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Chapter 1. Introduction
Nuclear medicine utilizes radioisotopes in diagnostic and therapeutic applications. These applications
primarily include identification and treatment of cancer tumors. An example of treatment is the use of
iodine-125 radio-isotopes to treat prostate cancer. With respect to diagnostics, positron emitting radiotracer
solutions, (such as carbon-11 or oxygen-15) are introduced into a patient, where the isotopes can migrate
throughout the body and collect inside a cancerous tumor or other targeted areas. Positron Emission
Tomography (PET), a biological imagining technique that detects emissions from positron emitting
isotopes, is utilized to map the location of these radiotracers and provide a three dimensional image of the
areas of the body they occupy. The PET imaging technique has become an important diagnostic tool,
although it is restricted to short-lived (minutes to a few hours) PET isotopes. Because of this restriction, the
desired isotopes have to be produced onsite at hospitals using PET cyclotrons and must be administered to
the patients immediately. Therefore, new longer-lived PET isotopes need to be developed to improve
current logistical restrictions limiting PET use to local/regional production and distribution. Additionally,
developing and implementing new automated techniques for processing and production of these isotopes is
crucial to provide less radiation exposure to all involved [4][5].
In the scientific community there are efforts to develop and identify efficient, and in some cases
automated, separation methods through which to extract these desired longer-lived radioisotopes; however,
these methods mainly focus on accelerator based production schemes and not reactor based production
schemes [1]-[9]. This project attempts to develop an automated processing method for reactor produced
PET isotopes.
In the following sections, the background and goals of this projected will be discussed.
1.1.

Background of the Project: General
The McClellan Nuclear Research Center (MNRC) is a UC Davis owned facility that specializes in

nuclear science related research and has recently been developing a new laboratory to address a national
need for locally produced radioisotopes. The purpose of this new laboratory is to develop new fully
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automated techniques to process radioactive targets as an alternative to “hot cell” operations while
providing a radiation-free environment to the radio-chemists who will oversee the isotope chemical
processing. Currently the two isotopes of interest are iodine-125 and copper-64. This master’s project
focuses entirely on developing equipment to produce copper-64. It is with these goals in mind that this
project was developed as a first stage proof of concept for automating a radio-chemical processing system.
Copper-64 is a positron-emitting isotope and has a relatively long half-life of 12.7 h. Because of these
properties, copper-64 is a good candidate for a PET isotope for cancer diagnostics. Because of its relatively
long half-life the isotope could be produced offsite from a PET center while maintaining potency during
processing and transport to the PET centers. Two methods exist for making copper-64: irradiating nickel in
a cyclotron, or irradiating zinc in a nuclear reactor. In either case there is significant chemical processing
that must be done to purify the irradiated targets to uncontaminated copper-64. The use of a neutron field
from a nuclear reactor can produce significantly greater quantities of copper-64 than a proton beam from a
cyclotron. Because of this greater efficiency, and direct access to a research reactor, the MNRC has the
potential for producing large quantities of copper-64.
The following section will detail the goals of this master’s project.
1.2.

Goals of Project
The goal of this project is to demonstrate the feasibility of automating the processing of reactor

produced copper-64 for nuclear medicine diagnostic applications. A system-level prototype is designed and
assembled using purchased modular pieces. A C# graphical user interface (GUI) is developed, utilizing
Visual Studio 2010 Professional, to provide a manual interface to all modular devices for functionality
tests, calibration, and complete manual operation. Additionally the designed C# GUI will provide fully
automated routines that can be edited by the user to serve chemical processing needs with respect to
processing copper-64 isotopes that require separation utilizing ion exchange chromatography. In this
masters project successful completion of an Operational/Water test is completed. This test mimics the true
chemical separation process and ensures that the physical design and code interface performs functional
steps appropriately and is sufficiently flexible for user-defined processes.
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Chapter 2. Background: Processing Considerations and Design Criteria
2.1.

Design Considerations
In order to design the proposed system, it is necessary to consider what the processing system will

be required to do. There are six main aspects to consider which include, the composition of the sample to
be inserted, dissolution of the sample, precipitation of excess materials, adjustment of pH, time restrictions,
separation technique, and finally the safety of the system with respect to radiation dose. Addressing these
six aspects reflects the base considerations of the design criteria for the automated system; however, it is
first necessary to overview the entire copper-64 production process to provide proper context for the
following sections.
2.1.1.

Production of Copper-64
The production of copper-64 is achieved through exposing a solid natural zinc sample to a neutron

flux. The zinc sample, the parent nuclei, is bombarded with reactor-neutrons possessing a wide range of
incident energies, from 1/40th of an electron volt to several mega electron volts. The primary interaction of
interest is the neutron capture that results in the expulsion of a proton from the parent nuclei; where with
respect to zinc, this reaction is expressed as an (n,p) reaction. The zinc-64 isotope absorbs a neutron, which
deposits enough energy to knock out a proton, changing zinc-64 to copper-64 [25].
The use of a natural zinc sample however, means there are other stable zinc isotopes that can
undergo neutron absorption and create additional undesired isotopes. Zinc-67, for example, is a naturally
occurring isotope which will create copper-67, which possess a half-life of 61.92 hrs, when undergoing an
(n,p) reaction. The co-production of copper-67 and copper-64 introduces undesirable contamination to the
potential final sample; however, the probability of zinc-64 undergoing neutron capture resulting in an (n,p)
reaction is much higher than zinc-67 which minimizes this source of contamination. Additionally it is
possible to use a lining of cadmium around the sample during irradiation to effectively filter out lower
incident energy neutrons and primarily allow high incident energy neutrons around 1 to 10 MeV. The
probability of zinc-64 undergoing an (n,p) reaction is largest for 1 to 10 MeV incident neutrons, and this is
where the ratio highly favors zinc-64 (n,p) reactions over zinc-67 (n,p) reactions.
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Additionally zinc-64 can undergo another neutron capture that results in the emission of gamma
ray instead of a proton, denoted as an (n,γ) reaction, creating zinc-65 which is radioactive with a half-life of
244 days. The production of other radioactive isotopes, such as zinc-65, will increase the radioactivity
level of the sample to be handled; however, as long as they are not other copper zinc isotopes they can be
chemically removed. The end goal is to extract and purify the produced copper-64 from the zinc sample
and any other byproducts of activation.
In order to purify the irradiated sample, it must first be dissolved. The method of dissolution is
dependent on the chosen sample composition; however, as will be detailed in section 2.1.3, diluted
Hydrochloric acid (HCl) will be used to dissolve the sample. After dissolution, the bulk zinc is precipitated
out with the insertion of diluted Sodium hydroxide (NaOH). To remove any remaining zinc and other
contaminates, the sample is then to be passed through two sets of ion exchange Columns. The ion exchange
columns are comprised of special resins, which have high selection affinities to either copper or zinc ions
depending on the pH of the solution and the resins. These resins effectively exchange loosely bound ions
(such as hydrogen) inside the resin with ions of 2+ charge contained in solutions that are passed through the
columns, which in this case would be zinc and copper. The ion exchange process that is of interest consists
of first using one resin to hold onto copper as the other contaminates are passed through, which is
facilitated by rinsing the columns with a specific pH acidic solution. The specific choice of rinsing pH
ensures the resins’ selectivity for copper remains high while lowering the selectivity value for all other
elements trapped in the resin. To free the copper, a second acid solution of a different pH is used which
serves to lower the selectivity value of copper relative to the hydrogen ions being passed through the
column in the acidic solution. After this first ion exchange process the effluent is composed of copper with
trace amounts of zinc. To remove these final trace amounts of zinc the solution is passed through a second
ion exchange column that has been pH adjusted to have a high selectivity for zinc over copper [6][9]-[10].
The final effluent out of the columns is the desired final product.
The above description lays out in general detail the overall process that this project aims to
automate; however, it is limited to determining the feasibility of the processing portion and not the
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irradiation portion. The following sections go into further detail on the special considerations needed to
design the automation prototype.
2.1.2.

