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Figure 4.15 A calibration curve obtained for a copper sensor which did not utilize the
PEG-DA polymer. Lack of the polymer yielded a larger linear dynamic
range of 0-6 mg/L Cu.
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Figure 4.16 A calibration curve for a copper sensor with the PEG-DA polymer included.
While the linear dynamic range is smaller, the precision of each data point is
improved. The average percent relative standard deviation for the data
shown here is 1.60% while the data collected for Figure 4.16 has an average
percent relative standard deviation of 9.91%. Both data sets used the
average integrated pulse energy from 4 sets of 200 individual pulses to
calculate each point on the plot.
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Figure 4.17 The % signal change of fluorescence that individual elements induce on the
copper sensor, DDETA.
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Figure 4.18 The fluorescence response of quinine sulfate, free in solution, to individual

elements, each at a concentration of 1 mg/L in solution, demonstrating the
need for PAN encapsulation.
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Figure 4.19 A comparison of PAN encapsulation methods. Different amounts of quinine
sulfate were used during the PAN encapsulation process and these values (in
mg) are displayed. The % signal change relates the change in fluorescence
when the PAN encapsulated quinine was exposed to 0 or 1 mg/L of copper.
The 0 mg quinine sulfate data point depicts the response noted by a non-
encapsulated quinine solution.
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Figure 4.20 A graphical depiction comparing the copper concentration calculated using
Eqgn. 4.6 against the expected copper concentrations.
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Expected Value | Calculated Conc. | % Error | Pass/Fail T-test
(mg/L) (mg/L)
1 0.98 +£0.09 2.3 pass
1.68 2.04 +0.28 21.4 fail
2 1.99 + 0.07 0.5 pass
2.59 2.76 £ 0.20 6.56 pass
3 2.87+0.12 4.33 pass
3.56 3.67+£0.20 3.09 pass
4.47 4.69 £0.16 5.15 fail

Table 4.1 A table detailing the values obtained for sample analysis by the copper sensor
using Eqgn. 4.6 to determine the concentrations of the samples. The pass/fail
column in the table indicates if the two values (stated and derived) statistically
different. A “pass” means that the two values are not statistically different
indicating that use of the predictive equation to determine the concentration of
copper was successful. The t-test is set at 95% confidence where N = 4.
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Figure 4.21 Using the Bland-Altman test revealed that there is a potential for bias when
analyzing copper sensors due to the number and magnitude of samples
occurring below the red line. The red line serves as a guide. If all points
fell perfectly on the red line, there would be no difference in values between
methods.
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Chapter 5

Four Sensor Array Development and
Characterization



164
5.1 Introduction

The ability to analyze for more the one compound simultaneously or the same
compound at several points with a multi-sensor array has several advantages. Multi-
component analysis can shorten total analysis time significantly, reduce reagent
consumption and reduce the cost required for analysis. A multi-sensor array, either by
determining one analyte at several points or providing multi-analyte capability, also has
the ability to provide longitudinal data. This type of data collection can be used to
provide the spatial distribution of an analyte. This has potential applications in several
areas, ranging from monitoring industrial processes at various locations to monitoring
natural waterways at set intervals. Over the past ten years, several different multi-analyte
sensors have been developed.' For example, sensors capable of analyzing temperature,
oxygen, pH and carbon dioxide have been combined in a variety of ways, allowing for
the simultaneous measurement of two, three, or even four analytes.>® Another area of
interest is to develop sensors capable of sensing biological materials. Along the same
lines a nine-analyte system has been developed to test for the presence of various types of
bacteria on a solid waveguide structure.®  However, research to develop a functional
optical-fiber-based dual-analyte array for transition metal species has not yet been
described. However, in this research, a four-sensor array has been developed that is
capable of monitoring both zinc and copper simultaneously. These sensors are paired
with another crossed-fiber junction serving as an intensity reference, using the

compounds developed in earlier chapters.
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5.2 Sensor construction and platform integration

