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ABSTRACT
3D printed water purification membranes are of great importance as the need for clean water rises
with the demands of a growing population. In this study, both neutral and charged anion-exchange
membranes were 3D printed using digital light sterolightography. These functional membranes contained
color responsive dyes capable of detecting contaminants in water. In the first part of the study, thymol
blue was used as a pH sensitive dye. The neutral membranes exhibited color changes between blue, green,
yellow, orange, and red over a range of pHs with the anion-exchange membranes giving a blue/yellow
color change between high and low pH. Switching from yellow at pH 7 to blue at pH 12 took 5 minutes
for the neutral membranes and 30 seconds for the anion-exchange membranes. Data for the mechanical
properties showed tensile strengths of 0.4 MPa and 0.1 MPa for the neutral and anion-exchange
membranes, respectively. The anion-exchange membranes were of particular interest as they may
ultimately be used to not only detect but also filter out the contaminants. As an extension of these results,
another dye, dithizone, was used for detection of mercury ions (Hg2+) in water. This dye, when introduced
into the neutral membrane, gave a distinct color change from yellow/green to red in the presence of as
little as 10 ppm mercury in 15-30 min depending on the concentration of the dye in the membrane and the
Hg2+ in solution. The dye was also reactive with zinc leading to a deep red color change in under a
minute. Finally, a mathematical modeling using Fick’s second law was used with numerical analysis to
estimate the diffusion coefficients of the membranes. For the anion-exchange membranes, the diffusion
coefficient was estimated to be 8.45 x 10-10 m2/s, while the diffusion coefficient for the mercury-sensing
membranes was estimated to 8.12 x 10-10 m2/s. As the development of new functional membranes
continues, safer drinking water and better sensing of contaminants in membrane systems will improve
water purification processes and systems across the globe.
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Chapter 1
Background
The human body is capable of surviving 3-5 weeks with absolutely no food, but it requires water
after just days.[1],[2] Unfortunately, upwards of 2.1 billion people lack access to this basic need: clean
drinking water.[3] While this is a very complex issue, one aspect of providing this basic human need is
identifying and purifying contaminated water. In this text, a membrane capable of changing color in the
presence of water contamination such as changes in pH, and low concentrations of mercury (Hg2+), zinc
(Zn2+), lead (Pb2+), and iron (Fe2+) was developed. Unlike current dip-sensor colorimetric tests, these
membranes can test water flow continuously and are reversible and thus multi-use. Ultimately this
membrane may also be able to filter out the sensed contaminants.

1.1 Introduction to 3D Printing
The use of plastics has always been widespread, and a majority of the world’s plastic products are
produced industrially using injection molding and other mass production techniques. Coupled with the
low cost of raw materials, these techniques have allowed plastic products to be relatively inexpensive.
After the initial invention of 3D printing in 1981, and subsequent popularization around 2011, specialized
inexpensive polymeric materials can now be created readily.[4]
A currently popular manufacturing technique, 3D printing is most commonly used with plastic or
polymers although useful with metals and ceramics as well. The technique itself involves first creating the
object or part in 3D modeling software and then printing the part and building it up layer-by-layer by
using light to cure and pattern each layer. Two of the most common methods of 3D printing and the
methods focused on here are that of stereolithography (SLA) and digital light processing (DLP). In both
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methods, a light source, which is a UV laser for SLA and a high intensity metal halide lamp for DLP, is
used to cure a liquid resin to form a hardened plastic part. To create the part, a basin is filled with the
resin and then the light source is directed either from above or below, curing one layer at a time. The resin
itself is composed of polymer oligomers (short polymer chains) with active end groups as well as a
photoinitiator. This photoinitator cleaves into two radicals when exposed to the light source during the
printing process. By initiating the active end groups on the shorter polymer chains, these ends become
reactive and are able to undergo radical interactions with each other to form longer polymer chains.
Because the chains start as short oligomers, the initial state of the material is liquid, but as the polymer
chains grow by combining with each other as well as forming cross-links, the material solidifies. This
process is shown schematically in Figure 1.[5],[6]

Figure 1. Polymerization process during SLA combining oligomers to form longer polymer
chains [6]

1.2 Filtration Membranes
Water purification is a commonly studied research topic, and there are many current advances in
water filtration through the use of nanoporous membranes. These membranes are capable of filtering all
types of contaminants including salt, metallic ions, anions, organic chemicals, and biological substrates.
The main benefits of using membranes for filtration are their speed, cost, and performance. Most
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membrane filtration devices are appealing since they operate at room temperature, have low upfront costs,
and are a low energy process. A popular type of membrane is based on graphene, but the membranes
studied in this works are based on polymers.[7]
Through the use of DLA 3D printing, this research uses colorimetric chemo-responsive dyes in a
3D printable resin to formulate a new single layer smart membrane that is capable of detecting
contaminants in water during water filtration.

1.3 Motivation
This project was developed with the needs of the greater community in mind and motivated by
the current lack of access to clean water. How quickly this work could be commercialized and used is also
discussed as part of the work’s impact.

1.3.1 Motivation
Nearly two billion people do not have access to worldwide.[3] Lack of access to clean water leads
to innumerable water borne illnesses, which can be especially harmful to children. Providing access to
clean water affects health, agriculture, and can greatly impact access to education, particularly for women
and girls, since they are often tasked with finding clean water. This issue even affects people in the United
States, with 1 million rural Californians going without clean water due to arsenic contamination of which
they are often unaware.[8] In fact the issue of a lack of access to clean drinking water has been named one
of the 14 NAE Grand Challenges for Engineering.[9]
While in some cases lack of access to clean drinking water occurs because of a lack of a close by
water source, often lack of clean drinking water results because the available water being contaminated.
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Some of the most common water contaminants include arsenic, nitrates, estrogen, hormones, fluoride,
lead, and mercury.[10]
Changes in pH, lead, mercury, zinc, and iron in drinking water have a number of effects on
human health. Although water in a range of pH values is often safe to drink, extreme pH values in water
can cause skin, eye, and mucous membrane irritation.[11]. Although not as commonly believed to be a
severe issue, pH plays a large role in metabolism and cellular events, so some communities believe
measuring pH is also important to regulate these processes in the body. Presence of additional H+ ions are
also believed to cause neurological and cardiopulmonary issues and have been specifically linked to
Alzheimer’s disease.[12] While the irritation and other effects of extreme pH values themselves are
relatively minor, acidic water can often cause leaching of heavy metals, such as lead, from the plumbing
systems.[11] Lead has a number of severe effects, including, neurological and reproductive problems.[13]
For mercury, in cases of acute contamination, side effects can range from shock, to cardiovascular
collapse, to acute renal failure to severe gastrointestinal damage. Depending on the dosage and the
mercury compound, ingestion of mercury can lead to death. Mercury exposure can cause neurological and
renal damage in most cases.[14] For zinc, it is normally only harmful at high doses, but even at low doses
can lead to nausea and stomach cramps. In the long-term, it can have effects on the lungs and the body’s
ability to control temperature.[15] Finally, in terms of iron, it is mostly safe in drinking water, but can be
an issue if it changes the pH. It also will stain laundry. Regardless, understanding iron content in drinking
water is still important as part of regulated the water.[16] Also note that aside from all of their affects to
human health, heavy metal ions in water can also greatly affect the environment and crop growth.
An interesting aspect of access to clean water comes in providing information. By employing the
strategy reported in this work, water filtration membranes can be synthesized to be more effective at
mitigating health risks if contaminants in the water can be more easily identified. From an information
perspective, issues include knowing whether or not the water has been properly filtered, which affects
people such as those living in rural California, or knowing whether the water collected is truly safe to
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drink, which primarily affects people living in third world countries. Water contamination tests can be
used to obtain this information, but many current water contamination tests are both costly, time
consuming, and single use. One of the most effective and user-friendly ways to inform a user of a
problem is through a colorimetric response. This proposed technology can act as a filter for the water,
thus testing it continuously as it filters, as well as providing instant feedback to the users by alerting them
to contamination through a color change.

