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Chapter 3

Research instruments and reagents are important tools to have for a viable scientific research.
The instruments are used to obtain data on that particular topic of the study. The reagents are
used to synthesize or prepare the material which will be used for the research experiments. This
chapter reports on details of the instruments used and their principles, and material preparation

with their precautions.

3 Introduction

We have prepared electrochemical sensors based on molecularly imprinted polypyrrole in order
to detect benzo[a]pyrene, pyrene, and anthracene. The polymer was characterized by different
electrochemical and microscopic techniques-in-order_to be certain that indeed recognizing
cavities were acquired for optimum analyte recognition. Furthermore selectivity experiments

were performed in order to investigate if the sensor-is sensitive-only to the desired analyte.

3.1 Reagents

The Pyrrole 98% monomer, Pyrene 98%, Benzo[a]pyrene 98%, Chrysene, Anthracene and
Bisphenol A were all purchased from Sigma-Aldrich. Methanol 99% which was used to dissolve
the PAHSs, ethanol used for electrodes sonication, hydrochloric acid which was used as a
supporting electrolyte and saturated potassium chloride were also purchased from Sigma-
Aldrich. The Micropolish alumina (1.0 um, 0.3 um and 0.005 um) used to polish the glassy

carbon electrodes were purchased from Buelher chemical company.

3.2  Experimental Procedure

3.2.1 Electrode cleaning

Prior the use of electrodes it is important to make sure that they are cleaned, this was done by

polishing the electrodes using the micropolish slurry of 1.0 um, 0.3um and 0.005um
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respectively. The size of these glassy carbon electrodes was 0.071 cm?. The electrodes were
rinsed with deionized water. After polishing they were ultra-sonicated for about 20 minutes in
ethanol and followed by another 20 minutes in deionized water. To test if the electrodes were
clean, cyclic voltammetry of bare glassy carbon were done in 0.1 M HCI at 25 mV/s. The
reference electrode Ag/Agcl had to be stored in saturated KCI solution, because the solution
allows enough ionic flow to prevent salt crystals from forming in the glass pores. Furthermore

the KCI solution ensures that the electrode impedance is kept low[35].

3.2.2 Polypyrrole Synthesis

The 0.05 M pyrrole monomer was first distilled in order to purify, because electrochemical
experiments are very sensitive to impurities[26]. Polypyrrole was electrochemically synthesized

by means of electropolymerization in the presence 0f 0.1 M HCI as a supporting electrolyte. An
amount of 70 uL of pyrrole was inserted-in-a- 4 ml.0.1- HCI solution. This reaction was done in a
3-electrode system where Pt-wire was a counter, Ag/AgCl as a reference and glassy carbon as
working electrode. The potential window used for the polymer synthesis was from -0.4 to 0.7 V,
with 5 cycles of polymerization. This reaction was done under ambient conditions at the
chemistry department laboratories. Electrochemical experiments in this study were performed

with Palmsense Trace 4.4.

At the completion of 5 electropolymerization cycles we expected to get a PPy/GCE sensor (non-
imprinted sensor). In order to confirm that we acquired the polymer, electrochemical
characterization of PPy/GCE sensor in 0.1 M HCI solution was done, and we expected to find

peaks from cyclic voltammetry which are similar with those of polypyrrole found in literature.

3.2.3  Molecularly imprinted polymer preparation

This process was a crucial and challenging stage in molecularly imprinting. In this process the
analytes of 0.0005 M (anthracene, benzo[a]pyrene and pyrene) were included during the electro-
polymerization of pyrrole. This means, a polymer that has an analyte in it was obtained after 5

cycles. In order to create the precognitive cavity, the analyte had to be washed off so that it can
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leave its print on the polymer. The electrode with the polypyrrole was immersed in methanol to
wash off the analyte of interest and leave its imprint. Thereafter a polymer with an imprint was
obtained. The number of cycles was kept to 5 because if the number of cycles is more it becomes
a challenge to remove the template molecule in order to obtain the recognition cavities, so the

lesser the number of cycles it’s the easier it will be to remove the template molecule[36].

At the end of electro-polymerization we expected to achieve a MIP sensor with composition of
PPy/analyte/GCE and then after the removal of analyte as explained above we expected to have a

sensor with recognition cavities.

3.24  Preparation of PAH’s

Solutions of 0.0005 M of PAH’s (anthracene, benzofa]pyrene and pyrene) were prepared by
weighing the appropriate mass and.dissolving each of the PAH in methanol and placed in a
sonicator until fully dissolved. The samples were then keptin vials in a lab cupboard.

These analytes were expected to be fully dissolved hence they were placed in a sonicator.
Moreover these materials do not need special storage so they were just kept in lab cupboards. To
test their activity after sometime UV-spectrometry is a good instrument to check if they are still

active. And that should be done if necessary.

After the analytes were prepared, their electrochemical behavior was investigated on a bare GCE
using both cyclic voltammetry and square wave voltammetry. However, since PAHs are
daunting materials to investigate, there was no positive analytical response from them in a bare
GCE. Therefore the surface of the GCE had to be modified with the polymer and the imprints,

only then an analytical response was acquired, and that is presented in both chapters 4&5.
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3.3 Material Characterization

3.3.1 Atomic Force Microscopy (AFM)

Atomic force microscopy has been regarded as the best and yet powerful microscopy technology
for studying samples at nanoscale [21]. Its importance is brought by the fact that, the atomic
microscope can not only image in 3-dimension, but also provides other types of surface
measurements to the needs of the user such as area roughness and line roughness[37].

AFM uses a cantilever with a very tiny and sharp tip that enables it to scan over a dry surface. As
the tip approaches the surface, attractive force between the surface and the tip cause the
cantilever to deflect towards the surface. However, if the cantilever is brought even closer to the
surface, to a point that the tip makes contact with it, increasingly repulsive force takes over and
causes the cantilever to deflect away from the surface[38].

A laser beam is used for the detection of cantilever deflections either away or towards the
surface. The AFM will then generate an accurate topographic map of the surface features.

In this study a nanosurf scan 2.0 AFM was used to confirm the presence of cavities or imprints
of the polymers by examining the sample topography. Three-dimension AFM images for before

and after analyte removals were obtained and examined.

Computer

e Set potential

Figure 8: Complete configuration of an AFM instrument [38].
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3.3.2 Scanning Electron Microscopy (SEM)

In order to further investigate the presence of the imprints another microscopic characterization
technique known as SEM was used. The SEM used was the Hitachi (X650). SEM is a type of
electron based microscope that produces images of a sample by scanning the surface with a
focused beam of electrons. The electrons are said to interact with the sample atoms, that results
in production of various signals that has information about the sample’s topography and

composition. SEM allows scanning of the sample from different magnifications.

