ANgaF e fEaLaiani1sA sz latinma (1)

UNANTTYNTIOL NaFE

U us U ud U aIN AN I ANNUANgATUT N INEN AN AR THIN TR A
a = a =
ARk AT EV IR Tk RITCEY

ANEANENANART  AYINAINIINNNINLNAE

fnnsAnmn 2553

-

A18792299NAINTUNNINENAY



FABRICATION OF OPTICAL SENSOR FOR NICKEL (II) ANALYSIS

Miss Thanyapan Poltue

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science Program in Chemistry
Department of Chemistry
Faculty of Science
Chulalongkorn University
Academic Year 2010
Copyright of Chulalongkorn University



Thesis Title FABRICATION OF OPTICAL SENSOR FOR NICKEL (II)
ANALYSIS

By Miss Thanyapan Poltue
Field of Study Chemistry

Thesis Advisor Luxsana Dubas, Ph.D.
Thesis Co-advisor Ratthapol Rangkupan. Ph.D.

Accepted by the Faculty of Science, Chulalongkorn University in

Partial Fulfillment of the Requirements for the Master’s Degree
........................................... Dean of the Faculty of
Science
(Professor Supot Hannongbua, Dr.rer.nat.)

THESIS COMMITTEE

........................................... Chairman

(Assistant Professor Warinthorn Chavasiri, Ph.D.)

........................................... Thesis Advisor

........................................... Thesis Co-advisor

........................................... Examiner

(Puttaruksa Varanusupakul, Ph.D.)

........................................... External Examiner

(Assistant Professor Anawat Pinisukul, Ph.D.)



BTUNITOU wame © nraiasugefidauaaiiedinseilaneuiin, (FABRICATION
OF OPTICAL SENSOR FOR HEAVY METAL ANALYSIS) @.ﬁﬂﬁﬂwﬁwmﬁwuﬁ
UAN: 8714198 AT.ANHUN ALNA, 2. fnAneninugian: enansd AT.IFNA 9]
Wug, 82 i,

]
¥ ° v

AW UEasiNansadTaRNNa lusAUAMNITNTUAFaAILAT Tagn9sa
Taunsalnaan i@ udaaasidayansialaud UL uned e srasiy Taun tnraniduls
naapflluaalnusoamaiinnistiudulasoa i, rauLiunaan1sduanlnuaas
WANANITAIL LAZANTLATINLEUIAATAUlALINATANITANL LaznIn1TlFauLAay
sz@ninnlunisnsasainiiareeyieainmaien  IaaAneladaNNuafnani17639a30
fninavesduEmafidn spsdaulaadimiiniumuizantaalaiunialnaan biiaznaa e s
= =3 1 [~3 o’d’l
Aatuadansazans a1 lunismasauas uldieleaaausuniu nuddumEasina LA uas
siatinifalasaulaanisfafluaislsenaudsdauaunuasaas Ni(DMG), INat 9 fRaw

U U a a 1 U al o 1 901 o dl
dinduaeslesautiniiasine Ingldinalunismeuanes 10 win dnsndoulaatiouiny
winnzanaaslawnsalneanlmidanearsluuanlau Aa 20 : 80 wazdnsdaulaatinuiing
waizdanaadlaunsalneanladnaaaiune 3.6 :  96.4 leaidisauidudulunisg
AALAURY 1-10 NAANTNARARAT LAZAARNTAUDINITATIRIAMNTL 0.22, 0.18 WAy 0.11

o

Jaanfureans vaadumafidulanaansliuan oy, wuunadamSluanlnuimdaufas

a 1 a dl = a o o [~3 o‘all v
WMATANITRNL  LAZLNWIAAAUNATUNIALINATIANITRIU AN AN AULAL LT WIEa 5N 16 o
ANNANNZLANZAIAUTNLAANINNG1 12201 UNIU 11U LAALEN BWNINITRA waz bRt N

AN NTULALATUE wananilanin1snriagaulsz@nsninaadszuunialfinisAnen

fladasine Ineldansavaraniniainleseuinfadndu 1 uaz 5 Fadninsedns wudali
ANFRHAZI0INTAUNALDE 1UTI9 104.4-105.0%, 102.6-104.7% AT 94.0-97.9% WATAY
HeUUUNNINgUENINE AL 4.8 -6.2 %, 5.2-7.7% waz 5.0-7.4% 1eddiugefidulaned

AFuanlau, uEunadANTIUuaAlAl LAZLAWAATRUANNANAL WUINEINT0UNIFUITas

o

e auRllUseandld lunisunBunamestinfanianudndusilundaetingls

a = A di rall a a I3 o
A1 AN Z\]’WEI&I’M]@@'W’]iﬂ%lﬁ‘ﬂiﬂrﬁ')ﬂﬂﬂuwuﬁﬁ@ﬂ ...............................

UnnsAnmn 2553 ANNRTARIANIETNUTNHANUVINUEIVN oo



## 507 23034 23: MAJOR CHEMISTRY

KEYWORDS: POLY (CAPrOLACTONE) / GELATIN / DIMETHYGLYOXIME /
NICKEL ION / ELECTROSPINNING / CASTING

THANTAPAN POLTUE: FABRICATION OF OPTICAL SENSOR FOR
HEAVY METAL ANALYSIS. THESIS ADVISOR: LUXSANA DUBAS,
Ph.D., THESIS CO-ADVISOR: RATTHAPOL RANGKUPAN, Ph.D., 82 pp.

The Low-cost optical polymer sensor was developed for the detection of
nickel (II) ions in water based on immobilization of dimethylglyoxime (DMG) as a
colorimetric reagent on polymer substrates. The sensors were fabricated by 3 different
processes including polycaprolactone (PCL) doped with DMG electrospun fibers,
PCL doped with DMG film and gelatin doped with DMG film. The critical
parameters such as the mass ratio of DMG and PCL, pH of nickel solutions, response
time and interference ions were studied. The sensor was responded to nickel (II) ions
by forming red-pink color of Ni(DMG), complex at pH 9. The optimum mass ratio of
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CHAPTER

INTRODUCTION

Nowadays many countries are encountering the environmental problems
especially water pollution. The contamination of heavy metals in water is harmful to
human, animals and plants. Among the widespread used heavy metals, nickel is a
common toxic substance used in storage batteries, medal jewelry of nickel alloy and
coil industry[1]. Nickel is a toxic metal and known to cause dispneumonitis, asthma,
cancer of lungs, and disorder of respiratory and center of nervous system [2]. Due to
its high toxicity, the Ministry of Science Natural Resources and Environment of
Thailand set the guidelines and regulations for the maximum allowable nickel
concentration in wastewater discharged from industries as 1.0 mg L™'[3]. Furthermore,
the concentration of Nickel in the environment should be regularly monitored. A
number of method, such as atomic absorption spectroscopy (AAS) [4], inductively
couple plasma atomic emission spectrometry (ICP-AES)[5] and inductively couple
plasma mass spectrometry (ICP-MS)[6] can be wused to determine nickel
concentration. However, these methods generally require expensive instruments.
Therefore, there is a critical need for the development of a simple, portable and

inexpensive diagnostic tool to determine the amount of nickel (II) ions in field.

Optical sensor have played an important role in industrial, environmental and
clinical monitoring since their introduction more than two decades ago as a result of
their low cost, possibility for miniaturization and great flexibility. They also were
used to successfully measure several heavy metal ions in water such as Cu®‘[7],
Pb*[8], Hg*[9] and Ag[10]. In general, these sensors are comprised of various
reagents immobilized on suitable membranes. A number of existing optical sensors
utilize colored complexation between immobilized ligands and heavy metals. Most of
previous works use colorimetric reagents such as dimethyglyoxime (DMG)[11],
nioxime[12], 2(5-bromo-2-pyridylazo)-5-(dimethylamino)phenol[13], thionine[14]

and 2-amino-1-cyclopentene-1-dithiocarboxylic acid[15] for determination of nickel



ions in water sample. However, all of these methods require instruments and sample
pretreatment steps for nickel determination. According to our knowledge, there is no
study shown the sensor that can measure nickel in simple step as dipping sensor into
water samples and can be used in the field. Therefore, the development and
fabrication of sensors for detecting nickel in simple step and in the field are great

contemporary interest.

Among many types of colorimetric reagent, DMG is the one of most selective
reagent for nickel. DMG reacts with nickel to form a red-pink complex which can be
directly observed by visual detection. Thus, DMG was used as colorimetric reagent in
this work. Electrospinning and casting methods were the choice of the sensor
fabrication processes. Casting is conventionally process for preparing thin
membranes. This process shows the advantage, which is simple and easy to operate.
Electrospinning process can be produced the polymer fibers with diameter ranging
from several micrometers (e.g. 10-100 pm) to sub-micrometer or nanometer (e.g.
10x107-100x10” um)[16]. The fibers show the several characteristics such as very
large surface area per volume ratio (103 times of fiber)[17], flexibility in surface

functionalities, and superior mechanical performance[18].

In this work, we demonstrated the colorimetric sensor for measuring nickel by
using polymer containing DMG as sensing materials. Sensors were fabricated by
electrospining and casting technique. It can be used as a novel optical sensor for the
analysis of nickel ions concentration by simply dipping into the solution. The optical
response of the sensor is based on the well know reaction between nickel and DMG
leading to the formation of a red complex of Ni(DMG), with an absorbance peak at
550 nm. The prepared substrate displayed a good color change when exposed to a

various concentration of nickel solutions as low as few ppm of nickel in water.

1.1 Research Objective

The objective of this work is to develop the sensor for nickel determination by

using DMG as colorimetric reagent immobilized on polymer films and fibers.



1.2 Scope of the Research
The scope of this research includes:

1) Fabrication of optical sensor by immobilizing DMG into different
substrate such as Gelatin films, Polycaprolactone (PCL) films and PCL
fibers.

2) Characterization of the optical sensors.

3) Study the influence of several parameters on the sensor performance such
as amount of DMG, pH of solution, response time and interfering ions.

4) Method Validations; the detection limit, accuracy, precision, repeatability
and reproducibility.

5) Application of the proposed method to real water sample analysis.

1.3 Benefits of the Research

This research aimed to obtain a portable, simple step and inexpensive optical

sensor for determination of nickel ions in water samples.



CHAPTER 11

THEORY AND LITERATURE REVIEWS

2.1 Heavy metals in the environment

Heavy metals are one group of pollutants in the environment that are harmful
to human and animal due to their toxic effects. This research focuses on the analysis
of nickel that is a toxic metal and harmful to human even at a very low contamination

level.

Nickel is a one of heavy metal that occurs in the environment only at very low
levels. Nickel was used for many different applications. The most common
application is the use as an ingredient of steal and other metal products. It can be
found in common metal products such as jewelry, nickel steels and nickel alloy [1].
Nickel can also end up in surface water when it is a part of wastewater streams.
Nickel may be introduced into humans by breathing air, drinking water, eating food or
smoking cigarettes. Skin contact with nickel-contaminated soil or water may also
result in nickel exposure. In small quantities nickel is essential, but when the uptake is
too high it can be a danger to human health. It affects on chances of development of
lung cancer, nose cancer, larynx cancer and prostate cancer. It also causes heart
disorders, lung embolism and respiratory failure [2]. Due to its toxicity, there are
regulations on the permitted concentration of nickel in water sample. The allowable
concentration of nickel in ground water set by the Ministry of Natural Resources and
Environment is 0.1 mg L' [3]. The wastewater from the industries quality standards
are shown in Table 2.1. The determination of nickel concentration in environmental

sample water was required.


http://www.lenntech.com/drinking-water-FAQ.htm

Table 2.1 Guidelines and maximum permitted levels of heavy metal in discharged

industrial effluent water in Thailand [3]

Elements Maximum acceptable concentration
(mg L™
Zinc (Zn) 5.0
Lead (Pb) 0.2
Arsenic (As) 0.25
Selenium (Se) 0.02
Mercury (Hg) 0.05
Cadmium (Cd) 0.03
Cupper (Cu) 2.0
Nickel (Ni) 1.0
Barium (Ba) 1.0
Manganese (Mn) 1.0

2.2 Determination of nickel in water samples

The most commonly used techniques for nickel determination are
spectrometric techniques, for example, atomic absorption spectroscopy (AAS) [4],
inductively couple plasma atomic emission spectrometry (ICP-AES) [5], inductively
couple plasma mass spectrometry (ICP-MS) [6] and anodic stripping voltammetry
(ASV) [19]. While AAS and photometry are single element methods, ICP-AES and

ICP-MS are used for multi-element analysis.