Sample Composition
The choice of the sample composition will directly influence irradiation and chemical production

yields. During irradiation it is desirable to maximize the density of zinc in the sample and minimize the
existence of thermalizing compounds. Thermalizing compounds, such as water, absorb high-energy
neutrons and effectively lower their energy i.e. thermalize them. This decreases the flux of high energy
neutrons needed to maximize the probability of the (n,p) reaction to create copper-64 and decreases
production efficiency. The density of zinc in the sample also directly influences production efficiency. The
higher the density the more zinc-64 isotopes there are to create copper-64, indicating that a solid metal pure
zinc sample would be ideal; however, considering sample processing, the ease of dissolution after
irradiation is an important factor as well. The time it takes to process the entire sample will directly effect
the concentration of the final sample as the copper-64 is not stable and is slowly decaying away. Dissolving
a solid zinc metal sample will require additional time compared to a powder sample or a water soluble
sample.
While several zinc compounds were considered, all but three compounds could be eliminated
quickly. These three zinc compounds were: Solid natural zinc metal, ZnO powder (ZnO) and zinc nitrate
hexa-hydrate crystalline form Zn(NO3)2*6H2O. Taking into account all the different aspects of these
compounds it was decided that the target composition to be used would be Zinc (II) Oxide powder as it
provides an ideal trade-off between amount of material needed and ease of dissolution [26].
The desired quantity of copper-64, in terms of its radioactivity at the end of the irradiation period,
is in the range of 1-2 curies (Ci). Neutron activation numerical simulations were run using a self-written
Fortran-90 code. The simulation code, utilizing Monte Carlo simulated neutron flux values specific to the
MNRC reactor, calculates yields for all possible neutron activation and decay pathways. The net activation
yields of twenty different isotopes, show that 125 g of ZnO (s) irradiated for 14 hrs in the MNRC reactors’
point of highest neutron flux, will produce 1.23Ci of copper-64 (along with other copper isotopes in
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extremely small quantities) at the end of the irradiation period through the Zn64(n,p)Cu64 reaction. With
this in mind, the desired system capacity per batch shall be 125g ZnO (s).
Knowing the composition and quantity of the sample material that the proposed automated system
will be handling will directly contribute to automation and physical setup of the system; however, it will
also have to accommodate smaller test quantities during initial testing phases.
2.1.3.

Sample Dissolution, Precipitation, pH
Given that the chosen material to be handled by the system is ZnO(s), with trace amounts of

CuO(s), a weak acid can be used to dissolve the sample according to the chemical equations,
ZnO(s) + 2HCl(aq)  ZnCl2(aq) + H2O(l) , and
CuO(s) + 2HCl(aq)  CuCl2(aq) + H2O(l):
where the notations of s, aq, and l, indicate compound states of solid, aqueous, and liquid,
respectively.
Therefore, the system to has a dissolution chamber, access to a reservoir of HCl(aq), and the
capacity to deliver the acid. After dissolution the system processes a sample composed primarily of bulk
zinc with trace amounts of copper.
In order to filter the bulk zinc material a preparation separation stage is necessary. This is done by
precipitating the zinc out of solution using either Sodium hydroxide (NaOH) or Potassium Ferro-Cyanide
(K4Fe(CN)6) according to the chemical reaction equations:
ZnCl2(aq) + 2NaOH(aq)  Zn(OH)2 (s) + 2NaCl(aq) , and
2ZnCl2(aq) + K4Fe(CN)6 (aq)  Zn2Fe(CN)6(s) + 4KCl(aq) respectively.
These precipitating agents do not bond with the copper in solution and in either case add only salt
ions into the sample solution [7]. Because the efficiency of precipitating radioactive Zn using NaOH or
K4Fe(CN)6 is unclear due to radiolysis effects it is desired that the system can allow for either option in the
interest of empirical testing to determine the best precipitating agent.
Therefore, a precipitation vessel is part of the system. To save space, the dissolution vessel can
serve a dual purpose of dissolution and precipitation. This means this vessel needs to have access to
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reservoirs of HCl, NaOH, and K4Fe(CN)6. Additionally this vessel will also need to be able to stir the
chemicals as they are inserted. After precipitation there will be particulates, thus there needs to be a filter
present that can separate the Zn precipitate from what is left as an aqueous solution.
Before the main separation process by ion exchange can begin the aqueous solution left over after
precipitation will have to have its pH adjusted to ensure maximum efficiency of the exchange resins that
are utilized in the ion exchange process, which is described in more detail in section 2.1.4. It is also
important to note that the pH of the sample and rinsing agents will need to be adjusted several times
throughout the entire process. This indicates that a pH adjustment vessel is needed that has access to the
acid and base reservoirs and the sample solution at various stages. In addition to access to chemicals, this
vessel also needs feedback to ensure desired pH levels have been achieved, thus a pH probe with remote
computer access is required. Additionally if the system is to save space one pH adjustment vessel shall be
used repeatedly and thus will have to be rinsed between uses, instead of having several pH adjustment
vessels.
2.1.4.

Ion Exchange Chromatography
The process of ion exchange chromatography separates out individual molecules or elements in an

aqueous solution based on the “radius of a hydrated ion and the valence of that ion” [8]. In other words the
ability of the process to separate out specific molecules or elements in a sample depends on their charge
and size in solution. There are two main methodologies behind ion exchange chromatography, one being
the batch method, and the second being the column method. The batch method is unsuitable for this project
because it is not meant for high efficiency extraction, whereas the column method is.
Ion exchange chromatography is moderated through the use of a resin which consists of
immobile/insoluble macromolecules, such as lipids or nucleic acids, attached to mobile/ionizable groups,
such as carboxylic groups. The purpose of this resin is to separate out ions by exchanging the ionizable
groups in the resin for an adequate replacement found in the sample. This process traps the ions in the resin
in various bands depending on the selectivity value the resin has for each ion. Through elution the ions can
be slowly removed at different rates for final separation of specific elements and molecules [8].
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Utilizing the column method with an ion-exchange resin, when a sample solution is passed
through the resin bed, the metal ions will be absorbed in the top layer of the column. Subsequent washing
with a specific solvent, such as HCl, will cause all the metal ions to begin flowing down the column by
constant absorption and dissolution as they interact with fresh resin layers. The rate at which these ions
move down the column is dependent upon equilibrium concentrations and the pH of the solvent which
effects resin affinity towards particular ions. This washing process with a solvent, which mainly utilizes
resin affinity for separation, is effective but slow [8].
Within the scope of this research the sample to be processed through the ion exchange
Chromatography Column Method is the left over aqueous solution from the dissolution, precipitation and
pH adjustment stages which will be composed primarily of zinc ions and traces copper ions. The desired
end-result after chromatography is a carrier free (i.e. zinc free) solution of copper-64. It is assumed that
copper-64 is the primary constituent of all the copper present in the solution and the rest is composed of
natural zinc isotopes, making the primary divalent ions to interact with the ion-exchange resins to be Cu2+
and Zn2+.
The size and flexibility of the proposed automation system will be directly dependent on the space
these ion exchange columns will take up and how many columns there will be thus it is necessary to
determine the proper amount of resin needed. In this investigation there are two resins that will be used,
Chelex-100 and the AG1x8 resins, commercially available through Bio Rad[9]-[10]. The purpose of the
Chelex-100 is to trap the trace amounts of copper and allow all other metals to pass through. The copper is
retrieved from the Chelex-100 through rinsing with a pH adjusted acid; however, there will be trace
amounts of zinc still remaining. The AG1X8 will be used to capture the trace amounts of zinc and allow the
copper to pass through.
Generally, the amount of resin needed must be enough to handle all the material that is passed
through it. To determine the amount of resin needed Bio-rad provides a breakdown for how to calculate the
required Chelex-100 resin needed to properly process any amount of solution to be passed through it. The
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determination of how much AG1X8 is needed is not laid out; however, based upon research done by other
groups and Bio-Rad, 10mL is a good place to start for the quantities being considered[9]-[10].
The resultant maximum total capacity of the system in terms of columns must be in the range of
50-100 to accommodate large quantities of sample (The interested reader is referred to the appendix,
section A for the details behind calculating the amount of resin needed). Utilizing multiple columns instead
of a large batch of resin will increase efficiency and processing time. The processing time reduction is
important as the copper-64 half-life is 12.7 hrs and potency of the final product is a critical point of interest.
If the process takes too long then the final solution will be unsuitable for PET centers.
With all this in mind, it is important the designed system possess the capability to distribute an
aqueous sample to multiple columns. In addition the columns must be rinsed to extract out what the column
captured. Thus the distribution network of the system must provide the columns access to pH adjusted
acids. Finally there must be a mechanism available that can take the effluents that come out of the columns
and either extract them as waste or reintroduce it into the system for repeated processing or final extraction.
2.1.5.

Nuclear Safety
The main goal of nuclear safety is to mitigate radiation exposure to As Low As Reasonable

Achievable (ALARA) when working with nuclear materials. The methods for mitigating radiation exposure
are to limit time of exposure, maximize distance to radiation source, and provide adequate shielding. The
goal of the system is partially to limit the exposure time users have to any radiation. This is simply
achieved by minimizing physical interaction with the system to only introducing the sample and allowing a
single remote computer to automate the entire process. By utilizing a remote computer the end user can be
completely removed from the radiation environment during the majority of the processing, except for
sample introduction and final sample extraction. To further reduce the radiation exposure the use of
localized lead shielding can be used. Within the scope of this masters project the aspect of remote operation
is how safety will be addressed by the system and the use of shielding will be left to the discretion of the
MNRC facility but room should be available to insert such shielding of at least two inches of lead around
key locations.
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2.2.

Design Consideration Conclusions
After considering that main aspects of the chemical processing needed to extract copper-64 from

an irradiated ZnO (s) sample the design criteria of the proposed prototype system is as follows,
•

The system is capable of parallel ion exchange column processing to increase time efficiency
for large sample processing.

•

Ion exchange column capacity must be in the range of 50-100 glass columns with 150 mL
capacity each.

•

The system is as modular and compact as possible to allow for the insertion of lead shielding
around key areas that will be radioactive.

