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ABSTRACT

Due to risk of environmental and biological accuatian of Cadmium (Cd),
improved methods of early detection and monitormgst be explored as a preventative
measure. Listed as one of the top three toxic heatals by the Environmental
Protection Agency (EPA), the effects on ecologarad human systems have well
documented side-effects of physical mutation, répctive sterility, kidney failure, liver
disease, bone loss, and death. Found in batteregs)] plating, pigments, plastics, and
cigarettes, Cd is also used as a neutron absarllee inuclear industry as well as having
3 known radioactive isotopes. Urine Cd levels,clthave been widely used to predict
whole body levels, increase when kidney damagerscthws increasing the importance
to monitor and detect as early as possible. Alghaseveral methods of detection and
monitoring are currently in use, they are insuéittifor reasons including massive
expense, weak specificity causing false readingd/oa a lack of portability. By
exploiting naturally occurring mechanisms knowmrtizgro-/nanofluidics, a novel
approach to Cd detection, measurement, and precstatien was explored using the
finite element computational software COMSOL. Aren flow system of a nanochannel
was explored through manipulation of the surfacgh density. With a dominant
negatively charged density on the walls, positivdaxe charge densities were adjacently
placed at the center of the nanochannel causingstriction of flow and allowing
preconcentration of the analytes. When the opmm $lystem was scaled up to a

microchannel, the mechanism was found to have Hflect on constriction of the flow.



A preconcentration effect was discovered in a ddkav system when the adjacent
patches were modeled as being impermeable to ghaagsing the molecules to migrate
to and remain at the central region of the microdehdonce the dynamic process reached
steady state. It was found to have the abilitgadncentrate Cd at an initial concentration
of 0.5 mol/ni, which is nearly half the limit of commercially @ilable technology.
Additionally, this preconcentration mechanism wamdnstrated to potentially advance
its capabilities by attaching channels in seriegavallel to further preconcentrate for
improved detection. Finally, measurement of exélgnow concentrations of Cd is
possible due to differences seen in the conceaotrdistribution profiles once steady-

state is reached.
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CHAPTER1
INTRODUCTION TOEFFECTS ANDDETECTION OFCADMIUM

1.1 SOURCES AND USES OF CADMIUM

Although it can be found in the earth’s crust atrage levels of 0.18 mg/kiipe
main source of Cd in nature is from man-made usaggpically, Cd is applied during
the smelting process of zinc battery manufactuasgvell as being used in batteries
themselves, such as Ni-Cd batteries. Addition&lky,coatings are used for steel and
copper. Many electronic devices utilize Cd as walbre specifically, in the form of
silver solder. Attractive to the ever increasimgrnd for energy efficiency, another
electronic device that makes use of this heavy Inefhotovoltaics; where solar cells
are fabricated with CdTe. Colors and pigmentseesly reds, oranges, and yellows;
have been known to be comprised of Cd. Certaistiply such as Polyvinyl chloride,
also contain Cd. The effects of cigarettes andeteted suspected carcinogens within
them have been widely studied; adding to thisés@d contents which can be increased
through environmental exposure and accumulatiotheriobacco plants®
Bioaccumulation raises concern for meats, espgdiadl liver and kidney since these
organs are where the Cd tends to amass. Fertjliwbish are composed of plant and
animal bi-products, also have detectable levelSdf
1.2 NUCLEAR INDUSTRIAL USE OF CADMIUM

With three known radioisotopes (Cd-109, Cd-113,1a8m) combined with the

threat of environmental- and bioaccumulation ma&es cause of concern for



ecotoxicology, radioecology, and human-health. ArgoNational Laboratory has
outlined the effects and uses of Cd radionuclidése half-life of the known radioactive
isotopes of Cd are as follows: Cd-109 has a hifdf 1.3 years; Cd-113 has a half-life
of 9.3 million years; and Cd-113m has a half-lifeld billion years. Cd-113m, which
emits beta particles with no gamma radiation dgdiays, is of the greatest concérn.
Furthermore, Cd is used as a neutron absorbeeinublear industry. Behavior of
fission products, including Cd, has been studiddrestvely along with radiochemical
determination and systems with liquid-Cd rectifiéfsLevels of various radioactivity
has been monitored since the devastating FukusBueat, with noted increase in the
amount of Cd found in the environment of the UniBdtes. Nawrotet al. produced a
study on environmental exposure of Cd on a popndiave been performed revealing a
connection between environmental exposure to catraind cancet.

The threat of environmental- and bio-accumulat&ises an increased concern,
giving rise to fields of study such as radioecolog®ue to time dependent
transformation processes such as mobilizationaibraiclide species from solid phases
or interaction of mobile and reactive radionuclggecies with components in solid and
sediments; the original distribution of radionuelkddeposited in ecosystems will change
over time and influence the ecosystem behavioradtess the environmental impact
from radionuclide contamination, information onicatdiclide species deposited,
interactions within the affected ecosystems andithe-dependent distribution of

radionuclides species influencing mobility and bgtal uptake is essential.



1.3 ECOTOXICOLOGY RELATED TO CADMIUM

Effects of Cd to the ecosystem have been well dected from the bottom to the
top of the food web®?? Connections have been made from the accumulati6ual én
plants to the effects on humafisMobility, accumulation, and removal of toxic mista
using plants was originally explored by Sailal., mapping future work from othets?
Gaddet al. has more recently reviewed the relationship betviergi and toxic metals,
including Cd; finding a relationship between metatsl fungi with reference to plant
phytotoxicity. Gaddkt al. takes this a step further, adding that metal-fuindaractions
have biotechnological implications for waste remmfaoxic metals:> Several articles
have been written on studies of Cd exposure t@ldngs, such as a review by Clemens
(2001) of metal homeostasis, tolerance, traffickingnsport, and accumulation in
plants'* Exposure to Cd has been known to cause oxidstiess in plants, with some
protection through mycorrhization Sandalicet al. found Cd produces significant
changes in the pea plant’'s growth ability, decreas$eanspiration and photosynthesis
rate, changes in the root and leaf nutrient comsést® The threat of environmental
accumulation of Cd has been observed through thefuthe soy bean. Cadmium
concentrations as high as 4 times the 0.2 mg/kig, lestablished by the Codex
Alimenterius Commission, were found despited thecmcentration being well below
the maximum allowable Cd concentration. This @ioés the need for Cd concentration
monitoring?’ Metallothionein (MT) bound Cd in the intestineddt of an insect has been
discovered, indicating the influence of diet on&gosuré?® Jansseet al. has
completed a comparison study between differentiepaxdt arthropods on the kinetics of

Cd, which produced a good predictive model for aialing pollutant flux:® Postmaet



al. varied the levels of Cd in food @hironomusriaprius to study the chronic toxicity
effects, revealing a negative effect on larval digweental period and even causing an
increase in mortality” Predator-prey interactions have been studieditgieRet al. to
observe the response to Cd exposure in an aqoaticweb showing a significant effect

on the hierarchal response of the energy budgetadividuals and decreased capture
efficiency of the predatdr: Gotoet al. has also studied the dependence of predator-prey
relationship on the transfer of Cd in fish, sugopesthat predator fish retained up to

11.0% of Cd found in their préy. Much of the Cd will be retained by the fish and
accumulated over time.

Due to their semi-permeable skin, amphibians agadicular interest when
studying Cd absorption and kinetics. The Ecolog&tera, would agree on the
importance of studying metal speciation in an aguetosystem and point to the
difficulty in carrying out such studi€s. A review of the effects of Cd on amphibians has
been performed by Grossal. revealing negative effects on the growth and dgraknt
of tadpoles$* Cd exposure has been found to have sex diffetérgi effects as well as
causing changes in metamorphdsislame et al (2x) observed the hibernation cycle of
toads when introduced to Cd as well as the metanmrpsults to chronic Cd exposure.
These results revealed only a 56% survival rateads fed worms with 4.7 ug Cd per g
body weight versus 100% survival rate of the cdatio one study, which was found in
agreement with other studies on changes in metdrisisp®?’ Toxic and genotoxic
potential of Cd, more specifically CdGhhich is a water soluble compound, has been
evaluated by Mouchet al. and found to have acute genotoxicity of 2 mg Galie

species of amphibian larvae while being genotokallaconcentrations for another



specie€® Fridmanet al. introduced Cd to amphibian embryos to study upttkecity
and metabolism effects; suggesting that Cd expasauses a disruption in the endocrine
systen? Industrially developed areas in close proximityvetlands have documented
Cd concentration levels as high as 703 ug/L anavanage water concentration of 1.0
ug/L in the United States, leading to the altersmivgh patterns seen in amphibious life
through chronic, low dose exposure to & An influence of Cd on the thyroid
hormone (TH) has been suggested after studyingfthets on frog growth cyclé. Of
importance to note, is the difference in result€dfexposure on amphibians based on
the route of exposure, whether it was absorbedigiréhe gills and skin or through the
gastrointestinal tract after consumption, sugggstat both lead to harmful
bioaccumulatiorf!*
1.4 EFFECTS OF CADMIUM ON HUMANS