These methods present good detection limit and wide linear ranges, but require
high cost analytical instruments developed for the use in the laboratories. The
necessary collection transportation and pretreatment of a sample is time consuming
and a potential source of error [20]. Therefore, the development of optical sensors for
nickel determination was interested. Optical sensors enable to use in the field, thus, it

can be actually a useful alternative tool [21].
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23 Optical sensor

In this part, optical sensor is described as a small device which is able to
responding to the presence of a heavy metal ion. The components of optical sensor
device consist of (1) the recognition element that specific interaction with analyte, (b)
the transducer element that converts the recognition process into a measurable optical
signal and finally (c) a detector, which detects and converts the change of optical
properties [21]. The optical properties of a material may be measured by the simply
methods of absorbance, fluorescence and reflectance spectroscopy, and in different
formats such as test strips and disposable tips. From the different reorganization
process of optical sensor can generated the different sensors such as sensors based on
intrinsic optical properties, sensors based on chromophores, sensors based on
fluorophores, sensors based on ionophores, sensor based on enzyme inhibition along

with sensor based on colorimetric reagent [22].
2.3.1 Schemes of optical sensor [23].
(a) Sensors based on the intrinsic optical properties of analytes

This sensor not based on the use of indicators but rather rely on the intrinsic
optical properties of heavy metal ions, quantification are occurred by measuring of
absorption or luminescence. Most of sensor configurations have been proposed
including cells for absorbance measurements and single fiber, fiber bundle and fight-

angle fiber configurations for fluorescence measurements.

(b) Sensors based on conventional chromogenic and fluorogenic

reagents

Conventionally, heavy metal ions have been determined by using indicator
dyes to binding with ions, especially of multiple charges. This reaction is
accompanied by a change in the absorption or fluorescence of such chelators. In other
words, an indicator acts as a transducer for the chemical species that cannot be

determined directly by optical means.
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(¢) Sensors based on ionophores

Because of limitations of conventional reagents (mainly caused by their high
stability constants) there has been an increase in the use of ionophores in optical
chemical sensors. Ionophores are non-coloured ion-complexing organic molecules, or
lipophilic ion carriers, which are capable of reversibly binding to ions and

transporting them across organic membranes by carrier translocation.

(d) Sensor based on enzyme inhibition
Biosensors make use of biomolecules in the recognition or transduction
process of sensors. While not obviously useful for sensing inorganic species, they
have recently found application because of the interaction of heavy metal ions with
certain proteins such as enzymes. In fact, specific and selective binding of metals to
biomolecules offers tremendous possibilities in terms of selectivity and limits of

detection.
2.3.2 Colorimetric sensor

Colorimetric sensor is an optical sensor device based on complexation
between colorimetric reagent and metal ions. A large number of metal indicators exist
containing various groups with electron donating atoms for binding [24]. Upon
binding with the metal ion, most indicators undergo a change in color. Color changes,
as signaling an event detected by the naked eye, are widely used owing to the low cost
or lack of equipment required. A prominent example is Xylenol orange [25]. The
EDTA-type complexing agent undergoes different color changes on binding metal

ions[26] .

Dimethylglyoxime (DMG, C4HgO:N>) is the excellent complexing reagent for
nickel ions and has been reported as one of the key reagent for sensing nickel ions by
forming red complex of Ni-DMG;[27]. The red complex can absorb the visible light
at 550 nm. Various types of optical sensors were developed to determine nickel (II)
ions in trace analysis such as using colorimetric solid phase extraction [28] and
optical waveguide sensor [29]. The structure of Ni-DMG; complex was shown in

Figure 2.1.



Figure 2.1 Structure of Ni(DMG), complex
2.3.3 Polymeric supports

In sensor applications, indicator dyes and reagents are mostly used in
immobilized form. The selection of polymer material has effected on performance of
sensor [30]. For example, the response time of a sensor is occurred under the diffusion
coefficients of ions in the polymer. Various heavy metal sensors, polymers are mostly
prepared in thin membrane or film format. Because of the different polymer
properties, it produced the membrane in different appearance: micro porous, fine
porous, and non-porous or bulk membranes, which affects differently on the sensor
performance. Typical of polymer supported such as ion exchange resin [31], sol-gel
glass [25], cellulose acetate [15] as hydrophilic supports and poly (vinyl chloride)
[32] as hydrophilic support were used to optical sensor. Therefore, the selection of

polymer as media of sensors is important to the sensor performance.
a) Hydrophilic supports [23]

Hydrophilic supports are characterized by a large number of hydrogen
functions such as hydroxyl or amino, or by a large number of charged groups such as
carboxy (COO’) or sulfo (SOs3) on the polymer chains. It shows hydrophilic
properties such as water soluble, swell in water and water penetration. Numerous
examples of hydrophilic polymer support are the polysaccharides (cellulose),
polyglycols, polyacylate and variety of so-called hydrogels.

Gelatin is the choice of hydrophilic support [33]. It is a product of the
structural and chemical degradation of collagen. The structure of gelatin is shown in

Figure 2.2 [34]. The important properties of gelatin are water soluble, swell in water,



amphoteric polymer, reversible sol-gel conversion, film forming and transparence
solution. For film forming, a gelatin solution is spread in a thin layer over a surface

and passes from a sol to a gel, it forms a transparence film [35].
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Figure 2.2 The structure of gelatin macromolecule
b) Hydrophobic supports

Hydrophobic properties are well known to be enhanced by an increased
surface roughness [36], and super-hydrophobic surfaces require appropriate surface
roughness and low surface energy. In contrast to hydrophilic supports, a clear
separation exists between aqueous sample phase and the hydrophobic reagent phase.
More recently, poly(vinyl choride) (PVC) have been used as hydrophobic supports for
optical sensor based on ionophores. PVC is popular polymer for optical ions sensing
because of certain cationic dyes can aggregate in PVC solution unless combined with

a lipophilic counterion, an even distribution of the dye inside a membrane.

Poly(caprolactone) (PCL) is popular used as the hydrophobic supports [[37].
The structure of PCL is shown in Figure 2.2 [38]. PCL is biodegradable polymer with
a low melting point and a low glass transition temperature. It is rubbery at room
temperature, which contributes to the very high permeability of PCL for many
chemical substances. PCL is widely used for drug delivery; drug compounds and
tissue engineering scaffolds. It can form in many formats such as film, fiber and
mesh. However, PCL is clearly white polymer that easy to detect when the optical
properties of it are changed. As a result of PCL properties, it suitable for use as optical

sensor.
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Figure 2.3 The structure of poly(caprolactone)

2.4 Diffuse reflection [39]

The optical phenomenons that usually measured the changing optical property

of optical sensor are absorbance, fluorescence and reflectance.

The optical phenomenon known as diffuse reflectance is commonly used in
the UV-visible, near-infrared and mid-infrared regions, especially of a matte surface
such as inorganic powders. A reflectance spectrum is obtained by the collection and
analysis of surface-reflected electromagnetic radiation as a function of frequency (v.
usually in wavenumbers, cm™). Two different types of reflection can occur; regular or
specular reflectance usually associated with reflection from smooth, polished surface
like a mirrors, and diffuse reflection associated with reflection from so-called mat or
dull surfaces textured like a powders. Regular and diffuse reflections are shown in

Figure 2.4

1
Regular (Mirmor)
Reflection Reflection

Figure 2.4 The pattern of regular and diffuse reflection

From figure 2.4, a flat surface reflects light at an angle equal to the incident
angle of the light. This kind of reflection is called regular reflection. Surface
roughness causes diffuse reflection. When the roughness has a regularly repeating
pattern, with pattern separation on the same order of incident light, the resulting

phenomena is diffuse reflection. The most often used theory to describe and analyze
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diffuse reflectance is the Kubelka-Munk theory. The Kubelka-Munk, F(R), is defined

as:

(1-R)’

FR) =3¢

Where R is percent reflectance measured with respect to a standard white.

F(R) can be related to analyte concentration by [35].

Where ¢ is absorbtivity, C is the concentration of complexed analyte and s is
the scattering coefficient of sample surface constant of the sample surface. By
assuming the absorbtivity and scattering coefficient of surface are constant at a given

wavelength, So, F(R) can be related directly to analyte concentration.
2.5 Sensor fabrication

The polymer film can fabricated in various techniques such as casting, spin-
coating, dip-coating and drop-coating techniques [36]. Polymeric nanofiber is also
fabricated in different technique. A number of techniques are available such as
drawing, template synthesis, phase separation and electrospinning. In this study, we
described about only selected techniques include of casting for preparation of polymer

film and electrospinning for preparation of polymer fiber.
2.5.1 Casting technique

Conventionally, a film casting process is used to produce thin membranes. The
process operated by the polymer solution is poured into substrate, and then allowed to
solidify by evaporating of solvent. The solidified part is also known as a casting,
which is ejected from the substrate to complete the process. The thickness of the film

can be controlled during casting process.
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2.5.2 Electrospinning technique

Electrospinning or electrostatic spinning is a technique use to describe a class
of fiber forming process which electrostatic forces are employed to control the
production of polymer fibers. Conventional fiber spinning techniques, e.g. melt
spinning, dry spinning or wet spinning, rely on mechanical forces to produce fibers by
extruding polymer melt or solution through a subsequently draw the resulting
filaments as they solidify. Electrospinning offers a basically different approach to
fiber production by introducing electrostatic forces to modify the fiber formation
process. So, it can generate fiber in ranging of diameter from sub-micrometers down
to nanometers. Due to the high surface area to volume ratio, high porosity, very small
size, and light weight of the electrospun fibrous, they have favorable for many
applications such as tissue engineering scaffolds, filtration devices, sensor, highly
efficient filtration membranes, nanowires, nanocomposites and electrical materials
[16]. In the process, a high voltage power supply is used to charge a polymer solution
or melt through a metal contact, normally a needle, across a metal collection screen.
The applied potential is in the range of 5 to 30 kV, depending on the collection
distance. A reservoir containing a polymer solution or melt is attached to the metal
contact with the small opening. When the polymer solution or melt is charged, the
Coulombic repulsion force destabilizes the hemi spherical pendant droplet located
changes in to a conical shape, which normally terms “the Taylor’s cone” Further
increase in the applied potential causes a charged jet to be ejected from the tip of the

Taylor’s cone. At right condition, fiber is formed as a result [25].
2.5.2.1 Electrospinning setup

Electrospining setup is preformed with 3 part of a basic apparatus. The

experiment setup is shown in Figure.2.5

a) High voltage supply was used to charge the as-prepared polymer solutions
between the needle (emitting electrode) and the collection screen (collecting

electrode). It can generate electric potential in range of 0 to 30 kV.
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b) Reservoir can be anything from a pipette to a syringe. Syringe pump is use
to control the flow rate of the polymer solution, a 1-10 mL disposable syringe with

hypodermic needle and connected to high voltage power supply.

c) Collector is performed with the rotator attached to aluminium foil or sieve

of different geometry.

cone

Syringe

+ -
- (+) J (-)
e
High Voltage
Power Supplied Collector

Figure 2.5 Schematic of the electrospinning process.
2.5.2.2 Basic principles of electrospinning [40]

Formation of fiber by electrospinning process, it creates nanofibers through an
electrically charged jet of polymer solution or polymer melts. When the polymer
solution or melt is charged, the polymer is ejected from a needle with forms a
continuous nanofiber when the electrical force (due to the high electric potential of
the polymer solution) overcomes the surface tension. At this point the pendant droplet
of the polymer solution at the tip of the needle is deformed into conical shape,
typically referred to as “Taylor cone”. When the critical voltage is exceeded, the
electrical force overcomes the surface tension and a fine charged jet is ejected. After
the jet flows away from the droplet in a nearly straight line, it blends into a complex
path and other changes in shape occur, during which electrical forces stretch and thin

it by very large ratios. After the solvent gradually evaporates solid nanofibers are
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form as nonwoven fabrics. The formation model of the Taylor cone is shown in

Figure 2.6
Capillary
—> —> —> —>
Polymer Solution

Figure 2.6 The model of polymer solution changing when electric potential increases.
2.5.2.3 Mechanisof fiber formation

In this context, mechanism of fiber formation by electrospinning was

described in three steps.
a) Initiation of charged jet

The first step was subdivided into droplet generation step and a Taylor’s cone
formation step. The charging of a droplet of polymer solution is the initial step in
electrospinning. Normally, a polymer solution is pumped at a low flow rate into a
needle tip and the droplets form at end of needle is fallen off under the influence of
gravity when the electric field is not too large or absence. When the droplet are
charged by applying an high electric potential, the positively charged species at the
needle migrate to the surface of the droplet and the negatively charged species remain
inside the droplet until the electric field within the liquid droplet is zero. Charge
separation will generate a force that is countered by the surface tension within the

droplet.

