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ABSTRACT

Process monitoring is an essential part of ensuring the final product quality in a
manufacturing process. In-line monitoring is developing at a fast pace as the method
of choice as compared to the off-line monitoring techniques due to its advantages such
as lower cost and lower waste. It also eliminates the sample preparation and handling

concerns associated with the polymeric processes.

In this research, in-line monitoring techniques were developed for emulsion
polymerization and extrusion processes using fiber-optic Raman spectroscopy.
Varying product quality from batch to batch and the residual monomer content are
important concerns in the emulsion polymerization reactions. The kinetics of the batch
emulsion polymerization were studied for the methyl methacrylate (MMA) and vinyl
acetate (VA) polymerization. The Raman spectroscopy was also used to monitor
changes in the reaction rate due to varying comonomer content (AA) for
copolymerization of 2-ethylhexyl acrylate (2-EHA) with acrylic acid (AA). For the\
extrusion processes, a-thorough study of the poly(ethylene vinyl acetate) (EVA)
random copolymers was performed. Rigorous multivariate analysis was used to

develop robust calibration models for quantification of VA concentrations.
Rheological properties, such as melt index (MI) and complex viscosity (|77* (a))‘) of

the EVA and polypropylene (PP) samples were monitored in real time using polarized
Raman spectroscopy.
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CHAPTER 1

INTRODUCTION

Polymers form an integral part of our daily life. Plastics have diverse
applications in various markets. As these markets develop further at an alarming pace,
there is a need to characterize the polymer manufacturing processes. There are various
processes to carry out polymerization reactions, yielding polymers with varying
properties. For applications such as pressure sensitive adhesives, paints etc., polymers
in the form of latex are preferred. The method of choice for producing latex is
emulsion polymerization. Due to environmental concemns, the use of solvents in all
production processes is to be minimized (1). Emulsion polymerization is very
advantageous for such applications, since it can be carried out in aqueous phase, thus
minimizing the use of solvents. Since the ﬁajority of the ingredients are aqueous, heat
transfer is facilitated in emulsion polymerization processes. The bulk production
process can be carried out in batch, semi-batch or continuous mode of operation. For
batch processes, the varying product quality from batch to batch is not preferred. Also,
for polymerization reactions, it is difficult to determine the end time for the batch.
Hence, various off-line techniques are in use to analyze the batches and thus determine
the specific parameters associated with them. However, off-line methods are time
consuming. Hence, there is need for developing on-line or in-line methods of analysis

for batch processes.



In the last decade, fiber optic near-infrared (NIR) spectroscopy has proved to
be a viable technique for rapid, non-destructive analysis. Raman spectroscopy is
developing as a complinientary technique to NIR spectroscopy. Raman spectroscopy
has distinct advantages over NIR spectroscopy (2). Water appears as a strong peak in
the NIR spectroscopy, however, in Raman spectra water has a weak signal, thus
facilitating study of aqueous systems (3). The development of optical fibers, charge
coupled device (CCD) detectors, and lasers has allowed Raman spectroscopy to

routinely characterize "real world" samples (4).

In this research, in-line monitoring of batch processes using Raman
spectroscopy as the analytical tool was developed. The data obtained from Raman
spectroscopy can be used to build multivariate calibration models. These models are
used to predict the performance of a process. The ultimate use of this technology is in
feedback control for the process. This minimizes the batch to batch variation. Also,
abnormalities in the process could be detected early on and hence, loss of material can

be minimized.

Another research aspect involves monitoring of a polymer extrusion process
and on-line determination of rheological properties of polymers using Raman
spectroscopy. This is a novel approach to monitor an extrusion process and yields
information regarding rheological properties of the polymer such as the melt index and

complex viscosity. Simultaneous monitoring of copolymer content is also



demonstrated. Polarized Raman spectroscopy is advantageous over isotropic Raman
spectroscopy as it captures information that has strong, physical dependence on the

molecular weight parameters of the polymer.



CHAPTER 2

BACKGROUND

2.1 Raman Spectroscopy

The Raman effect was discovered by Sir C. V. Raman in 1928. It is a
phenomenon of light scattering and is observed as a change in frequency for a small
percentage of the intensity in a monochromatic beam as a result of interaction with the
sample material. The spectroscopic region in which the Raman effect is seen depends
on the energy of the incident radiation and on the molecular energy levels. Raman
spectroscopy was limited in its use until a decade ago because of the difficulties
experienced in the experimental setup. The situation began to change with the
introduction of continuous wave (CW) gas lasers, photomultiplier tubes, and photon
counting equipment. Raman spectroscopy has seen an increase in the number of
applications for several reasons. Raman spectra can; be obtained on very small
quantities of samples and without much sample preparation. Single crystals, single
fibers, single grains of powder, and individual filaments from polymers can all be
readily examined (5,6). The weak Raman scattering from water makes it an ideal tool

for monitoring aqueous media.

The geometry used in experimental Raman spectroscopy facilitates the use of
special cells, such as high temperature and/or pressure cells for in-situ spectroscopy in
reactors. However, Raman spectroscopy is limited in its use due to a major drawback-

fluorescence (6,7). Fluorescence is approximately 10° to 10® times stronger than
4



Raman scattering. Use of near infrared (NIR) excitation has proved to be effective in

reducing this problem. NIR excitation has lower energy of excitation. Hence, the

molecular transition to higher electronic level would not take place.

2.1.1 Origin of Raman Spectroscopy

Consider an incident photon of energy % interacting with a molecule having
vibrational levels v, v, vs..etc. Most of the incident radiation is unchanged in
energy. A small portion of the incident energy appears as h(vy—v,), h(vo—v;). This
appears with a change in frequency as compared to the incident radiation. If the
excited states v;, v, v;..are close to the ground state, then at ordinary temperatures
these levels will have a significant population determined by the Boltzmann
distribution. The molecules in the vibrationally excited state can interact with the
incident radiation and return to the ground state. This results in
h(vo+vy), h(ve+vz) being observed. The lines observed at frequencies lower than that
of the incident radiation are referred to as the Stokes lines and those at higher

frequency as Anti-Stokes lines (8).

Light can be considered as an electromagnetic wave with an electric and a
magnetic component. Consider that light with the electric component in xy plane is
propagating in the z direction. When the light strikes a polarizable electron cloud, the

electron cloud of the molecule starts oscillating, and thus it radiates energy in all



directions. This is known as light scattering. The electric field associated with the light
wave fluctuates with time, at frequency vy, and can be represented as
E=F cos2nvyt ...(2.1)
where, E =time dependent intensity
E¢ = maximum amplitude, and
vp= frequency
The dipole induced by the field is shown as
P =qFE =aFE,cos2nv,t ..(2.2)
where o = polarizability (a constant of proportionality)
If the molecule is vibrating with frequency v, the nuclear displacement ¢, can be
written as
q=q,cos2xv,t ...(2.3)

where, go =vibrational amplitude

The polarizability, P, is a second order symmetric tensor. In general the
induced dipole is not in the same direction as the electric vector, and thus the
polarizability terms can be written as follows (9):

P,=an,E,+an,E +ayE,
P =a,E;+a,E, +a,E, ...(2.4)
P,=a,E,+a,E,+a,E,



The quantities ayy etc. are independent of the components of the electric
vector, but are dependent on the orientation of the molecule relative to the space-fixed
axes X, Y, Z. The intensity of the Raman scattered light is proportional to the square

of the magnitude of P.

For small amplitude of vibration, & can be written as a function of g.
o=a,+ (a_aj o+ (2.5
Ooq 0

where, oy = polarizability in the equilibrium position,
(6a/6q)0= Rate of change with respect to the change in g, evalﬁated at the
equilibrium position.

The higher order terms can be neglected and hence, « can be considered as a linear

function of g. Substituting equation (2.5) in equation (2.2) we get,
oa
P =qa,E,cos2nvyt+ . qE, cos2mv t ...(2.6)
9o
Using equation (2.3) in equation (2.6),
ox
P=a,E,cos2rv+ e qoE, cos2mvyt-cos2zv,t  ...(2.7)
0

Expanding the product cosine term gives,

P =q E cos2nvyt+ %[aa_a) qoEo[cos{2n(v, + v, )t} +cos{2a(v, ~ v, )t}]...(2.8)
. q ),



According to the classical theory, the first term represents an oscillating dipole
that radiates light of frequency vy (Rayleigh Scattering), the second term represents
Raman scattering of frequencies (v + ) and (W - vn), the Anti-Stokes and the
Stokes lines respectively. Originally the population of molecules in the ground state is
more than that in the higher vibrational states. Therefore, there are higher number of
molecules being excited from the ground state to the higher vibrational state as
compared to the number of molecules being excited from higher vibrational state to
the ground state. Therefore it has generally been observed that the Stokes lines are
always of higher intensity than the Anti-Stokes lines. Thus in Raman spectroscopy,
vibrational frequency W, is measured as a shift from the incident beam frequency w.
A schematic of origin of Raman scatter is shown in figure 2.1. The figure also shows
Resonance Raman and fluorescence origin on the molecular level. Example of Stokes,

Rayleigh and Anti-Stokes lines is shown in figure 2.2 for CCl,.

2.1.2 Selection Rules for Raman Spectra

Raman spectra of molecules are observed due to the various vibrations
occurring in molecules. In diatomic molecules, the vibration occurs only along the
chemical bond connecting the nuclei. In polyatomic molecules, all the nuclei can
perform their own harmonic oscillations. Most of the complicated vibrations can be
expressed as a superposition of a numbef of normal vibrations that are completely

independent of each other. Not all vibrations are Raman or IR active. Selection rules
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based on the origin of both the spectroscopic techniques can be used as a guideline in
determining whether a particular vibration is Raman or IR active. Some common

observations about the Raman spectral intensities are stated here.

It has generally been observed that stretching vibrations associated with
chemical bonds are more intense than deformation vibrations. Multiple stretching
bonds give rise to intense stretching modes, e.g., a Raman band due to C=C vibration
should be more intense than that due to a C-C vibration. Generally, the vibrations that
do not distort the molecule, symmetric vibrations, are intense in the Raman spectrum.
For example, C=C, P=S, S-S bonds etc. Whereas the vibrations that maximize the
distortion are most intense in the IR spectrum. In general, totally symmetric and
stretching vibrations are always Raman active and are intense. Vibrations are strong in
Raman if the bond is covalent and strong in IR if the bond is ionic (O-H, N-H). For
molecules with high symmetry both IR and Raman spectroscopy are needed to
observe the vibrational modes. For molecules with a center of symmetry, no Raman
active vibration is also IR active and vice versa. This is known as the “Mutual

Exclusion rule” that applies to centrosymmetric molecules only.

It is very difficult to predict all the vibrations associated with a molecule using
these rules and these rules should be used as a guideline only. Group theory
calculations can be done to find out which terms in the transition moment integral are

nonzero, but these calculations are usually very rigorous and time consuming (10). A
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collection of several bonds and their characteristic wavelength regions where they

appear has been published(11).

2.1.3 Instrumentation Used in Dispersive Raman Spectroscopy

A Raman Spectrometer consists of a light source, collection optics, a
dispersing optical element, and a detection system (11). These components are

discussed here.

Light Source:

The currently available light sources can be divided into two classes as pulsed
lasers and continuous wave (CW) lasers. Most of the aﬁalytical work involves the use
CW lasers whereas pulsed lasers are usually used for UV resonance Raman
spectroscopy. Pulsed lasers ﬁnd use in UV operation so as to get reasonable output
powers in the UV range. The output power of the laser must be stable in order to
eliminate the source of fluctuation noise from the spectrum. The types of lasers being
used in analytical Raman spectrometry are Argon, Krypton, Nd/YAG, and diode lasers
(12). These lasers are capable of delivering emission lines in the visible and near-

infrared regions over a wide range of frequencies and at various powers.