•

Six glass vessels must be included to accommodate acids, bases, precipitating agents,
Deionized (DI) water for rinsing, and pH adjustment

•

A mechanism must be available that can take the effluents that come out of the columns and
either extract them as waste or reintroduce them into the system for further pH adjustment or
final extraction.

•

Feedback devices must be included to confirm aspects such as pH of solutions, and locating
the position of the multiple ion exchange columns.

•

The system must be capable of rinsing key vessels to enable multiple uses within one
processing run.

•

All components must be controlled by a single computer to facilitate remote operations to
eliminate radiation dose for the end user.

•

The computer interface is an easy to use C# based program and possess built in safety
features.

The proof of concept of this prototype system will be the successful completion of an
operational/water test which will ensure the physical design and code interface performs all function steps
appropriately and is flexible for user defined processes.
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With the background and design criteria evaluated, it is now relevant to discuss the designed
architecture of the prototype system.
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Chapter 3. Automated Radioisotope Extractor Prototype (AREP)
3.1.

AREP Physical Design
The AREP system was designed and built around purchased modular devices, each chosen to

address a specified design criterion. The final physical system shown in Figures 1-3 is comprised of a USB
interfaced xyz prismatic robot, two AC powered peristaltic pumps, two USB interfaced dual eight port
syringe pumps, two AC magnetic stirrers, a four port power relay with noise suppression circuit, a pH
probe with a stamp microcontroller and breakout board, a visual feedback webcam, a monitoring camera,
six three neck glass beakers, two standard glass beakers, chemical resistant tubing, a chemical resistant tub,
a test tube support platform, two Millipore filters, four chemical stands, seven three fingered grabbers,
silicone stoppers, an aluminum strut frame, and finally a single computer. All components are housed
inside an 8x3 ft radioisotope fume hood. The final system is expressed in Figures 1 and 2 and the system
housing is shown in Figure 3. The functionality of all components will be addressed in the following
sections.

Figure 1: AREP Physical System Front View
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Figure 2: AREP Physical System Angled View

Figure 3: AREP System Housing
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3.1.1.

The XYZ Prismatic Robot and Syringe Pumps
The major components of the AREP system are the xyz prismatic robot and the two syringe

pumps. The entire processing system is built around these three components. The prismatic robot was
purchased from JKEM [12]. The purpose of this robot in the AREP system is to facilitate the distribution of
sample solutions to the glass ion exchange columns. It is a three axis prismatic robot with a 400x400x100
mm end effector workspace with 1 mm step size and 0.001 mm repeatability. It has built in relative
incremental encoders to ensure repeatable accuracy and utilizes worm gears to actuate each axis. It also
contains a motherboard to store routines and run independent of a computer interface; however, a USB
interface allows for direct control through a computer that has been provided with the proper drivers and
written code to interface with it. This robot was designed as a tabletop device that facilitates chemical
solution fractionation to microwells or small sample vials; however, the robot itself does not possess any
pumps. Two dual eight-port syringe pump dispensers, with pumping resolution of 0.001 ml, were also
purchased from JKEM to compliment the prismatic robot [20]. Similar to the robot they possess a USB
interface and can be directly controlled through a computer that has the proper drivers and written code.
The available free space below the prismatic robots’ end effector is insufficient to house the glass
columns; however, the robot can be operated upside down if properly supported. The robot was modified in
house to allow for it to be suspended. Figure 4 depicts both of the syringe pumps on the left, and on the
right the modified table top robot with side mounting brackets and an additional guide support for the x
axis when hanging upside down.
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Figure 4: Syringe Pumps and Prismatic Robot
In addition to the mounting brackets, an aluminum strut support frame was built to hold the robot
upside down. The main purpose of the support frame is to provide adequate space below the robots’ end
effector to house the glass columns and still allow the robot access to each column. A secondary feature of
the support frame is to serve as the primary system housing. Figure 5a depicts the support frame with the
prismatic robot mounted, whereas Figure 5b shows how the prismatic robot and the majority of other
components fit inside the support frame. In this configuration there is adequate clearance below the end
effector and the top of the glass columns.
Three glass pipettes and a webcam are mounted to the end effector of the prismatic robot as
depicted in Figure 6a. The pipettes serve as a housing for the tubing that connects the prismatic robot to the
syringe pumps. The webcam provides visual feedback for the position of the pipets relative to any glass
column, which is discussed in further detail in Section 3.1.4. In Figure 6b the syringe pump port physical
connections are shown. Each syringe pump utilizes a rotary valve to change ports and distribute liquids
accordingly. The purpose of having four separate pumps is two-fold, first, to mitigate contamination of
liquids being passed through them by dedicating each one to handling only one kind of liquid such an acid,
a base, a precipitating agent, or the primary sample solution; and second, four syringe pumps accommodate
the needed sixteen port connections necessary to connect the entire system together.
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(a)

(b)

Figure 5: Support Frame and Prismatic Robot

(a)

(b)

Figure 6: Robot End Effector and Syringe Pump Port Connections
With respect to the system as a whole, there are ten physical points of interest that require access
to the syringe pumps; three chemical storage vessels, one chemical waste vessel, one DI water storage
vessel, one ion exchange effluent tub vessel, one titration vessel, one dissolution vessel, the prismatic robot
end effector, and finally one sample vessel. Figure 7 depicts the solution flow network of the syringe
pumps and additionally the peristaltic pumps, which will be discussed in further detail in section 3.1.2
regarding the ion exchange housing.
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Figure 7: General Solution Flow Diagram
3.1.2.

Ion Exchange Housing
The ion exchange column housing is located in between the two dual syringe pump modules and

beneath the prismatic robot. It consists of a test tube support frame, with one hundred test tube capacity,
mounted on top of a chemical resistant tub as shown in Figures 1, 2, and 5. The test tube support frame
accommodates the glass columns and the tub catches any effluent from them. The housing is mounted to
the bottom of the aluminum strut support frame at an angle. Mounting the housing at an angle ensures
column effluent will collect in one area of the tub for easy extraction. In the lower most corner of the
angled tub there are three clustered guided tubes connected to syringe pumps 1 and 4, and peristaltic pump
1 (as shown in Figure 7). These three tubes serve as extraction pathways for any solution effluent in the tub
and are individually utilized depending on the stage of the chemical processing. Peristaltic pump 1 extracts
the effluent and pumps it to the chemical waste vessel. The connection to syringe pump 1 serves as an
intermediate sample extraction stage that pulls the desired effluent back into the system for pH adjustment
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or redistribution to glass columns depending on the stage of processing. The connection to syringe pump 4
serves as the final sample extraction pathway for the desired copper-64 solution that is produced after
processing.
In the highest corner of the tub there is an additional guided tube connection to peristaltic pump 2,
which serves to pump DI water from the DI storage vessel into the ion exchange effluent tub for rinsing.
3.1.3.

Relays
The AREP system utilizes four inductive load modular devices that do not possess I/O interfaces,

these devices are the two peristaltic pumps and the two magnetic stirrer bases. As detailed in Section 3.1.2
the peristaltic pumps serve as a waste extraction path and a DI water insertion path relative to the ion
exchange effluent tub. The magnetic stirrer bases however, serve to facilitate stirring of solutions during
dissolution of a solid sample and pH adjustment. The dissolution vessel is mounted above one magnetic
stirrer and has a magnetic agitator inside it. The titration vessel is mounted above the second magnetic
stirrer and also possess a magnetic agitator inside it.
The AREP system requires that all devices be remotely controlled by a single computer, thus in
order to facilitate this need a four channel USB relay module board was purchased from Denkovi Assembly
Electronics LTD [18] as shown in Figure 8a. The relay module is connected to a standard household power
socket and two duplex outlets, as shown in Figure 8b. All relay switches are set to normally open and
possess a noise reduction circuit (snubber circuit) across each switch as depicted in Figure 9. Sections 3.3.1
and 3.3.2 detail the reasoning behind the inclusion of the noise reduction circuit. These switches are
remotely controlled through the main program interface, which is detailed further in Section 3.2.
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(a)

(b)

Figure 8: 4 Port USB Relay Power Box and Board

Figure 9: Snubber Circuit
3.1.4.