After the polymer solution is charged, deformation of charged droplet under
an electric field changed from a spherical pendant droplet to hemi spherical and then
to a conical shape, which normally terms “the Taylor’s cone”. The solution jet is

ejected from the end of Taylor’s cone to collector screen, when the electrical
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repulsion overcomes the surface tension. The formation of the Taylor cone is shown

in Figure 2.7.

a) stage 1 b) stage 2 c) stage 3

Figure 2.7 Formation of the Taylor cone. Electric potential increases with each stage
until equilibrium between surface tension and the electrical force is achieved in stage

3. Image reproduced from [41]
b) Elongation of charged jet

The elongation of charged jet is continuous and random occurred while the
solution jet is spouting from needle to collection screen. The columbic repulsion of
surface charges on the jet has an axial component that elongates the jet in its passage
towards the collector. The velocity of jet line will change, when distance is increased
from Taylor's cone, the causes diameter of jet decreases rapidly length increases both
extension and evaporation of the solvent. The jet reveals the variance velocity
(whipping jet) when distance away from Taylor's cone, due to electrically driven
bending instability of charged jet. The mode of instability obtained is dependent on
the electric field, with stronger fields favoring whipping instability. The jet in this
region exhibits components of electrical repulsion that are predominantly axial, thus,

whipping jet is occurred.
¢) Solidification of the charged jet

The Solidification of charged jet during elongation is controlled by the rate of
evaporation of the solvent. The solvent evaporation can be occur before and after the
charged jet collected on collection screen, which occur at increasing rates on a mass

basis as the jet area dramatically increase during elongation.
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For mechanism of fiber formation, the elongation of charged jet is the main
parameter that influence on fiber diameter. The taper of the jet is also affected by
solvent evaporation, since loss of the solvent can have a large effect on the
viscoelasticity of the liquid polymer. However, other parameter such as type of

polymer, processing parameters also effect on the diameter and morphology of fiber.
2.5.2.4 Parameters of electrospinning process

A proper choice of processing parameters that affect on the morphology and
properties of electrospun fibers. There are many parameters that will influence the
morphology of the resultant electrospun fibers. Two classes of variables that affect
electrospinning can be identified from the literature: the material variables relating to
polymer and solvent characteristics and the process variables concerning to either the
choice of equipment or the operating parameters. For convenient of description those

are classified as shown in Figure 2.8.
a) Influence of solution factor

Solution factor consist of viscosity, conductivity, surface tension, molecular
weight of polymer and solvent system. The fiber diameter increases while the
viscosity of solution and molecular weight of polymer increases. The fiber diameter
decreases while the conductivity and temperature of solution increases. However, the
trend of diameter fiber by effecting of solution factor is flexible, when some factor

changes, it may affect to other factors.
b) Influence of electrospinning operating factor [42].

Electrospinning operating factor consist of applied voltage, gap distance, size
of needle tip, flow rate, and polarity of tip. The fiber diameter increases by increasing
of flow rate and diameter of needle. The fiber diameter decreases while the applied
voltage and gab distance increases. However, the effects of applied voltage, the flow
rate, diameter of the needle and the distance between the needle and the collection

screen need to be considered together.
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A polymer solution Applied potential
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e Solvent
Feed rate
Environment
Tip of needle
Collector
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Figure 2.8 The basic materials and process variables in electrospinning of polymer

nano fibers [40].

The electrospinning process and resulting of polymer diameter or morphology
is influenced by a large number of factors. So, for easy to understand those are clarify

as shown in Figure 2.9
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Figure 2.9 Summarizes the effects of the different parameters. [43]



Table 2.2 Optical sensor for heavy metals
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Analyte Reagent, transducer system  Working range or limit  Method for immobilization Other remarks Reference
of detection (LOD) support material;
arrangements
Hg(Il), Cu(Il) 1,10-dibenzyl-1,10-diaza-18- 1.0 x 10—8 M for Hg(Il)  reagents are dissolved in Absorbance; used PAN as a [11]
crown-6 and and 3.2x10-7 M for plasticizer PVC bulk chromoionophore
Cu(II) membrane
1-(2-pyridylazo)-2-naphthol
Pb(II) Gallocynine 1x107" to 1x10° ppm gallocynine is physically Loaded XAD-7 beads into the flow [44]
adsorbed on XAD-7; optical cell; reflectance measured; flow
fibre chemical sensor mode
Cu(Il) Thioxanthone derivative, 1- 1.6x10 " and 1.3x10° M  reagents are dissolved in Absorbance; Cu(Il) forms a complex [7]
hydroxy-3,4- plasticizer PVC bulk with HL and increases its absorption
dimethylthioxanthone membrane at 480 nm
Hg(ID) 4-hydroxy salophen 1.0X10°and 1.010°M  Dye is covalently bonded toa  Absorbance; color changes from [45]
triacetylcellulose film. white-yellow to orange (323429
nm)
Fe((IIT) N-(4-dimethylaminophenyl)- - fluorescent Schiff Base are Fluorescence; dye response to Fe(Il) [46]
3,5-di-t-butyl salicylaldimine dissolved in plasticizer PVC by decreasing thefluorescence
intensity.
(DBS)
Co(I) pyrogallol red 1.7 x 10-6 M up to 1.5 X Dye is covalently bonded toa  Absorbance; complex of pyrogallol [47]

10-4 M,

cellulose acetate film

red with Co(II) at 550 nm.




Table 2.2 Optical sensor for heavy metals (Cont)
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Analyte Reagent, transducer system Working range or Method for immobilization Other remarks Reference
limit of detection support material; arrangements
(LOD)
Cu(ID) 4-decyloxy-2-(2-pyridylazo)-1- 4.5x10-5™ DPAN is protonated and trapped Absorbance; Cu(Il) form blue [48]
naphtanol (DPAN) inside nafion membrane; flow complex with DPAN
through optical fiber
Pb(II) 2-hydroxy-1-naphthaldehydene-8- 1.9x107 to Entrapment of HNAAQ in porous Fluorescence; coplanar effect and [49]
aminoquinoline (HNAAQ) 1.9x10* M gel-glasses; fluorescence probe degree of molecular conjugation
(Pb- HNAAQ) related fluorescence
intensity
Cu(Il) 2-hydroxy-1-(2-hydroxy-5- 0.4-200 ppb calmagite immobilized on a Absorbance; changed Amax from [50]
methylphenylazo)-4- transparent agarose film; membrane  520to 274 nm
naphthalenesulfonic acid sensor
(calmagite)
Hg(ll) and  monofunctionalized porphyrin 1 X107 M for Receptor dye iscovalently bound to  Absorbance; Sorer bands of [51]
Cddi), derivative (5-(4'-aminophenyl)- Hg(II) and 6 x 10 7 poly(2-hydroxyethylmethacrylate) immobilized ATPPS at
10,15,20-tris(4'- M for Cd(II) (PolyHEMA); thin film 420 nm decrease while the complex

sulfonatophenyl) porphyrin,
ATPPS)

chomosensor

bands at 451 nm




Table 2.3 Optical sensor for nickel ion
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Analyte Reagent, transducer system Working range Method for immobilization Other remarks Reference
or limit of support material;
detection (LOD) arrangements
Ni(II) 3-hydroxy-3-phenyl-1-o- - Optical solution; Fluorescent complex formed [52]
carboxyphenyltriazene
Ni(II) 2-(5-bromo-2-pyridylazo)-5- 0.5-20 ppm Immobilized Br-PADAP into Absorbance; changing color of [13]
(diethylamino)phenol Nafion by dissolving Br-PADAP in  complex from orange to pink color
Nafion solution; bulk and flow- with two absorption maxima at 520
through systems. and 558 nm.
Ni(II) Thionine 1.00x107"" to Immobilized by covalent bornding ~ Absorbance; complex is formed at [53]
1.00x107" M of thionine in agarose membrane; 610 nm.
placed optode membrane inside the
quartz cell.
Ni(II) 2-amino-1-cyclopentene-1- 5.0x10°t0o 1.0 x  Immobilized reagent by binding Absorbance; Ni(II)-ACDA in [15]
dithiocarboxylic acid (ACDA) 10°M ACDA to a cellulose acetate film; membrane is 535 nm
optical chemical sensor (optode)
placed inside the quartz cell.
Ni(ID) Dimethyglyoxime (DMG) 1.8-5.0 ppm Multiplexed colorimetric solid- Diffuse reflectance 550 nm [11]
phase extraction
Ni(II) Dimethyglyoxime (DMG) 0.5-5.0 ppm Colorimetric solid-phase extraction  Diffuse reflectance 550 nm [28]
Ni(II) Dimethyglyoxime (DMG) 10-200 ppm Impregnation; red complex Reflectance test strip of Merck [54]




3.1 Apparatus

CHAPTER III

EXPERIMENTAL

The apparatuses used in this study are listed in Table 3.2.

Table 3.1 Apparatus lists

Apparatus

Company, model

Purpose

1.

Fourier transform
infrared spectrometer

(FT-IR)

Thermogravimetric

analyzer (TGA)

Inductively coupled
plasma-atomic
emission spectroscopy
(ICP-OES)

Scanning electron
microscope (SEM)
UV-visible

spectrophotometer

Fibre-optic

spectrophotometer

Conductivity/ TDS/0C/F

meter

Perkin Elmer, model
Spectrum one. Attenuated
Total Reflectance (ATR)
mode

Perkin-Elmer: Pyris 1

Thermo sciencetific, iCAP

6000 series

JEDL, model JSM-5410LV
Japan

Hewlett Packard 8453

Ocean optic redpide USB
650

Butech instruments, model

CON 510

Identification of
functional groups of

S€NSors

Confirmation the
forming of

Ni(DMG),complex

Metal ion determination

(operating parameters are

shown in table 3.2)

Morphology
characterization
Record spectra and
absorbance
measurements
Record spectra and
reflectance
measurements
Conductivity

measurements
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Apparatus Model (company) Purpose
8. Programmable Brookfiled, model DV-II Viscosity measurements
Viscosity
9. High voltage supply Spellman CZE 1000R Electrospinning set-up
10. Syringe pump QIS, model NE1000 Electrospinning set-up
11. pH meter Metron, Model 744 pH pH measurement
meter

Table 3.2 Operating parameters the determination of nickelconcentration by ICP-OES

Operating conditions Nickel
Wavelength (nm) 221.6
Sample introduction Nebulizer
Sample flush time (s) 30.0
Pump stabilization time (s) 5.0
Nebulizer gas flow (L/min) 0.50
Auxilliry gas flow (L/min) 0.50
Flus pump rate (rpm) 50
RF power (W) 1150
Analy pump rate (rpm) 50

Coolant gas flow (L/min) 12.00




3.2 Chemicals
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All chemicals used for sensor preparation were purchased in analytical grade

form suppliers listed in Table 3.3.

