kinetic and optimization studies.
e A system will be designed and a detailed process flow diagram (PFD) will be constructed.
e The system will be simulated using LabVIEW™ control simulation software with the
capability of simulating PID control of flow rate and pressure.
e After simulation, a user friendly control program will be programmed, which the user can
modify for each experimental setup.
e After construction of the AMBSX, initial characterisation and calibration of the unit will be
done including:
e Total Internal volume
e Flow rate calibration
e Pressure and flow rate control and optimisation
e General process accuracy and repeatability
e After initial characterisation and optimisation, a case study for the separation of Zr/Hf will

be conducted, to validate the repeatability and accuracy of the design.

1.4. Outline and scope

In Chapter 2, a detailed literature survey on the membrane based extraction process is given,
including detailed experimental setups that employ MBSX technology. It will also cover the
programming language LabVIEW ™ in which the control and monitoring of the AMBSX was done.
In Chapter 3, the simulation of the control elements, namely flow rate and pressure, of the AMBSX
are described using PID control and Cohen-Coon optimisation. The flow rate and pressure control
of the system was simulated and described using the LabVIEW™ built-in control simulation
function. In Chapter 4, the construction and automation of the AMBSX are described, including a
repeatability case study that was conducted on the AMBSX. The first section includes a detailed
PFD and parts list, including material selection. This will be followed by control and optimisation
programming of the AMBSX. Lastly, a case study of the extraction of Zr/Hf to determine the
stability and repeatability of the AMBSX is described. In the final chapter overall conclusions are
drawn on the performance of the AMBSX, including recommendations for the further improvement
of the AMBSX system.

13
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2.1. Introduction

In this chapter a literature study is presented on topics related to the automation of a hollow fibre
MBSX process. Firstly, different types of hollow fibre membranes and their applications and
characteristics are presented. Subsequently, more detail is given on the use of hollow fibre
membranes in metal ion extraction and the different configurations that can be used, including
pertraction, supported hollow fibre extraction, and emulsified pertraction. This is followed by a
brief overview of different MBSX setups used in literature, from which a general MBSX setup was
derived. Finally, the automation hardware and software to be used in this study is described.

2.2. Hollow fibre membranes

In industrial applied SX, two immiscible liquids are dispersed into one another so that mass
transfer can take place. This is normally achieved using SX equipment such as mixer-settlers,
column contactors and centrifugal contactors. However, these dispersive techniques are
inherently complex and introduce various problems into the process [1]. While the main aim in SX
is to increase the contact area between the two liquids to increase the mass transfer between
them, this can cause emulsification, foaming and flooding in mixer-settlers or column based
contactors. In these systems it is also difficult to predict the mass transfer due to the complex
fluid-dynamics involved. Other inherent problems include the large scale equipment needed,
which consumes a large surface area of plant real-estate, as well as the dangers involved in open
troughs with volatile solvents. However, for alternative technologies to compete with these
existing techniques in view of the existing large investments, new technologies have to be low
cost and environmentally friendly, while simultaneously increasing the efficacy and quality of the

required products [2].

The use of membrane contactors in either flat sheet membrane or hollow fibre membrane
modules has grown in popularity as a non-dispersive means of SX and has shown to be more
effective than traditional mixer-settler contactors as the contact area of the liquids is both constant
and gives a higher surface to volume area compared to dispersive SX techniques [3]. Since the
contact is more constant, the predictability and modelling of hollow fibre extraction becomes
easier with less complex fluid dynamic calculations [4]. Due to the lower contact surface area and
lower volume throughput compared to a hollow fibre module contactor, flat sheet membrane
contactors have to date mainly been used in laboratory scale experiments [5]. However, industrial
scale membrane contactor plants that use hollow fibore membranes for waste water and off-gas
treatment have been successfully implemented [6], confirming that this technology has the

potential to be applied in numerous other industrial applications.
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According to Gabelman and Hwang [2], advantages of using hollow fibre membranes include that
the hollow fibre membrane contactor's surface areas are relatively large when compared to
dispersive SX techniques, while not being affected by any differences in the flow rates of the two
liquids as they are independent from one another. In addition, hollow fibore membranes stop the
formation of undesirable 3" phases or emulsions which can cause the entrainment of products
[7]. The non-dispersive hollow fibore membrane technique allows the contacting of liquids with
identical densities, which is not possible with traditional SX equipment [8]. Due to the design of
the hollow fibre membrane contactors, the up-scaling to industrial size is linear, i.e. for larger
volume applications additional modules are added in line. A hollow fibre membrane process can
be run in continuous recirculation mode allowing equilibrium to be reached. In addition, when the
extraction stage is coupled to a stripping stage, the product is simultaneously removed, avoiding
any product inhibition effects [5]. Hollow fibre membrane kinetics are easier to predict and hence
the process performance can be simulated with higher accuracy when compared to traditional SX
techniques [9]. Hollow fibre membranes also have a low solvent and extractant loss, increasing
lifetime and reducing costs. Lastly, hollow fibore membrane contactors have fewer mechanical
parts than mixer-settlers, column contactors and centrifugal contactors, reducing the possibility of

mechanical failures [2].

Gabelman and Hwang [2] also describe the disadvantages of hollow fibre contactors; the
membrane module adds another resistance element in the flow line of a process, and in large
scale operation MBSX will require additional pumps. Currently, baffles have been incorporated
into the membrane contactor designs to reduce the amount of shell-side bypassing; however, this
further increases the pressure loss across the membrane. Like all membrane processes,
membrane contactors are susceptible to membrane fouling, while polymer dissolution could be

caused by the organic solvents.

As the hollow fibre membrane is only the boundary support layer between the two phases, it plays
no active role during extraction [10]. Hence the extraction is concentration driven, which
differentiates this from other membrane applications such as water purification by reverse
osmosis which is a pressure driven separation process. Being a physical phase separator, the
polymer type of the membrane has no significant influence on the extraction, except for the
wetting of the pores either by the organic or the aqueous stream, depending on whether the
polymer is hydrophobic or hydrophilic. The materials used can, therefore, be adjusted to suit the
chemical compatibility, as can be seen in literature where hollow fibore membranes have been
made from polypropylene (PP), polyvinylidene fluoride (PVDF), perfluoroalkoxy alkanes (PFA)
and polytetrafluoroethylene (PTFE) [5].

Hollow fibre membrane contactors have been commercially available since the 1980s, where they

have initially been used in blood oxygenation devices and later for liquid degassing [5]. Membrana
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is a recognized manufacturer of hollow fibre membrane contactors including the Celgard® Liqui-
cel® brand of hollow fibre membranes. In this study, a hydrophobic membrane module from
Membrana (Membrana Liqui-cel® Extra-Flow 2.5x8 X50) was used, where the 2.5 represents the
internal diameter of the housing in inches, 8 refers to the fibre length in inches while X50 refers
to the fibre type. Figure 2-1 displays parts of the external and internal structure of the contactor,
consisting of a four port module. Two of the ports are inlets and two are outlets for the shell and
lumen of the contactor, respectively. Both the module and the hollow fibore membranes are
constructed from polypropylene, while the fibres are potted in polyethylene. The membrane has
a surface contact area of 1.4 m? and a maximum liquid pressure and flow rate of 480 kPa and 11
L/min, respectively. The module also contains a baffle (not included in Figure 2-1) on the shell
side to increase the liquid distribution within the module and thereby reducing shell side
bypassing. A summary of the characteristics of the Liqui-cel® Extra-Flow 2.5x8 X50 membrane is

presented in Table 2-1.

Figure 2-1: Schematic of a Liqui-cel® Extra-flow 2.5x8 hollow fibre membrane displaying a portion
of the internal fibres [11]

Table 2-1:  Liqui-cel® Extra-flow 2.5x8 X50 hollow fibre membrane characteristics [4,12,13]

Characteristic Value

Module length (cm) 20.32

Module diameter (cm) 6.35

Housing material Polypropylene
Fibre material Polypropylene
Potting material Polyethylene
Number of fibres ~10000

Fibre length (cm) 15.6

Fibre diameter (um) 240

Fibre wall thickness (um) 30

Pore size (um) 0.03
Approximate surface area (m°®) 1.4
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Hollow fibre membranes are used in various applications, for example for micro-extraction in
analytical chromatography, by selectively extracting a compound before the sample is analysed
[8,14-16]. Hollow fibre membranes are also used in industrial applications for the separation or
removal of gasses such as carbon dioxide or oxygen, the degassing of liquids and removal of
ammonia, removing pollutants from waste water streams, and metal ion extraction [17]. As this
study will use the separation of Zr and Hf to illustrate the automation of the design, metal ion

extraction applications of hollow fibre membranes will be discussed in more detalil.

2.3. Hollow fibre membranes in metal ion SX

As discussed above, pertraction is a technique where two liquids are contacted over a hollow
fibre membrane. In the pertraction configuration, where the extraction and stripping are completed
independently [8,12,18], an aqueous feed stream in which the metal salts are dissolved in an acid
medium, is contacted with the organic phase, which consists of the extractant, the diluent and a
modifier. The subsequent stripping of the loaded organic phase can be done in two different
configurations as illustrated in Figure 2-2. In setup (A), a single membrane is used. Firstly, the
agueous feed is extracted until the organic phase has reached equilibrium. Then the agueous
tank is replaced with stripping liquor and the loaded organic is stripped. In setup (B), a second
membrane contactor is utilised and the organic feed is circulated through both membranes, thus
simultaneous loading and stripping occurs. This will reduce effects such a product inhibition while

maintaining a high concentration gradient.
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Figure 2-2: (A) Schematic of separate hollow fibre pertraction and stripping setup. (B) Schematic
of pertraction with simultaneous stripping.