The human kinetics of Cd initially depends onititake method; however, the
end result is similar. Although minimal, Cd candiesorbed through the skin by binding
to MT and transported through the blood stream.elMihgested through the
gastrointestinal tract, Cd can be absorbed in sédéferent ways; such as metal
transport complex or endocytosis of proteins. Weis not excreted through feces is
absorbed into the blood stream. The lungs fundbdmansport oxygen and other
valuable nutrients directly into to the blood streaDue to the direct path to the blood
stream, unblocked inhaled toxins can have serigtienplications. In the form of Cd-
Cysteine, cadmium is absorbed directly into thetlstream. Once in the blood stream,
Cd is transported with MT, glutathione, cysteingd @roteins to complex. From the

blood, Cd travels to the liver where Cd-MT is sydized. Cadmium is then stored as



Cd-Glutathione, Cd-Cysteine, Cd-MT, and Cd-Protélihere are two pathways in which
Cd can reenter the blood stream. The first isugatjon with glutathione, where it is
then secreted via the biliary system. The secacdrs after hepatocyte necrosis or
apoptosis, causing Cd-MT to be released back @dlood stream. The Cd compounds
then travel to the kidney where it is stored in pter as Cd-MT or Cd-Protein.

Cadmium is then excreted very slowly and in sma#irgities through the urine. For
more detailed explanation of the Cd kinetics iniibenan body see Goetal.*

Research has been well documented on the efféad exposure on the human
population®**! To the public eye, perhaps the most notable pialesftect of Cd
exposure is its carcinogenic efféé¢** The International Agency for research on
Cancer (IARC) has placed Cd in category 1 of cagéms®® Nawratet al. have
performed a study on a population analyzing padignth cancers, connecting Cd
exposure as having a significant risk associati®ince tobacco is a plant and cigarettes
are a known carcinogen, it is important to analymepotential uptake of Cd into the
tobacco plants and transfer into humans. Suchestiive been performed by Nnorom
et al. & Martin et al.**** Toxicokinteic modeling is important for use assk
assessment tool. Amzetlal. has assesses the health risks of Cd using a pimoula
toxicokinetic model, estimating the half-life of @albe approximately 11.6 yedrs.
Valleeet al. have written a detailed biochemical analysis ofe@dcts throughout
biological systems, including reviewing enzymatitities that are enhanced by €4.
Genomic instability as a result of Cd exposure ismthechanism has been explored by
Filipic, suggesting that low concentrations of @Gah produce genomic instability in non-

occupationally exposed hum&fisThe genotoxic effects include interference withAD



repair, damaged signaling processes, apoptotiavags) oxidative stress induced
through mitochondrial exhalation of reactive oxygpecies (ROS) and depletion of
cellular antioxidant§?4*40-4°

Due to the toxicity of Cd, the United States gowveent has placed several
regulations on release of Cd into the environmedtallowable exposure of workers
deemed the “risk population”. As per the Safe king Water Act of 1974, the EPA is
required to establish the Maximum Contaminant L&ehls (MCLG), after which a
Maximum Contaminant Level (MCL) is set at or velgse to the MCLG. In most cases
these values are established to be the same, vehilel case for Cd as set at 5 parts per
billion.>? |t is important to note the difference in solithibf Cd compounds.
According to the EPA, while cadmium oxide (CdOinsoluble in water, other Cd
compounds may be highly soluble; such as cadmidoridie (CdC}) which has a
solubility in water of 14 g/L at the low temperaguwf 20°C. The Occupational Safety
and Health Administration (OSHA) has regulatiorss$dd for each industry relating to Cd
from agriculture (1928.1027), shipyards (1928.102@hstruction (1926.63), to general
industry requirements (1910.1027). Where poteeti@osure to toxic materials is
possible, OSHA is charged with the task of detemgithe Permissible Exposure Limit
(PEL). For the high “risk population” of the worlsein Cd related industries, OSHA has
set the PEL at 5 ugfover a period of 8 hour§:®® Inhalation of toxic substances has a
significantly different response, which in mostessvill expatiate the reaction.
Histopathology of Cd in the liver and lungs hasrbebserved in frogs by Ikechukveti
al.,>” which confirms concern for Cd exposure in the fafninhalation for humans. As a

result, OSHA sets a limit on the amount a substanoebe released into the air, or the



Separate Engineering Control Airborne Limits (SEGAL For Cd, the SECALS ranges
from 15-50 ug/m depending on the industry. Furthermore, OSHAg&TaAction Level
(AL) at which employers are required to perform @gre monitoring and medical
surveillance. Once the exposure over the AL ishied, which is 2.5 ug/frfor Cd,
monitoring is required every six montfs?’

As previously mentioned, notable differences camlbserved through the
different pathways of intake and dose respons€xdagxposure. There is a 10 fold
increase in toxicity of Cd ingested over a shomrt@eriod versus long-term exposure.
Similarly, inhalation has a 100 fold increase ofitdy in short-term versus long-term
exposure of Cd*> Typical acute responses to Cd exposure invobeelfke symptoms
with stomach irritation, vomiting, and diarrheahalugh, higher doses may cause injuries
to the testes, liver, lungs, and potentially déattt>® Higher risk is seen in chronic low
dose exposure to Cd; which can cause permaneniggaimareas such as the testes and
lungs, emphysema, pulmonary disease, bone loss,ieisuppression, liver disease, end
stage renal disease (ESRD), and déati:®*%? The kidney is specifically important to
the body’s ability to clean the blood, impairmehttos function can result in significant
cardio vascular issué$® Once in the body, Cd will travel through the lisiream and
settle in the liver and kidney. Cd induces pratei, leading to impaired renal function
and osteomalaci&:®® Once entered into the blood stream, Cd accumuilatiae
lymphocytes where it binds to MT and transports@leto the liver and kidne¥/."* As
an intracellular scavenger, MT provides protectmmnCd, increasing its accumulation in
the body and leading to a long half-Iffé®®"? Due to the binding of MT to Cd,

measurements of this biomarker are often used tsune Cd levels in the body as



excreted through the urifé@’* Although, Cd can be detected in the blood streaine
Cd level may be a better predictor of toxicity. &ihrenal damage occurs, urine Cd
levels increase thus making the need for consistemitoring a necessity.
1.5 CURRENT CADMIUM DETECTION AND MEASUREMENT METHOS
According to the International Program on Chem&aifety, it is recommended
that samples must be taken as a “static” air safnmhe the workplace as well as a
“personal” sample for Cd level measurements; wigabutlined as a part of
Environmental Health Criteria 134. The personalga is often much higher than the
workplace sample which is frequently an underedionamaking the personal sample a
better indicator of Cd levels. Even with recentealepment in technology that requires
less sample size in the range of mL or g of biadagsamples, there is currently no
method that provides the concentration of Cd with bundred percent precision. The
closest to a “true” concentration of Cd is giverotigh isotope dilution mass
spectrometry (IDMS); however, this requires anradtean” facility and is extremely
expensive. Several other methods exist for meag@d levels; including atomic
fluorescence spectrometry, colorimetry with ditluoe, and proton-induced X-ray
emissions (PIXE) analysis. Although, the most camiynused methods for Cd
measurements are (1) atomic absorption spectron{@yrglectrochemical methods, and
(3) neutron activation analysi3.

Atomic absorption spectrometrxtomic absorption spectrometry is the most

commonly used method, which involves passing thepsathrough a burner at high-
temperature and measuring the absorption of thefleea the ground state atoms. This

method has been used to determine Cd concentratioveter’®’” biological materials



such as human hdit,/?and uriné® The detection limit for this type of method is 1-5
mg/L of pure water and 0.1 mg/kg of biological sé@sf> Some enhanced methods
have been explored, such as electrothermal atoomz@ETA). This method of
atomizing samples requires increase sensitivityallg by preconcentration, and 1-100
mL for sample testing ETA has a lower detectable limit of Cd conceiratn blood
and urine of 0.1-0.3 mg/t%. Although this is the most widely practiced mettodd
measuring Cd, there is significant issue with ligtattering as, such as caused by
phosphate ions, a result of particle and nonsealisorption as a result of broad
molecular absorption bands. For example, a 0.& mgiicentration of sodium chloride
produced a signal corresponding to 0.2 mg of Cdiemthe actual concentration of Cd
was 0.4 mg/L® The necessary background correction, sample aizkthe need for
preconcentration are three flaws that should beorgd.

