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CHAPTER |

INTRODUCTION

1.1  Diffusion behavior of chlorinated hydrocarbons into polymer film by
ATR FT-IR spectroscopy

Chlorinated hydrocarbons (CHCs) have been widely used in industrial degreasing
and dry-cleaning operations as well as agricultural activities such as pesticides and
agrochemical. These chemicals are mostly found as contaminants in the ground water and
soil. They have been increasingly hazardous to the environment and many of them are
additionally known to be toxic or carcinogenic. Under whether anoxic or anaerobic
condition, they can be fortuitously bio-transformed by reductive dechlorination to produce
a series of lower chlorinated homologs. Trichloroethylene, dichloroethylene and carbon
tetrachloride are among the most frequent chlorinated aliphatic primary contaminants
presenting in the ground water at low quantity but its concentrations are non-negligible. As
a consequence to quantify these pollutants in contaminant areas is of importance. Current
methods for analysis of contaminants in water and soil involve sample enrichment by
liquid-liquid extraction, solid-phase extraction for water or liquid-solid extraction for soils.
In addition the CHCs can be analysed by gas chromatography (GC), gas chromatography-
mass spectrometry (GC-MS) as well as liquid chromatography. In general, these
techniques have been involved with complex experimental procedures and time-consuming
separation steps with expensive operation costs. The methods are not practical for field-

testing, continuous monitoring for screening a large number of samples.

Fourier transform infrared spectroscopy (FT-IR) has been successfully employed
as a noninvasive technique for identifying chemical compositions and concentration of

chemical moiety in a material. Used of FT-IR spectroscopy for the analyzing samples in



aqueous solution has been limited primarily by the broad absorption bands of water in the
mid-infrared region, which obscures the infrared (IR) spectra of analytes. However, ATR
FT-IR spectroscopy is successfully eliminate the water absorption problem and has been

employed for determinations of dissolved chlorinated hydrocarbons in water.

ATR spectroscopy is well known surface-sensitive technique based on total
internal reflection which occurs only if the incident IR light travels with angles larger than
critical angle (Q ) from a medium of internal reflection element (IRE) with high refractive
index through the lower index medium of sample layer. The incident IR light inside the
IRE is consequently reflected through its inner flat surfaces. At each reflection, a standing
evanescent wave is established and penetrates a portion of radiation energy into the sample
medium with a shallow depth of penetration (a’p) as presented in figure 1.1. With the
traditional IR technique, the absorption bands of water completely cover the absorption
peaks of analytes. Thus, water must be excluded in order to improve the sensitivity of the
technique. Coating a hydrophobic polymer over the IRE surface impedes water molecules
from interacting with IR radiation and results in the selective diffusion of chlorinated
hydrocarbon molecules into polymer film where they are detected though their IR
absorption. The polymer layer acts continuously as reversible extracting medium, so that
detection limits of this method can be improved from high ppm to a few ppm and therefore

the measurement with samples in very low concentrations becomes possible.

[ ] [ )
Analyte Molecules ;g v 1o 180 e o o Water Molecules
A ® o o P N ° °
Hydrophobic Polymer e ¢ el o ® .
o ° o b d
y * ® e ° p
Incident beam Reflected beam
Evanescent wave

Figure 1.1 The schematic illustration of ATR FT-IR sensor based on evanescent

wave for chlorinated analytes diffusing into the polymer layer.



The ATR technique gives a fairly general solution to the restriction of strong water
absorption, even in case that analytes are insufficiently high concentrations in aqueous
solution. Thin polymer films have been demonstrated as absorbers for chlorinated
hydrocarbon molecules good upon exposure.1 This property as well as general merits (i.e.,
good stability, fast response time), encourage polymer as receptor materials for IR
chemical sensors. Even a little amount of analytes can be sensed selectively by their
fundamental absorption bands in the mid-IR region. The molecules monitored diffuse

into thin polymer layer with the thickness in range of sub-micrometer range.

1.2 The objective of this research

The objective of this research is to study the effect of both polymer film and
the properties of dissolved organic compounds on diffusion behavior. And design
new infrared sensor based on ATR FT-IR spectroscopy for determination of both
dissolved (trichloroethylene, dichloroethylene and carbon tetrachloride) and non-
dissolved chlorinated hydrocarbons (Endrin, Endosulfan-sulfate, and DDT) in water.
The theoretical and experimental investigations of the new sensors will be performed
in order to explore their limitation, advantages and disadvantages. The optical sensor
is based on hemisphere Ge IRE with low-density polyethylene (LDPE) coating at the

surface.
1.3 The scope of this research

1. To develop new ATR sensor with enhancing sensitivity for sensing
dissolved chlorinated hydrocarbons diffusing into polymer film.

2. To study the effects of both polymer film and diffusing molecule on
diffusion behavior for improving detection limit and decreasing the

experimental time.



CHAPTER I

THEORETICAL BACKGROUND

2.1 Low-density polyethylene (LDPE)

Polyethylene is the most utilized polymer in our daily life such as grocery
bags, shampoo bottles, children's toys, and even bulletproof vests. For such a
versatile material, it has the simplest molecular structure of all commercial polymers
available today. A molecule of polyethylene is nothing more than a long chain of

many thousands carbon atoms with two hydrogen atoms attached.

REREERANEEN
WN'—C—C—Cl—cl—C—C—c—C—C—C—C—C—"‘MW
| [ I A A I B
H H H H ®H H ®H H H H H H

Figure 2.1  Molecular structure of polyethylene.

Instead of hydrogens, some of carbons have long chains of polyethylene
attached to them. This is generally called branched, or low-density polyethylene
(LDPE). When there is no branching, it is finear or high-density polyethylene
(HDPE). In: principle, linear polyethylene is much stronger than branched
polyethylene. The branched polyethylene, on the other hand, is less expensive and

easier to process.



m

Linear polyethylene (HDPE)

Branched polyethylene (LDPE)

Figure 2.2 Schematic illustration of linear polyethylene (HDPE) and branch
polyethylene (LDPE)

2.1.1 Processing and physical properties of LDPE film

Polyethylene, discovered in the early 1930s, was first produced by radical
polymerization. It is called low-density polyethylene (LDPE) or high-pressure
polyethylene 'in order to distinguish ‘from the polyethylene synthesized using
coordination catalysts. High-density polyethylene (HDPE) or low-pressure
polyethylene (LDPE) is more highly branched (both short and long branches) than
HDPE. As a consequence, LDPE has lower crystallinity (40-60% vs 70-90% for
HDPE) and density (0.91-0.93 g/cm?® vs0.94-0.96 g/cm*for HDPE).?

LDPE has a wide range and combination of desirable properties. Its very low
Tq (-120°C) and moderately high crystallinity with Tn, of 105-115°C give flexibility
and utility for being applied over a wide range of temperature. It has a good

combination of strength, flexibility, impact resistance, and melt flow behavior. The



nature of alkane appearing in polyethylene imparts a very good combination of
properties. Polyethylene is highly resistant to water and many aqueous solutions even
at high temperature. It has been a good oxidation resistance; although it is slowly
attacked by oxidizing agent and swollen by hydrocarbon and chlorinated
hydrocarbon solvents at room temperature. Polyethylene is a very good electrical
insulator. Commercial LDPE have a number of average-molecular weights in the
range of 20,000-100,000 with the Xy/ X, of 3-20. A wide varieties of LDPE
products are produced with different molecular weight, molecular-weight
distributions, and extents of branching (which affects crystallinity, density, and
strength properties). The LDPE property depends on the polymerization temperature,
pressure (i.e., concentration of ethylene and reactor type). Long-chain branching
increases with increasing temperature and conversion, but it decreases with higher

pressure applied.
2.1.2 Determination of LDPE crystallinity
FT-IR spectrum of LDPE shows three prominent peaks including C-H

stretching at 2919, 2850 cm™ and C-H bending at 1473, 1464 cm™ as well as C-H
rocking at 730, 720 cm™.

Amorphous

Crystalline

Crystalline

Absorbance

760 740 720 700

ﬂ ‘Wavenumber q

3000 - ' ¢ 2000 : ' : 1600

0.0

Wavenumber (cm )

Figure 2.3  FT-IR spectrum of LDPE. The CH; rocking vibration at 720 and 730
cm™ represent the amorphous content in LDPE structure.



The ATR spectrum of polyethylene contains only two bands as a result of
pure crystalline (i.e., 1894 cm™) and pure amorphous (i.e., 1303 cm™) normal mode
of vibration. Unfortunately the intensities of these bands are hardly sufficient for
used in ATR quantitative analysis. Therefore, more intense band such as CH,
bending (1473 and 1464 cm™) and rocking (730 and 720 cm™) normal vibrations
were employed. The bands at 1473 and 730 cm™ correspond to crystalline phase
while those at 1464 and 720 cm™ represent contributions from both crystalline and
amorphous phases. In principle, these bands can be used to determine the amorphous

content by means of the following empirical relationship:®

%AMO rphous(e!’_la"!”'!'zgsxloo (2.1)
+

where kand b are the peak intensities at whether 730 and 720 cm™, or 1474 and
1464 cm™ bands, depending on which pair is chosen for analysis. The constant of
1.233 in both equations is a ratio of these intensities obtained with pure crystalline
polyethylene and was further derived by applying factor group splitting to a single
polyethylene crystal.

2.2 ATR FT-IR spectroscopy

Attenuated total reflection Fourier ‘transform infrared (ATR FT-IR)
spectroscopy was developed by Harrick and Fahrenfort in the 1960’s.* ATR FT-IR
spectroscopy is well known as ‘@ surface characterization and depth profiling
technique. In contrast to transmission technique, sampling depth in the ATR
technique is defined with respect to the decay characteristic of electric field. The
depth range from sub-micrometer to micrometer depending on experimental
conditions and material characteristics. ATR FT-IR spectroscopy has been employed
for various applications such as qualitative and quantitative analyses, surface
characterization, molecular orientation, diffusion of small molecules into polymer
film, and depth profiling. An ATR spectral intensity involves complex relationships

between experimental conditions (i.e., angle of incidence, polarization, and number



of reflections) and material characteristics (i.e., refractive index of internal reflection

element (IRE) and complex refractive index of absorbing medium).

2.2.1 Internal Reflection Elements (IRE)

The internal reflection element (IRE) is an important part of ATR
accessories. IRE is basically made of infrared transparent material with high
refractive index and such as zinc selenide (ZnSe) and germanium (Ge). In general,
the IRE configuration included variable-angle hemispherical crystals with single
reflection and multiple-reflection planar crystals (figure 2.4). ATR spectra are easily
obtained by placing the sample against the IRE while infrared beam is couple into
the IRE. The information obtained from the spectrum is dependent on several factors
such as properties of IRE, angle of incidence, number of reflections, aperture, surface

preparation, sample-IRE contact, and the material itself.

0
N |F:QE P
2 . i’ 2 AREL T ﬂ
Sarmple y Sample
1 2

Figure 2.4 - Common IRE configurations used for experimental ATR setups: (1)
single-reflection variable angle hemispherical or hemicylinder crystal,

and (2) multiple-reflection planar crystal.



2.2.2 ATR attachment

The ATR attachment holds the IRE, directs the incident beam into the IRE,
and then redirects the emerging energy onto the detector without displacing or
defocusing the beam while maintaining the same beam spread. The IRE is placed

inside the sample compartment of a spectrometer.

The IRE configuration used in this research is single-reflection variable-angle
hemispherical crystal made of germanium equipped with a multifunctional variable-
angle reflection attachment, the Seagull™ (Harrick Scientific, Ossening, NY, USA).
By using this accessory, the angle of incidence can be varied from 5° to 85°. A
schematic illustration of Seagull™ is shown in figure 2.5. By changing the angle of
mirror Ms, light can be directed to various areas of first ellipsoid, E;. This ellipsoid
reflects light to the sample and then reflected light from the sample is collected by
the second ellipsoid, E; and then the light will be redirected to mirror My, Ms, Mg

and finally to detector.