An additional technique of hollow fibre membrane extraction includes hollow fibre supported liquid
membranes (HFSLM) [7,9,19,20]. In HFSLM the extractant is immobilised in the pores of the
hollow fibre by capillary forces due to the hydrophobic properties of the hollow fibore membrane
[21]. The aqueous feed and stripping liquor are then circulated through the shell and lumen. This
technique has the benefit that the extraction and stripping occur in a single step, which reduces
cost, as only enough extractant is needed for the doping of the pores of the hollow fibre
membranes. However, disadvantages of this configuration include extractant loss at high flow

rates while the doping of the membrane changes the process to a more batch type process [15].

Another method used for metal ion extraction is hollow fibre emulsified pertraction where the strip
phase is emulsified in the extractant and both are simultaneously contacted with the aqueous
feed phase through the hollow fibre membranes [6,13,22], also resulting in a single extracting and
stripping step. Emulsified pertraction has shown to be effective when the concentration of the
metal in the feed stream is below 0.1 g/L [23]. However, this technique reintroduces the problem
of 3" phase formation which was one of the reasons for the introduction of the hollow fibre

membranes in the first place.
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MBSX has been used extensively in metal ion extraction studies including transition metals
[13,23,24], heavy metals [25,26], platinum group metals [27,28] and rare earth metals [19]. In
view of the scope for this study, the focus in this discussion will be on Zr and Hf separation. The
separation of Zr and Hf using MBSX was illustrated by Yang et al. [15,16], where a HFSLM was
used to separate Zr and Hf as a preconditioning step for a chromatographic analysis. In their
study, a trace Zr/Hf mixture was separated using a tri-n-octyl-monomethyl ammonium chloride
(Aliguat 336) as extractant in a hydrochloric acid medium. A selective extraction of Zr (85%) and
Hf (15%) was obtained. The parameters that influenced the extraction and separation were the
flow rates of the feed and striping liquor, while factors affecting the extraction were the fibre length
and flow rates. In 2012, van der Westhuizen et al. [29] filed a patent that describes the MBSX
method for the selective separation of metals, including the separation of Zr and Hf, from aqueous
solutions. According to the patent, a manually operated MBSX setup is used in the selective
extraction of Zr from Hf using emulsified pertraction on a Zr/Hf oxy-chloride salt in a nitric acid
medium with Aliquat 336 as the extractant. The experimental setup involved a Liqui-cel® Extra-
Flow 2.5x8 X50 hollow fibre membrane in an experimental setup as illustrated in Figure 2-3. The
setup used in the patent will form the basis of this study, in which the manually controlled MBSX

will be automated and optimised for the extraction and separation of Zr and Hf.

2.4. MBSX experimental setup

For many of the metal extractions, as well as for the removal of organic compounds from waste
streams and micro-extraction analysis techniques, a similar setup to the one presented in Figure
2-3 has been used [8,30-32]. However, all the setups presented in literature have been manually
controlled. According to literature [8,30-32] , most setups consist of a storage tank for the
agueous, organic feed and stripping liquor (if simultaneous stripping is performed). The inlet and
outlet pressures are typically metered with a needle gauge and flow is monitored and controlled
with a manual flow gauge. The pumps of these setups consist of either peristaltic or gear drive
pumps. Figure 2-3 shows a PFD constructed of the representative MBSX experimental setup
obtained from literature. The lack of any automation or data logging apparatus suggests a gap
where further improvements in the MBSX technology can be achieved. By automating the MBSX
setup, accuracy of measurements and control of the system can be better managed while the
data collection and logging can provide more data to help improve the understanding of the
system. In addition, further monitoring elements such as temperature monitoring of feed tanks,
as well as digital pressure and flow meters that can give a higher degree of accuracy can be
added. Coupling all control and measurement elements to a central controller would also allow
for the automation of the process allowing the MBSX studies to be more consistent with a higher

repeatability between runs.
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Figure 2-3: Generalised PFD of a manually controlled MBSX setup derived from literature [8,30-32]

2.5. Automisation software: LabVIEW™

As the main objective of this study was to automate the MBSX process, possible options for
supplying hardware and software to automate such a process should be considered. A common
type of automation hardware is the programmable logic controller (PLC). PLC’s replaced the
previous forms of automation that consisted of using relays and timing belts [33]. According to
Fauci [34], distributed control systems (DCS) started gaining popularity; they had the advantage
of being centralised, allowing for plant wide control from a central point. However, as both
technologies have improved, the differences between PLC and DCS became smaller and they
now preform similarly and it has become difficult to differentiate between the two types of
architecture. A DCS type of automation system is the National Instruments (NI) configurable
embedded control system with the programming software LabVIEW ™. NI systems have the
advantage of working with configurable input and output (I/O) modules that can be customised to
suit the process needs that integrate seamlessly into the programming language [35-38].
LabVIEW™ is a graphical flowchart style of programming language that has aimed to simplify
data acquisition and device automation for the last three decades since its debut in 1986.
LabVIEW™ is an acronym for Laboratory Virtual Instrument Engineering Workbench, which in
fact suggests the main application of the LabVIEW™ environment. LabVIEW ™, when coupled
with interface modules or standard input output communication protocols, such as RS232 or
Ethernet, is able to measure or control any device that uses these communication protocols [39].
LabVIEW™ has been developed to run as standalone devices, or as complex embedded control
systems and has the capability to simulate these devices so that programming and optimisation

can be simulated before being implemented in the actual devices [40].

Over the years, NI has developed a central point control system that could connect multiple

devices from different manufacturers that will be controlled by one program, effectively making it

a virtual instrument. LabVIEW ™’s graphical interface has two distinct sections, namely the front

panel and the block diagram. The front panel, an example of which is displayed in Figure 2-4, is
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where the user interface (Ul) is programmed and controlled. When operating the device, the
operator will see the front panel, which includes all the controls that the operator can change such
as buttons, switches and input boxes. The front panel can also display data acquired in real time
by means of graphs, charts or tables.
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LCV-101 * ke fl 25
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Figure 2-4: Example of LabVIEW™ front panel (obtained from NI LabVIEW example
documentation) [41]

The block diagram part of a LabVIEW™ program, as seen in Figure 2-5, is where all the
programming is done. It works in a flow diagram mechanism, where variables or functions are
connected by data wires. The flow diagram programming is read in a left-to-right direction. This
type of programming allows for complex codes to be applied in a simplified manner compared to
many lines of code that would be required in typical text based coding [35]. The flow diagram also
uses multithreaded process programming, which allows the program to complete multiple tasks

simultaneously.
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Figure 2-5: Example of LabVIEW™ block diagram (obtained from NI LabVIEW example
documentation) [41]

LabVIEW™ has been developed for the data acquisition and control of devices and is supported
by Nls large array of devices aimed at connecting devices so that LabVIEW™ can be used to
monitor or control these devices. National Instrument’s range of data acquisition devices are
modular in design and can thus be specifically fitted with the modules required to control or
monitor the specified equipment [42]. Hence connecting devices to a LabVIEW™ program is as

simple as a drag and drop of the required instrument variable into the block diagram.

NIs range of embedded control systems include a high speed data acquisitions system, named
Compag-RIO, which contains a FPGA (field-programmable gate array) processor that allows the
control program to be loaded on the Compag-RIO internal storage, allowing the system to acquire
data at higher rates (up to 800 000 samples per second) and to run independently from the control
computer [43]. This is necessary when devices must be read at high speed for example when
using a square wave pulse generation detector that is used in metering devices such a turbine

flow meters.
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2.6. Conclusion

Measured in terms of the increase of publications in the last two decades, an increase in research
interest in the field of hollow fibore membranes can be seen. This interest, especially in terms of
metal ion separation, has brought about a novel hydrometallurgical separation technique that can
be applied for a wide range of metals, from transition to rare earth metals. Literature reports three
techniques used in hollow fibre membrane extraction, and it can be concluded that, while
pertraction requires either a two-step or a two membrane system, it has increased stability and
repeatability compared to traditional SX processes. Literature outlines a standard hollow fibre
extraction experimental setup; however, this setup is analogically controlled, which increases the
difficulty of repeatability and data logging. No research in the automation of hollow fibre
membrane pertraction systems were found in literature. It was determined that automation will
benefit the hollow fibre extraction studies by increasing control and monitoring of the system,
which has been lacking in previous studies. The hardware and software used in the automation
of laboratory equipment was described and it was found that NI’ LabVIEW ™ was the forerunner
in automation research, due to its modular form and ease of use while the flow chart style of
programming has been successfully implemented in laboratory scale to industrial scale

processes.
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3.1. Introduction

The separation of Zr from Hf is essential for the production of cladding material for nuclear fuel
rods. The Zr alloy is used for its high melting point, low hydrogen absorption and low thermal
neutron capture absorption cross-section [1]. Zircon ores are typically contaminated with 1-3%
Hf, which has a high thermal neutron absorption cross-section of approximately 600 times that of
Zr. This contamination increases the neutron absorption in the alloy, diminishing the performance
of the alloy and hence needs to be separated from the Zr. The production of nuclear grade Zr that
has less than 100ppm Hf contamination is an intricate and costly process since Zr and Hf have
very similar physical and chemical properties making their separation difficult [2]. SX has been
identified as a potential technique for the separation and purification of these metals [3-5], as
discussed in Chapter 2.