Due to the increase in the number of sensors regions required for the four-sensor
array, it was deemed impractical to continue using the polypropylene blocks previously
employed to house the optical fibers. The space between each sensor region needed to
accommodate the polymer blocks made the fibers more susceptible to breaking while
other cladding sections were being removed or during the block assembly process. A flat
plastic slab with the dimensions of 9” x 9” x 0.5” with drilled 0.5” diameter holes was
therefore employed instead. The holes were drilled to create a 5x5 array, yielding a
platform capable of housing 25 sensor regions. (This slab was created by Dr. Paul
Henning during an earlier research project and was repurposed for this research.) The
stripped optical fibers were placed on the platform and then secured down with segments
of cellophane tape between each sensor region. This prevented bending or slipping of the
sensor regions, effectively replacing the individual block design. Each bare fiber section
was positioned over a hole in the plastic slab to allow solution and analyte access. The
optical fiber sensors on the slab were immersed in a 9”x13” Pyrex® baking dish. Even
after immersion in water, the cellophane tape provided sufficient adhesion to keep the
fiber immobilized. The tight fit between the plastic slab and baking dish also served to
eliminate the possibility of the slab from twisting, turning or sliding in solution. Because
the emission fibers were of differing lengths (1, 15, 25 and 35 m), the excess fibers were
looped around a ring stand to keep them from becoming entangled with each other. The
four emission fibers had the cladding removed at the distal end of the fiber with a fiber
stripping tool, exposing about two inches of fiber cores. This reduced the diameter of

each fiber and allowed all four fibers to be bundled into one temporary SMA connector
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with coupling to the PMT. While this was sufficient for a four-sensor array, any further
increase in the number of sensors will require a new coupling process, as the SMA

connector will have too small of a diameter to accommodate the additional fibers.

Before construction of the array is undertaken, the order in which the sensors will
be placed on the array requires attention. There are two issues that must be considered
when determining sensor order. The first is the question of which sensors should be
placed closest to the source of the excitation pulses. This consideration needs to be
dictated by the transmission capability of the fiber. The excitation wavelength which
suffers the most attenuation losses within a fiber should be required to transit the smallest
length of fiber in order to reach the sensor regions. This will minimize the decrease in
the excitation pulse energy, thus providing more energy for the excitation of the
fluorophores located at the sensor and reference regions. Literature from the
manufacturer states that the fiber used to connect the excitation source to the sensor
regions has an attenuation of approximately 150 dB/km for radiation emitted at 365 nm.’
Pulses generated at 495 nm have an attenuation of only 10 db/km, which represents a
significant improvement in the transmission capability of the fiber. Coupled with the
energy loss due to attenuation, some of the energy will be absorbed by fluorophores
located at a sensor region as an excitation pulse passes through, even if this is not a
region of interest. This absorption will occur at each sensor region, creating a cumulative
effect for sensors at the end of the array. Since pulses at 495 nm experience lower levels
of attenuation, these pulses will be able to better accommodate these losses and still

provide sufficient energy for excitation of the desired sensor regions.
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was excited first. The second coupled the excitation source to the sensor array so that the
sensor connected to the longest emission fiber was excited first. As shown in Figures 5.1
and 5.2, exciting the sensor with the shortest emission fiber does not provide enough
excitation power for the fluorescence of the last sensor to be collected by the PMT.
However by having the strongest excitation pulses interact with the sensor having the
longest emission fiber first, the fluorescence for all sensors are recognized by the
detector. The length of the emission fiber required that these be looped around a support
system. These loops induce transmission losses within the fiber, and confirm that
coupling the source to the sensor where the fluorescence must travel the longest distance
is the proper approach. Previous data from the development of two- sensor arrays had
shown that sensors excited later in the array would generate weaker signals. However,
this was not observed for the four-sensor array when the excitation order was reversed
(longest to shortest emission fiber). Instead, the variance in signal was attributed to the

coupling efficiency and the variability within different sensor regions.

After confirming that a four-sensor array was feasible with one metal-sensing
fluorophore, a new sensor array was created. This new array contained all of the
fluorophores — both the analyte-specific and reference compounds — investigated during
the course of this research. The order of the sensors, starting with the sensor located
closest to source, was as follows: the copper-specific sensor (DDETA), copper reference
sensor (QS), zinc reference sensor (Dragon Green) and ending with the zinc-specific
sensor region (FZ-1).  To ensure maximum fluorescence signal, the excitation source
was coupled to the end of the array closest to the sensor regions of interest. The sensors

were placed in a pH-5.5-buffered solution to maximize the zinc sensor signal. Figure 5.3
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shows that all four of the sensor regions demonstrated measureable amounts of
fluorescence that were successfully resolved in time. There are a few points to discuss
regarding this figure. First, the data points displayed in Figure 5.3 are a combination of
two data sets. Because two different excitation wavelengths were required, the data had
to be collected in two halves. The first two data points, corresponding to the copper-
specific sensor and reference with excitation occurring at 365 nm, were collected first.
The second half, corresponding to the zinc-specific sensor and reference with excitation
occurring at 495 nm, was collected immediately following the conclusion of the copper
analysis. The order of data collection was chosen arbitrarily but was kept constant during
all further investigations. The two portions of the data were then combined to yield
Figure 5.3. It should be noted that no settings were changed on the oscilloscope when
changing the excitation wavelength. When looking at Figure 5.1, it is observed that the
first peak detected is truncated, indicating that the measurement scale for that particular
peak was too small and required adjustment. This is a correctable feature, but it is
possible that a weak fluorescence signal will be obscured and left unrecorded during this
process. However, for Figure 5.3 all of the fluorescence signals were generated at similar

intensity levels, requiring no scale adjustment.

