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Chemical Sensors

1.1 Introduction

A device which measures a physical or chemical tiyam real time
conditions and converts this information into amprapriate digital or analogue
form is considered as a sensor. Chemical sensae€anformation about the
chemical property and physical sensor provides dhtaut physical parameters
of the analyte, some other definitions for chemsmhsors are also available in
the literaturé®. An ideal sensor should only be sensitive towardsarticular
property of analyte mixture in the system; it slodbnbt show any interaction to
any other property of the system, more precisehsisigity and selectivity are
pronounced features of an excellent sensor. Ndyraahsors are designed for a
specific analyte in a mixture in certain workingnhditions, but it is not due that a
sensor should insensitive to unspecific analyteypical chemical sensbhas
three major parts; one is the chemical sensitiverlasecond is transducer and
third is a data processing unit. Chemical sensiky@r changes its properties
when it is exposed to analyte environment; the elegif change is detected by
transducer which converts it into a measureablesiphl quantity and data
processing unit process this information. The baka behind development of a
chemical sensor is to produce small, handy devigeikh are capable for

recognition of chemical changes taking place insysem.
1.2 Chemical Sensors in Modern World

During the last few decades there has come a gesatution in almost
every field of industrial developments, which hasdme very important for the
life, but on the other hand industrial waste has @lecome a big potential hazard
to our environment. Different gases exhausted foumpower plants and from

auto mobiles, like nitric oxide, sulfur dioxide ahdavy metal’'s oxides are very
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dangerous for living beings. The incomplete oxiolatof automotive engine oil
produces numerous hydrocarbons and aromatic cordposhich are thrown out
to environment without any treatment. Chloro flobnarocarbons like freon are

destroying the protective layer of ozone which gdabal hazard.

In order to make a healthy atmosphere, emissiahexe dangerous gases
and vapours in to environment has to be minimizBésulfurization and
denitrification of power plants already turned aatbe a substantial success.
Because of this increase in environmental pollutonresponding increase in
demand of analytical tools for the rapid and eastection of pollutants has also

increased in the same way.

There are two different approaches to solve thabal issue, one is to
miniaturize the already existing analytical ingtents like high performance
liquid chromatography (HPLC), mass spectrometry YM&hd inductively
coupled plasma (ICP), and other is to develop cbainsensors.

Chemical sensors have many advantages over thetfistegy as they are small
and cheap devices by means of which even a laysatle to handle it and
miniaturization is already far advanced. Therefategemical sensors established
themselves as an important part of analytical ck&gniand have much wide
applications than classical instruments. As duetheir size, robustness,
simplicity and ability to function in complex an&dy mixtures make them
superior than other analytical instruments. Theeotmportant thing about them
is that they can be employed for online monitonwigere the other instruments

cannot perform effectively.

Recent developments in the field of chemical senatiract the scientists to
ponder on this branch of analytical chemistry. Ashe modern world there is a
growing demand for rapid detection and identifigatiof biological and
environmental threats, industrial process contmoledical diagnosis, food

preservation and pharmaceutical drug analysis whigh accuracy and

12



sensitivity. Such highly reliable detection systewith low cost are needed to
meet the challenges of 2tentury.

1.3 Basic Principle of Chemical Sensor
There are three main components of sensor systémsh are as follows.

» Chemical sensitive layer
» Transducer

» Data processing unit

A chemical sensitive layer is developed to deteemanparticular analyte;
this layer has special characteristics that it gleanits properties e.g. optical
absorbance, when it is exposed to the sample metur a certain working
conditions. An ideal chemical layer shows no resgotowards unspecific

analyte and it should not change the fundameniapeties of analyte.These

Xmey r® X, .
/'S .y b
Faem o= Analyte Mixture
1[ Sensitive Layer

Data Storage Unit

Transducer Surface

Circuit Oscillato

Figure 1: Schematic Set-up of a Chemical Sensor

changes in properties are recorded by a transdwdech converts this

information to data processing unit, and data @sicg unit process it and shows
in a suitable form.

13



1.4 Design of Chemical Sensor

As we know that a chemical sensor has three maits,pane is sensitive
layer, second is transducer and third is data gsaeg unit. How to approach

these three units to design a chemical sensorrysimvgortant.

1.4.1 Sensitive layer

Recognition ability of a sensitive layer is a kegpect of sensor device.
This layer has to respond selectively to analyt@dimg other interactions with
unwanted substances, and to change one of its ntiegpevhich are detected.
Considering the mass sensitive sensing the ontegyraés to design a layer that
shows host-guest interactidnsith target molecule. Strong binding lead to high
sensitivity and selectivity but if the binding witlmalyte is covalent then it is not
easy to release the molecule after entrapmentoSthé reversibility of device

other phenomena like-tand dipolar interactions can be considered.

To develop a biosensor enzyme-substrate bindiggnd receptor binding
and immunological interactions are used. Theseobioal materials can prove
very useful as recognition elements for bio sensdugh natural antibodies can
be replaced by synthetic ones to overcome the embédimitations in chemical,

thermal and mechanical stability.

Another strategy to design a sensitive layerMslecular Imprinting
Recognition abilities for chemical sensing are pil within a polymeric
material. In this technique the pre-polymerized tom& e.g. monomers and the
template mixture is polymerized under certain neactconditions. After
polymerization the template or analyte moleculsugounded by self organized
polymer chains, which is removed from polymer byshiag or evaporation
without disturbing polymer configuration. The renabof template leaves behind

a cavity in polymer which acts as recognition sitechemical sensing.
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This technique for generating synthetic antibodsegery useful to develop
sensitive and selective sites for re-inclusion rdlgte in a complex mixture. By
increasing the number of interacting sites in imi@a polymer, the sensitivity is
also increased. So for optimal sensitivity, maximpmssible interacting sites can

be generated by adjusting the polymer template.rati

1.4.2 Transducer

A device that converts the chemical response ieldotrical signal energy
from one form to another is supposed to be traredecy. electrochemical
transducers. Different types of devices are usettasducers in the field of
chemical sensing, as they convert chemical infapnanto electrical data. They
can be classified according to the type of eleatrisignal or their signal

processing principle. Transducgrsan be subdivided in to the following main

types.

1.4.2.1 Electrochemical Transducers

) Potentiometric devices

These devices explain the relationship betweenctreentration of the
analyte and the electric potenti@ng). Difference in the potential between a
working electrode and a reference electrode is uredsdue to change in
analyte’s concentration. Themf is directly proportional to the logarithm of
analyte activity of the analyte. An early develomtnef such device is the glass
electrode for pH measurement. Most widely used rRaetric device is the
Lambda prob% which is made of Zr@Y,0s. Most common application of
Lambda probe is in automobile vehicles where theceontration of oxygen is
determined in stoichiometric way in internal comious engines for the required

oxygen fuel ratio.

1) Amperometric devices
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These devices are also known as Voltammetric devase in this case a
change in current is measured due to an electrachereaction. When a certain
potential is applied to an electro active substanteindergoes to a redox
reaction and in that process a change in curresibserved which is linked with
analyte concentration, because the peak curredireéstly proportional to the
concentration of electro active substance. Thegsnproblem with these devices
is that when potential is applied the electrodeemalt is consumed during the
reaction. But the sensor cost is comparatively lmcause these devices are

employed for discardable one-way systems.
[11)  Conductometric devices

Many reactions take place due to the change inctreposition of the
material. In conductometric devices these changgs 1o change in conductivity
of the systems which is measured electrically. Bbst example of these sensors
is Taguchi or Figaro sensor which was first comradlscavailable in 1968 for
monitoring of gases produced during combustion. ;SisOused as sensing
element in Figaro sensor; it is doped with a nobé&al like Pt. When this metal
oxide crystal is heated at a certain temperaturabgorbs the oxygen from
atmosphere on its surface. The donor electrons thencrystal are transferred to
the oxygen, this leads to a change in the surfesistance as the positive charge
Is produced due to the transfer of electrons. Redlwr combustible gases react
with this oxygen present on the surface of the aevand decrease its
concentration on surface and at the same timedhductivity of the material is

increased due to an increase in concentrationecfrens.
V) Field Effect Devices

Principally there are two types of electronic degicone is active and other
is passive. Active devices produce high currentganably by using low voltage,

in other words they act as amplifiers. Field effdevices have both sorts of
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components; the best exampleFigld effect Transisto(FET). Most commonly
used FET is metal oxide semiconductor field effé@nsistor which has

significant importance in the construction of modanter digital circuits.
1.4.2.2 Optical Transducers

Unlike the previous devices, the chemical informatis not converted
directly into an electronic quantity in optical nsalucers. They change their
optical properties upon interaction with analytéist change may be in
absorption, reflection or fluorescence. Light emgtdiode (LED) is an excellent
example of optical sensing where the wavelengtareded from ultraviolet (UV)
to near infrared (NIR) region. Optical sensors bancategorized in two ways,
first in which the analyte directly affects the iopt behavior of the system i.e.
plain fiber sensors and the second one in whiclyeaigteract with the analyte
and from this interaction the change in the optigedperties of that dye is

measured i.e. indicator —mediated optical sensors.

Surface Plasmon resonance (SPR) also falls undercidss of optical
sensors. In this technique electromagnetic waviessaat with metal surface as
the angle of reflectance directly depends uponenglincident. At a particular
angle of incident these waves produce very seesiscillations in thin films on
metal surface which leads to change in reflectioityight. These effects can be
used for development of a chemical sensor by applg suitable chemically

sensitive layer on metal surface.
1.4.2.3 Mass Sensitive Devices

These are piezoelectric materials which change thechanical properties
on applying an electric field. When a quartz sheatle of Lithium tantalate is
cut at a specific angle subjected to an alternatngent, some mechanical
oscillations are produced both on surface and thie. it had been observed by

Sauerbre¥ in 1959 that the resonance frequency of this gusineet directly
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depends on the mass deposit on it. So the changeass on quartz surface
causes a change in its resonance frequency whigesrthese material highly
sensitive balances. As the mass is a fundamentglepy of any analyte, by
applying a suitable sensitive coating material rthey can be used excellent
chemical sensors. Mass sensitive devices are myxirtant class of chemical

sensors and they will be discussed in detail irt okapter.

These above devices can be summarized in the folgpway in figure 2.

Plain Fiber Sensors

Surface Plasmon
Resonance

—(:> Optical Sensors

Indicator —mediated
Optical Sensors

Surface Acoustics

Acoustic Wave
Sensors

Chemical Sensors

1

Bulk Acoustics

£3 L4 4

Potentiometric
Devices

Amperometic
Devices

_:> Electrochemical n
Sensors

Conductometric
Devices

Field Effect Devices

|

Figure 2: Classification of Chemical Sensors



1.5 Sensor Characteristics

A lot of studies had already been done on send@®acteristics but while
developing a chemical sensor certain parameters canditions need to be

defined. They have been discussed as under oneeby 0

1.5.1 Sensitivity

Sensitivity of device shows that how large is tihgnal obtained from
measurement of a physical quantity. A highly seresisystem responds more
efficiently to minute concentrations and gives monéormation about the
analyte. In case of chemical sensors, more seasirgtems generate signals to
lower concentrations of analyte in comparison tbect. The sensitivity of a
chemical sensor depends upon the type of trans@unckthe nature of chemical

layer.

1.5.2 Linearity

The relationship between sensor response and tresumss physical
quantity in a certain range can be explained bydiity. It gives us information
about the degree of deviation from the ideal cunvanalytical measurements.
Considering Beer Lambert’s law in which absorptadna substance is directly
proportional to its concentration provided pathgknis constant, it means
doubling the concentration of the substance woesdlt double the absorption,
ibut it is true only at low concentrations or urdldbe intermolecular forces are
not operating. When the intermolecular forces stamking then the absorption
concentration relationship is no more linear arertteasured curve departs from

the ideal line.

1.5.3 Selectivity
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One of the most important features of chemical @ens the selectivity;
an ideal selective sensor shows response only wihere is change in the
behavior of target specie. It should not give algna to unwanted substances
provided the other physical parameters constantabe of chemical sensors, a
selective layer is designed for sensing of a aeaialyte which shows a pattern
of sensitivity towards a similar class of substameel from this sensitivity

pattern the degree of selectivity is known.

1.5.4 Response Time

It is the time taken by the sensitive device tongfgaan output signal due
to the corresponding change in input value, becaessors don’'t change the
output state instantly. In other words it is theadirequired to develop a new

stable state within the tolerance band of corrafie/from its previous state.

1.5.5 Accuracy and Precision

Accuracy refers as the degree of closeness of asurexh value to the
actual correct value, while the ability of a systengive consistently reproduced
values is called precision regardless how closéaorns the exact value. The
concept of precision is associated with the degoéereproducibility or
repeatability of measurement data. An ideal sesystem gives accurate and
precise results when measurements are made imetiffédmes. But in actual
practice this does not happen and the real timesumement data is distributed in

some order comparing to the correct actual value.

1.5.6 Noise

In the field of chemical sensors any disturbaned tian reduce the clarity
of a signal is called noise. It is an unwanted aidghat corrupts the actual signal

or more precisely we can say data without any nmgais noise. It could be
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random or persistent in the measurement and coaNe kifferent origins, for
example electric fluctuations or variations in tl&vironment in which
measurement is going on. Ideal sensors have logerevel so that it does not
influence the measured data. When dealing with stesy having high sensor
response, then the original signal can be distsiged from noise but when the
sensor response is too low then it is very diftidol pick original signal or to
eliminate noise from it. So the signal to noise(Srakio have to be decide in
both sort of measurements qualitative and quaiviétads well. In analytical
chemistry for qualitative analysis the (S/N) shob&lat least 3 as mentioned by
international union of pure and applied chemisttyPAC) while for quantitative
analysis it should be around 20. Higher (S/N) valaee the measure of quality of

a chemical sensor.

1.5.7 Hysteresis

It is the property of a sensor device to follow tienges made by input
parameters, no matter in what directions these ggmimave been made. The
term Hysteresis is derived from a Greek word whosaning is deficiency or
lagging behind. There are different examples of telgsis, for example
magnetic hysteresis, elastic hysteresis and thetmyateresis. Most simple
example to illustrate hysteresis is if the tempgeabdf an incubator is set at 80°C
turns on when the temperature reaches 78°C and affmt 82°C, the hysteresis
is the range from 78°C to 82°C.