Electrochemical method$he basic principle behind electrochemical methods

revolves around measuring the electrochemical patarreated as electrons transfer
between metals. Recent development in technolagyrtade use of anodic stripping
voltammetry in which previously reduced metalsrateased and bound to the mercury
electrodes. As one of the methods of Cd deteetitinthe most sensitivity, a peak
current is measured at a specific potential tartleéal under analysis. The detection limit
for this method is approximately 0.1 mg/L of urfieAlthough there are Cd-selective
specific electrodes commercially available, thexklthe sensitivity required for
measurement of biological materials.

Neutron activation analysigctivation analysis is used to create radioac@de

isotopes through irradiation with neutrons, whighhen measured by recording the

10



specific energy and half-life of the specific igm¢o Neutron activation analysis has been
used in the past to measure Cd in human fitédne drawback to this method is the
potential requirement to concentrate Cd and sep#&dtom other isotopes present that
have overlapping energy spectrum. For most biokdgiamples, the detection limit is
0.1-1 mg of Cd/kg or 0.1-1 mg/L for neutron actigatanalysis.> This method is often
only used in screening programs as a result ofatige expense involving the use of a
reactor for the irradiation process. In many cages method is used as a reference for
accuracy when testing other meth8d%’ One major disadvantage to this method is the
potential for liquid samples to explode as gased@ms during the irradiation process,
making this method ineffective for measuring Ccelevin urine or blood samplés.
There are somi@-vivo methods for determining Cd levels in the liver and
kidney®®° Through utilizing the naturally-occurring Cd-13®fope and the large
capture cross-section, neutron activation can bieeed on whole organs. A portable
unit has been developed with a Pu238-Be sourcewtfons.® As a “field” unit, this
method has the lowest detection limit of 1.5 mggkgjver and 15 mg/kg of kidney?
This method has some variability based on the locaif the kidney and needs further
development?® Using X-ray generated atomic fluorescence, Cdl$evan be detected in
the kidney corteX*®> The detection limit for this method has been aeieed to be 17
ug/g of kidney corteX® and although this number is low, the precisioornity 23
percent® The detection limits and technology is importanbote; however, the lack of
applicability to liquid samples, makes this teclogyl irrelevant to the end target of this

research paper.
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1.6 PROPOSED IMPROVED TECHNOLOGICAL RESPONSE

With the current methods of Cd detection eithereamely expensive, large
sample size requirements, giving false values fiilegent sensitivity, and/or having
problems with liquid samples; a new technologyG@drmonitoring must be implemented
as a preventative measure to combat environmemtigbi@logical accumulation of Cd.
Utilizing the principals of nature in the form ofiern- & nanofluidics offers a unique
approach to solving the issues relating to Cd dieteevith low sample size requirements
in the range of uL to pL; low cost due to low makconsumption; point-of-care
methodology and instrumentation, such as Lab-orig-@.OC) technologies; and
significantly improved specificity and selectivityade possible through the effects of
having a low Reynolds numb&¥1%3

Recent efforts in micro- & nanofluidics have focdsm such issues as DNA
analysis, first used by Hasal.”” With the device arranged in a repeating seriemef
microchannel followed by a nanochannel, singlenstl2NA analysis is made possible.
The implications of this are high throughput inet#ton of biomarkers for diseases and
cancers, which can be integrated with micro-totalgsis systemauTAS). Entire
organs are being modeled and developed using m8cnanofluidics, such as the human
nephron filter created as a means to miniaturinalreeplacement therapies for portable
implantable and/or wearable artificial kidneys (WK A discovery of ion governed
transport in microfluidics, which has potential fse in Cd detection, was made by Stein
et al. at the Kavli Institute of Nanoscien&e Although this surface charged governed ion
transport is useful for separation and filtrationgesses, more is required to create an

effective Cd monitor.
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The application of microfluidics in relation to catim is relatively new,
occurring within the last year. Cadmium selenudkich is used as a semiconductor, was
synthesized using microfluidic mechanisms as paattbesis dissertation at California
Polytechnic State University> Another study was performed to analyze the cyioto
effects of Cd, which was slowly introduced to fiblast cells and found to suggest
apoptotic pathways were behind cell de&thA recent experimental technique for
microfluidic fluorescent detection has been studiad was found to have a detection
limit of 0.45 ug/L** Although this has a rather low limit, the detentrange only needs
to at or slightly below the established monitoriimgjts of 5-2.5 mg/L>**® Furthermore,
this technique described in this paper would negaicomplex system consisting of a
computer, frequency generator, power supply, angliier. The goal of the study
below is to develop a monitoring system such tichti€tection can be performed in the
field with the human eye.

The unique and potential for mobility make detettimeasurement, and
preconcentration options that should be exploredbplication of in-field detection of
Cd. When liquid is contacted to a dielectric scefethere is a thin electric double layer
(EDL) near the surface. In a nanochannel, dubdgmverlapping electric double layer
(EDL), a preconcentration effect can be seen atticeo- to nano-interface when a
driving force is applied through either a voltagehgdrodynamics®® The results of the
voltage driven and hydrodynamic driven flows vdrg preconcentration effect and
should both be explored for this application. Hoerethere is concern for potential
clotting from larger than nanoscale particulatethatnanochannel interface, which can

potentially be overcome through the use of simylaHarged electrode placed at the
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desired concentration point that will extend theLEdd in effect replicate the desired
nanochannel filtration effect. With the most widelsed method of atomic absorption
spectrometry for measuring requiring preconcertrgti ®the use of micro-/nanofluidic
offers the ability to measure the concentratiothatsame time as preconcentration and

detection of Cd.
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CHAPTERZ2
METHODICAL PROCESS TCSIMULATION
2.1 OPEN FLOW SYSTEM NANOCHANNEL PRECOCENTRATION
The conceptual idea presented in this paper igdedito overcome the
restrictions based on traditional nanofluidic degithat tend to clot. The original
simulation was based on a model problem provide@®MSOL commercial software
of a nanofluidic mixture; in which a surface chadgmsity &) of -0.02 C/mf was placed
on the walls of a 10x60 mchannel. The mixing created in a nanochanneltiro
placing positively charged patches of 0@, 20 nm apartment and on opposite walls
of the channel. The simulation contained two phas of opposite charge with a valence
of +/-2. The two particles were treated as eqoiabfl other parameters, with diffusivity
and concentration being the parameters speciticed@nalytes. A temperature of 300K
was used for the experiment. A voltage of 6e-7asapplied to the left opening of the
channel and was used to drive the flow from leftight through electroosmosis. The
guestion was asked of how the flow would readuéf positively charged patches were
moved to the center of the channel directly oppeositeach other. It was suspected that
an alteration of the conditions could cause a &éattick of the flow by changing the
positions of the positive surface charge densitiégbe center walls of the channel
directly opposite of each other and as a resuétera preconcentration effect. (FIGURE

2.1)
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Figure 2.1 Nanochanneliker andPreconcentratiarAll are nanochannel wit
dimensions 10x60 nmthe color scheme represents the intensity whei@ R high
and BLUE is low, the BLACK lines and arrows reprasine flow profile anc
direction,c is the negative surface charge density, o, is the positive surfac
charge density; a.) is a nanochel mixer wheres equals -0.02 C/ﬁandcp equals
0.06 C/nf; b.) Velocity profile of a nanochannel preconcatiar where the red is th
highest velocity, blue is the lowest velocity, tilack arrows are the direction of flo
the black lines are the stream lines of the padicc equals -0.02 C/ﬁ‘andcsp equals
0.06 C/nf; c.) is the concentration profile of nanonnel preconcentration where t
highest concentration (RED) can be seen at thecdatvest concentration (BLUE
can be seen at the outer ed equals 0.02 C/fn andop equals 0.2 Clf
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This did in fact cause a constriction of flow a¢ ttenter of the channel where the
positive patches were located as can been sebg dhifference between a.) and b.) in
FIGURE 2.1. As can be seen in this figure, thevflo a.) was redirected when
approaching the walls with a positive surface chatgnsity. This concept was taken a
step further by moving the positive patches todteter of the channel causing the flow
to constrict at this region. Although the flow wamstricted at this central region shown
in Figure 2.1b, the positive analyte was drawnrtd kargely stayed at the surface where
the charge was negative. To overcome this, tHasicharges were made to be positive
and increased in magnitude. The results of thisws in the concentration profile Figure
2.1c, revealed that the positively charged padiale longer stuck to the walls and
displayed a constricted flow at the center of themmel. In Figure 2.1c, the RED color
represents the highest concentration and the ldnetds the lowest concentration. This
is also applicable to the entire thesis. If thipassible at the nanoscale, it was speculated
that a similar results could be seen and utilizegie@microscale, which would be
beneficial to prevent clotting seen in nanofluidevices.