Table 3.3 Chemicals list

Chemicals Supplier

High molecular weight (mw 80,000) Polycarpolactone, PCL Sigma Aldrich
Gelatin Sigma Aldrich
Dimethyglyoxime, DMG Merck
Dichlorometane, DCM Carlo Erba
N, N-dimethyformamide, DMF Merck
Tetrahydrofuran, THF Merck
Actone Merck
25% Ammonia solution Merck
Nitric acid, HNO;3 Merck
Standard heavy metal solution Merck

Ni standard solution (1000 mg L")
Pb standard solution (1000 mg L™
Cd standard solution (1000 mg L™)
Co standard solution (1000 mg L™
Cu standard solution (1000 mg L")
Mn standard solution (1000 mg L")
Fe standard solution (1000 mg LY
Na standard solution (1000 mg L™)

BDH SpectrosoL
BDH SpectrosoL
BDH SpectrosoL
BDH SpectrosoL
BDH SpectrosoL
BDH SpectrosoL
BDH SpectrosoL
BDH SpectrosoL
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3.2.1 Preparation of Reagents

a) DMG solution

1.5% (w/v) of DMG solution was prepared by dissolving 1.5 g of gelatin in

ethanol and the solution was stirred under ambient temperature for 1 h.
b) Nickel standard solutions

Nickel standard solutions were prepared by dilution of 1000 mg L™ stock
standard solution to the desired concentrations with DI water. The pH value was

adjusted using ammonia solution and nitric acid solutions.
¢) Nitric acid solution

Nitric acid solutions (1, 5 and 10 % v/v) for pH adjustment were prepared

daily by direct dilution of the concentrated solution (65%).
d) Ammonium solutions

Ammonium solution solutions (1, 5 and 10 % v/v) for pH adjustment were

prepared daily by direct dilution of the concentrated solution (25%).
e) Solution containing different metal ions

The solutions of different metal ions Cd%, C02+, Cu2+, Mn3+, Fez+, Pb"or Na’,
used in the study of effect of interference ions on sensor performance were prepared
by dilution of 1000 mg L™ stock standard solution with DI water to the required

concentrations.
f) Nickel working standard solutions

Nickel working standard solutions was prepared by dilution of 1000 mg L™
nickel standard solution to the required concentrations with DI water. The working

standard solutions were prepared freshly before used.
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3.3 Sensor fabrication
3.3.1. Fabrication of PCL electrospun fibers doped with DMG

The 16% PCL solution was prepared by dissolving PCL 1.6 g in 10 mL
studied solvents such as acetone, THF and mixed solvent of DCM/DMF (50/50).
Then, DMG powder was added in PCL solution to achieve mass ratio of 10:90, 20:80
and 30:70. The solutions were kept under stirring condition for 6 h. The polymer
solutions were placed in 10 mL plastic syringe with a needle tip of 0.6 mm in
diameter. Electrospinning process was carried out under the varied electric fields of
10, 15 and 20 kV and varied distances between the needle tip and the collector of 10,
15 and 20 cm. The feeding rate of the solution was controlled at 1.2 mL/h. The
electrospun fibers were collected on aluminum foil covered on the rotator surface. All

experiments were carried out at room temperature.

A basic apparatus of electrospinning process include of high voltage supply
(Spellman CZE 1000R), syringe pump (QIS, model NE1000) and rotated collector

was set-up for electrospinning process. The experiment setup is depicted in Figure.3.1

Figure 3.1 Schematic of the electrospinning process.

3.3.2 Fabrication of PCL doped DMG film casting

The 5 % PCL solution was prepared by dissolving 0.5 g of PCL in 10 mL of
studied solvents such as acetone, THF and DCM/DCM (50/50 v/v). In case of
acetone, a warm water bath (40 °C) was used. Then, DMG was added in PCL solution

to achieve the mass ratio of 10:90, 20:80 and 30:70. The mixtures were stirred for 6 h.
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The solution was poured on the glass Petri dish (diameter 9.0 cm), which was covered
with a lid (diameter 10.0 cm) and placed in fume hood at room temperature for the
slow evaporate [36]. The resulting films were further dried for 24 h. at ambient

temperature in a desiccator to remove the residual organic solvent and moisture.
3.3.3 Fabrication of gelatin doped DMG film castings

A 10% (w/v) of gelatin solutions was prepared by dissolving 10 g of gelatin in
DI water and the solution was stirred under temperature at 90 °C for 2 h. Then, the
DMG in ethanol solution was added in gelatin solutions to the required amount of
DMG and the mixture was stirred for 1 h. Gelatins containing different mass of DMG
were prepared by mixing the gelatin solution and different concentration of DMG in
ethanol solution as described in Table 3.1. The fleshly solutions were prepared for
film casting. The solution was casted on the plastic Petri dish. The resulting films
were further dried for 24 h at ambient temperature. For the crosslinking, films were
kept in vacuum oven under temperature of 140 °C for 48 h (Dehydrothermal

treatment, DHT) [55] and kept in desiccators before use.

Table 3.4 The amount of components in gelatin doped DMG film casting sensor

GEL DMG GEL : DMG
Polymer solution
% wt/v mL % wt/v mL % wt
1. GEL-DMG; A 10 8 0.175 8 98.3:1.7
2. GEL-DMG; B 10 8 0.375 8 96.4:3.6
3. GEL-DMG; C 10 8 0.750 8 93.0:6.0
4. GEL-DMG; D 10 8 1.125 8 89.9:10.1
5. GEL-DMG; E 10 8 1.50 8 87.0:13.0
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3.4 Characterization
3.4.1 Scanning Electron Microscope (SEM)

Surface morphology all of these types of sensor were characterized using
scanning electron microscope (SEM). The diameter of fibers was reported as the

average values with standard deviation (n=50) by SemAfore program.

3.4.2 Fourier Transform Infrared Spectrometer (FTIR)

ATR-FTIR was used to identify the characteristic functional groups of
polymer blaned with DMG. Infrared spectra were recorded by Attenuated Total
Reflectance (ATR) mode using a FT-IR spectrometer in the wavenumber range of 400

- 4000 cm™ using the absorbance mode with 32 scans.
3.4.3. Thermal Gravimetric Analysis (TGA)

Thermogravimetric measurements were performed using a heating rate of 20
°C min™ for temperation range of 200-900 °C under nitrogen atmosphere. TGA was

used to confirm the formation of Ni(DMG), complex.
3.5 Sensor performance testing
a) PCL/DMG sensor

The 3X3 cm” PCL sensors were cut and placed in nickel (II) solutions for 10
minutes. The color change was observed by visual detection parallel with the
reflectance spectrophotometer. The reflectance measurement was obtained from died
PCL senor, after dipped in nickel (II) solutions; sensor was kept at ambient condition
for drying. All reflectance spectra were measured with fiber-optic spectrophotometer
(Ocean optic red tide USB 650). The reflectance was measured under dark condition
by using back box to minimize any interference from ambient light. The reflectance
measurement set-up was shown in Figure 3.2. The calibration curve of reflectance
signal was plotted in term of Kubelka-Munk function. The Kubelka-Munk function,
F(R), is define as: F(R) = (1-R)*/2R, where R is the percent reflectance with respect to
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the standard white. F(R) can be related to analyte concentration by F(R) = 2.303eCs,
where € is absorbtivity, C the concentration of the Ni(DMG),, and s the scattering
coefficient of sample surface. The reflectance was recorded at 547 and 550 nm of

PCL/DMG fiber and PCL/DMG film casting sensor, respectively.

Figure 3.2 Schematic of the reflectance measurement homemade setup.
b) Gelatin/DMG sensor

The 1X3 cm® gelatin/DMG sensors were cut and placed in films holder,
polystyrene cuvettes pathlength 1.0 cm. Then, 3 mL of Ni (II) solution was added in
cuvette for 10 minute. After that, the transmission spectra of gelatin films sensor
testing were collected at 550 nm. The reflectance signal was detected from

gelatin/DMG films and solution; light source pass through both of film and solution.
3.5.1 Effect of solution pH

The effect of pH on sensor responsding was studied in the range of pH 4.0 to
11.0 which contained Sppm of nickel (II) ion. The adjustment of pH was done with
ammonium solution (1, 5 and 10 % v/v) or nitric acid solutions (1, 5 and 10 % v/v).

The experiments were performed in triplicate.
3.5.2 Response time

The response time of purpose method were studied by varying the dipping
time of sensor in Sppm of nickel solutions at pH 9. The times of 5, 10, 20, 30 and 60

minutes were used in this study.
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3.5.3 Effect of interference ions

The effects of several interfering ions to Ni(DMG), complex were examined
by adding the other coexisting ions such as Cd(II), Co(II), Cu(Il), Mn(II), Pb(II)
Fe(III) and Na(I) in the concentration of 5 and 50 mgL™" to nickel solutions (5 ppm).
This experiment was carried under optimum condition; nickel solution pH 9.0 and

response time at 10 minute.
3.6 Method validation

Validation of purpose method was the measurement of performance
characteristic such as accuracy, precision, limit of detection, limit of quantitative and

linear range. The reproducibility was studied in this part as well.

For the reproducibility, the sensor was tested by immersing in 5 ppm nickel
solution of same stock solution at pH 9 for 10 minute. This experiment was performed
by using the sensor that fabricated in different day of 10 day. This experiment was

performed in 5 replicates for each sample.

The calibration curve was constructed by varying nickel concentration of 1, 2,
3,4, 5, 8 and 10 ppm. For PCL/DMG fiber and film, sensors were immersed in nickel
solution at pH 9 for 10 minute. Then, sensor was kept in room temperature for drying
before reflectance measurement. For gelatin/DMG film, sensor was placed in
polystyrene cuvettes and then nickel solution was added into cuvettes. The absorbance
was collected from passed through signal of the both of film and solution. The method
validation was performed by using spike water sample with standard nickel
concentration at two concentration level (1 and 5 ppm) chosen from the concentration
within the linear range of calibration curve. The linearity plotted by the nickel
concentration versus the absorbance and reflectance. Each experiment was repeated 7
times at the optimum condition; nickel solution pH 9, dipping time 10 minute. The
accuracy and the precision were presented as recovery (%) and the relative standard
deviation (%), respectively. The detection limit and limit of quantitative were
calculated from the standard deviation of 20 measurements of reagent blank using the

purpose method.
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3.7 Real sample analysis

The application of propose sensor to determine nickel (II) ions is real waters
sample was demonstrated under the optimum conditions. The results obtained were
compared with the results determined by ICP-OES (Inductively Couple Plasma
Optical Emission Spectrometry)

Three of water sample (rinsing water from gold and silver line of jewelry
industrial and waste water from nickel alloys industry) was collected in the
polyethylene bottle and adjusted to low pH with nitric acid. All of water sample was
filtered to remove particle before use. The water samples were spiked with standard
nickle(Il) at three concentration levels: 0.7, 1 and 5 mg L'and adjusted pH to pH 9
with ammonium solution. The nickel concentration of 0.1, 0.5, 1, 2, 3,4, 5, 8 and 10
ppm was used to calibration curve construction. The reflectance and absorbance
measurement were preformed under optimum condition; pH 9, dipping time at 10

minute. The experiment was performed in 5 replicates for each sample.
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CHAPTER IV

RESULTS AND DISCUSSION

In this study, the colorimetric sensors to determine nickel ions concentration
were developed by using dimethyl glyoxime (DMG) as complexing reagent. Two
polymer types including polycarbonlactone (PCL) as hydrophobic polymer and
gelatin as hydrophilic polymer were used in this study as the media. The PCL/DMG
sensors were fabricated by two different processes: electrospining and casting
methods. Moreover, gelatin/DMG was casted as colorimetric sensor for nickel ions as
well. The sensor performance was evaluated and validated. Finally, the fabricated

sensor is applies to real sample analysis.