1.5.8 Range

A group of values from a minimum to a maximum iflezhthe range of
that system. The range of a device is the minimua waximum values of
applied parameters that can be measured, for egampghermal sensor records

the temperature of a certain atmosphere from -106°€10°C. The positive and
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negative ranges may equal or not, but the sens@vib should be linear in the

defined range.

1.5.9 Resolution

Theresolutionof a sensor is the smallest detectable incremehtaige of
input parameter it can detected in output signdhefmeasurement. Mostly in a
instrument the least significant digit on displayll iluctuate, indicating that
changes of that magnitude are only just resolvée. rEsolution is related to the
precision with which the measurement is made. kamgple, a scanning probe (a
fine tip near a surface collects an electron tungeturrent) can resolve atoms

and molecules.

1.6 Conclusion

Chemical sensors is one of the growing branch ofleno analytical
science due to their wide spread applications ifierdint areas especially
environmental analysis. They possess significantaihges over the classical
instruments which makes them easily operatable doyprofessionally trained
personnel. This chapter gives an overview to utdedsthe basic concept of
chemical sensors and explain their design, classifin, characteristics and their

significance in modern world.
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Acoustic Wave Mass Sensitive Devices

2.1 Introduction

Acoustic wave or mass sensitive devices are vevargdgeous in the field
of chemical sensing and has gained a lot of intedesing last years. These
devices have wide applications in biosensors and@rmental monitoring. The
applicability of these sensors is universally wigle they detect or sense the
change in mass which is a fundamental propertyllcdirealytes. The change in
mass cause by the analytes is detected due toothesponding change in the
frequency of acoustic devices. Basically an acowdvice is of two types, first
is Surface acoustic wave (SAW) and second is Buldustic wave (BAW).
These devices can be employed as a sensing eleméwth gas and liquid
phases. In SAW devices adsorption takes place wkieh surface phenomena
while absorption is in BAW. A suitable chemicallgrsitive layer is coated on
their surface which selectively incorporates thalye leading to a change in
their fundamental frequency of the device. Acousteve devices can be best

understood under the heading of Piezoelectricity.

2.2 Concept of Piezoelectricity

When a dielectric crystal or eclectically non coctthg material is
subjected to applied mechanical stress, it gererate electric potential in
response, the effect is known as Piezoelectricity she material is called
Piezoelectric. This behaviour was first discoveired88d by the brothers Pierre
Curie and Jacques Curie. The common examples sé thaebstances are ceramic
materials, quartz crystals and Rochelle salt. Wbeme stress is applied in a
certain dimension on such materials then it goeeumechanical deformation.

Actually the applied stress polarizes the mataniatuch a way that it slightly
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separates the centres of positive and negativegebacreating a dipole as

explained in the following figure 3.

Mechanical Stress

. S
ega
(o

| S 5 % 15

Mechanical Stress

Figure 3: Explanation of Piezoelectric effect

The reverse of this phenomenon is knowrCasverse Piezoelectrieffect
and at first it was not experimentally confirmedtek one year in 1881 Gabriel
Lippmann proved this effect mathematically by emypig basic thermodynamic
principles while later on the reversibility of tb&ect was proved experimentally.
In Converse Piezoelectric effect, the applied eledield across surface of the
material causes mechanical distortion in it. Sol\apg a high frequency
alternating current to a piezoelectric material, @trasonic wave of same
frequency can be generated.

Piezoelectricity and Converse Piezoelectricity mmeena both have useful
applications for generating the high power and agst source, sensors and

actuators and frequency standards as well.

2.2.1 Piezoelectric Materials

Piezoelectric materials can be classified in twegaries, natural occurring

materials and synthetic materials. Some naturatcesuof these materials are
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Cane sugar, Rochelle salt, Berlinite (AlPGand Quartz, while interestingly
Bones also shows piezoelectric behaviour due totamaystals.

Synthetic materials are of various types which cdkie crystalline, ceramic and
polymers as well. Crystalline materials include liat orthophosphate (GaRD
and Langasite (Ls&aSiO,4) both are similar to natural occurring quartz tas
The synthetic ceramic materials contain Bariummtage (BaTiQ), Lead titanate
(PbTiG,), Lead zirconate titanate (Pb(ZrT)Q Lithium niobate (LINbQ) and
Lithium tantalate (LiTa@).

Polyvinylidene fluoride (PVDF) is an excellent maaé that possesses many
times higher piezoelectricity than quartz whereglonolecular chains attract or
repel each other due to applied electric potential.

The selection of material largely depends uponniueire of its application, e.g.
Gallium orthophosphate has high temperature coeffidhan quartz and can be

employed in working environment having temperatype¢o 900°C.

2.3 Surface Acoustic Wave (SAW) Devices

As from name it is clear that these are deviceswinich oscillation
phenomena is confined to the surface of the matefihey have wide
applications as narrow band-width frequency filtescillators and resonators in
commercial and scientific field. In 1885, Lord Reigh discovered the surface
acoustic wave phenomena and explained their mogeoplgation in his classic
papel®. Surface acoustic waves have both longitudinalsirehr component that
can couple with the surface of material and profggan-dispersively. Coupling
of these components have an effect on velocity amglitude of the waves
which makes SAW devices a promising tool to setgerhass and the other

mechanical properties of the medium.

Principally SAW devices made of piezoelectric miaisr in case of quartz
they are ST-cut on which inter digital transducEdT) comb electrodes are

fabricated. When an electric field is applied asrtisese electrodes, particles
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present on the surface of the crystal are displdo@th their position and a

Rayleigh wave is generated, which travel from oleeteode to the other along

Input Transducer @ Trao:stzl:l::er

Generatorﬁj ‘

Figure 4: A typical surface acoustic wave resonator

Surface Waves

the surface and create potential difference whghmeasured electrically. A

typical SAW device has been shown in figure 4.

The distance between the centres of equally peldritectrodes determines
the wavelength while dimension of the comb elearsttucture determines the
resonance frequency of the SAW devices. Typicaliy\'Scan be operated in the
frequency ranges up to 2.5 GHz but reported amallyéipplications is 1GHz that
shows remarkably enhanced sensitivity in compariesdQMB.

The excessive damping of these devices restriets tise in liquid phase but this
drawback can be overcome by using shear wave resshaThe vertical shear
wave component can be altered to shear horizontaponent by adjusting the
angle of cutting which reduces the damping sigaiftty and make the device

useable in liquid phase as well.

2.4 Bulk Acoustic Wave (BAW) Devices

Quartz crystal microbalance (QMB) is best known @esat example of
(BAW) device resonating in Trans Shear Mode (TSKjiginally TSM was
used to measure the rate of metal deposition imwacsystems where it was
used in an oscillator circuit.

The TSM sensor is commonly referred to At-cut quamtystal microbalance

having circular gold electrodes designed on ballesias shown in figure 5. By
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applying a certain frequency to electrodes excitatof shear mechanical
resonance takes place. This allows the surfacermaaten contact with quartz to
interact mechanically disturbing the resonant fesgpy and damping. Deposition
of mass on quartz surface produces a shift in srsmn frequency which can be

detected by oscillator circuit joined with frequgrcounter.

Figure 5: A 10MHz AT-cut quartz crystal having gattectrodes designed on both

sides.

The resonant frequency and the oscillation magaiindhe liquid phase depend
upon the visco elastic behavior of the medium. Gbahsensors consist of TSM
resonators having sensitive and selective suriagers. Analytes in the liquid or
vapor phase are sorbed onto or into the coatingpngihg the film mass or

perturbing the film visco elastic properties.
2.5CLASSIFICATION OF AcousTic DEVICES

Acoustic wave devices can be classified accordinghé nature of wave
propagation mode. These waves are distinguishedipally by their velocities
and displacement directions; many combinationspassible, depending on the
substrate material. Table 1 shows a brief claggiba of different acoustic
devices. This classification explain the type oé ttlevice, suitable working
medium, dimensions of the material, typical frequerdetermining factor,
operational range and most importantly their masssisivity capability. This

table helps us to pick and choose right deviceifit application.
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Acoustic Devices Bulk Acoustic Devices Surface Acoustic Devices

Device type QCM SAW STW
Working Medium Gas, Liquid Gas Gas, Liquid
Particle Transverse Transverse Transverse
Displacement Parallel
Plate Thickness A2 >>) >>)
Frequency Plate thickness IDT Spacing IDT Spacing
Determining Factor
Operational Range 5-20 MHz 0.3-1.8GHz 0.3-30GHz
Mass Sensitivity 0.0095 (for 10 MHz) 0.2 (for 158 0.18 (for
(Hz/ng) MHz) 250MHz)

Table 1: Basic classification of Acoustic wave deg

2.6 QCM as Mass Sensitive Device

2.6.1 Introduction and Basic Theory?

Quartz Crystal Microbalance (QCM) is a piezoelectmaterial having

affixed electrodes on both sides of the quartzepdat already shown in figure 5.1t
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is highly mass sensitive device capable of meaguriass changes in the nano-
gram range. High mechanical stability, low tempa@mtdependence and low

damping make this material extremely useful for sneensitive measurements.

X

Transverse Cut

Polystable cut

[rotated xy-
Compression cut cut]
[x-cut] X

Shear Cut
[y —cut]

Figure 6: Morphology of a quartz crystal accordiagvave propagation mode.

Figure 6 explain the morphology of a quartz substrith respect to different

cutting modes.

In order to achieve the desired properties, thetguaystal plate should be
cut to a specific orientation with respect to tlmgstal axes. These include the

AT- and BT cuts as shown in the following figure 7.

7 V4
A
35°15
/
> > Y
AT-cut BT-cut

Figure 7: AT-cut and BT-cut angles for a quartzstay,
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AT-cut quartz crystal can easily be manufacturedcommercial scale and is
most widely used crystal for mass sensitive measengs, but it has certain
limitations concerning high and low temperature. éntreme temperature
conditions the crystal structure is easily disrdpby the internal stress. These
internal stress points produce some undesired déregu shifts during

measurements which reduce the accuracy. Quartzatrgsrforms resonance
oscillations when it is bring in to the circuit d&tor where the mechanical and
the electrical oscillations are close to the fundatal frequency of the crystal.
An equivalent circuit model can be designed for Q@Mich is helpful to

calculate the resonant frequency and quality fa¢@r or dissipation (D) i.e.

mass accumulation on the quartz surface and theo \aé$astic nature of the

deposited layers. This equivalence circuit modshewn in figure 8.

C
- | |

Figure 8: An equivalence circuit for QCM.

The oscillations of QCM can be compared to the abovcuit in which
mechanically vibrating mass is considered as irahee L, the capacitance C
represents the elastic behaviour of the reson&ashows the damping losses
during mechanical vibrations and, Gtands for the capacity between two
electrodes on QCM. The ratio of applied electricaltage and the electricity
flowing through the quartz crystal gives the vatdeampedance. The inverse of
this impedance is called admittance. The impedawakie gives all the
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information about the vibrating quartz crystal amdhelpful in understanding the
nature of the deposited layer. For example, frequemd quality of resonance
(Q) or damping losses can be calculated. Morealifierent harmonics and the
distorted resonance curves can also be determined.

The fundamental frequency of the quartz is deteechimainly by the thickness
of the sheet. The characteristic frequency of peeiric crystals is given by the

following relationship.

Where C is velocity of sound in quartd is the thickness of the quartz sheet
while for typical AT-cut crystaN is 1670 kHz-mm. Some other parameters like
chemical structure of the crystal, shape and masstso affect the fundamental
frequency. Commercially available QCMs have thedamental frequencies up
to 50MHz but at this point the crystal plates beedwoo thin to be mechanically
stable. Commonly used QCMs have the frequency rdf®@g20MHz in sensor
applications. Figure 9 shows explain the principél wave propagation in

10MHz AT-cut quartz having sensitive layers oveldgeectrodes.

[ T ' 1

I(\D/Il.larti ClyStal ' > </ i Gold electrodes
1croovalance / \ "

| 1

Sensitive layers

Wave propagation direction «—>
Direction of moving particles

Figure 9: QCM designing and wave propagation mode.

The oscillation frequency of QCM is influenced thetshear modulus of the
crystal and some other physical properties of thekimg medium which include

density or viscosity of the gas or liquid phase.sMaccumulation on quartz
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surface changes its resonant frequency. This oekstiip of mass deposition to

the resonant frequency was first introduced by 8aeg in 1959, which is as

follows.
2
Af =—f 2 Am
0 }/ (21)
Atr (meq) ’
Where,

Af = Frequency change

f, = Resonant frequency

Am= Change in mass

A., = Active Piezoelectric area of quartz (usuallycalede area)

c, = Shear modulus of quartz crystal

0.= Density of Quartz

This equation clearly indicates that the changeegonant frequency is directly
related to the mass deposited on crystal surfabe. dbove relationship was
derived for the systems working in gas phase. Wipdimg to the liquid phase,
certain parameters have to be considered, amongighesity and density are
most important. For that purpose above equationadified and its new form is

as follows.

2 [an
Af = -1, - 2.2)
( ,Oqu)% anf,

Where (7,) and (9) are viscosity and the density of the liquid phase

respectively. While performing the mass sensitiveasurements in the liquid
phase a frequency shift is observed. For 10MHztguhke theoretically expected
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frequency shift is about 2 to 4 kHz. This value mag different from the
observed value due to the difference in the suréawe bulk values of viscosity
and density. In liquids the damping losses for Q&M quite high and depend
upon the visco elastic behavior of the depositgdrland the nature of the liquid
medium as well.

QCM resonates in different modes of vibration l&gmmetric, anti symmetric
and twist mode; these modes can easily be corcelbte phase shift. All
information about quartz during oscillations canurelerstood from resonance

spectra as shown in figure 10.
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N WV 75
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A -60 . -50
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-70 + -75
Symmetric
-100
-80 Parallel resonance
-90 T T T T T T T . -125
9.69 9.72 9.75 9.78 9.81 9.84 9.87 9.90 9.93

Frequency (MHz,
Figure 10: A typical damping (blue) and phase (pspectra of a 10MHz QCM

This damping spectrum is for 10MHz quartz havinddgelectrode over the
QCM surface. The serial and parallel resonanceufreges can be calculated by

using following equations respectively.