2.2 OPEN FLOW SYSTEM MICROCHANNEL PRECONCENTRATION

The next step was to increase the scale to micem&i then simulate the same
effect seen as nanofluidic preconcentration; howedespite significant effort, this
concept proved to be unsuccessful. Based on sesxrations in the simulation, the
same level of flow constriction was not able tosben on the microscale as on the
nanoscale. Using the original surface charge deesand a proportional voltage driven
flow, the constriction of flow at the center of tbleannel was insignificant. Increasing

the surface charge density 1,000 fold, proportiomdhe increase in channel size, proved
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to created complication in the computation of tleetic field gradient and was therefore
deemed an ineffective method.

Additionally, a voltage was used on the surfacdsnalan attempt to create a
proportional electric field. Since electrodes hamanherent electromagnetic field, it
seemed plausible that placing electrodes of theesdrarge along the surface wall would
serve to replicate the effect of the surface chdagesity and further open the door to
controlling the preconcentration method. Usingeleetric field calculated by the
software created by the surface charge densitydhage needed to produce a similar
electric field was reverse calculated and usedhfese simulations. First attempts saw
issues with the electric field gradient once agais.a result the model was simplified to
create a proportional electric field as seen inntweopreconcentration model. (FIGURE
2.2) In FIGURE 2.2a, the electric field distritartiand intensity was modeled without
including the transport of dilutes species and f@niflow modules in order to calculate
the voltage needed to create a proportional etefeélid distribution in a microchannel.
As seen below, the intensity of the color schemeHe electric field distribution is

proportional and in same direction as per the wénitews.
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Figure 2.2 Upscale of Electric Field from NanoMeroscale: Electric field
distribution where RED is the highest intensity, Bt is the lowest intensity, the
WHITE arrows are the direction of the electricdigV/ is the lower positive voltage
used to replicate a surface charge densitys¥he higher positive voltage used to
replicate a surface charge density, a.) is a narowl, and b.) is a microchannel.

It was speculated that this would then cause thehpin flow profile previously
seen; however, this was not the case. The simolagivealed that the analyte was either
prevented from flow through the channel or paskealigh with zero change in profile.
Adjustments were made to both the voltage drivew thnd the voltages placed along the
surface of the wall with no significant changeswvits then speculated that perhaps
adding a ground point at the center of the chawoelld cause a flow toward that central
point; however, the analytes traveled beyond tloemg point with no change in flow
profile. Additionally, the voltage driving the flowas also studied. Decreasing the
driving voltage would cause an increased chandiew however, if this voltage were to
no longer be present and the system was changeditsed system, the analytes would

then travel to and settle at the surface with {hy@osite charge of the analyte at
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equilibrium state. Since this was not the origin&nt of the study as this would take a
length of time to reach steady state and would lals® novelty of the concept, it was
ignored.
2.3 BASE MODEL: CLOSED SYSTEM PRECONCENTRATION ANDETECTION
The focus of the original study was not only tbiage preconcentration but also
to have rapid detection to be used in field appbea The system was then simplified to
a closed system and the question was then askealwothe simulation would react if the
preconcentration voltage, and/or surface chargsitjeat the center walls of the channel,
was removed entirely. An interesting result wasered during initial simulation, the
analytes congregated at the center of the cha(fI@URE 2.3) FIGURE 2.3a shows
that the intensity of the electric potential ishegt at the center, where there is no charge
at the channel walls. FIGURE 2.3b reveals thabtllk flow is toward the center of the
channel. Additionally, any molecules that escdyeeliulk flow are circulated along the
wall, pushed away from the center, and then eh&ebtlk flow once reaching the left
and right sides of the channel. All moleculesearentually trapped at the center of the
channel as seen in FIGURE 2.3c, where the highestsity of the concentration is in
RED. A time-dependent simulation was run, whichfcmed the flow pattern and
trapping of molecules at the central region ofchannel. Additionally, this process
occurred nearly instantaneously, happening betde2zseconds. Effectively, the
mechanism found here acts to preconcentrate thecmel making it possible to detect at

low concentrations of analytes. This phenomenontivas explored in-depth.
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Figure 2.3 Closed Systemicrochannel Preconcentraticm)) electric potentie
distribution, RED high potential, BLUE low poteriti8LACK arrows are tht
direction of the electric field with the smaller@ws at the center representin
smaller gradient and the larger arrows at the cedges representinclarger gradient
b.) flow velocity profile where the RED ARROWS repent the direction ar
proportional magnitude of the flow; c.) concentatprofile of the negative analy
with the highest intensity in dark RED at the cemwtiethe channel where tlwalls
were uncharged.

2.4COMPUTATIONAL APPROACH

Software:Initial simulations were under steady state cond#&j meaning all c
the inputs were spontaneously applied and the esdtrwas calculated with COMSC
finite element analysis software. Initial experiteewere run using COMSOL versi
4.3. The majoty of simulations were run using COMSOL versionada®d fina
computations were completed with COMSOL versiorb4

Geometry of the micrpreconcentratorThe model was a twdimensional slict

of a channel with a 1Am heigh (y-direction) and 6@um length (xeirection. (FIGURE
2.4) A voltage specified a8 was applied to the left side of the chanmedll 1, and ar
electrical ground placed to the right side of tharmel, wall 8, creating a DC volta
used as the driving forceéA surface charge nsity was applied to the walls 2, 3, 6, ¢

7, which were 2um in length. On surfaces 4 and 5, there was Zesoge on these 1
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um patches. Itis between these two patcheshbdatgest concentrations were fount

accumulate as a result of the d@ed conditions.

Figure 2.4 Dimensional and Variablxplanation: 10x60 um P slice of a
microchannel wheregl is the domain contained by boundari-8 in which the fluid is
containedptl, pt2, pt3, anc pt4 represent the points of transition from the surde
with a charge density and surfaces without a sartéarge densit\\V0 is the appliec
voltage;ois the surface charge density on walls 2, 3, 6,7a(BLUE); walls 4 and !
are the uncharged surfacandG represents the surface modeled as an elec
ground at surface 8. The-axis and y-axis represents distancanm

In order to create a simple model to better undatsthe results, the same val
were applied to arbitrary molecules; eaad the same diffusivity, concentration, ¢
opposite valenceThe mobility was calculated using the temperat@@9K) and the
universal gas constant (8.314 J/-K). In the case of modelingicrofluidics it is
usually assumed thatater is filling thechannel and therefotbe properties of wate
provideda relative permittivity of 80, density of 1e3 k¢, and dynamic viscosity of -
3 Pa-s was used. Theodel required -way coupling of electrostaticeminar flow, and
transport of diluted speciest should be noted that avday coupling significanth

increased the computational demand and may havetbeeause of much of tl
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problems in previous simulations, which was in plaetreason for simplification of the
model to a closed flow system.

EquationsUsing the Electrostatics module, the voltage drifftew was modeled.
Additionally, this module was used to set the ctods for the surface voltages and
surface charge densities. With these applied tiongi the electric field was modeled.
Charge conservation across the channel was cadulsing quadratic discretization
through the equations below;

E= -V (1)

V-goe E = py (2)
whereE is the electric field, which equal the gradientlud voltage (V), and the gradient
of the permittivity constant, times the relative permittivity; time E equal to the relative
space electric charge density Material type was non-solid since water is modeled
filling the channel. Zero charge condition wascgld at boundary 4 and 5. (FIGURE
2.4). Note this means that zero permeability @rgh through the surface; which is not
to be confused with pacing a ground at these batexjan option that was tested and
did not produce the same results. An initial vpit@f zero was applied to the entire
domain, which means that a dynamic process occumngbthe simulation reached
steady state. An electric potential was applidooaindary 1, represented W9, at a
value of 6e-4 V with a ground placed at the opgolsdundary 8, represented@sto
drive the flow from left to right. A surface chargensity represented ast a value of -
0.02 C/nf was set at boundaries 2, 3, 6, and 7. The spwrge density of the domain
was calculated by adding the products of the vaema concentration of each analyte

and multiplying by body force.
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pr = F(z1c1 + 25¢5) 3)
wherep, is the relative space charge denditys body forcezis the valence of the of
each species of molecule, ani the concentration of each species of molecutbe
solution.

In microfluidics the fluid is assumed to be lantisance the Reynolds Number is
on the order of 1921 Additionally, it is generally treated at incompsise as was the
case in this model. Also, there must be a conservaf mass. The following equations
were used to approximate the flow of the analysisgiquadratic discretization. The
non-slip boundary condition was applied to all bdanes as this is a closed system,
meaning the velocity is zero at the walls.

u=20 (4)
whereu is the velocity of the fluid. In microfluidics i always assumed that velocity at
the wall of a pipe/channel is zero due to frictidfiowever, in micro- and nanofluidics,
this friction is speculated to not exist due tdidirsg of charged particles created by their
inherent electric field. For simplification purpssof this study, this theory is ignored.