Feedback
The AREP system utilizes four types of feedback devices that facilitate accurate chemical

processing, which are incremental encoders built into the prismatic robot and the syringe pumps for
position/volume verification, web-cams for visual position feedback and system monitoring, a Sodium
iodide radiation detector to monitor background radiation levels, and finally a pH probe to monitor solution
pH during titration steps.
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3.1.4.1. pH Feedback
The pH probe is connected to the to the pH stamp circuit through a Bayonet Neill-Concelman
(BNC) connector. The pH stamp circuit converts the data received from the probe into serial data [13]. The
converted data is passed through an FT232R Breakout board, which takes in the serial data and outputs it
through a USB port, which is finally connected to the main control computer. The probe has a measurement
range of 0.01 to 14.00 pH and can provide single or continuous measurements [13]. Figure 10 depicts the
pH stamp circuit, the breakout board, the pH probe, the wiring diagram (all commercially available through
Atlas Scientific), and finally the project box that contains the circuitry. The probe itself is manually
positioned over the titration vessel as expressed in previous Figures. Figure 11 visually expresses the pH
probes data versus measurement counts inside the main GUI. The details behind the use of this data in the
main program, along with calibration steps, are expressed in the Routines section 3.2.3.
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(a)

(b)

(d)

(c)

(e)

Figure 10: pH Probe Apparatus
Picture Sources a-d: [14]-[16]

Figure 11: pH Probe Data Versus Measurement Counts
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3.1.4.2. Background Radiation Feedback
The Sodium iodide radiation detector was purchased through Canberra and was designed to
provide USB serial data access to the detectors count data. In the current setup of the AREP system, the
detector serves as a multichannel analyzer for background radiation monitoring; however, with the proper
adjustment of code it has the capability of working in various capacities, such as a single channel analyzer
for monitoring and identifying specific gamma decay energies of a specific isotope [23]-[24]. With respect
to this project it is utilized only as a background radiation monitor to show that it can be incorporated into
the over system. The detector is shown in the left picture of Figure 12 and the visualization of its collected
data (counts versus channel number) is expressed on the right side of Figure 12. The collected data shown
is from a ten minute count, using the multi-channel analyzer setting, and only yielded counts in three
channels. Longer count times will result in a more robust background spectrum across more channels.

Figure 12: Sodium Iodide Detector and Data Visualization
3.1.4.3. Position Feedback
Incremental encoders, built into the prismatic robot xyz linear actuators, provide millimeter
incremental stepped positions with +0.001 millimeter repeatability precision for the robots end effector.
The GUI is used, in several ways, to communicate to the robot where in its workspace the end effector
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should go. It can dictate to the robot an arbitrary position to go to manually or use an automated routine to
tell the robot to go to a predefined position, which will be designated location of the ion exchange columns.
The position of these columns are stored in terms of the robots workspace and the incremental encoders
enable the robot to accurately find the same position whenever it is told to go there. This is very important
when automated routines call for samples to be dispensed into multiple columns for multiple passes. While
the encoders work extremely well, it was of great desire to have an additional form of feedback to ensure
that the end effector is always properly positioned over columns of interest, and prevent accidental spillage
of solutions if a column has moved since its position was stored into the GUI.
An angled web cam, mounted to the prismatic robots end effector, records the position of a glass
column circular top relative to three clustered pipettes that are positioned over the column of interest by the
end effector of the prismatic robot. The images are fed directly into the AREP GUI through a USB
connection and in turn into an image processing routine that utilizes OpenCV libraries accessed in C# with
the EmguCV Dot Net Wrapper [21]-[22]. An adaptive binary threshold filtering Gaussian mask operates on
the incoming image frames to mitigate pixel white noise from external lighting interacting with the glass
columns. Canny edge detection is conducted on the filtered images. A Hough transform is then applied to
the resultant images, where every detected edge point in pixel space is transformed into a circle in the
Hough space. If the edge points detected are part of a true circle then in the Hough space a series of circles
will form in a circular pattern and the point where all the circles touch in the center represents the center
pixel coordinates of the true circle being identified. A threshold of the number of intersections needed is
used to make the determination if the image does contain a circle or not.
The center position and radius of the circle is extracted from the Hough Transform and drawn in
red over the displayed colored image for visual confirmation that a glass column has been identified. If a
column is identified in a specified viewing range then the pipettes are registered as centered above the ion
exchange column of interest and liquid solutions can be safely dispensed from the pipettes into the
columns; however, if no column is seen (due to white noise obstructing the continuity of the circles edge or
no column being present) the pipettes are registered as not being centered over a desired location and thus
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solutions cannot be dispensed at the current location of the end effector. Figure 13 shows a snapshot of
successful column detection where a red circle is drawn around the top of the column and the green dot
indicates the center. On the right of Figure 13 is a depiction of the canny edge detection that the Hough
transform utilizes and it is evident that a mostly complete circle has been formed that satisfies the threshold
condition that has been placed on circle detection. Figure 14 however, shows the effect of white noise from
external lighting preventing the algorithm from identifying the column that is clearly present. This false
negative happens very rarely and only for small localized positions in the robots workspace where overhead
lighting directly reflects off the glass rim and into the camera, additionally when it happens the GUI will
tell the robot to skip this column for now and move to the next column position in order to continue on. The
result shown in Figure 14 is the same if there is no column present.

Figure 13: Successful Column Identification

Figure 14: False Negative Column Identification
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3.1.4.4. Volume Feedback
The JKEM Syringe pump modules have built in encoders for the worm gears that drive the pump
actuators. The encoder data is converted within the module to a volume measurement with maximum
resolution of 0.001 ml that can be dispensed or pulled into the pumps. This information is provided to the
main GUI through a USB connection and utilized directly in all the routines for keeping track of how much
solution is needed to be moved from one vessel to another and additionally used for calculations.
3.1.4.5. System Monitoring
A Microsoft® Kinect is used to provide both color and infrared depth images to the GUI for the
purposes of remote monitoring of the system during all operations. Example code from the Microsoft®
Kinect software development kit (SDK) is utilized to facilitate proper communication between the GUI and
the device in order to provide continuous video monitoring of the system and additional code was written to
provide the monitor with 3-D morphological edge detection to help the user see objects more clearly when
looking at the depth image frames.
3.2.

AREP Graphical User Interface
The purpose of this section is to detail the graphical user interface used to remotely control the

AREP system described in earlier sections. First the code architecture will be discussed to explain what the
code is interfaced with and what the main user end forms utilize. Second, the features of the GUI forms will
be detailed to show the end users ability to manually and remotely control the AREP system and initiate
automated routines. Finally the automated routines will be discussed in detail and will lay out the steps
behind the final water test.
3.2.1.

Code Architecture
The AREP GUI is a Visual C# based code, built and run using Visual Studio Professional utilizing

OpenCV libraries with an EmguCV Wrapper. The system code is centered around a main user form,
through which additional sub forms and device modules are initiated or accessed. Figure 15 shows a web
diagram of the code architecture with the main form as the focal point; where each connecting line
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indicates what the forms have direct access too. Upon startup of the program the main form is initialized, in
turn communication is established with the prismatic robot [11], the syringe pumps [19], and the 4 port
power relays [17]. These devices are run through a one-time homing routine that ensures all devices are in
their default positions and allow the relative encoders to zero their positions readings. The radiation
detector is instantiated in the code but communication is not enabled, this is left for the user to open or
close port communications as desired [24]. After instantiation of the main form and subsequent devices, the
camera and pH probe forms are activated and all forms are opened for the user to see. The main form is
expressed in Figure 16, the camera form is depicted in Figure 17, and the pH probe form is shown in Figure
18.
The pH form instantiates the pH probe serial communication [13] but does not enable it, this is left
for the end user or the automated routines to enable or disable as desired. The camera form instantiates
objects for the monitoring Kinect camera and the visual feedback web-cam. The Kinects’ video stream is
enabled upon instantiation and continues to run the entire time the AREP GUI is active. An instantiation of
the web-cams communication protocol is made upon opening of the camera form; however, the video
stream is not enabled until called upon by the end user or the automated routines.
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Figure 15: AREP Code Web Diagram

Figure 16: AREP Main Form
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Figure 17: AREP Camera Form

Figure 18: AREP pH Probe Form
3.2.2.

Features
The AREP GUI possesses a number of features that provide manual control of the physical