1
f=———Am fo_ 1 h.C
271/ LC and  » 5 LC +C0 (2.3)
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2.6.2 QCM in the Field of Chemical Sensing

Several strategies can be purposed to sense areaimaa complex mixture
by using different sensing techniques but Quaristat Microbalance (QCM) is
the best choice among all considering its sevatah@atages in the many regards
over others in both gaseous and liquid phase. Qumcent years a number of
reviews* and articles are reported that explain the apiiina and technical
issues involving QCM use. Their capability for omi monitoring in complex
mixtures makes these a distinct tool in the donmdianalytical chemistry. The
early developments in QCM application were jussémse the mass change in
gas phase, which includes the humidity sensor,ctete of volatile organic
compound¥*® monitoring of environmental pollutants and gasaggh
chromatography detectdfsPreviously, single analyte was measured at one ti
but now days by designing a suitable sensor amagral different analytes can
be measured on a single array with higher degresepsitivity and selectivity

that further miniaturizes the mass sensitive device

In the decade of 1980, an advanced liquid phase QiéMces were
developed that measures the change in the frequehicn could be related to
the density and viscosity of the solution havinghhdegree of damping. These
QCM devices provide an interesting way to sensentiass of the analyte in
complex mixtures and characterize the visco elgsbperties while operating in
liquid phase. The behaviour of the bound interfaoiass to the surface and
properties of that medium can be investigated beter way. Even in opaque
solutions where some classical instruments fadsefificiency of QCM devices is
not disturbed. These devices are capable to serlgitmeasure the changing in
mass associated with liquid-solid interfacial ph@eoa and to characterize the
energy dissipation due to the visco elastic behawid the deposited mass on the
metal electrode surface of QCM. These devices baea accepted as a powerful
tool to monitor adsorption processes at interfacetdifferent physical, chemical
and biological research areas.
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Since the discovery of QCM devices, they have fousmbrmous
application$’ in areas of food chemistry, environmental andic#ihanalysis.
The inherent ability of these devices to monitdfedent processes in real time
makes these superior over other techniques. A lsicription about QCM

applications in different areas can be presentddlliowing manner in figure 11.

Bio Technology Degradation Sensors
DNA Biosensors Environmental monitoring
Immunosensors Detection of VOC

Virus Sensors Compost analysis

QCM Applications

Drug rescarch analysis Self-assembled monolayers
Ccll Responsc to Surfactant research
pharmaclogical substance Polymer coatings
Drug delivery Interfacial processes in
Electrochemistry

Figure 11: Applications of QCM in different fields.
2.7 Conclusion and Future Directions

These mass sensitive devices have proven themselvesndy tool for the

monitoring of clinical and environmental processébe re-usability of these
sensor systems is the one of the most importaritrieavhich is gaining the

considerable attention of all the scientists arothme world. This technique is
relatively cheap and easy in terms of its use isegas and liquid phase
especially in harsh environments. The most excitéagure of these devices is to
perform measurements without any specific labetingny pre treatment of the
analyte mixture. The synthesis of a chemically gmeslayer is a major issue
which binds the analyte selectively. On the othand these acoustic wave

devices can be integrated wirelessly. So, applgirsgitable coating material on
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integrated wireless acoustic wave devices can op&nhorizons in the field of

chemical sensors.
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Advanced Synthetic Materials for

Analysis of Degradation Products

Various types of lubricants are used in automobikhicles, heavy
industrial machinery, and power generating engifi@ese lubricants reduce the
internal friction during operation and increase lifeetime of the engine but with
the passage of time they undergo different degi@dghases. In order to make
these lubricants more effective a variety of asldiiare added depending upon
type of combustion engine and their end use. Thddéives serve different jobs
like reduction in corrosion, viscosity modificatiosurfactants and many more.
Beside this some basic ingredients are also addddas sulfonate and salicylate
salts of calcium in order to neutralize nitrogerd asulphur containing acidic

products, produced during fuel combustion of diesel gasoline engines.
3.1 Classical Engine Oil Parameters

The classical engine oil parameter such as tots Ipamber (TBN) or the
total acid number (TANY representing the total basic and acidic compounds
respectively, are very important in terms of qyabf lubricant. These values
have considerable importance during manufacturnoggssing of lubricants and
also predicting their expiry. In fact from thesdu&s it is easy to decide about
quality of engine oil during fuel combustion, oxie of oil takes place which
yields acidic products, these acidic products a@nalize by the basic additives
present in oil. So as long as the basic additivegpgesent in oil they will react
towards acidic products. With the passage of tineeldasic products are going
down and acidic products are going up due to oxidaphenomena. This
substantial increase in acidic products over aaservalue can cause serious
corrosion in the piston and other parts. The aqgutoducts are directly linked

with oxidation of the engine oil, in fact it repesd the degree of oxidation, so
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greater the oxidation higher is the acidic produittss necessary to control these
acidic products and more importantly to know thaatife time of engine oil so
that when it actually needs to replace. Becauseaaly replacement of the oil
would be costly on consumer side and on the otledha delayed exit of
degraded oil can cause severe damage to engine. \Beara continuous
monitoring of these oxidation processes is requitith enable us to make a
quick decision about its replacement, as in caseutbmobile vehicles the

deriving behaviour is not same all the way.
3.2 Literature Review and Previous Work

In order to analyze these acidic products diffeigrdtegies are employed

d9202122 including both physical and chemical techniquesie O

in literatur
recently used physical method for the analysis egrdded oil is Fourier
transform infra red (FTIR) spectroscdpyyin which different characteristics of
used engine oil is investigated and the obtaingd ¢&a compared with other
methods in field test. Another spectrophotometetedtion method is reported
which involves the examination of acid buffers andicators. In this method a
change in absorbance of indicator is measured glaaid base buffer solutions.
There are some other physical methods which relghamacteristic properties of
engine oil; these include a change in viscositgarductivity* of the lubricant.

Another path is followed by making a correlation dégraded engine oil
parameters with data obtained from classical val@tic or amperometric

measurements.

But these methods do not provide enough informagioout the molecular
recognition system3?® and are not compatible with harsh environments
especially in high temperature conditions. Moleculmprinting?’ is highly
suitable and more advantageous technique to gendrghly sophisticated
molecular recognition sites leading to a favourabteraction towards a defined

target analyte. Capric acid imprinted sol-gel la$fehave proven themselves as a
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highly sensitive material for the selective incagimn of degraded base oil
additives. These layers are rigid, robust and #easienough to perform
efficiently. But these layers do not possess laggace area and do not provide
better diffusion path ways moreover they lose th&@nsing capabilities at
elevated temperatures. This problem has been awerdwy introducing nano
particles in place of sol-gel layers. The idea bdhinvention of nano particles
for mass sensitive measurements was to increas@aation sites for the analyte
on transducer surface, which leads to an enhaneesos response. Literature
shows that these imprinted nano materials are s@msitive, as they have more
number of interaction sites offering more acidicogucts for selective
incorporation. Imprinted Ti© nano particleS proven themselves a highly
efficient tool for engine oil degradation measurateeas compared to thin sol-
gels. They have higher sensitivity by a factor wbjt moreover they can bear
high temperature environment which is most sigaificfeature of these synthetic
materials. This sensitivity was highly associatedhwhe size of particles.
Particles having smaller size shows higher senggrak than those having
greater size. Improved sensitivity and high tempeea resistivity justified
selection of these materials for online monitorimgnd process control
applications. But going over the temperature raofg250°C, these nano particles
lose their mechanical properties and sensitivitgsgdown surprisingly. This may

due to the collapse of cavities, created artifigiad those materials.
3.3 Basic Strategy

Going down to the group IVB in periodic table zinoom is located, which
has almost similar properties like titanium but gEss some extra temperature
durability and resistance towards corrosion. Sotheranherent mechanical and
thermal characteristics of zirconium suggest that €lement could prove more
effective in substitution of titanium. So, the sbgy is to replace titania with
zirconia and generate similar cavities for select®-inclusion of acidic products
to make it better sensitive material at much higaerperatures.

39



The first section of this chapter gives an overvawut making of quartz crystal
microbalance having desired electrode design andsf@bout the synthesis of
molecular imprinted nanopatrticles of Zr@heir characterization by atomic force
microscopy (AFM), and mass sensitive measuremeritis wsed automotive
engine oil. Some mass sensitive measurements soeairelated with Infra red
spectroscopic data. The second section of the ehéptows a similar sort of
protocol to examine the combined effect of Titamiad Zirconia. Finally a
comparison is being made among the individual amat jsignificance of these
especially designed materials, which helps in thsélection in desired

conditions.

Section 1

3.4 Sensor Design and Set up

Before advancing towards the synthetic steps of riaeo particles a brief
introduction of the sensor design and setup has blescribed in the coming

sections.

3.4.1 Screen Manufacturing and Gold Printing on QCM

An optical lithographic procedure is followed forilks screen
manufacturing to cast the desired electrode imag@®GM. For this purpose silk
cloth of 21um mesh size is tightly glued on a nietdlame. A very fine film of
a UV sensitive polymer (Azocol Poly plus S of KIW@)coated on silk and kept
under dark for half an hour. The electrode desgyprinted in black color on a
transparent sheet which is fixed in UV chamber. Noeve is placed on this
image in such a way that the design should bentre®f the frame and then UV
light is exposed for 30 seconds. The image appeametthe sieve after washing
with warm water. The sieve used for the manufactuof QCM for both mass

and electric sides in oil analysis is shown infigare 12.
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O ¢ * \ >

Complete image

Figure 12: Sieve design for dual electrode QCM. ifpgression from front and the

rear ends are also highlighted.

For screen printing, QCMs of fundamental frequeot$OMHz were purchased
from Zheijiang quartz crystal electric company, @hi At first quartz wafer is
put onto a Teflon block and the sieve frame is gdaover it as shown in the
figure. To keep the QCM alignment fix the Teflonotk is connected to a
vacuum pump. Now the gold paste from is spread theesieve with the help of
a sharp edge rubber to make it smooth and uniféknfine image of this

electrode shape has been stamped on QCM wafer whidten placed into an

Sieve for dual :
electrode

QCM

To vacuum pump

Teflon block

Figure 13: Representation of screen printing proced

oven at 40€C for 3 to 4 hours to evaporate the organic resd8emilar process
is followed for back side of the QCM. The importémig is that the temperature

41



and heating time should not be increased otherthisequartz might shifted to

another phase which can influence the fundameesainance frequency.

3.4.2 Electronic Circuits

Electrical connections of above prepared QCM arderiay a DC power
supply and a circuit oscillator which is coupledtwAgilent frequency counter.
An input DC voltage of 12V is applied to the osaitir which is connected from
one part to the measuring cell and from other égudency counter. A typical
oscillator circuit diagram is shown in the followirfigure 14. The frequency
counter is connected to a computer via GPIB USBlecaBny change in

frequency is recorded by the software installe¢@mputer.

=
S
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47PF

Figure 14: Oscillator circuit diagram for 20MHz fQICM.

3.4.3 Cell Design

In liquid phase where the viscosity effects are eanmonounced than gas
phase, measurements become more tedious espeoidallg case of oil which
can influence the analysis. So the problem can dlged by increasing
temperature of the measuring cell. The temperapmeposed during the

measurement is about 80°C. For this purpose arwaté is used which can
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maintain the desired temperature of the cell. Tohstand at such a high
temperature a special brass cell is designed wisiatonnected to water bath

through special pipelines. A typical brass cehewn in the following figure.

Electrical contacts

Oil outlet

Inlet for water bath

Electrical contacts

Figure 15: Brass cell used for oil measurementffei@int arrows show direction of

inlet and outlet for oil samples and electrical temts.

3.4.4 Layer Material Coating

The layer material is coated exactly over the etelet surface with the
help of a spin coater. QCM is fixed on the spintepasing a plastic tape which
covers the whole quartz expect the electrode &iaahias to be coat. After fixing
QCM, spin coater is turned on and a very small gtyatypically in pL of
coating solution is dropped on electrode by a mmpette. The drop spread all
over the electrode surface and form a very thin fne film. The rpm and
spinning time can be adjusted according to requerégmto obtain desired layer
height.
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3.5 Experimental Section
3.5.1 Materials and Chemicals

All the chemicals and reagents used for the syrghef nanoparticles were
purchased from Sigma Aldrich in highest purity.

3.5.2 Synthesis of Molecularly Imprinted Zirconia Nanopatrticles

Molecularly imprinted nanoparticles for detectionf @ngine oil
degradation were synthesized by hydrolysis reactibmmonium hydroxide
and zirconium propoxide using capric acid as teteplgquimoler quantities of
zirconium propoxide and capric acid i.e. 327mg a7@mg respectively were
dissolved in 1000uL of iso-propanol separately du@dmixture was sonicated for
15 minutes to make a clear and homogenous soluliomnitiate the hydrolysis
reaction ammonium hydroxide was added slowly onstamt stirring to this
mixture until precipitation stops. This mixturekspt under constant stirring for
15 minutes. After that mixture was transferred iatovial and centrifuged at
4000rpm for 10minutes. Supernatant liquid was diechaff while the remaining
matter was washed with water and acetone respbgti@ed later on dried in
oven at 60°C. These dried particles were finelpdgd and sonicated with 0.1N
HCI for 10 minutes to neutralize the traces of amimm hydroxide. Now
washed these nanoparticles in a same manner witterwand acetone

respectively and dried in oven.

3.5.3 Synthesis of Non-Imprinted Titania Sol-Gel

Non-imprinted titania sol-gel layers were preparfedm condensation
reaction of titanium propoxide. In order to prep#rese sol-gel layers 67uL of
tetrabutyl orthotitanate Ti (OBuyis dissolved in 970uL of iso-propanol, to carry

out condensation, 10uL of TiQlvas added to above matrix. This mixture was

44



heated on 60°C for 1hour on continuous stirringceanplete polymerization.
This layer performs two functions, first it is usad reference to the imprinted
nano particles compensating the viscosity effetissed engine oil during mass
sensitive measurements and secondly it immobilimado particles on gold

surface.
3.6 AFM studies

Atomic force microscopic (AFM) studies provide arcellent way to
investigate the distribution of zirconia nanopdescand imprinting effects. AFM
consist of an extremely fine tip fixed on a camde spring that is moved
mechanically over the sample surface. When camtilép is brought near to the
sample surface, attractive or repulsive forces atperresulting from their
interactions. The information collected from thed&active or repulsive forces
are monitored from a laser attached to the bacdk sfdthe cantilever and from
this information image of the sample surface isdpieed. In this surface study
AFM from Veeco digital instruments company is usscgshown in figure 16.