Mass conservation is calculated using the confrequation;

2L +7-(p) =0 (5)
wherep is the densityt is time,u is the vector velocity of the fluid. This meanattthe
mass contained in the channel will not chaniger incompressible flow, since mas must
be conserved and the density of the material doeshange, therefore;

V-u=0 (6)
whereu is the vector velocity of the fluid. Momentum natso be conserved and was

calculated using Navier-Stokes Equation;
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p(%+ﬁ’-Vﬁ)=—Vp+uV2ﬁ’+l_f (7)
wherep is the density of the fluidy is the velocity of the fluidt is time, and- is body
force. Since andu are both independent known variables, these sefrieguations are
used to calculate the body forée, This is then used to calculate the relative spac
charge densityy, from the Electrostatic module. Since the relapermittivitye, and
permittivity constant, are both known values, the electric fi@ld¢an be derived as well
as the final voltage values across the channeitiallvalues of velocity in the x and y
directions were set zero m/s; although it was dised to be an option to create and
initial Brownian Motion; however, this was determdto not affect the final result based
on preliminary studies. Pressure was set at zardtshould be noted that the option of
using hydrodynamic driven flow as opposed to vatdgven was discussed and studied;
however, was later determined to not be a viabt®ogs this would eliminate the
concentration of the positive analyte at the ceotéhe channel. Initially, a pressure
value of zero Pa was specified at Point 2 to reledosed system (FIGURE 2.5) A
pressure point of zero was specified at each carhigtre channel (points 1, 2, 7, and 8)

was later used to create better symmetry and threre@f more realistic closed system.
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Figure 2.5 Dimensional Pressure Point ExplanatibblB squares represent the

locations of pressure point constraint used toterasymmetrical closed system. The

x-axis and y-axis represents distancanm

The Chemical Species Transport model was usednialaie the transport
mechanisms of convection and migration in an dtefigld. Quadratic discretization
was used to calculate the final concentrationdi@fanalytes. The velocity field, was
calculated by the software under the conditionsreéping/laminar flow and single
phase, meaning that transport was dependent orthm#iectrostatics and flow. The
electric potential\{) was input through coupling this model with thepous
Electrostatic model. No Flux condition was appliegurfaces 2-7. An initial value of a
uniform concentration as previously specified (18/m® was set across the entire
domain as well as at boundaries 1 and 8 to sedytftem up to potentially change to an
open system. Quadratic discretization was thed teseeverse calculate the final
concentrations of the analytes and there approximiatribution across the channel.

Mesh:The finite element mesh was user defined andreaéid based on

optimization for fluid dynamics. Due to the applion of the non-slip conditions the
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velocity gradient between the wall and the centeéhe channel is quite lar.

Additionally the difference etween the bulk flow and flow #te wall should b

calculated sing a different mes, since the velocity gradient is larger near thé. As a

result the mesh size was much smaller at the wdlleagrowth factor of 1.15 was usec

the mesh increase from flow at the wall to bulks. Corner refinement, fretriangular,

and boundary layer properties were definedelp define the mesh and crea smooth

transition to from the wall to the center of thewshe. The complete mesh consists

15,014 trianguladomain elements and 5iquadrilateral boundary eteents anc

contained 186,885 degrees of freei.. (See FIGURE 2.6)
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Figure 2.6 Finite Elememesh:Finite element mesh with 5 layers quadrilat

boundary elements at the walls and a specified tyréactor to help transition froi
the quadralaterdb the triangular domain elements that make ugbthle of the i-D

model where a.) is shows the elements at the defthdary, b.) shows the triangu
elements at the center of the channel, and c.) stiogvtransition from quadrilateral

traingualr eéments at the upper right cort

Three studies were performed in each simulatidme first was simply to mod:

27

the electric field created by the Electrostatic mlec The second study was to cou
the three moduleBSlectrostati, Transport of Muted Species, and Laminar Fl. The



third was to develop a time-dependent model witthaée modules combined in order to
determine the length of time require to reach steshate.

Electrostatic modelingrhis was to assure that the electric field wagst@and

would not cause an unreasonable demand on thersy$lete that in some previous
studies, a cluster system was used with a RAM dbug? GB. Justification for
simplification of the model to a closed system ca®wa result of the simulations taking
more than a week to run on the cluster computingar&k. Once the model was
simplified to its final closed system form, the qmuations typically took between 5 to
30 minutes to run.

Coupling of all three modules of Electrostaticsafisport of Diluted Species, and

Laminar Flow:Once the electric field was determined to be fatisry, the second study
was run which included the coupling of all threed®is of Electrostatics, Transport of
Diluted Species, and Laminar Flow. For the statigrsolver, a relative tolerance was set
at 0.001 with linearity automatically set. Linealver Direct 1 was used for the majority
of calculations; although Direct was used in soest tases. The method for termination
used the nonlinear automatic newton method witimigial damping factor of 0.01,
minimum damping factor of 1.0e-6, and restrictidrstep-size update at 10. The
recovery damping factor was automatic with a recp@gamping factor of 0.75. The
“iterations or tolerance” termination technique wised. All solutions converged with a
similar pattern.

Time-dependent modeA third simulation was used to calculate a time-

dependent solution that revealed a nearly instaotareaction. At the start of the

simulation, the analytes were even spread acressrttire domain of the channel, after
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which a dynamic process occurred until the reaatached a steady state. The video
produced by the simulation showed that the bulw ftd the analytes was toward the
center where they concentrated and remained atis¢lea final steady state solution of
FIGURE 2.3c. This process was found to have atheofjtime between 1-2 seconds to
complete.

ParametersA preliminary study was performed in which keyas¢hat could
affect the preconcentration and detection of thedya@ were identified and studied in
detail; these were the voltage driving the flowfudivity of the analyte, permittivity,
pressure point constraint, the length of the adjaaacharged wall patches at the center
of the channel, valence of the analytes, zeta patedimension of the channel, and
concentration. All results were compared to thgioal model looking mostly increase
of the maximum final concentrationg{ of the initial concentration {¢ however, flow
velocity profile and electric field were analyzexd tompletion and in some cases used to
confirm the significance of certain results. Addlially, a cross-section as would
connect to channels in series or parallel was eggléor advancement in the area of
separation and collection of the analytes. Aluhesin the preliminary study are reported
in respect to the negatively charged analyte; hewetie results for the positive analyte
were analyzed, with the same trends establishegspect to changes in parameters.
After comparing and weighing the results of thdiprmary study, the conditions were

optimized for instantaneous detection, measurenaailtpreconcentration of Cadmium.
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CHAPTER 3
RESULTS
3.1 PRELIMINARY STUDY: APPLIED VOLTAGE EFFECT
The electroosmotic flo (EOF)was controlled by a voltage driven flow labelec

V0. It was determined th&0 had little effect on the final concentration of tealyte,
with the highest concentration being 52.466 m® at a voltage of 6 VAlthough it
should be noted as the voltage approached 6 \&léutric field overtook that of tr
surface charge density, becoming the driving faatm causing a loss of the effect s

in original experimentatian(SEE FIGURI 3.1)

Change in Applied EOF Voltage (V0) Results Applied Voltage of 6 V
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Figure 3.1 Effect of ApliedVoltage:Describes the effect of changing the voltVO
on final concentrationyg. At low V, VO has no influence on¢ Onlywhen voltage i
significantly increased to over 1V does V affey,: (RED circle of graph on left) Th
effect is negated by the distortion in the concaian profile (top right) as a result
the change in electric potential where red is ilgbést voltage, blue is the lowe
voltage, and the arrows are the magnitand direction of the electric field (bottc
right).
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3.2 PRELIMINARY STUDY: EFFECT OF ZETA POTENTIAL

In micro-/nanofluidics, there is a difference ie@tic potential between the
surface of the channel and the bulk flow at thaereof the channel, which is referred to
as the zeta potential. This zeta potential is@adulny the spontaneous accumulation of
charge at the walls which then causes chargectleartio collect at the charged walls
forming the EDL. For this model, the zeta potdntias manipulated through changes in
the surface charge density at boundaries 2, 3167a It was found that surface charge
density is perhaps the mechanism behind the phamamfeund in this study. As zeta
potential increased in magnitude via increasingstiréace charge densitydncreased
substantially. (SEE FIGURE 3.2) A surface chargesity of -0.29 C/rhwas the
maximum condition used; increasing beyond thislimdation of the software and was
unable to compute as a result of the Debye-Huckgréximation. This gave the largest
final concentration of all tests at 1932.4 mol/nNote that typical surface charge
densities are on the order of -0.02 €& was set for the initial simulation; increasing

beyond this may require alteration of the surfacperties.
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Figure 3.ZEffect of Zeta lotential Increase in the zeta potential induced by inengg
the magnitude of the surface charge density atdenyr2, 3, 6, 7 are seen to incre
the maximum final concentratic

3.3PRELIMINARY STUDY: EFFECTOF VALENCE ELECTRONS

Change in the charge, or valence, of the analyteduged some interesting a
significant results which have potential to be udetkrmine the chemical méup of an
unknown solution.Different valences ranging from-1 to +/3 were tested with ress
seen in FIGURE 3.3 belawThe highest result came with matching analyte \adsrof
+/- 1. The second highest result doublee original final concentration under vale of
2 and -1, wich is beneficial to the final experimewith CdChL which haghe same

valence.
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Figure 3.3 Effect of Valence Electrons: Changéhefvalence of the two analytes in
the solution caused a change iawith a maximum value seen in the simulation with
+/-1 valence molecules (RED SQUARE) and seconddsghalue seen in the
simulation with a +2/-1 valence molecule (BLUE Xthwvertical line) similar to

CdClL solution and is nearly doublg;®f the initial model containing +/-2 valence
molecules (ORANGE CIRCLE).