Electron gun

Condenser
lens
Beam
1 [ deflector
Scan
r Generator Objective
LI lens
Video Electrons from
Screen specimen
Detector .
Specimen

Figure 9: Configuration of a SEM instrument [27].
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3.3.3 Ultra-violet Spectroscopy

UV-visible spectroscopy is a technique that readily allows one to determine the concentrations of
substances and therefore enables scientists to study the rates of reactions, and determine rate
equations for reactions, from which a mechanism can be proposed[39]. UV-spectroscopy of such
nature is used extensively in teaching, research and analytical laboratories for the quantitative
analysis of all molecules that absorbs ultraviolet and visible electromagnetic radiation. This
spectroscopic technique is used for various reasons in different industries.

In clinical chemistry UV-visible spectroscopy is used in the study of enzyme kinetics. Enzymes
cannot be studied directly but their activity can be studied by analyzing the speed of the reaction
at which they catalyse. In this study UV-visible spectroscopy was used to study the activity of

PAHs and to degrade PAHs using the Fanton’s reagent:

Spectrometry uses the absorbance of light by an analyte at a certain wavelength to determine the
analyte concentration. UV-spectroscopy uses light'in UV and visible part of the electromagnetic
spectrum. Light of this wavelength is able to effect the excitation of electrons in the atomic or

molecular ground state.

beam sample

monochrometer
source splitter  compartment detector(s)

slit prism slit

| reterenceicell

sampleicell

Figure 10: Schematic diagram for a UV-visible spectrometer.
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3.3.4 Voltammetry

Electrochemical characterization is the study of the sample electrochemistry in different
mediums. There are a number of different electrochemical techniques. In this study a form of
electrochemical characterization technique which has been used extensively is Voltammetry,
particular cyclic voltammetry (CV) and square wave voltammetry (SWV). Voltammetric
techniques were performed using a PalmSense PTrace 4.4 using a three electrode system. The
working electrode was prepared with PPy and the presence of the analytes of interest.

Function Generator Cyelic voltammogram
//\\'~«
i
Epsilon r T
potentionstat
converter
ClW|xX
Nitrogen
Electrochemical
cell \ ‘ Elec’srolyte
solution

Figure 10: Configuration of a Voltammogram for both CV and SWV/[14].

3.3.4.1 Cyclic Voltammetry

This is a set of linear-sweep voltammetry experiments in which anodic and cathodic scans are
repeated alternately. This means that once the first scan is completed, the scan is continued in the
reverse direction and the cycle can be repeated more than once[14]. CV gives information on the
possible redox reaction of the system, including the Faradic insertion and extraction reaction. In

this study CV has been used to polymerize pyrrole into polypyrrole and to also characterize the
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sensor. CV has further confirmed the detection process by observing the chemical behavior of
the sensor. The technique allowed us to have a calibration curve based on the behavior of the

sensor. Moreover the sensor sensitivity and limit of detections were obtained from CV.

3.3.4.2 Square Wave Voltammetry (SWV)

Square wave voltammetry is similar to CV because it gives similar electrochemical behavior of
the analyte or sensor. The only advantage of SWV over CV is that it is much more sensitive.
Also it does one cycle at a time, it can run a number of oxidation experiments and later run the
reduction side. Just like in CV one can extrapolate a calibration curve. In this study SWV was
used for PAH’s which did not give much information on CV, then a much more sensitive

technique was due, hence SWV.
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Chapter 4

As the purpose of this study is to detect PAHs (anthracene,BaP and Pyrene) generally the NIP is
compared with the MIP to investigate which one possesses much better sensitivity and selectivity.
This chapter reports experimental findings on the detection of the PAHSs of interest using the NIP

sensor and also giving the calibration curves generated from the acquired data.

4 Results and discussion of Non-Imprinted Polymers

4.1.1 Polymer synthesis

Pyrrole was electropolymerized using cyclic voltammetry in 0.1M HCI with absence of analyte.
Figure below shows the polymers synthesis-with-the-number of cycles in it.
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Figure 11: Cyclic voltammogram of polypyrrole synthesis in GC electrode vs Ag/AgCl at a scan
rate of 50 mV/s in a 0.1 M HCI solution.
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The classical three electrode system was used to electropolymerize pyrrole to polypyrrole, where
GCE was a working electrode, Ag/AgCl was a reference electrode and the Pt-wire was a counter
electrode. The electro-oxidation of the monomer (pyrrole) occurs at the anode. Since there is no
sign of reduction peak for the backward scan, then the oxidation was irreversible. The figure
above also shows a polymer film growth on the glassy carbon electrode. B Schweiger et al[32]
conducted a study on electropolymerized molecularly imprinted polypyrrole (Ppy) film for
sensing of clofibric acid, where they obtained similar results of polypyrrole film growing on an
electrode surface during electropolymerization and the reaction was an irreversible one just like
ours. They have associated the oxidation peak growth with the radical formation during polymer
synthesis. The polymer build up from the electrode is proportional to the current response and
that indicates that the polymer has been obtained. At the end of 5 cycles we rinsed the electrode
with di-ionized water and in that manner we obtained a non-imprinted PPy/GCE sensor. The
number of cycles was kept as low as 5 cyeles for the ease of analyte removal when creating the

recognition cavities.

It is important to understand that, PAHs have different analytical response to different
electrochemical characterization techniques. In this work pyrene responded well with the use of
cyclic voltammetry, therefore cyclic voltammetry was used to evaluate the analytical response of
both MIP and NIP sensors. On the other hand the other two PAHs (anthracene and
benzo[a]pyrene) gave a positive response in square wave-voltammetry and it was therefore use to

evaluate the analytical response of both MIP and NIP sensors.
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4.2 Analytical response of PAHs

421 Pyrene

Pyrene was the first PAH to be investigated amongst the three. The classical three electrode
system was used where the PPy/GCE was a working electrode, Ag/AgCl a reference and the Pt-
wire as a counter electrode. Pyrene was added into the reaction in intervals in equal amounts and
after each addition the reaction solution was stirred for about 60 seconds. Pyrene’s analytical

response was studied by cyclic voltammetry at ambient conditions.