1.3.2 Impact
The ideas tested in this work will help to combat this rising issue of lack of access to clean
drinking water. While the initial impact would be more academic in helping to encourage further research
into 3D printing of water filtration membranes, there is also a direct impact on the community. Although
the product itself would need to undergo certification in conjunction with NSF regulations for filter and
EPA regulations for contact with drinking water immediate use could begin after certification.[17],[18]
The printing procedure in total takes around 30 minutes and can be easily printed at home or scaled up for
large-scale printing. Essentially, the 3D printed membrane prototype provided here shows feasibility of an
inexpensive commercial membrane capable of detecting contaminants in water through a color response,
thus indicating to users any water that is unfit to drink as well as identifying which contaminant to filter
out of the water. With further work, this membrane can improve its filtering capacity as well, both
indicating and filtering out contamination. Unlike current testing method and filtration methods, this
membrane combines both filtration and detection into one device. Also unlike other detection methods,
this membrane is able to work continuously as the water runs through it instead of as one-off tests. The
hope is to bring this device to the Penn State community first as there have been numerous concerns about
the State College tap water, and the problem is local. Then, the device could slowly be expanded
domestically as well as internationally, perhaps with Penn State programs with ties in Africa.
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1.4 Engineering Considerations
When developing a new technology or material, it is important to consider how successful the
material will be with regards to economic issues. Another important part of being a researcher is
considering the effects (such as impact on health and safety), both positive and negative, of any new
materials.

1.4.1 Economic Issues
To commercialize the results of this work, several factors need to be considered, including cost,
recycling, and regulations.

1.4.1.1 Cost
The materials for these membranes are relatively low cost, and since it only takes about 2 mL of
resin to create a 3 in x 3 in membrane, the final cost of the material should be less than $1. The processing
is simple: just use DLP 3D printing, which has already been commercialized.[19] The printing procedure
itself takes about 10 minutes, but more than one membrane can be printed at a time, and this process can
likely be speed up depending on the amounts and types of initiators used. Depending on the accuracy of
the printer and the printing parameters, these membranes can be produced with very little waste by using
almost all of the resin for the print. Also, it is sometimes the case that resin leftover from a print can be
used again to make a new print, again preventing waste. As with any process, there is some waste, which
comes in the form of leftover resin and methanol, which is used to rinse away uncured resin in the final
print. Also, in the quaternization process, which is used for adding the charge to the anion-exchange
membranes, solutions of TMMA and methanol are used, but these solutions can often be reused and
produce very little fluid waste of less than 100 mL per membrane.
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1.4.1.2 Manufacturing
In terms of the processing, depending on the quantity produced and the ability to automate the
process, 3D printing can be a relatively inexpensive production technique due to its incredibly low
upfront costs. In some cases, especially with mass production, it is less effective than traditional methods
such as injection molding, but the process as a whole is gaining traction and reducing in costs rapidly.
One down side of the product is that the membranes do not need to be particularly customized.
This could allow for ease of manufacturing, but it counterbalances the many benefits of 3D printing
which is most cost effective for customized products. However, with further research, as these
membranes are shown to work with more and more dyes, customizing membranes to test for a specific set
of contaminants might become useful.
In general, 3D printing is considered more sustainable than many other manufacturing processes,
particularly since it is considered resource efficient. 3D printing also eliminates the need for process
which are energy intensive such as casting and processed that produce a lot of waste such as harmful
chemicals used for cutting. 3D printing also has the advantage of being able to be manufactured closer to
the people who need the part, reducing transportation costs.[20]

1.4.1.3 Recycling
Unfortunately, since 3D printing involves crosslinking of the materials, it would not be able to be
recycled. Also, since the polymers themselves are not one of the 7 commercialized polymers (PE, PP, and
others) for which recycling systems are already in place, they would likely not be able to be recycled.
However, since the two base oligomers, which are a polyethylene and a urethane, both have recycling
procedures in place, it is likely that the two could be recycled together in some way. In fact, a recent study
looked at glycolysis as a method of recycling urethane foam, which essentially uses ethylene glycol to
recycle the urethane, indicating the two would be able to be recycled together[21]. Also, the color

8
response in many of the membranes studied can be cycled multiple times without loss of accuracy, giving
them a long life cycle. Recycling of 3D printed parts is, however, a hot topic at the moment with more
solutions rapidly being developed. One new innovation involves purchasing a device which can grind
down any misprints and allow for the material to be reused as plastic filament for further 3D printing.[22]
While this might not working specifically for these membranes as they are printed from liquid resin
instead of plastic filament, the conceptual models for recycling are still the same, and it is clear that there
are many current advances with this issue.

1.4.1.4 Intellectual Property
Protecting the intellectual property of these membranes could require significant effort. While
accessibility of 3D printing is often an advantage, it is a disadvantage in terms of protecting intellectual
property as anyone with a printer should in theory be able to make this product. Because the product is
designed to be used in testing water, it could need to be approved by the EPA or NSF depending on how
it was ultimately used (i.e. testing a water sample versus continuously testing water as it flows through).
The need for government approval could make this technology less easily copied but is also a real
concern with the commercialization of the technology: will the components used in the formula be safe
enough to qualify as a contact material or will the formulation need to be altered?

1.4.2 Sustainability
This membrane is likely a very sustainable material since the demand for clean water is an
incredibly stable market: everyone needs it and it is always possibly some kind of contamination has
occurred particularly from various industrial processes. While dip tests do exist for detection, having a
membrane for detection has three advantages. For one, it can test continuously since water can be allowed
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to flow through if. This allows for earlier and more consistent detection of even the slightest
contamination. The membranes can also be reused, which may allow for them to be more cost-effective
than the dip sticks. Finally, the possibility exists that with some further work at least the anion-exchange
membranes may not only be able to detect but also filter out contamination in water, which is a function
which does not currently exist in any product.

1.4.3 Manufacturability
As the membranes exist currently, they can easily be manufactured by essentially anyone with
access to their raw chemical materials and a 3D printing. The materials can all be ethically sourced, and
can easily be obtained from Sigma Aldrich, which follows a code of conduct regarding labor laws and the
environment.[23] With this considered, the technology would only be profitable if it could be protected
by patent or trade secret. However, the material would be in high demand and likely very profitable if
large-scale membranes were made using this type of approach. The market for membranes in the U.S.
alone is $6.2 billion annually, so a percent of that market would be desirable.[24]

1.4.4 Ethical and Safety Issues
The most imminent ethical issue would be ensuring that the membranes have absolutely no
leaching or other contact issues with the water that would make it unsafe to the people. For example, if
the membrane could detect mercury but was leaching acrylamide over time, which would make it unsafe.
Further testing, possible post curing during processing and other measures could be taken to combat this
issue. In the meantime, the membrane could certainly be used to test a small run off sample of the
drinking water before use. It is also of note that while sometimes acrylamide is thought of as dangerous, a
very small concentration is considered acceptable, even in drinking water, so this may not be an issue.[25]
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Another safety concern is that of the testing. Often dangerous chemicals, such as mercury salts,
are used while characterizing and testing the membranes. It is important that all members of the facility
are aware of the testing and trained to take proper safety measure when handling and disposing of these
chemicals.
Another possible ethical issue could be in the pricing of the materials. If the membranes were
ultimately priced too high, they would only be protecting the wealthy from contaminated water, which
would be unethical as safe drinking water should be available to all people. Likely the manufacturing
company could donate a certain number of membranes based on how much profit is earned on each
membrane how many were sold (such as TOMS™ “One for One” program).

1.4.5 Social and Political
These membranes would be socially impactful by helping to provide clean drinking water to all
the people around the world who lack access. While the membranes’ function as a filtration device is still
being developed, they can prevent the injection of contaminated water. This is somewhat more applicable
in more developed countries where there is an option to clean or consume different water. Unfortunately
in the underdeveloped countries, simply alerting the user to contamination may not be as useful since
people there often do not have much choice about what water to drink.
Politically, there could be some issues in obtaining government approval for the material in the
many different countries in which it might be used. The membranes are also most useful if implemented
by the government since sewage and water systems are often owned or operated by the government.
Some governments are corrupt and alerting their citizens to contaminated water would mean they would
have to spend money to fix it, which could create some conflict. Ultimately, though, providing clean
water should be viewed as an important worldwide ethical issue on which the governments of many
countries would hopefully collaborate to resolve. A lot of money and productivity time is lost by
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ingesting contaminated water or being forced to search out clean water, so there would still be a large
positive economic impact on the countries even if they had to spend money to resolve the contamination.