3.4 PRELIMINARY STUDY: UNCHARGED PATCH LENGTH EFFELC

Changing the length of the uncharged patch prodtesdts of little significance
on change in&. As the patch length decreased, there was a #tiglease in the highest
final concentration calculated. With a decreaggaitth length, there will also come an
increase in the area coveraged by a surface chargaty. This would conincidentally
increase the electric field intensity in the chdnwhich should theoretically change the
results. However, decreasing the length belowltbhen range is nearing the nanoscale
and was found to lack the consolidate concentratrofile important to the study. As
seen in concentration profiles a channel with art0and 1 um uncharged patch length
shown in FIGURE 3.4, this change in electric fiebdised a further consolidation of the

molecules at the center of the channel. Sinc&®E voltageVO was not altered in this
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portion of the study, thiBnding emphaszes the importance of the role surface chi

density plays in this mechanis

Surface: Concentration {molim’)

=10 v LOW

Figure 3.4Concentration Fofile Change with Uncharged Patch Lengthows the
distortion of concentration profile as a resultbanging the length of the unchar
wall paches, a.) 1 um patch, and b.) 10 um patch. -axis and yaxis represent
distance inum. A close look shows the darkest red region ial&mnin a.) where th
uncharged patch length is sma

3.5PRELIMINARY STUDY: EFFECTOF CHANNEL DIMENSIONS

A study of the effects of the dimension of the atedrwas conducted in thr
phases; proportional change in height and widtthe@fthannel, change in height or
and change in width onlyvhere height is used to described the distanteeiry-
direction and width is used to describe the distance ix-direction. For the
proportional change in dimension, the channel wdb becreased and increased in
by a factor of 10. The results are seen below@IRE 3.5, in which the change in ai
as aresult of changing the dimensions is compare(,:. A total of 5 simulations wer
run as reflected on theaxis of FIGURE 3.5, consisting of the highest areatained ir

the 2D channel of the 100x6(um? (Sequence #1) and lowest area of the 0.0006

34



um? (Sequence #5)It was found that when the dimensions reached @mescale, th
preconcentration effect was diminished. Also, wittendimensions were increased
fold, the preconcentration effect was nearly nostexit It was found that limit was
reachedat the 1x6um dimensic with the highest g of the analyte at73.96 mol/r®,
nearly 4 times that of the initial configurat. It should be noted that at this height,
surface charge density of the channel createsatgedt electc field at the center of tt
channel since the distance between the opposif@cesrin minima It was speculate
that the height of the channel, which caused atian in the electric field created by t
surface charge density was the basis ofresult. Further validation of this finding w

completed by changing the height and width sepligt

Effect of simultaneous change in height
and width
200 -
“”E =100 x 600
g 150 - 10 x 60
c —<1x6
2 100 - "
5 —#=0.1x0.6
g 50 - 0.001 x 0.006
g 0 T T T T T
“ 0.000001 0.0001  0.01 1 100 10000
Increasing Area (um?)

Figure 3.5Simultaneous Change in Height and W: Effects of changing the heig
and width at the same time in increments of 10.th&sarea contained in the chan
changed, & also changed; the highest result seen with a 1>* channe

It was speculated that area of the channel wodiéttthe results; therefore ti
results of separately changing the height and widgire compared wi the change ii

area. (FIGURE ®) The results revealed that area was not theibatihg factor, bu
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instead volume and surface charge density. linéght change study, the width was
kept constant while the effects were investigatdd.seen in the blue line of FIGURE
3.6, it was found that as this height decreased, tlecreasing area,:®f the analyte
increased; with the highest calculated concenmdiizing 122.1 mol/fhat a channel
height of 5 um. Computations of a height less thamn were not performed. It is safe
to assume that further decrease in the channéhthemmuld increase the final
concentration factor as well as a continued in@@aghannel height causing a decrease
and an eventual neglect in the preconcentratiaceffieen. However, the results may not
remain true once the nanoscale is reached. Asstagywith the proportional change in
dimension, the increased preconcentration is niladi/lcaused by the electric field
created by the negative surface charge densityoufihout the study of the effects of the
change in width, in order to keep a constant aetetirld, the voltage driving the flow

was change proportionally to the change in lendth.seen in the red line of FIGURE
3.6, the final concentration did go up as the lervgént up; with the highest calculated
concentration being 159.68 moffmt a length of 300 um. Lengths beyond this beégan
require large amount of computational resourcesvaaré therefore halted. It can be
assumed that as the final concentration would naetto increase with length. This is

speculated to be in large part due to the increagelume of the channel.
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Effects of change in either height or
. =—¢—Height change
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é 100 - =i Width change
B o et 10 X 300
g o - e 10 X 200
§ 10x 100
o 40 - m/ 10 x 80
e 20 1 — 4—10x 60
) . ; . 10 x 50
0 1000 2000 3000 10 x 30
Area of the channel (um?)

Figure 3.6 Change in Either Height or Width: Effeof changing the height and width
separately, shows that as the area increases &ightlg,; decreases (BLUE LINE)
and that as the area increases with widghrcreases (RED LINE).

3.6 PRELIMINARY STUDY: EFFECT OF THE INITIAL CONCEMNRATION

The initial concentration of the analytes were g®hin factors of 10. Seen in
FIGURE 3.7, as the initial concentration increaskd,final concentration increased.
However, even at an increase of one factor ofi®yelocity profile of the reaction was
completely different. Decreasing the concentraligriactors of 10 seemed to produce a
similar Gns seen in the original simulation. It should beeubthat the lowest initial
concentration used for the simulation was 0.4 mylimhich is less than half of the
lowest detectable concentration limits of the coir@d detection and measurement
technologie<>® At the two highest concentrations of 100-1000/mdthere was
almost zero change in concentration; which sugdbatghis phenomenon only works at
lower concentrations. Comparing of the maximunalfconcentration divided by the
initial concentration revealed an inverse relatiopss seen in the bottom of FIGURE

3.7. This was to be expected and at first look meglect the novelty of this detection
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and preconcentration method; however, of noteaddht that there is zero change in the
ratio of Gn/C; at the highest concentration and a large diffexenche ratio at the lower
concentration. This means that the mechanism fautitese studies works best at lower
concentrations; which coincidentally is the targiethe study of detection and
measurement of concentration ranges of Cd betw@éhIlmol/ni. Simulation of
concentrations less than 0.4 mol/rasulted in errors that suggest there may be amaln

concentration this mechanism can be applied fazgreentration.

1000 ; Effects on Ratio C_./C. with change in C,

120.00 0.4
100.00 - 0.5
L
& 80.00 - =08
9 60.00 -
= 10
o

40.00 - 100

20.00 - 1000

0.00 . — . —— : <
0.40 4.00 40.00 400.00
Initial Concentration (mol/m?3)

Figure 3.7 Change in Ratio of Maximum Final Concatinin to Initial Concentration:
Change in ratiog/c; as ¢is increased; Note: the lowest concentration timellation
was able to preconcentrate was 0.4 mgltime very little change in@ci at high
concentrations; and large differences in the rattdewer concentrations

3.7 PRELIMINARY STUDY: EFFECT OF CROSS SECTIONAL ERING

Since the increase in concentration betweama Gy is relatively small in
comparison to most preconcentration technidti&sa cross-section as would be seen
to connect to channels in series or parallel watyaad. The results, seen below in
FIGURE 3.8, in terms of the concentration confitrattthe analytes will in fact still

travel to and remain at the central region of thannel where there are uncharged
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surfaces. Similar to the flow velocity profileesein FIGURE 2.3b, the flow profile
represented by the black arrows shows that thergkifth@w is to the center of the
channel. However, once the molecules reach theeicenappears that the analytes
would be pushed to the upper and lower sectioinss i$ also evident by the darker red
seen in the upper and lower mid-section, whichaatdis that this is the area with the
highest concentration of analytes. Additionallysthpens the concept presented in this
paper to further preconcentration by potentiallgroecting to other channels in series or

parallel.