While SX of Zr from Hf shows potential as an effective separation method which could produce
nuclear grade Zr [3-5], traditional SX has some disadvantages, most importantly the contact of
organic and aqueous layers leading to the formation of emulsions, which trap the metals in a third
phase, reducing the effectivity of the extraction process. An alternative approach that avoids this
shortfall is the MBSX process [6-8]. During MBSX the organic phase is immobilised in the pores
of a hydrophobic hollow fibre membrane. This creates a contacting surface point at the membrane
pores, allowing mass transfer to take place without mixing of the two phases, removing the

possibility of emulsification [9].

A schematic representation of a manually operated MBSX unit, adapted from [7,10,11], is shown
in Figure 2-3. To date this setup was manually controlled by varying the inlet and outlet pressures
by adjusting i) the rotation speed of the gear pumps and ii) the flow meters to obtain the desired
flow rates and pressures. For MBSX the internal liquid pressure of the aqueous phase must be
higher than that of the organic phase to retain the organic-phase and ensure no cross-over
through the hydrophobic fibres. However, this difference in pressure must not exceed the
breakthrough pressure, when transfer of the aqueous phase into the organic phase will occur,

hence accurate control of flow rate and pressures is crucial [12].

While this original setup was sufficient for the initial studies, its manual input made control and
repeatability difficult, giving rise to the need for an automated unit. The experimental variables
must be controlled by a single control program, called a virtual instrument (VI), to incorporate all
measurements and control the MBSX in one program that can monitor and control the
temperature, differential pressure and flow rate. The program must also record experimental
descriptions including metal salt, acid and additives, type and concentrations for the agueous
side; and extractant, diluent and modifier type and concentration for the organic phase. To attain

this, LabVIEW software, which has been designed by NI, was used [13]. LabVIEW is used in
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conjunction with NI modular control units, which connect the computer to peripheral devices that
acquire and generate digital and analogue signals including voltage resistance and current
signals. The control program allows the process kinetics to be studied and optimised, thus aiding
the Zr and Hf separation research. In this study the graphical user interface (GUI) of the MBSX
program was designed and a control program, which controlled the pressure and flow rate, was
simulated and optimised for the automated MBSX system. This was achieved by simulating
process conditions using LabVIEW simulation and PID control packages. The control program
was programmed using PID control and optimisation was done by tuning the PID with a
combination of trial and error and Cohen-Coon tuning methods [14].

3.2. Computational method

The control program consisted of a GUI which allowed the operator to enter and view details and
parameters of the MBSX. The GUI was split into four individual tabs. In the Operator and
Experimental details tab, the operator needed to enter all required data for data logging purposes.
The Experimental parameter tab displayed all the switches and input boxes for the set values
required for the program to control the MBSX including set temperature, pressure flow rate and
run time. It also included the current flow and pressure. On the last two tabs the real time data
was obtained and plotted including the current pressure, temperature and flow rate, which was

displayed in chart and table form to be exported to 3 party data analysis software.

The automated MBSX was based on the design of the manual system. The main variables that
were required to control the system were pressures and flow rates. These variables needed to be
independently adjustable; however, changing the values of either directly impacts the other as
they are fundamentally related in a closed system. The flow rate of the liquids was controlled by
changing the rotational speed of the gear drive pumps that were coupled to a turbine flow sensor,
allowing for accurate measuring of the flow rate entering the membrane module, whilst the internal
liquid pressure was controlled via an electronically actuated control valve located after the
membrane module. The pressure was measured via digital pressure transmitters located before

and after the membrane module to measure the pressure differential.

NI LabVIEW uses two interfaces namely a front panel and a block diagram. The front panel is
visible to the operator of the MBSX and includes inputs and outputs of the MBSX program. The
front panel allows the operator to control all aspects of information and control options for the
MBSX. The rear block diagram is the area where all the programming is done by means of a block
and wire graphical programming style. Each block represents a component or function that is

connected in logical order with wires [13].
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A simulation of the control of the MBSX unit was programmed using LabVIEW internal simulation
and PID functionality. As mentioned earlier, the flow rate and pressure of the system needs to be
independently controlled, yet they are fundamentally linked and therefore a control program is
needed, to be able to independently control the flow rate and pressure. Two PID control systems
were used as the control algorithm for the flow control and the pressure control. The PID’s are
optimised by varying the three parameters which are the proportional gain Kc, integral time T; and
derivative time Tq4. A flow rate PID was programmed by an initial simulated ramp signal that was
linked to a sub program that forms part of the LabVIEW package called “Plant simulator.vi”. This
subprogram simulates a process plant, in this case a pump, allowing characteristics such as gain,
noise, dead time and lag of that system to be simulated. The PID-controller controls the flow rate
by adjusting the pump revolution speed, with each revolution pumping a known volume of liquid.
The PID for flow rate must have a slow response time with no overshoot to counter any sudden
pressure spikes in the closed system. After the flow rate was simulated, the internal liquid
pressure was calculated by solving the Van Der Waals Equation [15], shown in Equations 1 and
2.

2
(p + r;_2a> (V —nb) = nRT, [1]

Written in terms of pressure (p):

_ nRT n?a
p_(V—nb)_<V2> 2]

where R is the universal gas constant (8.314 J/mol.K), V is total internal volume (m3), n is the

number of molecules (moal), T is the temperature (K), a is the measure of attraction between
particles (J.m3*mol?), and b the volume excluded by a mole of particles (m*mol). The pressure
was then controlled by a PID-controller on a control valve that adjusts the pressure by opening or
closing its orifice. As the pressure PID system is dependent on the flow rate, a fast responding
PID is needed. However, a noisy signal was observed and hence a low-pass filter was added to
reduce the noise. The flow rate PID was optimised by applying the Cohen-Coon tuning method,
which is described in detail by Svrcek et al. [14]. Initially the PID variables were minimised
manually so that a steady-state signal with no oscillations was achieved. After the steady state
was reached, the set point was changed and the change in process reaction curve recorded. The
reaction curve allowed the process parameters to be calculated, namely M, the change of input
(%); N, the change in process variable (%); L, the delay time (min) for a change in process variable

after a change in set point; R, the lag ratio, which was obtained by dividing the L by the time taken
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(min) to achieve 63% change in the process variable. Once this data have been obtained, it was
applied to the Cohen-Coon tuning equations for proportional only (P), proportional integral (PI) or
proportional integral derivative (PID) control as seen in Table 3-1. After the Cohen-Coon tuning,
further fine tuning was done using a trial and error method. The trial and error method involves

changing the P, Pl and PID variables in small increments to achieve desired control results.

Table 3-1: Cohen-Coon tuning equations

Kc Ti Td
P %(HE) 0 0
PI %(o.%%) % 0
PID %(1.33%) ?i:gi) L7 mRr)

3.3. Results and discussion

The main GUI, as seen in Figure 3-1, was developed to be user friendly and incorporates
convenient features while displaying all relevant information to the operator. The GUI was split
into four different tabs, i.e. User Input, Procedure, Data Logs and Data Tables. The User Input
tab included Operator and membrane details and described both aqueous and organic liquid
phases’ compositions. The interface allowed all relevant information to be displayed
simultaneously to the operator, yet split into different windows to allow for easy navigation. The

programming block diagram for the Ul and PID control can be seen in Figure 3-2.
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Figure 3-2: PID for flow rate and pressure LabVIEW code

The control of flow rate and pressure was simulated using the built in PID function and optimised
using the Cohen-Coon and the trial and error tuning methods. The tuning variables K, Tiand Tq
were calculated for each model using the Cohen-Coon method and are displayed in Table 3-2.
The P, PI, PID and PID with fine tuning were applied the flow rate and plotted in Table 3-2.

From Figure 3-3 it can be seen that P control gave a large overshoot, which is not desirable as it
will cause increased pressure over the system. PID control was suitable as a control algorithm;
however, PID is not preferred in closed flow control systems as it yields inherently noisy signals
that increase the wear of the control equipment [14]. Pl was therefore chosen for further fine
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tuning. It can be seen that, after fine tuning, there was neither overshoot nor oscillations and that

the system achieved steady-state within 12 seconds from a disturbance.

Table 3-2: Cohen-Coon tuned PID variable results

K Ti (min) Tq (min)
P 4.6712 0 0
PI 3.9874 0.0681 0
PID 6.0194 0.0679 0.0105
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500 /\\,
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Figure 3-3: Cohen-Coon tuning of flow rate

After fine tuning the PI flow rate, the variable values of K. = 4.1658 and Ti = 0.0716 min gave the
best control by obtaining equilibrium with no overshoot or oscillation. The tuning of the pressure
PI could not be achieved using Cohen-Coon as the signal noise did not allow the signal to achieve
coherent oscillations and hence it was tuned only by the trial and error method. Using this
approach, an optimal control was observed with K. =-0.0112 and T; = 0.00034 min as it gave the
quick response required for the pressure control. The pressure Pl-controller was optimised to
ensure that a change in flow rate would not exceed 10% above the set point of the pressure if a

disturbance in flow occurred. This was tested and displayed in Figure 3-4.
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rate and the effect on pressure

3.4. Conclusion

In this study it was shown how a GUI of an automated MBSX instrument can be simulated using
the NI LabVIEW program. A proof of concept simulation of the control of flow rate and pressure
of a closed system was achieved via Pl control of the pump and control valves in the MBSX
system. The flow rate PI controller was tuned using the Cohen-Coon method and fine-tuned using
the trial and error method while the pressure Pl was manually tuned using only the trial and error
method. Using the optimised system, steady state was achieved after an average of 12 seconds
from a disturbance of flow rate, while steady state of pressure was attained after 7 seconds from
a disturbance. Pl parameters were optimised at K. = 4.1658 and T; = 0.0716 min for the flow rate
and K= -0.0112 and T; = 0.00034 min for the pressure. The flow rate Pl had to be adjusted with
a slow response to counteract any over-pressures forming when the pressure rises faster than

the control valve can open.