To prepare an AFM sample a glass piece of 5x5 mncoated with

25.0 nm
250 0.0 nm

Digital Instruments NanoScope

scan size 5.000 um
scan rate 0.9864 Hz
Number of samples 512
Image Data Height
Data scale 50.00 nm
0
0 2.50 5.00um

Figure 16: Imprinted zirconia nano particles atale of 5 pum.
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nanoparticles solution and heated in an oven &C.1€r 2 hrs. The height image
obtained is presented as follows. This image shawery fine distribution of
zirconia nanoparticles having size of 100nm to 20@&pproximately on a scale

of S5pum.
3.7 Coatings on QCM for Mass Sensitive Measurements

For coating nanoparticles on quartz electrode, Shgreviously dried
zirconia nano particles were mixed with 500uL ob-popanol to make a
homogenous and uniform suspension, 100uL of nomhntgal titania sol-gel
were also added which served as gluing agent. @nebectrode, 5uL of this
suspension is coated on a spin coater at a spe800&pm for one minute,
while the other electrode was coated with non-imed sol-gel material which
considered as reference under the same protocébreBeoating the second
electrode the layer formed on first electrode sticag dried and then covered
with some material to avoid any interference duratger electrode’s coating.
This quartz is heated in oven at 110°C for two bpurequencies of both
electrodes before coating and after heating wetednim order to calculate the
layer heights.

This coated QCM was placed in the measuring deadld sandwich between
the O rings. As the quartz is very fragile so th@sangs saves it from breaking
in the metallic body of the cell. The temperatuigswnaintained at about 80°C to
minimize the viscosity effects of degraded oil. Td&dl is now flush through n-
heptane which not only removes the template froenithprinted channel but
also act as the base line solvent during the measnts. After some time when
a stable base line was achieved n-heptane wasedraiih and 200uL sample of
83 hours used engine oil was introduced into tHe Aesudden change in the
frequencies of the both channel was recorded on MMBW software installed
on the computer. The difference appears after aciirig the frequency change
in imprinted channel to the change in referencennbhis called the net sensor
response which is shown in the figure 17.
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Figure 17: Sensor response of imprinted Zmanoparticles of 83 hours used oil at
80°C.

These imprinted nanoparticles shows highly appbdeisensor response towards
the 83 hours used engine oil as compare to theerefe channel on which a

titania sol gel layer was coated.
3.8 Selection of Zirconia Nanoparticles

Zirconium is well reputed transition element inipdic table due to its corrosion
resistive properties. The idea of replacing titamaaoparticles with zirconia is to
improve the thermal stability and durability of teensor material that can show
significant sensor response at higher temperati@examine the behavior of
zirconia, their sensor response at elevated teryesahave been recorded and
then compared to the previous work on titania. Mwees the surface studies have
also been carried out to observe the changing enpdrticle size and their

distribution with respect to different temperatures

3.8.1 Mass Sensitive Measurements at Elevated Tematires

A set of eight different QCMs have been prepared lagated in the range of

110°C to 400°C in a similar manner as explain engéction 3.7 to perform mass
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sensitive measurements. The layer height of allQkdVs have been calculated
from the frequency difference\[f (1kHz) = 40nm] before and after coating of

the nanoparticles.
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Figure 18: Sensor response of zirconia nanopastmteeight different QCMs heated

from110°C to 400°C to 83 hours used oil measur@d 4t .

Mass sensitive measurements recorded at higheretamapes produce a full
picture to understand the behaviour of the sengsimgterial in different
environments. As the degradation processes talke® @t higher temperatures
so, it is very important to know that how the coat@noparticles will behave at
elevated temperature. Comparatively at low tempeeate. 110°C the sensor
response was quite nice in the case of titaniasante was observed for zirconia
between 200°C to 400°C. A special trend was foltbwaich has been shown in
the figure 19The graph can be explained in two ways first imt&of increasing
sensor response with increasing temperature i@n fR00°C to 280°C and
secondly in terms of decreasing sensor responseimgteasing temperature. In
fact in first part sensitivity is directly propastial to the temperature where as in

the second part it is inversely proportional.
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Figure 19 Sensor response of zirconia nanoparticles heatdteirange of 200°C to
400°C to 83 hours used oil at 80°C.
Considering the first part there is a consistemrament in sensor signal till

280°C which can be explained in terms of phasestoamatiori® of zirconia
nanoparticles. It has been reported that heatirgpatit 500K (227°C) or over
initiates the process of phase transformationgtragonal structures. This might
change the dimensions of nanoparticles providingetter surface area for
sensing of acidic products. In the second parthef graph sensor response is
diminishing with temperature enhancement whichrtyesuggests destruction in
numbers of molecularly imprinted sites for re-irgthn of acidic products due to

losing control of nanoparticles over their positon
3.9 Surface Studies at Different Temperatures

Nanopatrticles have been coated from the same @olofithe QCM coating on
four different glass slides and heated at diffetentperature range from 110°C
to 400°C. Their AFM images have been captured &wmavis in the following
figures starting from 110°C, 200°C, 300°C and 4088Ghe scale of 10um
respectively to understand the surface behavioairobnia. The AFM image of

glass slide heated at 110°C shows a very findlaligiion of nano particles.
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At 110 °C
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Figure 20: AFM image of imprinted nanopatrticlestiedaat 110 °C.

At 200 °C
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Figure 21: AFM image of imprinted nanoparticlesteedaat 200 °C.
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At 300°C
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Figure 22: AFM image of imprinted nanoparticlestedaat 300 °C.
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Figure 23: AFM image of imprinted nanoparticlestedaat 400 °C.



The number of interaction sites are proportionaddnsor response of the system
as greater the acidic products interaction withsinéace of nanoparticles greater
will be the effect. But at 200 °C distance betwearticles starts increasing at
slow pace. This trend continues till 400 °C whdre tistance between nano
particles becomes maximum and they start agglomerathich results a major

loss in the sensitivity of the sensor material. Boexpected behaviour of this
material was around 300°C where the sensor respaasdighest. The reason of
this surprising behaviour has been explained abind deals with phase

transformation of nanoparticles in this temperattaege, which changed the
crystal phase as well as the dimensions of nanofetthat provides slightly

better diffusion pathways to the acidic products.

3.10 Correlation of the IR Data with the Sensor Rgsonse

The age of the degraded engine oil can be measurtam ways, firstly to
find out total time that has been spent by oil semnmghen the engine was running
and secondly recording the difference of metre irggd(in terms of kilometres)
from first to the next change of engine oil. Frstthod gives the life of used oil
in terms of time (hours) while second gives in teraf mileage (Km) of an
automotive car. Here some mass sensitive measutername been performed
with different samples of a Punto car and Punton@eadiesel oil samples and

the reversibility of the sensor signal has beesgnted in the figure 24.

The graph shows a gradual increase in sensor respeith the growing
age of used oil samples. The sensor response \ghsrhio that sample of oil
which had covers longest mileage and was loweshdotest mileage. The QCM
sensor response of degraded engine oil can beirgg@lavith the help of Infra

red spectroscopy.

As the long carbon chains present in the freshurilergoes several degradation

phases with the passage of time and ultimately exes in to carboxylic acid
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which increase the overall concentration of carbargup in the oil sample.
Greater the intensity of the carbonyl group older life of the oil sample. The
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Figure 24: Net sensor response of 1000 km useshnibles fronPunto Grande.

maximum absorption curve for carbonyl group appedrabout 1746cth By
drawing a base line to this absorption peak thectex® intensity of that

particular sample can be calculated as shown ifolleving graph.
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Figure 25: Correlation of IR absorban€ainto Grande’motor oils and their respective

Sensor responses.
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The correlation between sensor responses of QCM W&t data of
degraded engine oil samples has been illustratédeirabove graph. This result
worked as a bridge between two different dimensmingsed oil samples where
increasing engine oil life corresponds to an insega IR intensity and the sensor

response of mass sensitive devices.
Section 2

3.11 Synthesis of Mixed Composite Titania and Zirawa Nanoparticles

In order to prepare mixed imprinted nanoparticlesitania and zirconia,
327 mg of zirconium propoxide and 172 mg of camad (template) were
dissolved in 500 pL of iso-propanol separately thered these two solutions
and sonicated at least for 15minutes to make a ob@#rix, named a8. On the
other hand mixture of 170 mg of titanium tetra clde and 172 mg of same
template e.g. capric acid each in 500 pL of isgeprml, mixed and heated at 60
°C for 30minutes, named & Now A andB were mixed in a 10 mL beaker with
constant stirring and drop wise addition of 25%9H until precipitation was
stopped. Stirring was maintained up to 15 minutbewang the mixture to
complete the reaction. Make sure that there waduniher precipitation on
adding a drop of NEDH, stop the stirring and centrifuge the solution4900
rom for 10 minutes. Carefully decant the superratauid, and wash the
precipitates first with acetone to remove the weted organic matter and then
add 0.1N HCI to neutralize the excessively added®HH in reaction mixture.
Filter the precipitates and wash with de-ionizedenafinal washing was done

with acetone and then dried in oven at 60 °C.
3.12Surface Studies

Before doing mass sensitive measurements of ab@eypamed composite material

their surface studies has been performed on AFkhil&i process followed for
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preparation of coating solution on glass slidegxdained in section 3.6. The
AFM images were taken in different modes especially-D plot to examine the
nature of the material which helped us to undedstha size, distribution and the
imprinting cavities generated for acidic produd®sevious studies were carried
out focusing on individual character of titaniumdamirconium but this will

provide a combined view of both these materials.

Digital Instruments NanoScope
Scan size 10.00 pm
Scan rate 0.9864 Hz
Number of samples 512
Image Data peflection
Data scale 20.00 nm

Z = 20.000 nm/div,

@ view angle

Ay .
_’<|>‘_ Tight angle

pm

X 2.000 pm/div
2 z 20.000 rm/div

30-07-2007t1 _zr_160c_10.004_5

Figure 26: A 3D view of the surface of imprintethtiia_zirconia nano particles heated
at 110 °C.

This 3-D surface image on a scale of 10 um of cai@anaterial shows a
regular pattern of imprinting sites developed bemveanoparticles. It is beauty
of synthetic procedure that the size of nanopadidf two different elements is
very much identical to each other which facilitfie generation of cavities in an

organized way.
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3.13Mass Sensitive Measurements

The mixed nanoparticles were coated on dual eleetrquartz crystal
microbalance to perform mass sensitive measurer@idwing the same
protocol of pure zirconia. Coating solution waspgameed by dispersing 5mg of
nanoparticles in 500uL of iso-propanol along wi@®21L of previously prepared
non-Imprinted titania sol-gel. 5 pL of this unifomispersion was coated on one
electrode while the other was coated with titawmiage! for reference. This QCM
was heated at 110 °C for 2 hours in oven and n&asstve measurements were
performed with different samples of used enginei.eil 40, 83, 123 and 166

hours are presented in the following graph.

83 hours 123 hours

30 40 50 60 70

Time [min.]

Sensor Response [Hz]

166 hours
1

Figure 27: Sensor response of imprinted titani@onia nano particles to different used

engine oil samples (hours) at 8D.

The sensitivity pattern is quite good towards ddfe used engine oil
samples having different ages based on time (hapeht in running engine.
Concerning the life of used engine oil based oneagé (Km), some mass
sensitive measurements have also been performethaindesult is explained in
figure 28.In both curves one thing is very obvious that thaser response of

this material is linear over a wide range of diéfier samples. This linearity help
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us in drawing a curve in which sensor responsdotigal against life of the oil
I.e. mileage covered from first change to the n@Xtthe oil samples tested on

the same QCM should belong to the same enginerédudts obtained are shown

in figure 29.
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Figure 28: Sensor response of imprinted titani@oniia nano particles to different used

engine oil samples (Km) at 8C.
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Figure 29: Sensor response of imprinted titaniaconia nano particles plotted against

age of the oll.
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In a similar way six different QCMs have been cdatnd were heated at
different temperatures starting from 110°sC to 40D0f oven for 2 hours. Sensor
responses obtained from mass sensitive measureroendl QCMs heated at

different temperatures are presented in figure 30.
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Figure 30: Net sensor effect of mass sensitive oreagents performed to 83 hour used
engine oil with imprinted nano particles heatedifierent temperatures.
This graph gives information about the sensor mespas function of time to
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Figure 31: Effect of temperature on sensor respafisenprinted titania_zirconia

nano particles.
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different QCMs heated at different temperaturess Talationship can be better
understood in terms of changing sensor responsetaluemperature where
frequency changef | is plotted against the function of temperati@]]

3.14 Particles Size and Distribution

Sensitivity of the nanoparticles is greatly assteclawith particle size of the
material and its distribution on the surface. Is ladready been assesed that the
particles having smaller size are more sensitiaa those of larger size. Because
smaller size particles provide greater surface ifderactions to degraded
products or in other words they have more accesslies in comparison to
larger ones under same scale. Sintering or heafingano particles at elevated
temperatures strongly influences their size anttidigion. A 3-D image of this
composite material heated at 110 °C has alreadyp BBewn in the figure
describing the imprinting sites for acidic produddsano particles were heated at
110 °C, 200 °C, 300 °C, and 400 °C and their defleanages on the scale of 10

pm have been captured as shown in the followingrég respectively.

At 160 °C

2=r— 10.C

“ 20.0 nm

— 7.5 10.0 nm

— 5.0 0.0 nm

Digital Instruments NanoScope
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scan rate 0.9864 Hz
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Image Data Deflection
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Fiaure 32: AFM imaae of imprinted titania zircomanoparticles heated at 160
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At 200 °C
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Figure 33: AFM image of imprinted titania_zircomanoparticles heated at 200 °C.

At 300°C
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Figure 34: AFM image of imprinted titania_zircomanoparticles heated at 300 °C.
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At 400°C
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Figure 35: AFM image of imprinted titania_zircomanoparticles heated at 400 °C.