system, access to hardcoded automated testing routines, and a flexible user definable automated routine.
The purpose of this section is to elaborate on the specifics behind the features of each form in the GUI,
focusing on manual and calibration operations. The details behind the main automated routines, the Water
Test and the Chemical Routine will be discussed in further detail in section 3.2.3. The control of the
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prismatic robot and column position storage will be discussed first, followed by control of the syringe
pumps (utilizing the provided DLL function lists [11][19]), relays, pH probe, the radiation detector and
finally saving additional parameters.
3.2.2.1. Prismatic Robot Control and Column Position Storage
There are twelve sub workspaces in the main form, each with a specific purpose. The Robot XYZ
Parameters workspace displays the current position, speed, and acceleration of the prismatic robot. This
workspace also indicates whether manual and automated movement of the robot has been enabled. By
default the ability to move the robot is set to false, and cannot be initiated unless a data file has been
created or loaded from the Column Position Data Workspace. Once movement of the robot has been
enabled the XYZ Parameter Workspace finally provides a homing routine button, which will return all axes
of the robot to their home positions at any time.
The Column Position Data Workspace possesses some of the most critical features of the AREP
system. It provides a display of stored column positions in the robots workspace, retrieved from a
previously created text file which stores the needed information. This workspace additionally provides an
interface to access previously made files or create new ones. At the bottom of this workspace is where the
user can store the position of either a grid rack of columns or store individual column positions when used
in conjunction with the Robot XY Workspace. The Robot XY Workspace provides a visual representation
of the prismatic robots work area in two dimensions, where the home position of the robot is the top left
point on the grid, and ranges from 0 to 400 points in the x and y axes. Each point in the grid represents
millimeter positions within the robots reachable workspace. The robot is manually moved to any position
by double clicking on a desired point on the grid for large movements and then using the keyboard arrow
keys for millimeter adjustments. If a file has been created or loaded, and the mouse cursor is hovering over
the grid, then movement has been enabled and the robot will move to the indicated position at the set
acceleration and speed displayed in the Robot XYZ Parameters Workspace. In order to store column
positions the robots’ end effector has to be at that position and a columns presence must be verified through
visual feedback. Additionally the user must indicate a module number that this column is part of. The
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module number indicates groups of columns which have the same resin, where module 1 represents the
group of columns that are packed with Chelex-100 resin, and module 2 represents the group packed with
AG1X8 resin. Once the user has indicated the module number and the robots end effector is properly
positioned over the column, pressing the store column position button initiates a routine that writes to a text
file the module number, the column number, and its xy position in millimeters. Where the column number
is assigned in increasing order for each new column stored. This information is then read back into the data
display window. For each column position that is added, the text file and the data display will be amended
and updated. Additionally for each column position stored a red circle is drawn over the indicated point in
the Robot XY Workspace grid. If the robot is moved to the upper left corner of a cluster of columns of
know spacing relative to that upper left corner, then the Create Column Rack button can be used to quickly
log the location of all the columns in a rack. This last option simply requires the user to input the number of
rows, columns, and spacing of the column rack relative to its upper left corner.
When trying to calibrate, identify and store the position of a column, the goal is to center the end
effector with mounted pipettes over the center of the column. This initial process has to be done manually
by the end user; however, the AREP GUI provides three tools to facilitate this process. The first tool is
found in the camera form. The mounted web cam on the end effector can be initialized in this form
manually. When initialized, the color video stream and canny edge detection frames are shown.
Simultaneously the adaptive binary threshold filter and Hough transform is applied to identify circles. The
end user can use this video feed to monitor their manual movements of the robots’ end effector and see if
the circle identification routine is working, and additionally ensure the cameras position relative to the
pipettes is calibrated appropriately. Assuming the system has already been calibrated, using the visual
feedback will provide direct verification that the pipettes are centered over a column. When in the
calibration phase it is possible to use the second tool, the robots Z workspace found in the main form, for
verification of a columns position.
The second tool is within the main form, next to the Robots XY workspace, and is the slide bar
inside the robots Z workspace. This sliding bar can be used to adjust the Z position of the end effector in
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steps of one or five millimeter steps by clicking the slider with the mouse or using the mouse wheel. Once
the visual feedback has confirmed that a circle is within the field of view, this slide bar can be used to
lower the end effector pipettes closer to the top of the column, allowing the end user to visually confirm
that the pipettes are indeed centered above the column of interest. Additionally if the pipettes are properly
centered and the visual feedback doesn’t show a column is present, then the user can take the opportunity to
adjust the cameras angle of view until the column is identified, essentially calibrating the cameras viewing
angle relative to the position of the pipettes and the center of a column. Once the visual feedback has been
calibrated and all columns of interest have been identified and their position stored, the use of the Test
Workspace on the main form provides the user a third tool to ensure all column positions are correct.
The third tool for column position storage is the Test Rack Iterations button. This button initializes
an automated routine that moves the end effector to the stored column positions of a specified module
number, automatically activates the web cam visual feedback and runs the circle identification routine for
up to ten seconds. If a column is seen the result is a message box that tells the user a column was identified
and the robot is moved on to the next stored position; however, if no column is seen after ten seconds a
message box appears that tells the user that no column was seen and the robot is then moved to the next
stored position. Both scenarios are expressed back in Figures 13 and 14. This routine allows the user to
make sure that positions that were stored are correct and can be found automatically.
3.2.2.2. Syringe Pump Control
The main form possesses indicators and several direct manual controls of the two dual eight port
syringe pumps, all located to the right of the Z Workspace and under the Syringe Pump and Manual Pump
workspaces. The data table displays for each pump, labeled 1 through 4, the volume inside each pump in
millimeters, the current port that the rotary valve has open, and the rate that a volume of solution is
withdrawn or dispensed from the pump in mL/s. Similar to the prismatic robot controls, this workspace also
possesses a homing button called “Home Pumps” which will return all the pumps to their default ports and
positions.
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Below the data display for the pumps is the manual control workspace. It is divided into two
sections, withdraw and dispense. In both cases the end user can input into the text boxes the pump, port,
volume, and volume rate. After entering the desired information, the withdraw or dispense buttons will
initiate basic routines that tell the pumps to actuate as instructed; however, there is another method
available for actuating the pumps with the red slide bar indicators to the left of the data display for the
pumps.
The red slider indicators, like the data display for the pumps, are updated every time the pumps
intake or dispense volume, providing a visual appraisal of the current state of the pumps. The slide
indicators however, also provide the user the ability to point and click a specific pumps slider and pull in or
push five milliliters at a time. While the mouse cursor is hovering over any of these sliders the user can
press and hold “p” followed by a number from 1 to 8 to change the port of that pump without having to
type in any information. This allows for quick checks of the system manually.
3.2.2.3. Relay Control
The manual controls for the four port USB power relay board are located in the bottom left corner
of the main form. The controls consist of for check boxes, each labeled according to what device they turn
on. From left to right the check boxes, when checked, will turn on the right peristaltic pump, left peristaltic
pump, dissolution vessel magnetic stirrer, and finally the titration vessel magnetic stirrer. When checked,
the GUI initiates a simple routine, built off of example code provided by the manufacturer, to send the
appropriate serial commands to the module board that closes the specific relay circuit and allows power to
flow to the inductive loads.
In the Test Workspace of the main form there is a Test Relays button. Pressing this button initiates
a routine that steps through to check and uncheck each checkbox, turning on and off each associated
device. This allows the user to ensure the routine being used, and the physical relay circuit, work well
together and do not freeze.
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3.2.2.3. pH Probe Control
Upon initialization of the program, the main form, the camera form, and the pH probe form are all
visible and accessible; however, the main form is brought to foreground first. To control, test, or calibrate
the probe, there are several methods. The first is to pull the pH probe form to the foreground as one would
for any other windows form; however, on the main form there is a calibrate pH button which will simply
bring the pH probe form to the foreground. Once this form is visible the user can manually open and close
the serial port to the device. Additionally there are three buttons under the label of calibration steps. The
user must manually calibrate the device in order for it to be reliable. The process is simple, where the probe
is first place into a buffer solution of pH 7 and pressing the pH 7 Buffer button will send serial information
to the pH stamp microcontroller which will then store the voltage readings currently being received by the
probe and calibrate them for pH 7. Next the same process is repeated for calibrating to a pH of 4 and 10.
Once completed the probe is fully calibrated. The calibration can be checked manually by placing the probe
in a solution of known pH and pressing the Single button, which takes a single reading from the probe. By
repeatedly pressing the single read button the readings from the probe are displayed both numerically and
graphically. This button can also be used to manually read pH at any time; however, with respect to reading
pH data, pressing the single button repeatedly is not very desirable. There is another method for checking
for a desired pH located on the main form in the Test Workspace.
In the main forms’ test workspace there is a button labeled Test pH probe. This initiates a routine
that reads in the value in the text box labeled desired pH, found in the Automated Ion Exchange workspace
and subsection pH Adjust 1. After reading in this value, the pH probe form is brought forward and single
measurements are repeatedly taken using a “for loop”. There are several case structures that take the probe
data and check if equilibrium has been reach for at least 20 measurements before deciding if the desired pH
has been read or not. If the desired pH value matches the probes data then a message box tells the user that
the pH readings match. If the data never reaches equilibrium after 100 measurements then the user is
notified of this and is asked to repeat the measurement routine; however, if equilibrium is reached and the
value measured does not match the desired value then the user is informed of this. In the routines section
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this process is discussed further where it is utilized but additional steps are taken if mismatches occur, such
as initiating the pumps to add more acid or base to adjust the pH accordingly until a match is successful.
3.2.2.3. Radiation Detector Control
The control of the Radiation Detector utilizes both self-written code and example code from
Canberra to establish proper instantiation, communication, user control, and regulation of the high voltage
of the device. The user end is very simple, where a desired time (in seconds) of counting is input into the
Real Time text box and by pressing the start count button the detector begins its count as a multichannel
analyzer, and by pressing the stop button the detector will stop and display its results. Figure 12 from an
earlier section shows the visualized results of the detector.
3.2.2.4. Saving Parameters
The last two workspaces of the main form are the Chemical Vessels and Automated Ion Exchange
Workspaces. These two sections are critical for running the copper processing system. The chemical
vessels workspace serves as the initial conditions of the system with respect to how much solution is
available in each vessel, how much sample mass is being dealt with, and which pumps and ports are
associated with specific vessels. In the Automated Ion Exchange Workspace there are additional values that
allow the user to define the specifics behind the copper processing, such as desired pH of solutions at
specific steps, how many times a column must be rinsed and with what concentration of acid, and most
importantly which steps are to be enabled or disabled.
Establishing the values of these parameters is necessary for the final Chemical Routine to work.
All these text boxes have default values that they are set to however, the end user can manually adjust
them. If the end user changes several values and wishes to save this information for later use, there is a save
parameters button and a text box to input a file name in the Automated Ion Exchange Workspace. Once
saved, the user can retrieve that information at a later time if desired. This saves the user time by not having
to repeatedly input the same values every time. How all these values are used is explicitly detailed in the
Chemical Routine sub section in the routines section.
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3.2.3.