This simulation proves that control of a MBSX is achievable and allows the development of a fully
automated MBSX system to be developed (Chapter 4). This can be used in Zr and Hf SX studies
to obtain improved understanding of MBSX process kinetics. The control of flow rate and pressure
exceeds the performance of the manual system used previously, while allowing more precise and

repeatable studies to be done.
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4.1. Introduction

While the growing interest in research done using hollow fibre membranes for metal ion extraction
has resulted in an increasing number of publications, considerable work is still required for it to
be adopted in the hydrometallurgical industry [1]. MBSX has the potential to become a commonly
used technique in the separation or purification of a wide variety of materials ranging from
transition and heavy to rare earth and precious metals [2-5]. In MBSX, the membrane primarily
acts as a physical barrier between the two phases, making the MBSX system non-dispersive,
thereby solving the problems encountered by dispersive solvent contactors (e.g. mixer-settlers)
such as emulsions, flooding and foaming [6]. Unlike other membrane separation techniques such
as reverse osmosis, which are pressure driven, the MBSX of metals is a concentration driven
mechanism, where the membrane only acts as a physical barrier between the aqueous and the

organic layers. Accordingly, the membrane does not play a role in the extraction itself [7].

Although the extraction during MBSX is not pressure driven, the control of pressure and flow
through the membrane module, which can be classified as the main control parameters, are vital
for the controlled and repeatable use of MBSX. Incorrect pressures can lead to aqueous phase
breakthrough, contaminating the organic phase and leading to less reliable extraction studies [6].
The control of flow rate through the membrane is equally important as pressure and flow rate are

inherently coupled in a closed system such as a membrane contactor.

While various small scale membrane-based experimental setups have been previously
automated to increase control and repeatability [8-10], for example the automation of an
ultrafiltration experimental setup as described by Curcio et al. [11]. It is apparent from literature,
when it comes to MBSX, that most studies not only used similar experimental setups, but, in all
cases, used analogue instrumentation [12-17]. This manual setup typically consists of a
commercially available hollow fibre membrane, through which the liquids are pumped using either
peristaltic or gear drive pumps, while the monitoring of the pressure and flow rate is done using
analogue pressure gauges and flow meters, respectively. However, a manual MBSX setup lacks
not only precision control elements, but also the possibility of electronic data recording. It is clear
that a lack of control in an experimental setup increases the margin of error. Apart from the
advantages mentioned above, automation could take MBSX technology a step closer to the

industrial application of this technology [18].

Several types of automation hardware and software are commercially available, including
programmable logic controllers (PLC) [19]. As discussed in Chapter 2, NI LabVIEW™ is a
common system used for laboratory setup automation [20-23] as it is a simple, yet powerful,

graphically based programming language that works on flow chart principle, which is specifically
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suitable for laboratory automation as it is able to communicate with a wide variety of devices that

can generate or accept a signal [24].

While the aim in Chapter 3 was to simulate the control elements of an automated system, it is the
aim of this chapter is to design and construct an AMBSX unit that is both flow and pressure
controlled and has data logging capabilities. Once constructed, the AMBSX system will be tested
for flow rate and pressure stability and extraction repeatability. The AMBSX repeatability will be
tested on an Zr and Hf extraction procedure that has been optimised using batch SX [25].

4.2. Method

In this section a general description of the design and development of an AMBSX is given, while
the actual diagrams, materials chosen and results are presented in Section 4.3.

4.2.1 Process flow diagram

A PFD for the AMBSX unit was based on the manual experimental setup flow diagram used
previously in our group [26]. The general manual system, as shown in Chapter 2 (Figure 2-3),
used two positive displacement gear drive pumps to pump the liquids from the feed tanks through
the membrane contactor before recirculating back into the feed tanks. Since the flow rate had
been controlled using two manual control needle valves, the MBSX system required calibration
every time the flow rate was changed as no in-line flow meters were used. The pressure, on the
other hand, was measured using four in-line analogue pressure gauges situated at the inlets and
outlets of the membrane’s shell and lumen connection ports. Furthermore, no temperature
monitoring was done with the manual system, nor did it include a sampling system (sampling was

done from the feed tanks).

For the AMBSX system the metering equipment was replaced with digital output gauges, including
electronic pressure gauges, in-line electronic turbine flow meters and resistance temperature
detectors (RTD). The pumps selected for the AMBSX were gear drive pumps, similar to the pumps
used in the manual system; however, for the electronic control and data logging, the new gear
drive pumps have 4-20 mA electronic input connections in the form of RS232 ports, allowing the
pumps to be controlled by a central controller. Three-way electronic solenoid valves were used
both as sampling elements and to control the direction of flow. Additionally, an in-line membrane
filter was introduced into the system as a precautionary measure to protect the equipment and
hollow fibre membrane from any debris or precipitates entering the feed streams. The PFD also

included cleaning solution feed tanks and chemical waste containers.
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All equipment materials were selected to withstand the high acid concentrations and non-polar
organic solvents that are commonly used in MBSX research. This implies that the materials
should be able to withstand acids of up to 9 mol/L, while being resistant to strong organic solvents,
such as cyclohexane, heptane and kerosene. The materials used in the wetted parts of the
process (pipes, fittings, pump heads, filters, valves and membrane) include PTFE, PP, PFA and
PVDF. Polypropylene piping with a 72" outer diameter and the required push-to-connect fittings
were used. The AMBSX was designed for a standard co-current flow direction, but flow direction
switching across the membrane was included for more flexibility, which was achieved with four
three-way valves that reroute the lumen inlet and outlet ports, changing the membrane setup from

co-current to cross-current.

The control elements of the AMBSX system, namely the aqueous and organic flow rates and
pressure were controlled by the pump gear rotation speed and by electronic pressure control
valves. This implies that, after obtaining a signal from the turbine flow meter, the central controller
adjusts the pump’s rotation speed to control the set flow rate. Similarly, the pressure was
controlled by means of electronic control needle valves that adjust the valve opening according
to the pressure obtained from the inlet pressure gauges. As discussed and simulated in Chapter
3, the control elements (flow rate and pressure) will be PID controlled using the Cohen-Coon and

trial-error fine tuning discussed in Chapter 3.

For the control of the AMBSX, National Instruments’™ equipment was obtained to facilitate the
communication with LABVIEW™. A CompagRio 9022 controller fitted with an eight slot cRIO-
9112 chassis was chosen as the central controller for the AMBSX system. The CompaqRio 9022
has a 533MHz processor and FPGA for high speed data monitoring. As the controller uses
modular input/output modules, the system was adapted to the AMBSX system requirements by
including analogue input and output modules that use a 4-20 mA signal to detect and control the
electronic pumps, valves and gauges used in the AMBSX system. The controller was interfaced

with a host computer via a 100 Mbit/s Ethernet connection.

As mentioned previously, the gear drive pumps and electronic pressure control valves used a 4-
20 mA analogue input signal to control the speed of rotation or percentage opening of the valve.
A NI 9265 module was fitted to the chassis to connect the pumps and control valves to the central
controller. The NI 9265 is a four channel, 16 bit module that connects to the equipment using two
wire connector terminals, namely AO, which connects to the signal wire of the device, and a
common terminal, which connects to the ground wire. The NI 9265 module requires an additional
power supply line and was connected to a 24V DC power supply via the Vsy,, and Power Supply
ground terminals. The RTD temperature probes were connected to the CompaqgRio via the four

channel 24 bit NI 9217 module. This is a dedicated analogue input RTD module that supports
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three wire RTD’s using terminals RTD+ for the positive wire of the device and RTD- and COM for

the negative leads.

The four pressure gauges used were connected to the CompagRio via an NI 9208 analogue input
module. This 16 channel 24 bit module, which measures 4-20 mA signals produced by the
pressure gauges, was connected via a two-wire system where the Al terminal was connected to
the signal wire and the common terminal to the ground wire of the pressure gauge. This module
also requires additional power and connects the positive lead of a 24V DC power supply to the
Vsup and the negative lead to a COM terminal. Since the turbine flow meters produce a square
wave pulse signal, a high speed analogue input module is required. For this purpose the NI 9221,
which is an eight channel 12 bit module, was selected, as it has a high sampling rate (800 000

samples per second).

4.2.2 Flow rate calibration

The in-line turbine flow sensors operate by detecting the rotation of the turbine blade caused by
the fluid moving through the turbine. The edge of the turbine blade is coated with an infrared
reflecting material and, using an infrared sensor, a square wave pulse is produced as the blade
passes the sensor. The square wave pulse can be represented as a binary system, with 0 volts
as off (or 0) and 24 volts as on (or 1). The flow rate is calculated using the number of pulses
produced per second. The flow meters were calibrated by the manufacturer at a specified number
of pulses per litre for water at 25°C. As the central controller would have to detect the square
wave signal, as displayed in Figure 4-1, at a high number of pulses per second, an FPGA chip
was needed to reduce any latency of the pulse detection. The FPGA was used by coding a signal
detection program, which scans the input device (NI 9221) for a change in the input voltage from
0 volts to 24 volts. A rise in voltage indicates a single pulse causing a pulse counter to
incrementally increase. The number of pulses detected per second is given as the flow rate in L/s

which was then converted to ml/min.
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Figure 4-1: Square wave output of the turbine flow meters

As the flow sensors come into direct contact with the solutions, viscosity of the fluid can influence
the accuracy of the flow rate measured. Thus, the flow meters require calibration for different
liquids, which was done by adjusting the calibration variable K-factor, which is represented in
pulses per litre. Each flow sensor is issued with a calibration K-factor value for water, which must

be calibrated for other liquids to ensure accuracy.