At temperature of 110° C the distribution of namtipkes was very fine and
maximum numbers of sites were available for retsicin of degraded products.
This has also been proven from the results of reassitive measurements where
the sensor response of a QCM heated at 110 °@Qhest. Going above at 200 °C
the size of the particles increases and this miaé&esénsor signal slightly down.
Further heating up to 300 °C compel the particlethér close which decreases
the sensor signal substantially. In fact the ideiatooducing titania with zirconia
is to develop an innovative material having difféareentres of mass that can
bear extreme temperatures without immediate cahlgpsSintering at 400 °C
strongly influence size of the particles resultimgcomparatively small sensor
effect. AFM images of nanoparticles heated at ckifie temperatures reveals that
the particle size and their distribution gradualthanges with changing
temperature. The nanoparticles blend of titania amgtonia in specific
proportions can lead to the development of highgeful sensitive coating

materials that can be used according to their tradek features in different
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working environments. The relationship between agersizes of the particles
and QCM sensor response at four different temperatcan be explain by the

following curve.

2600+
2400+
2200+
2000+
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1400 ! I ) 1 1 1
150 175 200 225 250 275 30(

Average particle size [nm]

Figure 36: Explanation of the relationship betwsensor response and average particle

size.

AFM studies and the above graph clarified that thereasing temperature
changes the morphology of particles forcing thentcdme closer to each other
destroying the artificially designed imprinting est which ultimately decreases

Sensor response.

3.15 Comparison of Sensitivity at Different Tempertures

The individual performance of imprinted titania oparticles and of zirconia at
higher temperatures had already been studied.eviqurs investigations, titania
proves itself as a promising material concerning wensitivity at lower
temperatures working ranges i.e.160 °C. But atrgpgzature of about 400°C the
sensitivity goes down by a factor of 5 and the maltdoses its imprinting

properties. In the case of zirconia the sensoromespis not as high as in case of
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titania but is still excellent at lower temperatur@&he remarkable feature of this

material is that it shows much higher sensitivitgrt titania at 400°C.

The degradation processes takes place at highgetatares. Especially in the
case of engine oil where the temperature is tob,hagvery sensitive and rigid
sensing material is desired which can work throwgimplex sample of oll
efficiently and can withstand at high temperatugrking environments without
losing the original functionality. Combining higlerssitivity of titania and high
temperature durability of zirconia a novel matersatieveloped possessing both

features.

Figure 37 shows a substantial decline in sensitwith increasing temperature
but the important thing is that the sensor respatsdevated temperature about
400 °C is much higher than the titania or zircaniadividual effects. A
sensitivity comparison can be made among the iddaliand combined strength
of these sensor materials at five different temipees i.e. 110 °C, 200 °C, 340 °C

and 400 °C which give us a full picture.

Sensor Response [HZ]

110 200 300 340 400
Temperature [°C]

Figure 37: Sensitivity comparison of two differenaterials at different temperatures.
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3.16 Conclusion

Previous studies suggest that imprinted titaniaoparticles are very effective at
lower temperatures in regard of engine oil analyBist in comparison titania
imprinted zirconia nanoparticles shows high thermadistivity at extreme

temperatures which makes it prominent in materedighing for monitoring of

degradation processes. The atrtificially synthesizemhposite material of titania
and zirconia contains both capabilities of sengjtivand high temperature
durability that has been proven by mass sensitide/AM studies. The selection

of the material becomes much easier according tapplication.
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Selective Polymer Coatings for Sensing

of Divalent Metal Ions

4.1 Introduction

Metal ions play vital role in several biologicaldaacological processes. In
various biological processes such as drug desigesmgoth functioning of RNA,
binding with different proteins to form complex wtture$' and especially in
enzyme regulatiori they are highly essential. Their excess or defigyecan
lead to serious problems in different living syssenConcerning ecological
aspect these are equally important. In normal sarfar drinking water the
concentration of heavy metdlsis normally in pg/L to ng/L range but in
industrial waste water this range could be 1000 fagher. Consequently the
health risks are also increased in a similar manner
The quantitative detectidh of metal ions is very important in different
applications such as, environmental monitoring, etitggmental biology and
waste water management. The continous operaticorabustion engine tends to
add some metal traces in engine oil samples asodingtion presnet among the
metalic parts of engine wear. This continous addibf metals from engine parts
also affect the quality of oil. Due to the noxidusalth effects of metal ions and
especially the increasing impact of heavy metalsdonking water, there is a
growing demand for their highly sensitive and selecdetection. The already
established methods are atomic absorption spectrgtheinductively coupled
plasma spectromet!y anodic stripping voltammett{®® X-ray fluorescence
spectrometry’, micro probe® and high performance liquid chromatography
All these techniques are very expensive and sontberh require sample pre-
treatment and analyte pre-concentration steps.eftrer a rapid, cost effective

and uncomplicated detection system is needed wittalde sensitivity and
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selectivity which can easily be operated by norfgssionally trained personnel
avoiding the exposure of heavy metals. QCM basessmsansitive devices are
simple, in-expansive, with high resolution and niegjuninimal sample volume
for analysis. If these devices are coated withablgt polymeric recognition
material, they would become powerful sensing engiine practical approach to
this concept is delivered by molecular imprinfihgvhere specific recognition
sites are generated in a very sophisticated mannegorincipal there are two
types of molecular imprinting first covalent impiimg and second is non-
covalent. The first type of molecular imprinting dsnsidered as pre-organized
approach in which reversible covalent bonds arméar between monomer and
template prior to polymerization. It was first deoged by Wulff and Sarhan
The second type was introduced by MosBadh which pre arrangement
between monomer and template is formed by somecowalent interactions.
Both techniques have their own significance in theld of molecular
recognition. Our focus is on non-covalent moleculaprinting due to its
versatility in material designing of various anal/tfor their sensitive and
selective detection. This idea has been employedtife synthesis of ion-

imprinted polymers.

This chapter gives an overview about the syntheSidifferent ion-imprinted
polymers for different types of divalent metal iofifeir selective detection with
accordance to their respective sensor responsedesisemphasized in this work.
First section of the chapter deals with alkalingremetals and in second section

different synthetic methods are followed forfbns.

Section 1

4.2 Synthesis of M& Imprinted Polymer

lon-imprinted polymer for M has been synthesized by addition

polymerization reaction. Polyurethane based onsaliyanate monomer was
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chosen for this purpose due to its various advastager other polymer systems.
N-methyl-D-glucamine was used as additional craskel along with the bis
phenol A (BPA) and phloroglucinol to bind selectivéig*? ions. The detailed

procedure for imprinted and non-imprinted polynseas below.

For imprinted polymer, 197 mg of BPA and 22.2 mgpbiloroglucinol
were dissolved in 300 pL of pyridine. 50 mg of Mg6H,O was dissolved in
100 pL of methanol and mixed with above cross linkelution to make a
homogenous mixture avoiding any phase separatimenthis solutiorA. 100
mg of diphenyl di-isocyanate (DPDI) along with 19mg of N-methyl-D-
glucamine was heated at 60 °C in 2 mL sample ust for 20 seconds. After
heating, 200 pL of pyridine was added immediatelgample vial to prevent gel
formation. It was now mixed with the solutigh to prepare final pre-polymer
matrix which was heated at 70 °C for lhour in wdiath to complete the

polymerization reaction.

Non-imprinted polymer was prepared by excluding #uelition of Md?
ions in matrix A while rests of the steps are similar to those roprinted
polymer. After polymerization the imprinted and rAamprinted polymers are

diluted appropriately with pyridine to prepare aéogtsolutions.
4.3 Preparation of QCM

10 MHz QCM have been prepared following the samthatkas described
in previous chapter section 3.4.1. Imprinted and-maprinted polymer layers
have been coated by spin coating methods at a sge&@00 rpm. The coated
QCM have been heated at 120 °C for at least 2 houdsy layers. The layer
heights of both channels have been noted by caicglahe difference of

frequencies before and after coating.
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Figure 38: Damping spectra of QCM before and aftating the layers.

4.4 Cell Design

A special flow cell is designed for mass sensitiveasurements as shown
in the figure. In this cell QCM is exposed to wabety from one side while other
side remains in air. The cell has inlet and oulbetcontinuous flow of water
which is maintained by ISMATEC MCP V5.21 pump awl rate of 2 mL/min

during measurement.

Sample out
Sample Dual electrode
inlet QCM

3 Electrical contacts ¢

Figure 39: Flow cell used for metal ions detecimhiquid phase.
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4.5 Results and Discussion

4.5.1 Mass Sensitive Measurements

For mass sensitive measurements, a stock solutibnl.0 mM
concentration was prepared by dissolving speciiount of MgC}.6H,0 in de-
ionized water. Further lower concentrations carpitepared by making suitable
dilutions from stock solution. The coated QCM waacpd in the cell and de-
ionized water was passed through it at flow rat@rof. per minute. It removes
template ions from imprinted electrode generatiggyvfine recognition sites
which causes in frequency enhancement of this aamhile for non-imprinted
electrode there is not an appreciable frequendy: Jiie process is continued for
a while unless equilibrium is developed between ftbeing de-ionized water
and electrode surface. As a result a stable basadiobtained. At this point 0.1
mM concentration of M{f ions was passed through the cell that starts the
accumulation of ions into the surface of imprinteldannel which results a
frequency shift from base line value. The non-imf@d channel does not show
any significant change in its base line frequenéyter running 0.1 mM
concentration of M{f ions for a while, cell is shifting again on de-ized water.
The frequency goes back to its original value 8taiws the reversible nature of
the imprinted layer. The difference of frequendietween imprinted and non-

imprinted channel appears to be the net sensoomesp

Further higher concentrations have been passedghrie cell to examine
the linearity of the designed sensor as shown enfidjure. The temperature is
maintained at 25 °C during the whole measuremdra.seEnsor responag (Hz)
is recorded as a function of time (min.) for alhcentrations of Mtf ions. As
from figure it was noticed that when system is telgiffrom water to metal ion
solution, frequency immediately goes down whictus to the rapid inclusion of

reactive metal ions into the layer material andveosely same is true when
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Figure 401: Sensor response of Mignprinted polyurethane layer to different

concentrations of Mg ions.

system was shifted on water again. It is obviowas #ach time from metal ions
solution frequency comes back to its original vaktdch shows two important
features of the polyurethane layer. First is that fully reversible for higher and
lower concentrations of metal ions and second a$ the layer material is not
washed away due to continuous flow of water. Thagsevery important aspects

while designing a commercial sensor because itigesvong term stability.
4.5.2 Cross Sensitivity Measurements for other Alkme Earth Metal lons

The Mg imprinted polyurethane layer had been expose heratlkaline earth
metal ions such as &a Si? and B&? ions in same molar quantities. The stock
solutions for these ions were prepared from thedréted chlorides salts. Mass
sensitive measurements performed with differenteatrations of C4, Sr? and

Ba'?ions are shown in figures given below.
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Figure 41: Sensor response of ¥gmprinted polyurethane layer to different

concentrations of Caions.
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Figure 42: Sensor response ¥gmprinted polyurethane layer to different concatitms of

Sr?ions.
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Figure 43: Sensor response ¥gmprinted polyurethane layer to different

concentrations of Baions.

The signal to noise ratio is very good in all mssssitive measurements even for
0.1mM concentration. The sensor response of eatél e is corresponding to
their respective mM concentrations. Different m@tak possess different atomic
weights, for example the solution of 1.0mM of Mipns contains less weight as
compare to 1.0mM of Baions although they have same molar concentrations.
On the other hand transducer principal of QCM dewviis based on mass loading
of analyte on their surface. So, their respectamser responses are not suitable
for their cross sensitivity assessment. The proldambe overcome by dividing
the sensor response of each metal ion on all coratems to their respective
atomic weights which is a better way to represeos< sensitivity comparison as
shown in figure. The figure shows an excellent sresnsitivity pattern for Mg
imprinted polyurethane over other alkaline earthiahiens starting from 0.1mM
to 1.0mM concentration levels. Cross sensitivityome important aspect, while
the other outstanding feature is linearity in serssgnal of this polymer system.

This can be illustrated in the following figure.
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Figure 44: Comparison of sensor responses 6F lgprinted polyurethane over other
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Figure 45: Sensor response of ¥dgmprinted polyurethane layer showing the

linearity at low concentrations.

The Mg?imprinted polyurethane layers have proven it higbdynpetent
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polymer system to design a sensitive and seleseéwsor. The only drawback is
that this polymer scheme can not be extended f@ratlkaline earth metals such
as C&% Sr? and B&? due to certain reasons. For example, solubilitinofganic
metal salts for ion imprinting is a serious issweduse polyurethane system is
based on pyridine which is purely an organic saitbat cannot dissolve larger
metal ions. While in case of Mgmprinting, the MgCJ.6H,0 is firstly dissolved
in methanol and then brought to the rest of polysystem. This strategy is no
more useful for imprinting the other alkaline eantietal salts. Even screening
cannot be applied to these metal ions polymersusectheir salts are white in
colour. A new polymer system is introduced starfireggn colored salts of metal
ions preferably transition metals such a¥Ni is based on vinyl pyrrolidone as
monomer, N,N-Methylene-bis-Acrylamide as a croskdr and AIBN as an
initiator. Different polymer schemes are proposediésign a selective system

for Ni*%ions that will be described in section 2.

Section 2

4.6 Synthesis of Ni?imprinted polymer

The Ni? imprinted polymers were synthesized by free radical
polymerization reaction. For this purpose 10mg ofN{Wethylene-bis-
Acrylamide (cross linker) was added in 90mg of Vipyrrolidone (monomer) in
the presence of 1.2 mg of AzobisisobutyronitrildBN) as an initiator in a vial,
this matrix was named X1. 10 mg of Ny@®&H,O was dissolved in 50 pL of de-
ionized water and then this template solution wdded to matrix X1. The final
mixture was heated at 70 °C by constant stirring iwater bath until the gel
formation started. This is very critical step besmwe have to stop the reaction
at initial stage of gel formation otherwise the Véhoeaction mixture will be
turned into a solid grains which are no more usé&fulcoating the QCM. For
synthesis of non-imprinted polymer, same procesfoliswed as mentioned
above simply excluding the template. The imprird@d non-imprinted polymer
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layers have been coated on dual QCM following tmes parameters including
cell design, sensor setup and stock solution padipais as described in section 1

to proceed mass sensitive measurements.
4.7 Results and discussion

4.7.1 Mass sensitive measurements

Mass sensitive measurements were performed firgh vdifferent
concentrations of Nf ions starting from highest concentration of 1.0 M

lowest of 0.1 mM as shown in the figure.
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Figure 46: Sensor response of “Niimprinted polymer layer to different
concentrations of Nf ions.