Lenses and Filters:
Lenses and filters are the imaging optical elements. The laser is usually

focused on the sample using a long focal length lens. The lens should be focused such
12




that there is a small spot size at the sample. This makes the collection of scattered light

easier. In order to cairry out polarized Raman spectroscopy, a linear polarizer is
included in the train along with a filter for cutting out the laser line. Requirements for
an effective laser filter include the capability of high transmission at and near the laser
wavelength and very high rejection at other wavelengths. Thus, it is mostly a band
pass interference filter. The illuminated area on the sample can be imaged onto the

spectrometer slit with very little loss in collection efficiency.

Collection Optics:

The collection system is usually composed of two lenses. The first lens, which
is of very short focal length, is used to collect the largest possible solid angle of the
Raman scattering zone. The second lens is used to refocus the collected light onto the
entrance slit of the monochromator, matching the focal length of the monochromator.
This technique makes sure that the monochromator is neither overfilled nor
underutilized. This two-lens system results in a magnification of the spot size at the
slit. For various types of experiments, various collection geometries have been utilized
such that the signal to noise ratio (S/N)‘is optimized. The 90° scattering geometry,
called Right angle scattering (RAS), and 180° backscatter geometry (BS), are as
shown in figure 2.3, and are the most popularly used. The 90° geometry minimizes the
direct transmission of laser light into the collection optics and so reduces the burden
on the laser light rejection components of the spectrograph. However, 90° geometry is

difficult to align and focus, hence 180° geometry is usually preferred. For higher
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collection efficiency, a camera lens can be used. Instead, if mirrors are used, typically
lower efficiency is experienced. The use of fiber optics has been shown to be possible
in femote monitoring (13). This system, if properly aligned, has high collection
efficiency. In optical spectroscopy, optical fibers are used especially for the “on-line”
investigation of remote samples. Silica fibers have good transmission properties in
UV/VIS range, but their most potential use is in NIR range. Optical fibers, as
attenuated total reflectance (ATR) crystals_, are based on total reflection of radiation

inside a material that has higher refractive index than its surroundings.

In polarized Raman spectroscopy the notation ﬁsed for isotropic spectroscopy
has to be modified. The direction of propagation of the excitation polarization and the
direction of propagation of the collection path are noted along with the polarization of
the excitation and collection (11). Thus, four combinations of the excitation and
collection are possible in the backscatter geometry as shown in figure 2.3. For
backscatter geometry, the direction of the propagation of excitation and collection is
X, the polarization of the excitation and collection beam is either in the Y or Z
direction. The arrangement denoted as X(YY)X and X(YZ)X were most frequently

used in this research, denoted henceforth as the plane polarized and cross polarized

geometry.
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Monochromator:

The monochromator is the dispersing optical element and is needed to disperse
collected light across the exit slit. In dispersive spectrometers, the Rayleigh radiation
may produce stray radiation in the entire spectrum, the intensity of which may be
higher than that of the Raman lines. Therefore, all types of spectromefers must have
means to reduce the radiant power of the exciting radiation accompanying the Raman
radiation. Dispersive spectrometers usually achieve this by employing double or triple
monochromators. Each monochromator distributes stray radiation of about 107 of the
power of the exciting radiation over the entire spectrum. Array detectors are being
more commonly used. They are usually composed of a first stage double
monochromator which acts as a bandpass filter. A bandpass ﬁlterl is a diffraction
grating that is used to transmit a narrow band of wavelength. It is followed by a third
grating that acts as a normal monochromator and disperses the bandpass of the first
stage onto surface of the array detector. Transmission losses could be a major concern

with this arrangement.

Detection Systems:

Standard single channel &etection system involves photon counting by
photomultipliers. Another detection system is the multichannel system. This has an
array detector coupled to it. One drawback of such a system is that the
resolution/bandwidth trade-off. The introduction of Charge Coupled Devices (CCD)

has further improved the multi-channel response.
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2.2 Emulsion Polymerization

Emulsion polymerization is a heterogeneous reaction process in which
unsaturated monomer(s) is dispersed in a continuous phase with the aid of an
emulsifier system and polymerized with free-radical initiators. Emulsion
polymerization is the predominant process for manufacturing polymers with large
exothermic heats of reaction and low glass transition temperature, e.g., vinyl acetate,
chloroprene, and various acrylates. It is also employed for the production of
copolymers of butadiene with styrene and acrylonitrile etc. The final product is
obtained in the form of a colloidal dispersion called Latex. The latex can be directly
used as an emulsion without prior separation of the polymer from water and the other

components (14).

Emulsion polymerization has several advantages. The physical state of the
colloidal system ‘makes it easy to control the process. The bulk of the ingredients is
mostly water, thus the heat transfer and viscosity problems encountered in other
polymerization processes, such as bulk and solution polymerization processes, are not
significant in emulsion polymerization pr;)cesses. Emulsion polymerization has one
significant kinetic advantage as compared to other polymerization processes. For other
polymerization processes, there is an inverse relationship between the polymerization
rate and the polymer molecular weight. This places a restriction on the molecular
weight control for the polymer. Large increase in the molecular weight can be brought

about only by decreasing the rate of polymerization reaction. However, emulsion
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polymerization is a unique process in which an increase in molecular weight of
polymer can be obtained without decreasing the rate of reaction, as there is a linear

relation between the polymerization rate and polymer molecular weight.

2.2.1 Theory of Emulsion Polymerization

The main components of an emulsion polymerization reaction are monomer,
emulsifier, water-soluble initiator, and water (15). A chain transfer agent, suph as
mercaptan, can be added to have control over the molecular weight of the polymer
formed. The ratio of water to monomer is usually in the range of 80/20 by weight, but
can be varied as per the final desired application of the product. The monomer is
selected such that it has very low water solubility. Thus a small fraction of monomer
dissolves in the bulk phase and majority of the monomer is present in the form of
monomer droplets. The iﬁitiator system can be a redox system, or a persulphate salt.
The redox systems are advantageous in yielding desirable initiation rates at moderate

to low temperatures (+50 °C to - 50 oC).

‘When the concentration of surfactant exceeds the critical micellar
concentration (CMC), the surfactant forms aggregates of molecules called micelles.
The bulk of emulsifier exists in this form, as the usual concentration of emulsifier is 2-
3 times that of CMC. The number of micelles and their size depend on the amount of
emulsifier as compared to that of the monomer. The monomer is dispersed in the form
of monomer droplets. Droplet size is governed by the rate of agitation. The emulsifier

molecules adsorbed on their surface stabilize these droplets. Size of micelles can be
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20-100 A at low emulsifier concentration and 1000-3000 A at higher emulsifier
concentration. The size of monomer droplets is about 10000 A. The concentration of
micelles is typically 10"~ 10'® per milliliter and there are 10'° — 10" monomer
droplets per milliliter. The initiator is present in water phase. A model for emulsion
polymerization progress was developed by Harkins (16), and numerous references can
be found on this theory (15). It explains the course of emulsion polymerization in three

intervals. A simplified schematic is shown in figure 2.4.

Interval 1:  The reaction mixture consists of water and monomer droplets. A very
small amount of monomer is solubilized within the micelles and some is dissolved in
the water. Reaction starts when the free radicals migrate into the monomer swollen
micelles. This establishes a thermodynamic driving force that causes mass transfer
from the monomer droplets through the water phase to the newly formed and growing
polymer particles. The expanding particle surface provides new hydrophobic surface
for emulsifier adsorption. Nucleation stops when the surface area of the previously
formed particles is adequate to adsorb all the emulsifier. At this point the reaction
sequence for interval 1 is complete. This is normally completed early in the course of

the reaction and the conversion is about 2-10 % based on the monomer.

Interval 2: At the end of interval 1, about 90% of monomer is present in the form
of monomer droplets. The monomer concentration in the polymer particles is

thermodynamically limited because of the free energy required to expand the surface
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Figure 2.4: Simplified Representation of an Emulsion Polymerization Reaction
System

[Source: Odian, G. “Principles of Polymerizatién” (John Wiley and Sons, Inc.,
New York, 1981)]
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area of the colloidal particles. The reaction proceeds with polymerization in the
particles. Monomer is supplied by diffusion from the shrinking monomer droplets.
Interval 2 ends when monomer is depleted from the droplets. The degree of saturation

of the particle surfaces by emulsifier is very low. The particle number remains

constant as in interval 1.

Interval 3:  Polymerization continues with higher polymer concentration at the
reaction loci, thus more branching and cross-linking reactions are expected. The
particle number remains the same as that in interval 1 and 2. The reaction can be

stopped at the desired conversion by addition of inhibitor and quenching.

The Harkins mechanism of the three-interval reaction scheme accounts for
most of the experimental data. This model has been widely used as a basis for
examining the influence of various reaction and reactor parameters on the course of
polymerization and the characteristics of the latex. Polymerization within small
polymer particles is an important concept in Harkins mechanism as shown in figure
2.5. An individual polymer particle is seen in the diagram with various reaction and
transport fluxes. The radical has a hydrophilic end groﬁp attached to it that might
reduce the mobility of the chain. The size of the latex particle affects the overall rates
of termination. The rate of reaction between free radicals is very fast, and it is
significantly reduced by viscous and highly entangled environment. This is called as

the Gel effect. Thus at high conversions, lower molecular weight polymer is formed.
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(John Wiley and Sons Inc., New York, 1996)]
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In Smith-Ewart theory (17), the main locus for particle nucleation is the surfactant
micelles. The number of particles, N, is given by the following expression:
04
N= k(ﬂ) (a,8)"° ..(2.9)
y7;

where, pis the rate of radical generation, x is the rate of particle volume growth, a is
the area occupied by a surfactant molecule, and S is the total amount of surfactant in
the micelles. The value of & is between 0.37 and 0.53 depending on the assumptions
made regarding the relative efficiencies of radical capture by micelles versus polymer

particles (14).

Commercial emulsion polymerization can be carried out in continuous, semi-
continuous and batch mode. In this research, batch emulsion reactions are carried out

and monitored in-line using Raman spectroscopy.

2.2.2 Kinetics of homogenous free radical polymerization

Free radical polymerization is the most widely practiced method of chain
polymerization. It is widely used for the production of polymers from olefinic
monomers of general structure CH,=CR;R;, where R; and R, are the substituent
molecules. Free radical polymerizatioh can be divided into three stages: initiation,
propagation and termination. The chemistry of emulsion polymerization can be

expressed using equations (2.10) to (2.15).
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Initiation:

It xr ...(2.10)
R +M— s Rar ..2.11)
Propagation:
RM: + M—*2 5 Rir, .(2.12)
Termination:
RM;, + RM;, —%«—(RM,, - M ,R) ...(2.13)
RM;, + RM, —fd_ RM,, + RM, .(2.14)
Chain Transfer:
RM; +(T - A)—*eTA_s(RM, ~T)+ 4 ..(2.15)

where, x = number of primary free radicals R formed from one molecule of initiator J
M = monomer molecule, or monomer unit in polymer chain
RM), = propagating chain radicals with degree of polymerization p
RM,, = terminated (dead) polymer chain with degree of polymerization #
(T-A) = species undergoing chain transfer
« denotes a radical
ki ki, kp, ki, ks, k14 = rate coefficients for initiation, propagation, termination

- by combination, chain transfer to species TA respectively.
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Rate of polymerization:

__diM]_

P =TT k(R I[M]+k,[M ][ M] ...(2.16)

where, k, = rate coefficient for reaction of primary free radicals with monomer,

[R*] = concentration of primary free radicals

[M*]= total concentration of free radicals = Z[M ]

At the beginning of the reaction, the amount of the monomer consumed is

negligible as compared to the propagation stage. Hence, R, can be simplified.
R,=k,[M][M] .(2.17)

In order to use this equation effectively, the quantity [M° ] needs to be defined in
terms of easily accessible quantities. Hence, steady state approximation should be
used. Assuming that the chain transfer réactions are followed by rapid initiation, then
chain transfer would have no effect on [M* ] and the rate of change of [M * ] with time

can be given by equation (2.18).