Figure 2.5 A schematic illustration of the variable-angle reflection attachment,

the Seagull™
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2.2.3 Theory of total internal reflection spectroscopy
2.2.3.1 Theoretical background

According to total internal reflection at the interface between two media of
different refractive indices, Newton discovered that the light extends into the rarer
medium beyond the reflecting surface.” In internal reflection spectroscopy this
phenomenon is employed to obtain absorption spectra by investigating interactions

of the penetrating radiation with a sample layer beyond the IRE.

Electromagnetic radiation that strikes at interface between two non-absorbing
media with different refractive indices is partially transmitted and partially reflected.
The angular relationship between the incident and refracted rays of the transmitted

beam is given by Snell’s law:®
NS ¥Khi=n,s ¥h (2.2)
where @, is the angles of incidence, & is the angle refraction, n; is the refractive

indices of optically dense medium, n; is the refractive index of the rarer medium,

respectively.

Figure 2.6 ~ Schematic illustration of the beam leading to the total internal

reflection phenomenon.
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An IRE utilized in ATR spectroscopy is a crystal of IR transparent material
with high refractive index, with which the sample is in intimate contact as illustrated
in figure 2.6. The light strikes the crystal-sample interface with an angle of incidence
greater than the critical angle (&). The critical angle can be calculated from the
refractive indices of the denser medium and the rarer medium by following

expression:’

0 = sihz (2.3)

where @, is the critical angle. The complex refractive index of a medium n(v) is

defined as:’
n, =n, + ik (2.4)

where mis equal to ~—1, n, and k, are refractive index and absorption index,

respectively.

Under non-absorbing condition (i.e., the absorption index of the rarer medium
equals zero), the incident light is totally reflected at the interface. Since no light
travels across the interface and there is no reflection loss due to absorption, this
phenomenon is defined as the total internal reflection. When the rarer medium is
absorbing (i.e., the absarption index is greater than zero), there is a reflection loss
due to absorption by the material. As a consequence, reflectance of the beam leaving
IRE/sample interface is less than unity. This phenomenon is therefore defined as
attenuated total reflection (ATR), the following expression is obtained for ATR

spectral intensity:

AG,v)=1-R(4,v) (2.5)
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where A(8,v) is absorptance and R(&,v) is reflectance. Absorptance in ATR can be

expressed in terms of experimental parameters and material characteristics by the

following expression:

Arv
n, cosé@

A 0) == [n, (1l () (E2(6.1)) (26)

where E indicates degree of polarization of the incident beam, <Iiz(0,v)> is the

mean square electric field (MSEF) at depth z.

Under the ATR condition, although there is no light travels across the
IRE/sample interface, there is an electric field generated at the boundary called the
evanescent field. The field is strongest at the interface and exponentially decays as a
function of distance from the interface. The rapid decay of the evanescent field is the
unique characteristic of the technique that makes ATR as a powerful surface
characterization. The decay pattern of the evanescent field can be expressed in terms

of the distance from IRE/sample interface by the following expression:’
(B,)=(B,) &= (2.7)

when (E%)-and-(E?, ), are the mean square evanescent fields at the surface and at

the depth z in the rarer medium, respectively. The evanescent field at the surface of a
rarer medium is determined by the angle of incidence, the refractive indices of two

media, and the polarization of the incident radiation.
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Figure 2.7  Decay pattern of evanescence wave under ATR condition

A penetration depth of the evanescent field is generally defined as the
distance into the sample at which the amplitude of the field becomes to 1/eof its

original value. The penetration depth is given by the following expression:’

A

- 2.8
F="27n, (sin” =~ N2 )"? (28)

where A is the wavelength of incident radiation, and ny; the ratio of refractive indices
between sample (n,) and IRE (n;). By altering the angle of incidence while ensuring
that it remains-larger than the critical angle, the depth of penetration is consequently

varied.

The penetration depth is a function of experimental conditions and material
characteristic. Example of penetration depth at various experimental conditions and

material characteristic are shown in figure 2.8.
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Figure 2.8  Relationship between penetration depth and wavenumber for Ge
crystal (n = 4.0) and ZnSe crystal (n = 2.4) at different angle of
incidence.

Figure 2.8 shows that the penetration depth depends strongly on the
experimental condition and material characteristic. Under an experimental condition,
the absorption increases with the absorption index ki(v) -In fact, if one wants to
calculate the MSEF, the complex refractive index of the material (i.e., the refractive
index and the absorption index)-must be known. Under a non-absorbing condition
(i.e., ki (v) = 0). The MSEF can be calculated if the refractive index of material is
known.-Under this condition; the MSEF is given a special name as the. mean square

evanescent field (MSEVF). The strength ‘and decay characteristic of the MSEF is
show in figure 2.9.



Figure 2.9
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The MSEF at various experimental condition (A, A’) and its decay

characteristic (B, B"). The simulation parameters are n; = 4.00 for Ge,
ny = 2.40 for ZnSe, v = 1000 cm™, n,(v) = 1.50, k;(v) =0.0, 0.1, 0.2,

0.3, 0.4, and 0.5, respectively.

According to equation 2.6 and the decay characteristic of the electric field,

only a thin layer of film near the surface is sampled. In principle, the spectrum

depends on the composition-of sample surface in contact with-the IRE. This may be

different from the bulk of sample. Absorption intensities-at a certain wavenumber

depend on the angle of incidence and relative refractive index, ny;, and therefore

caution is advisable when comparing spectra with those obtained with transmission

method.
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2.2.3.2 Contact problem in ATR measurement

ATR FT-IR is a surface sensitive technique. In an attempt to achieve good
ATR spectra, very good contact between the sample and an IRE is required. Liquid
samples always have a perfect contact with an IRE. Solid samples, on the other hand,
rarely have a good contact with an IRE even in the case where their surfaces are
mirror flat. This is due to surface irregularity of the samples, imperfect flatness
throughout the surface and defect on the surface. In order to gain a good contact
between a solid sample and an IRE, pressure must be applied. If the sample is harder
than the IRE material, the applied pressure might damage the prism while only a
little bit better contact is obtained. Unfortunately IRE materials used for ATR
experiment are mostly brittle and a much better contact is required for light at high

frequency due to small penetration depth.

ATR spectral intensity may be increased with incident angles approaching
the critical angle but this leads to severely distorted spectra. At the present, there is
micro ATR accessory particularly for the solid samples in which the radiation is
focused on the specimen’s surface.® Thus one can select the best part on sample
surface for analysis. On the other hand, this would be useful only if the sample
surface has uniform properties. However, according to higher sensitivity, multiple
reflection ATR can reduce contact-quality requirements, but large sample is
recommended. However, it is still difficult to observe weak peak. Moreover, requires
a perfect optical contact between sample and an IRE is a must for quantitative

analysis by ATR FT-IR spectroscopy.
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2.3 Diffusion of small molecules into polymer film

Transportation or diffusion is a function of structure of both polymer and the
diffusing molecules. This includes both local chemical structure and long-range
order, described as morphology. Temperature, solubility, reactivity, orientation and
composition affect the transportation process.’ If processing induces orientation, the
crystalline lamellae will be aligned with channels from which rapid depletion can

occur.

The diffusion of small molecules (compared to the polymer molecule)
through the polymer matrix depends on the polymer morphology, which controls the
propagation of the molecule and the flexibility of the polymer chains is required to
corporate with such a movement. Any morphological factors that influence either the
structure or the flexibility of the polymer are theoretically expected to change the

diffusivity of the molecule.

Mechanical relaxation time decreases with increasing temperature and
concentration of diffusing molecules. As a result, motions of the polymer segments
are enhanced as the temperature increasing. When a penetrant diffuses into a rubbery
polymer above its glass temperature, a rapid adjustment of the polymer chains occurs
as a described by Fickian behavior. Most polymers have a broad range of mechanical
relaxation associated with structural changes.

2.3.1 Type of diffusion phenomena

According to the following definitions, it is common to formalize the

experimental diffusion observation as:'°

2.3.1.1  Case I diffusion or Fickian diffusion occurs when the rate of
diffusion is much lower than relaxation rate of the polymer. This system is controlled

by diffusion coefficient and the behavior of these systems can be described by only a
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single parameter. The movement of diffusing molecule is simply based on a random

walk with out any interaction.

2.3.1.2 Case Il diffusion — The diffusion rate is very rapid as
compared to the relaxation rate. In this case, the parameter of interest is the constant
velocity of advancing liquid located at the boundary between swollen gel and glassy
core. It has been assumed that the solvent front demarcates a rubbery shell from a
glassy core. In case that the mechanical properties of the two states are sufficiently
different, fracture can occur as a result in the glassy core. In this diffusion mode,
strong interactions between diffusing molecules and the polymer may occur. Some of
the diffusing molecules are either precipitated or form a new compound with a
chemical reaction. They are rapid immobilization processes, compared with the rate
of diffusion and the regions all the sites are occupied or unoccupied, respectively, are

separate by sharp boundary.

2.3.1.3  Case llI diffusion or non-Fickian or anomalous diffusion
occurs only if the diffusion and relaxation rates are similar. Basically, all cases that
can not be modeled by Case | or Case Il are grouped to Case Ill. As an indicator for
anomalous diffusions, some descriptions suggest mass sorption is related to time. An
exception such as a shot times occurs when this is not a reliable indicator because of

sensitivity of the diffusion solution to boundary and initial conditions.

The Fickian model is usually a good first approximation for modeling the
transport behavior in a polymer. A"mathematical model has been developed base on
a symmetric film, for free standing film immersed at t=Qin an infinite solution. The
results are applicable to have only one face is contact with the liquid phase and an
impermeable barrier at the center of the film. This is equivalent to the free film
because there is no net mass transport through the plan at the center of free film.
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2.3.2 The mathematics of diffusion

The mathematics of diffusion process is based on Fick’s hypothesis that the
rate of transfer of diffusing molecules though a unit area of a section is proportional

to the concentration gradient measured normal to the cross section:*

W (2.9)
0z

where F is the rate of transfer per unit area of a section, C is concentration of the

diffusing substance, Zis the space coordinate normal to the surface.

For one-dimensional molecular diffusion in a polymer film with a constant
diffusion coefficient, the film is significantly thin. So that the inter-diffusion
direction is expected to be along only the Z-axis, which is the axis perpendicular to
the surface of ATR prism. The continuity equation for the diffusing species is

therefore reduces to:**

2
@:Da &
ot oz

(2.10)

where D is diffusion coefficient. Equation 2.10 can be solved readily, giving the
appropriate boundary conditions that apply to a particular experiment. This equation
has been further simplified in the case that D depends only on temperature and is
independent of other parameters.(i.e., concentration, the position and thermal
history).

One of the most common experimental techniques for diffusion studies of
small molecules in to a polymer film is the method of sorption kinetics. In this
technique, a polymer film of thickness 2L is placed in an infinite bath of penetrant.
The concentrations at the two surfaces of the film (Z = Land Z = -L) are
instantaneously established at a zero concentration of penetrant, then the
concentration C at any depth in the film Zand at any time t -
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The boundary conditions for sorption are

C=Gs for Z<-land Z>L
C=G,fort=0;L<Z<L

where Csis the bulk concentration outside the film, Cois the initial concentration
inside the film. The general solution for this system is:**

—(2n+1)? 72Dt/ 4 |_2X

B 1 o 2107
%:gzl_iz(_nne (2n+1) [ 2L ZJ (211)
s~ G0 S n=0

2.3.3 ATR FT-IR spectroscopy applied to diffusion in polymer

The root of applied spectroscopy is the basic relation between absorption of
electromagnetic waves and quantity of the sorbing material. In FT-IR transmission
spectroscopy at low absorbance, this relationship is expressed by the Beer-Lambert
law that given by:**

dl=a 1dZ-¢ CldZ (2.12)

where 1is the light intensity at position Z ,x is the absorption coefficient, ¢ is the
molar extinction coefficient and C is the concentration of absorbing group.