Polypyrrole showed a sharp oxidation peak between 0.75 V and a second reduction peak
between 0 - 0.5V. Pyrene adsorbs at about the same region as the polymer, because it has been
observed that pyrene appears at 1 \.-without the polymer. Therefore in the presence of
polypyrrole pyrene adsorbs between 0.5-1 V. Figure 13 below shows adsorption of the analyte is
being observed from the additions of the analyte at-different concentrations. There was a current
change observed from the oxidation peak associated with pyrene and that was used as a signal
peak which was used to plot the! calibration curve for the NIP sensor. The calibration curve
allows us to obtain the sensitivity of the sensor from the slope of the curve. In return the
sensitivity also allows the calculation of the limit of detection of the sensor. The sensitivity of the
sensor was found to be 14.479 A/uM with a limit-of ‘detection of 4.23x10" M (S/N =3). The
calibration curve also displayed a linearity of concentration at a range of 6.2x107 — 1.9x10M.
The limit of detection for the experiments in this work was calculated using the data’s standard
error and slope according to the formula;

standard error
x 3.3

slope
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Figure 12: A cyclic voltammogram of (a) NIP sensor on GC electrode for detection of pyrene vs

Ag/AgCI at a scan rate of 50mV/s in 0.1M HCI solution. (b) Calibration curve of the NIP sensor obtained

from the adsorption of Pyrene in (a).

The oxidation mechanism of pyrene;to \pyrene-1,6-dione during the experiment is shown below

Figure 13: Electrochemical oxidation of pyrene

—e-
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The square wave voltammetry was also used to investigate the analytical response of pyrene, the
same standard conditions used in CV were used also for the SWV. Figure 15 shows that, pyrene
a limited quantitative response for pyrene due to the fact that pyrene oxidation is not reversed
during the single oxidative square wave voltammetry. The oxidation of pyrene results in product
that is adsorbed onto the electrode surface that the comparative electrochemistry observed in

cyclic voltammetry was not observed here, for effective quantitative response of pyrene.
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Figure 14: Square wave voltamogram of pyrene non-imprinted sensor in 0.1 M HCI solution.
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4.2.2 Benzo[a]pyrene

PAHSs are one of the most daunting materials to work with such that it is popular for researchers
to use different techniques when working with them, since they have different responses to some
techniques. Standard concentration additions of benzo[a]pyrene were added into the reaction cell
and stirred for 60 seconds throughout the experiment. Benzo[a]pyrene displayed a much
different analytical response than pyrene because its oxidation peaks appeared at a different
potential than those of the polymer.

This may even be due to the sensitivity of square wave voltammetry. Looking at the square
wave voltammogram in figure 15 below, it is evident that benzo[a]pyrene oxidize at 1.5V (peak
‘a’), at that region adsorption of BaP into the polymer surface is observed. Although the
adsorption does not show sharp peak, but-there is-a-small-current change as concentration of BaP
is added onto the reaction system-and that current.change has been used as a signaling peak
which the calibration curve was plotted-from. The sensitivity of the sensor from the slope was
found to be 2.014 A/uM with a limit of detection of 1.59x107 M (S/N =3). The calibration curve

also displayed a linearity of concentration at a range of 6.2x107 — 2.5x10°M.,
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Figure 15: Illustrates a square wave voltammogram of (a)NIP sensor detection of BaP by PPy/GCE

vs Ag/AgClI in 0.1 M HCI solution at scan rate of 50mV/s (b) Calibration curve constructed from
the SWV when BaP adsorbs around 1.5 V.

The figure below shows electrochemical oxidation of BaP where the initial step in the oxidation

process of benzo[a]pyrene is a one-electron transfer process which results into the formation of
radical ion species as depicted below.
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Figure 16: Electrochemical oxidation of benzo[a]pyrene
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Square wave voltammetry gave a positive response towards the sensing of benzo[a]pyrene,
unlike in the previous experiment of pyrene. Cyclic voltammetry was also used to investigate the
analytical response of benzo[a]pyrene and the acquired results were not as impressive as the ones
obtained using SWV. In cyclic voltammetry a rapid peak disappearance as the benzo[a]pyrene
was added was observed, therefore such a behavior impedes us to draw conclusions based on the
analytical performance of the non-imprinted sensor such that we cannot even get a calibration

curve from the cyclic voltamogramm. The analytical behavior is depicted in figure 18 below;
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Figure 17: Cyclic voltamogram of non-imprinted benzo[a]pyrene sensor in 0.1 M HCI.
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4.2.3 Anthracene

The classical three electrode system was used for the anthracene non-imprinted sensor too.
Standard concentration additions were added into the reaction system and stirred for about 60
seconds. The analytical response of anthracene was found to be similar to that of benzo[a]pyrene
because even though a very sensitive voltammetric technique was used to detect anthracene, very
small analytical response was observed. The oxidation of anthracene in a non-imprinted
electrode was observed at 1.5 V. The response was too small, however zooming at that area there
is a current change, which shows detection. The peak at 1.5 V is due to the catalytic effect of the
NIP electrode towards the oxidation of anthracene. The peak at 0.45 V is a polymer peak which
decreases as the analyte adsorbs onto the NIP electrode surface. The calibration curve was
plotted from the small response at 1.5 V which was obtained from the sensor. The sensitivity of
the sensor was found to be 0.553 A/M.with alimit-of-detection of 4.33x107" M (S/N =3). The

calibration curve also displayed a linearity-of concentration-at-a range of 6.2x10” — 1.9x10°M.
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Figure 18: Square wave voltammogram of (a) NIP sensor detection of Anthracene by PPy/GCE vs
Ag/AgCl in 0.1M HCI solution at a scan rate of 50mV/s (b) Calibration curve of the NIP sensor plotted
from the voltammogram adsorption of Anthracene.
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The mechanism of the oxidation peak at 1.3 V can be accounted for using the oxidation

mechanism below.

HO. H HO.__ H
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5 d
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Figure 19: Electrochemical oxidation of anthracene.

Even though the sensor did not show much sensitivity towards the analyte, there were at least
data points which could be taken to plot a calibration curve.'Whereas with the use of cyclic
voltammetry there were few points just like with the experiment of detecting benzo[a]pyrene
using CV. The CV shows the polymer peak, and a disappearance of peaks upon the

consecutive addition of anthracene onto the reaction.
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Figure 20: Cyclic voltammogram of non-imprinted anthracene sensor in 0.1 M HCI.

4.3  Electrochemical behaviorsummary

Literature has shown that, anthracene, benzo[a]pyrene and pyrene have been detected using the
molecularly imprinting technology. The most famous polymers-used for the detection of PAHs
using imprinting are polythiophene-and: polyurethanes. - Moreover, literature shows that most
papers for the detection of PAHs using MIPs have been reported using fluorescence

measurements.