AN _ R 2k, (M T =2k, (M (2.18)

where, R; = rate of formation of chain radicals,
k. = rate coefficient for termination by combination,
k., = rate coefficient for termination by disproportionation.

Combining the coefficients &, and £,,, the equation can be simplified to
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d[M"]
dt

=R -2k[MT ...(2.19)

where, k, = overall coefficient for rate of termination.

At the start of polymerization, the rate of formation of radicals greatly exceeds

the rate of termination of radicals. Hence, [M * ] increases rapidly and so the rate of

loss of radicals by termination increases. Thus, a value of [M* ] is attained at which

the termination rate exactly equals the rate of radical formation. The net change in
[M* ] is zero and the reaction is said to be under steady state condition. In practice, the
free radical polymerization reactions operate under steady state conditions, except at
the beginning of the reaction (18). Hence, an assumption that d[M * ]J/dt = 0 can be

satisfactorily made to yield

o _13_,_ 0.5
[M°]= {21«, ] ...(2.20)

Therefore, the rate of propagation in equation (2.17) can be expressed as

Ri 0.5
R, —kp(ﬁ) [M] .(221)

Degree of polymerization:
The number-average degree of polymerization, x,, of the polymer produced in a chain
polymerization is given by

_ Moles monomer consumed in unit time

..(2.22)

n

~ Moles of polymer formed in unit time
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2.2.3 Effect of temperature on rate of polymerization

There are several individual rate coefficients that contribute to the overall rate
coefficient in kinetic rate expression. These individual rate coefficients are considered

separately in determining the effect of temperature on the rate of reaction.

In general, the Arrehenius equation is expressed as
k= Ae"%'*) ...(2.23)
where, 4 = exponential factor
E, = Activation energy
The pre-exponential factor, 4, is a measure at which collisions occur
irrespective of their energy. The activation energy, E,, is the minimum energy that the
reactants must have in order to form products. The fraction of collisions with a kinetic
energy in excess of energy E,, is given as exp(-E,/RT). Hence, this exponential term
indic;ltes the fraction of collisions that have enough energy to lead to a reaction

between the reactants (19).

Application of Arrhenius equation to the rate coefficient equations, equations
(2.16) and (2.22) with the assumption that the pre-exponential factors are temperature

independent, lead to the following equations:

dinR,) (E,+E,)-E,

...(2.24
dar 2RT? (2.24)

dlin(x,),] 2E,-(E,+E,)
— S — e ...(2.25)
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 E. -E
dinCpy _ Epmy £ ...(2.26)
dT RT

where, R, = rate of propagation,
x, = degree of polymerization,
Cr4 = transfer constant for chain transfer to the species TA,
E;= Activation energy for initiator dissociation,
E, = Activation energy for propagation,
E; = Activation energy for termination,

Er4= Activation energy for chain transfer to species TA.

These equations indicate that R, will increase continuously as the reaction
temperature increases. The degree of polymerization, x, will decrease continuously as
the reaction temperature increases. Also, at higher temperatures, the term Cry will

increase. Thus, values of x, will be further reduced at increasing temperature.
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CHAPTER 3

APPLICATIONS OF RAMAN SPECTROSCOPY TO INDUSTRIAL
PROCESSES

3.1 Industrial Application of Raman spectroscopy

Raman spectroscopy has been used for studying various polymer properties.
The use of this technique is also evaluated for remote monitoring using optical fibers.
The application of Raman spectroscopy to chemical analysis has been studied (20).
Quantitative analysis is feasible through the use of a direct relationship between the
intensity of Raman signal and the specific or molar intensity of the line.

I,=JC ...(3.1)
where, I is the Raman intensity, J is the specific or molar intensity of the line and C is
the concentration of the scattering molecules in moles per liter. This equation is
similar to the more familiar Beer-Lambert's law for absorption spectrophotometry. Iz

is given as follows

I, < [(Sample area) / (standard area)] ...(3.2)

An excellent review by Lyon et al. (21) covers various aspects of techniques
and literature about Raman spectroscopy. Hendra et al. (25) have demonstrated the use
of optical fibers in Raman spectroscopy that resulted in the development of a flexible
fiber optic remote sampling system. Optical fibers are well developed for use in the
NIR region. This can be put to use in various industrial applications, and in varying

conditions. Variation in the collection angle, variation with fiber height from the
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sample, and different geometries and their effect on the intensity of collected light was
studied by these workers. It was shown that the use of six collection fibers around one
excitation fiber was very compatible with a wide range of samples and use in hostile

environments.

In-situ Raman measurements during synthesis of a conducting polymer were
done by Chong er al. (23). A heterogeneous, strongly absorbing sample
hexacyanoferrate (III) and -(II) that changed its physical state during the course of
measurements was studied. The monitoring system was reliable, and non-invasive.

Application of Raman spectroscopy to the stud)ll of polymers and
polymerization processes is an area of vast research interest. Application of Raman
spectroscopy in determination of structure of polymers has been reviewed by Koenig
(5). Infrared spectroscopy has been reported to be advantageous for identifying the
polar substituents on the macromolecular chain, whereas Raman spectroscopy is
helpful in characterizing the homonuclear polymer backbone. Thus, Raman
spectroscopy is more useful for polymers with a carbon-carbon backbone linkage.
Studies of natural polymers such as natural rubber, cis-1,4-polyisoprene, have been
severely hampered by fluorescence. FT-Raman techniques have been successfully

utilized to get spectrum of 'out-of-the-tree' rﬁbber (24).
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Raman spectroscopy is also being used to follow the polymerization process
and provide information on the extent of polymerization and structural information on
the end product of a batch reaction. Raman spectroscopy is ideally suited for study of
monomers with C=C, as this band has a strong intensity in stretching mode. The
intensity of the monomer decreases as the polymerization proceeds. Thus, monitoring
the intensity with time and comparison with the initial intensity would give an idea
about the convefsion of monomer to polymer in a polymerization reaction (25).
Raman spectroscopic study of paints and coatings has also been carried out. The end
product as well as the polymerization and curing reaction has been studied. The paint
systems studied by Ellis et al. are based on acrylates anci the loss in intensity of the
YC=C) stretching was used quantitatively to follow the polymerization process (26).
Raman spectroscopy has also been used for real-time determination of the percent cure
of epoxide polymers and composites with multivariate techniques (27). A probe
design was developed for real-time monitoring of polymer curing and multivariate
analysis to interpret the data and determine percent cure. The predicted percent cure of
laboratory epoxy samples was within 0.52%, and that for the industrial samples was
within 0.82%. These results show the robustness of prediction using the multivariate

calibration model.

Tribology is a science of friction, lubrication and wear of materials.
Fundamental understanding of the nature of friction and wear has economic

consequences. Raman spectroscopy has emerged as a very useful technique for the
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study of problems in polymer tribology. Poly(ether ether ketone) (PEEK) is used as a
bearing material due to its high toughness, and fatigue resistance. Raman spectroscopy
can be conveniently used for the estimation of nature of thermal changes induced in
PEEK (28). The spectroscopic data is used for comparison with data obtained from

sliding friction test and other thermal experiments.

Use of remote Raman spectroscopy for process control has been demonstrated
by Marteau et al. (29). Raman spectroscopy was used for control of a Cg aromatic
separation process based on moving-bed chromatography. The real-time drawings of
the internal concentration profiles, the purity of para-xylene and the loss of péra-

xylene in the raffinate stream allowed control of the unit.

Raman spectroscopy with fiber optic sampling has gained importance during
the last decade owing to development of cheap and reliable lasers, especially near
infrared (NIR) diode lasers. The commercial development of low-noise, high quantum
efficiency, silicon charge-coupled device (CCD) arrays has taken Raman spectroscopy
into a new era. The CCD can bé used to detect radiation from 40,000 to 9500 cm™.
Advances in Raman spectroscopy and improvement in radiation coupling efficiency

are reviewed by Lewis and Griffiths (4).
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3.2 In-Line Monitoring of Polymerization Processes

Emulsion polymerization is an industrially important process for the
manufacture of bulk polymers such as poly(vinyl acetate), poly(methyl methacrylate)
etc. Several techniques have been explored for monitoring this important process in-
line. Similarly, the reactions can also be carried out using solution polymerization
process. Raman spectroscopy has been used to investigate the kinetics of free-radical
polymerization of methyl methacrylate in toluene, initiated using
azobisisobutyronitrile (AIBN) at 70° C (30). During the polymerization process, the
C=C bond is opened, and this change was monitored using the decrease in intensity of
C=C bond at 1640 cm™. Raman spectra were recorded using the standard 90°
configuration using DILOR Z-24 single channel triple monochromator with a
photomultiplier and a photon counting chain. The excitation source used was 90.3
argon ion laser with 514.5 nm excitation radiation and incident power 30 mW. The
solvent peak due to toluene in the region 1550 to 1620 cm™ Raman shift was used to
normalize the spectra. The time dependence of conversion during polymerization
matches well with the intensity decrease of C=0 and C=C. This paper successfully
demonstrates the use of Raman spectroscopy in solution polymerization. Wang and
Vickers have studied monitoring of emulsion polymerization of styrene using fiber
optic Raman spectroscopy (31). The disappearance of styrene band at 1631 cm™ was
monitored. Another band at 1601 cm™ that was common to styrene monomer and
polymer was used as a pseudo internal standard. The reaction was carried out at 70° C.

It was monitored using argon laser with 514.5 nm excitation. The laser power at the
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sample was 140 mW. The reaction mixture is opaque during the course of the reaction.
This opacity is caused due to light scattering, initially by monomer droplets and then
by the particles of dispersed polymer. The authors claim that there is no change in
efficiency of Raman sampling with increasing opacity. As an independent check, the
reaction was also monitored using a UV probe. The results obtained with both the

analyses matched well.

Numerous workers have studied modeling the emulsion polymerization
reactions, in either batch or continuous mode. Poehlein has reviewed the emulsion
polymerization kinetics (32). He has suggested a continuous system instead of the
commercial batch reactions for latex manufacture. The kinetic parameters have been

evaluated with the aid of a continuous stirred tank reactor (CSTR)..