4.1. PCL electrospun fibers doped with DMG

4.1.1. Fiber formation and morphology of electrospun PCL doped DMG
mats

The morphology and diameter of electrospun fibers were depended on the
various parameters, mainly electrospinning process and the polymer solution
properties [40]. In this research, electric potential and distance between needle and
collection screen were studied as factor of electrospinning process. The amount of
DMG in polymer solution and effect of solvent type were studied as well. The SEM
photographs and diameter of fibers were evaluated for optimize the condition of
electrospinning of PCL doped DMG fibers. Then, the electrospun fibers were
characterized by using FT-IR and TGA.

4.1.1.1. Effect of electric field and the distance between needle and

collector on fibers morphology

The effects of applied electric potential on morphology and diameter of fiber

need to be considered together with distance between the needle and the collection
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screen because change of distance between the needle and the collection screen

influences directly electric field generated by electric potential [40].

The scanning electron microscope (SEM) micrographs of the 16% PCL fibers
of the variation of the electric filed and the distance between needle to collection
screen were shown in Figure 4.1. Generally, the formation of bead may be expected at
the time during electrospinning whenever the surface tension forces tend to overcome
the force (such as charge repulsion and viscoelastic force) [40]. The formation of
beads was only observed on the SEM micrographs when the PCL fiber was spun at
the potential below 20 kV. It was indicated that at potential below 20 kV, the charge
repulsion forces could not overcome the surface tension forces. Therefore, the fibers
were spun using 20 kV in this study, while the effect of distance between needle and
collector on the diameter size was found to be small. However, we chose to work at
the distance of 20 cm as it produced the most uniform fibers (280+51 nm) when
compared to the distance of 15 cm (290+56 nm) and 10 cm (285476 nm).The average

diameter of PCL fibers in different conditions were shown in Table 4.1.

Table 4.1 The characteristics of electrospun PCL fibers at various electric potential

and the distance between needle and collection screen

Average diameter

Electric Distances Fiber formation of fiber (nm)
potential (kV) (cm) (n=50)
10 10 Bead fibers -
15 Bead fibers -
20 Bead fibers -
15 10 Bead fibers 350+107
15 Bead fibers 345491
20 Bead fibers 331+87
20 10 fibers 285+76
15 fibers 290+56

20 fibers 280+51
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Figure 4.1 SEM micrographs of electrospun fibers of 16% PCL in DMF/DCM. a) 10
kV,10cm b) 10 kV, 15 cm ¢)10 kV, 20 cm d) 15 kV, 10 cm e) 15 kV, 15 cm f) 15kV,
20cm g) 20kV, 10cm h)20 kV, 15cm 1) 20kv, 20 cm, respectively. Original

magnification 1,500x. electrospinning condition.

4.1.1.2 Study of the suitable spinning condition for PCL/DMG

blend fibers and the effect of mass ratio on the fiber morphology

This part, the effect of the DMG on morphology and diameter of the
eletrospun fibers was studied. In figure 4.2 shown the SEM micrographs of 16%
PCL/DMG blend fibers in mass ratio of 20:80 at different electrospinning conditions.
The SEM observation of PCL/DMG blend fibers shown the same trends of fibers
diameter and morphology with pure PCL electrospun fibers, the formation of beads
was only observed when the PCL/DMG fibers was spun at the potential below 20 kV.
The effect of distance between needle and collector on the diameter size was also
found to be small. The diameter of fibers was reported as the average values with
standard deviation in Table 4.2. It was indicated that addition of DMG had a small

effect on the morphology and diameters of PCL electrospun fiber.
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Figure 4.2 SEM micrographs of 16% PCL/DMG blend fibers in mass ratio of 20:80
at different electrospinning conditions. a) 10 kV, 10 cm b) 10 kV, 15 cm ¢)10 kV, 20
cmd) 15 kV, 10 cme) 15 kV, 15 cm f) 15kV, 20cm g) 20kV, 10cm h)20 kV, 15¢m 1)

20kv, 20 cm. Original magnification 7,500x. electrospinning condition.
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Table 4.2 The characteristics of electrospun PCL/DMG blend fibers at various

electric potential and the distance between needle and collection screen.

Average diameter

Electric Distances Fiber formation of fiber (nm)
potential (kV) (cm) (n=50)
10 10 Bead fibers -
15 Bead fibers -
20 Bead fibers -
15 10 Bead fibers -
15 fibers 296+104
20 fibers 291+79
20 10 fibers 274+58
15 fibers 275+61
20 fibers 275+39

The effect of different amount of DMG in PCL solution on morphology and
diameters of PCL electrospun fiber was also studied in order to obtain the largest
mass ratio of PCL/DMG. As shown in the SEM micrographs (Figure 4.3), the
electrospun fibers of PCL containing DMG in mass ratios of 90:10, 80:20 and 70:30
were fabricated. However, electrospun fibers of the PCL/DMG having a mass ratio
higher than 70:30 could not be fabricated due to the solubility limit of DMG in PCL
solution. With the increasing of DMG content from 0% to 30%, the average size of
fiber diameters were 280+51, 270+34, 275+39 and 273+56 nm, respectively. This
suggested that the addition of DMG into the PCL solution has a minor effect on the
diameter of electrospun fibers. This might be explained by the viscosity and
conductivity of the PCL/DMG solutions as shown in Table 4.3. The increase in the
viscosity should result in the bigger diameter fibers, whereas the fiber diameter should
decrease with the increase of solution conductivity [42]. For the mixture of
PCL/DMG, we observed these counterforce which resulted in the relatively diameter

fibers as reported
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Figure 4.3 SEM micrographs of 16% PCL/DMG blend fibers in different weight ratio
[DMG:PCL]. a) pure PCL, b) 10:90, c) 20:80 and d) 30:70. Original magnification
7,500x.

Table 4.3 The changing polymer solution properties when DMG was added into the
PCL solution.

Sample Viscosity (cp, centipoint) Conductivity (ps)
Pure 16%PCl 1401 0.12
16%PCI1 [90:10]PCL:DMG 1794 0.53
16%PCl [80:20]PCL:DMG 1909 0.79
16%PCl [70:30]PCL:DMG 2024 0.85

4.1.1.3 Effect of solvent type on electrospun fibers morphology

The variation of solvents such as acetone and THF was studied to compare
with DCM/DMF. The SEM images of PCL in different solvent type electrospun fibers
were shown in Figure 4.4. From the SEM observations, the electrospun fiber
produced from the PCL solution of acetone and THF showed the bead on string
mophology, whereas those from the solutions of DCM/DMF did not. By refering to
the pysical data of solvent used ( in Table 4.4), the electrospun fibers diameters
observed was found to decrease with an increase in the boilding point of the solvents.
The electrospun diameters of PCL in acetone (1140+ 870 nm) and THF (560+240
nm) showed the large fibers diameter more than PCL in DCM/DMF (280+60 nm)
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electrospun fibers. The smaller fibers diameter result from jet extension because
DCM/DMF has a high boiling temperature so the jet will have more time for the
solvent to be evaporated. The hiher volatility does not allow enough time coarening of

the fibers, the jet clould not be streached much further.

The variation of solvents such as acetone and THF was studied to compare
with DCM/DMF. The SEM images of PCL electrospun fibers in different solvent
types were shown in Figure 4.4. The PCL electrospun fiber diameters using acetone
and THF as solvents are 1140+ 870 nm and560+240 nm,respectively. Under the same
spinning condition, these spun fibers were larger than the PCL spun fibers using
DCM/DMF as solvents (280+60 nm).Moreover, in comparison with DCM/DMF
(50/50), the bead formation on electrospun fibers were only found when using the
acetone and THF as solvents. This trend might be caused by the diffrences in boiling
points where the higer volatility (lower boiling point) does not allow enough time
coarening of the fibers, the jet clould not be streached much further reulted in the bead

formation in acetoen and THF (Table 4.4).

Average 1140+ 870 nm Average 560+240 nm Average 280+60 nm

Figure 4.4 SEM micrographs of 16% PCL fibers in different Solvent. a) acetone, b)
THF and ¢) DMF/DCM. Original magnification 1,500x. electrospinning condition.
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Table 4.4 Properties of solvents used in this work [65]

Solvent Boiling  Density  Solubility Dipole Dielectric
point (g/cm3) parameter moment constant
‘c) (MPa)'>  (Debye)
Acetone 56.3 0.786 19.7 2.70 20.7
Tetrahydrofuran 65.5 0.885 18.5 1.75 7.47
(THF)
Dichlorometane 83.5 1.239 20.2 1.86 8.93
(DCM)
Dimethyformamide 153.0 0.940 24.0 3.82 37.06
(DMF)
4.1.14 Characterization of PCL electrospun fibers doped with
DMG

The FT-IR spectra of PCL, DMG, and PCL doped with DMG fibers were
shown in Figure 4.5. The peaks located at 2945 and 2865 cm™ of PCL fibers (Figure
4.5 (a)) were assigned as the stretching vibrations of -CH,-, while the peak at 1727
[56] and 1185 [57]cm™ were assigned as vibration of —C=0 and stretching vibrations
of -C-0O, respectively. In the case of DMG (Figure 4.5 (b)), the broad peak at 3205
cm™ is attributed to the stretching vibrations —O-H. The weak peak at 2930 cm™ is
due to the stretching vibrations of —C-H and the sharp peak at 979 is due to vibration
of —N-O- [58]. There were no differences in the peak positions, were noted between
DMG and PCL doped with DMG spectra (Figure 4.5 (b) and (c)). This may be
explained as the molecular interaction between PCL and DMG were weak. These two
components were simply blended. Figure 4.5 (d) showed the spectrum of the
immersed PCL containing DMG fibers in nickel solution. The peak of 3205 cm™ of
DMG was not observed. It should be due to the strong hydrogen bonding resulting in
the shift of —O-H stretching mode to a lower frequency [59]. The addition peak at
1572 cm could be attributed to the —C=N stretching mode in the Ni(DMG),



31

complex, whereas it does not appear in the DMG or PCL/DMG spectrum. The
appearance of the unique peak (ven stretching) in Figure 4.5 (d) was established that
Ni(DMG), complexes were formed.

Figure 4.5 FTIR spectra. a) 16%PCL electrospun fibers, b) DMG, c¢) PCL/DMG
blend fibers and d) PCL/DMG blend fibers immersed in nickel (II) solution. Two

wavelengths (3205 and 1572 cm™) of interest were indicated for the comparison

purpose

Figure 4.6 shows the thermogravimetric analysis (TGA) themogram of
electrospun PCL fibers in Figure 4.6 (a), NI(DMG), complex in Figure 4.6 (b),
electrospun PCL fibers containing DMG in Figure 4.6 (c) and electrospun PCL fibers
containing DMG immersed in 10 ppm nickel solution in Figure 4.6 (d). The different
mass loss between PCL/DMG and PCL/Ni(DMG), (Figure 4.6 (c) and (d)) were
found. It was implied that Ni(DMG), were formed.
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Figure 4.6 Thermogravimetric analysis (TGA) curve of a) electrospun PCL fibers, b)
NI(DMG), complex, c) electrospun PCL fibers containing DMG d) electrospun PCL

fibers containing DMG immersed in 10 ppm nickel solution.