Brylee David et al [27] in their work of pyrene-imprinted polythiophene sensor for the detection
of polycyclic aromatic hydrocarbons have reported the binding capacity of the NIP sensor to be
low with an analytical linear range of 0.01- 0.9 M. This low binding capacity was assumed to be
caused by the absence of recognition cavities. This paper has showed the importance of the
recognizing cavities for the affinity of analyte molecules. Our study showed a need for the
recognition cavities for optimum analyte detection, since for anthracene and benzo[a]pyrene we

obtained unsatisfactory analytical response.

The results obtained from this study for anthracene and benzo[a]pyrene were not satisfactory due

to their low sensitivity, and that is depicted by the sensors analytical response while detecting the
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analytes by SWV. The sensor for anthracene gave a sensitivity of 0.553 A/M and benzo[a]pyrene
gave sensitivity of 2.014 A/M. Pyrene sensor showed satisfactory results and much high
sensitivity of 14.479 A/M. The non-imprinted polypyrrole (NIP) sensor presented a limit of
detection of 4.33 x107 M, 1.59 x10° M and 4.23 x10” M for anthracene, benzo[a]pyrene and
pyrene respectively (S/N=3).
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Chapter 5

This chapter reports findings on the detection of anthracene, benzo[a]pyrene and pyrene using
the MIP sensor and then comparing the findings to the results obtained with NIP. However it is
necessary to first consider the results of the test molecule (Bisphenol A) used based on a

literature precedent for molecularly imprinted polymers.

5 Bisphenol A

Very little evidence of the application of molecularly imprinted polypyrrole for the detection of
PAHSs, exist in literature. Therefore a literature precedent was followed to establish the binding
efficiency of a molecularly imprinted polypyrrole sensor for the detection of bisphenol A (BPA)
first and then followed up with developing the-protocol for PAH detection, by molecularly

imprinting method.

5.1.1 Results and discussion

Bisphenol A imprinted polypyrrole was prepared according to the methodology reported in
chapter 3, i.e. polymer electrosynthesis ‘in''the ‘presence of the analyte molecule. Cyclic
voltammetry was used to investigate the electrochemical behavior of BPA at a non-imprinted
(NIP)and imprinted polypyrrole sensors (MIP). The analytical performance of the sensors was
evaluated in the concentration range of 1.2 x10™*3 — 8.6 x10™* M using a 3 electrode system in a
0.1 M HCI electrolyte solution. A calibration curve for the detection of BPA using both NIP and

MIP sensors was acquired.

A slope of 0.673 A/M was determined from the calibration curve obtained for the analytical
response of BPA at the MIP electrode, a slope of 0.335 A/M was obtained for the NIP electrode.
The slope of the calibration curve is related to the sensitivity of the sensor response to the
analyte. Hence it is evident that the MIP is two times as sensitive as compared to the NIP sensor.
Additionally the dynamic linear range for the MIP sensor response to BPA was far greater than
that of the NIP sensor. The linear range of the MIP sensor was from (1.2 — 7.4) x10™* M and for
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the NIP sensor, it was from (1.2 — 3.7) x1023 M. The limit of detection was calculated using the
formula of standard deviation S/N, with the experiments repeated 3 times (N= 3) .The limit of
detection for the MIP sensor was calculated as 1.21x10* M and 1.23x107® M for the NIP

standard error

sensor, using the formula Slope x3.3. A novel bisphenol A sensor based on

amperommetric detection was reported by J Huang et al [40] for a molecularly imprinted 2-
aminothiophenol sensor for the detection of BPA. Their results showed that, the sensor gave a
linearity of concentration between 8.0 x10® — 6.0 x102 M with a limit of detection of 1.38 x10”’
M (S/N = 3).

= MIP
e NIP

Current (uA)
(4]
1
n

0 1 2 3 4 5 6 7 8 9

Concentration (x1 0"®M )

Figure 21: Calibration curve comparison for the detection of BPA by NIP and MIP sensors.

In a separate study of the detection of BPA using molecular imprinting by Y Tan et al [41], a
molecularly imprinted chitosan-acetylene black composite film modified glassy carbon electrode
was prepared. Their results showed that, the sensor displayed a dynamic linear range for
concentrations between 0.005 — 0.20 uM and a limit of detection of 2 nM (S/N =3).

The sensor prepared in this work is comparable to molecularly imprinted polymer sensors for

BPA, reported in literature. The data reported for BPA at imprinted polypyrrole was twice as low
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as that reported in literature, however the data in this work was verified by triplicate experiments
(S =3.08 x1013 + 1.58 x10%). Polypyrrole was readily functionalized with a molecular imprint
using simple one pot electrochemical synthesis. The comparative study between MIP and NIP
sensors has highlighted the advantages of the imprinting modification method in terms of
sensitivity and dynamic linear range. It is therefore reasonable to propose the molecular
imprinting methodology to develop polypyrrole sensors systems with improved analytical
behavior for the detection of polyaromatic hydrocarbons. Polyaromatic hydrocarbons are

notoriously challenging to quantify using simple chemical sensor systems.
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5.2 Results and discussion of Imprinted Polymer sensor towards PAHs
5.2.1 Pyrene

Pyrene is one of the well-known pollutants which are part of the EPA priority list. It is a four
membered ring resulting in a flat aromatic system. The structure of pyrene is shown below along

with other four membered ring PAHSs.

s 2 ‘ | 2y
SN -
_ OOO @

Pyrene (C,cH,,) Benzo[a]anthracene (C,H,,) = Chrysene (C,.H,)

Figure 22: Pyrene and its analogous molecules

The classical three system electrode was used with pyrene-imprinted polypyrrole as the working
electrode, Ag/AgCl as a reference and Pt-wire as the counter electrode. Standard additions of
pyrene were added to the reaction cell and stirred faor. 60 seconds. Molecular recognition of
pyrene was performed using cyclic voltammetry in order to evaluate the analytical response of
the pyrene-imprinted polypyrrole sensor. Pyrene electrochemistry at non imprinted polypyrrole
showed one oxidation and reduction peak, of which the reduction peak was associated with the

oxidation of pyrene.