Routines
The purpose of this section is to detail the two main automation routines. The first is a non-user

definable water test, and the second is a user definable chemical routine which is also validated with water
as the lab space this system is being tested in does not have a license to use corrosive chemicals currently.
3.2.3.1. Water Test Routine
The non-user definable water test routine serves as the first run test of the AREP system. It steps
through a series of hardcoded steps to ensure that solutions can be reliably passed throughout the system
and that all devices are integrated appropriately. The routine is initiated by pressing the water test button in
the Test Workspace of the main form after all devices have been calibrated and checked and column
position data has been stored and verified. The routine takes approximately 30 minutes to complete and it is
required that the end user monitor the system during this process to check for leaks or misalignments.
The specific steps of this routine are long and mostly redundant to what will be explicitly
explained in the Chemical Routine section. Generally however, the routines steps through a mock
dissolution, precipitation, pH measurements, dispensing to the first module of columns, extraction of the
water from the tub, rinsing of the tub, a second pH measurement, column dispensing to the second module
of columns, and final extraction to the sample vessel. The entire process ensures water is passed through
every port and to every vessel, and that each device interfaced with the computer functions without error.
3.2.3.2. Chemical Routine
In order to add user definability for using the AREP system with actual chemical processes, this
routine takes in user defined variables from the main form (in the Automated Ion Exchange Workspace and
the Chemical Vessel Workspace) and applies them to 10 individual routines that encompass the entire
copper separation process. It is assumed that the sample mass of interest has already been placed into the
dissolution vessel, which is the main insertion point. The user has the option of enabling or disabling each
sub routine; additionally, the user can adjust the number of iterations some sub routines execute, and most
importantly can customize all key values for the copper processing. Upon initialization of this routine, a
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global volume tracker is created and set to zero. This variable serves to track volumes of solutions to be
handled by the system at any step. The 11 sub routines are dissolution, precipitation, pH adjust 1, sample
column dispense 1, column rinsing 1, sample extraction 1, pH adjust 2, sample column dispense 2, column
rinsing 2, sample extraction2, and robot dispense. Table 1 summarizes each subroutine. Dissolution will be
discussed first; however, it is important to keep in mind that all of this is intended for real chemicals but is
validated at this stage with water.
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Table 1: Chemical Routine: Summary of Subroutines.
Chemical Routine Subroutines

Subroutine Description

Dissolution

Dispenses HCl to dissolve the ZnO sample in dissolution vessel.

Precipitation

Dispenses NaOH or K4Fe(CN)6 for Zn precipitation.

pH Adjust 1

Dispenses solution to titration vessel, measures and adjusts pH.
Calls the Robot Dispense routine to push solution volume in titration

Sample Column Dispense 1
vessel to module 1 columns.
Mixes an acid rinsing solution, calls Robot Dispense to push volume
Column Rinsing 1
through module 1, and extracts waste volume from effluent tub.
Mixes an acid rinsing solution, calls Robot Dispense to push volume
Sample Extraction 1
through module 1, and extracts volume in effluent tub.
pH Adjust 2

Measures pH, and adjusts pH incrementally to desired value.
Calls the Robot Dispense routine pushing solution volume in titration

Sample Column Dispense 2
vessel to module 2 columns.
Mixes an acid rinsing solution, calls Robot Dispense to push volume
Column Rinsing 2
through module 2.
Sample Extraction 2

Extracts volume in effluent tub to sample vessel.
Uses syringe pumps and prismatic robot to push solutions into

Robot Dispense
desired column modules.

The dissolution sub routine has two primary case structures which checks if the routine has been
disabled or enabled. If enabled, the volume of stock acid needed to dissolve the user input value of ZnO (s)
sample mass is calculated and its value stored in the global volume tracker. The calculated volume is
withdrawn from the HCl vessel through pump 2 and dispensed out to the dissolution vessel. It is of interest
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to note that the syringe pumps only have a capacity of 50 ml at a time, thus if the volume tracker value is
greater than 50 ml, then the liquid is dispensed in stages. Once the acid solution has been dispensed, the
text box on the main form indicating the volume of stock acid available is updated to reflect what is left in
the HCl vessel; additionally, the relay regulating the magnetic stirrer in the dissolution vessel is closed,
turning on the stirrer. This relay is left closed for 20 s, to allow for full dissolution to occur, and then
opened to turn off the stirrer. At this point the global volume tracker now indicates the amount of solution
waiting in the vessel; however, the if dissolution subroutine was not enabled then the it is assumed that a
liquid solution has been introduced into the system and no dissolving is needed. The value of the global
volume tracker then is set to the user-defined value of the solution.
The next step in the chemical routine process is the precipitation subroutine. If enabled, this
subroutine calculates the moles of ZnCl2 made during dissolution. If the user has enabled Sodium
hydroxide precipitate, then the volume of the Sodium hydroxide precipitate needed is calculated.
Subsequently, the dissolution magnetic stirrer is turned back on and the Sodium hydroxide precipitate is
distributed to the dissolution vessel. The stirrer is allowed to remain on for 20 seconds to allow the Sodium
hydroxide to precipitate out zinc from the solution. At this point there should mainly be Sodium chloride
and zinc hydroxide precipitate in solution. The global volume tracker is updated to include the volume of
the Sodium hydroxide that was added. The magnetic stirrer is turned off to allow for particulates to settle.
This indicates the end of the precipitation stage, if the Sodium hydroxide precipitate was enabled.
However, there is another case structure if Potassium ferrocyanide is used.
When using Potassium ferrocyanide the volume of precipitated needed is calculated. The magnetic
stirrer is turned on and the volume of Potassium ferrocyanide is dispensed to the dissolution vessel. The
global volume tracker is updated to account for the Potassium ferrocyanide added. While the chemical
reaction is occurring pump 4, which dispensed the precipitated solution is run through a rinsing routine for
later use with the final solution. This rinsing routine serves to reduce contamination in later steps. The
rinsing solution is dispensed to the ion exchange tub and is extracted to the waste vessel through a
peristaltic pump. Subsequently, the tub is rinsed using another peristaltic pump. In the time it takes this
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rinsing process to occur the chemical reaction, forming zinc precipitate, should be complete. The magnetic
stirrer is turned off and particulate is allowed to settle for 20 seconds. This indicates the end of the
precipitation stage, if Potassium ferrocyanide was enabled. However, similar to the dissolution subroutine
there is a case structure that validates if the subroutine itself has been enabled or disabled. If enabled, the
above description is performed. If disabled, this subroutine is skipped entirely. After the precipitation has
completed, the pHadjust1 is initiated.
The pHadjust1 subroutine, if enabled, pulls the volume stored in the dissolution vessel into the
titration vessel. The titration vessel stirrer is turned on and the pH probe measurement routine is called. The
pH is measured and the routine looks for stable readings. If the readings are stable, it compares the
measured pH to the user-defined, desired pH. If the measured pH is above the desired pH, 1 mL stock HCl
is added to the titration vessel. If the measured value is below the desired pH, then 1 mL stock NaOH is
added. If the desired and measured pH values match then no volume is distributed. The global volume
tracker is updated to account for the addition of an acid or base. This process is looped until the desired pH
is reached, then the magnetic stirrer is turned off. If the pHadjust1 subroutine is not enabled it is skipped
entirely. In either case, the next subroutine to be initiated is the samplecolumndispense1.
The purpose of the samplecolumndispense1 subroutine is to dispense the solution stored in the
titration vessel to the ion exchange columns. Firstly, this subroutine validates that pHadjust1 was enabled.
If pHadjust1 was not enabled, this means that the solution of interest remains stored in the dissolution
vessel and the syringe pumps will pull the solution of interest from the dissolution vessel and out to the
prismatic robot using the robotdispense routine, which will be discussed at length in the next paragraph. If
the pHadjust1 was enabled, then the solution of interest is currently stored in the titration vessel and the
syringe pumps will extract the solution and push it to the robot using the robotdispense routine. Once the
robotdispense routine has completed, the ion exchange tub will be rinsed and evacuated of all waste
byproducts using the peristaltic pumps. At this point the global volume tracker will be set to zero, as there
is no solution in the system to track. Note, if the samplecolumndispense1 is not enabled, this process is
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skipped to allow the user flexibility in the event of system error or power loss. At this point it is necessary
to discuss the robotdispense routine before moving on to the next step in the chemical routine.
The robotdispense routine utilizes the syringe pumps and the prismatic robot to push solutions of
interest into a desired module of ion exchange columns. As discussed in an earlier section, the user has
stored the location of the ion exchange columns. Subsequently, this subroutine utilizes the stored location
to move the prismatic robot to the desired ion exchange column. Visual feedback is initiated to confirm that
end effector is centered over an ion exchange column. If centered, the solution will be allowed to be
dispensed to the column of interest. The end effector iterates through all of the columns in a module until
the value of the global volume tracker is reduced to zero. It is important to note that module 1 references
the chelex-100 resin and module 2 references the AG1X8 resin. Note, any routine using the robotdispense
routine will choose model 1 or 2 depending on the number contained at the end of the routine. The next
step of the chemical routine is columnrinsing1.
The columnrinsing1 subroutine if enabled, will calculate the stock HCl volume and deionized
water volume to make the desired rinsing molarity. The DI water is dispensed to the titration vessel and the
magnetic stirrer is turned on. Then the HCl is dispensed to the titration vessel and 10 seconds is allowed for
mixing. The global volume tracker is updated to account for the total volume of acid and DI water. This
rinsing solution is then distributed to the ion exchange columns using the robotdispense subroutine. At this
step of the routine, the amount of liquid dispensed into the column will cause an equal amount of liquid
will come out from the bottom of the column and be dispensed into the ion exchange tub. This process is
repeated, in its entirety, the given user-defined number of times. Once all rinses are distributed the waste in
the tub should consist primarily of zinc ions. The columns should consist primarily of copper ions, with
trace amounts of zinc ions. The tub is then rinsed and waste byproducts extracted using the peristaltic
pumps. The global volume tracker is then reset to zero. If the columnrinsing1 subroutine is not enabled this
process will be skipped. In any case the next step is the sampleextraction1 subroutine.
The purpose of the sampleextraction1 subroutine is to extract the copper that is trapped in the
chelex-100 resin columns. If enabled, this routine will calculate the acid and DI water needed to make the
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desired extraction rinsing molarity. The global volume tracker is updated to account for the total volume of
acid and DI water to be dispensed. As stated in the columnrinsing1 routine, these volumes are pushed into
the titration vessel and allowed to mix. This rinsing solution is then pushed to the ion exchange columns
using the robotdispense routine. This process is repeated, in its entirety, the given user-defined number of
times. The resultant effluent out of the columns and into the tub will consist primarily of copper ions with
trace amounts of zinc ions. This volume will be pulled out from the tub using the syringe pumps and
pushed into the titration vessel. The global volume tracker will update to reflect the current volume in the
titration vessel. If this routine is not enabled the process will be skipped entirely. This indicates the end of
the sampleextraction1 routine. The next step in the chemical routine is the pHadjust2.
The purpose of the pHadjust2 is to adjust the pH of the extracted solution to an appropriate
molarity such that when dispensed to the ion exchange columns in module 2 the zinc ions will be trapped
and the copper ions will be allowed to pass through the resin. When initiated, this subroutine checks if the
sampleextraction1 or pHadjust1 were enabled. If neither were enabled, then the sample solution of interest
is still in the dissolution vessel. This volume will be pulled out of the dissolution vessel and into the
titration vessel for pH adjustment. However, if either sampleextraction1 or pHadjust1 were enabled then
the process behind pHadjust1 is repeated, but with the desired pH being pulled from the text box titled,
“pHadjust2 desired pH.” The global volume tracker will adjust accordingly. If pHadjust2 is not enabled,
this process is skipped entirely. The next step in the chemical routine is samplecolumndispense2.
The purpose of samplecolumndispense2 is to take the solution in the titration vessel and distribute
it to the AG1X8 resin columns for final purification of the solution of interest. If enabled, this subroutine
checks if pHadjust1, pHadjust2, or sampleextraction1 were enabled. If all subroutine checks have been
disabled, then the volume to be distributed is still in the dissolution vessel and the subroutine will dispense
to the robot using the robotdispense routine. However, if any subroutine checks were enabled then the
volume is in the titration vessel and the samplecolumndispense2 subroutine will pull from the titration
vessel and distribute to the ion exchange columns. The volume that is distributed into the columns will
result in an equal amount of volume coming out of the bottom of the column into the tub. The effluent will
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be the desired copper solution. If this routine was not enabled, then it is skipped in its entirety. The next
step of the chemical process is the columnrinsing2.
The purpose of the columnrinsing2 is to rinse the columns in order to continue to extract any
copper ions that remain in the columns. If enabled, DI water and acid volume will be calculated to mix the
desired rinsing molarity. The solution is mixed in the titration vessel and distributed to the ion exchange
columns via the robotdispense routine. The global volume tracker will adjust accordingly. This process will
repeat for the number of user-defined rinses. At this point the effluent in the tub is the desired final solution
and needs to be extracted. Note, it is possible to disable this subroutine and serves the purpose to allow for
routine re-initialization at this point, in the event of system error or power loss. The final step of this routine
is sampleextraction2.
The purpose of sampleextraction2 is to pull the sample solution of interest that is in the tub out
through the syringe pumps and into the final sample solution vessel. With the completion of this final step
the chemical routine is complete.
3.3.