Figure 3.8 Parallel/Series Channel Cross-Sectiomc€ntration profile of a cross-
section as would connected to an adjacent chanrsgries or parallel; results
confirmed the analytes are trapped at the centtéreothannel.

3.8 PRELIMINARY STUDY: EFFECT OF DIFFUSIVITY

Changing the diffusivity of the analytes had areirse relationship; as the
diffusivity decreased, the final concentration gesed. Simulations were run by
changing the diffusivity in factors of 10. (FIGURED) The diffusivity range of the
target study of Cd detection is between 0.9-1.9 (#¥s), which is such a small variance

that the changes in diffusivity at different conitations should not cause distinctions in
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the results. Additionally, it should be notedtt#fusivity can be controlled by altering

the material filling the channel.

Change in Diffusivity
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Figure 3.9 Change in Diffusivity: Changes jg as a result of changes in the
diffusivity.

3.9 PRELIMINARY STUDY: EFFECT OF PERMITTIVITY
Studies showed that permittivity has no effectlmresults of the experiment,
with a slight decrease as final concentration &ihncrease in permittivity; therefore

this parameter is ignored in the final study of GdGFIGURE 3.10)
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Change in Permittivity
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Figure 3.10Change in Permittivity: Changes ig@s a result of changes in the
permittivity. Very little change except at extrdgnhigh permittivity not seen in
microfluidics.

Overall the model appears to be a valid methodefgncentration and detection
with potential to determine low concentration levielstantaneously. The factors
considered in this series of studies were the drfiev EOF, zeta potential, valence of
the molecules in the solution, length of the changgermeable patch, dimension of the
channel, concentration, diffusivity, and permitiyvi The voltage driven the EOF seemed
to have little effect on the results as well ameiating the novelty of the study at higher
voltages.

3.10 OPTIMIZATION FOR CADMIUM

The first step in converting the mechanism to thtige positive analyte was to
study the effects on the current configurationl résults of the preliminary study
showed results similar to the left column of FIGUREL; in which the negative analyte
had a dense population (top left) at the centerthegbositive analyte had a less dense

concentration despite giving a largef.cThe decrease in density of the positive analyte
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is most likely due to the negative surface chamgesdies at boundaries 2, 3, 6, ar
(SEE FIGURE 2.% which would attract a large number of the pasitnolecules. i
order to overcome this, the sace charge density was charge to a positive valhese
results, seen ithe right column of FIGURE 31, reveal a reversal of positive ver:
negative densitieat the center of the chan. Since the surface would have to unde
physical or chemicalteration to increase above a magnitud-0.02 C/nf, the
opportunity to change the surface to a positivéasercharge density is already prese
Additionally, this finding confirms the influencd surface charge density over 1

phenomenon explorad these studie

(-) Surface Charge Density (+) Surface Charge Density
(-) valence
molecule
C mf=51.651 mol/m”"3 C mf=61.071 mol/m"3
(+) valence
molecule
C_mf=60.657 mol/m"3 C mf=52.073 mol/m"3

Figure 3.11Changing Surface Charge Density to a Positive \: Change ir
concentration profile as a result of changing téage charge density from negative
positive; left column represents the profile distitions of the neative molecule (to|
left) and positive molecule (bottom left) in simiga with a negative surface cha
density; rightcolumn represents the profile distributions of tlegative molecule (to
right) and positive molecule (bottom ri¢) in simulates with aegative surface char:
density.

At this point,all single-point changes in conditions were studad! believed t
be understood. Thareliminarystudies were then used to create an optimized eh
and applied to Cd preconcentratimeasurement, ardktection. Limitations of th
software and numerical approximations based o#i®y/e- Hiickel Approximation
seemed to create a barrier for optimizatiTailoring the channgdroved to not be ¢

simple as combining the top performin¢nditions from each study; however, these
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help to expedite the process. The first step wasudy a solution containing two
molecules with a +2 and -1 valence, such as woelseen with CdGIl Since increasing
the zeta potential gave the highest results oVeth#d served as the starting point. The
surface charge density of 0.29 G/found to be the maximum value with +/-2 valence
molecules, did not compute for the +2/-1 valencéegides. This is most likely due to
the change in Debye Length as a result of the ldnea versus -2 valence molecules,
which is based off the Debye- Hiuckel Approximatimed by the COMSOL software.
The final optimized surface charge density deteeutifor the study was 0.039 CG/m
Additional problems arose when the Cg@iffusivity values were tested, which change
based on the concentration in addition to beirthatower temperature of 298 K.
Temperature also seemed to complicate the simoldtiat was resolved with the issues
relating zeta potential. Once again, the changalence significantly affected the
computation of the results, which as previouslygasged is most likely due to a change
in Debye Length. Dimension change was also stuidiedptimization; however, there
were complications with the different valence af tholecules that resulted in a decision
to use the 10x6(m? dimensions of the initial study. Changing theglémof the channel
proved to be the only option for helping to inceed#ise final concentration; however, as
stated previously, this is most likely due to therease in volume of the channel and the
decision was made to leave the dimensions in iggnal configuration. Final studies
were performed using the initial dimension of 10x@6°; additionally, this dimensional
arrangement could prove to be useful in applicabibiine technology as it is well within
the range of optical measurement. Final simulatware run using a temperature of

298K and a surface charge density of -0.039°C/m
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Since the lowest detectable concentration of Cdgusurrent technology is
roughly 0.89 mol/m it was crucial that the mechanism below this lég@rove to be an
improvement. Initial tests were run using theusiity, concentration, temperature
calculated by Vict@t al.'*  The study confirmed trends shown in the preiamny study
as a result of changes in the parameters. (SEE RE58I12) In order to prove the
mechanism works at levels below the current teclgyoavailable, the diffusivity was
calculated for a concentration of 0.5 mol/based on the values determined in the study
by Victor M et al.*** on the diffusivity of CdGl at temperature of 298K. As can be seen
in the top left of FIGURE 3.12; canges from 0.5 to 100 mol’mDiffusivity values
ranged from 1.14 (xIdm?s) for concentration 0.5 molfto 0.902 (x18 mé/s) for
concentration 100 mol/in The G, did increase with an increase in concentratioatidR
cmi/Ci decreased with increasingwhich additional confirmed the trend seen in
preliminary experiments that the mechanism worlst Belower concentrations as seen

by the significant increase in the ratig/c; at lower ¢
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Figure 3.122dCI2 Graphical Respor: Concentration range (top left); diffusivity ran
(top right); maximum final concentration (bottonft)eand ratio of n/c; (bottom left);
RED SQUARE represents the results for simulati@isgiq of 0.5 mol/ni; GREEN
TRIANGLE RED SQUARE representse results for simulations using ci50
mol/m.

It was speculated that despite the changes insivify and s, a change ii
concentration profile would be seen as a resuthahging the initial concentration.
order to create a balancedmparison for analysis, the results for t; of 0.5 mol/n®
(RED SQUARE in FIGURE 32) and 50 mol/ﬁﬁ(GREEN TRIANGLEIn FIGURE
3.12)where observed initially. The lower diffusivity tife 0.5 mol/r® ¢ should can onl
a slight increase in,gover that of the 50 mol/® simulation results. This can |
confirmed by the minimal increase ins of roughly 5 mol/m seerin the lower left of
FIGURE 3.12 There was a significant difference in the resuhen observing the rat
of cni/Gi; in whichthe ratio was at a value of 260.14 f; of 0.5 mol/ni and only 1.748:

for ¢ of 50 mol/nf. The observed results at these concentratiors g to
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speculation that there would be a difference incihrecentration profiles of the two

simulations.

C_i=0.5 mol/m"3

b.)

C_i=50 mol/m"3

Figure 3.13 Concentration Profile Change with &li€oncentration: Comparison of the
concentration profile for;of 0.5 mol/ni and 50 mol/f} change in distribution more
clearly seen at the outer edges of the channel.

Seen in FIGURE 3.13 above, there was a differem¢iea concentration profile of
the results which can be seen most clearly atethi@hd right outer edges of the channel.

Despite significant effort to increase the resolutof the images, a clear distinction

between the two concentration profile was not ablee seen at the center of the channel.