The cyclic voltammogram of pyrene shows an oxidation peak of the polymer between 0 — 0.5V
and the reduction peak between 0 — 1 V, indicating a reversible reaction. The change in peak
current between 0 — 1V vs Ag/AgCI occurred as a result of consecutive concentration addition
which was then used to plot a calibration curve. The analytical response of pyrene was
investigated in the concentration range of 6.2 x10" M — 7.4 x10® M. The results for the non-
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Figure 23: Cyclic voltammogram of (a) MIP sensor detection of pyrene by PPy/GCE vs Ag/AgCl at a
scan rate of 50mV/s in 0.1M HCI solution (b) calibration curve of MIP sensor plotted from the
adsorption of Pyrene in (a).

imprinted sensor displayed a limit of detection of 4.23 x107 M (S/N = 3) and a linear

concentration range of 6.2 x107 M +1.9x10°% M, whereas MIP showed the LOD of 2.28x107" M
(S/N = 3) and linear concentration range-of 6:2x107 — 2.5x10:% M.
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5.2.2 Pyrene MIP vs NIP

In a similar experiment, where an imprint of pyrene was developed in the polypyrrole thin film
(i.e. MIP) the MIP electrode was used as the working electrode in the 3 electrode system. The
same concentration range as for the development of calibration curve at the NIP electrode was

used, for direct comparison
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Figure 24: Shows comparison of calibration curves of MIP and NIP for pyrene detected by
PPy/GCE vs Ag/AgCl at a scan rate of 50mv/s ina 0.1 M HCI.

The results displayed that, the MIP sensor has a limit of detection of 2.28x10~" M while its linear
concentration range is 6.2x10 — 2.5x10° M. The MIP sensor showed sensitivity that was two
times that of the NIP sensor. The sensitivity of MIP was found to be 32.528 A/M and that of NIP
was found to be 14.479 A/M. Therefore these results suggest that, MIP sensor is superior to NIP
sensor for this experiment. In similar work reported by Levent Ozcan et al[26] for the
determination of paracetamol at an electropolymerized-molecularly imprinted polypyrrole
modified pencil graphite electrode. Their results showed that the sensitivity of the paracetamol-
imprinted polypyrrole was 14.821 A/M and the non-imprinted sensor had sensitivity of 10.231
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A/M which is inferior to MIP. Therefore these results could be comparable with the ones
obtained from our study. The advantages of the MIP sensor from this experiment are; high
selectivity and sensitivity towards the template molecules.

The table below summarizes the parameters which were calculated from calibration curves of
both NIP and MIP of pyrene.

Table 2: Summarizes analytical response of the pyrene MIP and NIP sensors.

Parameter MIP NIP

Limit of detection 2.28x10" M 4.23x10" M

Limit of quantification 6.92x10" M 1.28x10° M

Linear dynamic range 6.2x107" — 2.5x10° M 6.2x107 — 1.9x10°M
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5.3 Benzo[a]pyrene

Benzo[a]pyrene is found in the environment and in food. It is a five membered ring and it is a
pale yellow crystalline solid with a faint aromatic smell. It is known for its insolubility in water
and has low volatility. The structures shown below are of benzo[a]pyrene and other analogous

five membered ring PAHSs.

5P O

BenZO[a]pyfene C20H12) D|ben20[a h]anthracene Benzo[e]pyrene (CZ

(CpHy)

0H12)

Figure 25: Benzo[a]pyrene and its analogous molecules.

The classical three electrode system was used in'this experiment too, where the benzo[a]pyrene-
imprinted polypyrrole was a working electrode, Ag/AgCl as the reference electrode and the Pt-
wire as the counter electrode. Standard additions of benzo[a]pyrene were perfomed and after
each addition the solution was stirred for 60 seconds. In this experiment we shifted from using
cyclic voltammetry to using square wave voltammetry due to the observation of unrecognizable
peaks from CV. Therefore a much more sensitive technique was due. Therefore the analytical

response of benzo[a]pyrene was investigated using SWV.

The NIP sensor of benzo[a]pyrene displayed two reduction peaks, where the prominent one
between 0 — 1.0 V was associated with the polymer peak and benzo[a]pyrene peak was around
1.5 V. The peak which appears on the SWV (at 1.5 V) can be attributed to the respective steps in

the oxidation mechanism of benzo[a]pyrene. There is peak current change at 1.5 V which is due
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to the consecutive concentration additions and that current change was used as a signaling peak
which was used to draw the calibration curve. The calibration curve of the NIP sensor showed a
limit of detection of 1.59x10° M and a linear concentration range of 6.2x107" — 2.5x10° M from
chapter 4. The MIP calibration curve showed a LOD of 2.51x10” M and linear concentration of
6.2x107 — 3.1x10° M.

The benzo[a]pyrene-imprinted polypyrrole sensor showed similar results with that of the NIP
because benzo[a]pyrene oxidize at 1.5V. The oxidation peak of benzo[a]pyrene ‘a’ does not
illustrate a satisfactory peak current increase, that means there is no optimum detection of
benzo[a]pyrene by the sensor as expected.
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Figure 26: Shows a square wave voltamogram of (a)MIP sensor detecting BaP using SWV in at a scan rate

of 50mV/s in 0.1M HC solution. (b) Calibration curve plotted from the SWV in (a).
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5.3.1 BaP MIPvsNIP

The NIP and MIP sensors for benzo[a]pyrene were performed in the same concentration range of
6.2 X107 M — 6.5 x10°M for comparison. The calibration curve shows that, MIP sensor detects
at slightly higher current than NIP sensor, however there is no much difference in terms of
sensitivity, limit of detection and linear concentration range between the two sensors. The limit
of detection for the benzo[a]pyrene imprinted polypyrrole was 2.51x107 M and a linear
concentration range of 6.2x107 — 3.1x10° M.
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Figure 27: Shows a comparison between the MIP and NIP calibration curves obtained at a scan
rate of 50mV/s in a 0.1M HCI solution.

The sensitivity of both MIP and NIP were taken from the slopes of the plotted calibration curves
respectively. MIP sensor’s sensitivity was found to be 2.409 A/M and NIP was 2.014 A/M.
theoretically and from literature MIP is expected to have excellent sensitivity than NIP. This
unusual behavior observed from the benzo[a]pyrene imprinted sensor can be accounted for in
terms of the analyte molecule and recognition cavity geometry. Imprinted recognition cavities
are sensitive to shape, size and chemical functionality of the target molecule, therefore any
changes or disturbance on the cavities or the target molecule affects the affinity of the cavities

towards the target molecule. The reason for having such poor selectivity from the MIP sensor
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may be due to the disturbance of the cavity size and shape or target molecular shape, size and

functionality during the reaction. Additionally benzo[a]pyrene has a large molecular weight,

therefore it takes time to fully dissolve, which may have affected the creation of the cavities

while washing off the analyte.