There are two ways to corroborate that the peaks from the oscilloscope trace were
fluorescence signals generated by the sensor regions. By placing an optical filter in the
path between the fiber and detector, any scattered excitation light should be removed.
Secondly, the relationship of a peak to the neighboring peaks on the oscilloscope trace in
time can be used to calculate the length of optical fiber between adjacent sensor regions.

While the discussion below may appear to indicate the presence of only one emission
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fiber connecting all of the sensors, each of the peaks analyzed to produce Table 5.1 were
collected from sensors with an individual, dedicated emission fiber. To perform these
calculations, the speed of light within the fiber must be estimated. Knowing the speed of
light in a vacuum (c) and the refractive index of the core of the fiber (1.46) provides the

means to determine the speed of light (v) in an optical fiber via Eqn. 5.1.%°

Cc

= (Egn5.1)

Ncore

After determining the speed of the light in the fiber (2.03x10® m/s), the difference in time
(At) between sensor regions is calculated from the Figure 5.3 by measuring the point of
the peak with respect to time for the sensors and taking the difference between two sensor
regions. Using the relationship between speed and time yields the difference in length of
the emission fiber between adjacent sensor regions. To calculate the total length of a
certain emission fiber, the difference in time between when the first sensor’s fluorescence
signal is recorded and the response of the sensor of interest will be calculated. This
difference in time is used to calculate the difference in length of the two emission fibers.
As the first emission fiber is less than one meter long, the difference in length will
provide a direct estimate of the overall length of the emission fiber attached to the sensor

of interest.

A summary of this information is provided in Table 5.1. While these values are an
approximation, the difference between the measured distance and the calculated distance
only differ by 3% at most. This is not definitive proof of sensor fluorescence, but when

combined with the features designed to prevent scattered excitation light from reaching
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the detector (i.e., crossed-fiber sensor, optical filter) it provides a strong argument that the

data observed is the fluorescence signal from the fluorophores.

The last step for verification of the four-sensor array was to perform
measurements of zinc and copper within the same solution in a quasi-simultaneous
manner. Zinc and copper were added at the same time to three liter, pH-5.5-buffered
solutions. Once again, the choice was arbitrarily made to determine copper first,
followed by zinc determination. Transitioning between detection of the analytes involved
changing the excitation wavelength of the nitrogen-pumped dye laser and relocation of
the excitation fiber coupling to the end of the excitation fiber closest to the zinc sensor
pair while leaving the sensor array immersed in the same solution. After immersion of
the sensor array into solution, 5 minutes for sensor equilibration was allowed before
beginning analysis for copper. Figure 5.4 shows that having both of the sensors immersed
in the same solution allowed for measurement of both zinc and copper with a single
optical-fiber-sensor array. All values determined during the analysis process were
calculated by taking the pulse-energy ratio of the sensor and the respective reference.
The data plot was generated by analyzing samples starting with the lowest concentration,
in this case 0 mg/L, and progressing through higher concentrations. This had proven the
most effective method during the individual sensor development so this practice was
consistently followed. While the sensors are resettable, higher levels of either copper or
zinc required longer amounts of time to completely remove the metal from the sensor
regions. At concentration levels that were near the upper limit of the linear dynamic
range, some sensors would also require multiple washings in order to clean the sensor

regions. Due to the size and weight of the sensor array and Pyrex® dish full of solution,
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removing the sensor array from the baking dish for emptying and refilling was kept to a
minimum in order to prevent spilling or other accidents. A method in which the order of
concentrations was selected randomly was not investigated here, but based on individual

sensor observations, this approach is expected to be feasible.