On-line gas chromatography and densimetry have been utilized by Noel et al.
to monitor partial conversions of methyl acrylate and vinyl acetate in emulsion
polymerization (33). On-line densimetry resuits in overall weight conversion and on-
line gas chromatography results in overall ratios of residual monomer. Combination of
these two techniques has been shown to give partial conversion without the need of an
internal standard. Estimation of copolymer composition by on-line headspace analysis
in batch emulsion polymerization has been investigated by Alonso er al. (34).
Frequent sampling from the batch emulsion polymerization system was used to

provide fast headspace analysis of reactor vapor space. The system is applied for
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styrene and acrylonitrile copolymer. Values of reactivity ratios and equilibrium
parameters are used in the calculations. On-line conversion monitoring can also be
carried out through the use of ultrasound (35). An on-line sensor for estimating
conversion from measurements of ultrasound propagation velocity in emulsion
polymerization has been developed. Performance of a sensor was tested by
comparison with off-line gravimetric measurements of conversions under various
operating conditions. Homopolymerizations of methyl methacrylate and vinyl acetate
were studied for various monomer/water ratio and initiator concentration. Preliminary
experiments were run in order to develop the model parameters and then the
conversion value is calculated from the measured sound propagation velocity using the
model developed previously. Some inaccuracies were observed at low conversion due

to the presence of droplets and hence the sensor exhibited weak sensitivity.

Clarkson er al. have monitored polymerization processes for styrene and
methy] methacrylate monomers at a range of temperatures (36). The effects of oxygen
on the process were also studied. Symmetric stretching band of the vinyl moiety at
1640 cm™ was used to monitor the progress of the reaction. The depletion of the
monomers was followed to approximately 80-90%. The fractional conversion was
calculated using the following eqﬁation:

X=(Mlo -M]/[M]o -(3.3)
where, [M]o is the initial monomer concentration and [M] is the monomer

concentration at time f. Several reactions were monitored over a range of
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temperatures. The difference in reaction rates due to temperature could be clearly

observed. The problem faced by the authors was of polymer insolubility that in turn

produced erratic and non-reproducible data.

Gulari et al. have studied Raman and FT-IR monitoring of bulk polymerization
of methyl methacrylate and styrene (37). Conversion was followed in real time by
measuring the integrated intensity of the Raman band due to C=C. A new band at
1545 cm™ was observed during azobisisobutyronitrile (AIBN) initiated polymerization
at 60° C. This band was observed only during the gel effect and thus is attributed to a
reactive free radical intermediate stabilized by conjugation and detectable due to
resonance Raman enhancement. No internal calibration standard was used in this
study. The activation energies and the initial rates of polymerization determined from
spectroscopic data were in good agreement with the classical data for styrene

polymerization.

Wang et. al. have studied feasibility of using dispersive Raman spectroscopy
for quantitative monitoring of styrene (38). They compared the Raman measurements
with the UV measurements and found them to be essentially the same. Fourier
transform Raman spectroscopy has also been used for monitoring latex systems. An
excellent review by Horlick describes use of FT Raman spectroscopy for various
polymer process monitoring applications (39). Claybourn e al. have investigated

emulsion polymerization of methyl methacrylate, butyl acrylate and allyl methacrylate
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monomers in water as a continuous phase (2). They used Nd/YAG laser operating in
the NIR region at 1064 cm™. A seed emulsion was used to reduce any probability\of
re-initiation of new crops of particles during the emulsion polymerization process and
this allows control of the final latex particle size and distribution. Samples were
periodically extracted during the reaction and inhibited to avoid any further conversion
of the monomer. The ratio of C=0O to CH bending band was plotted against percent
polymer in latex and remained almost constant as both these species do not take part in
the reaction. This is an important result for the emulsion polymerization monitoring.
Thus, if the spectral region up to a Raman shift in the C=0 stretching region can be
assumed to be invariant, then the C=C band of the acrylic monomers can be followed
with process time over a wide range of solids and using C=O band as an internal

standard. Authors have illustrated the use of this technique and reproducible results

have been obtained for monitoring C=C band.

Polymers produced by emulsion polymerization processes find many
applications in the industry. The latex can be directly put to use in applications such as
paints, pressure sensitive adhesives (PSA). Many monomers can be used in the
manufacture of PSA, but acrylic monomers find a special use in production of PSA.
Polyacrylates of a certain monomer composition are inherently pressure sensitive
without any additional compounding. Properties of polyacrylates that set them apart
from other PSA are that they are saturated and are resistant to oxidation. It is

transparent, colorless, and does not yellow upon exposure to sunlight. Polymerization
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of acrylics is relatively easy and does not require high temperature or pressure. The
basis of pressure sensitive acrylic adhesives is acrylic esters that yield soft and tacky
. polymers of low glass transition temperature (Tg) (1). In order to possess a low
modulus of elasticity and an acceptable tack, the polymer must have a sufficiently low
T,. Commonly available monomers are 2-Ethylhexyl Acrylate (2-EHA) with T, of 70
9C and n-butyl acrylate with T of —54 9C. The lower the glass transition temperature,
the higher is the tack. Functional groups on the adhesive polymer backbone are useful
as sites for intermolecular cross-linking. Mayo and Reegan (40) have reported their
findings on the effect of copolymerizing methyl methacrylate with acrylic acid,
acrylamide, and methacrylic acid. The peel adhesion of these copolymers increases
with increasing copolymer content. Acrylic acid was found to be the most effective
comonomer. In some comonomers, the peel adhesion decreases at higher percentage

due to increase in crystallinity.

Chatzi et al. (41) have used a midrange infrared (MIR) optical fiber probe for
the on-line monitoring of 2-EHA /styrene emulsion copolymerization. They have
discussed one major drawback of using NIR region as the presence of broad,
overlapping and non-specific absorption peaks. Hence, empirical multivariate sensor
calibration models ﬁave to bé déveloped in order to work in the NIR region. Most NIR
absorptions are overtones and combinations of the fundamental MIR molecular
vibration bands. The spéctrophotometer developed in the MIR .region had signal to

noise ratio greater than 4000. Total monomer conversion was monitored during
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polymerization using conventional gravimetry and thermogravimetric analysis (TGA).
Characteristic absorption bands are used for individual comonomer identification. A
band due to skeletal ring breathing vibration at 1630 cm™ for styrene and C-O
stretching vibration of the saturated ester group at 1190 cm™! for 2-EHA are used. The
corresponding vibrations of the two monomeric structural units in the produced
copolymer appear at 1600 and 1155 cm™, respectively, and are indicative of the
overall comonomer composition. An excellent agreement between the predicted
monomer conversion and TGA results has been reported. IR spectra and

compositional analysis of styrene/2-EHA copolymers is reported by Chatzi et al. (42).

3.3 In-Line Meonitoring of Polymer Extrusion Processes

A second aspect of this research involves the in-line determination of
copolymer content and rheological properties during extrusion processes. Such efforts
have been carried out previously by Shimoyama et al. (43). They used FT-Raman
spectroscopy to measure 12 different grades of ethylene/vinyl acetate (VA)
copolymers with varying VA content in 7 to 44 % range. Chemometric analyses,
especially principal component analysis (PCA) was carried out after normalization of
the Raman spectra. A review paper by Lavine describes various aspects and uses of
chemometric techniques (44). Principai components (PC) discriminate in the various
grades based upon the bands due to C=0 stretching and O=C-O bending modes of VA
and those assigned to C-C stretching modes of ethylene units. Partial least squares

regression (PLS) model was used to predict the VA content in EVA with correlation
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coefficient and standard error of prediction of 0.997 and 0.95% wt. %, respectively.
NIR spectroscopy was used by Khettry and Hansen (45) to carry out real time analysis
of EVA random copolymers during extrusion. Chemometric analysis was done on the
data thus obtained and prediction of totally unknown samples from an entirely
different source could be carried out. In-line fiber optic monitoring was also shown to
be feasible for monitoring rheological properties of EVA copolymers by Vedula and
Hansen (46), and Hansen and Vedula (46,47). This work describes a methodology to
estimate rheological properties as dynamic linear viscoelastic material functions from
the NIR spectra of EVA copolymers. Quantitative calibration models were built for in-

line prediction.

Rohe et. al. have studied the in-line monitoring of polymer extrusion using
NIR spectroscopy to provide a monitoring and control technique for processes (48). A
sensor with optical quartz components was developed such that it could be adapted to
various extruders for in-line measurements. Multivariate analysis was used for PE/PP
blend studies and the deviation between measured and predicted polymer composition
was calculated to be about 2%. Real time measurements of chemical composition in
polymer processes was studied by McPeters et. al. (49). Fiber optic NIR spectroscopy
was used to extract chemical information with minimum delay times without having to
physically remove the sample from the process. Polymer blends and terpolymer
systems were studied. The in-line analysis for blend levels in the polymer blend had a

standard error of 0.78 %. The authors have also noted that limitations to the setup
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included long term drift due to changes in the spectrometer, fiber optics and the

difficulty of checking the calibration offline without making a molten polymer.
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CHAPTER 4

REGRESSION METHODS

4.1 Introduction

Chemical plants are becoming more heavily instrumented and the data are
recorded more frequently. This data overload needs to be handled by proper usage of
this measurement data. Such data usually contains a great deal of correlated and/or
redundant information along with the process noise that gets recorded into the
measurement. The essential information is buried in the way various variables are
related to the process measurement of interest and their correlation with each other.
This information could be extracted from the data using mathematical techniques of
regression. Regression techniques are used to develop correlation between the
dependent variable (Y) with the independent variable (X). The mathematical
complexity of the model and the degree to which it is realistic depends on the amount
of information available about the process being studied. Calibration is the process of
constructing a model to relate the output of a measurement to known properties of the
sample. Prediction is the process of using that model to predict the properties of an
unknown sample given the measurement. If a single measurement is related to the
concentration of a single chemical component, the calibration is called univariate
calibration. Multivariate calibration is the process of relating multiple responses from
an instrument to one or more properties of the sample. In this chapter, several
exploratory pattern recognition methods; univariate, multivariate calibration and

prediction methods will be discussed.
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4.2 Pattern Recognition Methods

Pattern recognition techniques include Hierarchical Cluster Analysis (HCA),
Principal Component analysis (PCA). These exploratory data analysis techniques are
used to compute and graphically analyze the display of patterns of association in the
independent variables of multivariate data sets (50). These algorithms reduce large
data sets to useful graphical information that provides insight into the correlation

among the variables.

4.2.1 Hierarchical Cluster Analysis (HCA)

HCA presents data in such a manner to emphasize the natural groupings
among samples or variables. In this analysis, the distances between pairs of samples
(or variables) are calculated and compared. Thus, similar samples will be presented
closer to each other whereas; dissimilar samples will be separated by a large distance
between them. HCA groups data into clusters having similar attributes. HCA presents
results from high dimensional row space in the form of a dendogram in two
dimensions. The dendogram reveals clustering of samples. If HCA is performed on
samples, the resulting dendogram yields information about similar samples. For
analysis of variables, the dendogram shows the \‘/ariables that are closely related and
affect the measurement in a similar manner. Several methods, such as single and
centroid linking, Euclidean and Mahalanobis distance, are used to calculate the

distances between clusters.
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The single link approach links clusters based on the distance between the
nearest neighbors contained in each of the clusters. In centroid link approach, the
dendogram shows the distance between centroids of the clusters. The centroid method
measures the distance between the centers of the clusters rather than the distances
from the edges of the cluster as in single link (51). Hence, it results in a better measure
of the distance between well separated clusters. However, the centroid method is
sensitive to outliers because these unusual points adversely influence the calculation of

the centroid of a cluster.

4.2.2 Principal Component analysis (PCA)

The data from a chemical process is present in the form of numerous
measurement vﬁiﬁbles. PCA is a mathematical manipulation technique for such data
matrix where the goal is to represent the variation present in many variables using a
smaller number of "factors" or principal components (PC) (52). A factor is a
combination of several variables that describe major trends in the data set. Thus, a new
row space is constructed in which the samples are plotted using factors as the newly
defined axes rather than the original variables. Thus, PCA reveals the true multivariate

nature of the data in relatively small number of dimensions.