Integrating equation 2.12 gives rise to:**

A=~In {—;}: ngCdz (2.13)

-L
where A is the measure absorption, b is the intensity of the incident light, Iis
intensity of the transmitted light and 2L is the thickness of which the absorbing group
IS present.
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By the nature of the experimental arrangement, ATR FT-IR spectroscopy can
be experimented to obtain sorption kinetics in direct contact with the penetrant. ATR
spectroscopy differs from traditional transmission spectroscopy. When total
reflection of light occurs at the boundary between a propagating medium and a rarer
medium, penetration of the electromagnetic field into the rarer medium would be
resulted. This electromagnetic field produces an evanescent wave as a consequence
of a super position of the incident and reflected waves at the surface with the

requirement that the electric field has to be continuous through out the interface.

When the rarer medium absorbs certain frequencies of light via the
evanescent wave, the reflection is frustrated and the reflected wave causes a reduced
intensity at these wavelengths, showing in term of an absorption spectrum. In order
to combine the evanescent field strength equation with the Beer-Lambert law, it is

necessary to assume that only weak absorption occurs. With this assumption:**

—=e"z~(1-A (2.14)

or
di= 1 dA (2.15)

Substituting equation 2.15 into the differential form of the Beer-Lambert law 2.13

and then integrating:**

s (2.16)

L

In the ATR configuration, penetrant only enters into the film from one-side.

A

O'—;,—

So that, the integration has perform from 0 to L Since 1=E we can substitute the
field strength of the evanescent wave and rewrite the expression for multiple

reflection, N, as:'*
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A=jLNg*C|§ exp(=2y Z dZ (2.17)

where & =¢/ |

Substituting equation 2.11, the Fickian concentration profile, into equation

2.17 and integrating:**

exp(A] (-2 Y (-1 (27)]

A g & 3 2.18
A, [ 1-exp( M]*% (2n+1)(4y° + ) (2.18)
where = —D(2n+1)2 = (2.19)
97 412 '
o (2n+1) (2.20)
2L
and (2.21)

In equation 2.18; A, represents the absorbance at equilibrium. This equation

represents an exact solution for ATR FT-IR absorption of penetrant into a thin
polymer film. It is possible for a particular set of experimental conditions to simplify
this expression. Equation 2.18 can be simplified by eliminating all terms in a series

beyond the first:™*

—Dr’t
A 1 8y exp[ Tt j(ZLexp( 2}/L))+(2}/)

A _n[l—exp(—Z;/L)]X 4 +72

412

(2.22)
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Values of L, [@dnd y are typical for experimental system operated. In the
model development, y is assumed to be constant. This is not entirely correct, giving
the dependence of » on n;. The refractive index of polymer can vary as the
concentration of penetrant increases. However, the significance of y in the model is

dependent on the experimental condition.**

L7
SN (2.23)
1yyexp(-2yL) (2.24)

v can be eliminated from equation 2.22. This requirement is readily met for most

experimental systems. Under the condition, equation 2.22 can be reduced to the

In( _ij: In (lj_ b7, (2.25)
A T

In equation 2.25, the logarithm of the absorbance is plotted as a function of

expression:™

time, and the slope of a linear least square regression yields a value of the diffusion

coefficient.

2.4 ATR FT-IR for observation of contaminates in wastewater.

The application of ATR technique for studying diffusion of small molecules
into polymer film has been done for years. As early as 1975, Lavrentyev et al.
reported the uses to measure diffusivities of solvents and non-solvents in polymers to
independently determine the diffusion coefficient of different substances in multi-
component medium, to appraise the decomposition of adhesive joints under the
influence of diffusants. And to additional observe the various stages of diffusion in
multi-layer systems.' Since then, a number of articles have been related as potential
applications of ATR FT-IR spectroscopy for studies of small molecule diffusing into

polymer film.
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In 1988, S. Simhony et al.'* developed a silver halide coated with Teflon
fluorocarbon resin to allow convenient and reproducible loading of organic solution
and solid (amorphous or crystalline) derived by solvent evaporation. The features

could detect with quantities as low as 6 ng.

In 1995, R. Gobel et al.** investigated the diffusion behavior and determined
the diffusion coefficient of CHCs (monochlorobenzene, tetrachloroethylene and
chloroform) into polymer membrane (LDPE, PIB and ethylene/propylene copolymer.
This work showed the importance to understand the diffusion process in different
material for optimizing a fiber optic sensing system for CHCs in water.

In 1996, F. Regan et al.*® determined pesticides in water by using ATR FT-IR
spectroscopy on PV C/chloroparaffin coating on IRE. The polymer film acts to enrich
the pesticides and concentrates them within the penetration depth (d,) of the
evanescent region. Limit of detection in the region of 2 ppm has been achieved for

atrazine and alachlor.

In 1999, J. Yang and J.W Her'® created a new rapid method for determination
of semi-volatile compounds in contaminated soil samples by coupling solid-phase
microextraction (SPME) with ATR FT-IR spectroscopy. Vaporized semi-volatile
compounds were carried by stream of nitrogen gas to hydrophobic polyisobutylene
(PIB) coated on IRE in the ATR flow cell. The detection limit of this method was in
the range of 200-300 ppb.

In 2000, V. Acha et al.*” developed ATR FT-IR sensor for continuous on-line
measurements. of the toxic compounds in the dechlorinating bioreactor. The mixture
contained trichloroethylene (TCE), terachloroethylene (PCE), carbon tetrachloride
(CT), and hexachlorobutadiene (HCE). The concentration of organochlorine
compounds in the bioreactor was successfully predicted from the absorbance spectra
using a partial least square (PLS) calibration method.
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EXPERIMENT

3.1 Dissolved chlorinated hydrocarbons in water

3.1.1 Preparation of low-density polyethylene (LDPE) film

3.1.1.1 Materials and equipment

1. Low density polyethylene (LDPE) beads
The LDPE beads used in this research received from Thai
Petrochemical Industrial (TPI) Co., Ltd. The LDPE has an average
molecular weight of 32,450.
2. Toluene; analytical grade from CARLO ERBA Reagent
Polytetrafluoroethylene (PTFE) plate with a dimension of 2.5 x 1.3 x
0.3cm?

Hemisphere germanium (Ge) IRE

w

Hot plate and stirrer with magnetic bar
Spin coater

Leveling rod

Glass slide

© o N o 0 &

Glassware
3.1.1.2 Methodology
3.1.1.2.1 Preparation of LDPE solution
LDPE beads were used as received. 100 mg of LDPE beads were

dissolved in 50 mL of 98% toluene by heating up to 110 °C, stirring with magnetic

bar until the homogeneous solution was obtained.
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3.1.1.2.2 Preparation of spin-coated LDPE film on Ge IRE

The polymer films were prepared on a modified spin coater, which is
able to produce a rotational velocity in the range of 1000-5000 rpm. Film was cast by

spin coating at room temperature as the procedure shown below:

1.  Locate the hemisphere Ge prism on the top of the modified
spin coater.

2. Drop ~1 mL of the prepared polymer solution on a flat surface
of Ge prism.

3. Turn on the power and adjust the rotational speed to 3000 rpm
for 3 minutes.

4. Repeat the second and third step until getting a thin film with
required thickness. Approximately 10 mL of the polymer solution was usually used
at a time.

5. After that both the prism and thin film was transfer to a hood
for scrubbing and the residue was removed. The coated is put into an oven for
annealing at 90 °C for 90 minutes.

6. The coated prism is kept in a desiccator at room temperature

for 24 hours.

3.1.1.2.3  Preparation of dip-coated LDPE film on PTFE plate

1.. Flat PTFE plate was clean with acetone.

2. Immerse the cleaned PTFE plate into a stirred LDPE solution
for coat LDPE film on the plate as times as a required thickness can be done (1-7
layers).

3. Solvent was allowed to completely evaporate at the room
temperature and leave the coated thin film in a desiccator for 24 hours.

4.  The final thickness of the film was in order of 0.112-0.221

micrometer.
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3.1.1.2.4 Preparation of hot-pressed LDPE film

1. Place LDPE beads on a glass slide, which was being heated at
~110 °C on a hot plate.

2. Wait until the polymer beads were totally melted to
transparent observed.

3. Place another glass slide onto the melted polymer.

4. Put a small pressure onto the top glass slide until a circular
film between the glass slide appear.

5. Gently peel the film and kept it in a desiccator to prevent

environmental moisture.
6.  Thickness of the polymer film using this method is about 400

micrometer.

3.1.1.2.5 Preparation of solvent-cast LDPE film

1. Pour 30 mL of LDPE solution from 3.1.1.2.1 into a cleaned
pettidish, which controlled level by leveling rod.

2. Allow the solvent to completely evaporate at room
temperature and then leave the dish in a desiccator for 24 hours.

3. Thickness of the polymer film using this method is about 230

micrometer.

3.1.2 Preparation of chlorinated hydrocarbon solution

3.1.2.1 Materials and equipment

1. Chlorinated hydrocarbon compounds

- Trichloroethylene; analytical grade from ARISTAR
- Dichloroethylene; analytical grade from Merck

- Carbon tetrachloride; analytical grade from Merck

2. Methanol; analytical grade from Merck
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3. Deionized water

4. Exmire Microsyringe with a total volume of 10 micro-litter from ITO
corporation.

5. SMI® Digital Adjust Micro/Pettor (50-250 microliter) from American
Dade, American Hospital Supply corporation

6. Glassware

3.1.2.2 Methodology

3.1.2.2.1 Preparation of 1000, 700 and 100 ppm of
trichloroethylene (TCE) solution

1. Pipet 68.0, 47.6 and 6.8 microliter of the analytical grade
trichloroethylene into 100 mL of volumetric flasks.

2. Add 1 mL of methanol, as a mediator, into the flasks to
dissolve these chlorinated hydrocarbons.

3. Make the total volume of all 100 mL flasks by adding
deionized water to obtain final concentrations of 1000, 700 and 100 ppm,

respectively.

3.1.2.2.2 Preparation of 1000 ppm dichloroethylene and carbon
tetrachloride

1. Pipet 79.0 and 65.0 microliter of the analytical grade
dichloroethylene and carbon tetrachloride into 100 mL of volumetric flasks.

2. Add 1 mL of methanol, as a mediator into the flasks to
dissolve these chlorinated hydrocarbons.

3. Complete the total volume of all 100 mL flasks by adding

deionized water to obtain final concentrations of 1000 ppm.
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3.1.3 Acquisition parameters for FT-IR experiment

3.1.3.1 Bruker Vector 33 FT-IR spectrometer

Experimental setup
Resolution
Number of scans

Result spectrum

Spectrometer parameters
Source
Detector

Beam splitter

4.0cm™
64

Absorbance

Globar
DTGS
KBr

3.1.3.2 Bio-Rad FTS175 FT-IR spectrometer

Experimental setup
Resolution
Number f scans

Result spectrum

Spectrometer parameters
Aperture

Gain Amp

Source

Detector

Beam splitter

4.0cm™
64

Absorbance

open
8
Globar
DTGS
KBr
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3.1.4  Diffusion study of dissolved chlorinated hydrocarbons into LDPE film
3.14.1 Spin-coated LDPE film on Ge IRE

Diffusion processes were observed by using ATR FT-IR technique. The
experimental reservoir of coated LDPE film on a single reflection hemisphere Ge
IRE was depicted in a Figure 3.1. The angle of incidence was set at 45° with non
polarized beam. A LDPE film with refractive index of 1.4 was coated on the bottom
of a flat surface of hemisphere Ge before mouthed to the liquid reservoir. The
waterproof cover of the IRE was specially fabricated from bronze equipped with an
o-ring. Spectra were recorded on Bruker Vector 33 and Bio-Rad FTS175 FT-IR
spectrometer.