Figure 5.4 also depicts the linear relationship that exists between the
concentration of both copper and zinc and the respective change in fluorescence intensity.
Examination of the data reveals very similar behavior to that observed for single-analyte
sensor arrays. In Chapter 3, it was shown that when FZ-1 was exposed to solutions
containing copper, the copper induced a small amount (approximately 4%) of
fluorescence quenching when compared to the approximately 500% signal increase noted
in the presence of zinc (Figure 3.5). When studying the copper-specific fluorophore, the
presence of zinc induced a fluorescence enhancement (Figure 4.18), the incorrect type of
signal change for how the copper sensor will behave in the presence of copper. The
linear relationship between the fluorescence intensity and metal concentration observed
for both sensors points to each of the sensor’s ability to recognize the metal of choice
while showing a resistance to being affected by the competing metal species. While this
is promising data, the copper-sensor responses do demonstrate a deviation from perfect
linearity. This may be due to errors associated with the measurements (insufficient
equilibration time, incomplete regeneration of sensor before analysis) or solution
preparation, but more data points are needed before conclusively stating that the copper

sensor is not affected by zinc in solution.

While the design of the four-sensor array has been validated, there are technical

issues which must be solved before the sensor array may be considered for sample
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analysis, either in the lab or in situ. The overall size of the sensor array is dominated by
the support structure designed to protect the fibers from breaking. This size requires that
large volumes of solution (3 or more liters) be used for sample analysis, an impractical
amount for most applications. Decreasing the size of the platform will help to address the
issue, but the portability of the sensors between samples is still restricted, due to the rigid
nature of the platform. A sample cell, designed in a manner similar to the one for single
sensors described in Chapter 2, would compensate for the lack of sensor portability by

allowing sample introduction and removal without disturbing the sample region.

A second technical issue focuses on the inability of the components of the sensor
array to function as independent units. That is, if one sensor should prove to be
inadequate or becomes un-usable prematurely, primarily due to dye leaching, the entire
array must be discarded and remade. This is a very time consuming process, as each
copper sensor requires four days for synthesis and there is a high risk of fiber breakage
during the subsequent cladding removal process for the other sensor regions. An
improvement to the sensor design would allow for individual sensors to be replaced
without having to replace the entire array. Sodium hydroxide pellets have been used
during this research to dissolve the polymer from the fiber for single optical fiber sensors,
but treating one sensor in the array was not possible. As NaOH dissolves in solution, the
increase in pH would cause unwanted degradation of all the polymers in solution. It
should also be noted that the removal scheme for a polymer-based sensor does not apply
to the copper sensor. In this case, if the copper sensor was inefficient or incapable of

monitoring copper, the array would still require replacement. To have a sensor array
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capable of monitoring solutions with comparable results to current technology, these two

issues must be addressed.

5.4 Conclusion

A working four-sensor array has been built and validated during the course of this
research. By developing each of the analyte-specific sensors individually, the
combination into a four-sensor array was greatly simplified. The use of the crossed-fiber
array allows for the application of sensors with different excitation wavelengths,
providing a more versatile platform for analyte detection. This is made possible by the
design of the array, which separates the fluorescence signals from each sensor region in
time, relative to when the excitation pulse was created. Both sensors are capable of
operating independently in the presence of the other analyte, a key factor in multi-
elemental analysis. The research described herein provides promising results, but there
are still hurdles to overcome in order to develop a robust sensor platform capable of

analysis on the same level as current technology.
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Figure 5.1 When the excitation pulse interacted first with the sensor attached to the
shortest emission fiber it was observed that the third sensor region generated
very weak signals while the last sensor region showed no fluorescence. The
distances listed in the figure indicate the length of the emission fiber. FZ-1
was used in each of the sensor regions.
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Figure 5.2 When the excitation pulse is directed to interact with the sensor region having
the longer emission fiber, all of the sensor regions generated sufficient
fluorescence to be measured by the detector. The distances once again
describe the length of the emission fiber and FZ-1 was used as the
fluorophore in each of the sensor regions. The labels located under or next to
each peak alphabetically describe the order in which the sensor regions were
excited starting with the longest fiber.
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Figure 5.3 An oscilloscope trace confirming the fluorescence generated by each sensor
region. The distances for the four emission fibers were 1, 15, 25 and 35 m.
While all four sensors did generate fluorescence, the figure seen here is a
combination of two sets of data, due to the change in the excitation
wavelength. The data shown here is unaltered. That is no change in the scale
of any of the peaks was made.
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Sensor ID Measured Fiber Location of peak in Calculated fiber length
length (m) time (sec (m)
DDETA 0.5m 9.18E-08
QS 15m 1.65E-07 14.93
Dragon
Green 25m 2.11E-07 24.31
Fz-1 35m 2.57E-07 33.69
Table 5.1