4.1.2 Sensor performance testing

4.1.2.1 Effect of pH on performance of sensor

Nickel is usually present in the +2 oxidation state, which forms a 1:2
stoichiometric complex with DMG [27]. Moreover, the complexation of nickel with
DMG involves the loss of proton, so the rate and extent of complexation are pH
dependent. The effect of pH on the complexation efficiencies of Ni(DMG), was
investigated in the pH range of 5-11. The results were depicted in Figure 4.7. The
complexation efficiencies of Ni(DMGQG), increased as the pH of nickel solution
increased from 5 to 9, then it reduced with further increase in pH. It may be explained
by the precipitation of Ni(OH), at pH 10 and 11. From Figure 4.7, the suitable pH for
complexation of nickel with DMG is at pH 8 and 9. However, at pH 9 the better

reproducibility was obtained. Therefore, pH 9 were chosen in all further experiments.
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Figure 4.7 Effect of pH on the complexation of Ni(DMG), of PCL electrospun fibers
doped with DMG sensor

4.1.2.2 Effect of DMG quantity on performance of sensor

The effect of DMG quantity on sensor performance was investigated by
measuring reflectance signal using fiber optic spectrophotometer. The reflectance
signal of this experiment was shown in Figure 4.8. It was seen that the sensitivity was
increased with an increase in the amount of DMG. Although, the amount of
Ni(DMG), complexes were formed more with the sensor with mass ratio of 30:70
(DMG: PCL), the sensor with the mass ratio of 20:80 was selected for nickel

detection in this work due to the better precision results.
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Figure 4.8 Effect of DMG quantity on PCL electrospun fibers doped with DMG

S€NSOor sensor performance

4.1.2.3 Response time

One of the important parameters of optical sensor is response time. The
response time of sensor was controlled by the time required for complexation between
nickel and DMG. The reflectance of Ni(DMG), on sensor was recorded at 550 nm
over the period time of 60 minute. The response increased from 1 to 10 minutes and
then leveled off, indicating that 10 minute dipping time is the suitable for the analysis.

Therefore, 10 minute of dipping time was used in all further experiments.
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Figure 4.9 Response times of PCL electrospun fibers doped with DMG sensor sensor

in present of Sppm nickel solution.
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4.1.2.4 Effect of interference ions

There are several interfering species to the Ni(DMG), complex.
Iron(I1I), manganese(Il) and copper(Il) [60] have all been shown to interfere with the
complexation of nickel with DMG [28]. To determine the extent of interference from
each species, individual solutions containing 5 ppm of cadmium(IIl), cobalt(Il),
copper(Il), iron(I1I), manganese(II), lead(Il) and sodium were prepared by diluting of
standard solution 1000 ppm of those species. These ions are target analytes for waste
water regulation [2] and are likely to co-exist with nickel (II). When dipped
PCL/DMG electrospun fiber sensor into pure ions interference of 5 ppm
concentration. All of the species tested, not produced signals at 550 nm that could
interrupt for signal of Ni(DMG),. Solutions containing equal concentrations (5 ppm)
and a 10-fold (50 ppm) of interference were analyzed. The results of interference
studies are summarized in Table 4.5. Cadmium(Il), copper(Il), manganese(Il) and
sodium, did not interfere when present at similar concentrations to nickel. However, a
10-fold of interference, these studied interference ions with at least 10 times more
concentrated than nickel (II) could interfere the response of the proposed sensor
except cadmium(Il), manganese(Il) and sodium. For this experiment, sodium ions not

interfered to nickel ions may be due to sodium could not form complex with DMG.

Table 4.5 Interference studies using 1:1 and 10:1 ratios of interferant of nickel of

PCL electrospun fibers doped with DMG sensor

Ni S ppm Interference 1 fold (Sppm) 10 fold (50ppm)
Cd 4.840.1 4.3+0.2
Cu 4.740.1 1.5+0.3
Co 2.940.2 2.340.1
4.9+0.1 Fe 1.240.3 0.5+0.2
Mn 4.9+0.2 4.6+0.1
Na 4.840.2 4.5+0.1

pb 2.610.2 2.0£2.0
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4.2 PCL doped with DMG film castings

4.2.1. Film formation and morphology of PCL doped with DMG film
castings

4.2.1.1 Effect of DMG amount on films surface morphology

The composition of DMG and PCL in mass ratio including 10:90, 20:80 and
30:70 were studied to explore the suitable preparing condition for nickel detection.
Our goal was to fabricate a nice uniformly distributed colorimetric reagent film. From
the consideration in Figure 4.10, there were no any formations of crystalline rods on
the surface of PCL/DMG films with the mass ratio of 90:10and 80:20 comparing to
PCL/DMG films with the mass ratio of 70:30 (Fig. 4.10 (c)). It was implied that the
excess DMG might be formed on films surface, which is not suitable for this study.
The average pore sizes of PCL/DMG films were declined with increasing amount of
DMG in PCL solution. The average pore diameter of PCL/DMG films in 10:90 and
20:80 of mass ratio were 10.15+2.44 and 6.48+2.04 um, respectively. Therefore, we

chose to prepare Ni (II) sensor using 80:20 mass ratio.

Figure 4.10 Effect of DMG quantity on the surface morphology of solution cast
PCL/DMG films (a) 10:90 [DMG:PCL], (b) 20:80 [DMG:PCL] and (c) 30:70
[DMG:PCL]. The scale bar shown in each micrograph is 100 um in length (x1500

magnification

4.2.1.2 Effect of solvent type on films surface morphology

In Figure. 4.11 shown the surface morphology of the casting PCL/DMG films
prepared in three different solvents. The casting PCL/DMG films prepared in all

solvents was porous (Figure 4.11 (a) and (b)). PCL films cast using acetone exhibited
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more porous comparing to flims preapring with THF and DCM/DMF. This might be
due to the evaporation rate of acetone is higher than the other solvents. Moreover, the
PCL/DMG films using acetone and THF as solvents were distorted, whereas there
was no any film distortion prepared by using DCM/DMF as solvent. Even though, the
porosities of casting film prepared in acetone and THF were higher compare to the
one prepared in DCM/DMF solvent, the distorted films were not suitable for using as
naked-eye sensors, (Figure 4.11 (c¢) ). Therefore, the DCM/DMF was chosen as the

working solvent for casting PCL/DMG films in subsequent experiments

Figure 4.11 Effect of solvent on the surface morphology of casting PCL/DMG films
in the mass ratio of 80:20 using different solvents; a) acetone b) THF and c)
DCM/DMF. The scale bar shown in each micrograph is 50 um in length (x350

magnification)

4.2.1.3 Characterization of PCL films doped with DMG

The comparison of FT-IR spectrum between PCL/DMG preparing by casting
and electrospining processes was shown in Figure 4.12. The spectrum of both sensors
were similar this due to the similarity of chemical structure of film and fibres. The

discussion of PCL doped with DMG had been explained in content of 4.1.1.4.
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Figure 4.12 FTIR spectra of PCL/DMG films and fibres

In Figure 4.13 shows the spectra of PCL doped with DMG films and PCL
doped with DMG films immersed in nickel (II) solution. The result show addition
peak at 1572 cm” could be attributed to the —C=N stretching mode in the Ni(DMG),

similar to PCL doped with DMG electrospun fibres.
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Figure 4.13 FTIR spectra PCL doped with DMG film and PCL doped with DMG

film immersed in nickel (II) solution.
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4.2.2 Sensor performance testing

4.2.2.1 Effect of pH on performance of sensor

The influences of pH on the performance of PCL/DMG film casting as sensor
were investigated in pH range of 5-11. The results presented in Figure 4.14. In
similarity with PCL/DMG blend spun fibers, pH 8 and 9 were found to be the suitable
pH for nickel (II) analysis. However, the trend of reflectance intensity of PCL/DMG
film casting was higher than PCL/DMG electrospun fiber this is due to the larger

content of DMG in a sensor.
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Figure 4.14 Effect of pH on the sensor efficiencies of PCL/DMG film casting

4.2.2.2 Effect of DMG quantity on performance of sensor

The analytical signal of this experiment was shown in Figure 4.15. It was seen that
the response was increased with an increase in the amount of DMG similar to
PCL/DMG electrospun fiber performance. In this part, the mass ratio 20:80 was

selected as well.
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Figure 4.15 Effect of DMG quantity on the sensor performance of PCL/DMG films.
4.2.2.3 Response time

The reflectance of Ni(DMG), on sensor was recorded by fiber optics
spectrophotometer at 547 nm over the period time of 60 minute. Figure 4.16 shows
the response time of sensor. Similar trend between PCL/DMG film cast and
electrospun fiber was observed that the reflectance signal increased from 1 to 10
minutes, then it remained constant with further increased in times. Therefore, the 10
minute of dipping time is suitable for both sensors: PCL doped with DMG
electrospun fiber and PCL doped with DMG film cast.
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Figure 4.16 Response time of PCL/DMG film cast in present of Sppm nickel solution
atpH 9.
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In this section, we studied the interferences of several anions and cations that

are abundant in water samples and have influence on the performance of this sensor.

The species of interference in this part had been discussed in content 4.2.2.4. The

result of interference studies were summarized in Table 4.6. Cadmium(II), copper(Il),

manganese(Il) and sodium showed no any interference to determination nickel when

presented at an equal concentrations. All species except manganese could interfere

with the nickel detection when the concentration of interference was 10times larger

than nickel (II) concentration. The similar result was observed in the PCL/DMG

electrospun fiber study as well due to similarity of chemical structure of film and

fiber.

Table 4.6 Interference studies using 1:1 and 10:1 ratios of interferant of nickel PCL

doped with DMG film casting sensor

Ni 5 ppm Interference 1 fold (Sppm) 10 fold (50ppm)
Cd 4.840.1 4.540.2
Cu 5.1+40.2 2.140.2
Co 2.740.2 1.740.4
5.0+0.2 Fe 2.5+0.3 0.4+0.3
Mn 5.0+0.1 5.0+0.2
Na 5.0+0.2 4.6+0.2
pb 1.740.3 1.610.1

4.3 Gelatin doped with DMG film casting

Gelatin, a hydrophilic polymer, can be dissolved in warm water and fabricated

in various form. For comparison with PCL, which is hydrophobic, gelatin was used as

the media for developing nickel sensor in this study.
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4.3.1 Characterization of gelatin doped with DMG film casting

According to gelatin is hydrophilic polymer that can dissolve in water. So, the
crosslinking of gelatin film was studied. In this part, the gelatin doped with DMG was
characterized in 2 forms:crosslinked and non-crosslinked gelatin films. Gelatin film
casting was crosslinked by dehydrothermal treatment (DHT) at 140 oC for 48 h. The
FT-IR spectra of gelatin were shown in Figure 4.17. The peaks located at 3450 cm™
and 3420 cm™' were assigned as the —N-H stretching of secondary amide [61], while
the peaks located at 1650 and 1550 cm™ were assigned as amide carbonyl —C=0
stretching and —N-H in plane blending, respectively [62]. After crosslinking,
dehydrothermal treatment can generate chemical bounding between the carboxylic
and amino groups in gelatin. So, the crosslinked gelatin by using DHT can occur only
when the amino and carboxylic groups are close to each other [63]. The degree of
crosslink reacation can be observed by analysis the amide peak at 1550 cm™. The
peak located at 1550 cm™ is proportional to the amount of NH, which is changed to
NH during the formation of the crosslink bonds. For this reason, a decrease in
intensity of peak at 1550 cm™ corresponds to an increase the number of crosslink [64].
The spectra of gelatin doped with DMG films before and after crosslinking were
shown in Figure 4.17. The results showed the same spectra between gelatin/DMG
film casting before and after crosslinking. However, it was postulated that the
crosslink may be formed because the gelatin/DMG film casting after crosslink by

DTH did not dissolve in water.
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Figure 4.17 FTIR spectra of gelatin doped with DMG films before and after

crosslinking.

Figure 4.18 FTIR spectra of a) gelatin film casting, b) DMG and c) gelatine/DMG

film casting.

Figure 4.18 shown FT-IR spectra of crosslinked gelatine film, DMG and

gelatine/DMGfilm. From this result, the spectra of gelatine film was similar to and
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gelatine/DMG film. This might imply that there is no interaction forming between

gelatine and DMG molecules.