A Seagull™-

variable angle ATR accessory from Harrick Scientific
Corporation was operated. The accessory requires a hemispherical IRE with 25-mm
diameter and 12.5 height. The IRE used in all experiments was made of germanium,

(Ge) having a reflective index of 4.0.

ATR Prism

LDPE film

O-ring—
BY

/ Chlorinated Hydrocarbon
55 4
G

Bronze reservoir —» Solution

Figure 3.1  Experimental setup for the diffusion study of chlorinated hydrocarbon
into LDPE film coated on the Ge IRE.
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3.1.4.1.1 Effect of chlorinated hydrocarbon species
1. Materials and equipment

1. Hemisphere Ge with LDPE film coated on bottom flat surface

2. 1000 ppm of trichloroethylene, dichloroethylene and carbon
tetrachloride

3. The liquid reservoir fabricated from bronze

™
|

4.  Seagull’ “-variable angle ATR attachment

5. _ FT-IR spectrometer

2. Spectral acquisition

1. Pour 4 mL of trichloroethylene solution into bronze reservoir.

2. Carefully attach the reservoir to the bottom surface of Ge IRE
coated with LDPE film.

3. Put it into the Seagull™ accessory and Record the spectrum to
collect a reference spectrum before diffusion occurs to ensure that there are no
toluene left in the film i.e., the absorption peak at 728 cm™ should not be observed.

4.  Record a spectrum of coated LDPE film on IRE as a

background.

5.  To put upside down the reservoir and allow the solvent directly
contact to the coated IRE for 1 minute and then take a series of spectra to observe
changes in absorption intensity as a function of time.

6. At the end of the experiment, plot the relationship between
absorption intensity at 932 cm™ (i.e., C-Cl stretching vibration) and time.

7. Repeat above six steps by using 1000 ppm of dichloroethylene
and carbon tetrachloride instead of trichloroethylene.

8.  Study the diffusion behavior of three different chlorinated
hydrocarbons by comparing the plot observed.

9.  Calculate the diffusion coefficients of three systems for

discussion.
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3.14.1.2 Time dependent phenomena

1. Materials and equipment

Hemisphere Ge with LDPE film coated on bottom flat surface
1000 ppm of trichloroethylene solution

Liquid reservoir made of bronze

|T|\/|

The Seagull ™-variable angle ATR attachment

a  w DN E

FT-IR spectrometer

2. Spectral acquisition

1. Pour 4 mL of trichloroethylene solution into the bronze
reservoir.

2. Carefully attach the reservoir to the bottom surface of Ge IRE
coated with LDPE film.

3. Put the sample cell into the Seagull™

accessory and Record
the spectrum to collect the reference spectrum before diffusion occurs and ensure
that there are no toluene left in the film i.e., the absorption peak at 728 cm™ not
should be observed.

4.  Record the spectrum of coated LDPE film on IRE as a

background.

5. To put upside down the: reservoir :and allow the solvent
directly contact to the coated IRE for 1 minute and then take a series of spectra to
observe changes in absorption intensity as a function of time.

6. At the end of the experiment, plot the relationship between
absorption intensity at 932 cm™ (i.e., C-Cl stretching vibration) as a function of time.

7. Calculate the diffusion coefficient of 1000 ppm TCE in LDPE

film.
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3.1.4.1.3 Effect of solution concentration

1. Materials and equipment

Hemisphere Ge with LDPE film coated on flat bottom surface
100, 700, and 1000 ppm of trichloroethylene solution

Liquid reservoir made of bronze

The Seagull™

Hemisphere Ge IRE

-variable angle attachment

o g~ w D oE

FT-IR spectrometer

2. Spectral acquisition

1. Pour 4 mL of trichloroethylene solution into the bronze
reservoir.

2.  Carefully attach the reservoir to the bottom surface of Ge IRE
coated with LDPE film.

3 Put the sample cell into the Seagull™ accessory and collect a
spectrum to obtain the reference spectrum before diffusion occurs to ensure that there
are no toluene left in the film i.e., the absorption peak at 728 cm™ should not be
observed.

4,  Record the spectrum of coated film on IRE as a background.

5. To put-upside down the reservoir to allow the solvent directly
contact to the coated IRE for 1 minute and then take a series of spectra to observe
changes in absorption intensity as a function of time.

6. At the end of the experiment, plot the relationship between
absorption intensity at 932 cm™ (i.e., C-Cl stretching vibration) and time.

7. Use 100 and 700 ppm of trichloroethylene instead of 1000
ppm and plot the relationship between absorbance and time dependence for each
system to comparing the different of three concentrations.

8.  Calculate the diffusion coefficient of three concentrations to

compare the diffusion behavior.
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3.14.1.4 Effect of polymer morphology

1. Materials and equipment

1. Annealed LDPE film with 90°C for 90 minutes and un-
annealed of LDPE film, which coated on one-side of IRE

1000 ppm of trichloroethylene solution

Liquid reservoir made of bronze

™
I

The Seagull ™-variable angle ATR attachment

a b~ w N

FT-IR spectrometer
2. Spectral acquisition

1. Pour 4 mL of trichloroethylene solution into the bronze
reservoir.

2.  Carefully attach the reservoir to the bottom surface of Ge IRE
coated with un-annealed LDPE film.

3 Put the sample cell into the Seagull™ accessory and collect a
reference spectrum to obtain the reference spectrum before diffusion occurs to ensure
that there are no toluene left in the film i.e., the absorption peak at 728 cm™ should
not be observed.

4, Record the spectrum of coated un-annealed LDPE film on IRE
as a background.

5. To put upside down the reservoir to allow the solvent directly
contact to the coated IRE for 1 minute and then take a series of spectra to observe
changes in absorption intensity as a function of time.

6. At the end of the experiment, plot the relationship between
absorption intensity at 932 cm™ (i.e., C-Cl stretching vibration) and time.

7. Repeat above six steps by use an annealed LDPE film instead
of un-annealed film and repeating the whole procedures mentioned above.

8.  Calculated the diffusion coefficient of 1000 ppm of
trichloroethylene into un-annealed and annealed LDPE film.
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3.1.4.1.5 Effect of film thickness

1. Materials and equipment

LDPE films coated on one-side of IRE with various thickness
1000 ppm of trichloroethylene solution.

Liquid reservoir made of bronze

|T|\/|

The Seagull ™-variable angle ATR attachment

a  w DN E

FT-IR spectrometer

2. Spectral acquisition

1. Pour 4 mL of trichloroethylene solution into the bronze
reservoir.

2. Carefully attach the reservoir to the bottom surface of Ge IRE
coated with LDPE film.

3. Put the sample cell into the Seagull™

accessory and Record
the spectrum to obtained the collect spectrum before diffusion occurs to ensure that
there are no toluene left in the film i.e., the absorption peak at 728 cm™ should not be
observed.

4.  Record the spectrum of coated LDPE film on IRE as a

background.

5. To putupside down the reservoir for allow the solvent directly
contact to the coated IRE for 1 minute and then take a series of spectra to observe
changes in absorption intensity as a function of time.

6. At the end of the experiment, plot the relationship between
absorption intensity at 932 cm™ (i.e., C-Cl stretching vibration) and time.

7. Repeat the above six steps by vary diffusion time and record
another spectral series by use the thicker LDPE film instead of thin film.

8.  Calculate the diffusion coefficient of 1000 ppm of

trichloroethylene into the various thickness LDPE film.
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3.14.2 Dip-coated LDPE film on PTFE plate

3.1.4.2.1 Effect of film thickness

1. Materials and equipment

Various thickness of dip-coated LDPE film on PTFE plate.
1000 ppm of trichloroethylene solution.

Beaker

The Seagull™-variable angle attachment

Hemisphere Ge IRE

© g r w b F

FT-IR spectrometer

2. Spectral acquisition

1. Record the spectrum of 1 layer dip-coated LDPE film on
PTFE plate to obtain the reference spectrum before diffusion occurs to ensure that
there is no toluene left in the polymer matrix.

2. Pour 40 mL of the 1000-ppm trichloroethylene solution into a
beaker.

3. Immerse the dip-coated LDPE film into the solution of
trichloroethylene (Figure 3.2.) for 15 minutes.

<«—— Chlorinated Hydrocarbon

Dip-coated LDPE Solution

film on PTFE plate —

Figure 3.2  Configuration of ATR sensor using a thin LDPE film coated on PTFE

plate as a probe.
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4.  Place the diffused LDPE film to the holder of Seagull™
attachment and carefully contact to the cleaned IRE surface and record the spectrum
after diffusion occurs.

5. Use the 2-7 layers dip-coated film stead of 1 layer coated and

repeating the whole above procedure to collect the series of diffusion behavior.

3.1.4.2.2 Effect of additive in polymer matrix

1. Materials and equipment

1. LDPE film with various quantities of 4-chlorobenzaldehyde
(0-4.08 % wi/v of toluene) in the polymer solution, dip-coated
on PTFE plate for 1 layer.

1000 ppm of trichloroethylene solution.

Beaker

™
I

The Seagull” ™-variable angle ATR attachment

Hemisphere Ge IRE

o g > w DN

FT-IR spectrometer

2. Spectral acquisition

1. Record the spectrum of PTFE plate to obtain the reference
spectrum before diffusion to ensure that there is no toluene left in the polymer
matrix.

2. Pour 40 mL of the 1000-ppm trichloroethylene solution into a
beaker.

3. Immerse the dip-coated pure LDPE film into the solution of
trichloroethylene (Figure 3.2.) for 15 minutes.

4.  Place the diffused LDPE film to the holder of Seagull™
attachment and carefully contacted to the Ge IRE surface and record the spectrum

after diffusion.
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5. Additional repeats the whole steps by varies time of diffusion
and record the spectra by use the dip-coated film with various quantities of 4-
chlorobenzaldehyde instead of dip-coated pure LDPE film.

6. At the end of the procedure, plot the relationship between

absorbance of C-Cl stretching vibration at 932 cm™ at 15 minutes.
3.1.4.3 Free standing LDPE film

3.14.3.1 Effect of free volume in polymer film on diffusion

behavior.
1. Materials and equipment

1.  LDPE film prepared by hot-pressing and solvent-cast methods
with the dimension of 1 x 1 cm?.

1000 ppm of trichloroethylene solution

Beaker

I™-variable angle ATR attachment

The Seagul
Hemisphere Ge IRE

FT-IR spectrometer

oo B w N

2. Spectral acquisition

1. Record the spectrum of hot-pressed LDPE film to obtain the
reference spectrum before diffusion to-ensure that there is no any contaminate left in
the polymer matrix.

2. Pour 40 mL of the 1000-ppm trichloroethylene solution into a
beaker.

3. Place the hot-pressed LDPE film onto the surface of

trichloroethylene solution (Figure 3.3.) for 1 minutes.
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(:
*— Hot-pressed LDPE Film

Chlorinated Hydrocarbon
Solution

Figure 3.3  Setup for ATR experiment using a thick LDPE film as a probe.

4.  Place the diffused LDPE film to the holder of Seagull™
attachment and carefully contact to the IRE surface and record the spectrum after
diffusion.

5.  Additional repeats the whole steps by vary time of diffusion
and record the series of spectra.

6. Use solvent-cast LDPE film instead of hot-pressed LDPE film
and collect the spectra by repeated the above procedure.

7. At the end of the procedure, plot the relationship between
absorbance of C-Cl stretching vibration at 932 cm™ and time of LDPE film
preparation.