Measuring the fluorescence signal as a function of time allows for the
estimated distance between different sensor regions. This provides support
that peaks observed on the oscilloscope are fluorescence signals from the

sensor regions.
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Figure 5.4 Using the four-sensor array provided a means of successfully measuring zinc

and copper simultaneously in the same solution. The fluorescence signals of
the analyte-specific fluorophore were collected separately due to the
excitation wavelength. The sensors were never removed from the solution
until analysis for both zinc and copper was complete for a particular solution.
Four sets of 200 individual excitation pulses were collected to provide each
data point with error bars indicating the 95% confidence interval.
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Chapter 6
Concluding Remarks and Future Directions
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6.1 Summary of results

During the course of this research, the goal was to develop zinc- and copper-
specific fluorescent sensors focusing on several key points. First the sensors must be able
to reliably measure zinc and copper at environmentally relvant concentration levels.
Next, sensors capable of rapidly recognizing changes in concentration, while also being
reversible, are essential for a long-term or remote deployment. Also, a means of
effectively correcting for variations in excitation intensity over hundreds of pulses is
required for accurate measurements. In addition, both sensors, with reference correction
must be able to accurately perform sample analysis. Finally, full utilization of the
capability of the sensors requires that the two-sensor systems be combined into a sensor
array. At the end of this summary, a critical analysis of the technology is presented to

highlight the strengths and weaknesses of this research.

One possible application for the sensor involves in-situ monitoring of wastewater
treatment streams within industrial facilities. As such, it is necessary that all sensors be
able to monitor analytes of interest at concentration levels prescribed by regulatory
authorities. For zinc, the EPA has stated that an average concentration of 1.48 mg/L of
zinc may be discharged per day over a 30-day period. For copper, a concentration of
2.07 mg/L was set as the corresponding per-day limit for a 30-day period. Both the zinc
sensor and the copper sensor demonstrated the capability to reliably monitor the
respective elements at the mandated concentration levels. The zinc sensor has the
potential to have multiple linear dynamic ranges based on the concentration of the zinc-
specific dye in solution. However, the linear dynamic range determined most efficient

for the zinc sensor was 0.05-1.50 mg/L. For the copper sensor, two different linear



186

dynamic ranges were determined. When the sensor was not encapsulated within the
PEG-DA polymer a linear dynamic range of 0-6 mg/L was obtained. Encapsulation of
the sensor yielded a linear dynamic range of 0-2 mg/L. However, encapsulation of the

sensor also yielded a lower LOD & LOQ than a non-encapsulated sensor.

A second requirement for on-line waste monitoring is that the sensor
demonstrates a rapid response to changes in concentration. Both sensors exhibited
response times of less than three minutes and are easily regenerated using common
reagents. The response times are determined mainly by the structure of the polymer. By
using the microtemplating technique, a highly porous polymer is created, allowing for

rapid analyte diffusion.

A benefit to using optical-fiber-based sensors is that analysis in remote locations
is possible. Remote analysis may involve deployment within industrial pipelines or
natural waterways that have limited access. However, optical fibers do experience
transmission losses, and these losses mount as the distance between the excitation source
and sensor region increases. These losses must be compensated for to obtain a
measurable signal. The successful characterization of fluorophores capable of serving as
reference materials was achieved. The fluorescence signal for both of these references
remained unchanged, even after spiking the solutions with interfering species. Utilizing
these newly developed fluorophores as a reference material greatly improved the

accuracy and stability of the metal-sensing platform.

The ability to accurately measure samples is the hallmark of any established

technology. As such, both sensors, with respective reference sensors, were used to



187

analyze several blind samples. The zinc sensor, after calibration, provided analysis with
an average percent error of 8.18% or .08 mg/L of absolute error. The copper sensor
presented a different approach to sample analysis. By creating a predictive equation
based on multiple calibration curves, analysis of samples could be achieved without the
need for daily calibration. This method provided an average percent error of only 6.36%.
Both of these methods have demonstrated the ability to accurately measure samples over

the course of 3 weeks.

To realize the full potential of an an optical fiber-based sensor array, all of the
sensors, metal specific and reference, were combined to form one four- sensor array
comprising two metal-specific sensors and two reference sensors. This combination
allowes for the simultaneous measurement of both copper and zinc, while maintaining the

accuracy and precision of each sensor determined during individual sensor development.