1.4.6 Environmental Issues
Many of the overarching environmental issues have already been touched upon above, but they
are expanded upon in this section. One issue, recycling, was mentioned above as somewhat of a concern
but something that the 3D printing community is currently making a lot of advances with.[22] Also, in
terms of raw materials, these are of course polymers, which are oil-based, but there are many ethical
sources for the materials to be obtained from.[23] In terms of being bad for the environment, the concerns
with the acrylamide was mentioned above, but otherwise there shouldn’t be any leaching from the
materials and thus they would just be handled as regular plastics.[25] This also ties into the previously
mentioned water filtration regulations which the membranes would have to abide by. [17]
On the positive side of things, these membranes actually have a number of beneficial
environmental impacts. For one, they are a low energy process, which could replace some of the less
energy efficient industrial filtration processes for the membranes which change color as well as act as
filters.[7] Another impact would be in the detection of contamination. Water contamination can have a
number of harmful environmental impacts, especially when the contamination is heavy metals. Detecting
and preventing this contamination would be incredibly important for the environment.[14]

1.5 Current Studies
A number of current studies have explored the responses of colorimetric dyes. Many of these
studies, however, consider the dyes either in solution, on a paper or cellulose substrate, or in the form of
nanoparticles.[12], [26],[27]. This work is unique in that it considered the dyes as part of a membrane.
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Current studies of membrane technology are also discussed with specific emphasis on a previous study by
the Hickner group on which the membrane formula used in this work was based.[28]

1.5.1 Color-Responsive Dyes
So far, a number of dyes have been studied for pH, mercury, zinc, iron, and lead. These dyes each
follow different mechanisms allowing for a distinct color change when exposed to the contaminant ions,
which are reviewed in this section.

1.5.1.1 Halochromatic Dyes
The halochromatic dye, which is color responsive to pH, used in this work is thymol blue. The
color transitions are from red to yellow to blue in pH 2, pH 8, pH 12, respectively. As a pH responsive
dye, thymol blue detects the presence of H+ and OH- by reacting with one of these molecules. Indicators
for pH are usually weak acids or weak bases; in contrast, if the indicator is an acid, its conjugate base has
a different color, giving the color change. The mechanism is essentially that deprotonation causes a shift
in chemical structure, producing a color change. This color shift is shown in Figure 2.[29]

RED

YELLOW

BLUE

Y
Figure 2. Thymol blue and corresponding colors and structures at different pH values [29]
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1.5.1.2 Mercury (Hg2+) Responsive Dyes
In a recent study, the dye dithizone was shown to be an effective colorimetric sensor for Hg2+ in
aqueous solution. This new sensor was of particular interest as the previously developed mercury sensors
often involved other means such as fluorescence and were not visible to the naked eye.
The mechanism for this color change involves the complexation of the Hg2+ ion between two
dithizone molecules as shown in Figure 3:

Figure 3. Mercury and dithizone complex

According to the study, an acidic environment (pH 2) is needed to produce the orange-yellow
color change observed when dithizone complexes with mercury. The complex should be capable of naked
eye detection of color change down to 10 ppm, and the results from this study can be found below in
Figure 4. [26]
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Figure 4. Hg2+ detection results from previous study[26]

1.5.1.3 Other Heavy Metal Indicator Dyes
The same study that tested the Mercury dye, dithizone, explored other dyes for a number of heavy
metals by using nanoparticles to create test strips capable of detection at the ppb level. Essentially, the
study outlines how to effectively coat a solid substrate by filtering a nanoparticle dye dispersion capable
of heavy metal detection. The metals tested are summarized below in Table 1.[26] Of particular interest
are the dyes used to test copper, silver, mercury, and lead, as these are common water contaminants.[10]
Layers of less than 1 µm of dye were deposited onto cellulose membranes for testing.
It is also of note that dithizone is capable of complexing with other heavy metal ions to produce a
color change. Accoridng to one source, zinc should complex with dithizone to give a pink color change,
and lead should complex with dithizone to give a red color change.[30],[31] ,[32] The list of dyes can be
found in Table 1.
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Table 1. Various dyes tested and corresponding heavy metal ions detected

1.5.2 Membrane Studies
Anion –exchange membranes and their properties have been previously studied by the Hickner
group.[28] This previous work gave an initial indication of the suitability of quaternized 3D printed
membranes as anion-exchange membranes. A variety of formulas were tested, which altered the water
uptake properties and correlated with greater quaternized content, as well as mechanical properties, but
the mechanical property changes were not outlined in this study. The perm selectivity and enhanced
resistance from patterning were also studied finding a very strong correlation between the two properties
and water content. The formulation found in this paper for the highest water content was used to create
the membranes in this work.[28]

16

Chapter 2
Experimental Procedures

2.1 Materials
The resin formulation was made of the following chemicals obtained from Sigma Aldrich. The
chemicals were used as received. Poly(ethylene glycol) diacrylate (base oligomer, PEGDA, average Mn
700), Poly(ethylene glycol) methyl ether acrylate (base oligomer, PEGMA, average Mn 480), Diurethane
dimethacrylate, mixture of isomers (base oligomer, DU), Dipentaerythritol penta-/hexa-acrylate
(crosslinker), 4-vinylbenzyl chloride (precursor to quaternization, VBC), 1-hydoxycyclohexyl phenyl
ketone (initiator), phenylbis (2,4,6-trimethyl benzeyl) phosphine oxide (initiator), acrylamide (water
uptake), Zinc oxide nanopaowder (UV absorber, <100 nm), Thymol Blue (halochromatic dye), dithizone
(mercury dye), and mercury (II) perchlorate hydrate (mercury salt for testing). Sudan I (UV absorber) was
obtained from Acros Organics.

2.2 Printing Procedure
All of the membranes were printed using digital light sterolithography. The printing was achieved
via a custom set up involving an Epson computer projector facing downward onto a petri dish filled with
resin. The layers of the print were conducted one at a time, but a majority of the membranes were
composed of a single layer. Initially, the 10 cm lid to a standard VWR petri dish was used. The
membranes printed with this dish, however, gave a larger thickness gradient than desired in the final
membrane, so a custom 9 cm petri dish with an almost completely flat bottom was fabricated.
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For the printing procedure, for a majority of the membranes, except for the varied thickness
testing, 1.8 mL of resin were used in a 9 cm diameter petri dish to create membranes of around 0.250 mm.
After the resin was spread in the petri dish, it was let to sit for 2 min to allow further spreading of the
resin for more even thickness. The membranes were then printed as varying sizes of hexagons for a print
time of 10 minutes. The printed membranes were washed with methanol, followed by DI water, and
finishing with methanol. Some testing began immediately, while others involved storing the membranes
in DI water for 24-48 hours before testing.
For the anion-exchange membranes, a quaternization procedure was also needed. A mixture of
9:1 methanol to TMMA was used with 100 mL per membrane. However, the 10 mL of pure TMMA was
not used, and instead a mixture of 30% TMMA in DI water. The membranes were let to sit for 24 hours in
the TMMA. After 24 hours, the TMMA mixture was drained and replaced with a 0.5 M mixture of NaCl,
again using 100 mL per membrane. The membranes were then rinsed with the NaCl every 8 hours for 24
hours total.
Mechanical testing was completed using an Instron. A 100 N load cell was used with hydraulic
clamps. Following ASTM D1708, a certified dogbone testing sample dye was used to cut the samples
with a testing area of 15 mm and a width of 5 mm. Testing thickness varied from 0.150 mm to 0.9 mm.
Another set of tests were created for characterizing the color change response. All tests were
started in pH 12 solution. In some of the tests, the membranes were cycled through other pHs. For shorter
tests, the cycling was between pH 12 to pH 8 to pH 2 and back. For the longer tests, pH 12, pH 9, pH 7,
pH 5, and pH 2 were used. The pH solutions were prepared from HCl and NaOH buffer solutions in water
with the high pH solutions containing only NaOH and the low pH solutions containing only HCl. pH was
determined using a standard set of pH strips. These solutions were prepared from 0.1 M solutions of
NaOH and HCl respectively. Although the high pH solutions were rarely affected by the cycling, some of
the lower pH solutions were diluted over time as cycling continued. For the cycling steps, the membranes
sat in the pH solutions for 15 minutes each for an initial cycle to give an indication of what a complete
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color change would look like. For the longer cycling experiments, a cycle was counted as 5 minutes in
each pH to give a quick indication of how time might affect color change abilities.
For the water uptake, the membranes were allowed to sit in DI water for upwards of 48 hours.
They were weighed before the pH tests and after the pH tests. Then they were set to dry in the hood for
upwards of 72 hours and afterwards the dry measurements were taken.
Finally, for the mercury tests, one set of tests was run immediately after printing, which simply
involved immersion of the mercury membranes in 0.01 M and 5 x 10-5 M along with a number of controls.
The controls included pH 12, pH 2, DI water, and sodium perchlorate since the mercury was a perchlorate
salt with a pH of 2. Lead acetate and zinc chloride were also tested with the dithizone membranes, with
controls of potassium acetate and sodium chloride. Another test was also taken where the membranes
soaked in DI water for over 24 hours before being transferred to the mercury solution.