Performance
The purpose of this section is to evaluate the AREP systems’ performance, both mechanically and

with respect to the implementation of the software. The mechanical performance will be discussed first,
followed by the evaluation of the software. Each aspect was judged based upon how the system executed
the water test and chemical routine.
3.3.1.

Mechanical Performance
During the initial testing phase of the AREP system, with respect to the water test, there were a

number of small details that required several iterations of trial and error. The relay module proved to be the
most difficult aspect of the system to get into working order. The main issue revolved around the noise that
the relay switches were exposed to when attempting to turn off the inductive loads they were attached to.
The back emf noise from the inductive loads would regularly cause the switches to remain closed and
unable to open the circuit; however, with the implementation of the snubber circuit across the switches this
problem was resolved. The snubber circuit made the relay switches reliable; however, they still cannot be
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turned on and off at a rapid rate as the back EMF still overwhelms the snubber circuit. Thus a few second
delay between opening and closing the relay switches must be provided to prevent large back EMF noise.
The other major issue of the physical system revolved around the Millipore filters that would serve
to separate out any particulate from the sample solution after what would be the precipitation stage. Low
flow rates through through the filters is necessary to prevent backflow out of the tube connectors.
Additionally the integrity of the tube connectors to the filters is difficult to maintain and are subject to
small leaks and potentially massive leaks. This is an issue that could not be resolved with the supplies
available, despite extreme care to tighten and seal the connectors to the filters. Thus it was determined that
there are two options for correcting this issue. The first being to replace the current filters with larger filters
to allow higher flow rates and obtain better tube connectors. The second option was to remove the filters
entirely and position the extraction tubing in the dissolution vessel such that, after the precipitate has all
settled to the bottom, only the clear liquid solution will be syphoned off. Because of these small leaks it
was decided to go with the option of removing the filters. Once this was done there were no additional
leaks found.
Another small issue is the rinsing of the ion exchange effluent tub. As is the supply of DI water to
the tub comes from a single tube supported over the highest point of the angled tubs base. The spread of the
rinsing water ends up covering a large portion of the tubs base; however, there are sections that are missed.
There is potentially an easy fix to this. By simply attaching a spigot to the end of the DI supply tube will
give the water a wider reach across the base of the tub.
Overall the physical apparatus of the AREP system performed perfectly for both the water test and
chemical routine test, once the two issues of the relays and the leaky filters were addressed.
3.3.2.

Software Performance
There were two major recurring problem of the AREP GUI . The first was again a result of the

relay module board in combination with an innate application error in Visual Studio related to the serial
port connections. If the relay module ever freezes, due to a large back electromotive force (emf), the
communication stream to the relays’ COM port is disrupted; however, this disruption is not registered in
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the serial port object in Visual Studio despite any precautionary “try/catch” exception routines. This causes
the serial port communication routine to continue filling the serial buffer in an infinite loop, eventually
causing the entire program to crash. Extensive research was conducted to discover a solution to this error;
however, according to the Microsoft technical support this error has no workaround in Visual Studio.
Despite this flaw in the Visual Studios’ serial communication protocol, this is no longer an issue for the
system once the relays were equipped with the snubber circuit.
The second recurring problem was reliable identification of the ion exchange columns using the
visual feedback. In the codes final state the columns are identified approximately 90% of the time
depending on the external lighting and the filtering parameters of the adaptive binary threshold filter.
Through trial and error it was discover that if a cluster of white LED lights are pointed at the base of the
glass columns but with a slight upward angle, some of the light is experiences total internal reflection at the
top ring of the glass column. This optical result produces a very distinct bright ring of light for the camera
to see. Subsequently the circle identification routine can then identify the columns 100% of the time. For
testing purposes these lights were not necessary, and in fact it was preferred they were not there to ensure
the program would indeed not dispense to unseen columns. Although, in the real implementation of this
system the cluster of LED lights at the base of every column would be necessary to always ensure column
identification.
Overall the system code performed perfectly for both the water test and chemical routine;
however, only after about six months of debugging and editing.
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Chapter 4: Conclusions
The goal of this project was to demonstrate the feasibility of automating the processing of
reactor produced copper-64 for nuclear medicine diagnostic applications. The developed automated system
is able to accommodate both small and large scale processing, and a separation process known as ion
exchange chromatography. A system-level prototype was designed and assembled using purchased
modular pieces. A C# graphical user interface was constructed, utilizing Visual Studio 2010 Professional,
to provide a manual interface to all modular devices for functionality tests, calibration, and complete
manual operation. Additionally the designed C# GUI provides fully automated routines that can be edited
by the user to serve chemical processing needs with respect to processing copper-64 isotopes that require
separation utilizing ion exchange chromatography. The proof of concept of this prototype system was the
successful completion of the Operational/Water test which mimicked the true chemical separation process
and ensured that the physical design and code interface performed functional steps appropriately and was
flexible for user-defined processes.
Overall the goals of this project were successfully achieved and that automating the
processing of reactor produced copper-64 was indeed feasible. In retrospect, a slight redesign of the system
is suggested. The ion exchange effluent tub apparatus could be replaced with a custom designed manifold
with both intake and output valves. An apparatus such as this could eliminate issues of mounting the tub at
an angle and being able to properly rinse it by simply utilizing a manifold to direct waste or desired sample
to the appropriate vessels at the appropriate stage of the processing.
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Appendix A. Ion Exchange Chelex-100 Volume Calculation
The following calculations express how much resin is required to properly interact with the
resultant dissolved sample in its entirety assuming no precipitation step to provide a guide for the
maximum amount of resin the system should be able to house in case larger quantities of sample material
are to be processed. It can be shown that the mass of the sample inserted into the columns is directly
proportional to the amount of resin needed. Generally the equations provided by Bio-Rad [9] for Chelex100 are,