The results described above show that applicable zinc and copper sensors now
exist that are capable of measuring both zinc and copper in aqueous environments. The
linear dynamic range for both sensors include and encompass regulatory limits, as set
down by the EPA, a vital requirement for waste water analysis. There are some factors
that require addressing before the sensor may be deployed in situ, however. Waste
streams are far from the clean, controlled conditions observed in a lab and as such,
several issues regarding waste stream properties must be addressed. First, the pH of a
waste steam is often very low (<pH 2.5) in order dissolve any solid metal in the waste
stream and make waste treatment possible. During the development of these sensors, it
was determined that both FZ-1 and PEG-DA are susceptible to changes in pH. For FZ-1,

in order to achieve maximum fluorescence, the sensors must be in a pH-5.5-buffered
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solution. The variability in pH must be minimized as the fluorescence intensity of FZ-1
will quickly drop off if the pH is not kept within a range of 5.5-6. For PEG-DA the pH
must also be kept constant, as changes in the pH will affect the amount of excitation or

emission radiation scattered within the polymer.

The issue of sensor reversibility must also be addressed. Although the sensors are
reversible when exposed to cleaning solutions (ultrapure water or 0.05 M EDTA) the
ability to respond to changes in concentration of either zinc or copper is limited in the
absence of these cleaning agents. Both fluorophores (DDETA and FZ-1), in order to
achieve selectivity for zinc and copper, bind with their respective metal. This attachment
process does not reverse without the presence of the cleaning solution. Therefore, if left
in a waste stream with no addition of cleaning reagents, the sensor will only be able to
record increases in the level of each metal. This could still be applicable as it would
serve to alert the user that a treatment process has failed, and allowing for elevated levels
of metals discharged. However, it is currently not able to provide measurements, which

can account for both increasing or decreasing levels of zinc or copper.

Another factor that will limit not only the lifetime of the sensors but also the
reliability is dye leaching. While this is not an issue for DDETA, as it is covalently
bound to the optical fiber surfaces, the other three fluorophores (FZ-1, Dragon Green,
quinine sulfate) do leach from the PEG-DA polymer. This issue is exacerbated when the
micro-templating process is utilized. While the micro-templating does allow for a more
rapid diffusion of the analyte to the sensor region, it also allows for a more rapid
diffusion of the fluorophore out of the polymer. This feature will be enhanced as moving

streams of water will most likely induce a higher rate of dye leaching. As a result of this,
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periodic calibration will be required to ensure the accuracy of the measurements
provided. The exact length of time required between calibrations is not known at this

time; it is possible that multiple calibrations during the same day will be required.

6.2 Future Developments

When discussing the course of future research related to crossed-fiber sensor
arrays for the determination of metals in solution, one must first state the goal that is to be
achieved at the culmination of the research. The final product for this research is the
deployment of optical fiber sensors, either in situ or on a lab bench, capable of providing
accurate, real-time metal analysis, focusing on industrial waste management. Because
many of the properties already researched in this body of work have focused on
characteristics pertaining to a laboratory-based system, areas of research required to
develop remote sensors will be discussed. These areas of research break down into two

groups: sample pre-treatment before analysis and issues pertaining to sensor deployment.

The first category is to assess means of sample treatment prior to an analysis by
the crossed-fiber array for zinc or copper. To successfully treat the samples potential
interferents must be identified. For the current sensor design, the sources of interference
will be dominated by the following: turbidity, pH, and other metal species present in the
sample, especially lead, cadmium and nickel. Before any chemical modification is
completed, it is important that the sample undergo a filtration process. Most waste
treatment systems use precipitating agents to remove metals from solution. The
precipitates are allowed to settle to the bottom of the treatment chamber. However, it is

possible that some of the precipitate will reach the sensor’s location. This precipitate
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may cause fouling of the micro-templated regions, slowing response times or blocking
access of the metal to the fluorophore. A filter will act as simple and effective tool to
remove the precipitates suspended in solution. Secondly, the need for pH adjustment is
critical, especially when performing zinc analysis. After filtration, a pH-5.5-buffer must
be introduced in order to maximize the efficiency of the zinc sensors. A correction for
the interfering metals present in solution can be accomplished in one of two ways. The
first involves the use of complexing agents to selectively remove interfering compounds.
An example of this would be to dope the sample solution with sodium sulfate, causing
lead to precipitate as lead sulfate, removing lead as an interferent. A second method
would involve the development of metal-specific sensors, capable of monitoring for
nickel, cadmium or lead. In a manner similar to FZ-1, there are fluorophores
commercially available which are marked to be nickel, cadmium, or lead specific. These
new sensors, coupled with the sensor already developed by the Geissinger group to
measure pH, would facilitate an analysis method capable of providing information not
only about the metals of interest, but also on the factors that have been shown to

influence the analysis.