Li Ying et al [42] encountered a similar situation while working with a MIP sensor based on

graphene-oxide, where the MIP sensor showed no excellency than NIP sensor, although it had

higher sensitivity. Their suspicions to these strange results were that, the recognition cavities

may have been blocked by the solvent used to wash off the analyte molecue. The table below

gives summary of the analytical response of the MIP and NIP sensors of benzo[a]pyrene.

Table 3: Summary of some parameters which were obtained from the two calibration curves in

figure 20.

Parameter MIP NIP

Limit of detection 2.51x107 M 1.59x107 M
Limit of quantification 7.57x107 M 4.82x107 M

Linear dynamic range

6.2x107 —3.1x10° M

6.2x107 — 2.5x10° M
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5.4  Anthracene

Anthracene is a three membered ring PAH which has been identified as the simplest PAH by the
USA’s EPA. It is ubiquitous in the environment as a product of incomplete combustion of fossil
fuels. It is the simplest tricyclic aromatic hydrocarbon. Anthracene is a colorless crystalline
compound. It is soluble in a variety of organic solvents, including ethanol, methanol, benzene,
toluene, and carbon disulfide, but is almost insoluble in water. The following structures shows
anthracene and other three membered ring PAH.

L Y
J

Anhracene (Cryy Penanthrene (C, H, )

Figure 28: Anthracene and its analogous molecule.

In this experiment just like the. others,, the classical. three electrode system was used where
anthracene-imprinted polypyrrole was the working electrode, Ag/AgCl was a reference and the
Pt-wire was a counter electrode. Standard additions of anthracene were inserted in the reaction
cell and stirred for 60 sec. Square wave voltammetry was used instead of cyclic voltammetry for

similar reasons as in section 5.2.3

The NIP sensor for anthracene form chapter 4 showed two reduction peaks, where the one
between 0 — 1V was a polymer peak and the one at 1.3 V was an anthracene peak. The same
behavior for the anthracene-imprinted polypyrrole has been observed. The anthracene in the MIP
sensor oxidizes at 1.3 V at high current than the NIP sensor. The was a current change at peak
1.3V due to the concentration additions and that current change was treated as the signaling peak
which allowed us to draw a calibration curve. The NIP results from the calibration showed a
limit of detection of 4.33x107 M and a linear concentration range of 6.2x10°7" — 1.9x10°M. On the other
hand the MIP experiments has showed a LOD of 1.48x107" M"(S/N = 3).
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Anthracene-imprinted polypyrrole sensor was fabricated in the same concentration range as NIP
for the detection of anthracene. There is significantly high difference between the MIP and NIP
sensor for detection of anthracene as shown on the CV below that, the analytical response of the
anthracene is at high current (peak a) than that of NIP sensor.
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Figure 29: Shows a square wave voltammogram of (a) MIP sensor detection of Anthracene by
PPy/GCE vs Ag/AgCl in a 0.1M HCI solution at a scan rate of 50mV/s (b) calibration curve plotted

from the anthracene adsorption in (a).

In this experiment the MIP sensor has performed very well than NIP sensor from the previous
chapter as expected and it is clear that anthracene adsorbs at 1.3 V just like with the NIP sensor.
The oxidation peak ‘a’ shows the adsorption of anthracene and from there a calibration curve

was obtained. These results are a proof of superiority of MIP sensor than NIP sensor
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5.4.1 Anthracene MIP vs NIP

The analytical response of both NIP and MIP showed that, the anthracene-imprinted polypyrrole
has outdone the NIP sensor in terms of perfomance. The improvement of the surface by
imprinting increased the sensors sensitivity towards the anthracene. Calibration curves obtained
from both NIP and MIP are plotted below in the same concentration range of 6.2 X107 — 6.5 x10-

® M for comparison.
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Figure 30: Shows a comparison between a MIP and NIP sensor’s calibration curve in detection

of anthracene.

The calibration curves of these sensors (i.e MIP and NIP) clearly show that, MIP detects at much
higher current than NIP. From the calibration curve the sensitivity of the MIP was found to be
2.493 A/M whereas NIP’s sensitivity was found to be 0.553 A/M. The limit of detection of the
MIP sensor was 1.48x10" M*(S/N = 3) and the linear concentration range of 6.2x107" — 3.1x10°

®M. The table that follows summarizes the analytical response of the anthracene-imprinted

polypyrrole.
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Table 4: Some parameters which were calculated from the calibration curves plotted in figure 22.

Parameters MIP NIP

Limit of detection 1.48x107M* 4.33x10" M

Limit of quantification 4.51x10" M 1.31x10°% M

Linear dynamic range 6.2x107 — 3.1x10°M 6.2x107 — 1.9x10°M

5.5 Electrochemical behavior summary

Molecularly imprinted polypyrrole has been widely used in sensors for the detection of different
species from different matrices. L Ozcan et al [26] also used polypyrrole during their study of
determination of paracetamol based on-electropolymerized-molecularly imprinted polypyrrole
modified pencil graphite electrode. In their study: they have produced a sensor for paracetamol
and reported that, the MIP sensor for paracetamol gave a limit of detection of

7.9 X107 M (S/N = 3). The linearity of concentration range for the MIP and NIP were 5uM —
0.50 mM and 50uM — 0.50 mM .and-the current range of NIP was found to be much smaller
than that of MIP.

On the other hand, Vinod Gupta et al [43] on their study of molecularly imprinted polypyrrole
modified glassy carbon electrode for the detection of tobramycin reported on the excellence of
MIP over NIP sensors. They have reported the linearity of concentration of MIP and NIP to be
5.0 x10% — 1.0 x10® M and 75 x101° — 5.1 x10° M. The limit of detection for the MIP sensor
was calculated to be 1.4 x10°M (S/N = 3).

The results of our study are comparable with those in literature. The sensitivity MIP sensors for
anthracene, benzo[a]pyrene and pyrene for our study were found to be 2.493 A/M, 2.409 A/M
and 32.528 A/M and limit of detections of 1.48x107 M, 2.51x10" M and 2.28x10”" M respectively
(S/N = 3). These results that we obtained from our study are of the same magnitude with those
found in literature. The differences in the results we obtained from those in literature are due to

the use of different electrolytes, electrodes and we are detecting different analyte species.
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5.6  Molecularly imprinted polymer Interference studies

The selectivity of the MIP electrode in this work was evaluated in the presence of analogous
PAHSs. This experiment was done with the use of the classical three electrode system, where the
pyrene-imprinted polypyrrole acted as a working electrode, the Ag/AgCI as a reference and the

Pt-wire was a counter electrode.

In order to investigate the interference of chrysene in a pyrene-imprinted sensor the sensor was
subjected to the 4 membered ring chrysene which is similar to pyrene. This technique is used to
test if the created recognition cavities are only selective to the imprinted molecule, nothing

similar to it and to evaluate if there are no species that will interfere with the recognition cavities.