For cross sensitivity measurements, same set ofectrations of other
heavy metal ions such as €oCu™ and Zri? have been passed through the cell.
The stock solutions of these ions were preparet @@Ch.6H,O, CuSQ.5H,0
and ZnC}.2H,0O respectively. Their respective sensor responsese tbeen

shown in following figures.
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Figure 47: Sensor response of Nimprinted polymer layer to different concentragon

of Co™2ions.

In these entire curves, the measurement has besmedstfrom higher
concentration because sometimes the base linetistable at beginning and
lower concentrations are not suitable to procedte Selectivity trend can be
demonstrated by plotting the sensor response fibereint concentrations of

respective metal ions as shown in figure.
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Figure 48: Sensor response of “Niimprinted polymer layer to different

concentrations of Caions.
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Figure 49: Sensor response of Nimprinted polymer layer to different concentrasoof

Zn*?ions.
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Figure 50: Comparison of sensor responses 6f Niprinted polymer over other

metal ions.
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The graph shows relatively high cross sensitiviaigtgrn for other heavy
metal ions solutions but however it is selectiveN@™ ions. It has been noticed
that the selectivity trend is more pronounced &t which is a remarkable
feature of the sensor system to respond at extyeloel concentration levels.
Ni*? has approximately similar molar mass as that 6f Got is about 8 and 11%
lighter to Cd? and Zri? respectively. Considering the molar masses ofethes
heavy metal ions, selectivity can be tuned by dingdthe sensor response of
each metal ion to their respective atomic weightshis way the selectivity is

further improved.

The successful polymer system is put under obgerv& improve further
selectivity pattern. For this purpose the synthstiategy is modified by varying
the monomer template ratios keeping other parasie@ted reaction conditions
constant. In the first experiment the monomer (vpwrrollidone) and the cross
linker (N,N-Methylene-bis-Acrylamide) ratio was [Q0] which is modified now
by introducing new ratios as [85:15] and [95:5]pedively.
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Figure 51: Sensor response of“Niimprinted polymer [85:15] layer to 1.0mM

concentrations of Nf, Cu?, zn"? and CdZions.
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The first modified polymer recipe [85:15] was syglzed keeping all the

experimental conditions identical. QCM have beeappred following same

protocol as mentioned above to proceed the massitisen measurements.

1.0mM solution of all metal ions, K Cu?, Zn*? and C&* have been passed
through the flow cell and their respective sensgponses are presented in figure
52.

It is evident from above result that the net semssponse of Nf is almost

similar to rest of the metal ions which suggest g&lectivity is vanished. The
measurement was not stopped at this concentratibi Wwas extended to further
lower concentration from 0.5mM to 0.1mM level tonGiom this effect. The

results of all measurements can be summarized anfahowing graph. This

graph clearly indicates distortion in selectivitatiern of Ni? ions over other

metals.
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Figure 522: Comparison of sensor responses 6f iNiprinted polymer [85:15] layer

over other metal ions.
The one obvious reason for this distortion is tietse metal ions have

very close ionic radii in picometer range e.g">NCu"?, Co" and Zri? have ionic
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radius of 69, 73,74.5 and 74pm respectively. Kegpmmind the closeness in
the size of metal ions, any change in polymer caitjp;m makes serious impact
on selectivity of the system. Similarly the seleity pattern is also destroyed

when [95:5] is tested under the same conditions.
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Molecular Recognition of Anthracene

through double Imprinting

5.1 Introduction

The class of hydrocarbons which composed of twmore fused aromatic
rings resulting from incomplete combustion of onganatter is called polycyclic
aromatic hydrocarbons (PAM% Additionally, these complex compounds do not
have any hetero atom or substituent. In environptetmajor sources of PAHs
are burning of carbon containing substances suatoasl, fuel oil, coal tar and
road asphalt etc. The emissions from various chanmclustrial plants exhaust
from automobile vehicles and smoke of burning tabacontain considerable
high level of PAHs. The combustion of engine osalproduces a series of
different PAHs which are exhausted into air. Praiucof these hydrocarbons
depends upon the burning temperature of organistanbes; low temperature
burning produces more PAHs while fewer PAHs aredpced at higher
temperature. The exposure of PAHs to human bodsstalace in different ways
like, breathing, drinking and skin contacting. Thest dangerous source of
exposing PAHs through breathing is smoking, and kigr in polluted
environment of petrochemical industrial exhaust particles also contain some
traces of PAHs which can reach to lungs causingearatimrough breathing. They
may absorb in skin causing allergy during handlgontaminated samples of
soil and usage of certain medicated creams contnithese compounds.
Contamination of PAHs in drinking water is reallysarious problem. Improper
disposal of industrial waste water to crops anttisies very dangerous, because
it can directly reach to ground water. The maximeontaminant level (MCLS)
of public drinking water for total PAHs concentmatiis 0.2 ppff to minimize

the risk of adverse health effects.
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Once the PAHs entered in the human body, theiraetitm becomes really
difficult as they are highly hydrophobic in natued on the other hand possesses
great affinity towards lipids. This typical behaviof PAHs makes them to
interact with DNA” structure influencing on its smooth functioningigvhcan
lead to serious damage ultimately causing canaaneSof the PAHs have been
shown in the following figure 53.

Figure 53: Structure of Different PAHSs.

82



5.2 Literature Review

Monitoring of toxic and carcinogenic PAfsis very important in
environmental analysis especially in liquid med@naerning drinking water.
With the help of fluorescence spectrosc8githey can easily detected in visible
range. But the fluorescence intensity is reducedgueous solutions due to the
presence of quenchers such as humic acid, oftesempireon surface water
samples. This problem has been overcome by intingwsome sensitive layers
which selectively take up the specific analyte fraater sample. For continuous
monitoring of PAHs concentration in water, now #&shbecome possible to

perform the fluorescence measurements with highkitbaty and selectivity.

These sensitive layers can be combined with sorher dtansducer like
mass sensitive devices or fiber optics leadingeieetbpment of powerful sensor
systems. Molecular Imprinted Polymers (MIPsre very promising materials in
design of chemical sensors of high selectivity asehsitivity. Molecular
Imprinting is a very straight forward technique ihich one can efficiently
extract the analyte molecules even from complexioes. In this way we can
generate synthetic antibodies that have specif@atdteristics towards a certain

analyte.

In imprinting the analyte molecules are directlydad along with
monomers in a solution and polymerized under gertanditions. As in case of
PAHs, they do not possesses high functionality ls® imprinting process is
carried out considering all non-covalent interausitike Van der Waals forc&s
It is very advantageous to use non-covalent immgntethod, because then it is
not necessary to develop any sort of linkage batweenplate and monomer.
During polymerization monomer units combine witle ttross linker and adjust
their orientation around the added template moéscuhfter polymerization the
template molecule is removed by heating or waslitogh the polymer layer

which has been immobilized on transducer surfadee fiemoval of template
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leaves behind specific cavity structures whichaaralogous to shape of a distinct
analyte. Now these synthetically designed mateaatsas a recognition element

for selective re-inclusion of the target analyte.

In the case of PAHSs, polyurethane has proven itsglily efficient for the
imprinting procedures, as these polymers are rigahust and stable which
cannot be dissolved by both organic and inorganigests. Furthermore, by
varying the polymerization conditions like monongsesss linker ratio, amount of
template, temperature and solvent, an optimizeginpett of desired application

can be achieved.

The sensitivity and selectivity of PAHs can be ewd® by introducing
mixture of templates comprising of one larger anéd smaller molecule, which
is called double imprintifd. The idea of double imprinting introduces a new
dimension in material design in more elegant wais & novel concept in sensor
systems for improving the selectivity in detectiohPAHs and off course the
sensitivity has also been increased by a factdiivef In combination of two
templates, imprinting procedures helps us to cansthe highly suitable hollow
cavities and provide excellent diffusion pathwags $elective re-inclusion of

analyte molecules.

In detection of PAHs, fluorescence technique ishlyigsensitive but the
sensitivity is highly influenced by the quenchersgent in aqueous media, where
as the QCM devices gives a direct change in freqquenrresponding change in
mass of the layer due to analyte incorporationcdmparison of fluorescence
spectrometer, quartz crystal microbalances com@pinwith suitable layers are
well suited transducers for the faster, cheaperrante sensitive and selective

for environmental analysis

Our focus in this work is the detection of anthrezeat lower ppb range

using fluorescence and QCM devices.
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5.3 Experimental Section

In this section different imprinted polymers hawseb synthesized and put
under fluorescence spectrometer to find out theaBl@ surface for the selective
up take of anthracene from water. The designedmaptipolymer layer for
anthracene has been taken from fluorescence tozqergstal microbalances and
further tested. To perform fluorescence measuresnéné basic characteristics

of Anthracene along with some other PAHs have listad below in table 2.

Table 2 Characteristics of different PAHS.

Water Solubility

PAHs Symbol = Excitation (hnm) Emission (nm)
(ng/L)
Acenpapthene  ACP 255 336 3470
Anthracene ANT 250 380 70
Chrysene CHR 320 418 2
Phenanthrene PHE 255 365 1290
Pyrene PYR 340 371 140
Naphthalene NAP 275 356 31000

The scans for Anthracene have been recorded in &gtieous and organic
solvent like cyclohexane on fluorescence spectremi@erkin Elmer LS-50B

instrument From fluorescence spectra it is clear that thekpeare very sharp and
distinct A maxin cyclohexane while in water which is a more pdatvent the

peaks are broadened as shown in figure 54 and $gfectvely. To design an
optimal imprinted layer, the polymerization conadiits like solvent, template
ratio, selection of cross linker, solvent and terapge are varied and their

corresponding results are compared.
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Figure 54: 2D fluorescence spectrum of anthracemgdlohexane.

Figure 55: 2D fluorescence spectrum of anthracemikstilled water.

To prepare polyurethane, 100 mg of diphenyl methdirsmcyanate (DPDI) as
monomer and 100 mg of polyethylene glycol (PEG)WMof 200 gm/mol] as a
cross linker has been dissolved in 1000 uL of kgtleofuran (THF) separately.
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For double Imprinting, different template ratiosvbabeen prepared
comprising of Anthracene and Naphthalene. Theyhalie been named from S1
to S5 and dissolved in 1000 puL of THF. Now 455 pam monomer (DPDI)
solution and 545 pL of cross linker (PEG) solutiteve been mixed in clean
sample vial along with 50 pL of each template sofutand have been
polymerized at 70 °C for 30 minutes. For compariaaron imprinted sample has
also been prepared in which template solution veasdded, it is called SN.
After polymerization, layers have been coated @sgklides of dimensions 1x 2
cm and have been dried over night at room temperaitemplate molecules

were removed from the layer material by heatirgg R0°C for 2 hours.

5.4 Results and Discussion

5.4.1 Temperature and Heating Time

To ensure the complete removal of template, flumrese emission
spectra of anthracene had been recorded in whichea&s were found in the
mentioned range. These quartz slides were dippeat night in anthracene
solution of conc. 10 pg/L to examine the re-inauseffects. Under the same
parameters fluorescence spectrum was obtained dfteéng the glass slides
taken from anthracene solution at room temperatirgomparison of these two
spectrums, after removing template and after resgi@n has been compared in
the following figure 56. The spectrum clearly shawat there is no appreciable
up take of anthracene from the 10 pg/L solutiorihgypolymer layer which was

heated for only 30 minutes.

A similar protocol was followed for the synthesi$ @ new set of
polyurethane layers keeping all the conditions saxeept the heating time
which is changed from 30 minutes to 1 hour. Now #i®mve mentioned
procedure is repeated to monitor the removal andalasion effects and the

spectrum obtained is as follows in the figure 56.
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Figure 563: Fluorescence spectrum of polyurethayerlheated for 30 minutes for re-

inclusion effects.

This clearly suggest that in the first case heating of polyurethane was not
enough to polymerize the matrix while when the imgatime was changed from
30 minutes to lhour then the extraction ability lajer material has been

enhanced and it has been shown in the followingtgra
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Figure 57: Fluorescence spectrum of polyurethayer laeated for 1 hour for

re-inclusion effects.

5.4.2 Monomer and Cross Linker Ratio

In order to find out the optimal ratio of monom®&MRDI) to cross linker (PEG) in
two different solvent such as pyridine and tetrabfutan, a series of different
polymers have been synthesized which were namedndepy upon solvent
systems mentioned in table 3. The results obtasmegresented in the figure 58
and 5p for pyridine and THF respectively.
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Table 3 Different compositions of monomer to cross linkaios in two diff. solvents.

Sr. no.| Solvent[Pyridine] | Solvent[THF] DPDI (uL) | PEG (uL)
1 P1 T1 450 550
2 P2 T2 500 500
3 P3 T3 550 450
4 P4 T4 600 400
5 P5 T5 650 350
6 P6 T6 700 300

1012
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Figure 58: Fluorescence spectrum of polyurethagerl&eated for lhour for re-

inclusion effects of Pyridine solvent system.
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Figure 59: Fluorescence spectrum of polyurethayer laeated for 1 hour for re-

inclusion effects of Tetrahydrofuran system.

From graph it is clear that the P3 and T4 solvgstesns are best among others
for re-inclusion of anthracene from water samplécWliinelp us to design optimal
monomer to cross linker ratio. Furthermore comgathe results of P3 and T4,

pyridine is slightly better solvent than tetrahydiran.

5.4.3 Selection of Template Mixture

The idea is to optimize the technique of doublerintpd, for this purpose three
different template mixture have been proposed fetection of anthracene.

Already developed polymerization conditions congggntemperature, heating
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time, monomer to cross linker ratio and suitablvesa system were followed.
The three different templates along with anthracem® naphthalene,
acenaphthene and pyrene respectively. For thetieslaaf best template mixture
the polymer layer is characterized by time driveofescence emission spectrum
instead of simple scan.