The spectrum between gelatine/DMG film and gelatine/DMG film after
immersed in nickel solution were compared in figure 4.19. Normally, the —C=N
stretching mode of Ni(DMG), should be observed at 1572 cm™, where could not be
seen in this study. It might be overlapped by the large —N-H stretching peak at 1550
cm’'of gelatin and C=N stretching mode in Ni(DMG), at 1572 peak. Therefore, it is
hard to observe the change in FI-IR spectra of gelatine/DMG film after immersed in

nickel solution.

Galatin/DMG film
Galatin/DMG film immersed in nickel solution

30 . , . , . , . , . , . ,
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 4.19 FTIR spectra of gelatine/DMG film and gelatine/DMG film after

immersed in nickel solution.
4.3.2 Sensor performance testing

4.3.2.1 Effect of pH on performance of sensor

The influences of pH on the performance of Gelatin/DMG film as sensor were
investigated in pH range of 5-11. The pH of nickel solutions was prepared in content
3.2.1. The results were presented in Figure 4.20. The maximum response was

obtained at pH 9. At pH above 9, the reduced response is due to the precipitation of
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nickel hydroxide (K,.of Ni(OH), = 2.0x10™"). So, pH 9 solutions were use in all

further experiments
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Figure 4.20 Effect of pH on the sensor efficiencies of PCL/DMG film.

4.3.2.2 Effect of DMG quantity on performance of sensor

Gelatins containing different of DMG solutions were described in Table 3.4.

The 1x3 cm® gelatin/DMG films with various mass ratios were prepared as shown in
Table 4.7.

Table 4.7 The amount of gelatin and DMG in 1x3 cm’of film casting

Polymer solution GEL DMG GEL : DMG

mg mg % wt/wt
1. A 40 0.7 98.3:1.7
2. B 40 1.5 96.4:3.6
3. C 40 3.0 93.0:6.0
4. D 40 4.5 89.9:10.1
5. E 40 6.0 87.0:13.0

The effect of DMG quantity on physical appearance and sensor performance
by using UV-Visible spectrophotometer was investigated. From Figure 4.21, the

transparent gelatin films were transformed to translucent films when DMG was added



46

in gelatin. The analytical signal of this experiment was shown in Figure 4.22. It was
seen that the response increased with an increase in the amount of DMG. However,
the sensors C, D and E which contained more amount of DMG, produced a larger
standard deviation. This might be due to the forming of DMG precipitates in the film
creating the heterogeneous film. In this work, the amount of DMG of 1.5 mg was
selected for nickel detection because it delivered the good absorbance intensity with a

small standard deviation.

Figure 4.21 Image gelatin film in different amount of DMG a) Pure gelatin film, b)
gelatin/DMG [96.4:3.6] (sensor B) and c) gelatin/DMG [87.0:13.0] (sensor ¢).
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Figure 4.22 Effect of DMG quantity on the performance of PCL/DMG film sensor

4.3.2.3 Response time

The response time of this sensor was investigated by using 1, 5 and 10 ppm of
nickel solution at pH 9. The absorbance of Ni (DMG), on sensor was recorded by

UV-visible spectrophotometer at 550 nm over the period time of 60 minute. The
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responses time of sensor were shown in Figure 4.23. For every concentration, the

similar trend was seen where the absorbance increased with time until 10 minutes.

Then, the response was relatively constant. Therefore, 10 minute of dipping time was

chosen to use in further experiments as well.
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Figure 4.23 Response time of gelatin/DMG film (mass ratio of 80:20) sensor in

presence of 1, 5 and 10 ppm nickel solutions (pH 9).

4.1.3.6 Effect of interference ions

The species of interference in this part had been discussed in content 4.1.2.4.

The result of interference studies are summarized in Table 4.8. At the same

concentration level, the manganese and sodium ions showed small interference with

the nickel detection. However, the presences of other interfering ions caused a

negative deviation in the nickel analysis. In the case of the interference concentration

10 times higher than nickel concentration, all species except sodium ions interfered

with the nickel detection. This result might be due to the competition between these

ions and nickel ions with DMG forming complex.
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Table 4.8 Interference studies using 1:1 and 10:1 ratios of interferant of nickel of

Gelatin doped with DMG film casting sensor

NiSppm Interference 1 fold (Sppm) 10 fold (50ppm)

Cd 4.0+0.6 3.0+0.4
Co 3.5+0.3 2.0+0.4
Cu 2.140.6 0.8+0.3
4.840.3 Fe 1.8+0.4 1.7+0.6
Mn 42+40.6 2.340.4
Na 4.7+0.4 43+0.4
pb 3.7+0.5 2.340.5

4.4 Sensor efficiency and method validation
4.4.1 The visual detection and response spectra of sensor

4.4.1.1 PCL electrospun fibers doped with DMG

Complexation between nickel (II) ions and DMG formed a red-pink complex
on the electrospun mats, which we could observe by naked-eye in concentration range
of 1-10 ppm as shown in Figure 4.24. The sensor was immersed in various
concentration of nickel (II) solution at pH 9 for 10 minutes, which is the optimum
condition. The complex formation was also investigated by using spectrophotometer,
which was confirmed that PCL electrospun fibers containing DMG can be used for
detecting nickel (II) ions. The reflectance spectra of NI(DMG), were shown in Figure
4.25. The maximum wavelength of Ni(DMG)2 complex was observed at 550 nm.
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Figure 4.24 Sensor images of PCL/DMG electrospun fibers that immersed in nickel

solutions at concentration of 0.1, 0.5, 1, 2, 3, 4, 5, 8 and 10 ppm for 10 minute.
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Figure 4.25 The reflectance spectra of PCL/DMG electrospun fibers that immersed in
nickel solutions at concentration of 0.1, 0.5, 1, 2, 3, 4, 5, 8 and 10 ppm.

Because the surface of spun fiber sensor is not smooth that could produce
diffuse reflection, therefore, the Kubelka-Munk function (F(R) s47) was used to
construct the calibration curve instead of the reflectance values. The calibration curve
for determination of nickel ions in the range of 1-10 ppm using PCL/DMG
electrospun fibers was shown in Figure 4.26(b). From this result, it can be said that
the response of sensor depended linearity on the nickel concentration between land

10 ppm with F(R) =2.0282x+1.1375 and R*= 0.9925.
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Figure 4.26 (a) The reflectance responding and (b) calibration curve for

determination of nickel ions using the optimum conditions for the range 1-10 ppm of

PCL/DMG electrospun fibers

4.4.1.2 PCL doped with DMG film casting

The visual detection of Ni(DMG),, a red-pink complex on the film surface,

was shown in Figure 4.27. The result was very encouraging. The complex of nickel

(IT) ions and DMG could be observed by naked-eye.The reflectance response was

evaluated using fiber optic spectrophotometer shown in Figure 2.8. From the spectra,

the wavelength at 547 nm was used as the detection wavelength for further study.

Figure 4.27 Sensor images of PCL/DMG film casting that immersed in nickel

solutions at concentration of 1, 2, 3,4, 5, 8 and 10 ppm for 10 minute.



Reflectance (%)

e blank
e | ppm
—) ppm
13 ppm
e 4ppm
5 ppm

8 ppm

450 500 550

600 650
Wavelength (nm)

700

10 ppm

750 800

51

Figure 4.28 The reflectance spectra of PCL/DMG film that immersed in nickel

solution at concentration of 1, 2, 3,4, 5, 8 and 10 ppm.

The reflectance response and the calibration curve of this sensor was shown in

Figure 4.29. The equation from the Kubelka-Munk (F(R) plot was obtained; F(R)
=2.0515x+27919 and R*= 0.9964.
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Figure 4.29 (a) The reflectance response and (b) F(R) calibration curve of the

PCL/DMG films using the obtained optimum conditions for sensing nickel with

concentration of 1 to 10 ppm.

4.4.1.3 Gelatin doped with DMG film casting

Figure 4.30

shown the visual detection of Ni(DMG),

complex on

gelatin/DMG film when immersed in nickel solution in range of 1 to 10 ppm at pH 9

for 10 minutes. The complex formation was also investigated by using UV-visible
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spectrophotometer and shown in Figure 4.31. The maximum wavelength of

Ni(DMG), complex was observed at 550 nm.

Figure 4.30 Sensor images of gelatin/DMG film cast that immersed in pH 9 nickel

solutions with concentration of 1, 2, 3, 4, 5, 8 and 10 ppm for 10 minute.
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Figure 4.31 The absorbance spectra of gelatin/DMG film that immersed in pH 9

nickel solutions with concentration of 1, 2, 3, 4, 5, 8 and 10 ppm.

Figure 4.32 shows the absorbance of gelatin/DMG films as the function of
nickel concentration using the optimized condition for sensor performance. The plot

shows a linear correlation between absorbance and nickel concentration in the range

of 1-10 ppm.
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Figure 4.32 Calibration curve for determination of nickel using gelatin/DMG film

sensor
4.4.2 Reproducibility

Sensor reproducibility of each sensor format was evaluated by using three
sensors independently prepared in each day for 10 days. Each sensor was dipped in a
5 ppm of pH 9 nickel solution for 10 minutes. The response was measured three
times. The results were summarized in Table 4.10. The result shows relative standard
deviation (R.S.D) of response signal of all sensors: PCL/DMG fiber, PCL/DMG
filmand gelatin/DMG film sensor were 2.9%, 2.4 % and 5.1 %, respectively.
PCL/DMG sensors show better reproducibility than the gelatin/DMG film. This is

might be due to the difficulty in controlling the position of inserted sensor films.

The reproducibility all of three sensors shown the acceptable relative standard
deviation when compared with acceptable values of analyte recovery and relative

standard deviation of analyte determination that shown in table 4.12.
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Table 4.9 The response signal from different sensor tested with 5 ppm nickel solution

under optimum condition.

Number of Mean signal

sensor PCL/DMG fiber PCL/DMG film Gelatin/DMG film

sensor (Refectance  sensor ( Refectance sensor ( Absorbance

(%) at 547 nm) (%) at 550 nm) at 550 nm)

1 23.101 26.684 0.334

2 23.237 27.115 0.304

3 22.845 27.387 0.323

4 23.685 27.402 0.349

5 23.993 27.732 0.330

6 23.875 27.709 0.365

7 22.677 27.687 0.349

8 24.878 28.043 0.351

9 23.558 28.554 0.329
10 24.024 28.897 0.346
Mean 23.605 27.721 0.338
SD 0.67 0.65 0.017

% R.S.D 2.9 2.4 5.1

4.4.3 Method validation

The detection performance of these proposed sensors fabricating by both
electrospinning and casting methods was validated. In this section, the accuracy and
precision of the method were reported in the term of the recovery (%) and relative
standard deviation (%), respectively. The detection limit was also determined. The
results were summarized in Table 4.10 The results showed that the accuracy and
precision of the proposed sensors in nickel determination are acceptable, according to
the widely used criteria of analyte recovery and precision at different concentrations

(Table 4.11).
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Table 4.10 Accuracy, precision and limit of detection of the proposed sensor for

nickel determination

Sensor Ni
Recovery RSD
concentration LOD LOQ
(%)* (%)*
(ppm) (ppm)  (ppm)
PCL/DMG 1.0 104.4 6.0
spun fiber 5.0 105.0 4.8 0.22 0.97
sensor
PCL/DMG 1.0 102.6 7.7
film casting 5.0 104.7 52 018 089
sensor
Gelatin/DMG 10 94.0 5.0
film casting 5.0 97.6 7.4 0.11 0.68

*Mean value (n=7)

Table 4.11 Acceptable values of analyte recovery and relative standard deviation of

determination of analyte at different concentrations [65]

Analyte (%)  Analyte ratio Unit Mean RSD (%)
recovery (%)
100 1 100% 98-102 1.3
10 10" 10% 98-102 2.8
1 107 1% 97-103 2.7
0.1 107 0.1% 95-105 3.7
0.01 10 100 ppm 90-107 5.3
0.001 10° 10 ppm 80-110 7.3
0.0001* 10° 1 ppm 80-110 11
0.00001 107 100 ppb 80-110 15
0.000001 10 10 ppb 60-115 21
0.0000001 107 1 ppb 40-120 30

*Percent analyte that used in this work.
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Analyte Analytical procedure R Detectable range LOD Reference

Ni(II) Optical chemical film sensor; immobilized 2-amino-1- 0.9962 0.3-58 ppm 0.03 ppm [15]
cyclopentene-1-dithiocarboxylic acid on acythl cellulose
membrane.