2.3 Formulations
Formulations for the membranes were based on previous work completed by the Hickner
group.[28]

2.3.1 Halochromatic Membranes
The halochromatic membranes were developed with a number of variations in the crosslinking
content, PEGDA content, DU content, and dye content, but the two general formulas followed were those
listed in Table 2:
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Table 2. Membrane composition formulas
Formula Type

Neutral pH Membrane

Neutral pH Membrane

Anion-Exchange

with Crosslinking

Membrane

PEGDA

31.25%

30.92%

50%

PEGMA

31.25%

30.92%

0%

DU

25%

24.66%

20%

Acrylamide

12.5%

12.5%

0%

phenylbis (2,4,6-

1%

1%

1%

1%

1%

1%

0%

1%

5%

Thymol Blue

0.0625%

0.0625%

0.0625%

ZnO

0.025%

0.025%

0.025%

VBC

0%

0%

25%

trimethyl benzeyl)
phosphine oxide
1-hydoxycyclohexyl
phenyl ketone
Dipentaerythritol penta/hexa-acrylate

The formulations for the halochromatic membranes were created as a percentage of the total
number of grams. Thus, 20% DU would translate to 20 grams of DU in a 100 gram resin. Also note, the
dyes (thymol blue), the two initiators, and the UV absorber (ZnO) are used as added percentages. Thus in
a 100 gram resin, one adds 1 gram of the initiator, and the total becomes somewhat above 100 grams after
the dyes and other minor components are added. Also note, when 1 gram of the first initiator is added, the
second initiator, which is still 1%, is still 1 gram since it is based on the 100 gram base not including the
added initiators, dyes, and other additives.
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2.3.2 Mercury Responsive Membranes
The mercury responsive membranes used the exact same formulations as the pH dyes for both the
neutral and anion-exchange membranes, except for the dye content. Dithizone was added in amounts
ranging from 0.053%-0.076% and no ZnO was added. Larger amounts of dye (as little as 0.14%) created
too much UV absorption and led to failed prints.
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Chapter 3
Results and Discussion
For the results, the two types of membranes, neutral and anion-exchange, were tested with both
the pH dye, thymol blue, and the mercury dye, dithizone. The main focus was on the color response of the
membranes over time, but other properties such as the water uptake, tensile properties, and reversibility
were also studied.

3.1 Halochromatic Membranes
For the halochormatic membranes, three main formulations were used, each giving slightly
different results depending on the membrane composition. The first two formulations were neutral
membranes, where one contained 1% crosslinker and one did not. The other formulation was that of a
quaternized anion-exchange membrane designed specifically for high water uptake. Both sets of
membranes had advantages and disadvantages, the results are summarized below.

3.1.1 Water uptake
For the halochormatic membranes, the water uptake properties of the neutral membranes and the
anion-exchange membranes were measured. The formula for the anion-exchange membrane was taken
from a previous study on anion-exchange membranes for which the water uptake values for different
ratios of PEGDA to DU were measured. The results of this study can be found in Figure 5, and the
U20_E50 formulation was used. [28]
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Figure 5. Water uptake values of anion-exchange membranes from previous study[28]
For the neutral membranes, water uptake was measured at various thicknesses, Figure 6, giving
the results found below. Again, there is a slight dependence on thickness as the thickness approaches 1
mm. The gradient of the thickness of the membranes was measured as 2.35%, so they were treated as
essentially homogenous. The average water uptake was around 50.92 wt%.

Figure 6. Water uptake versus thickness for neutral membranes
The water uptake of the anion-exchange was also measured, Figure 7. However, because the
membrane was used for testing straight from the quaternization solution, the uptake in NaCl as well as in
the pH water was also measured as this was likely more indicative of the true uptake during testing. The
below results are for the anion-exchange membranes for water uptake based on storage in the NaCl
solution. The results show an average of about 62.04 wt% water uptake and somewhat of a dependence
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on thickness with the water uptake dropping off slightly for the thicker membranes. This average uptake
was higher than that of the neutral membranes. However, it is of note that the values taken for the anionexchange membranes were based on the water uptake after soaking in NaCl. Further testing of the water
uptake in just DI water showed that the uptake was closer to 100%, so further testing would be beneficial
to confirm. Regardless, it is clear that the water uptake is higher than that of the neural membranes. Also
note, the average thickness gradient for the membranes was 2.02%, so they were treated as essentially
homogenous.

Figure 7. Water uptake verses thickness for anion-exchange membranes
For both types of membranes, it was noted that the ratio of initial water uptake to final water
uptake after pH testing was essentially 1 for all thicknesses, indicating that the change in pH neither
enhances nor degrades water uptake values.
For water uptake, one other study was completed which measured water uptake over time for the
neutral membrane. The result of the study was that almost all of the water uptake occurs within the first 5
minutes of submerging the membrane in water. This correlates well later on with the measured color
change times. However, some of the color changes take longer than 5 minutes, suggesting that another
mechanism is at play beyond water uptake in determining the color response. Note, the graph depicting
the water uptake over time in Figure 8 resulted in somewhat artificially high water uptake percentages
since a small piece of the membrane broke off during measurements.
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Figure 8. Water uptake versus time for neutral membrane

3.1.2 Color response
Color change over time and reversibility were studied next for the two types of pH responsive
membranes. The anion-exchange membranes were studied for their blue to yellow transition between high
and low pH, while the neutral membranes were shown to give a distinct color in each of the 5 pH
solutions tested. The kinetics of the water uptake and the color response time are also discussed in this
section.

3.1.2.1 Anion-Exchange Membranes
To test the color response, an anion-exchange membrane was placed in pH 12 and transitioned
through pH 9, pH 7, pH 5, and pH 2 with 2 minutes of rinsing in DI water in between to prevent
contamination. This led to blue to yellow color change, although it was somewhat of a slow transition.
The results can be seen below in Figure 9.
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Figure 9. pH color response for anion-exchange membrane
It is also of note that while this exact transition sequence was rather slow, transitioning directly
from pH 12 to pH 2 takes closer to 10-20 minutes. However, the transition back to blue in pH 12 takes
15-25 seconds. This is likely due to the fact that the membranes are anion-exchange membranes and thus
have better interactions with the anions, OH-. Note, the thickness of this membranes was measured as
0.298 mm.
The anion exchange membranes were also studied for their ability to be reused, which involved
cycling between pH 2 and pH 12 repeatedly. There was almost no loss in the intensity of the color change
in over 10 cycles, however it did appear that the pH 12 to pH 2 transition slowed somewhat over time.
The pH 2 to pH 12 transition remained essentially the same, and data for the cycling can be found below
in Figure 10.

Figure 10. Color cycling data for anion-exchange membrane
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3.1.2.2 Neutral Membranes
Following the same testing, the neutral membranes gave sensitivities to all 5 of the pHs,
transitioning from blue to orange/red. These transitions took about 10 to 15 minutes between the color
changes with the initial color change taking slightly longer. Note, the thickness of this membrane was
measured as 0.259 mm. The transitions can be found in Figure 11.

Figure 11. pH sensitivities of the neutral membrane in 5 different pHs
These membranes were tested immediately after printing. While in this specific test there was not
much of an issue of dye leaching, in similar tests, some thymol blue would often leach out of the
membranes during testing. In this specific test, the resin was not used until about a week after initially
mixing (it was mixed again right before printing), which appears to have allowed the dye to better
integrate into resin formula. The neutral membranes were similarly tested after sitting in DI water for 48
hours. The hypothesis being tested was that soaking in water would give higher water uptake and thus
allow for faster color change. Significant dye leaching did occur during this soaking, so the color change
was at similar rates and much paler. The response seemed to slightly weaken with the number of times the
membranes were cycled between the different pH solutions, and very slight leaching still occurred. To
remedy the leaching issue, further study would be needed, but soaking in DI water for 48 hours appears to
mostly mitigate the problem since a majority of the leaching occurs in first 48 hours. There are a number
of complexing additives, however, that would likely also remedy the issue as well as the possibility of
post curing. Also, as described, allowing the formulated resin to mix for longer times and sit for about a
week also helped to mitigate the leaching issue. Acrylamide leaching was also an issue when the
membranes soaked in long time frames, but leaching was not an issue with the anion-exchange and may
also possibly be remedied with additives or a post cure.
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3.1.3 Mechanical Properties
Based on the Instron dogbone tensile testing, the following results were obtained for mechanical
properties. As discussed previously, the anion exchange membranes were particularly brittle, while the
neutral membranes were more manageable and the membranes containing some crosslinker appeared
more tear resistant qualitatively even if their tensile properties are lower. Also of note, it appears that the
NaCl used to quaternize the anion-exchange membranes causes them to be particularly brittle compared
to before quaternization. The membranes are also all more flexible when dry.
Table 3. Mechanical properties of pH sensitive membranes
Tensile Strength (MPa)

Standard Deviation (MPa)