In time drive spectrum, a fine polymer layer is @x@d to fluorescence light and
an analyte solution is run through it by continugmsmping, during this
procedure the fluorescence intensity is monitorgdhe function of time. This
gives us a better picture not only about the selecaiptake of anthracene from
water solution by the surface material but alsoceoming the reversibility of the
polymer layer. A special Teflon cell was constrdcter this purpose shown in
figure 60.

The mechanism of these wave guides is very simgplkenaincident light falls on
the sensitive layer immobilized on glass surfacd aands the fluorescence
information at an angle of 90° to the detector.tl$® glass slide on which the
layer material is deposited actually acts as plawave guide as shown in figure

to which fluorescence emission is coupled and #ta b transferred to detector.

T

Sample outlet

Light entering

/ window

L

Quartz plate Sample inlet

Emitted light

Incident light

Figure 60: Picture of the fluorescence cell usedtfie measurements; illustrating

the structure and working principle of a planar e@vide.
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To get higher sensitive signal glass slide caneptaced with quartz sheet,
but before performing the actual measurements,raadoemission scan of both
glass and quartz slide were made just to checkttieat is not any glass or
quartz material interference with the original flescence data. The scan was
performed with empty flow cell, quartz, glass ahe tanalyte solution; results
obtained were compared in figure 61.
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Figure 61: Comparison of fluorescence scans ofsglgisartz and anthracene solution
in flow cell.
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The time drive measurements were performed witkethdifferent layers, are
presented as follows starting from anthracene: thapdne, anthracene: pyrene
and finally anthracene: acenaphthene from figuret®263 under different

concentrations that were run through the cell.

=
ol
)
al
o
-
«Q
=
—

)
Q 104 3 Q}ilg[ _ to
L
S o054 - - 1S
8 s
& 007 o T T
Q S
S 05N T N y
3 2ir
L -1.0+---0-OweREOTC
'1.5 1 ) 1 ) 1
0 40 80 120 160 200
Time [min.]
it

Figure 62: Fluorescence Time drive spectrum of pathane layer (Anthracene 80 %:
Naphthalene 20 %)
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Figure 63: Fluorescence Time drive spectrum of yp@thane layer (Anthracene 80 %:

Pyrene 20 %)
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Figure 64: Fluorescence Time drive spectrum of p@thane layer (Anthracene 80

%: Acenaphthene 20 %)

Among all the above spectrums, anthracene: acemaphtemplate pair found to
be best. A concentration dependant curve for tbignper layer in figure 5.9 has

been drawn explaining the linearity of the finefieven at higher concentrations.
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Figure 65: Concentration dependent bar graph foupethane layer (Anthracene 80 %:
Acenaphthene 20 %)
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To find out the maximum fluorescence intensitiesddferent concentrations
anthracene solution in water, following scans werade in figure 67. The
respective intensities of different solutions oftheacene were plotted against

function of concentration as shown following graph.
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Figure 66:Fluorescence scan of freshly prepared soluof anthracene at differe
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Figure 67: Concentration dependent bar graph shfyeprepared solution of

anthracene.
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5.4.4 Surface Studies

The surface of polyurethane film doubly imprinteghwanthracene and
acenaphthene was characterized on AFM in tappingem®he AFM images

obtained for deflection and height measurementpi@sented in figure 68.

0 10.0 pm 0O 10.0 pm
Data type Height Data type peflection
Z range 1050 nm Z range 100.0 nm

2008-1p1.004

Figure 68: AFM image of double imprinted polyuretbdilm for surface studies.

A 3-D image of this polymer film has also been tak& a scale of 10 um
which help us to understand the generation of e@sveand imprinting effects on
surface. The 3-D images of double imprinted polthaee film in figure 69
suggest that the cavities generated on the polysneiace provide suitable
interaction sites for PAHS.
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Figure 69: A 3D surface scan of double imprintetypethane layer.

5.4.5 Preparation of QCM

The QCMs were prepared in a similar manner as tbestin chapter 3 for the
mass sensitive measurements. In this case theagleatlesign was identical to
QCMs that were prepared for detection of metal ionéiquid phase keeping
same flow cell. A thin layer of doubly imprintedykr was coated on of gold
electrode while for reference other was coated wath-imprinted polymer layer.
After that these QCMs were heated at 90°C for 2hdoiremove the templates
from the layer material and make it dry and rigitie layer height is calculated

from the difference of frequencies before and dfiercoating of QCM.
5.4.6 Mass Sensitive Measurements

Mass sensitive measurements were performed orQ@id in a flow cell at a

flow rate of 2 mL/min. using pump. The temperatof¢he flow cell was kept at
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25°C and maintained by water bath during the measent. Anthracene stock
solution was prepared by putting defined amounamthracene in water on an
ultrasonic water bath. The reported maximum solybaf anthracene in water is
70 pg/L. From this stock solution further standasdlutions of different

concentrations can be prepared. First the distilewwas run through the cell
until a stable base line is attained and then pogpystem was shifted to known
concentration of analyte solution. The curve oladifrom this measurement for

0.1 pg/L concentration is as follows in the figue
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Figure 70: Sensor response of polyurethane layerOf@ pg/L concentration of

anthracene.

For further higher concentrations, the mass seesitieasurements performed
are as follows.

In these curves an anti Sauerbrey effect i.e. #aqu enhancement has been
observed when happens a splitting off some masw fitee quartz surface.
Continuous flow of distilled water over QCM surfagdevelops equilibrium with

polymer layer which is disturbed when analyte sohutflows across it. The
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interaction of anthracene with polyurethane laygrvery interesting, water
molecules present on polymer surface are more @&dlaue to the hydrophobic
nature of PAHs causing a sudden increase in thguémcy of the QCM.
Considering same polymer recipe in case of flonresedime drive spectrum the

intensity was increased due to selective uptakentifracene from water sample.

Sensor Response [Hz]

0 20 40 60 80 100 120 140 160 180
Time [min.]

Figure 71:Sensor response for further higher concentra
In the case of QCM the analyte molecules are att@&ed in same way from

water but the loss of already present water moéscisl much high in comparison
of small gain of anthracene molecules which makesrtet effect positive and
the frequency of the quartz increases. One cannabdbat the shifting the
system from analyte solution to distilled watee threquency comes back to the
base line indicating the reversibility of the semsgyer.

A modified polyurethane recipe mentioned* as ungas introduced for mass
sensitive measurements considering the nature adsclinker and the result
obtained are as follows. As in this curve Sauerbeay is followed and a
decrease in the frequency of the QCM has been \odxser

*DPDI 46 mg, phloroglucinol 8.8 mg, poly vinyl ple¢®8mg, THF 800 pL, anthracene
: acenaphthene [80:20] 5% in THF and at a temperatof 70 °C for 1 hour.
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Figure 72: Sensor response of improved polyuretieyer for 0.1 pg/L concentration
of anthracene.
This is the polymer recipe in which temperaturengéate mixture and the
monomer used above all are same; the major differesm replacement of the
cross linker. Some further measurements were maate other higher

concentrations and the results obtained are indigQ.
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Figure 73: Sensor response of improved polyurethiyer for further higher
concentrations of anthrace
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Phloroglucinol and bisphenol A (BPA) were used a®sg linkers in
polyurethane synthesis instead of Poly ethyleneajlyPEG). The reason of
Sauerbrey and anti-Sauerbrey effect mainly depeipds the nature of cross
linkers that were used in polyurethane. In massisea detection of anthracene,
PEG is more hydrophilic in nature and its intem@ctwith water running over the
surface of the polymer layer is higher as compat@dhat of PAHs are
hydrophobic in their properties. This incompattilyiliof the cross linker with
polymer and the analyte makes it to show anti Saagreffect. On the other
hand phloroglucinol and BPA are more hydrophobioature and suit best for

the selective uptake of anthracene following Sawgrbquation in liquids.
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Figure 74: Concentration dependence curve for ingm@olyurethane recepie.

5.5 Conclusion

Extensive study has been done to design an oppiotglirethane composition by
varying the different polymerization conditionsdikemperature, monomer cross
linker ratio and template mixture etc for a highdgnsitive detection of

anthracene. Fluorescence time drive spectra ofupetlyane layer provided an
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excellent way to determine the minute concentrati@i anthracene with
significant sensitivity. Taking mass sensitive mgaments in to account on
QCM of 10 MHz considering both Sauerbrey and arguedbrey effect an
appreciable sensor response has been recordeccmrcantration of 0.1 ppb in
water which is even below the approved limit. Timeves the sensitive nature of
artificially designed polymer material which can togther improved for much

higher sensor responses in the detection of PAHS.
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A Novel Approach to Multi Sensor Array

6.1 Introduction

Monitoring the quality of natural and drinking watis one of the most
important tasks of modern world due to a numbedistases that are caused
environmental pollution. Currently more than half world’'s population is
suffering from serious water quality problems. Hetquantity of any particular
substance is over than the approved limit of WHe@ntlit is considered as
polluted water which is not suitable for drinking for other defined purposes.
Pollutants can be categorized into three differelasisses’ namely organic,
inorganic and biological pollutants. Presence aiviyemetal ion¥’, polycyclic
aromatic hydrocarbony pesticides, herbicid&s contamination of hazardous
viruses or bacteria are some of the major causest#r pollution. The nature of
disease depends upon the type of contaminant iervgaimple. So a continuous
and rapid determination of these pollutants is ss@g/ to control the water

quality and avoiding environmental damages.

There are several techniques for analyzing diffecemponents present in
water which mostly includes normal laboratory metthéor a very wide range of
analytes but they are expensive, time consumingsante of them require high
amount of samples as well. More over these analyae®nly be done by highly
trained personnel to ensure the quality of water@e. A relatively cheap, rapid
and accurate analysis technique is required forotilne monitoring of water
quality which can be done even by a layman. Foticoaus monitoring, these
sort of systems should not require some speciahter@ance and repair. QCM
based multi sensor arrays had already shown tffestweness for monitoring of
different chemical compounds coming out from contipgd’. Different sensitive
layers are coated on single QCM shows reasonabksoseesponse towards a

particular analyte. The results obtained from th€¥eM sensor arrays are
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comparable to those of GC-MS. The small size, edbilisy, rapidity, accuracy,
and robustness of QCM sensor arrays make themisug®n other multi sensor

systems in detection of different analytes.

6.2 Liquid Sensor Array>®

In liquid phase a very similar approach was folldvier monitoring of the
quality of water by detecting several different Istes. A four channel QCM
sensor array was designed for determination ofkethiifEferent analytes in water
samples considering one electrode as a referertegtin§ from very basic
development of a liquid sensor array; three diffieanalytes from three different
classes were selected which give a true impressfomulti sensor system.
Atrazine, Pyrene and Nickel represent the threkemdiht classes i.e. herbicides,

polycyclic aromatic hydrocarbons and metal ionpeesively.

Atrazine is well known herbicide which is widelyagsto protect the crops
from pre or post emergence of broad leaf and somestito stop the growth of
grassy weeds. Moreover it also used in tillage ggses to avoid soil erosion.
Since 2004 it is banned in European Union duestoansistently increasing level
in ground water that leads to serious contaminati®yrene belongs to poly
aromatic hydrocarbons which have already been sésxiliin previous chapter. It
Is a carcinogenic compound which has highly advbeesdth effects. Presence of
Nickel or its salts in water samples above thanapproved limit is not only

harmful for the human beings but also toxic to dgude.

For monitoring of these analytes on a single QCMiguid phase, a
specially designed sieve is introduced to maintlaénshape and the geometry of

the electrodes which are very important while depelg a multi sensor.

6.3 Experimental Section
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6.3.1 Sieve Design for QCM Preparation

A four electrode sieve is prepared in a similar \agayexplained in previous
section 3.3 by only changing the impression of electrodes to four. The sieve
design, shape of mass and electric end is showigune 75. The diameter of
electrode is reduced to 4.5 mm from mass end wiola electric end it is 3.0

mm. These are much smaller in comparison to theeleetrodes QCM.

Figure 75: Printing sieve used for tetra electrqdartz preparation.

The layer height of the gold on quartz surface khoot exceed than 150nm as
more thick gold layers lead to high cross talk dachping as well. To make the
gold layer thin dichloromethane was added to galgtg in appropriate amount
which also reduces surface roughness. First gatepa applied to a glass slide
and it is kept in oven at 400 °C for 3 hours. Awats made by a sharp blade to
this gold layer coated on glass surface and wasglander the AFM tip which

probed that surface and give layer height of gsldreown in figure 76.
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Figure 76: Section analysis of a gold layer coaedCM. The layer height calculated
for it is about 119.388nt

6.3.2 Synthesis of Imprinted polymers
The synthesis of MIPs for atrazine, pyrene and Mns is explained as follows.
> Atrazine

Methacrylic acid MAA as monomer 46 mg
EDMA 58 mg
AIBN 3.5 mg
DMF 100 pL
THF 1000 pL

In a mixture of 46mg methacrylic acid, 58 mg EDMK) mg Atrazine as
template, 100 pL of DMF and 800 pL of THF were talkend dissolved by
stirring. After dissolution, 3.5 mg of AIBN as imtor was added and the

solution was heated while stirring at 65 °C formmutes. Following the same
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procedure another solution was also prepared exgjutie template to be used

as reference for sensor response.
» Pyrene

Diphenyl methane di-isocyanate DPDI as monomer 0 @
Polyethylene glycol [PEG-200 gm/mol.] as crossdéink 100 mg
Pyrene 80 mg, acenaphthene 20 mg as template mixtur

Pyridine (solvent)

100 mg of both DPDI and PEG were dissolved in 100®f water free pyridine
separately. To prepare a template mixture for douhprinting, 80 mg of pyrene
and 20 mg of acenaphthene were dissolved in 10006fdky pyridine. Now 545
puL of DPDI, 455 uL of PEG and 50 pL from the tentglatock solution were
mixed in a sample vial to form a homogenous mixtofepre-polymerized

solution. Finally it was heated at 70 °C for 1 hwua water bath.

> Ni*?ions
Vinyl pyrolidone as monomer 90 mg
N,N methylene bis Acrylamide as cross linker 10 mg
AIBN (initiator) 2 mg
NiCl,.6H,0 (template) 10 mg

These above mentioned quantities were mixed togeitlte 30 uL of deionised

water and heated at 70°C until the gel point ished.