8.  Calculate the diffusion coefficient of 1000 ppm TCE into the
hot-pressed LDPE and cast film.

3.1.4.3.2 Initial absorption

1. Materials and equipment

1. " Hot-pressed LDPE films with various thickness (varies from
380 to 580 um)

1000 ppm of trichloroethylene

Beaker

The Seagull™-variable angle ATR attachment

Hemisphere Ge IRE

FT-IR spectrometer

o g > w DN
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2. Spectral acquisition

1. Record the spectrum of hot-pressed LDPE film to obtain the
reference spectrum before diffusion to ensure that there is no any contaminate left in
the polymer matrix.

2. Pour 40 mL of the 1000 ppm trichloroethylene solution into a
beaker.

3. Place the hot-pressed LDPE film onto the surface of
trichloroethylene solution (Figure 3.3.) for 1 minutes.

4.  Place the diffused LDPE film to the holder of the Seagull™
attachment and carefully contact to the IRE surface and record the spectrum after
diffusion.

5. Additional repeats the whole steps to confirm the rate of
diffusion by varied the thickness of the film to get the initial absorption rate of 1000
ppm trichloroethylene on hot-pressed film.

6. At the end of the procedure, plot the relationship between

absorbance of C-Cl stretching vibration at 932 cm™.

3.2 Slightly dissolved compounds contaminated in water

3.2.1 Materials and equipment

1. Fluorolube

2.  Standard solution of pesticide such as Endrin, Endosulfan-sulfate,
and DDT

3. Hexane; analytical grade from Merck

4.  Deionized water

5. Glassware
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3.2.2  Methodology

3.2.2.1 Preparation of LDPE film

The polymer film, used in this section, was prepared by two
procedures; (i) hot-pressing preparation for studying the adsorption behavior of
fluorolube and organochlorine; (ii) spin-coated LDPE film on one side of IRE to
observe the diffusion behavior of these large molecules into a polymer film, for

further comparing to those of small molecules.

3.2.2.2  Preparation of 100 ppm pesticide solution

Weigh a powder of organochlorine compounds for 2.644, 2.641, and
2.589 mg of Endrin, Endosulfan-sulfate, and 6,6” DDT, respectively. Then pour the
powder into the 25-mL volumetric flask and dissolve with hexane.

3.2.3 Determination of slightly dissolved compounds in water

3.2.3.1  Adsorption of fluorolube on LDPE film

1. Materials and equipment

Hot-pressed LDPE film.
Fluorolube
The Seagull™
Hemisphere Ge IRE

FT-IR spectrometer

-variable angle ATR attachment

o b~ e
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2. Spectral acquisition

1. Record the spectrum of hot-pressed LDPE film to collect a
reference spectrum before diffusion occurs.

2. Pour the 40-mL of deionized water into the beaker.

3. Add 2 drops of fluorolube on the water surface.

4. Place LDPE film on the water surface for 1 minute to adsorb
the floated fluorolube.

5. Place the adsorbed LDPE film against the Ge IRE while
pressure was applied to collect the spectrum after adsorption.

3.2.3.2  Adsorption of pesticides on LDPE film

1. Materials and equipment

1.  Hot-pressed of LDPE film.
2. 100 ppm of pesticide solution such as Endrin, Endosulfan-
sulfate and 6,6 DDT.
The Seagull™
4. Hemisphere Ge IRE

5.  FT-IR spectrometer

-variable angle ATR attachment

2. Spectral acquisition

1. Record the spectrum of hot-pressed LDPE film to collect the
reference spectrum before diffusion occurs.

2. Pour the 40-mL of deionized water into the beaker.

3. Add 2 drops of Endrin solution on the water surface.

4.  Allow the solvent to completely evaporate at room
temperature, observed by the thin white layer on the surface of water.

5. Place LDPE film to contact to the floated Endrin for adsorbing

the compound.
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6. Place the adsorbed LDPE film against the Ge IRE surface
while slightly pressure was applied to collect the spectrum after adsorption.
7. Use Endosulfan-sulfate and DDT instead of Endrin and record

the spectra by repeating the whole procedures mentioned above.

3.2.3.3  Diffusion behavior of the pesticides through LDPE film

1. Materials and equipment

1. Hemisphere Ge IRE with LDPE film coated on bottom flat
surface.

2. 100 ppm of pesticides such as Endrin, Endosulfan-sulfate, and
DDT.

3. Liquid reservoir made of bronze

4.  The Seagull™-variable angle ATR attachment

5.  FT-IR spectrometer

2. Spectral acquisition

1. Record the spectrum of coated LDPE film on one-side of IRE
to collect the reference spectrum before diffusion. And ensure that there are no
toluene left in the polymer matrix, an ATR spectrum of the film was taken, and the
band at 728 cm™ was not observed.

Record the spectrum of coated IRE as a background.

Pour the deionized water for 40 mL into the beaker.

Eal

Add 2 drops of the Endrin solution on the water surface.

5. Allow the solvent to completely evaporate at room
temperature by observed the thin white layer on the water surface.

6.  Contact the coated IRE to the solution for adsorbs the floated
Endrin.
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7. Record the spectrum of adsorbed Endrin on LDPE film at
every 5 minutes for 30 minutes in order to observe the diffusion behavior Endrin into
LDPE film

8.  Use Endosulfan-sulfate and DDT instead of Endrin and collect
the spectra by repeating the whole procedure mentioned above.



CHAPTER IV

RESULTS AND DISCUSSION
4.1 ATR FT-IR signal enhancement

Low-density polyethylene (LDPE) was chosen as a polymeric material
for analyzing the enrichment of weak absorption peaks of chlorinated hydrocarbons
in the region of 1000-700 cm™. Figures 4.1 and 4.2 show spectra of trichloroethylene
and carbon tetrachloride with the concentration of 1000 ppm in water with and
without a polymer coating. In an absence of polymer layer, the C-ClI stretching bands
at 932 and 841 cm™ for trichloroethylene, and 787 ecm™ for carbon tetrachloride
could not be observed. These peaks are observable only when polymer film is
present (Figure 4.2). The observation confirms that the polymer coating enhanced

sensitivity of the ATR spectra as expected.

Absorbance

0.05

0.00

3000 2000 1000

Wavenumber (cm’)

Figure 4.1  ATR spectrum of water with 1000 ppm chlorinated hydrocarbons
(trichloroethylene and carbon tetrachloride). Note: the spectra are
dominated by absorption bands of water. Spectra of both solutions are

indistinguishable.
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The detection limit of chlorinated hydrocarbon molecules in an aqueous
solution can be improved if spectral features of the analyte are free of interference
(i.e., water). On an IRE without coating, the water bands centered at 3400 and 1630
cm™ are substantially strong and interfere with absorption peaks in the same region.
For example, the water absorbance at 3400 cm™ is strong and broad enough to
interfere C-H stretching features of the most organic hydrocarbons in the region of
3000-2800 cm™. Moreover, in case of chlorinated hydrocarbons, C-Cl stretching

appearing between 1000-700 cm™ cannot be observed due to strong absorption of

water.
A: Trichloroethylene
i 0.02 ccl
010 | AN
i 0.00
8 900 800 700
C
®
£ 000 fh A “A,
8 . B: Carbon tetrachloride
< 0.02 | c-cl
0.10 |- e
I 0.00
900 JL‘ 800 700
0.00 _ _ : _ _ A
3000 2000 1000

Wavenumber (cm™)

Figure 4.2  Spectral enhancement observed by coating LDPE film on Ge ATR
prism as a probe for studying the enrichment of weak absorption peak
of . chlorinated hydrocarbons:  trichloroethylene (A) and carbon

tetrachloride (B). The concentration of each solutionis 1000 ppm

If the hydrophobic surface of LDPE film prevents water entering the
pores, the strong absorption bands of water presented on the IR spectrum should be
significantly attenuated, especially if the film thickness is as large, or even larger
than the penetration depth. The thin film might completely eliminate the water
absorption band. The signal enhancement suggests that a hydrophobic polymer is an
excellent choice to develop high sensitive ATR sensor for detecting small quantity of

hydrocarbons in water. In principle, the sensitivity is enhanced by adsorption of
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chlorinated hydrocarbons onto the hydrophobic polymer surface. It is well known
that hydrophobic organic compounds preferentially separate from an aqueous
solution, and penetrate into hydrophobic layer such as that provided by an organic
polymer. This is supported by “like dissolves like” rule. In addition, this
phenomenon results in a concentration enhancement relative to that of the bulk
solution. As a result, the hydrophobic polymer film acts as a protective layer for an
IRE and pre-concentrates the chlorinated hydrocarbon in an aqueous solutions (i.e.,
excluding the strongly absorbing water from contacting onto the optical sensing

surface of an IRE).

4.2 Efficiency of the ATR sensor

The probe of ATR sensor in this work was prepared by three methods (i)
coating the polymer film on the Ge IRE by spin coating process (ii) coating the
polymer film onto flat PTFE plate by dip coating and (iii) free standing film by
solution casting and hot pressing technique. The second and third sensors are novel
ATR sensors. These probes were detecting the analyte at the surface, which is in
contact with the analyte solution. In the current sensor, the analyte penetrating into
coated film on IRE, can be observed at IRE-polymer interface by allowing the
dissolved chlorinated hydrocarbons enriching into the polymer film until equilibrium

stage is achieved. Unlike the old ATR sensor where the polymer film is coated on the

IRE, the probing polymer film in the novel ATR sensor is separated from the IRE.

The ATR technique is a surface sensitivity technique. As a result, the
major problem in ATR technique is the contact between IRE and sample. In order to

achieve a good-quality ATR spectrum or to perform quantitative analysis with ATR

spectra series, an optical contact between IRE and the sample must be achieved.

Since quantitative relationship between absorption intensity and
concentration is based on optical contact between IRE and sample, the optical
contact is the primary concern for new ATR sensors. In order to employ the
acquired spectra for quantitative analysis, the material being investigated must
always have good optical contact with the IRE. In order to ensure the optical contact,

a flat and flexible probing film with an applied pressure is employed.
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The degree of optical contact of LDPE film on Ge IRE prepared by three
different processes are compared and shown in Figure 4.3. ATR spectra of the films
for new ATR sensor are shown in Figures 4.3B and 4.3C. A thick film is melted on a
piece of glass slide or cast as a film in pettidish. After cooling and solvent is
completely evaporated, the film is taken out and is pressed against the IRE. The
absorption intensities (i.e., C-H stretching) of the LDPE films in Figures 4.3A, 4.3B
and 4.3C are exactly the same and closed to 0.17. Normally, an optical contact is
assumed when a constant absorbance is observed with an increasing applied pressure
on the film. The observed phenomena indicate that a good optical contact between
sample film-Ge ATR prism can be experimentally achieved and can be verified in

the direct contact operation.

0.15 A: Spin-coated LDPE film on Ge IRE, 45°

0.10

LI L DL |

0.05
0.00 A A

B: Free standing film of hot-pressed LDPE

on Ge IRE, 45°

& A 4

Trrrrti

0.05

2| el
u

0.15 __ C: Free standing film of solvent-cast LDPE on Ge IRE, 45°

010 [

005 [ J L

0.00 A —
3500 3000 2500 2000 1500 1000

‘Wavenumber (cm-])

Figure 4.3 ATR spectra of the LDPE films with different preparation techniques:

spin-coating (A), hot pressing (B), and solution casting (C)
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4.3  Effect on diffusion behavior of dissolved chlorinated hydrocarbons into
LDPE film.