Preprocessing the data prior to PCA is very important. Using preprocessing the
data is transformed into the most suitable form for analysis. There are many ways to

scale or weigh the data. The most common methods of standardization are mean
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centering and autoscaling. In mean centering, the mean of the variable vector is

subtracted from all the elements of the vector. The effect of mean centering is the
removal of the mean sample vector from all the sample vectors in the data set (53).
Mean centering accounts for the intercept term in the regression model. Autoscaling is
obtained by dividing each variable vector by its standard deviation. Thus, each
variable gets scaled to the same variance. This is a common scaling method when the
variables are measured in different units. Standardization allows the subtle variations

to play the same role in the analysis as the large variations.

Mathematically, PCA relies upon an eigenvector decomposition of the
covariance or correlation matrix of the process variables. It decomposes the matrix X,
where the rows correspond to samples and the columns correspond to variables, as the

sum of the outer product of vectors ¢; and p; plus a residual matrix E:

X=tp +t,p] +.+t,pl +E .(4.1)
X=TP+E ...(4.2)
where, n = number of rows,
m = number of columns
T = scores matrix
P = Loadings matrix
The matrix X has to be mean-centered and autoscaled before PCA is carried
out. The #; are known as scores and the p; are known as loadings. Scores contain

information on how the samples relate to each other whereas; the loadings contain
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information on how the variables are related to each other. The scores form an

orthogonal set and the loadings form an orthonormal set.

Generally it is found that the data can be adequately explained with far fewer
factors than original number of variables since PCA reduces the dimensionality of the
data. Thus, the data compression can be addressed by monitoring a fewer number of
scores and loadings (54). PCA has a tendency to group variables with similar
characteristics into the same PC, hence, it also gives an idea about the way in which

the variables covary.

The number of PC's to be included in the analysis is an important
consideration. The PCs are arranged orthogonally, in decreasing order, along the
direction of maximum variance of the data. Thus, PCs explain important information
in the data until there is no preferred orientation in the remaining data (55). From this
point onwards the next PCs explain the noise in the data. The number of PCs is a
subjective decision. However, a rule of thumb can be stated here. When the
incremental variance explained by consecutive PCs is less than about 5 % then the
next PCs account for noise in the data. The optimum number of PCs to include is the

number of PCs that gives the clearest break point in the total residual variance plot.
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4.3 Multivariate Calibration and Prediction

Calibration is the process of constructing a mathematical model to relate the
output of a measurement to the properties of the sample. Calibration is mostly
followed by prediction that is a process of predicting properties of an unknown sample
using the calibration model. Multivariate regression methods are discussed in this

section.

4.3.1 Multiple Linear Regression (MLR)

MLR is a classical method that combines a set of several X variables in linear
combinations that correlate as closely as possible to the corresponding y values. The
process can be expressed as:

y=by+bx, +bx,+.+bx, + f ...(4.3)
which can also be expressed as

y=Xb+ f ...(4.4)
where, y = dependent variable column

X = independent variable data matrix

b = regression coefficient

Jf=error
The regression coefficient b is found using least squares estimate such that /7 is the

smallest possible. Therefore,

b= (XT;()"XT y ...(4.5)
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Inversion of matrix b might cause problems due to collinearity. Collinearity is the
linear interrelation between the X variables. When collinearity exists in the data, the

inversion means a division by zero, and hence MLR would fail in such cases.

4.3.2 Principal Component Regression (PCR)

Principal component regression is a multivariate analysis method that
combines the PCA and MLR techniques respectively. The scores vectors from PCA
are used to carry out MLR using the dependent column. Thus, PCR takes care of the
collinearity in the data. PCR consists of two distinct processes, PCA followed by
MLR. The scores matrix T is used to carry out MLR. The number of PCs to be used in
the PCA model is decided on the variance explained by the respective PCs. If too
many components are used, then the advantage of data reduction gained by PCA is
lost. If too less numbers of PCs are used, then the data is not adequately expressed.
PCR makes use of the inverse calibration approach where it is possible to calibrate for
the desired components while implicitly modeling for other sources of variation.
Estimation of an inverse calibration model involves the inversion of a typically
unstable matrix. Both PLS and PCR solve this problem by using linear comBinations

of variables.

The data matrix X is decomposed as
X =USVT ...(4.6)

where, U = matrix of row space eigenvectors
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S = matrix of singular values
V = matrix of column space eigenvectors
The regression step similar to equation (4.3) is carried out using the

decomposition of matrix X.

y=(USVb+ f (47
Therefore, the solution becomes

b=VS'UTy ...(4.8)
Prediction of y from a new data set is carried out as

ynew=x b=x

Hew new

VS'UTy ...(4.9)

4.3.3 Partial Least Squares (PLS) Analysis

PLS is a regression technique developed to address shortcomings of other
standard regression techniques when applied to a data set with highly collinear
variables and noise present in the X and Y data sets (54). PLS is also called as
projections onto latent structures. Similar to PCR, it decomposes data into a smaller
score space T. The difference between PCR and PLS lies in the way they relate to the
Y data. In PLS, both the X and Y data are decomposed into scores and loadings
matrices, T and U respectively. These orthogonal matrices are generated in such a way
as to maximize the covariance between the scores for the X and Y data. PLS attempts
to find a different set of orthogonal representation for the X data to give better

predictions of the Y data.

49



Mathematically, X matrix is decomposed as follows:
X=TP"+E ...(4.10)
and the Y data is decomposed as
Y=UQT+_E ...(4.11)
When the first pass is made, the scores and loading vectors, #;, p;, #; and g, are
found along with the residual matrices. These residual matrices are used to continue
the procedure and find #,, p,, u> and g». This procedure is continued until the residuals
contain no useful information. There exists a relation between the scores of the X and
Y matrix as
u, =bt, +v, ...(4.12)
PLS may underfit or overfit the data. By underfitting, not enough loadings are
used, and the model fails to capture some of the information. By overfitting, too many
loadings are used, and the model tends to fit some of the noise. Both cases produce
suboptimal results. Hence, validation of the model should ‘be done to avoid these
problems. Cross validation is an important method of validation in which the data is
divided into different groups. A PLS model is built usiﬁg all but one of the groups and
this n;odel is then used to predict the group that was left out. This procedure is
repeated until each group is left out once. The number of optimum components is

chosen from this information (56).
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4.3.4 Diagnostics of PCR and PLS

There are several tools that are used to investigate various aspects of the data
set, the model and the variables. The primary objective of the model diagnostic is to
determine the optimum rank of the model. The sample and variable diagnostics are
used to study the relationships between the samples and variables respectively. They

are also used to identify the presence of unusual samples and variables.

Percent Variance Plot:

It is a compilation of the amount of variance explained plotted versus the
number of factors. This plot helps to determine the number of relevant factors, also
called the rank of the data. In the ca;c,e of a well-behaved data and an appropriate
number of factors, the amount of variance unexplained in the data is indicative of the
known errors present in the data set. A problem is indicated if most of the
measurement variance is explained with appropriate number of factors and a

considerable amount of data variance still remains unexplained.

Root Mean Square Error of Prediction (RMSEP):
Prediction error is an important diagnostic for the model since the models built
using the calibration data are used to predict values for unknown samples in future.

RMSERP is defined as

...(4.13)

RMSEP =
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where y; = measured value of the variable
¥, = predicted value of the variable

n = number of prediction samples.

RMSERP is a single value that quantifies the magnitude of the measurement
residuals for the validation samples for a given number of factors included in the
model. The ideal RMSEP plot decreases as the number of factors added to the model
increases. Figure 4.1 shows the common behavior trends of RMSEP plots. The
optimum number of factors is chosen at the minimum or where RMSEP levels off as

shown in figure 4.1.

Predicted vs. Measured Value Plot:

In this plot, thé predicted values for the model are plotted versus the known
measured values. This plot gives an idea about the goodness of the predicted values
using the model. A modeling problem is indicated when a systematic pattern can be
observed away from the ideal line. Ideally, the points should vary randomly about a
line of slope one and intercept zero. Similarly, a plot of (y; - $,) residuals vs. J, can

also be plotted. It gives similar information as the predicted vs. measured value plot.

Loadings Plot:
Loadings can be used to help determine the optimal number.of factors to

consider for the model. For spectroscopic data, the point at which the loading displays
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a random behavior indicates the maximum number of factors to consider. Loadings
can also be used as a variable diagnostic. They represent the relative contribution of
the variables in the model. For well-behaved data, the features of the loading vectors

are similar to the preprocessed data.
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CHAPTER 5

EXPERIMENTAL SETUP FOR IN-LINE MONITORING USING RAMAN
SPECTROSCOPY
5.1 Introduction
The need for in-line monitoring of processes in industry is tremendous and has
been discussed before. In this research, instrumentation and experimental set up for a
laboratory scale equipment is developed. In-line monitoring techniques have been
applied to monitoring emulsion batch polymerization processes and extrusion

processes.

5.2 Monitoring Emulsion Polymerization Reactions

The principle that underlines the development of in-line monitoring technique
for emulsion polymerization reactions is the ability of Raman spectroscopy to monitor
changes in the concentration of species of interest with time. The experimental setup

consists of reactor, Raman spectrometer and probe, and a personal computer (PC).

5.2.1 The batch reactor

The polymerization reactions are conducted in a one-liter capacity batch
reactor. The reactor is equipped with a cooling jacket through which cooling water is
circulated to maintain constant reaction temperature. The temperature of water
circulating through the bath is controlled by an automated water. bath from NESLAB
Instruments Inc. The bath controls the temperature within +0.01 °C. The reaction setup

is maintained under nitrogen atmosphere by bubbling nitrogen through the reaction
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contents. This is important for free radical polymerization reaction as contact of the
reaction contents with oxygen drastically reduces the ability of free radicals to initiate
the reaction. Thus, care has to be taken to avoid contact of oxygen to the reaction

mixture. A schematic of experimental set up is shown in figure 5.1.

5.2.2 The Raman Spectrometer

The reaction is monitored using a Kaiser Optical Systems Inc. HoloProbe®
Raman spectrometer. This spectrometer unit consists of the base unit and monitoring
probes. The HoloProbe consists of a base unit that connects to a fiber optic probe and
a computer system. The base unit contains the laser, the spectrograph, the 2-D array

detector (CCD).

Light Path Description:

The light from the laser source is coupled into an optical fiber with 50 pm core
diameter. These optical fibers can be used over a distance of hundreds of meters to
carry the light without much loss of light. Silica Raman generated in the fiber is
filtered out at the probehead and the laser light is focused onto the sample.
Backscattered light from the sample is filtered to remove the light at the laser
wavelength and then sent to the spectrbgraph in the base unit through a 100’ pm core
diameter fiber optic cable. The spectrograph removes any residual laser light and
disperses the Raman light into two tracks that are imaged onto the charge coupled

device (CCD) detector. The CCD detector measures the intensity of the Raman
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Figure 5.1: Schematic of Raman Spectrometer and Emulsion polymerization
reaction setup
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scattered light. It is a rectangular two dimensional array of independent, integrating
detectors on a silicon chip. The individual detectors, called Pixels, collect light and
store it in a potential well under the photo-ac;cive surface of the pixel. The spatial and
axial resolution of the spectrograph is determined by the detector pixel size. The
HoloPlex® transmission grating disperses and divides the undispersed Raman light
into a low wavenumber shift stripe and a high wavenumber shift stripe on the CCD
detector. Thus, the grating nearly doubles the spectral coverage without reducing its

spectral resolution.