Neutral Membrane

0.40

0.14

Neutral Membrane with

0.34

0.17

0.10

0.05

crosslinker
Anion-Exchange Membrane

Note, these results show that the anion-exchange membranes give very low tensile properties.
This is simply due to the fact that they become very brittle during quaternization. Reducing the
crosslinker content or printing the membranes thinner would likely give better tensile properties. As was
discussed above, the anion-exchange membranes are much more brittle as reflected in their tensile
properties. Plots of the effect of thickness on the tensile properties can be found below in Figure 12.
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Figure 12. Tensile properties versus thickness (a: neutral membrane b: anion-exchange
membrane c: neutral membrane with crosslinking)
Changes in thickness can also give changes in the color intensity, with thicker membranes giving
a much deeper color change. For the anion-exchange membranes, this color transition is so fast that
thicker simply means deeper color. For the neutral membranes, however, the transition is slower so while
thicker membranes give a deeper color, they give less significant color change, meaning that the thicker
membranes change deep green in high pH instead of all the way to blue. Plots of these results can be
found in Figure 13 and Figure 14.
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Figure 13. Color intensity versus thickness for the anion-exchange membrane

Figure 14. Color intensity versus thickness for neutral membrane

From these plots, we can clearly see the deeper and more intense color change with the thicker
membranes as well as see how with the neutral membranes, the color change becomes more intense but
less blue.
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3.2 Mercury Responsive Membranes
The main focus with the mercury responsive membranes was simply the neutral membranes,
however, the anion-exchange membranes were also briefly considered. Since the mercury dye, dithizone,
also gives response to other heavy metals, these responses were also tested.

3.2.1 Neutral Membranes
For the mercury testing, the neutral membrane was used with an added dye, dithizone. Although
it has been seen in previous testing that higher amounts of dye lead to deeper color changes, this can also
be accomplished with thicker membranes. It is of note that a very small amount of the mercury indicative
dye, dithizone, was used since many of the dyes tested can act as UV absorbers, and using too much dye
can lead to a misprint.
To test the mercury dye, a number of controls were run. First, a membrane with absolutely no dye
in it was printed and placed in a solution of mercury. Because the mercury salts used to create the solution
appeared orange, it was important to check its effects on membrane coloration. The membrane remained
clear in the 0.01 M mercury solution and is shown in Figure 15.

Figure 15. Mercury control showing no effect with no dye
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For the other tests, a membrane containing the mercury dye was printed. The dithizone dye has
components of both blue and red, and the initial print comes out a red purple color. To ensure that all the
tests started from a more neutral position, the membrane was first soaked in DI water for about 10 min,
which lead it to turn more green in color and then cut into 6 pieces for the testing. Sitting in the DI water
(pH7) caused the membranes to change to a yellow color, which appeared to be their neutral state. The
membrane was then also tested in pH 12 and pH 2 solutions, which again led to a yellow color indicating
there was no pH sensitivity. Next, because the mercury salt used to create the mercury solution was
mercury (II) perchlorate, the membrane was placed in a solution of sodium perchlorate to test perchlorate
sensitivity of the dye. This again led to a yellow color change. Then, two mercury solutions were tested.
One solution was .01M mercury and had a pH of 2 from the added mercury salt. A second solution
contained only 5 x 10-5 M mercury and thus remained at pH 7. Both these solutions led to a distinct red
color change, although the transition was somewhat slow. However, the change in the 5 x 10-5 M solution
indicated the membrane could detect up to 20 ppm. Further testing lowered the concentration to 5 x 10-6
M, which is equivalent to 2 ppm. It is possible that the slight variations in concentration and the large
radius difference between a mercury ion and a hydrogen ion could lead to the significant difference in
diffusion and color change within the membranes. These results can be observed in Figure 16:

Figure 16. Mercury membranes and color change compared to controls
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Because the dyes make up such a small amount of the membrane content, it is likely that the
mechanical and water uptake values measured previously would hold for these membranes.
In terms of cycling, it has been shown that simply placing the membranes into DI water did not
lead to any color change. However, from the literature it appears that dithizone can easily complex with
other heavy metal ions, so it should be possible to replace the Hg2+ ions with another heavy metal and
thus make it reversible. This response has not been show thus far, so further research would be needed on
this hypothesis.
Also, because the neutral state of the membranes appeared to be the yellow colored membranes, a
membrane which had been sitting in DI water for a while and was yellow was tested with the mercury
solutions and again led to a red color change at a similar pace.

3.2.2 Other Heavy Metals
One drawback to using dithizone is that it does complex to give color changes along the red/pink
spectrum when combined with a number of heavy metals. This means that a dithizone dye alone could not
necessarily indicate the presence of mercury versus lead, but it would be able to indicate the presence of
one of the heavy metals. A majority of the metals which complex with dithizone are harmful in drinking
water. This could be a possible advantage of dithizone since instead of testing for just one ion, it is
capable of detecting a number of contaminants.
Based on some kits that have used dithizone on test strips, the color change for different heavy
metal contaminants should be significantly different. In these kits, the lead should give very
yellow/orange color change, the lead should give a deep red, and zinc should give pink. If large quantities
of all the metals are present, it appears that a grey color change should take place.[32]
These assumptions were tested against zinc chloride and lead acetate. It is also of note that the
membranes used for this specific test were slightly thinner and contained somewhat more dye than those
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tested before, so the color change response time was much more rapid, taking about a minute to complete
in the case of zinc chloride, about 5 minutes for the mercury and lead acetate. It is also of note that while
the initial color change was very vibrant, the intensity of the color seemed to fade over time for all of the
heavy metal ions. An initial consultation with the literature suggests that to minimize any color response
fading, the dithizone containing membranes should be stored away from light and if possible within
refrigerated conditions. It is also suggested that the results be recorded within an hour of testing for the
best accuracy.[31] This fading occurs because dithizone can behave as photochromatic as well and
undergoes an orange to blue transition in the presence of UV rays.[33] The results from these experiments
showing these color transitions can be found in Figure 17. Note, the thicknesses of the membranes from
left to right in Figure 17 in mm were 0.168, 0.156, 0.155, and 0.145.

Figure 17. Pb2+, Hg2+, and Zn2+ with dithizone in neutral membrane and control tests
A view of all of the samples after 2-3 hours can be seen below as a comparison since some of the
solutions, particularly lead acetate, were cloudy as can be observed in Figure 18.
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Figure 18. Mercury membranes out of the solutions
Because the lead acetate was cloudy, this indicated that perhaps there was an issue with the
chemical or the solution. To test this, a lead nitrate solution was prepared to see if the lead would change
color. The results are found in Figure 19.

Figure 19. Lead-sensing dithizone membrane
In terms of reversibility, the Hg2+ reaction should be reversible when treated with
ethylenediaminetetraacetic acid (EDTA). An initial test was run using 0.01 M mercury and 0.01 M
EDTA. This was able to give an on-off-on response as seen in Figure 20. A second test was also run using
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0.01 M mercury and 0.05 M EDTA. During this experiment, it was also noted that heat enhanced the
reaction of the EDTA. This experiment gave similar on-of results, but showed that the response degrades
over time, as shown in Figure 21. For the switching times, some of the initial switches take 5-10 minutes,
while later switches can take over an hour to get a truly deep color change. As of now it has been shown
that the mercury membrane is at least once reversible. The second test indicates that further reversibility
may be possible, but this would need to be studied further. It is also of note that some testing with
switching between two heavy metal solutions to give reversibility was considered but with limited
success. This could likely be further explored as well. It is also unclear as of yet whether this method
would also provide reversibility for the lead and zinc-sensing functions of these same membranes.

Figure 20. Mercury color reversibility with EDTA

Figure 21. Further Mercury color reversibility with higher concentration EDTA
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3.2.3 Iron-Sensing Membranes
Another set of membranes was also tested regarding iron-sensing. These membranes followed the
same formula as those for the mercury-sensing except they used the TAN dye mentioned in the study in
the introduction.[26] The membranes gave a pink color change in 0.01 M Fe2+. Note, the membrane was
kept in the iron solution for a long time (4 hours) to show a very deep color change, but a faint color
change was already visible after a few minutes. The iron solution had a pH of 5, so pH 5 solution was also
tested. The results are seen in Figure 22 with a control containing no dye found in Figure 23.

Figure 22. Iron-sensing membranes with controls

Figure 23. Neutral membrane no dye after sitting in Fe solution for a few hours
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3.2.4 Anion-Exchange Membranes with Color Response
An anion exchange-membrane was also tested in mercury solution. The anion-exchange formula
is much more sensitive to dye content, and the dye content was rather low for the initial round of testing
to ensure a misprint did not occur. The color change was thus faint, but there was a distinct red change in
the 0.01 M Hg2+ solution, while the controls all led to the same yellow type of color change. The time was
also very slow for this color change, but this is likely because of how little dye was in the membranes.
With this in mind, further testing would be needed, but so far, this response appears to hold in the anionexchange membranes as well. A picture of the weak color change can be seen in Figure 24.