L Ozcan et al[26] have made use of this technique to-evaluate the selectivity of MIP based
sensor for the detection of paracetamol -in, LiClOssolution in the presence of interfering
substances like ascorbic acid and D-glucose. Their results revealed that, there were no substantial
changes in the current response for paracetamol in the presence of ascorbic acid and D-glucose.

This paper further confirmed the principle of selectivity in'molecularly imprinting.
It has been proven from their results that, an imprinted sensor should only have affinity to the

template molecule and nothing analogous to'the template molecule. Our study also seeks to test

if chrysene will not interfere with pyrene on a pyrene-imprinted polypyrrole sensor.
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Figure 31: Cyclic voltamogram showing interference of chrysene on a pyrene imprinted

sensor at a scan rate of 2mV/s.

The above cyclic voltammogram shows.the analytical response of a pyrene-imprinted sensor in
the presence of chrysene. The scan rate of the above experiment was brought to 2 mV/s so that
the analyte can have enough time to adsorb on the electrode cavities.We have seen previously,
that pyrene shows oxidation behavior between 0.5 — 1.0 V. The oxidation signal due to the

presence of the chrysene is displaced outside of .the expected detection range of pyrene.

(b) ()

Figure 32: Shows (a) pyrene-polypyrrole, (b) pyrene-imprinted polypyrrole sensor and (c)

(a)

pyrene-imprinted polypyrrole sensor subjected to chrysene for detection.
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The diagram in figure 30 above shows that, a pyrene-imprinted polypyrrole sensor was prepared
for the detection of chrysene. The diagram shows that, chrysene is not a perfect match for the
pyrene cavities, therefore it was not detected. Moreover due to the non-complementarity between
the pyrene imprint and the chrysene analyte the oxidation peak appears at a high oxidation
potential or energy, indicating that the chrysene is not the preferred substrate for the imprint as

illustrated in figure 30 above.

The second experiment was done by mixing solution of 0.0005 M pyrene and 0.0005 M

chrysene. This experiment was to test if chrysene would interfere during the detection of pyrene.
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Figure 33: Cyclic voltammetry of chrysene redox behavior at a pyrene imprinted polypyrrole
sensor.

The cyclic voltammogram above shows that, even though there is presence of chrysene within
the mixed solution the pyrene imprinted cavities can still recognize pyrene and chrysene does not
interfere with the detection. This is observed because the same oxidation peak that was observed
from a pyrene-imprinted sensor is still present and the signaling peaks can allow us to plot a
calibration curve as we have done before. A calibration curve of pyrene and a mixture of pyrene

and chrysene were plotted, our interest from the calibration curve was sensitivity.
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Figure 34: Illustrates a pyrene-imprinted sensor sensing a pure pyrene and a mixed solution

of pyrene + chrysene.

The calibration curves show no greater|difference between the pyrene and the mixture of pyrene
and chrysene. The sensitivity of pyrene MIP sensor was reported as 32.528 A/M in section 5.22.
The sensitivity of the mixed solution of pyrene and chrysene gave a sensitivity of 31.012 A/M.
Theoretically the sensitivity of the sensor for the mixed solution (pyrene+chrysene) and pyrene
should be almost the same, and that is shown by the sensitivities obtained for the two. This
illustrates that, imprinted polymers are able to discriminate between analytes based on structure

and are highly selective for the template molecule.
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Chapter 6

Generally when working with MIPs ones concerns should be the recognition cavity creation, and
there has to be a manner in which it is tested that the cavities are created or else there will be no
optimum selectivity and sensitivity. Spectroscopic and morphological information is useful to
understand the nature and surface features of sensors. The stability of the analyte under

experimental conditions also requires verification

6  Atomic Force Microscopy

AFM was performed on a glassy carbon electrode surface. The idea behind this technique was to
study the polymer’s topography to investigate if the recognition cavities are created for the MIP
sensor. This technique has been used for similar-purposes by Li Yings et al [42] when they made
a graphene-oxide molecularly imprinted polymer based sensor for the detection of endocrine
disrupting chemicals. Their study:indicated that, the NIPs topography was found to be smooth
and regular, whereas the MIPs topography was found to be irregular. The irregular topography
from the MIP was associated with the recognizing cavities while the smoothness of the
topography from NIP was associated with the absence of cavities. In this study AFM images

were taken for the bare electrode, polymer with pyrene and pyrene-imprinted polypyyrole.

(a (b (c)

Figure 35: Shows AFM images of (a) GCE bare (b) MIP with analyte (c) MIP with cavities.
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The results that we obtained also showed topographic differences between the (a) bare electrode,
(b) polymer + pyrene and (c) pyrene-imprinted polypyrrole. Considering figure 31b&c it is
evident that, before pyrene was washed of (figure 31b) the topography was rough and irregular,
after pyrene was washed off the topography changed to a smooth surface with dark spots
indicated by the arrows in figure 31c. These dark spots created after pyrene removal may be

associated with the imprints of pyrene.

The results obtained for this study using AFM are satisfactory because we expected to see
topographic changes on the electrode surface between the pyrene-polypyrrole and pyrene-
imprinted polypyrrole. Although the cavities are not as clear since AFM does not scan the whole
surface of the electrode at once. Moreover the recognizing cavities are not created evenly on the
electrode surface.
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6.1 Scanning Electron Microscopy (SEM)

SEM was used to study the surface morphology and the particle size of the NIP and MIP, to
further confirm that the recognition cavities have been created as the AFM confirmed. G
Gonzalen et al [28] have used the same technique to study molecularly imprinted polymers
morphology. In their study they have reported that, the NIP electrode showed narrow and
clustered particles whereas the MIP electrode showed much thicker particle size and there were
spaces created in between the particles. Additionally the spaces created in the electrode surface
were irregular and they were said to form due to the cavities. The images below show SEM

images before and after the removal of pyrene.

(@) (b)
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Figure 36: SEM images before (a, c, e) and after (b, d, f) pyrene removal.
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The results which we obtained for the SEM experiments are in agreement with the ones reported
by G Gonzalen et al [2]. Prior the removal of pyrene, the particle size was small and regular and
then when pyrene was removed the particle size changed to thick and irregular. The MIP looked
rather rougher and irregular those properties may be attributed to the formation of the

recognizing cavities.