A simplified schematic of the HoloProbe® spectrometer is given in figure 5.2.
The laser light is carried through a fiber optic coupler via the optical fiber cables to the
probe head (FPH). The probe head contains optics to filter the laser light before it
illuminates the sample. As the laser light travels towards the sample, a large amount of
Raman signal and sometimes fluorescence is generated and efficiently collected by the
fiber. It is thus necessary to separate the laser light from the background so that the
fiber background does not overwhelm the Raman signal. Light backscatte;ed by
sample is collimated by PL4 and passes through a pair of notch filters in the probe
head. The Raman light enters the spectrograph from the fiber optic cable. The light is
collimated by camera lens L2 and is then sent through a holographic notch filter (NF)
and an electronic shutter (SH). Transmitted light is focused onto thé 50 ym wise

spectrograph entrance slit (SL) by a camera lens L3. Light from the slit is collimated
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Figure 5.2: Schematic drawing of HoloProbe Raman Spectrometer Light Path
[FC: Fiber optic coupler, FO: Fiber optic cable, FPH: fiber optic probe head,
PL4: Probe head focus and collection lens, SA: sample, L2: Pre-filter
collimating lens, NF: Holographic Notch-filter, SH: Shutter, L3: Pre-filter
focusing lens, SL: Spectrograph entrance slit, L4: Spectrograph collimating
lens, HG: HoloPlex Grating, L5: Spectrograph focusing]
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by lens L4 and then sent to the HoloPlex transmission grating (HG). Diffracted light

from the graﬁng is imaged onto the detector by camera lens LS.

Laser Wavelength:

In Raman spectroscopy, the interaction of the incident light with the vibrating
molecule leads to a frequency shift of the scattered light with respect to the incident
frequency. Thus, Raman spectrum is obtained by measuring the intensity of the
scattered photons as a function of the frequency difference. Hence, the breadth of a

Raman spectrum on the wavelength scale depends on the excitation wavelength (57).

Figure 5.3 shows the vibrational spectra on wavelength scale for various laser
types. Tﬁe wavelength ranges for Raman spectra are shown as bars relative to the
excitation at 514 nm (argon), 632 nm (HeNe), 752 nm (Krypton), 1064 nm (Nd: YAG).
The Rayleigh line of these spectra (0 cm-! Raman shift) Is at the left end of each bar
and the Stokes shift of 3600 cm-! is on the right end of the bar. All the spectra have the
same length on the wavenumber scale (0-3600 cm-1). For example, the bar indicating

the range of the IR spectrum covers wavenumber range from 3600 cm-! (2.77 p‘m) to

2500 cm-! (4 pim).

With excitation in the NIR range, the sample fluorescence is greatly reduced.
Thermal degradation of the samples and background emission are reduced as the

absorption processes are minimized in the NIR range. NIR diode lasers are
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Figure 5.3: Raman Vibrational spectra on wavelength scale for various laser

types
[Source: Hergeth, W. D. in “Polymeric Dispersions: Principles and
Applications” ed. Jose. M. Asua (NATO ASI series Applied Sciences, vol 335]
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commercially available in low power requirement rating and thus allow the Raman
spectrometer to be compact and portable. They have a longer lifetime compared to the

NIR gas lasers (12).

5.2.3 Sampling Systems

Optical fiber probes are widely used as sampling system. They are compact,
usable in the laboratory environment or for remote sampling. They provide stable,
reproducible signals from solids, liquids and gases. There are two types of probe
designs widely used in monitoring applications. The concentric "n around 1" fiber
bundle type probe and the filtered probe (4,58). Figure 5.4 shows the concentric fiber
bundle probe (59). An immersion probe obtained from Visionex® Inc. that has such "7

around 1" design was used for monitoring. The central fiber delivers light to the

sample and the surrounding fibers collect Raman scatter. The laser beam is focused
into the delivery fiber with a microscope objective or other short focal length lens. For
better coupling to the spectrograph entrance slit, the output ends of the collection
fibers are arranged in a linear array, as shown in figure 5.4. Probes with multi fiber
design gather more light as compared to a single excitation and collection fiber probe
because a single fiber collects only about 10-15 % as .much light. The optical fibers are
themselves a source of background sigﬁal. As the light travels down the fiber length,
fluorescence from the fiber cladding and from the cement holding the components
together is generated. These signals are incident on the sample as light emerges from
the probe tip. They are reflected from the sample and get collected along with the
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Figure 5.4: Schematic of 7 around 1 probe, showing excitation and collection
end of the fiber
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Raman spectrum of the sample. The reﬂectgd laser light also generates more
background signal as it travels through the collection fibers. The background noise
may obscure a weak Raman signal. Distortions due to inherent spectrum of fiber
material could be suppressed by minimizing direct reflections of excitation laser beam

into probe end (13).

In order to avoid these problems, filter based probes are used. They use a lens
to focus filtered laser light from the tip end of the excitation fiber onto the sample.
Similarly, the collected light is also filtered before the Raman 'signal information of
interest is collected using the collection fibers. In Kaiser Optical Systems Inc.
HoloProbe Probe head, the light emerging from the delivery fiber is collimated and
presented to a holographic transmission grating which diffracts the laser light to a
spatial filter. The collected Raman signal along with the Rayleigh scatter and reflected
laser radiation, is passed through a pair of notch filters. These filters remove reflected
laser light and avoid any fiber background generation as the collected Raman light

travels to the spectrograph. A schematic of the probe head is shown in figure 5.5.

The Visionex and Kaiser Raman probe are both used for in-line monitoring of batch
emulsion polymerization. The Kaiser probe head has various lens and probe fixtures
such that it could be either immersed in the reaction mixture or it can be used to
monitor the reaction progress from outside the reactor. The Visionex probe was used

to collect data in immersed fashion.
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Figure 5.5: Optical configuration of fiber optic probe head
[PL1 through PL5: lenses, PA: power adjustment control, G: grating, DS:
diffuse screen indicator, probe head shutter, SF: spatial filter, M: turning mirror,
BC: beam combiner, NF: notch filter, PB: block of linear polarizers]
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CHAPTER 6

IN-LINE MONITORING OF BATCH EMULSION POLYMERIZATION

6.1 Emulsion polymerization of derivatives of acrylic polymers

Emulsion polymers derived from the acrylic monomers constitute a diverse
and versatile range of polymers used for many diverse applications. Figure 6.1 shows
the chemical structures of typical acrylic molecules used in emulsion polymerization.
The acrylic and styrene-acrylic compositions account for nearly 30% of commercial

emulsion polymers. These monomers have an excellent ability to copolymerize with

| other members in the family. Thus, polymers can be manufactured with various
compositions that have varied physical properties such as glass transition temperature
and solubility characteristics of the resulting polymer. Polymers in this family also
display versatility in particle morphology design. Relatively homogenous polymer
compositions as well as a variety of core-shell morphologies have been produced.
Methyl ~methacrylate (MMA) homopolymerization, vinyl acetate (VA)
homopolymerization, and 2-ethylhexyl acrylate (2-EHA) copolymerization with

acrylic acid (AA) as the functional monomer have been studied in this research.

6.2 MMA emulsion polymerization
MMA polymerization reactions were carried out using the reaction recipe as

given in Table 6.1. The Fe (II) heptahydrate along with potassium persulfate (K,S,05)
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Figure 6.1: Chemical structures of acrylic monomers

R = H (acrylic or methacrylic acid)
R = methyl, ethyl, butyl, hydroxyethyl, etc. alkyl groups
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Table 6.1: Reaction recipe for methyl methacrylate emulsion polymerization

Ingredient Amount

Methyl methacrylate 111.82 gm
Water 672.00 gm
Emulsifier (Sodium Lauryl Sulfate) 49.00 gm
Fe (II) sulfate heptahydrate 0.0294 gm
Potassium persulfate ) 3.0184 gm
Sodium metabisulfite (Na,S,0;) 6.713 gm

Total 842.57 gm
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forms a strong redox initiator system. A prime advantage of redox systems is that
radical production occurs at reasonable rates over a very wide range of temperatures,
including initiation at moderate temperatures of 0-50 °C or lower (14). This allows a
greater freedom of choice of the polymerization temperature than is possible with the
thermal homolysis of initiators.
K,S,0F + Fe** — Fe*™ + SO + 50; ..-(6.1)
MMA polymerization reactions were carried out at three different
temperatures, viz. 25 °C, 30 °C, and 35 °C. The monomer is dispersed using
mechanical force, i.e., using agitation. During the reactions, the reaction mixture was
continuously stirred at 200 rpm. The reactor was initially charged with water and
emulsifier. The monomer was charged once the reaction contents attained the desired
temperature. The contents were held at reaction temperature using a water bath and
nitrogen was bubbled in the mixture for approximately 15-20 minutes. The reaction
time was noted when the initiator was added to the mixture and the collections of in-
line Raman spectra were simultaneously started. Each Raman spectrum was collected
for 15 seconds and average of two consecutive scans was recorded. This is important
to avoid any contamination in the spectral information due to stray light that might
enter the collection optics. The laser wavelength was 785 nm. The spectra were

collected every 1.5 minutes.

During the progress of the reaction, samples were withdrawn and inhibited
using 2% (w/w) 3-tert-Butyl-4-hydroxy-5-methyl-phenyl sulfide solution in acetone.
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The inhibitor destroys any free radicals remaining in the reaction sample and thus
terminates the reaction. In order to quench the reaction, the samples were also stored

inice.

The samples were analyzed for monomer ‘conversion based on total polymer
content using gravimetric analysis. Approximately 3-4 mL aliquot were transferred
from the sample vial into an aluminum dish and weighed. The contents of the dish
were then dried at constant temperature of 80 °C to constant weight for about 24
hours. The % solids and conversion were calculated using formulae in equation (6.2)

and (6.3).

% Solids = (Weight of dried sample and dish - weight of empty dish) <100 ---(62)
(Weight of sample and dish - weight of empty dish)

(% solids
100

) — wt. fraction initiator - wt. fraction emulsifier
...(6.3)

(wt. fraction of monomer initially)

Figure 6.2 shows the progress of the polymerization reaction with time. All the
spectra show the same overall nature. However, there is a change in intensity of some
of the Raman bands due to the chemical changes taking place during the reaction.
Figure 6.2 shows the Raman bands due to C=C and =CH, species present in the

monomer. The filter based non-immersion probe from Kaiser Optical Inc. was used
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for monitoring this reaction. The probe was positioned outside the glass jacket of the
reactor. The focus of the probe was adjusted to be inside the glass reactor by adjusting
the distance of the probe from the reactor wall using a micrometer screw stage. As the
light passes through the glass wall of the jacket and the reactor in its excitation and
collection path, the light is scattered by glass. This light also gets collected along with
the Raman signal of interest. The interference due to the glass reactor walls is
observed in the Raman spectra in Raman shift region 1000-1800 cm™ in the form of a
raised background. The peaks of interest are in the Raman shift region 1600 to 1800
cm. The peak at 1640 cm™ is due to >C=C< present in the MMA monomer.
Polymerization reaction breaks the 7 bond and converts it into a ¢ bond in the polymer
product. Hence, the amount of >C=C< in the reaction mixture decreases, causing a
visible decrease in the >C=C< peak intensity in the spectra collected later during the

reaction.