Figure 24. Indication of slight red color change in mercury for anion-exchange membrane
Further testing was conducted with the anion-exchange membranes, but dye concentration
continued to be an issue. It was found that 0.14% was too high, but 0.076% was too low. Thus, continued
testing with dye concentration and thickness should be continued. In the second round of testing,
however, a few significant results were observed. For one, the pH 12 control appeared to give a red color
change. This would not interfere with the mercury color change, which occurred at pH 2, but the change
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with pH 12 was an interesting effect. This is likely correlated to the quaternization charge. The results of
this experiment can be seen in Figure 25.

Control no dye in 0.01 mercury

Figure 25. Anion-exchange membranes tested in mercury with controls
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Chapter 4
Mathematical Modeling
One of the unique responses of these membranes is their ability to change color. This color
change should directly correlate with the amount of responsive ions inside the membrane. For example,
the thymol blue dyes contained in the pH responsive membranes can either lose or gain H+ ions, and in
the mercury-sensing membranes, the Hg2+ ion can diffuse into the membrane and complex with the
dithizone dye. Thus, the membranes should have a color response with some kind of correlation to the
diffusion of the ions through the membranes. This response is important since creating such a model
allows for a calculation of the diffusion coefficient for the membranes, which would be incredibly useful
in further characterizations as well as future studies involving other dyes and color response. The models
will allow for the diffusion coefficients of the membranes in new conditions to be predicted as well as
help correlate diffusion to materials properties. Such a correlation can in turn lead to properties
improvements in the membranes.

4.1 Selection of the Model
The model for this work was developed surrounding Fickian diffusion. For diffusion
concentration, this can be modeled using species conservation and assuming constant density, which is
true for these membranes except for a small gradient. An illustration is show in Figure 26.
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Figure 26. Equations for species conservation[34]

The membranes are also in the solid state, so the velocity terms can be eliminated. There is also
no source of species generation, so this equation reduces to those in equation (1a).

(1a)

Finally, because the membrane is very thin (0.25 mm) and single layer, for the sake of diffusion
modeling, this is approximated as 1-dimensional since diffusion through the 3 inch surface would be
much greater than that through the 0.25 mm sides. Thus, the final equation is simply Fick’s second law as
seen in equation (1).
𝜕𝐶
𝜕2𝐶
=𝐷 2
𝜕𝑡
𝜕𝑥

(1)
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4.2 Basic Model
As stated above, a basic model for diffusion is Fick’s second law, which can be written as
equation (2),
𝜕𝐻
𝜕𝑡

𝜕2 𝐻

= 𝐷 𝜕𝑥 2

(2)

𝐻(0, 𝑡) = 0
𝐻(𝑙, 𝑡) = 0
𝐻(𝑥, 0) = 𝐹(𝑥)

where H represent the concentration difference of the ions as a function of position x, and t. Then, a
model of the membrane in the solution was set up, which was approximated as a simple inverse top-hat
function with the equation (3) and a graphical representation in Figure 27.[35] Note, by taking the
difference in the ion concentration between the outside solution and the membrane, the concentration of
the ions in the solution can be subtracted off, thus setting the concentration difference in the solution as 0
and the concentration difference inside the membrane as negative. Eventually, after the ions diffuse into
the membrane, this negative concentration difference should decay to give the concentration difference
between the outside solution and the membrane as 0.
𝐹(𝑥) =

(3)

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑜𝑛𝑠 𝑖𝑛 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 − 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑜𝑛𝑠 𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 (𝐻0 ) , 0 < 𝑥 < 𝑙
{
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
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Figure 27. Schematic diagram of inverse top hat function

Because this is an odd function, it can be approximated using a Fourier series of sine terms. This
would give a summation as the result for H(x), where the first term would take the form of H(x) =
bnsin(ωnx). This will give the approximation of the inverse top hat function in terms of sine terms. To
calculate the bn terms, the basic formula for the Fourier coefficients can be used in equation (4).
2 𝑙
𝑛𝜋𝑥
𝑏𝑛 = ∫ 𝐹(𝑥)sin(
)𝑑𝑥
𝑙 0
𝑙

(4)

Note, the 2 is included since the function is treated as if it were a periodic function from – l to l
undergoing an odd extension. Also note, ωn takes the standard periodic form of (nπ)/l. Once the bn terms
are calculated, H(x, t) is as shown in equation (5).
∞

𝑛𝜋𝑥
𝐻(𝑥) = ∑ 𝑏𝑛 sin(
)
𝑙
𝑛=0

(5)
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This gives an approximation of the top hat function. However, since the diffusion of the solution contents
into the membrane is of the most interest, the actual function of interest is H(x,t), so a time dependent
term of the form ert must be added, which gives H(x,t) = bnsin(ωnx)ert. To find the r term, one can simply
take H(x,t) in this form and plug it into Fick’s second law and use the boundary conditions H(0,t) = 0 =
H(l,t) which leads to the results in equation (6).
𝑟𝐻(𝑥, 𝑡) = −𝜔𝑛2 𝐷𝐻(𝑥, 𝑡) → 𝑟 = −𝜔𝑛2 𝐷

(6)

This then leads us to equation (7).
∞

𝑛𝜋𝑥 −(𝑛𝜋)2 𝐷𝑡
𝐻(𝑥, 𝑡) = ∑ 𝑏𝑛 sin (
)𝑒 𝑙
𝑙

(7)

𝑛=0

Equation (7) gives each decaying sine term for the concentration as a function of time. However, the
cumulative color change over time not just the specific concentration at certain time in terms of x is the
function of true interest. Thus, integrating over H(x,t) in terms of x from 0 to l to get the function
corresponding to total concentration difference and thus color change, C(t). This is found as equation (8)
with the initial conditions listed in equation (9).

∞

𝐶(𝑡) = ∑ 𝑏𝑛 𝑒 −(
𝑛=0
𝑙

𝑛𝜋 2
) 𝐷𝑡
𝑙

−𝑙
[cos(𝑛𝜋) − 1]
𝑛𝜋
𝑙

𝐶(0) = 𝐶0 = ∫ 𝐻(𝑥, 𝑡)𝑑𝑥 = ∫ 𝐹(𝑥)𝑑𝑥
0

(8)

(9)

0

Equation (8) is then the final form. This equation is the cumulative concentration difference in the
membrane over time, which can in turn be related to the color change over time. However, D needs to be
solved for, which can be fitted to the data of interest. Also, it is likely that a pre-factor may be needed to
multiply outside the front of the equation and a constant term may be needed to be added to the equation,
which gives the form below:
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∞

𝐶(𝑡) =

∑

𝑄𝑏𝑛 𝑒 −(

𝑛𝜋 2
) 𝐷𝑡
𝑙

(10)

+𝐶

𝑛=𝑜𝑑𝑑;𝑛0=1

The terms for these equations can thus be summarized as found in Table 4 and Table 5.
Table 4. Summary of constants and equations for model fitting
Term

H(x,t)

H0

l

bn

C(t)

Initial

Membrane

Fourier series

Total concentration

difference as a

concentration

thickness

coefficients

difference in the

function of

difference in

space and time

the membrane

Meaning Concentration

membrane over time

Table 5. Constants to be fitted numerically
Term

D

Q

C

Meaning

Diffusion coefficient

Pre-factor

Constant term

4.3 Modeling of Anion-Exchange pH-Sensing Membranes
For the pH sensitive membranes, the focus was on color changes from neutral to blue in high pH.
To measure this data, images of the color transition were measured for the anion-exchange membrane and
neutral membrane being placed into 0.01 M NaOH of pH 12. It was assumed that the starting pH of the
membranes were neutral (pH 7). For the mechanism of the dye, thymol blue, it is noted that the transition
from neutral (yellow) to high pH (blue) involved deprotonation. This would occur from the release of a
H+ ion to the OH- ions in the pH 12 solution, so the assumed mechanism is the diffusion of OH- ions into
the membrane for deprotanation. For OH- ions, the concentration in the neutral membrane should be 10-7,
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while the concentration in the pH 12 solution would be 10-2. Taking this difference, the inverse top hat
function is set up with l = 0.25 mm, the average thickness of the pH-sensing membranes and an H0 of 0.0099999 entered into equation (3).
From here, the bn terms can be calculated, noting again that since the function is taken from 0 to l
it is odd and should therefore have no sine terms. Thus, entering the l and H0 into equation (4), bn can be
solved for as summarized in Table 6.
Table 6. Values for the coefficients and equations for the pH anion-exchange membranes
Term