4.3.1 Time dependent phenomena

For the determination of dissolved chlorinated hydrocarbons in water, a
thin polymer film is coated on an Ge IRE by spin-coating technique. The film must
be thick enough to prevent the absorption of water. When being used, the water with
dissolved chlorinated hydrocarbon is brought into contact with polymer coated on
IRE. The dissolved compounds are adsorbed onto the film surface as a result of their
affinities toward the polymer film. The compounds diffuse into the film toward the
IRE. When the chlorinated hydrocarbon molecules reach the IRE-polymer film
interface region where the electric field is not zero, their spectra are observed. The
diffusion is allowed to reach equilibrium where a uniform concentration of the

analyte compound within the film is achieved (Figure 4.4).

IRE IRE

Polymer Film Og_ O O

‘ )‘/‘ — Opgon0opg @

25 oo U —  p o
b= 0 g O R —— o 0 .

o0 0 Hd 0 pO0Og-mo g 0
" 0o H oy 00 B 00po g g 0
0P ol 0. Yoo 0O o 0 0 |

Figure 4.4  The determination of dissolved chlorinated hydrocarbon compounds

in water by spin-coated LDPE film on IRE.

When chlorinated hydrocarbon compounds in agueous solutions are
dispersed into LDPE film, the compounds preferentially partition from the aqueous
phase into polymer film. They preferentially diffuse into the amorphous region
interrogated by the evanescence field without any chemical reactions occurring
inside the film. Its presence can be sensed if the chlorinated hydrocarbon compounds

has IR-active feature. There are two prominent peaks of C-Cl stretching observed in
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the FT-IR spectra recorded with 1000 ppm TCE in the frequency range of 1000-800
cm™. As seen in Figure 4.5, the peak at 932 cm™ is the strongest and expected to
provide the highest sensitivity. Therefore, it is selected as a major trace for further

investigation.

In addition, the diffusion of TCE could be clearly observed, as evidenced
by significant changes in FT-IR spectra. Figure 4.6 shows an increase in absorbance
of C-Cl stretching band at 932 cm™ as a function of time. The observation
demonstrates the transport of trichloroethylene through the polymer film and an
increase in the concentration of trichloroethylene within the polymer film. In all
experiments, an initially rapid increase in absorbance of the C-Cl band was
investigated, as followed by a gradual increment to an asymptotic value
corresponding to the equilibrium state. It is assumed that the polymer sorption occurs
in two stages: (1) a rapid absorption into surface and (2) subsequent diffusion into
the bulk.

Tlncreasing Time

Absorbance

A=

1000 900 800

Wavenumber (em’)

Figure 45  Diffusion of trichloroethylene in LDPE film. The strongest peak at
932 cm™ (i.e., C-Cl stretching of trichloroethylene) was selected as a

major peak for investigation.
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Figure 4.6  Time dependent absorption of TCE into LDPE film coated on Ge IRE.

The absorption change is observed at 932 cm’

Since the analytes examined in this study are all presented in aqueous
solution at part-per-million (ppm) concentration range, it will be assumed that
minimal swelling of the polymer occurs during exposure. It can be simplified that
the negligible boundary layer exists at the polymer/solution interface. Fieldson and
Barbari have modeled small molecular diffusion kinetics in polymers based on the
ATR technique.** The model simplified the molecular diffusion in a polymer sheet
with a thickness 2L, into one-dimensional diffusion (z-axis). The diffusion is
governed by Fick’s law. A more general form of the equation can be expressed as

equation 2.18. In practice, equation 2.25 can provide a very good fit for A/A., > 0.5.

Figure 4.7 illustrates that the experimental data can be fitted very well
with equation 2.25. Intensities at C-Cl stretching vibration give a good fitting model.
The diffusion coefficient of trichloroethylene through LDPE film was calculated
based on equation 2.25 by a plot of In (1- A/A.) with time. As a consequence, slope
of a linear least square regression (i.e., -D7%/41%) gives an estimated value of the
diffusion coefficient D. For the experiment presented here, the diffusion coefficient
of trichloroethylene through the film is 1.9755 x 10°® cm/s.
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Figure4.7  Plot of In (1-A/A.) with time. The diffusion coefficient of

trichloroethylene into LDPE film is calculated from slope.

4.3.2 Effect of chlorinated hydrocarbon species.

For #En-sitmonitoring, an ability of rapid reaction is a crucial
requirement in order to increase chlorinated hydrocarbon concentration. Figure 4.7
shows the enrichment of dichloroethylene, trichloroethylene and carbon tetrachloride
as a function of diffusion time. According to Figures 4.8, 4.9 and 4.10, the diffusion
of small molecules into the polymer film reached an equilibrium state faster than
those of the larger molecules. As a result the diffusion coefficients were higher for

small molecules.

The investigation gives the relative diffusion rates with the analytes of
different sizes. Data for each analyte were achieved individually with the same
thickness of polymer film (i.e., 53 um), by re-coating the polymer on the ATR prism
after diffusion measurement of each analyte. The analyte enrichment depends on
how good the analyte can dissolve and diffuse into a polymer film, which is a
function of diffusant properties. Figure 4.9 shows the comparison between the
species of diffusant on diffusion behavior. Three species of chlorinated hydrocarbons
were used in this section: dichloroethylene, trichloroethylene and carbon
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tetrachloride. Each analyte has different size. Size of dichloroethylene is smaller than

trichloroethylene and carbon tetrachloride, respectively. Dichloroethylene enriches

rapidly and reaches a maximum absorbance in less than 15 minutes, while

trichloroethylene takes approximately 20 minutes. However, carbon tetrachloride

exhibits slower diffusion into the polymer film. This behavior demonstrates that the

polymer layer is selective in the uptake of species. Size of the molecule has

significant influence on the diffusion coefficient. The diffusion rate decreases as size

increase. This observation presents a significant step in development of a chemical

sensor used for particular families of chlorinated hydrocarbons.
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Figure 4.8  Enrichment response of dichloroethylene, trichloroethylene and

carbon tetrachloride in a LDPE film coated on ATR prism. The
concentrations of the analytes were all the same (1000 ppm). Polymer

films of the same thickness were used for each experiment.



0.012

0.010

0.00

Absorbance

8
0.006

0.004

0.002

0.000

Figure 4.9

0.0

-1.0

In (1-AJA.)

-2.0

-3.0

Figure 4.10

54

Dichloroethylene
- - - ] - -
m =
m=" v v v v v
yyvvyvvyy v
-" M Trichloroethylene
v
-
P L] L ® ®
-
e ® "W Carbon tetrachloride
o®
e
L ®
L L 1 L
10 20 30 40 50

Time (minutes)

Time dependent absorption of carbon tetrachloride, dichloroethylene

and trichloroethylene through the LDPE film coated on Ge IRE.

[ J
- v TCE: D=1.9755x 10" cm/sec
||

CTC: D =8.7384 x 10" cm/sec

DCE: D =2.5818 x 10 cm/sec

Linear fit
L L 1 L L 1

0.0 30 60 9 120 150 180
Time (sg¢)

Plot of In (1-A/A.) with time. The diffusion coefficient of 1000 ppm
trichloroethylene, dichloroethylene and carbon tetrachloride through

the LDPE film are calculated from slopes.
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4.3.3 Effect of solution concentration

By allowing the chlorinated hydrocarbon compounds to diffuse through
the polymer film the chlorinated hydrocarbon is distributed uniformly over the entire
film, when equilibrium is attained. Regarding to Figures 4.11 and 4.12, we
investigated that (i) the concentration of organic compounds at the equilibrium
becomes smaller with lower concentration of analyte and (ii) the diffusion
coefficients obtained from the analyte with different concentrations are not
significantly different. In additional, the diffusion coefficient for these three
concentrations were 1.9755 x 10°, 1.8765 x 10® and 1.8092 x 10° cm/s for 1000,
700 and 100 ppm, respectively. It was determined that the terms of interfacial
conductance were generally in the same order of magnitude for the analytes

examined, suggesting a constant transport mechanism for the same analyte.

We measured changes in spectral intensities of two dominant peaks with
trichloroethylene concentrations. There is readily discernible increase in intensity of
the peaks as concentration of trichloroethylene is increased from 100 to 1000 ppm.
Absorption intensity of the peak at 932 cm™ (i.e., C-Cl stretching) increases with

higher concentration of trichloroethylene in water.

In addition, solution containing <100 ppm of trichloroethylene were
prepared in order to enable us to determine the lowest concentration level that the
current experimental scheme can detect. The appearance of peak at 932 cm™ became
an evidence when ~90 ppm of solution was added to the water. Spectra recorded
from the solutions with lower concentrations did not show any of the characteristic

peaks presenting trichloroethylene in the polymer film.
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4.3.4 Effect of polymer morphology

In order to study effect of the annealing temperature on diffusion of 1000
ppm trichloroethylene, the LDPE films are annealed at 90° C for 1.5 hour and used
to compare with those un-annealed films. The percentage of crystallinity induced in
the thermally annealed film was determined by equation 2.1. This involves in a
quantitative monitoring of changes in the C-H rocking of LDPE at 730 and 720 cm™.

Percent crystallinity of LDPE films are 58 559 % and 59.942 % for un-annealed and annealed films,
respectively. Figure 4.13 shows a comparison of the C-ClI stretching of diffusing TCE

into LDPE film. Figure 4.13 shows a plot of absorbance of the C-CI stretching as a
function of time, for diffusion of TCE in polymer film annealed at 90°. Furthermore,
table 4.1 gives the diffusion coefficients obtained from the observation.

It is apparent from Figures 4.13, 4.14 and table 4.1 that (i) diffusion in
the un-annealed films reached an equilibrium faster than that with annealed film; (ii)
the spectral intensity at equilibrium was greater for the diffusion of the un-annealed
film; (iii) the diffusion coefficients were lower with the un-annealed film.

Table 4.1 Effect of polymer morphology on diffusion coefficient.

Condition of LDPE film % Crystallinity D (cm/sec)
Un-annealing 58.559 1.9755 x 10°®
Annealing 59.542 9.4225 x 10”
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LDPE films. The diffusion coefficients are calculated from slope of

the curves.
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The above observations are probably due to the morphological changes
in the polymer matrix as a result of annealing process. The diffusion of small
molecules in the polymer matrix is partly dependent on the propagation of a
molecule from one side to another. Flexibility of the polymer chain is necessary for
the diffusion process. The diffusivity of the molecule can thus be influenced by
factors that have influenced either structure or flexibility of the polymer. The
diffusion pathways would be within the amorphous regions. So changes in
crystallinity would consequently alter diffusion rate of the small molecule in the
film. There are two major factors governing the morphology in this case: (i)
processing history and (ii) defect content. The surface perfection and thickness of
crystalline lamellae are modified by a number of random branches, which occur
during the crystal-growth process as the defects are excluded to the lamellae surface.
A number of defects moved to the surface of lamellae are determined by the thermal
history; whereas the lamellae thickness can be evaluated from the annealing
temperature and time. In melted crystallized PE surface, orientation effects (i.e.,
surface nucleation) might be an additional importance. Therefore, the time delay for
diffusion in an annealed film at high temperature could be caused by an existence of
some surface skins. This could also explain the lower diffusion coefficient for an

annealed film.

4.3.5 Effect of polymer film thickness

Effect of LDPE thickness on diffusion of . trichloroethylene was
investigated. The concentration of trichloroethylene was kept as‘a constant at 1000
ppm, while the thickness of LDPE films were varied. Figure 4.15 shows enrichment

curves for trichloroethylene (at 932 cm™) on LDPE films of different thickness.