Under similar experimental conditions, MMA polymerization reactions were
carried out at 30 °C and 35 °C and Raman spectra were recorded. The spectra were
analyzed to observe and quantify the effect of the température on the reaction
progress. It is important to be abl\e to detect and quantify the difference in reaction rate
at different temperatures using Raman ‘spectroscopy. This has direct utilization in the
polymer manufacturing plant as Raman‘spectroscopy can be employea to detect the

variation of the batch reaction from its set point or calibrated reaction path.
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Results and discussion:

The spectra recorded with reaction progress w‘ere processed before
mathematical information was extracted. The spectra were recorded in HoloProbe
format (*.hol). The Kaiser Optical Systems Inc. software has ability to convert the
spectra into GRMAS32 (*.spc) format which is more easily processed. MATLAB was
used as the mathematical processing environment. The spectra were arranged into a

matrix with time and Raman shift information as the independent variables.

There are several regions of interest in the spectra. The peak due to >C=C<
stretching appears at about 1640 cm™ and that due to C=0 appears around 1730 cm™.
There are peaks in the region 820-860 cm™ that also change as the concentration of
reactants in the reaction mixture changes. The peak at 820 cm™ appears in increasing
intensity as the reaction proceeds, and the peak at 840 cm™ decreases very rapidly as
the concentration of monomer in the reaction mixture depletes. The peak at 840 cm™
has been attributed to the =CH, in the monomer species (60-62). These regions in the
spectral matrix X were analyzed individually for information regarding the progress of
the reaction. The region between 1600-1660 cm™ was baseline corrected using a user-
defined progra.rn' developed in MATLAB®. Figure 6.3 shows the baseline corrected
region plotted with the Raman shift (cm™) scale. In figure 6.4 the maximum intensity
of the baseline corrected region is plotted with the MMA conversion. The ‘regression
coefficient, #°, which is measure of the goodness of fit, is 0.95. This graph shows that

there is a good correlation between the observed Raman intensity of the C=C peak and
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the concentration of C=C.in the reaction mixture. Figure 6.5 depicts the baseline
corrected spectral region in 780 through 880 cm™ Raman shift. The monomer peak at
840 cm™ that decreases in intensity with time can be clearly seen here along with the
820 cm™ peak that increases as the reaction proceeds. However, exact band
assignment of this peak has not been defined (61). Figures 6.6 and 6.7 depict the three-

dimensional view of the peaks at 820 and 840 cm™ with time.

Principal Component Analysis (PCA):

Mathematical description and background of PCA has been described in
chapter 4 on regression methods. Here, PCA was used a chemometric tool to
distinguish between the subtle differences in the rates of the three MMA
polymerization reactions at 25, 30 and 35 °C. The spectral region between 790 to 870
cm™ was chosen to perform the dat'a analysis. The X matrix containing the spectra
with respect to time was mean centered and then subjected to PCA. The resulting

loadings and scores plots were analyzed. Loading values are viewed as the weights

‘associated with each independent variable, and thus they describe the relative

importance of the independent variables. The loadings obtained from PCA are as
shown in figure 6.8. The loading plot shows the relative importance of the peaks at
820 and 840 cm™. The first principal component (PC) explains information in the
region of the peak around 840 cm™ whereas the second PC explains information in the
region around peak at 820 cm™. Scores plot are seimple diagnostics and are used as a

tool that aids in qualitative interpretation of the multivariate data. The values of score
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Figure 6.5: Baseline corrected peaks in the Raman shift region 780-880 cm™.

The peak at 820 cm™ increases in intensity, and the peak at 840
cm™ decreases in intensity with increasing monomer conversion.
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vectors are "magnitudes” of the vectors resulting from matrix decomposition. Thus,
the score values characterize the relationship between various samples included in the
data matrix X. PCA was carried out on the data obtained from all the three reactions,
and the resulting first scores are plotted in figure 6.9. The scores plot for the reactions
at 25, 30 and 35 °C are well distinguished from each other. The scores plot for the
reaction at 25 °C indicates that the polymerization reaction at this 'temperature
proceeds relatively slower than the reactions at 30 and 35 °C. The reactions also begin
and end faster as the temperature rises. Thus, for the reactions at 30 and 35 °C, the
scores plots show a steeper decrease in the intensity as compared to the score plot for
the reaction at 25 °C. The results seen here are in agreement with the Arrehenius

equation discussed in section 2.2.3.

6.3 Vinyl Acetate Polymerization

Vinyl copolymers are one of the largest selling class of binders for coatings
applications. Emulsion copolymers of vinyl acetate are increasingly used for exterior
as well as interior architectural coatings, and in adhesives. Their use in these markets
arises from the advantageous combination of good durability and wide availability at

low cost.

Work has been published on the emulsion polymerization of vinyl acetate
(VA) using a non-ionic emulsifier (63,64). Most of the investigators have used non-

ionic detergents that do not form micelles. In this research, emulsion polymerization
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Figure 6.9: Scores plot for reactions at 25, 30 and 35 °C plotted against time.
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of vinyl acetate monomer was carried out in presence of emulsifier, according to the

recipe as shown in Table 6.2.

The emulsion polymerization reactions weré monitored in real time using
Raman spectroscopy. The filter based non-immersion probe was used for monitoring
the reactions along with filter based immersion probe ("filters in the tip" technology)
(65). The spectra collected during a polymerization reaction of VA using filter based
immersion probe are shown in figure 6.10. Figure 6.11 shows the spectra collected in
real time using the filter based immersion probe. The spectra collected using the filter
based immersion probe have lesser signal to noise ratio as compared to those collected

by the filter based non-immersion probe.

The effect of temperature on the VA emulsion polymerization was studied at
two different temperatures, 60 °C and 65 °C. The Raman spectra were recorded using
785 nm laser for 15 seconds and as an average of two spectra was recorded. The
reaction was conducted under inert atmosphere generated by circulating nitrogen
through the contents of the reactor. The dispersion of the monomer in aqueous system

was maintained by using mechanical agitation at 200 rpm.

The Raman spectra obtained in real time during the reaction were
mathematically treated in a similar manner as described in detail in section 6.2. In

previous work by Claybourne et al. (1994) (2), the real time monitoring of emulsion
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Table 6.2: Reaction recipe for emulsion polymerization of vinyl acetate

Ingredient Amount
Vinyl Acetate ] 210.00 gm
Water 630.00 gm
Emulsifier 4.20 gm
Potassium persulfate 0.14 gm
Total 844.34 gm
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Figure 6.10: In-line Raman spectra obtained for VA emulsion polymerization
at 60 °C, monitored using filter based non immersion probe.
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Figure 6.11: In-line Raman spectra obtained for VA emulsion polymerization
at 60 °C, monitored using filter based immersion probe.
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polymerization of methyl methacrylate, butyl acrylate and allyl methacrylate
monomers in water as a continuous phase has been investigated using the ratio of C=C
peak in the Raman spectrum to the C=0 peak. It is noted that if the spectral region up
to a Raman shift in the C=0 stretching region can be assumed to be invariant, then the
C=C band of the acrylic monomers can be followed along reacti(;n over a wide range
of solids and using C=O band as an internal standard. Figure 6.12 shows the plot of
baseline corrected (C=C/C=0) with reaction time. This technique of monitoring the
reaction monomer profile with respect to an internal standard clearly brings out the
differences in the rate of propagation at different temperatures. As seen in figure 6.12,
the reactions at 60 and 65 °C, have the same level of monomer C=C ratio with the
internal standard C=O peak. As the reaction kicks off, the reaction at higher
temperature enters the propagation stage earlier than the one at lower temperature.
This is an industrially invaluable ﬁnding as it clearly demonstrates the ability of
Raman spectroscopy to detect the changes in rate of polymerization with temperature.
The success of Raman spectroscopy in harsh industrial environment is critically
dependent upon the ability of the instrumentation and probes to withstand the

continuous use.

Experimental limitations for MMA and VA polymerization:
The real time in-line monitoring of the emulsion polymerization reactions was
carried out in a laboratory batch set up. The excitation and collection signals were

collected through the reactor glass wall. Thus, a source of noise is introdl_lced when the
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Figure 6.12: Real time monitoring of VA emulsion polymerization using the
ratio of C=C (residual unreacted monomer) to C=O (internal
standard) plotted against reaction time
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non-immersion type of probe is used for reaction monitoring. In terms of noise
reduction, the immersion type of probe vields superior results than the non-immersion
probe. However, use of an immersion type of probe is an intrusion in an otherwise
homogeneous emulsion system. If the latex stability is not sufficient, then coagulum
could be formed on the tip of the immersion probe. Coagulum can form during and
after polymerization, and is undesirable in either case. One source of coagulum
formation is polymerization in monomer droplets, which takes place when free
radicals enter the droplets (66). The polymer resulting from the bulk polymerization of
the monomer in the droplets eventually becomes a coagulum. Polymerization in
monomer droplets may occur for highly water soluble monomer. Coagulum formation
may result when the stabilization provided by the emulsifier inl the system is not
adequate for polymer droplets. As the monomer droplets get depleted through the
normal process of supplying monomer to growing latex particles via diffusion through
the aqueous phase, the polymer concentration in the droplets which have been hit by
free radicals increases. Ultimately, these particles become large swollen polymer

particles of low colloidal stability and act as nuclei for further coagulum formation.

Raman spectroscopy ha;s been reported as an excellent technique for
monitoring analytes in the percent range, however the results published in literature
are not reproducible in many cases (67). Generally, laboratory analytical
instrumentation is very accurate in the parts per million (ppm) range and versatile but

also expensive and delicate. Therefore, if it is to be applied industrially, the cost per
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measurement must be minimized and the instrument must be rugged to withstand the

operating conditions.

In Raman spectroscopy, the excitation wavelength of the laser ranges
anywhere from the ultraviolet to the NIR region. Raman signal is to be collected
efficiently from the sample scatter. The Rayleigh scatter also simultaneously takes
place and is orders of magnitude stronger in intensity than the Raman scatter. Hence,
the probes used for Raman signal collection have to be equipped with filters to cut off

the signal from Rayleigh light otherwise the Raman information could get masked.

6.4 Copolymerization of 2-ethylhexyl acrylate with acrylic acid

Acrylic emulsion polymers find use in the industry for various applications
under the broad category of non-woven fabric binders. This class of emulsions
includes pressure sensitive adhesives, paper coatings, and industrial coatings. The end
uses include its use as architectural coatings (paints), floor polishes etc. High volume
commercial production of these acrylic emulsion polymers provides economic access
to a continuous range of copolymers of glass transition temperature (T,) ranging from
-80 °C to over 100 °C, and with solubility characteristics ranging from highly oil
soluble to highly polar and solvent resistant emulsions. Thus acrylic emulsions find
end uses based on their T,. Very soft (low T,) emulsions are used as pressure sensitive
adhesives, other film forming tough binders are used for latex paints and hard

compositions are used for floor polishes. Various applications of acrylic emulsions
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classified according to the T, are shown in figure 6.13. Higher acrylates, such as 2-
EHA find application as pressure sensitive adhesives (PSA). These acrylic adhesives
are generally composed of two monomers that are copolymerized. One of the
monomers that is present in excess (about 80-98 % of the total weight of the two
monomers), is hydrophobic and its carbon number ranges from 4-10 carbon atoms.
(68). The second monomer, incorporated during copolymerization is a reinforcing
monomer, present in 2-20 % of the total weight of monomers. It usually contains 1-3
carbon atoms in the alkyl group. The chern/ical structures of 2-EHA and acrylic acid
are shown in figure 6.14. Figure 6.15 shows the Ramén spectrum of 2-EHA and figure
6.16 shows that for AA. With this in mind, the polymerization system of 2-EHA

copolymerization with acrylic acid was studied using Raman spectroscopy.