Equivalent weight (g/eq) = Average Molecular Weight (g/mol) / Average Valence (eq/mol),
Equivalence (eq) = Average Metal weight (g) / equivalent weight (g/eq),
Volume of Resin (L) = Equivalence (eq)/ Resin Wet Capacity (eq/L), and
Mass of Resin (g) = density of resin (g/L) * Volume of Resin (L).

Looking at the equations it is evident that the starting metal mass that will be introduced into the
columns is directly proportional to the volume and mass of resin needed. Thus calculating once with an
arbitrary number will provide a metal mass capacity.
The equations will be evaluated with the assumption that, the average metal weight is 100 g
(mostly zinc with trace amounts of copper), the average molecular weight is 64.199 g/mol, the average
valence is 2 eq/mol, the wet capacity of the resin is 0.40 meq/ml, and the mass density of the resin is 0.65
g/ml. Evaluating the equations with these values it is determined that, the equivalent weight is 32.10 g/eq,
the equivalence is 3.12 eq, and the volume of wet resin needed is 7.79L, which is comprised of 5.062kg of
dry resin.
The resultant metal mass capacity of the Chelex-100 resin 12.84 g/L which indicates that for every
12.84g of Zn metal 1L of wet Chelex-100 resin is needed to properly process the sample. Given the density
of the resin, 0.65 g of dry Chelex-100 is needed for every 1 mL of wet resin slurry needed.
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Now if the precipitation step is brought back into consideration, where after dissolution there is
100.00g of irradiated Zn and traces of copper (assuming 99.99% Zn metal and 0.01% of Cu) then the best
and worst case scenarios of resin needed can be expressed based upon the precipitation efficiency as
expressed in Table 2. Volume of Resin Given Precipitation Efficiency
Table 2: Volume of Resin Given Precipitation Efficiency.
Precipitation Efficiency (%)

Zn metal left over (g)

Volume of Chelex-100 (L)

50

49.99

3.89

75

24.99

1.95

99

1.00

0.08

As for the AG1X8 there will be mostly copper left after the Chelex-100 is done and thus the
amount of AG1X8 needed will be very small. The data sheet suggests just starting with 10mL and
experimentally determining if more or less is needed based upon final production yields [6][9]. Thus it will
be assumed that 10mL of AG1x8 resin is needed for every 100g of Zn/Cu processed by the Chelex-100.
Considering the worst case scenario of 0% precipitation efficiency, the amount of Chelex-100
resin needed would require 52 fully filled 150mL glass columns (to get the needed 7.79L) and 1 glass
column filled with 10 mL of AG1X8 resin.

48
REFERENCES
[1] Garrison, and Hamilton. "PRODUCTION AND ISOLATION OF CARRIER-FREE
RADIOISOTOPES." Crocker Laboratory, Radiation Laboratory, Divisions of Medical Physics,
Experimental Medicine, and Radiology, University of California, Berkeley and San Francisco, California.
(1951). Print.
[2] Hou, Jacobsen, and Jorgensen. "Separation of no-carrier-added 64Cu from a proton irradiated 64Ni
enriched nickel target." Applied Radiation and Isotopes. 57. (2002): 773-777. Print.
[3] Kim, Jung, Park, Jorgensen, Lee, Kyeong Kim, Choi, An, and Cheon. "A simpleCu-64 production and
its application of Cu-64 ATSM." Applied Radiation and Isotopes. 67. (2009): 1190-1194. Print.
[4] Matarrese, Bedeschi, Scardaoni, Sudati, Savi, Pepe, Masiello, and Gianolli. "Automated production of
copper radio isotopes and preparation of high specific activity [64Cu] Cu-ATSM for PET studies." Applied
Radiation and Isotopes. 68. (2010): 5-13. Print.
[5] Burke, Golovko, Clark, and Aigbirhio. "An automated method for regular productions of copper-64 for
PET radiopharmaceuticals." Inorganica Chimica Acta. 363. (2010): 1316-1319. Print.
[6] Schwarzbach, Zimmermann, Clark, Blauenstein, Smith, and Schubiger. "Development of a Simple and
Selective Separation of 67Cu from Irradiated Zinc for use in Antibody Labelling: A Comparison of
Methods." Applied Radiation and Isotopes. 46.5 (1995): 329-336. Print.
[7] Latimer, Wendell, and Joel Hildebrand. Reference Book of Inorganic Chemistry. 3rd ed. New York:
The Macmillan Company, 1951. 138-139. Print.
[8] Zagorodini, Andrei. Ion Exchange Materials Properties and Applications. 1st ed. Elsevier, 2007. 163173,248-258. Print.
[9] Bio Rad. Chelex® 100 and Chelex 20 Chelating Ion Exchange Resin Instruction Manual [Online]
Available: http://www.bio-rad.com/webroot/web/pdf/lsr/literature/LIT200.pdf
[10] Bio Rad. AG®1, AG MP-1And AG2 Strong Anion Exchange Resin Instruction Manual [Online].
Available: http://www.bio-rad.com/webroot/web/pdf/lsr/literature/LIT212.pdf
[11] Endeavour Workstation DLL Function List, JKEM Scientific Inc., 2007.
[12] Tabletop Robot TT Operations Manual, 4th ed. IAI America Inc., 2007.
[13] Atlas Scientific. Micro footprint pH monitoring subsystem [Online]. Available: https://www.atlasscientific.com/_files/_datasheets/_circuit/pH_Circuit_5.0.pdf
[14] Atlas Scientific. pH Probe Picture [Online]. Available:
https://cdn.sparkfun.com//assets/parts/6/1/8/4/10972-03.jpg
[15] Atlas Scientific. pH Probe Breakout Module Picture [Online]. Available:
https://cdn.sparkfun.com//assets/parts/4/6/8/00718-02.jpg
[16] Atlas Scientific. pH Probe Wiring Diagram [Online]. Available: https://www.atlasscientific.com/_files/instructions/Wiringdiagram.pdf

49
[17] Denkovi Assembly Electronics LTD. USB Four Channel Relay Board, C#.NET Express 2010
Example How To Set The Relays [Online]. Available:
http://denkovi.com/SoftwareExamples/usb4relay/USB_4_8_RelayTest_CSharp.rar#examples
[18] Denkovi Assembly Electronics LTD. USB Four Channel Relay Board,
User Manual – 15 Jan 2013 [Online]. Available: http://denkovi.com/Documents/USB4/CurrentVersion/USB4RelayBoard_UM.pdf
[19] Dual Syringe Pump DLL Function List, JKEM Scientific Inc., 2007.
[20] JKEM Scientific, Inc. Programmable Syringe Pump [Online]. Available:
http://www.jkem.com/files/manuals/Syringe-Pump-Dual-Pump-Unit.pdf
[21] EMGUCV. OpenCV .NET Wrapper [Online]. Available: http://www.emgu.com/
[22] OpenCV. Open Source Computer Vision Library [Online]. Available: http://opencv.org/
[23] Canberra Industries, Inc. (2013) Osprey™–Universal Digital MCA Tube Base for Scintillation
Spectrometry [Online]. Available: http://www.canberra.com/products/radiochemistry_lab/pdf/Osprey-SSC40303.pdf
[24] Canberra Industries, Inc. OSPREY Dot Net Coding Examples. Private Communication, June 2013.
[25] Krane, Kenneth, David Halliday. Introductory Nuclear Physics. 2nd ed. Academic Internet Pub Inc,
2009. 272-373,444-465,788-791. Print.
[26] CRC Handbook of Chemistry and Physics, 69th ed., CRC Press, Inc., Boca Raton, Florida 1989, pp B143-145.