Since all the films are exactly prepared in the same manner, the only
variable is the concentration of LDPE affecting the film thickness. It was found that
variation in LDPE concentration, 0.5 and 0.2 %, resulted in a regular decrease in
polymer thickness coated on the ATR element. The thickness of two spin-coated

LDPE films are 78 and 53 m for thick and thin films, respectively. Since this work
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is carried out on ATR element, the studies are limited by the penetration depth of the
evanescent wave. Analytes that lie beyond this region in the polymer cannot be
sensed until they enter to the region of informative depth. The rate of analyte
diffusion decreases with increasing polymer thickness. Alternatively, LDPE film
shows immediate detection indicating that the film thickness is within the sampling
distance of the beam. The diffusion of trichloroethylene into LDPE films may be
eliminated from the enrichment curves presented in Figure 4.15. The obtained results
suggest that thin coating allow more rapid response. When a thick film is employed,
a longer diffusion time is required. However, the concentration of the chlorinated
hydrocarbon compounds at equilibrium is quite low. This may result in poor
sensitivity and detection limit of the technique. In practice, when a very thin film
(<5 m) is employed, water absorption may obscure the absorption of chlorinated

hydrocarbon molecules.
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Figure 4.15  Effect of polymer film thickness on diffusion of trichloroethylene.
Concentration of trichloroethylene is 1000 ppm. Peak height was observed
at 932 cm . In case of TCE, the thick film shows lower equilibrium than

the thin film.
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Figure 4.16 The plot of In (1-A/A.) with time. The diffusion coefficients of

trichloroethylene through thick and thin LDPE films were calculated
from slopes.

Moreover, The effect of film thickness on diffusion behavior was
confirmed by new ATR sensor (i.e., coated LDPE film on a PTFE plate) as a probe.
Various film thickness were prepared by adding a number of coating from 1 to 7
layers with dip coating process. The MatLab program was employed for estimating
the LDPE film thickness coated on a PTFE plate. The thickness of thin LDPE film is
calculated from spectral intensities of the film via three layer-models (i.e.,
Ge/LDPE/air and Ge/LDPE/PTFE). The thickness of the film are 0.112, 0.134,
0.140, 0.158, 0.181, 0.203 and 0.221, respectively, for 1 to 7 layers of coating.

The new ATR sensor also employs polymer film.to enrich the dissolved
chlorinated hydrocarbon compounds as similar to the current ATR sensors.
However, the polymer film-is not coated on the IRE as that for the current ATR
sensors. The probing film is coated on water resistance polymer film (i.e., PTFE).
When being used, each of probing sensor was immersed in 1000 ppm
trichloroethylene for a short time (~1 minute) to detect the analyte. The dissolved
chlorinated hydrocarbon is then adsorbed onto the film surface. The film is then
brought into contact with the IRE, there might be some residual water left on the

surface. Wiping the water is not necessary since the water will be squeezed out as a
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small force is applied onto the film. As a result, no interference of water absorption

bands was observed in the spectral region studied.

Figure 4.17 shows a comparison of absorption intensities of TCE
obtained with various thickness of LDPE coating after 1-minute enrichment. The
LDPE film with thickness of 0.112 um gives the highest peak intensity at C-ClI
stretching close to 0.002. This phenomena indicates that the ATR sensor using an
IRE coated with a membrane thickness as thin as 0.112 m was applicable for the
enrichment of analyte. The better performance of LDPE film can be explained by
reducing film thickness resulting in short enrichment time. In addition, this indicates
that the thinner film shows rapid response and higher spectral intensity, which result
in better sensitivity compared to those with thicker film.

W Film Thickness

0.221 um

M 0.203 um
0.181 um
0.158 um
M 0.140 um
\-—\,\/__/\/\_J\/\/\/\/\’\/\/N 0.134 pm
0.112 um

1000 960 920 880 840 800

Wavenumber (cm™)

Figure4.17 The spectral intensity of C-Cl stretching ‘band at various film
thickness after 1-minute enrichment.” The LDPE film coated on (1.3 x

2.5 cm?) flat PTFE plate was used as a probe.
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4.3.6 Effect of additive in polymer matrix

Because of the subsequent measurement, the polymer film used in this
work must be removed before re-coating the new polymer film onto the Ge IRE. The
subsequent coating may damage an expensive IRE. Regeneration of the polymer
film by rinsing with a large amount of organic solvent can be performed. Cross
contamination can be introduced by the regeneration process. As a result, the effect
of additives in LDPE matrix is observed using dip-coating preparation instead of

spin coating.

Figure 4.18 shows the ATR FT-IR spectrum of coated LDPE on PTFE
plate with 4-chlorobenzaldehyde added as an additive in the polymer solution. The
absorption bands in the region of 2000-1500 cm™ due to C=0 stretching and C=C
aromatic (i.e., 1758 and 1575 cm™) are readily apparent. These bands are caused by
the 4-chlorobenzaldehyde in the polymer matrix. Systematic studies were carried out
to determine the optimal concentration of the additive in LDPE solution with

toluene.
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Figure 4.18 ATR FT-IR spectrum of a dip-coated LDPE film on a PTFE plate. The

LDPE solution is composed of 4-chlorobenzaldehyde, which shows

characteristic peak of C=0 stretching at 1758 cm .
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Figure 4.19 represents effect of the additive concentration on absorption
intensity of trichloroethylene at 932 cm™ after 15-minutes enrichment.
Concentrations of 4-chlorobenzaldehyde, expressed as % wi/v in toluene, containing
in LDPE solution were varied from 0.00 to 4.08 %. Figure 4.19 shows that
increasing concentration of 4-chlorobenzaldehyde in the LDPE film results in higher
diffusitivity of the diffusant into polymer film. The polymer film, which consists of
LDPE with 4-chlorobenzaldehyde, acts to enrich the chlorinated hydrocarbons and

concentrates them within the penetration depth of the evanescent wave.
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Figure 4.19 Absorbance of C-Cl stretching band after 15-minutes enrichment

as a function of 4-chlorobenzaldehyde concentration.

The nvestigation. demonstrates the interaction between diffusant and
additive. 4-chlorobenzaldehyde has C=0O band that can easily interact to hydrogen
atoms in trichloroethylene. Increase of 4-chlorobenzaldehyde in polymer film gives a
high probability of hydrogen bond to be occurred. When the hydrogen bonding
increases, the trichloroethylene molecules preferentially partition from the aqueous
phase by penetrating into polymer film, and increase with 4-chlorobenzaldehyde. As
a result, studies of the chlorinated hydrocarbon show that much higher quantities of
additive incorporated into the LDPE polymer matrix yield a substantially high

enrichment.
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4.3.7 Effect of free volume in polymer film on diffusion behavior

Two methods were employed for preparing two types of polymer film in
order to study the effect of free volume on diffusion behavior. One film was
prepared by hot pressing method; whereas another was solution casting technique.
The dimensions of both films type were controlled and to be the same. The film
thickness was about 230 um with the area of 1 x 1 cm®. For comparison of LDPE
film preparations, solvent-cast films were preparing by dissolved polymer beads in
solvent (i.e., toluene) and then allowing the solvent to evaporate completely at room
temperature. The slightly evaporation of solvent would produce many pores in the
polymer film. In contrast to hot pressing method, the polymer film was prepared by
adding a pressure onto melted polymer beads in order to obtain a dense film. As a

result, the polymer film hot-pressed has lower free volume in polymer matrix.

Regarding to Figure 4.20, the absorbance of trichloroethylene is lower
for solution cast film, as compared with hot-pressed film. The new ATR sensor can
detect the analyte at the film surface, which is directly in contact with analyte
solution. If there were many pores in polymer matrix, the diffusant would rapidly
enter in to the film. Therefore, there is lower residual trichloroethylene detected at
film surface. Pore size may also affect the adsorption of trichloroethylene in the
coated film. A decrease of pore radius would increase the interaction between pore
wall and organic compound resulting better adsorption of trichloroethylene on the
film. However, if the pore size is very small and the trichlaroethylene cannot enter
into the pore, the compound would be excluded from the film. This would affect to

observed absorbance by increasing the signal.
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Figure 4.20 The absorption intensity of C-Cl stretching (i.e., 932 cm™) versus time
presents diffusion behavior of 1000 ppm trichloroethylene through
solvent-cast and hot-pressed LDPE films. The enriched analyte at
surface of hot-pressed film shows higher signal than using solvent-

cast film as a probe.

4.3.8 Initial absorption of 1000 ppm TCE on hot-pressed LDPE film

In case of the current ATR sensor with quantitative analysis, the
calculation of diffusion rate is based on equilibrium concentration of analyte in
polymer film. The diffusion is allowed to reach equilibrium where a uniform
concentration of analyte compound within the film is obtained, and the polymer film
thickness (the exact film-thickness must be employed for all measurements). The
concentration of the chlorinated hydrocarbon compounds on the film at equilibrium
is greatly influenced by the film thickness. -The concentration of chlorinated
hydrocarbon compounds at the equilibrium becomes smaller with a thicker film.

However, an uniform thickness of the coated film is difficult to be prepared.

On the other hand, the diffusion of chlorinated hydrocarbons through
polymer film until reaching an equilibrium is not necessary for the new ATR sensor
with quantitative purpose. There is no stripping of probing film out of the IRE or
regeneration of the film required. Figure 4.21 shows effect of the film thickness on

absorption intensity of trichloroethylene at 932 cm™ after 1-minute enrichment. The
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thickness of LDPE film was varied from 380 to 560 um. It is apparent that the film
thickness does not affect the absorption intensity. The absorption intensities of C-Cl
stretching of all probes were close to 0.002. From the observation, it is possible to
apply this technique for quantitative analysis without the dependence of film
thickness. Moreover, a large number of probing films can be prepared at the same
time, many samples can be investigated within a short period of time. In order to
apply the new sensor for quantitative analysis, the spectral acquisitions have to be
done at the beginning of the adsorption process where high concentration of analyte
at the surface of probing film is achieved and additionally a fixed period of time for
adsorption can be adopted. Under a constant adsorption period, a higher absorbance
implies a greater concentration of chlorinated hydrocarbon compounds in the

aqueous solution.
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Figure 4.21 Initial absorption of 1000 ppm trichloroethylene, detected on hot-
pressed LDPE film of wvarious thickness. The absorption is

independent to the film thickness.
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4.4  Slightly dissolved compounds contaminated in water

4.4.1 Adsorption of fluorolube and pesticides on LDPE film

In this section, there are 4 species of slightly dissolved compounds
contaminated in water used. One is fluorolube and others are standard solution of
pesticides (Endrin, Endosulfan-sulfate and DDT). Due to the low solubility of
fluorolube and these pesticides; it cannot be dissolved very well in water. In general,
it can be found in ground water and water surface. Non-dissolved chlorinated
hydrocarbons and fluorolube contaminated in water can be easily observed by using
the new ATR sensor; I.e., freestanding film of hot-pressed LDPE with ATR FT-IR

spectroscopy.

The probe was made in forms of a thick film. When used, the film was
placed onto the surface of analyte solutions and analyte molecules were therefore
adsorbed onto the film surface. After that, the film was brought into contact with the
IRE and before collection. The adsorption peaks of pesticide and fluorolube were
observed as seen in Figure 4.22. The concentration of each analyte was prepared at
100 ppm. Two drops (~ 0.1 mL) of the selection were used for spectral collection.
From the calculation, there is only 10 pg in 0.1 mL in analyte solution for analysis.
Since very low quantity of compound was determined, the ATR technique shows

high sensitivity for the detection.

When- the new experimental procedure for determining non-dissolved
compounds is used. The analyte stay at the surface of probing film and cannot
diffuse through polymer film. Therefore, the electric field of the ATR technique is
effectively utilized since the adsorbed chlorinated hydrocarbon molecule interacts
with the electric field of the greatest strength at the interface. The technique is robust
and a large number of samples can be examined within a short period of time. As a
result, a number of probing films can be prepared at the same time, applications of
the sensor in field analysis are possible with high sensitivity and low detection limit
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as well. Due to the elimination of frequent coating and stripping of probing polymer

film, a long working lifetime of expensive IRE is expected.
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Figure 4.22 Adsorption of fluorolube (A), DDT (B), Endosulfan-sulfate (C) and
Endrin (D). on hot-pressed LDPE film. The sensor shows good

response in a short period of time.