6.3.3 Coating of the Layer Materials

Coating of the MIPs polymers on quartz surface ireguintensive care
because the four channels are so close to each thidteduring layer coating

there is chance of spreading of polymer layer frame electrode to other. So
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while coating one electrode others should be cavése some PDMS layer to
avoid any cross interference. Atrazine layer wastex on first electrode as this
layer require some post coating treatment whiclerstimot. A 50% dilution was
made to above synthesized polymer, from this swiusi pL of taken and coated
on one channel at a speed of 3000brpm. This cd@a@d was kept under UV
light for overnight. In order to wash out templétem the layer, QCM was kept
in methanol for 2 hours. The frequency of electeodas again recorded from
network analyzer to confirm washing off template lecales. Molecularly
imprinted layer of pyrene was coated on secondrelée by applying 5 pL from
a suitable dilution of above prepared polyurethana speed of 3000 rpm. The
coated quartz was then put in a heating oven atrmpérature of 110 °C for 2

hours; this will not only dry the layer but alsermeves template from layer.

The final layer was coated of Niions on third electrode under same
parameters. This layer does not require any teeplamnoval as when water
flows across the surface, Niions automatically goes in to the flowing liquid
from surface leaving behind the recognition sifBse naked fourth electrode
serves as a reference for others. After coatingahers, frequency of the tetra

electrode QCM is also recorded to calculate lagsgltts and damping.
6.3.4 Cell Design

For measuring three different analytes on singlertgu a special flow cell with
an inlet and outlet is constructed as shown inr&garhis cell has four points
outside for electrical contacts which are connedediwo different circuit
oscillators. In fact from inside it has a fifth pbias well for grounding. The cell
protects the QCM from external thermal and meclarsbocks. The positioning
of coated QCM in cell and the tightening of scrawwery critical. A slightly
different position of quartz in cell and impropehtening will tends to increase
the noise and might break QCM. In following figuiee placement of coated
QCM has been shown.
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Mass side Electrical side

Position in cell

Figure 77: Position of the tetra electrode QCMhg four channel flow cell. The

mass and electrical ends are also highlighted.

6.4 Results and Discussion
6.4.1 Mass Sensitive Measurements

Mass sensitive measurements were made by plagngotited QCM in the
cell exactly at the designated places of electricahtacts; otherwise the
frequencies will be disturbed. The screws shouldtigbtened with delicacy
because a slight increase in pressure during tigigecould break quartz due to

number of wires which are in contact from rear side

First a test measurement was performed in whic2 a solution of Ni?
metal ions was flow through the cell and correspopadhange in frequency was
calculated. This has been shown in the followingveu This curve shows an

excellent separation of different sensor signals.

The pattern of sensor response is quite underdtén@as it is highest for
Ni*? ions to which it is imprinted and lowest for the-coated channel. Atrazine

imprinted layer showed less response thar iNiprinted layer but more than the
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pyrene imprinted layer. The reason is logical aylacacid layer is more polar
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Figure 78: Separation of sensor signals of a tetemtrode QCM for 0.2 mM

solution of Ni? ions.

than polyurethane layer which makes itself moneative for NiZ ions.

To have a full picture of multi sensor array masss#tive measurements were
done with a series of different concentrations lok¢ different analytes. The
stock solution of first analyte was prepared bysadliging a particular amount of
atrazine in water by sonication in ultrasonic bfth 1 hour. The un-dissolved
amount of atrazine is filtered and further dilusooan be made from filtrate.
Same procedure was followed for making the diffecBlutions of pyrene as this
method is followed because of low solubilities ofthb these compounds.
Atrazine has a maximum solubility of 7 ppm and pgrdaas 0.134 ppm in water
at 20°C. So that is why the dilutions cannot be enlag direct weighing. On the
other hand Nickel chloride hexahydrated salt idyfaoluble in water, so there is

not any difficulty in making the dilutions of Kiions.
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At least five different concentrations were taken éach analyte and run
through the flow cell turn by turn. The first fiv@ncentrations that were run
through the cell were of atrazine followed by pyeand then NF ions
respectively. So a total of fifteen different contations were passed through
the cell and their corresponding sensor responseaoh layer was measured

simultaneously to function of time as illustratedigure.
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Figure 79: Sensor response of tetra electrode Q@NMMdifferent concentrations of Atrazine,

Pyrene and NF respectively.

This curve can be splited into three parts wheoh @art represents a series
of a particular analyte as shown in following wdsg. In first part different
concentrations ranging from 1ppm to 5ppm of at@awere passed through
while for pyrene and Nf follow it. For the frequency change for all theufo
channels at different concentrations of atrazirmelmarepresented in a following

manner.
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Figure 80: Separation of three different analytesoeding to their mass sensitive

measurements.
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Figure 81: Cross sensitivity comparison of tetecebde QCM on running

different concentrations of Atrazine.
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Figure 82: Cross sensitivity comparison of tetecgbde QCM on  running

different concentrations of Pyrene.
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Figure 83: Cross sensitivity comparison of tetecegbde QCM on running
different concentrations of Kfiions.

This three dimensional picture provides a compleésv of all channels. Un-
coated channel shows a minimum change in the fre;yuas compared to the
other coated channels. Although the sensor responhsatrazine imprinted
polymer layer is not so linear but it is still hgghthan any other channel at any
concentration. Similar bar graphs are plotted fdferent concentrations of

pyrene and NF ions respectively as shown in following figurest8@3.

It is obvious that the sensitivity and selectivipattern is not so
appreciable in the case of pyrene and atrazindtsaauigure 81 and 82 which is
probably due to lower concentrations passed throinghcell. The problem
concerned about the sensitivity is related to tegimum solubility of compound
in a particular solvent and at particular tempematas well. In case of atrazine
and pyrene it is 18mg/L and 0.134mg/L at 25 °Ceetpely. While on the other
hand the salt of Nf is highly soluble in water so, the three differenbstances
differ widely from each other regarding solubilitfpue to extremely low

solubility of two analytes it is very difficult tmake more concentrated solution
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for them. The size of the electrode is anotherofaas it is approximately half of
the two channels quartz which strongly influendes interaction of analyte to
the layer material because at reduced surfacetheesensor response will also
be reduced.

The chemical interaction of different layers towsaulfferent analytes is
also a serious issue regarding cross selectivithefsensor. As Kfi imprinted
polymer layer is more polar than atrazine layerefiy more attraction to
atrazine molecules which becomes more favorable eatremely low
concentrations. Some other nonspecific interacticosld have impact on

selectivity.

In spite of all other problems, the behavior of Q@Miquids is entirely
different. Unlike in gases, the analysis becomereniedious in liquid phase due
to the visco-elastic properties of medium. Thislwibt only increase the
damping loss of QCM but also influences fundamergabnating frequency. In
comparison to the previous work where two electr6@@M was used for
analysis, the cross talk becomes more pronounc#ukicase of multi electrode
QCM. This high cross talk can shift different freqaies of different channels to

a single value which makes the measurement imgdessib
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Abstracts

English:

The idea of combining mass sensitive devices alitiy synthetic polymers has
proven an effective strategy for designing chemisahsors. Quartz crystal
microbalance QCM coated with molecularly imprintstlP layers are very
useful for selective detection of various analyfieen complex mixtures. This
work is an important contribution to realize thekgations of chemical sensors

based on mass sensitive devices using artificcaptors.

In the first part of the thesis, capric acid impeoh zirconia nanoparticles have
been synthesized and tested for degradation asalf/svaste engine oil products
I.e. acidic components. Mass sensitive measuremeasTs performed by coating
imprinted nanoparticles on 10 MHz AT-cut quartzstey. The morphology of
nanoparticles was studied by atomic force microgd@d-M). The sintering or
temperature effect on sensor response was obsasvéd degradation processes
normally undergo at higher temperatures. Thesactestwere also tested with
different aged oil samples and corresponding sesigmal was monitored. The
correlation between Infra red (IR) absorbance d&edsensor signal of different
waste oil samples was also made and found in agaonoed The combined effect
of imprinted titania and zirconia nanoparticles rext generation was also
studied by designing composite material of titasuma zirconia in 1:1. The size
and distribution of this composite sensing matewals also characterized by
AFM and relationship between size of particles ardsor response was also

evaluated.

Imprinted polyurethane was used for the detectibalkaline earth metal ions.
Mg-imprinted polyurethane layers have shown sulbstarsensitivity and

selectivity over other metal ions such as‘C&i? and B&% The study was
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extended for transition divalent metal ions and npelymer system was
developed i.e. poly vinyl pyrrolidone. The sensesponse of Nf imprinted
polymer was compared to other test metal ions iswlsiti.e. C{i¥, Co and zri?

and significant selectivity pattern was observed.

Rigid and robust polyurethane layers were syntleeésitor detection of poly
aromatic hydrocarbons (PAHSs) i.e. anthracene inewafhe anthracene was
introduced in polyurethane matrix by following ddéeiimprinting approach
where a large and a relatively small molecule dded in appropriate ratios. The
designed sensitive layers have shown sensitivitjoup.1 pg/L of anthracene in

water both on fluorescence and QCM system.

In the final part of thesis, a multi sensor QCMteys was developed for the
detection of three different analytes i.e. PAHspbleedes and metal ions. A tetra
electrode QCM was designed for this purpose angezial Teflon cell was

constructed for measurements. A set of differemiceatrations of each analyte
was run on the cell and corresponding sensor regpohall four channels was

determined.
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German:

Die Kombination von massensensitiver Instrumentigrumit synthetischen
Polymeren ist eine effektive Strategie, um chemas8ensoren zu entwerfen.
Schwingquarze (QCM) mit molekular gepragter SchihP sind fir die
selektive Detektion von unterschiedlichen Analytenkomplexer Mischungen
sehr geeignet. Diese Arbeit stellt einen Beitrag&mwendung von chemischen
Sensoren basierend auf QCM unter Verwendung vothesyschen Rezeptoren
dar.

In ersten Teil dieser Dissertation wurden Zirkonid@anopartikel mit
Kaprinsaure gepragt und der AlterungsprozessenQien Uber die Detektion
von azidischer Degradationsprodukten charaktetisieMassensensitive
Messungen wurden mit gepragten Nanopartikeln mit Mz AT-cut
Schwingquarzen durchgefihrt. Die Beschaffenheit Manopartikel wurde mit
Hilfe von Atomkraftmikroskopie AFM Uuberprft. Derffiekt der Temperatur auf
den Sinterprozess des Materials wurde Uber diecsamsvorten verfolgt. Diese
Nanopartikel wurden ebenfalls mit unterschiedlittera Oelproben getestet und
das dazugehoérige Sensorsignal aufgezeichnet. Estkagin Zusammenhang
zwischen der IR-Absorption und dem Sensorsignal worierschiedlichen
Olproben ermittelt werden. Durch die KombinatiomvBitan und Zirkonium im
Verhaeltnis 1:1 wurde eine neue Variante von Tuiad Zirkonium gepraegten
Nanopartikeln geschaffen. Die Groesse und Vertgiluon diesem gemischten
sensitiven Material wurde mittels AFM charaktenisieund eine Beziehung
zwischen der Partikelgroesse und der Sensoranheagestellt.

Fur die Detektion von Erdalkalimetallionen wurdeeprigte Polyurethane
verwendet. Magnesium-gepraegte Polyurethanschiclziggten substantielle
Selektivitat und Sensitivitat gegeniiber anderenallenen wie C4', S** und
Ba®". Die Untersuchung wurde auf zweiwertigen Ubergamegallionen
erweitert, und ein neues Polymersystem, wie z.Blyvo/lpyrrolidone,

entwickelt. Die Sensorantworten vom 2Ngepraegten Polymer wurde mit
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anderen Metallionenprobeloesungen verglichen, @B", C&* und Zrf*, und es

wurden zufriedenstellende Selektivitaetsmuster aebotet.

Fuer die Detektion von polyaromatischen Kohlenwesdeen PAHS, z.B.

Anthracen in Wasser, wurden rigide und robuste uelpanschichten
synthetisiert. Die Anthracene wurden in die Polyh@ematrix durch doppelte
Pragung eingefligt, wobei ein grol3es und ein rel&teines Molekuel in

geeigneten Verhaltnissen zusammengefligt wurdenebBli&orfenen sensitiven
Schichten zeigten Sensitivitat bis zu 0.1 pg/L Aaten in Wasser, sowohl bei
der Fluoreszenzmessung als auch bei Schwingquasamgs

Im letzten Teil der Dissertation wurde ein multiéinsionales QCM

Sensorsystem fir die Detektion von drei untersdicieein Analyten, z.B. PAHSs,
Herbizide und Metallionen, entwickelt. Es wurde diklektroden QCM fuer

diesen Zweck entworfen, und eine spezielle Teflb@ziier die Messungen
konstruiert. Die Messzelle wurde mit einer Reihen vanterschiedlichen
Konzetrationen von jedem Analyten geflllt und dientsprechenden

Sensorantworten von allen vier Kanalen wurden agigénet.
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Abbreviations

AFM
AIBN
BAW
DPDI
FT-IR
FET
GCMS
HPLC
ICP

IDT

LED
MIP
MOSFET
MS

NIR
PAH
PEG
QCM
QMB
SAW

SPR

Atomic Force Microscope
Azobisisobutyronitrile

Bulk Acoustic Wave devices

Diisocyanato Diphenylmethane

Fourier Transformation Infra Red

Field Effect Transistor

Gas Chromatography Mass Spectrometry
High Performance Liquid Chromatography
Inductively Coupled Plasma

Inter-digital Transducer

Light Emitting Diode

Molecularly Imprinted Polymer

Metal Oxide Semiconductor Field Effect Tsi@tor

Mass Spectrometry

Near Infra Red

Polycyclic Aromatic Hydrocarbons
Polyethylene Glycol

Quartz Crystal Microbalance
Quartz Microbalance

Surface Acoustic Wave devices

Surface Plasmon Resonance



TAN

TBN

THF

TSM

uv

WHO

Total Acid Number
Total Base Number
Tetrahydrofuran
Thickness Shear Mode
Ultra-Violet

World Health Organization
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