H0 (M)

l (mm)

Value

-0.0099999

0.25

bn
𝑏𝑛 = {

0.0399996
,
𝑛𝜋
0,

𝑛 = 𝑜𝑑𝑑
𝑛 = 𝑒𝑣𝑒𝑛

OR
=

0.0199998
[(−1)𝑛 − 1]
𝑛𝜋

Integrating over H(x,t) from x = 0 to x = 0.25 simply gives equation (8) with the values in Table 6 used
for the calculation. Assuming the summation is taken over only the odd terms, the equation can be
reduced to that of equation (10). With the terms plugged in, this gives equation (11).
∞

𝐶(𝑡) =

∑
𝑛=𝑜𝑑𝑑;𝑛0=1

𝑄

−0.0199998 −( 𝑛𝜋 )2 𝐷𝑡
𝑒 0.25
+𝐶
(𝑛𝜋)2

(11)

By minimizing the square of the difference between the actual color values over time versus the
color values over time calculated from this model, Q, D, and C can be solved for. The fitting, which was
coded in python (see appendix B) using the first 100 terms or the first 50 odd terms in the infinite
summation, to give the values found in Table 7. This led to an R2 value of 1, and the results can be found
in Figure 28.
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Table 7. Values of fitted coefficients for pH-sensing anion-exchange membranes
Term

D (m2/s)

Q

C

Value

8.45 x 10-10

13682.96

2.75

Note: The data compared to was simply the average blue pixel value on the 0 to 255 RGB scale
for the membranes over time taken from a video. Also note, there is some noise in the data for a couple of
reasons. For one, the video images give slightly more compressed pixel data than a normal picture would.
Also, since the membrane is submerged in water and the video was taken while other lab work was going
on, there are some lighting changes. Finally, in some of the later data, the position of the membrane was
slightly adjusted, so there could be one or two frames containing a gloved hand and thus causing a spike.

Figure 28. Mathematical fitting to pH-sensing anion-exchange membranes color change
Clearly this is a very good fit, indicating that the understanding of the relation between diffusion,
the dye mechanism, and color change was likely correct. Based on some literature studies, it has been
modeled such that the diffusion coefficients at room temperature of 0.26 M H+ and OH- in water to are
estimated to be 7.62 x 10-9 m2/s and 4.56 x 10-9 m2/s, respectively.[36] These results are about 1 order of
magnitude higher than the diffusion coefficient for the membrane, but this result is reasonable. There are
many models available that predict diffusion, and these models often find a strong correlation between
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water content of materials and diffusion coefficients.[37] Based on the water uptake results for the
membranes, the wet and dry weights can be used to estimate the water content at 38 wt%, while water
content would be 100% for pure water. In a previous study, a number of correlations between water
sorption coefficient and diffusivity were calculated. Although presently, there are only two data points,
continued testing with membranes of different water content could lead to a model with a very good fit
for the diffusivity as a function of water sorption.[37]

4.4 Modeling of Neutral pH-Sensing Membranes
The modeling for the neutral membranes follows readily from the modeling for the anionexchange as the initial conditions are exactly the same. Thus, the F(x) is the same, leading to exactly the
same bn values. The only difference would be in fitting the data to the curve as the data is very different.
It is important to note that since the neutral membranes tested to gather the data were somewhat
transparent, this caused the average blue content to show as decreasing because of how much light was
coming through the membranes compared to the anion-exchange membranes. The color change is still
from yellow to blue, but the yellow shows up as very bright while the blue shows up as deeper in
intensity. This simply flips the fitting upside down, giving a negative pre-factor, but the results can still be
compared with that of the anion-exchange membrane. The graph depicting the fitting can be found in
Figure 29. Note, a small section of the data is excluded as the position of the membrane was being
readjusted during this time.
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Figure 29. Fitting to neutral membrane color change over time
The fitted coefficients for the neutral membrane can be found in Table 8.
Table 8. Fitted coefficients for neutral membranes
Term

D (m2/s)

Q

C

Value

3.08 x 10-10

-1450.45

2.84

These results lead to a number of interesting conclusions. For one, the diffusion coefficient is not
that much lower than that of the anion-exchange membrane, which was not necessarily expected. These
results also show the neutral membranes undergoing a complete color change in about 1 minute. This is
much faster than was previously observed, but it is important to note that in this test, the neutral
membrane was stored in DI water before testing, meaning it was already in equilibrium in terms of water
uptake. This likely allowed for a faster color change than observed before. From these results there
appears to be a definite correlation between water uptake and color change, but this would need to be
studied further.

4.5 Modeling of Mercury-Sensing Membranes
The modeling procedure for the Hg2+ modeling was exactly the same. However, video data for
these membranes was not available, so there are much fewer data points for the fitting. The initial
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conditions are also different, which requires recalculating the bn values. In this case, the content of
mercury ions inside the membrane is 0, while the content outside was either 0.01 M or 5 x 10-5 M. The
thickness was also slightly different at about 0.196 mm. Thus, the coefficients for solving this model can
be found in Table 8.

Table 9. Values for the coefficients and equations for the mercury-sensing membranes
Term

H0 (M)

l (mm)

Value

-0.01

0.196

bn
−0.04
𝑏𝑛 = { 𝑛𝜋 ,
0,

𝑛 = 𝑜𝑑𝑑
𝑛 = 𝑒𝑣𝑒𝑛

OR
=

0.02
[(−1)𝑛 − 1]
𝑛𝜋

Thus, the final C(t) equation for the mercury-sensing membranes can be found in equation (12) with the
values in Table 8 plugged in.

∞

𝐶(𝑡) =

∑
𝑛=𝑜𝑑𝑑;𝑛0=1

𝑄

−0.01568 −( 𝑛𝜋 )2 𝐷𝑡
𝑒 0.196
+𝐶
(𝑛𝜋)2

(12)

Plotting the mercury-sensing membrane change over time and fitting to it, two plots were
considered, Figure 30 and Figure 31. Since there are only 8 data points, the best fit is a very sharp curve
as depicted below with R2 = 0.9996. The fitted coefficients can be found in Table 9.
Table 10. Values of fitted coefficients for mercury-sensing membranes
Term

D (m2/s)

Q

C

50
6.96 x 10-10

Value

4393.3

3.23

Interestingly, with this fit, it appears to suggest that the diffusion of the mercury ions into the
membrane is within the same order of magnitude of the diffusion of the OH-1 ions. For reference, the
ionic radius of Hg2+ is approximately 110 pm, while the ionic radius of OH- ions is also 110 pm.[38], [39]
With this in mind, this would again indicate that the originally hypothesized mechanism of the OH- ions
diffusing into the membranes was a correct assumption as the diffusion coefficients of the two ions with
the same radius are the same order of magnitude and relatively close.

Figure 30. Math model of mercury-sensing membrane
Adjusting the initial guesses for the parameters for the fitting data leads to an overload in the
code, but it still gives an R2 value of .9886 and looks much more realistic. The parameters are listed in
Table 10.
Table 11. More realistic values of fitted coefficients for mercury-sensing membranes
Term

D (m2/s)

Q

C

Value

8.12 x 10-12

54015.42

3.61
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Figure 31. Plot of more realistic fit of mercury color change over time
While the radii of the OH- ions and that of the Hg2+ ions are the same, there are a number of
reasons that the diffusion coefficient of the mercury ions would be much smaller. For one, it can be
observed that the color change in the pH membranes takes about 25 s. In stark contrast, the time of
transition for the mercury ions in this specific experiment takes a total of 20 minutes. This would clearly
indicate that the diffusion coefficient should be measured as much lower. Also, it is likely that the
deportation reaction is somewhat faster than that of the complexation reaction for the Hg2+ ions as they
need to orient properly between two dye molecules, which is much more complicated.

4.6 Analytical Solution
All of the above models were solved numerically using computer programming since summations
of exponential decay terms decaying at different rates cannot be solved analytically. However, with the
given model, almost all of the decay occurs in the first few terms, so the solution to the equation can often
be estimated simply using the first term of the Fourier series by assuming the other terms are decaying
much faster. Since these experiments were taken on the long time scale such that the membranes were
saturated and no longer continuing to change at the end of the experiment, the method of a single sine
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term can be used. In contrast, were the experiments conducted on a short time scale, the method of the
error function would be used.
Following this method, it is possible to somewhat estimate an analytical solution to the diffusion
coefficient. This method was not chosen as the main method, however because of the nature of the data.
The equations which contain the diffusion coefficient are models for the ion concentration. This is of
course related to the color since the color change occurs with the diffusion of ionic species, but they are
not exactly related.
Setting this problem up in the same way with a concentration difference, there is some departure
from reality, but the concepts remain the same. One can think of the outside solution as the blue color the
membrane is attempting to equilibrate to (even though in reality the solution is clear) and then begin with
the starting yellow color of the membrane. Measuring the blue path only, the starting membrane color is
114.83 and the ultimate blue color that the data levels off at is 138.94, giving a difference of -24.11.
Using this as the new H0 and leaving the thickness the same, the equations are solved as before, ultimately
resulting in equation (13), where C(t) is now color difference rather than concentration difference.
𝜋

2 𝐷𝑡

𝐶(𝑡) = −4.8865𝑒 −(0.25)

(13)

(13)
This equation was solved analytically, using the data points found in Table 11. Note, the negative
was ignored in solving for the diffusion coefficient and simply the absolute value was reported.