The second issue confronting remote monitoring capability involves the
deployment of the sensor array within a sample environment. In-stream measurements
within waste treatment processes are unlikely to succeed due to the pre-treatment
requirements of the sensor array as well as the predicted increase of dye leaching when
exposed to moving solutions. To accommodate for this, an alternative arrangement
would be to divert a small amount of the waste stream to a holding tank where the

sensors are located. This solution could undergo filtration and pH adjustment along with
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any metal complexation required before performing the analysis. While this design is
technically not remote as it still requires the user to perform tasks related to every
analysis, the benefits of having on-site analysis capability still provides an analysis

method not yet exploited for zinc and copper.

When examining the physical layout of the current sensor array scheme two
things are apparent. The size of the sensor array was large (8.5 x 8.5”) and as a result,
three liters of solution was required for sample analysis. The majority of this size was
due to the solid substrate used to support the optical fibers in solution. A reduction in this
platform would significantly reduce the volume of solution required. Secondly, as stated
earlier, when one of the sensor regions fails the entire array requires replacement. A
means of selective replacement for certain sensor regions would provide a more versatile

platform, maximizing the useful lifetime for each sensor region.

To this point, the discussion has focused on improving the sensor array for multi-
analyte capabilities. However, there are other multi-sensor applications which could be
exploited. As stated in Chapter 3, a change in the concentration of FZ-1 will result in a
change of the linear dynamic range for zinc analysis. This relationship could be
exploited, allowing for the deployment of a zinc sensor array capable of monitoring a
larger range of zinc concentrations. By varying the concentration of FZ-1 at each sensor
site, the range of measurable zinc concentrations would increase. A second application
of an array would be to perform metal analysis as part of a longitudinal study. This type
of analysis could be used for depth profiling in environmental waterways or in a

wastewater holding tank to ensure the waste treatment processes was successful. The



192

crossed-fiber design allows for the depth profile to be dictated by the needs of the user

rather than limitations experienced by a single fiber doped with multiple sensor regions.

To conclude, the applications of the crossed-fiber array design are still in the
beginning stages. Fluorescent compounds already identified as potential analyte-specific
compounds are coupled with the knowledge that new fluorescent sensors for a variety of
compounds are developed every year. This will allow for the continued expansion and
development of analyte-specific sensors contained within the crossed-fiber array

platform.



193

CURRICULUM VITAE

NAME: Steven P. Kopitzke
D.O.B: April 9", 1984

EDUCATION

University of Wisconsin-Milwaukee, Milwaukee, WI 2007-2013
Ph.D. in Chemistry

Focus: Physical Chemistry

Dissertation: An optical-fiber based sensor array for the simultaneous

analysis of zinc and copper in aqueous environments

Advisor: Dr. Peter Geissinger

University of Wisconsin-Parkside, Kenosha, WI 2002-2007
B.S. in Chemistry

Minor: Economics

Senior Thesis: The Determination of Indoor Atmospheric Mercury

Levels Using Plants

AWARDS
Teaching Lab Service Award Spring 2013
Louise Arndt Fellowship Summer 2012
Moczynski Outstanding Teaching Assistant Award May 2011

TEACHING EXPERIENCE

University of Wisconsin-Milwaukee, Milwaukee W1

Teaching Assistant for CHEM 221

Fall 2008; Fall 2009-Spring 2013

Taught 1* year analytical chemistry, focusing on analytical laboratory techniques
Guest lectured for Prof. Mark Dietz

Teaching Assistant for CHEM 105
Fall 2007, Spring 2011
Taught 1% year chemistry for engineers

Teaching Assistant for CHEM 102
Summer 2008, 2009, 2010, 2011
Taught 1* year general chemistry



194

Teaching Assistant for CHEM 584

Spring 2008

Taught senior-level analytical/physical chemistry focusing on instrumental techniques
Successfully developed and implemented a new experiment in class curricula

University of Wisconsin-Parkside

Senior Group Mentor for Chem 100, 101

Fall 2006, Spring 2007

Provided supplemental instruction for two groups of 6 students per semester taking
introductory chemistry courses

RELATED EXPERIENCE

University of Wisconsin-Milwaukee, Milwaukee, WI

Project Leader — Chemical Inventory Conversion

June 2012 — August 2012

Trained and coordinated 25 graduate students to build an electronic database of chemicals
contained within the UW-Milwaukee Chemistry Dept.

Trained and assisted 7 research groups with inventory conversion process

University of Wisconsin-Milwaukee, Milwaukee, WI

Officer of UW-Milwaukee Student chapter of the Society

for Applied Spectroscopy

March 2010 — May 2013

Served as Secretary, President & Vice-President.