For this purpose, LabVIEW™ was again used to program an automated calibration procedure.
For calibration, the flow rate of the AMBSX system was allowed to reach a set value, while the
pressure control values were set to 100% open to minimize backpressure effects. Once
equilibrium has been reached, a calibration button was pressed, opening a relevant sample valve
(aqueous or organic) for 30 seconds, depositing a sample with a known volume in a sample
container. This was repeated for the entire range of flow rates. From the obtained data, a
calibration graph was constructed by plotting the recorded volume on the y-axis and the measured
volume on the x-axis. The slope (h) obtained from the graph was subsequently used in the

following equations to determine the k value:

_ by @
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The obtained k value was multiplied by the initial K-factor to obtain a corrected K-factor value,

which was used to correct the control program.

Once the flow meters had been calibrated, a graph was constructed representing the natural back
pressure of the system. This was attained by running the AMBSX system using deionised water

as the aqueous feed and cyclohexane as the organic feed. The inlet and outlet pressures of the
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shell and lumen sides at different flow rates were recorded at flow rates of 100, 125, 150, 200,
300, 400, 500, 600, 700 and 800 ml/min. The natural backpressure of the system was used to

determine the minimum usable operating pressures of both the aqueous and organic streams.
4.2.3 Control and PID optimisation

To control the agqueous and organic flow rate and pressure of the AMBSX, proportional, integral
and derivative (PID) control algorithms were used, which were optimised using Cohen-Coon and
fine-tuned using a trial and error approach as described in Chapter 3. LabVIEW’s™ built-in PID
subprogram (named “PID.vi") was used to program the PID algorithm, an example of which is
presented in Figure 4-2. The built-in PID function requires three main inputs to function, namely
PID gains, process variable and set point, while the other inputs such as output range are
available, but not required. The PID gains sets the three PID variable controls: i) the proportional
gain (K), i) the integral time in minutes (T;) and iii) the derivative time in minutes (Tq). The process
variable input of the PID program, which in this case was either current flow rate or pressure, was
controlled. The set point input was the user-defined value to which the PID adjusted the process
variable. Once all the inputs were entered, the PID.vi output a value in percentage, which was
used to control the pump rotation speed or the pressure control valve position. The PID
optimisation was firstly done for the flow rate with the pressure control valves at 100% open.
Subsequently, the PID control for pressure was optimised. During calibration, the aqueous stream
was always calibrated first, followed by the organic stream, to ensure that the aqueous pressure
remained higher than the organic pressure to prevent breakthrough of solvent through the
hydrophobic membrane. The results obtained during the PID optimisation are discussed for both

flow rate and pressure in Sections 4.2.5.1 and 4.2.5.2 respectively.
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Figure 4-2: PID algorithm function as seen in LabVIEW™
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4.2.3.1 Flow rate control

After calibration of the flow rate, the control PID optimisation for flow rate was done for both
agueous and organic streams by firstly filling the aqueous and organic feed tanks with deionised
water and cyclohexane, respectively. The PID gains variables, namely K¢, T; and Tq4, were
adjusted using values obtained from the simulation results (Chapter 3) to ensure a stable flow
rate with no oscillation. Once both pumps had been started and a steady state flow rate of 100
ml/min for the aqueous stream had been obtained, a change in the set point from 100 ml/min to
500 ml/min was applied. This resulting disturbance was then plotted on a graph and the Cohen-
Coon method applied as discussed previously. Once optimisation had been attained, this
procedure was repeated for the organic stream.

4.2.3.2 Pressure control

After the PID optimisation of flow rate had been obtained, a similar procedure was followed for
the pressure calibration. The same aqueous and organic solutions that had been used in the flow
rate optimisation were used in the pressure optimisation. The flow rate was set at 100 ml/min,
resulting in a steady state pressure of 30 kPa. The PID gains values (K¢, Ti and Tg) that were
obtained in the simulation results for pressure (Chapter 3) were used to help adjust the pressure
PID gains values to achieve steady state. The set point was then changed from 30 kPa to 60 kPa
and the resulting graphs used to apply the Cohen-Coon method. This method was repeated for

the organic pressure control.
4.2.4 Automated sampling

The AMBSX system was programmed with an automated sampling program, which allows the
operator to input sampling times into the program before each experiment. To maintain aqueous
to organic (a/o) volume ratios, the sampling system was constructed and programmed to remove
equal volumes of both aqueous and organic solutions when sampling. A timer was programmed
to begin once the flow rate and pressures of both agueous and organic sides had achieved the
required set points. When reaching a sampling time, the program opened both agueous and
organic sampling valves. The valves remained open until 10 ml of sample had been deposited in
a sample holder, which had been determined using the flow rates. Sample containers were
replaced manually. Subsequently, the metal concentrations in the agueous samples were
analysed using an inductively coupled plasma optical emission spectrometer (ICP-OES), as
described in Chapter 4.2.7 while the organic sample was disposed in a liquid waste storage

container.
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4.2.5 Internal volume and breakthrough pressure

The AMBSX total internal volumes of both the aqueous and organic sides of the system were
determined by firstly draining and drying the system with nitrogen gas for 20 minutes. The
agueous and organic feed tanks were then filled with 1L of water and cyclohexane, respectively.
The aqueous pump was started and set to 100 ml/min. As soon as solution exited the system, the
pumps were stopped and the volume of the remaining solution in the feed tanks determined, from
which the internal volume of the aqueous phase was determined. Subsequently, the aqueous
side was set to recirculate so that the volume of the organic side could be determined in a similar

manner.

The breakthrough pressure (as described by Gabelman and Hwang [6]) of the system was
determined experimentally by firstly setting the flow rates of the system at 400 ml/min for both
agueous (deionised water) and organic (cyclohexane) streams, while setting the aqueous and
organic pressure at 50 kPa and 40 kPa, respectively. The aqueous pressure was then
systematically increased until breakthrough (the aqueous solution appeared in the organic feed
tank) was observed.

4.2.6 Operational procedure

The AMBSX experimental start-up, run-time and shutdown procedures are displayed in Figure
4-3. Firstly, a safety check is done to ensure pipes, fittings and equipment are securely mounted
and that there are no visible signs of damage. The equipment is powered on and checked for any
faults. The feed tanks are filled while the cleaning solution’s tank levels checked. Once the pre-
start checks have been completed, the user must input the experimental parameters including
the required flow rates, pressures and sampling times. Subsequently, the aqueous side is started.
Once the system has filled and the flow rate has been stabilised, the pressure control switch is
activated to ensure that when the organic phase is introduced, the agueous pressure remains
higher than the organic pressure to avoid breakthrough. Finally, the organic pump is started and

the organic pressure control activated before starting the experiment recording and timer.

While sampling will occur automatically at the predefined times, the operator must remember to
replace the sample holder after every sample taken. After completing the experiment, the
shutdown procedure is initiated by stopping the organic pump and pressure control, followed by
the aqueous pump and pressure control. The aqueous side cleaning procedure entails flushing
the agueous side with deionized water while the organic side is flushed using clean solvent.
Subsequently, the system is dried by purging both sides of the AMBSX with nitrogen gas. The

data containing the aqueous and organics flow rates, pressures and temperatures of the
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experiment are then exported and saved. During the final step, the equipment is powered off,

followed by a final inspection of the pipes, fittings and equipment.

Experiment Parameters Defined

e Agueous And Organic Flow Rates

e Agueous And Organic Pressures

e Sampling Times And Total Time
(T=End)
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Figure 4-3: Flow diagram of the AMBSX start-up, run-time and shutdown procedure

4.2.7 Case Study

The novel designed and constructed AMBSX system was tested using the conditions determined
from a batch extraction process developed by De Beer et al. [25]. According to the batch process
results, optimum extraction and selectivity were attained when using an H,SOs containing
aqueous phase and a Cyanex 301® (bis(2,4,4-trimethylpentyl)dithiophosphinic acid) containing
cyclohexane organic phase. Both metal salts, ZrCl, and HfCl4, were obtained from Sigma-Aldrich
and were used without further purification. Sulphuric acid (98% H.SO,), cyclohexane and 1-
octanol were obtained from Merck and used without further purification. The deionized water used
throughout the entire study, with a >18 MQ/cm resistivity, was prepared using a Millipore Milli-Q
purification system. The extractant Cyanex 301®, was obtained from Cytec Canada Inc. The
agueous phase was prepared by dissolving 1.0 g/L ZrCls and 0.03 g/L HfCls in 1L of water
containing 0.5 M H.SO.. The organic phase was prepared by dissolving the Cyanex 301°® in a
solution of cyclohexane containing 5 % (v/v) 1-octanol. The extractant concentration (47.752 g/L)
was set at an extractant to metal ratio of 30:1. Both solutions were aged at 25°C for 24 hours,

before being contacted using the AMBSX setup.

The AMBSX aqueous flow rate was calibrated for both the 0.5M H,SO, and cyclohexane solution
as described in Chapter 4.2.2. The K-factors for the aqueous and organic flow rate sensors were

adjusted to 91464 and 98757 pulses per liter, respectively. The aqueous flow rate was set to 450
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ml/min at 100 kPa while the organic flow rate was set to 350 ml/min at 70 kPa. Total contact time
was 120min with 10 ml samples of each phase taken at 0, 1, 3, 5, 7, 10, 15, 20, 25, 30, 40, 50,
60, 70, 80, 90 and 120 minutes. This extraction was repeated five times to determine the stability
(flow rate and pressure) and repeatability of the AMBSX. While the temperature was not
controlled, a temperature profile for the agueous and organic phases over the duration of the

experiments was obtained.