However, the difference in concentration profilersat the edges of the channel suggest

there should be a proportional difference at theareof the channel. It is believed that
given a physical model, a clear distinction woudddeen between concentration profiles
of the different clevels. Since this mechanism would be implemebiedttaching a
colored and/or fluorescent dye to the molecule adsto be analyzed, the final

concentration profile should be clear. Finallpca the molecules were accumulated at

the center of the channel for a concentration Bffol/n?, which is nearly half the
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lowest range of current technology, this mechansssaid to exceed the limits of current

technology and should be explored further for immatation.

47



CHAPTER4
DISCUSSION

Zeta potential, or surface charge density, wasattgest contributing factor and is
perhaps the mechanism driving the phenomenon. dBasa time-dependent video
simulation of the model, the analytes were foraethe center of the channel; which is
speculated to be a result of the negative surfaaege density pulling the positive
analyte to the center of the channel and constrginithere. It should be noted that
micro-/nanochannels spontaneously acquire thesidharge, which is normally on the
order of -0.02 C/m2. Increasing beyond this pwiatild require alteration of the surface
of the channel such as chemical or ion beam depositn scenarios, where the channel
size is much larger than the EDL thickness (Deleygth), it is computationally more
reasonable to use the Smoluchowski slip velocifyession which is derived based on
Poisson-Boltzmann equation & Debye-Hickel approxioma In COMSOL,
Smoluchowski slip velocity (electroosmotic velogigxpression is available as wall
condition; however this was not used.

Valence was also a contributing factor to final @amtration. The results suggest
that the composition of an arbitrary solution candetermined if other parameters, such
as surface charge density, are kept constant.fatihé¢hat simulation for a solution with
+2/-1 valence molecules produced such differeniltesnay be a caused by the change

in Debye Length. Despite significant mesh refinemthe model was unable to perform
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computations beyond the -0.029 G/surface charge density with the +2/-1 valence
molecules. The errors suggest a problem in cdlogl#éhe electric field gradient, which
from experience is a result of a model that dogésagoee with theory and is therefore
invalid. It is important to note that studies wpexformed on molecules with a singular
valence meaning both positive, both negative, ermositive/negative and one with a
zero valence; to which results showed a zero chemgencentration, thus eliminating
the effects seen in other studies. This suggkatgshe oppositely charged molecules are
the initial driving mechanism and further implié tsignificance of the zeta potential on
the results.

The length of the uncharged patch modeled as heipgrmeable to charge
proved to have little in term of the significandelze final results. In fact, variation of
this patch was used in the Cd@brtion of the study and created difficulty in the
computation as well as having very little impacttbe final to initial concentration ratio.
It should also be noted, that the results are fadmo-dimensional slice of a channel.
These same results would perhaps be seen betteedtyng a three-dimensional model
and varying the depth of the channel. In this nhatlevalls of the center of the channel
must remain modeled as impermeable to charge aftlets seen in this study may not
apply.

The results of the dimensional change were preuetas well as significant. The
electric field created by the surface charge dgnaihich was determined to be the
largest contributing factor to the experimentalitess is proportional to the distance
between channel walls. Therefore, the greatedigtance between walls the less effect

on final concentration and the less the distanted®n the walls the greater the effect on
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the final concentration due to the change in dle@tld. In application, it would seem
that a long channel would be most preferable aswbuld increase the volume within
the channel and therefore increase th&aatio. It should be noted that keeping the
electric field in the x direction consistent witietexperiments by proportionally
changing the applied EOF voltage would be necegsgmyoduce the desired results.
Width was ignored in the final modeling of Cd@ue to its seemingly trivial nature. The
final dimensions of a 10x60m” channel were studied for CdQlue to its ease of
comparison to previous experiments, as well asgoeithin the range of optical viewing
as could be seen by a person in field application.

Although the results in study as a result of changeitial concentration were
predictable, as past studies as well as intuitionld/suggest an increase i®/c; ratio
with a decrease in initial concentration; the repubved to be valuable. Perhaps the
largest novelty found in the study is the appliigbof a device that can both detect
extremely low concentrations as well as predictdhginal concentration based on the
physical profile of the analyte once voltage islegap

Diffusivity changes as a result of temperature ali s concentration. Although
in the concentration range of the Cgd€xperiments, the diffusivity range was minimal,
the results suggest there was little change,ifticaused by diffusivity. However, based
on the preliminary study, diffusivity can have ajonampact on g; if the variation is
large. Should diffusivity be deemed an issuehatudd be noted that this value can be

easily manipulated based on Einstein-Stokes equgtio

__ kpT
- 6TTuTr

(8)
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whereD is the diffusionkg is the Boltzmann constan,is the temperature, is the
viscosity, and is the radius of a spherical particle. Molecwdes most often modeled as
spherical; therefore, since all other variablethaabove equation are constant, the
diffusivity can be altered by changing the viscpsit the fluid. With the ability to
control the diffusivity comes the option to taildrannels to detect certain concentration
ranges as well as helping to increage ¢

Changing the viscosity inside the channel woulditwee by changing the
material, which would also change the permittivi§ince the only change in results,
based on altering the permittivity of the solutiarere produced by an extremely high
value that would not be seen in application; themo additional studies needed.
Additionally, the basic applications of such a @evas described in this study would
entail combining a soil sample with water, takingdiect sample of water from a habitat,
or a sample of blood/urine. In all cases, the pi#knty can be modeled as that of water.

The results suggest that channels in series oliglazan used to test for increase
in preconcentration effect. The simulation of assrsection as would be seen to connect
to channels in series or parallel revealed thaatiaytes would still gather at the central
region, despite this opening. Although this did imarease the final concentration it
seemed to be an option that could be applied fileatmn of the analytes for additional
preconcentration. The analytes consolidated atcimtral region can then be transferred
to an adjacent channel or volume via sample imgeadr similar mechanism. Since the
ratio of Gn/Ci is now known, or can be calculated by additiomalgation or estimated

based on the established curve; the initial comagah can be reverse calculated based
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on Gy and the number of channels in series or parallbis option should be explored in
detail.

In actual application of a device using the mecsrmniescribed, a fluorescent dye
specific to the analyte would be mixed into solatidrhis would eliminate the possibility
of a false positive in terms of detection. Additidly, since the simulations suggest there
is a difference in concentration profile only a¢ #dges of the channel with changing c
establishing a physical model is necessary to atdidnd confirm this change also exists
at the central region of the channel that woulde¢o be the analysis region for
detection of a specific analyte.

The presence of unknown molecules in the solutiag have a direct impact on
the results. This would require additional studiad simulations for determine the
effect. Future studies would include studyingéffect of having three or more
molecules in solution. Additionally, since valioat of application of the mechanism
was done through targeting Cd as an analyte, ctfrapounds other than CdGhould
be studied. Since CdO has valence charges ofpadrameter optimization would
require minimal effort since the preliminary studgluded molecules with this valence.
Furthermore, urine and blood samples contain xe&Btiarge concentrations of sodium
chloride, which would most likely change the resalh unknown amount; therefore, it is
important to add a study to included NacCl in tharatel solution.

Finally, a physical model would be valuable stepdbtdation of the results seen
in these simulations. Given the opportunity, theseilts could be reproduced and
validated with relative ease. Furthermore, reqafifslacing electrodes along the surface

of the channel wall should be studied. As previpstated, the inherent electric field of
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an electrode will create and electromagnetic faald should produce an electric field
similar to that created by the surface charge tiengidditionally, with a physical model
that uses electrodes as the channel walls, thacgudharge can be instantly altered and
perhaps tailored to detection of specific molecul€kis instantaneous alteration of
surface charge would be most beneficial to theoise open system that is reflective of

the original studies that proved to be too compdiddor computation.
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CHAPTER 5
CONCLUSION
Cadmium detection, monitoring, and measuremeningpertant to human health

for its damage to the kidney, ecotoxicology assallteof having direct impact on physical
maturation and reproduction in wild life, and rasttology due to the three naturally
occurring radioactive isotopes. Due to the low gl@nsize requirements and inexpensive
nature, micro-/nanofluidics is a preferable tecbgglfor application. Above, a series of
experiments is presented on the detection, preotrat®n, and measurement of CgCl
This specific compound of Cadmium was chosen foavailability and solubility in
water. It was initially theorized that studies Wwibteveal a method capable of detecting
Cadmium a limits lower than that of current teclogyl. The mechanism was assumed to
have the capability to detect a certain concemnabased on the consolidation effect, or
the trapping of the molecules at the central regioime channel. The simulations
revealed that the method presented above havet@btindetect Cadmium levels as low
as at 0.5 mol/fh) which is in fact less than that of current tedbgyg. It was found that
the model relied upon the presence of oppositedygdd valence molecules.
Additionally, the overwhelming driving factor waset zeta potential created by the
surface charge density. Physical models are needeidate the computer simulations
seen in these experiments; however, the resultgestghat the mechanism found here

can be used to further preconcentrate and meabarged molecules.
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