Secured approximately $8,000 for various project from university grants.
Co-developed, coordinated and participated in university-recognized high
school outreach projects

University of Wisconsin-Milwaukee, Milwaukee W]

Chemical Inventory Conversion

June 2011 - December 2011

Worked as part of a team to enter all chemicals and containers within the
UW-Chemistry Dept. educational labs into a new electronic database

SKILLS

e Spectroscopy

e Optical fibers

e Trace metal analysis

e Lasers systems

e Scanning electron microscopy



195

PUBLICATIONS AND PATENTS

Henning, P., Geissinger, P., Kopitzke, S., Frost, J. (2013). Fiber-optic sensors for real-time
monitoring. U.S. Patent app. 20130092846

PRESENTATIONS AND POSTERS

ORAL PRESENTATIONS
¢ An optical-fiber based sensor array for the simultaneous analysis of zinc and copper in

aqueous environments
April 19" 2013, Presented at UW-Milwaukee Chemistry Recruitment Weekend

e Multi-Elemental Optical Fiber-Based Sensors for Aqueous Environments,

October 3", 2012, Presented at SciX 2012, Kansas City, MO

e Multi-Elemental Optical Fiber-Based Sensors for Aqueous Environments

March 1%, 2012, Presented at AWRA-W!I Chapter, Wisconsin Dells, WI

POSTER PRESENTATIONS

Multi-Elemental Optical Fiber-Based Sensors for Aqueous Environments
Sept. 30™ 2013 Presented at SciX 2012, Kansas City, MO
Authors: Steven Kopitzke, Peter Geissinger

Multi-Elemental Optical Fiber-Based Sensors for Aqueous Environments
May 19", 2012 Presented at UWM Awards Day
Authors: Steven Kopitzke, Peter Geissinger

Optical Fiber-Based Tools For a Multi-Element Sensor in Aqueous Environments
October 7™ 2011 Presented at Younger Chemists Comittee, Milwaukee WI
Authors: Steven Kopitzke, Peter Geissinger

Optical Fiber-Based Tools For a Multi-Element Sensor in Aqueous Environments
October 4™ 2011 Presented at FACSS 2011, Reno NV
Authors: Steven Kopitzke, Peter Geissinger

Real-Time Optical Fiber Sensors for Metals in Aqueous Environments
June 2011 2011 SBIR National Conference, Washington DC
Authors: Paul Henning Steven Kopitzke, Peter Geissinger

Optical Fiber-Based Tools for a the Analysis of Zinc in Aqueous Environments
May 10™, 2011 Presented at UWM 2011 Student Awards Day, Milwaukee WI
Authors: Steven Kopitzke, Peter Geissinger

Optical Fiber-Based Tools for a the Measurements of Zinc Concentrations in Aqueous
Environments

March 3", 2011 Presented at AWRA-WI Chapter, Appleton, WI

Authors: Steven Kopitzke, Peter Geissinger



196

e Optical fiber-based tools for the analysis of zinc in aqueous environments
December 16, 2010 Presented at Pacifichem 2010, Honolulu HI
Authors: Steven Kopitzke, Peter Geissinger

e Optical fiber-based tools for the analysis of zinc in aqueous environments
October 21, 2010 Presented at Younger Chemist Committee, Milwaukee, WI
Authors: Steven Kopitzke, Peter Geissinger

e Optical fiber-based tools for the analysis of zinc in aqueous environments
October 19", 2010 Presented at FACSS 2010, Raleigh, NC
Authors: Steven Kopitzke, Peter Geissinger

o Fiber optic based sensor for remote temperature measurement
October, 2009 Second Author, FACSS 2009 Louisville, KY
Authors: John Frost, Steven Kopitzke, Veronica Rigo, Peter Geissinger

o Sample Preparation Strategies for Trace Metal Analysis by Atomic Spectroscopic
Technologies
May 2007, Presented at UW Undergraduate Research Symposium, Madison, WI
Authors: Steven Kopitzke, Adam Barsamian, Joe Topczewski, Lori B. Allen

e Flow Injection Donnan Dialysis: Determination of Mercury in Water Samples
March, 2006 Third Author, Pittcon 2006 Orlando, FL
Authors: Lori B Allen, Adam Barsamian, Steven Kopitzke, Edward Manteufel,
Christine Evans

PROFESSIONAL ASSOCIATIONS

American Chemical Society — Analytical Division
American Water Resource Association — Wisconsin Chapter
Society for Applied Spectroscopy