Table 12. Analytical solutions to the diffusion coefficient and corresponding data points
Time (s)

9.99

30

50.026

Color Difference

-6.264

-19.424

-24.054

D (m2/s)

1.57 x 10-10

2.9 x 10-10

2.01 x 10-10
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The average of these diffusion coefficients gives 2.16 x 10-10 m2/s, which is the same order of
magnitude but somewhat smaller than the diffusion value found using the numerical method. This value
is likely closer to reality since it represents the analytical solution. It also used the color change data
instead of the concentration data, so there was no added pre-factor or constant in the fit. Because of the
noise in the data, the results might be even more reliable if multiple data points were considered.
Considering every data point gives a diffusion coefficient of 3.73 x 10-10 m2/s. This is very close to the
data measured before and given the noise, it is unclear whether it is better to consider all the data points or
a few carefully selected ones.
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Chapter 5
Future Work
Based on the results above, there is some more experiments that would be interesting to study for
the pH membranes and a number of further tests that could be carried out in terms of the heavy metal
detection properties. Lastly, although not greatly discussed in this text, the properties of the anionexchange membranes to actually filter the contaminant ions should also be studied further.

5.1 pH Testing
For the pH testing, it would be beneficial to collect further cycling data on the neutral membranes
as well as further test the anion-exchange membranes to see if at very large cycle times (say 100 cycles)
the response starts to drop off. With the cycling, it be important to not only measure the color change but
also see if the time to change color increases as the number of cycles increases. It would also be
interesting to further modify the mechanical properties by adjusting cross linker content and other
components to give stronger membranes.

5.2 Heavy Metal Indicator Dyes
Of the most immediate importance is testing the reversibility of the dyes. It would also be
important to test the dithizone membranes with the other heavy metal ions it is capable of complexing
with. Then, the other dyes outlined in the literature review could also be considered for metals which do
not react with dithizone, such as lead.
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5.3 Mathematical Modeling
For the modeling, it would be good to collect more data on the heavy metal ion color changes
over time. Another option would be to model the color change over time for the inverse transition in the
pH 2 where the diffusion ion would be H+ instead of OH-. There are many further time sequences which
could be studied and possibly lead to a greater understanding of the diffusion properties of the membranes
and their relation to the materials properties of the membranes.
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Chapter 6
Conclusions
The neutral membranes gave some distinct advantages in the color response and mechanical
properties, but had drawbacks in other areas. Because these membranes contain no VBC, they have no
precursor for quaternization and thus cannot filter ion contamination but simply detect it. In terms of color
response, these membranes, at a standard thickness of 0.250 mm, take approximately 15 minutes to show
a distinct color change in a given pH. The membranes were tested in two different manners. Initially, the
membranes were tested immediately after printing, so from an essentially dry state. In these tests, the time
to change color was approximately 15 minutes and gave a vibrant and distinct color change between pH
12, pH 8, and pH 2. However, there was very noticeable leaching of the halochromatic dye throughout the
experiment. In terms of the mechanical properties, the tensile strengths of the neutral membranes were
much higher than those of the quaternized membranes, since they were much more flexible and much less
brittle. The tensile properties of the neutral membranes with added crosslinker were very similar if not
somewhat lower than those of the neutral membranes without crosslinker. However, simply based on the
ease of use with the membranes during the cycling and color response tests, the neutral membranes with
crosslinking appeared to give higher tear resistance and simply hold together more effectively during
testing. Further investigation is needed to determine exactly which is better mechanically, and the neutral
membrane without crosslinker certainly has the advantage of higher water uptake.
Like the neutral membranes, the anion-exchange membrane also has advantages and
disadvantages. In terms of the color response, the response time of the membranes is almost instantaneous
in high pH, although it can take up to 15 minutes to revert its color response in low pH. Unlike the neutral
membranes, however, the color response is sensitive only to high or low pH, not a range of 7 or more pH
values. At high pH it will turn blue, and at low pH, it will turn yellow. It appears almost completely
insensitive to number of cycles, so the response is stable over time. Although the quaternized membranes
have the distinct advantage of allowing the exchange of ions and thus the filtration of water contaminants
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in future tests and applications, it is not nearly as mechanically stable as the neutral membranes. The
specific formula chosen for the anion-exchange membranes, however, was chosen based on a previous
paper as the formulation which gave the highest water uptake. There are a number of variations to this
formula where more crosslinker and DU can be added to alter the properties. This would be at the
expense of the water uptake, but the color response is still very similar based on previous tests. It is also
of note that the water uptake comes solely from the added charge after quaternization. Testing of the
membranes prior to quaternization essentially gave almost no color change at all. It is of final note that
the anion-exchange membranes are of much lower viscosity than the neutral membranes, so it is also
easier to produce membranes of a more even thickness.
In general, both membranes give a solution to part of the detection and filtration problem, which
is why both membranes are reported on here. While neither is ideal in its current state, future
improvements could likely be made to give a final robust membrane encompassing all the possible
response types discussed above.
In terms of the mercury membranes, the results showed a robust response for as little as 2 ppm
mercury content. The responsiveness was not present in any of the controls and gave a slightly varied
color change for the lead and zinc ions with zinc being much deeper red and lead being more orange. It
was also shown that any combination of the ions does not have a masking effect and still gives a color
change somewhere on the spectrum between the three.
Ultimately, with some continued testing and further refinement, these membranes can be used to
detect changes in pH and the presence of heavy metal ions such as mercury, lead, and zinc, in drinking
water.
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Appendix A
Python Code for Mathematical Modeling
Image cropping for extracting videos for pH anion-exchange

Code for fitting to anion-exchange pH-sensing data

59
Mercury modeling Code
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Under Review: R. Stern, S. Cui, M. L. Delle Monache, R. Bhadani, M. Bunting, M. Churchill, N. Hamilton, R.
Haulcy, H. Pohlmann, F. Wu, B. Piccoli, B. Seibold, J. Sprinkle, and D. B. Work (2017) “Dissipation of stopand-go traffic waves via control of a single autonomous vehicle”
Work Experience
Product Development Intern at ExxonMobil, Houston



Technical Intern at Covestro, LLC, Pittsburgh






Modified refrigerator foam to test for improved insulation values
Screened possible chemical replacements for supply security
Analyzed data using Excel and assisted in experiment creation
Won Best Poster and the Sustainability Challenge Team MVP award




Develop 3D printed chemo-responsive water filtration membranes
Modified, characterized, and synthesized oil collecting polymers

Materials Science & Engineering Undergraduate Researcher, Penn State

Penn State Learning Math Tutor, Penn State



January-May 2015

January-May 2017

August 2014-Present

Organize weekly activities and cultural events as previous president

Member, Engineers Without Borders, Penn State



September 2016-Present

Wrote and presented grant style proposal as the team leader to use colorchanging polymers to provide health informatics about gluten contamination

Activities
Member, French Club, Penn State



May-August 2015

Collaborated weekly on team projects often using Photoshop and CAD
Created recycling process and prototype for capstone sustainability project

NAE Grand Engineering Challenge Class Competition, Penn State



February 2015-Present

Wrote Mathematica code to calculate Landau potential coefficients
for ferroelectric materials

Introduction to Engineering Design Honors Projects, Penn State




October 2015-Present

Used MATLAB to model and systematically test traffic behavior
Analyzed large data sets
Wrote formal reports using LaTex that were shared with collaborators

Projects
Dr. Long-Qing Chen’s Thermodynamic Research Lab, Penn State



May-August 2016

Run campus-wide exam review sessions for Matrices and Calculus III

Applied Math Research Employee, Temple University





May 2017-August 2017

Characterize structure property relationships in newly produced PE films

April 2016-Present

Contribute to Honduras solar energy project and sustainable house project

Member, Springfield, THON fundraising organization, Penn State
Liturgical Singer for Weddings and Funerals, Newtown Square
Visual Art Sydney Study Abroad, Australia

August 2014-Present
November 2010- Present
December-January 2016