The aqueous samples were analysed using an ICP-OES using a Thermo Scientific iCap 6000
series ICP-OES coupled with iTEVA software. Aqueous samples obtained from the AMBSX were
analysed as received from the AMBSX. ICP-OES calibration solutions with concentrations of 50,
200 and 400 mg/L for Zr and 10, 30 and 50 mg/L for Hf were prepared by diluting ICP-OES Zr
and Hf standard solutions (1 g/L), obtained from De Bruyn Spectroscopic Solutions, and using
0.5M H»S04 stock solution. The ICP-OES was calibrated before any batch of samples was
analysed, a minimum correlation of value of R = 0.9999 was used ensure the accuracy of
calibration. A Quality control solution of 200 and 30 mg/L Zr and Hf was prepared from the verified
reference standards obtained from De Bruyn Spectroscopic Solutions. The quality control solution
is analysed after five sample intervals to determine if the ICP-OES needs to be recalibrated. If the
guality control measured values are larger than 5% of the set value of 200 mg/L Zr and 30 mg/L
Hf, the ICP-OES was set to recalibrate and re-run the last 5 samples. The relative standard
deviation as investigated by Branken [27], showed a maximum RSD% = 0.529, and the emission
lines, which were selected to minimise interference, for Zr and Hf were 274.2 nm and 339.9 nm,

respectively.

4.3. Results and discussion

4.3.1 Process flow diagram

The AMBSX PFD is shown in Figure 4-4 with a description of all the components listed in Table
4-1. The aqueous side of the PFD consists of an aqueous feed tank T-Al containing a RTD probe
RDT-AL (type K probe) to measure and log the feed solution temperature. The feed tank is
connected to a three-way electronic solenoid valve that will route the stream either from T-Al or
T-A2 (aqueous cleaning solution tank) to the gear drive pump. The pump outlet leads to the PTFE
membrane in-line filter F-Al followed by the PFA in-line turbine flow sensor FM-Aland the inlet
pressure gauge manifold PI-Al. The aqueous stream is connected to the shell side inlet port of
the membrane. Exiting the membrane, the stream passes the outlet pressure gauge PI-A2, the
electronic pressure control valve EPCV-AL, through the three-way valve V3-A2, which will route
the stream to either the waste collection tank T-A3 or return it to the feed tank T-Al. The organic

side is similar in configuration to the aqueous side; however, four additional valves are required
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for flow direction change (V3-02, V3-03, V3-04 and V3-05), which by default was set in a co-
current flow direction. The flow rate range of both aqueous and organic sides was limited to 100-
850 ml/min. The maximum internal pressure of the system was limited to 200 kPa by the electronic
solenoid three way valves failing after a pressure of 200 kPa.

Organic Aqueous
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Figure 4-4: PFD of the AMBSX system
Table 4-1: AMBSX equipment list
Label Description Connection  Material Manufacturer
EPCV-Al1 Electronic Pressure Control Valve 1/4" NPT PTFE Coated Hanbay Inc
EPCV-02 Electronic Pressure Control Valve 1/4" NPT PTFE Coated Hanbay Inc
FM-AL  PFA Turbine Flow Sensor 1/4" Barbed  PFA Equfiow®
Sensors
FM-O1  PFA Turbine Flow Sensor 1/4" Barbed  PFA Equfiow®
Sensors
GDP-Al Gear Pump Drive 1/8" NPT PTFE Cole-Parmer®
GDP-O1  Gear Pump Drive 1/8" NPT PTFE Cole-Parmer®
F-Al In-Line PFA Filter/PTFE Membrane 1/4" Barbed PFA/ PTFE Cole-Parmer®
F-O1 In-Line PFA Filter/PTFE Membrane 1/4" Barbed PFA/ PTFE Cole-Parmer®
PI-Al BDS-Pressure Gauge TRX G11/2" PTFE / Ceramic  BD Sensors®
PI-A2 BDS-Pressure Gauge TRX G11/2" PTFE / Ceramic  BD Sensors®
PI-O1 BDS-Pressure Gauge TRX G11/2" PTFE / Ceramic  BD Sensors®
PI1-O2 BDS-Pressure Gauge TRX G112t PTFE / Ceramic  BD Sensors®
RTD-A1 RTD PTFE coated probe 100 ohm - PTFE Coated Digi-sense
RTD-0O1 RTD PTFE coated probe 100 ohm - PTFE Coated Digi-sense
T-Al Aqueous Feed Solution Tank - Glass -
T-A2 Aqueous Cleaning Solution Tank - Polypropylene -
T-A3 Aqueous Waste Tank - Polypropylene -
T-O01 Organic Feed Solution Tank - Glass -
T-O2 Organic Cleaning Solution Tank - Polypropylene -
T-03 Organic Waste Tank - Polypropylene -
V3-Al 3-Way Direct Lift Solenoid Valve 1/8" NPT PTFE Valcor®
V3-A2 3-Way Direct Lift Solenoid Valve 1/8" NPT PTFE Valcor®
V3-A3 3-Way Direct Lift Solenoid Valve 1/8" NPT PTFE Valcor®
V3-Ad 3-Way Direct Lift Solenoid Valve 1/8" NPT PTFE Valcor®
V3-A5 3-Way Direct Lift Solenoid Valve 1/8" NPT PTFE Valcor®
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V3-A6 3-Way Direct Lift Solenoid Valve
V3-01 3-Way Direct Lift Solenoid Valve
V3-02 3-Way Direct Lift Solenoid Valve

1/8" NPT
1/8" NPT
1/8" NPT

PTFE
PTFE
PTFE

Valcor®
Valcor®
Valcor®

4.3.2 Flow rate calibration

As discussed in Section 4.2.2, the square wave output of the turbine flow meters requires a pulse
detection program to determine the flow rate. Due to the high rate of sampling (up to 1600 pulses
per second) the program was coded on the CompagRio FPGA chip. This enables the pulse
detection program to operate independently from the host computer, allowing the detection of the
high pulse rate without any latency. The FPGA program, shown in Figure 4-5 a, scans (at 100
kHz) the input device’s channel 1 (AlQ) for the aqueous and channel 2 (Al1) for the organic flow
rate pulses for a rise in voltage. When a rise is detected, the value is incremented to 1.
Subsequently, the program waits for the voltage to fall back to 0 volts before another rise can be
detected. The total number of pulses detected in 1 sec is sent to the main program that is located

on the host computer, where a program (Figure 4-5 b) multiplies the number of pulses detected

by the K-factor to give a flow rate in ml/min.
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Figure 4-5: a) The FPGA square wave signal detection program code and b) the flow rate

calculation program code
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In Figure 4-6 the block diagram code that was written for the aqueous calibration program and
the corresponding front panel display are presented, while Figure 4-7 and Figure 4-8 show the
initial calibration graphs obtained from the aqueous and organic flow meters for water and
cyclohexane, respectively. It is clear that for both solvents, a high accuracy (R? = 0.9956 and
0,9996 for the aqueous and the organic flow rates, respectively) was attained. The data was used
to adjust the K-factor values for water and cyclohexane to 103718 and 91519 pulses/L,
respectively (see Section 4.2.2). Keep in mind that the calibration would have to be repeated if

different solvents were used.
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Figure 4-6: Flow calibration block diagram a) and front panel b) used for agueous flow rate
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Figure 4-8: Organic flow rate calibration graph

After completing the flow rate calibrations, the AMBSX minimum internal pressure at varying flow
rates was determined as displayed in Figure 4-9. As was expected, the pressure increased with

increasing flow rates. In addition, the pressure drop over the membrane module, as well as the
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difference in the pressure between the aqueous and the organic phase, can be seen. The internal
pressures obtained were used to ensure that the minimum pressure during experimental runs
was high enough to be controlled by the electronic pressure control valves as a set point below

the curve at a certain flow rate could result in an increase in the pressure which might result in
phase breakthrough.
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Figure 4-9: AMBSX minimum operating inlet and outlet pressures for aqueous and organic
streams using water and cyclohexane solutions

4.3.3 Control and PID optimisation

The aqueous and organic flow rate control and optimisation will be discussed in Chapter 4.3.3.1

and the aqueous and organic pressure control and optimisation in Chapter 4.3.3.2.