Considering figure 31e and 31f it is prominent that, the particle size has changed from small to
much bigger particle size. The image in figure 31f shows a hollow space which may be
associated as one of the potential cavities for the recognition of pyrene. Additionally the
roughness of the pyrene-imprinted polymer surface can lead to higher surface are than that of the

non-imprint and therefore MIP can attract and enclose pyrene better than NIP.
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Absorbance

6.2 UV-visible spectroscopy of anthracene, benzo[a]pyrene and pyrene.

UV-visible spectroscopy has been widely used to monitor pollutants which are contaminants in

the environment. In this study we have used UV- spec to characterize anthracene,

benzo[a]pyrene and pyrene.
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Figure 37: Shows UV images of (a) anthracene (b) benzo[a]pyrene and (c) pyrene

The results above show fingerprints -of eachof.the PAHSs .i.e anthracene, benzo[a]pyrene and
pyrene. However there are too many peaks in all three spectrums for the PAHSs, therefore it
would be difficult to clearly identify the individual PAHs using UV-vis. This brings us to a
conclusion that, the use of MIP based electrochemical sensor would be viable for the detection of
the PAHs. Moreover literature shows that UV-visible spectroscopy has only limited application
when working with PAHSs, because UV can only distinguish between pure PAHs not mixtures. In
most cases in the environment we get mixed PAHSs either from the soil or waste water from

industries.
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Chapter 7

7 Conclusion

Electrochemical sensors have attracted vast amount of attention since they are viable, robust,
inexpensive and easy to prepare. Electrochemical sensors that incorporate molecularly imprinted

polypyyrole for the detection of PAHs have been reported in small amount in literature.

In this study we have managed to successfully develop highly selective and sensitive
electrochemical sensors based on molecularly imprinted polypyrrole for the detection of
anthracene, benzo[a]pyrene and pyrene. However there were two sensors who displayed
excellent selectivity and sensitivity towards the PAHs and they are; anthracene-imprinted
polypyrrole and pyrene-imprinted polypyrrole.. The-benzo[a]pyrene-imprinted sensor did not

show much satisfactory analytical response.

The anthracene-imprinted polypyrrole displayed satisfactory analytical response with the LOD of
1.48x107 M'(S/N = 3), the linear concentration range was 6.2x107 — 3.1x10°M and the
selectivity of 2.493 A/M.

The second excellent sensor was the pyrene-imprinted polypyrrole which showed an analytical
response with the LOD of 2.28x10" M (S/N =3), a linear concentration range of 6.2x107" —
2.5x10°° M and the selectivity of 14.479 A/M.

The sensitivity of a MIP sensor is highly dependent on the shape and size of the molecule or
recognizing cavities [1]. Benzo[a]pyrene displayed unsatisfactory results where the MIP and NIP
sensors showed almost the same sensitivity of 2.409 and 2.014 A/M respectively. This analytical
response may be influenced by changes on the shape of the cavities after the removal of
benzo[a]pyrene. Once there are disturbances or changes (physically and chemically) on the shape
or size of either the molecule of interest or cavities, there will be no optimum detection because

the analyte molecule will not fit on the designated imprinted cavity. Moreover benzo[a]pyrene
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has a larger molecular weight, therefore it takes time for it to dissolve, and that must have caused

incomplete template removal during the creation of the benzo[a]pyrene-imprint.

Selective recognition towards the template molecule is an important capability for a MIP sensor
[2]. Selectivity of the pyrene-imprinted sensor was evaluated by cyclic voltammetry in the
presence of its analogous molecule i.e chrysene. The results showed that, the pyrene-imprinted
polypyrrole sensor exhibited higher recognition selectivity towards pyrene with no interference
to chrysene.

Microscopic techniques such as AFM and SEM were used to study the morphology, topography
and particle size of the sensors. The results successfully confirmed the creation of the
recognizing cavities which were associated with the rough and irregular morphologies of the
sensors. AFM further showed dark sports that were-almost circular in shape and they were
described as the potential recognizing cavities; The roughness.of the MIP particles has proved to
lead to high surface area than that 'of NIP-and thus MIP can adsorb better than NIP.

The imprinted polymer sensors displayed strong' favorable properties such as having a wide
linear concentration range, low limit of detection, high sensitivity and selectivity than the non-
imprinted polymer sensors. Additionally these types of sensors (i.e MIP) are easily reproducible
and stable.

Apart from anthracene, benzo[a]pyrene and pyrene, 1-hydroxypyrene is one of the famous PAH
in petrochemical industry. Albers PH et al [3] conducted a study based on exposure to PAHSs in
petrochemical industry by measurement of urinary 1-hydroxypyrene. This study was carried out
because workers who were involved in manufacture and maintenance operations in oil refineries

got sick with lung cancer. The sickness was then attributed to the exposure to 1-hydroxypyrene.
Urinary samples from the oil company employees were collected and analysed using HPLC.

Their results showed that high levels of 1-hydroxypyrene were present to workers who work

directly on the oil plant than those who are in offices. In each worker an amount of about 0.99
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mM of 1-hydroxypyrene was found whereas an amount of 0.22 mM was found on those working

in offices and other parts of the company far from the plant.

The Agency for Toxic Substances and Disease Registry (ATDSR) gave a report from their study
at a hazardous waste land treatment site for refinery that, the limit of detection of anthracene in
soil was to be 0.1 — 2 mMJ[29]. This limit of detection was acquired from UV-visible
spectroscopy and it is not in the same range as the one acquired in this study. The reason behind
such difference is that, in the soil there were other PAHSs present, therefore UV is not capable to

detect when PAHSs are mixed.

In this study we have developed sensors that have illustrated to be detecting on a wide
concentration range. These sensors detects at low concentrations as close to nano scale. Their
application in petrochemical industry could be viable as-they can save time since they are easy to
prepare, to use and they are not laboratory bound just like, HPLC. Their ability for specific
recognition is paramount, since other techniques such as-UV-vis cannot detect specific PAHs of
interest in the presence of other analogous PAHSs. Additionally literature does not have much
studies reported based on the use of molecularly-imprinted polypyyrole for the detection of

PAHSs, therefore this study comes as one of the rare studies.

In the near future, it would be viable to have the sensors that we developed tested in detecting
PAHs from actual samples collected from the petrochemical industry. The samples could be
waste water, soil and urine of workers in the petrochemical industry. This would allow us to see
the actual application of our sensor in real world. HPLC would also be incorporated in that study
where MIP based sensors do the detection of the present PAHs in that particular sample and
HPLC works with the extraction of the PAHs of interest from the sample. Additionally since
these PAHSs are also found in the air, it would be good to develop a sensor that would be able to

detect gaseous PAHSs just like we have done for liquid phase PAHS.
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