Ni(II)) Colorimetric solid phase extraction: using - 1.8-5 ppm - [11]
Dimethylgyloxime as colorimetric reagent.

Ni(II) Colorimetric solid phase extraction: using 0.9945 0.5-5 ppm - [28]
Dimethylgyloxime as colorimetric reagent

Ni(Il) Optical chemical sensor; immobilization of 2-(5-bromo-2- 0.9990 0.5-20 ppm 0.3 ppm [13]
pyridylazo)-5-(diethylamino)phenol (Br-PADAP) in Nafion
membrane

Ni(I) Simultaneous preconcentration; using 4-(2-pyridylazo)- - - 6.3 ppb [66]
resorcinol as ligand and determination by inductively
coupled plasma optic emission spectrometry
PCL doped with DMG electrospun fiber sensor 0.9925 1-10 ppm 0.22 ppm -

This work PCL doped with DMG film casting sensor 0.9964 1-10 ppm 0.18 ppm -
Gelatin doped with DMG film casting sensor 0.9921 1-10 ppm 0.11 ppm -
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From Table 4.12, one can be seen that the performance of the proposed
sensors was relatively good comparing to the reported methods. The propose method
demonstrated a good detection limit that can detect the nickel concentration at the

maximum allowable nickel concentration in waste water, it shown in Table 2.1.

4.4.4 Comparison performance of sensors PCL/DMG spun fiber,
PCL/DMG film casting and gelatin/DMG film casting sensor

The efficiency of sensor performance of PCL/DMG spun fiber; PCL/DMG
film and gelati/DMG film sensors were compared in terms of linearity, the
coefficient of determination and limit of detection of sensor. The results were
summarized in Table 4.14. In case of sensor using PCL as media, PCL/DMG film
sensors delivered better performance comparing to the electrospun fiber in aspect of
the better detection limit and reproducibility with high sensitivity. This result may be
due to the different DMG amount on these sensors. PCL/DMG spun fiber is the
thinner fiber mats compare to the PCL/DMG film, thus, the less amount of DMG

were contained 1n fibers.

The gelatin/DMG film casting shows lower detection limit compared to the
PCL/DMG spun fiber and PCL/DMG film casting sensors because the complexation
of Ni(DMG), could occur on film surface and inside gelatin film. Moreover,
Ni(DMG), on gelatin/DMG was detected by absorbance measurement. For
absorbance measurement, the light source passed through a sample was detected that
mean the both of Ni(DMG), on surface and inside gelatin was detected as well. From
this reason, the gelatin/DMG film casting presented the high sensitivity than
PCL/DMG sensor that measured the Ni(DMG), complex only on surface of sensor.
However, it delivered lower reproducibility because of absorbance intensity of

Ni(DMG), on gelatin/DMG had effected by film thickness whereas PCL/DMG sensor

did not have effect from film thickness on reflectance measurent. Therefore, the

gelatin/DMG and PCL/DMG film casting were used in the real sample application.
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Table 4.13 Comparison of linearity equation, the coefficient of determination and
limit of detection of PCL/DMG spun fiber, PCL/DMG film casting and Gelatin/DMG

film casting sensor

Sensor Linearity equation = The coefficient of LOD LOQ
determination, R? (ppm) (ppm)
PCL/DMG spun  Y=2.0282X+1.1375 R*=0.9925 0.22 0.97
fiber sensor
PCL/DMG film  Y=2.0515X+2.7919 R’=0.9964 0.18 0.89
casting sensor
Gelatin/DMG film  Y=0.0534+0.0303 R’=0.9901 0.11 0.68
casting

4.5 Real sample analysis

The PCL/DMG and gelatin/DMG film casting sensors were applied to
determine nickel concentration in real water samples (waste water from jewelry shop
and nickel alloys industry) using spiked method. The same sample was parallel tested
with inductively coupled plasma-atomic emission spectroscopy (ICP-OES) reference
method. These experiments were performed in 5 replicates. The nickel concentration
in different water samples were shown in Table 4.14. The results of the proposed

sensor presented as percentage of recoveries were shown in Table 4.15.

From Table 4.15, gelatin/DMG and PCL/DMG film casting could detect only
nickel in waste water of nickel alloy industrial because the concentration of nickel in
Rinsing water from gold line of jewelry industrial and Rinsing water from silver line
of jewelry industrial lees than detection limit of these sensors. The static z-test was use
to compare the concentration means of nickel in real water sample obtained from the
proposed sensor and ICP-OES. The results shown the tgiticas = 2.77 and tgagistic = 0.28
and -0.27 O0f PCL/DMG and gelatin/DMG film casting, respectively. This result

showed the tguistic 1ess than teisical, thus, no significant different value of both methods.



59

Table 4.14 The comparison results of gelatin/DMG, PCL/DMG film casting and ICP-

OES for determination of nickel ions in real sample

Water sample PCL/DMG casted gelatin/DMG casted Reference
(mg/L) film film method

Found® t-statistic Found® t-statistic = ICP-OES
(ppm)  (t055=2.77) (ppm) (lo.0s5=2.77)  (ppm)

Rinsing water from

gold line of jewelry

industrial n.d n.d n.d nd 0.05+0.01

Rinsing water from

silver line of

jewelry industrial n.d n.d n.d n.d 0.0840.01

waste water of

nickel alloy

industrial 9.9+0.2 0.28 9.6+0.3 -0.27 9.79+0.28

n.d. = Non detectable, * Mean value of five determination
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Sample Added Found® (ppm) Recovery (%)
(mg L'l) PCL film gelatin film ICP-OES PCL film gelatin film ICP-OES

Rinsing water from gold 0.7 0.8+0.20 0.7+0.02 0.8+0.01 106.9 87.8 105.9
line of jewelry industrial 1.0 1.1+0.09 1.0+0.03 1.1+0.01 107.4 934 102.5

5.0 5.2+0.02 4.8+0.011 5.1+0.01 101.9 104.8 100.4
Rinsing water from 0.7 0.7+0.06 0.7+0.02 0.8+0.01 88.4.1 88.3 105.0
silver line of jewelry 1.0 1.0+0.07 1.0+0.03 1.1+0.01 94.1 96.2 102.7
industrial 5.0 4.9+0.10 5.340.11 5.1+0.01 95.7 96.9 100.3
waste water of nickel 0.7 1.6+0.04 1.6+0.02 1.7+0.01 92.7 92.8 103.4
alloy industrial 1.0 2.0+0.05 1.9+0.02 2.0+0.01 100.5 93.7 102.2

5.0 6.2+0.06 6.2+0.11 6.0+0.08 104.7 104.0 100.1

* Mean £ SD (n=5)
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The recoveries of nickel from spiked samples with Ni standard of three concentration levels
(0.7, 1 and 5 ppm) are acceptable, according t analyte recovery and precision at different
concentrations (Table 4.11). The values obtained from the proposed method (ICP-OES) were
not significantly different. Therefore, the proposed method can be applied for the

determination of nickel in water samples with acceptable accuracy
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CONCLUSION

The optical sensor for determination nickel(Il) ions in water sample was
fabricated in three formats: PCL doped with DMG electrospun fiber, PCL doped with
DMG film cast and gelatin doped with DMG filmscast. The sensor response to nickel
(IT) ions was occurred by forming the red-pink complex of Ni(DMG), after dipping in

different concentration of nickel.

For PCL doped with DMG electrospun fiber, PCL/DMG solutions were spun at
the electrical potential of 20 kV, the working distance of 20 cm, and a flow rate of 1.2
mL/h. With the increasing the amount of DMG, the effect of added DMG on the fiber
size was found to be small. ATR-FTIR analysis indicated that the interaction between
PCL and DMG was weak. PCL/DMG blend fibers in mass ratio of 80:20 with
diameters 275+39 nm have been successfully produced by using the electrospinning
process. The suitable solvent for used in this experiment was DMF/DCM (50/50).
Furthermore, PCL/DMG blend fibers have been successfully used as nickel sensing.

For PCL doped with DMG film cast, PCL/DMG solution were casted and
produced the porous surface with porous diameter 6.48+2.04 pm of PCL/DMG blend
film in mass ratio of 80:20. The FT-IR of PCL/DMG film cast showed the similar
spectrum to PCL/DMG electrospun fibers this due to the similarity of chemical
structure of film and fiber. It was indicated that these two components were simply

blended.

For gelatin/DMG film cast that is hydrophilic polymer suport, it showed
different characteristic sensor poperties; transparence film and detect Ni(DMG),
forming by measuring the absorbance sigmal of both of film and solution. At the mass
ratio of gelatin/DMG of 96.4 : 3.6 delivered the uniform film surface and good
performance for nickel determination; high absorbance intensity of Ni(DMG), and

small standard deviation. The prepared gelatin/DMG film were shown the detection
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for nickel(Il) ions in the concentration with a good linear response between 1-10 ppm

under optimum condition.

All of the analytical parameters of the optimized sensors used for determination

of nickel(IT) were summarized in Table 5.1.

Table 5.1 The summarize of analytical parameters of the optimized sensors used for

determination of nickel (II) ion.

Measurement value

Parameters PCL/DMG PCL/DMG film Gelatin film
electrospun fiber cast cast
Mass ratio of PCL/DMG 80:20 80:20 96.4:3.6
pH of nickel solution 8-9 8-9 9
Response time (minute) 10 10 10
Interfering ion when Co*", Fe’" and Co’",Fe’ and  Co*', Cu*", Fe**
present at equal Pb** Pb° and Pb’

. L 2+
concentration of Ni

Linear range (ppm) 1-10 1-10 0.8-10
Reproducibility (% R.S.D, 2.9 2.4 5.1
n=10)

Precision (% R.S.D., n=7) 4.8 (N1 1ppm) 5.2(Ni 1ppm) 5.0 (N1 Ippm)
6.0 (Ni Sppm) 7.7(Ni Sppm) 7.4 (Ni 5ppm)

Accuracy (Recovery, n= 104.4(Ni 1ppm)  102.6(Ni lppm)  94.0 (Ni lppm)

7)
105.0(Ni Sppm)  104.7(Ni S5ppm)  97.6 (Ni Sppm)
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Table 5.1 The summarized of analytical parameters of the optimized sensors used for

determination of nickel(II) (Cont.)

Measurement value

Parameters PCL/DMG PCL/DMG Gelatin film
electrospun fiber film cast cast
LOD (ppm, n=20) 0.22 0.18 0.11
0.97 0.89 0.68

LOQ (ppm, n=20)

Real sample of waste water
of nickel alloy industrial
compared with ICP-OES (
9.79+0.28 ppm)

- 9.9+0.2 9.6+0.3

Finally, this proposes method was successfully applied for the determination of
nickel ions in water samples. It was suitable for used to pre-screen nickel in water
sample and in the filed under the maximum nickel concentration in wastewater
guidelines and regulations of the Ministry of Science Natural Resources. Because of it
showed the simple detection method, dipping sensor in solution. However, the

interference ions is the large problem of the propose method.
Suggestions for future work

From the problem of this method is interference ions, the suggestion for the
further work should to be find method that can eliminate these interfere ions such as
added the masking agent in to sensor, removed the interference ions before used.
Moreover, the propose sensor should be developed to naked-eye or test kit which easy

to use in flied.
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