4.3.3.1 Flow rate control

In Figure 4-10, the PID control programs of the agqueous and organic flow rates are displayed.
The process variable input was obtained from the measured flow rate presented in Section 4.3.2.
The set point is read from an input box (front panel), which is set by the operator, while the PID
gains variables were optimised using the Cohen-Coon tuning method.
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Figure 4-10: Block diagram code of the PID control used for the a) aqueous flow rate and b) organic
flow rate

The PID optimisation of the aqueous flow rate is shown in Figure 4-11. Proportional only (P)
control is not displayed on the graph as it produced an unstable oscillation, The output signal did
not reach a steady state required for the Cohen-Coon method, is characteristic of P-control theory
as described by Svrcek et al. [28]. According to the presented results, both the proportional
integral (PI) and proportional integral derivative (PID) did stabilise. Although the PI produced a
slower rise to the set point than the PID, the PID exceeded the set point and started oscillating
after three minutes. Hence the PI control was fine-tuned using the trial-error method by
incrementing the P and | values to obtain improved control. It is clear, according to Figure 4-11,
that the PI+ fine tuning (2) yielded the optimal results, where the flow rate reached its set point
approximately 18 seconds after the change in set point. The final PI values obtained were K. =

0.0341 and Ti= 0.0149 min.
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Figure 4-11: Aqueous flow rate PID optimisation using Cohen-Coon and fine tuning methods

The PID optimisation of the organic flow rate is displayed in Figure 4-12. As discussed in the
aqueous flow rate optimisation, the P control was again not displayed due to an unstable
oscillation. Cohen-Coon was implemented on the Pl and PID. Since both Pl and PID produced a
similar output, Pl was chosen for further optimisation using the trial-error method. After
optimisation, the Pl+ fine tuning (2) gave the best results, where the flow rate reached its set point
approximately 16 seconds after a change in set point. The final Pl values obtained were K. =
0.0337 and Ti= 0.0116 min.
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Figure 4-12: Organic flow rate PID optimisation using Cohen-Coon and fine tuning methods

4.3.3.2 Pressure control

The block diagrams of the PID programs that were used for the aqueous and organic pressure
control (a and b) are presented in Figure 4-13. While the pressure PID programs had been coded
in a similar way to the flow rate programs using the built-in PID function, the pressure was
controlled from the value of the inlet pressure gauges of the shell and lumen. The flow rate
program uses an electronic pressure control valve as the control element for the pressure by
opening or closing the valve orifice. This required that the K¢ value had to be given in a negative
value. Subsequently, if a higher pressure was needed, the PID reduced the orifice size by closing

the valve, while the valve would open to increase the pressure if the K¢ had a positive value.

The pressure control was programmed with a slow response time as it was found that if the
pressure was adjusted too quickly, the system became unstable as the change in pressure
resulted in the pressure control valve being closed too quickly, causing the flow rate to drop, which
in turn triggered the pumps to increase the flow rate by increasing the pump rotation speed,
leading to a higher pressure. The PID would then try to counter the pressure increase by opening
the valve and causing the pressure to drop, which will, however, also cause the flow rate to over
shoot the set point, causing the pumps to decrease the flow rate and the pressure control valves
to close, repeating the cycle. This was overcome by reducing the pressure control valve’s
response time so that the flow rate could stabilise before the pressure control has had time to
adjust.
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Figure 4-13: Block diagram code of the PID control used for the a) aqueous pressure and b) organic
pressure.

The optimisation of the pressure control algorithms was done in a similar method to the flow rate
optimisation. The optimisation of the aqueous pressure is presented in Figure 4-14. Similar to the
flow control, P only control resulted in unstable oscillations and is thus not displayed. Although
both PI and PID overshot the set point, the PI control stabilised more quickly as the rise time was
slower, resulting in less over shoot. After fine tuning, it was shown that the pressure required
approximately 55 seconds to reach the set point, leaving enough time for the flow rate to stabilise.
The optimal PI control values were K¢ =-0.0131 and T;= 0.1333 min.
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Figure 4-14: Aqueous pressure PID optimisation using Cohen-Coon and fine tuning methods

In Figure 4-15, the PID optimisation graph of the organic pressure is displayed. Both Pl and PID
resulted in unstable oscillations in pressure. The Pl values were fine tuned to correct the formation
of control oscillations. As can be seen the Pl + Fine tuning (1) reduced the formation of oscillations
and with further adjustment of the PI values, the optimal control values for PI were obtained as
shown in Pl + Fine Tuning (2). Accordingly, the pressure reached the set point after 40 seconds
with the optimal control values of K, = -0.0221 and T;= 0.1021 min.
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Figure 4-15: Organic pressure PID optimisation using Cohen-Coon and fine tuning methods

4.3.4 Automated sampling

The automated sampling program (and front panel) as seen in Figure 4-16, allows the user to
enter the sampling times before an experiment, which when executed will deposit a 10 ml
agueous sample into a sample holder at the given time intervals. Simultaneously, 10 ml of the
organic phase is removed from the organic stream and deposited into a waste container to ensure
constant volume ratios throughout the experiment. The current flow rate was used to calculate
the amount of time the valve had to remain open to ensure that 10 ml was being deposited into
the sample holder. While the valve’s opening resulted in a pressure drop, the pressure PID control
was able to stabilise the pressure back to the set point as shown in Section 4.3.6.
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Figure 4-16: Automated sampling program a) block diagram, b) front panel

4.3.5 Internal volume and breakthrough pressure

The AMBSX total internal volume was approximately 330 ml for the aqueous side and
approximately 220 ml for the organic side. Accordingly, the recommended minimum volume
required for any experiment, excluding sampling (which can be calculated from the number of
samples), was 350 ml for the aqueous and 250 ml for the organic feed. These small volumes
required for the AMBSX imply less chemicals used, thereby reducing the cost of the experimental

work.

The breakthrough was determined for the hydrophobic polypropylene membrane using
cyclohexane and water. Breakthrough of the aqueous phase into the organic phase occurred with
a pressure differential between 95 and 100 kPa, which correlates well with previously reported

breakthrough pressures [29].
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4.3.6 Case study

As mentioned previously, the extraction of Zr and Hf was evaluated using the novel AMBSX as a
proof of technology investigation. For the case study, the selective extraction of Zr and Hf using
Cyanex 301, as optimised by De Beer et al. [25] using batch SX (shown in Figure 4-17), was
investigated using the AMBSX to evaluate the stability of the flow rate, pressure, temperature as

well as the repeatability of the extraction .
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Figure 4-17: Batch solvent extraction optimisation of Zr and Hf extraction system using Cyanex
301®[25]

The individual aqueous and organic flow rates for the Cyanex 301® extraction (Repeat 1) is
displayed in Figure 4-18. The flow rate over two hours is displayed with the aqueous flow rate set
at 450 ml/min and the organic flow rate set at 350 ml/min. In the first minute from the system start-
up, the flow rates rose abruptly, which was caused by the AMBSX system pipes being empty. At
this stage the positive displacement pumps drove only air through the system, which when
passing through the in-line turbine flow meter caused the turbine to spin much faster giving a
higher reading than the flow rate obtained when pumping a liquid. However, once the system had
filled with the solution, the flow rate stabilised. The flow rate differential of the aqueous and organic
streams is important for the mass transfer during extraction. The differential flow rates of the five
repeats is presented in Figure 4-19. The flow rate differential over five repeats indicates that the
control of the flow rate was held constant over the two hour contact time, with little deviation from
the set flow rates.
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Figure 4-19: Differential flow rate (Qaq — Qorg) Of the extraction of Zr and Hf using Cyanex 301® on
the AMBSX system

Figure 4-20 displays the shell side pressure differential between shell inlet and shell outlet

pressure for the five repeats where the inlet pressure was controlled at 100 kPa. As in the case

of the flow rate differential, the initial values were erratic due to the system start-up procedure and
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filling of the system with solution. However, once the system was completely filled, the control
elements were able to stabilise. It can be seen that the pressure of the system remained constant
throughout the experiment with an average differential pressure of 13 kPa over the two hours.
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Figure 4-20: Shell side pressure differential (Piniet — Poutier) containing the Zr(Hf)Clsin a 0.5M H>SO4
aqueous phase

In Figure 4-21, the pressure differential of the lumen side is shown. The average differential
pressure was higher than on the shell side, with pressures ranging from 62 kPa to 68 kPa. This
higher pressure differential is caused by a higher pressure drop over the lumen side of the
membrane, as the liquid must enter the hollow fibres of the membrane. Additionally, the four three-
way valves (V3-03, V3-04, V3-O5 and V3-06) situated at the lumen ports compound the
pressure drop over the lumen side of the membrane. This, however, does not pose a problem to
the AMBSX, as long as the pressure differential over the membrane remains under 100 kPa to
prevent breakthrough. Again the consistency both over time and repeating experiments is clearly

demonstrated.
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Figure 4-21: Differential pressure (Piniet — Poutiet) for the lumen side containing the Cyanex 301°
extractant dissolved in a cyclohexane and 1-octanol organic phase

While the AMBSX system was not temperature controlled, the temperatures of both the aqueous
and organic feed solutions were monitored during the experiments. As an example, the
temperature profile for a single run is shown in Figure 4-22. The temperatures in both feeds were
approximately 25°C. Within the first 5 minutes, a 3°C drop in temperature was observed for both
streams. The slight drop could have been caused by the piping and equipment’s internal
temperature being lower than that of the solution, cooling the solution. Over the course of the
experiment (120 min), the feed solutions’ temperatures slowly rose back to the starting
temperatures. The temperature profile that was observed was similar in every repeat of the
experiment. The temperature remains within the operating temperature limit of the hollow fibre

membrane (35°C) as listed by the manufacturer [30].
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Figure 4-22: Aqueous and organic feed solutions temperature profile

After ICP-OES analysis, the metal concentrations of Zr and Hf in the aqueous samples were
obtained as displayed in Figure 4-23. An average Zr starting concentration of 364 mg/L and 13.0
mg/L of Hf was found. After two hours of contact time the metal concentrations had dropped to
156 mg/L Zr and 1.3 mg/L Hf. This calculates to an average percentage extraction for the 5
repeats of 57% Zr and 90% Hf, which is an improvement of the batch SX of 50% Zr and 76% Hf,
as presented in Figure 4-17. The improvement of extraction is largely due to the increase in
contact area of the hollow fibore membrane, compared to the contact area of batch SX. The
average standard deviation of the results was 0.6 % for Zr and 1.2% for Hf. This shows that the

AMBSX not only yielded a constant flow and pressure, but that the extraction results were also
highly repeatable.
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Figure 4-23: Zr and Hf metal concentration in the aqueous solution determined by ICP-OES

4.4. Conclusion

In this study, the aim of designing and building an AMBSX experimental setup was successfully
implemented. The automated process was designed for a wide range of conditions commonly
found in metal ion extraction. The materials used in the AMBSX were selected to withstand acids
up to a concentration of 9 mol/L as well as strong organic solvents commonly used in SX research.
The AMBSX system was automated using NI LabVIEW ™. Using PID control it was possible to
independently control both the flow rate and pressure of the aqueous and organic phases of the
AMBSX. The system was able to accurately control both the aqueous and organic flow rates
between 100 ml/min and 850 mil/min. The pressure was limited to a maximum pressure of 200
kPa. The flow rate, pressure and temperature of the system were recorded, which had not been
possible with the previous generation of MBSX systems. Additionally, automated flow rate
calibration and sampling procedures were programmed, further reducing human input in the

system, while increasing the accuracy of the results.