4.4.2  Diffusion behavior of pesticides

To investigate the diffusion of three species of pesticides (Endrin,
Endosulfan-sulfate and DDT) by current ATR sensor, a thin LDPE film is coated on
the Ge IRE with the thickness less than the penetration depth. The polymer film is
then placed onto the surface of solution to contact the analyte compound. The
pesticides are rapidly adsorbed at the surface of probing film. The diffusion studies

of large pesticide molecules were investigated as a function of time and as shown in
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Figure 4.23. The molecules are allowed to diffuse into the polymer film for 30
minutes while spectra were collected at a time interval of 5 minutes. The spectral
intensity does not change with time. The constant band intensity shows that large

molecules of these pesticides do not diffuse into the polymer matrix.
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Figure 4.23 ATR spectra of adsorbed species on coated LDPE film: Endosulfan-
sulfate (A), DDT (B) and Endrin (C). The molecules are allowed to
diffuse into the polymer film for 30 minutes while spectra were

collected at the time interval of 5 minutes.

In addition, the analysis procedure of new ATR sensor was compared to
that of current ATR sensor as shown in Figure 4.24. Uses of new ATR sensor (hot-
pressed LDPE films) as a probe present higher spectral intensities of adsorbed
pesticide than those with current ATR sensor (spin-coated films). The higher
absorbance observed in Figure 4.24 are due to the electric field strength. According
to the decay characteristic of the electric field, molecules at the distance far away
from the IRE do not have the same magnitude of absorbance as those near the IRE.
In case of current ATR sensor, the molecules responsible for the absorption are those
far away from the IRE surface because of the weak electric field at the IRE/sample

interface region. Therefore, spectra of the spin-coated LDPE films show lower
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intensities than those new ATR sensors, which can detect the adsorbed pesticides

directly at the IRE surface.
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Figure 4.24  Spectral comparison using hot-pressed (—) and spin-coated LDPE

film (---) as a probe.

4.5 Drawback of current ATR sensor

The information obtained from study of effects on diffusion behavior by
current ATR sensor will be employed for designing new ATR sensor in order to
eliminate obstructions with current ATR sensor. The problems encountered by the

current ATR sensor include:

1. According to the decay characteristic of the electric field, the current
ATR sensor is appropriate for only determination of dissolved chlorinated
hydrocarbons. When used with the non-dissolved compounds
contaminated on water surface, the molecules responsible for the

absorption are those far away from the IRE surface due to the weak field.
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The thickness of polymer film must be optimized. When a thick film is
employed, a long diffusion time is required. Moreover, the concentration
of analyte compound in the film at equilibrium would be very low
resulting in poor sensitivity and detection limit. When a very thin film is
employed, water absorption may obscure the absorption of chlorinated
hydrocarbon molecules. In general the thickness of coated film is greater
than5 m.

For subsequent measurement, the used polymer film must be removed
and the new polymer film is then coated on the IRE. The subsequent
coating/stripping may damage an expensive IRE.

For quantitative analysis, the dissolved chlorinated hydrocarbon
compounds diffuse toward the IRE until their concentration near the IRE
are high enough to get significant absorbance. However, diffusion is
allowed until equilibrium is reached and probably takes a long time for
analysis.

The concentration of chlorinated hydrocarbon compounds at equilibrium
becomes smaller with the thicker film.

In order to employ the observed spectra for quantitative comparison, an
exact thickness must be prepared for subsequent measurements. The
concentration of analyte compounds in polymer at equilibrium is greatly
influenced by the thickness of polymer film. However, an exact thickness
of coated film is difficult to achieve for quantitative comparison.

The polymer film-must have optical contact with the IRE all the time.
Spin coating of the probing film on IRE is employed to ensure the optical
contact. A detachment may occur when the chlorinated hydrocarbon

compounds and water swell the film.



CHAPTER YV

CONCLUSIONS

LDPE coated ATR crystal is employed for monitoring chlorinated
hydrocarbon concentration in aqueous solution using infrared spectroscopy. The
chlorinated hydrocarbon compounds will preferentially separate from an aqueous
solution into hydrophobic polymer. The hydrophobic polymer coating acts as a
protective coating for IRE and pre-concentrated the analytes compounds from
aqueous solution while excluding the strongly absorbing water from reaching the
optical region of sensor.

The transport of some relatively low molecular weight organic analyzes, such
as trichloroethylene, dichloroethylene and carbon tetrachloride from an aqueous
phase and through the LDPE cladding can be modeled by Fickian diffusion. The
diffusion of liquid of liquids through polymer depends on the nature of polymer,
time, the shape or size of diffusant molecules and filler or additive in polymer matrix

but the rate independent to the concentration of penetrant.

In additional, the created new infrared sensor based on ATR FT-IR
spectroscopy. was successfully employed for determination of both dissolved and
slightly dissolved chlorinated hydrocarbons with improving sensitivity, enhancing
detection limit, and shortening the operation time. The spectral acquisition has to be
done within a beginning of adsorption process where high concentration of analyte at

the surface of the probing film is achieved.
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APPENDIX A

PICTURES OF INSTRUMENTS AND ACCESSORIES

Bio-Rad FTS 175 FT-IR spectroscopy
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IRE holder and bronze reservoir made of bronze for study the diffusion behavior of

dissolved chlorinated hydrocarbons through LDPE film
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APPENDIX B
PROGRAM FOR CALCULATING THICKNESS OF LDPE FILM IN

THREE-PHASE SYSTEM

1. CalThickFilm.data.m

% This is a data file for calculating the thickness of thin film
% The detail description for all parameters can be found in Sanong’s paper;
% S. Ekgasit, Appl. Spectrosc, 52(3), 367(1998).

%file_out: filename (with dot ") for output file

%file 3P: filename for ATR spectrum of Three-phase system(with %dot '.")
%file film: filename for ATR spectrum of thin film medium (with %dot '.")
%file subs: filename for ATR spectrum of substrate medium (with %dot '.")
%h: liquid film thickness in micrometer

%hs: increase of liquid film thickness per round of calculation in micrometer
%n0: refractive index of the incident medium

%nf: refractive index of the absorbing medium

%polarize: degree of polarization; -1=s, O=non, 1=p

%10: angle of incidence (degree)

file out = char('bulk GePETef);
file 3P = char(' GePETef);

file film = char('Ge PE');

file subs = char('Ge Tef");
h=0.01;

hs =0.001;

n0 =4.0;

nf=1.5;

polarize = 0

t0 = 45*pi/180;

2. CalThickFilm.main.m

%This program is for calculating the thickness of thin film;
% The detail description for all parameters can be found in Sanong’s paper;
% S. Ekgasit, Appl. Spectrosc, 52(3), 367(1998).

CalThickFilm.data.m;
temp = load(file 3P);
wn = temp(:,1);

A3p = temp(:,2);

temp = load(file_film);
Af=temp(:,2);



%temp = load(file_thick);

%h = temp(:,2);

temp = load(file subs);

As 2P =temp(:,2);

Dp = PenetrnDepth(wn,n0,nf,t0);

for k=1:20;
Factor = exp(-2*h./Dp);
As = (A3p-(1-Factor).*Af)./Factor;
clf;
plot(wn,As,wn,As_2P,wn,Af,wn,A3p);
disp(h);
pause;
h=h-+hs;
end

%disp('START WRITING ASCII FILES");
%file name = strrep(file out,".",".As1");
%data_out = [wn Asl];
%dlmwrite(file_name,data_out,\t');

JF

%file name = strrep(file_out,".",'.As2");

data_out = [wn,As];
%dlmwrite(file_name,data_out,"\t');
%disp('STOP WRITING ASCII FILES');
disp('calculation finished')

3. PenetrnDepth.m

% This is program for calculating the penetration depth

function Dp = PenetrnDepth(wn,n0,nf,t0);
Dp=1./(2*pi*(wn/10000)*n0.*sqrt(sin(t0)"*2-nf."2/n0"2));



APPENDIX C

FT-IR SPECTRA AND PEAK ASSIGNMENTS OF CHLORINATED

HYDROCARBON AND ADDITIVE

1. Chlorinated hydrocarbons represent dissolved organic compounds (i.e.,

trichloroethylene, dichloroethylene and carbon tetrachloride)

cl
c=C = C—C —clI
ST AN |
H H Cl Cl Cl
Dichloroethylene Trichloroethylene Carbon tetrachloride

Figure 1. Chemical structures of dichloroethylene, trichloroethylene and carbon

tetrachloride
g os [A: Trichloroethylene
'g -
2 04 [
0.0 JJL»_A
s 08 ['B: Dichloroethylene
2 o4 F
“ ) o
0.0
o LC: Carbon tetrachloride
g 04 F
= n
0.0
4000 3000 2000 1000
Wavenumber (cm’)
Figure 2. FT-IR spectra of trichloroethylene (A), dichloroethylene (B) and

carbon tetrachloride (C)
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Table 1. Peak assignments of trichloroethylene, dichloroethylene and carbon

tetrachloride

Wavenumber (cm’)

Peak Assignment

Trichloroethylene

3072
2957
1578
1274
932, 840

=C-H stretching
C-H stretching
C=C stretching
CH,-Cl bending

C-Cl stretching

1. 2-Dichloroethylene

3083
1584
856
700

C-H stretching
C=C stretching
=C-H out of plane bending

C-CI stretching

Carbon tetrachloride

780

C-Cl stretching




84

2. Chlorinated hydrocarbons represent slightly dissolved organic compounds

(i.e., Endrin, Endosulfan-sulfate and DDT)

Cl cl
Cl cl o
S i)
cl Cl O/
Cl Cl

Endrin Endosulfan-sulfate DDT

Figure 3. Chemical structure of Endrin, Endosulfan-sulfate and DDT
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Figure 4. FT-IR spectra of Endrin (A), Endosulfan-sulfate (B) and DDT (C)



Table 2. Peak assignments of Endrin, Endosulfan-sulfate and DDT
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Wavenumber (cm™)

Peak Assignment

Endrin
3087, 3063
2968
2931
1604
1495
1235
1048
849
749
683

Aromatic CH stretching
CH, Asymmetric stretching
CH, symmetric stretching
Ring mode

Ring mode

C-O stretching
Asymmetric C-O-C
Symmetric C-O-C

C-Cl stretching

Ring bending

Endosulfan-sulfate

2903, 2863 C-H stretching
1643 C=C stretching
1202 S=0 stretching
1019 C-0 stretching
785 C-Cl stretching

DDT
2910, 2871 C-H stretching
1584 Aromatic Ring Mode
1493 Aromatic Ring Mode
1408 Aromatic Ring Mode
1094 C-O stretching
863, 847 Aromatic out-of-plane CH bending
795 Out-of-plane CH bending
770 C-ClI stretching
698 Aromatic C-H bending




Absorbance

3. Additive in polymer matrix: 4-chlorobenzaldehyde

Figure 5.

6]
0
H

Chemical structure of 4-chlorobenzaldehyde
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0.8

0.0

BN ) o)

3500

Figure 6.

Table 3.

3000

B 2000 1500 1000

-1
Wavenumber (cm )

FT-IR spectral of 4-chlorobenzaldehyde

Peak assignment of 4-chlorobenzaldehyde

Wavenumber (cm’)

Peak Assignment

3086
2835, 2732
1759
1590, 1575
1482
1381
1088
819
696
536,479

=C-H stretching
C-H stretching
C=0 stretching
Benzene ring

Ring stretching
HC=0 bending
C-O stretching
C-Cl stretching
C-C-CHO bending

In-plane and out-of-plane ring deformation
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