A case study for the separation of Zr and Hf was conducted to determine both the performance

and the repeatability of the AMBSX system during an extraction experiment. The AMBSX was

able to control the flow rate and pressure with little to no deviation of the set point, confirming that

the AMBSX remains stable during experiments, which lead to the observed repeatability of the

results. As with the batch process, the AMBSX resulted in an Hf selective extraction, with an

average extraction of 90% Hf and 57% Zr. The AMBSX separation results showed an
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improvement from the batch SX results, with the extraction of Hf increasing with 14% from 76%
and Zr increasing by 7% from 50%. The extraction experiments were repeated five times with a
standard deviation of less than 1.2% between runs. It is clear that the AMBSX is suitable for
further research, showing that variation in results are caused by the chemistry of the extraction
and not the design of the AMBSX.
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5.1. Evaluation

The aim of this study was to design and construct a fully AMBSX system that can independently
control flow rate and pressure, while being suitable for a wide range of experimental
configurations and variables. The system must be able to conduct experiments over a range of
pressures (0-200 kPa), flow rates (100-1000 ml/min) and flow directions (co- and counter-current)
up to a temperature of 35°C. In addition, the system should require less human input, while
simultaneously increasing the control, stability and repeatability of MBSX experiments. Finally, it
should be able to record both the parameters of the system as well as the data obtained during
operation.

To attain this, the project was initiated with a literature study (Chapter 2) focussing on the use of
hollow fibre membranes in metal ion extraction. According to the literature, all metal ion extraction
studies employing MBSX used near identical experimental setups with no or little improvements
to the setups used, rather focussing on those experimental variables that determine extraction
such as solvents, acids and, most notably, extractants. With the demonstration of the suitability
of the technology per se, papers have been published more recently emphasizing the next stage
for this technology, i.e. the use of more complex multi-staged or cascade systems [1,2]. However,
the currently used manual system design will be insufficient for use in multi membrane
experimental setups. This further emphasizes the necessity for research focussing on the further

development and automation of the actual setup itself.

The AMBSX PFD was based on the improvement and further development of the basic design of
the previous generation of MBSX setups. After the design of the PFD of the AMBSX system had
been completed, the control elements of the AMBSX were simulated as a proof of concept of the
control of flow rate and pressure using LabVIEW™ and PID algorithms. The direct relation and
interdependence of flow rate and pressure in a closed system required proof that the flow rate
and pressure could be controlled independently. This was presented in Chapter 3, in which the
PID control of flow rate and pressure was simulated using LabVIEW ™’s built-in simulation and
PID subprograms. The simulation not only confirmed that the control of flow rate and pressure for
both aqueous and organic streams was possible, it also provided information that was invaluable
for the control of real AMBSX systems. Firstly, it was shown that the PI control algorithm was
ideally suited for the control of flow rate and pressure in a closed loop liquid system, which
confirmed observations made by Svrcek et al. [3]. Secondly, the simulation suggested that the
control gain (Kc) of the aqueous and organic pressure control (electronic pressure control valve)
should be negative to ensure the correct control of the electronic pressure control valves. Lastly,

the flow rate control PID should have a quick response time, while the pressure control PID should
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have a slower response time to prevent a resonating oscillation effect which would result in

unstable flow and pressure control.

After the control simulation, the AMBSX system components were sourced and the AMBSX
constructed as discussed in detail in Chapter 4. The selection of the materials used in the AMBSX
system were based on their resistance to acids of up to 9 mol/L and to the strong organic solvents
commonly used in extraction studies, as well as the supplier provided service life of the equipment
and fittings. After construction, the simulated PID control values obtained in Chapter 3 were used
as starting point to optimise the real AMBSX system. It was noted that the PID values from the
simulated results differed from the AMBSX optimised PID values, which can be ascribed to the
differences in the parameters (such as dead time, gain and lag time) of the simulated and the

actual control elements.

After the control optimisation of the flow and pressure and its initial characterisation, it was found
that the breakthrough pressure obtained (ranging from 95 kPa to 100 kPa) correlated with the
reported values presented in other studies. From the volume determination it was found that the
system had relatively low internal volumes for the aqueous and organic sides of 350 ml and 250
ml, respectively, which will reduce the cost of experimentation when using the AMBSX setup.
While the maximum stable flow rates of 850 ml/min for both aqueous and organic sides were
slightly less than the theoretically envisaged maximum flow rate of 1000 ml/min, the AMBSX was
able to control the pressure up to 200 kPa, as had been aimed. While the calibration procedure
of the flow meters was successful in calibrating both aqueous and organic flow rates, it was shown
that solutions would have to be calibrated if different feed solutions were to be used, as the

viscosity of the solution affects the accuracy of the flow rate measured by the turbine flow meters.

The case study conducted on the SX based separation of Zr and Hf confirmed that the AMBSX
was successful in its original aim of a bench scale flow rate and pressure controlled MBSX setup.
The control of flow rate and pressure over five repeats of the extraction experiment showed little
to no deviation from the set point values for the two hour contact time experiments. While the flow
rate according to the start-up procedure initially shot past the set point, this was caused by the air
within the system spinning the turbine flow meter as the system fills with liquid and correct flow
rates were obtained within the first minute, which did not cause any major problems to the stability
of the system. Repeatability of the AMBSX was also investigated in terms of the actual extraction
of Zr and Hf using a Cyanex 301® extractant. An average standard deviation of 1.2% in extraction
was obtained over five repeats. This leads to the conclusion that the designed AMBSX system is
able to independently control the most important experimental parameters, thereby providing
repeatable extraction results, showing the suitability of this setup for further metal ion extraction

studies to be conducted within the Membrane Technology group.
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5.2. Recommendations

Although the automation of the MBSX experimental setup was successful in its aims of
independent control of flow and pressure with a process design flexible enough to handle a wide
variety of experimental conditions including chemical concentrations, flow directions, flow rates
and pressures, the AMBSX system could be further improved by considering the following

suggestions.

The use of multiple membrane contactors in simultaneous extraction and stripping experimental
setups (as described in Chapter 2) or in a cascade setup would be the next step in upscaling and
industrialising this technology. This could, however, be added to the above described process by
including the components such as pump, flow meter, pressure gauges, pressure control valve,
three-way valves and membrane into the PFD, as proposed in Figure 5-1 (for a combined
extraction and stripping setup). No additional control hardware is needed as there are sufficient

terminals open on the central controller.
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Figure 5-1: Suggested simultaneous extraction and stripping AMBSX PFD

As mentioned above, the flow meters currently have to be calibrated for different solutions to
ensure accuracy of flow rates. This can be avoided by creating a data base for the commonly
used solutions and corresponding K-factor values for the extraction studies. This data base could
then be added into the LabVIEW™ control program, ensuring that the correct K-factor would be

used according to the solution used as specified by the operator.

The AMBSX system was constructed on a temporary test bench which was adequate for the
purpose of this study (see Figure 5-2). However, for the envisaged use for various applications at
different locations, the system should be rebuilt in a dedicated stand that will house all the

electronics and equipment in a safer, more mobile and aesthetically pleasing manner.
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Figure 5-2: Temporary test bench setup of the AMBSX system

This envisaged case should separate the electronics from the wetted parts to protect the
electronics in case of a leakage or spill of chemicals. Plans for a custom stand could for example
look something like the stand displayed in Figure 5-3. The stand would house the piping in the
front glass enclosed section, while the electronics, including the control computer backup power
and central controller, would be in the rear section of the case. The chemical waste containers
(T-A3 and T-O3) would be housed in the lower front section of the stand, with the feed solution
tanks (T-Al and T-O1) and cleaning solution tanks (T-A2 and T-O2) placed on the shelves located
on the sides of the stand. The case could be temperature controlled to ensure that all equipment
and piping are held at a constant temperature, which would help reduce the temperature drop
shown in Figure 4-22.

a) b)

Figure 5-3: Proposed design for custom stand for the AMBSX system showing a) the front view
and b) the back view (designed and drawn using Solidworks® 2014)
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While the sampling system of the AMBSX system was programmed to automatically sample the
aqueous solution at the predetermined intervals, the system still required the operator to manually
change the sample holders after every sampling time. This can be solved by introducing an
automated sample delivery system that will work in a similar method to commercially available
auto samplers. The CompagRio controller has sufficient space and capability for an auto sampler
system to be added and programmed using LabVIEW ™ to either move the sampling holders
past the sampling point (conveyer belt system) or to move the sampling point to sample containers
(robotic arm). However, sample contamination caused by the auto sampler must be avoided to
ensure that cross contamination does not take place [4].
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