6.4.1 Correlation of monomer conversion with in-line real time Raman spectra
Emulsion polymerization reactions of 2-EHA and AA were carried out using
recipe in Table 6.3. The total monomer concentration was maintained at about 10% of
the total latex amount, thus accounting to 10% solids in the finished latex. Reactions
were carried out at 60 °C and varying monomer ratio of the two monomers (90/10 and
80/20 2-EHA and AA). The stirrer speed was méintained constant at 200 rpm. Raman
spectra were collected in real time with 15 seconds accumulation time and the spectra
were recorded as average of 2 collections. The laser wavelength was 785 nm. The
reaction time was recorded throughout the experimental run and 2-5 ml aliquots were

withdrawn from the reactor at regular intervals. The sample latex was then inhibited
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Figure 6.13: Polymer glass transition temperature (’i‘g) ranges for various
product applications

[Source: Lowell, P. A., El-Aasser, M. S. in “Emulsion Polymerization and
Emulsion Polymers” (John Wiley and Sons Inc., New York, 1997)]
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(A) 2-Ethylhexyl acrylate

I

HyC=CH —C —O0—CH,—CH(C;Hs5)—CH,—CH;

(B) Acrylic acid

ﬂ’
H,C=—=CH—C—O0OH

Figure 6.14: Chemical structures of 2-ethylhexyl acrylate and acrylic acid
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Figure 6.15: Raman spectrum of neat 2-ethylhexyl acrylate (2-EHA) collected
with filter based immersion probe
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Table 6.3: Reaction recipe for emulsion polymerization of 2-EHA and AA

Ingredient Parts by weight Weight
2-Ethylhexyl acrylate 90 68.85 gm
Acrylic acid 10 7.65 gm
n-dodecyl mercaptan 0.2 0.15 gm
Water 900 688.50 gm
Emulsifier 0.3 0.255 gm
Potassium persulfate 0.3 0.23 gm

Total ~1000 766.15 gm

96




with 2% hydroquinone solution in water and stored in ice. Combination of the
inhibitor and cold storage completely inhibited the reaction. These samples were
analyzed for the conversion based on total monomer content using gravimetric
technique. The conversion based on both the monomers taken together was calculated
using equations 6.2 and 6.3. Figure 6.17 shows the real time spectra obtained during
the progress of the reaction. The Raman peak at 1640 cm ! is due to the >C=C<
present in the monomer. It is important to note that this peak appears due to the total
monomer content in the reaction mixture. Thus, this peak has contribution from
residual >C=C< in 2-EHA and AA at any time during the reaction. As the reaction
proceeds, the monomers polymerize. Thus, the Raman peak due to the monomer
decreases in intensity with time. For the monitoring of emulsions using Raman
spectroscopy, an internal standard method was chosen. The Raman peak due to C=0

was chosen as the internal standard.

Results and discussion:

The spectra were arranged into a matrix and the wavenumber range of 1600 to
1700 cm™ due to C=C was analyzed to correlate with the amount of residual monomer
in the reaction mixture. The data was baseline corrected and the intensity of the peak
maximum at 1632 cm™ is plotted against time in figure 6.18. PCA was performed for
this wavenumber region. Table 6.4 gives the variance explained by each of the PC.

The first PC accounts for 98.82% of the data variance. The second PC accounts for
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Table 6.4: Percent variance explained by principal components

Principal Component

Cumulative % variance explained

1

98.82

99.42
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0.80% data variance. This clearly indicates that the first PC adequately explains the

information contained in the data set.

In order to build a PLS model the baseline corrected spectral region in 1600 to
1750 cm™ Raman shift was used. These peaks were individually baselin;a corrected.
The peak due to C=C'was normalized using the maximum intensity of the peak at
1730 cm™ due to C=0. From the resultant matrix, the spectra corresponding to the
time when the samples were withdrawn were separated. This matrix was used as the X
data matrix to build a predictive PLS model. The data was mean centered. Mean
centering involved subtracting the mean of each of the columns in the X and Y
matrices from the data points (69). For building the calibration model, leave-a-sample
(LAS) cross validation technique was used. Details of such analyses were described in
chapter 4 on regression techniques. The optimal number of principal components was
decided by evaluating the standard error of calibration chart as shown in figure 6.19.
The SEC with two factors was found to be 9.31. Thus, two principal components were
used for building the PLS model. Figure 6.20 shows the comparison of predictions and
measured values for samples in the calibration set, with a calibration model based on
two factors. This plot shows that the sample prediction for total conversion value
agrees well with the actual conversion calculated using the gravimetric analysis. A
qualitative interpretation is obtained from analysis of the first and second loading
vectors. In figure 6.21, the ﬁrst loading vector is plotted against the Raman shift. The

first loading mimics the profile of the normalized Raman spectrum. The information

101



Standard Error

20
A,
18 -
u Optimal Factor
16
14 | / ——'A/‘
Y —i
12
10

4 |
, | ==sev \
B=SEC; u

. I

1 2 3 4 5

Factors

Figure 6.19: Standard error of calibration (SEC) and cross validation (SEV)
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about the monomer content is the dominant feature in the Raman spectrum in this
region. Therefore, it is expected that the first PC contains information about the
monomer content. Thus, the first loading vector explains the strong contribution of
monomer content variation. This model was used for predicting the conversion for all

time values during the reaction using the real time Raman spectra.

An external prediction set was formed using the spectra that were collected
during the emulsion polymerization reaction. The spectra that were not included in the
calibration set were only used in the prediction set. The spectra were subjected to
mathematical processing similar to that of the calibration set. The calibration model
developed was used for prediction of conversion with time. The results of prediction

are plotted in figure 6.22. The standard error of validation (SEV) was 13.06 %.

Observations and Conclusions:

In all the spectra collected in real time using immersion type Raman probe, the
laser Rayleigh line at 0 cm™ was seen. This is caused by inadequacy of the filters in
the probe to cut off the laser line. Therefore, some of the laser light appears in the
spectrum. However, as the reaction progresses, the scattering of the incident laser light
increases. Therefore, the intensity of the laser line at 0 cm™ increases tremendously
with consecutive spectra and finally the detector saturation was observed. This can be
seen from the spectra in ﬁgﬁre 6.23. During the mathematical processing and

subsequent treatment of the data, the initial part of the Raman spectra was cut off. This

105



Percent conversion

120
=
100 | . " . an
[ na"s @
80 . l-.'.ll.' 'KA' -'-:
= am = e .' L - .
.‘ [ ] | | . [ Ll n
) m . -
60 -Al --I.. u u
s e
n M :
. AT
.
A': ‘.’l
- =
20 {u -.I p l-.. |
fa " w  a | AMeasured Y
LJ . = Predicted Y
0
0 20 40 60 80 100 120 ° 140 160
Time (min)

Figure 6.22: PLS prediction results for real time Raman spectra recorded
during emulsion copolymerization of 2-EHA with AA
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Figure 6.23: Increase in the intensity of the laser line with time during
emulsion copolymerization of 2-EHA and AA

107



method of data treatment and analysis does not affect the calibration or prediction of
the residual monomer conversion. However, the observation of the laser line is a

visual disadvantage for monitoring of the reaction.

The above study has demonstrated that the application of in-line fiber optic
Raman spectroscopy can be extended to monitoring emulsion polymerization reactions
in terms of the total residual monomer content. The standard error of or validation
prediction is dependent upon the ability of the Raman probe to "see" the monomer.
This is dependent upon the opacity of the reaction contents. It was observed that the
reaction mixture was transparent in appearance at the beginning of the reaction. As the
polymerization proceeds, the opacity of the mixture increases. Thus, ljght scattering
takes place, which affects the amount of Raman signal generated and collected. The
polymer formed in this reaction, copolymer of 2-EHA with AA, has very low T,.
Hence, it has a tendency to stick to the Raman immersion probe if the emulsion
becomes unstable. Polymer coagulum globules are observed in the reactor and on the
probe tip. This influenced the prediction values for real time emulsion
copolymerization monitoring of 2-EHA and AA. Hence, later experiments were

carried out at higher emulsifier content to increase the stabilization of the polymer.

6.4.2 Prediction of monomer conversion from calibration reaction run

The ultimate use of Raman spectroscopy as an in-line reaction monitoring tool

is based on its utility to monitor emulsion polymerization reactions of unknown
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chemical composition. For application of in-line Raman spectroscopy at the
production facility, a calibration model is needed. This calibration model could be
utilized to predict the conversion profile of an emulsion reaction carried out under
similar set of conditions. Use of Raman spectroscopy for such applications is

demonstrated in this section.

Emulsion copolymerization reactions were carried out with recipe as given in
table 6.3. The emulsifier concentration was increased threefold in order to make the
emulsion stable thus reducing the risk of emulsion sticking to the immersion probe.
The experimental procedure was followed as described in section 6.4.1. The samples
were withdrawn from the reaction mixture and analyzed separately using gravimetric
analysis. Figﬁre 6.24 shows the conversion of the monomers as calculated by
gravimetric analysis plotted with reaction time. The real time Raman spectra were

collected using a filter based immersion probe.

Results and Discussion:

Raman spectra were arranged into a matrix and the peak in the region 1600 and
1680 cm™ due to C=C were selected and baseline corrected. The peak intensity of all
the baseline corrected spectra was normalized with respect to the intensity of peak in
this region from first spectrum at #=0. Thus, the spectra are indicative of the
conversion of the monomers at any time. The conversion was calculated according to

the formula in equation 6.4. The intensity of the first spectrum corresponds to the
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Figure 6.24: Conversion based on 2-EHA and AA residual monomer content
by gravimetric analysis, plotted against reaction time
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beginning of the reaction at /=0. Based on Ij, the conversion is calculated using the
intensity variation in C=C peak with time.

Conversion X (%) = 101—'1' x 100 ...(6.4)

0
where, I, = Intensity of the peak at 1640 cm™ in the first spectrum at t=0 (baseline
corrected)

I, = Intensity of the peak at time # in the real time spectra during the reaction

progress (baseline corrected)

A least square univariate fit was developed and model was used to predict the
conversion for aﬂother reaction carried out under similar reaction conditions. Figure
6.25 shows the results of this analysis. The monomer content calculated using
gravimetric analysis is plotted against the conversion value obtained from formula in
equation 6.4. The correlation coefficient for the model was 99.5%; thus indicating a
good degree of ' correlation between the normalized spectral intensity and the
conversion of the monomers based on gravimetric analysis. The least squares
univariate model proposed a linear fit between the normalized spectral intensity with
the conversion obtained from gravimetric analysis.

y=0.9793 x + 4.9576 ...(6.5)
where, y = conversion obtained from normalized C=C, using equation 6.5,
x = Monomer conversion at any time during the reaction using gravimetric

analysis.
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This univariate model was used to predict the monomer conversion with time
for another reaction carried out under similar reaction conditions. This is an important
utilization of Raman spectroscopic tool for process monitoring, as it would be able to
detect whether the reaction being monitored follows the projected path. Thus, it would
be possible to determine the conversion of monomers at various time points duriné the
reaction; it would also be of importance in end point determination of a batch reaction.
In industry, judging the end point of a batch reaction is a tricky process, since the
process might not be equipped with on-line real time monitoring instrumentation.
Thus, in order to get the residual monomer content below the specifications, the
reaction batch time is increased. Such a monitoring tool would also be of use in

determination of faulty batches.

Another reaction carried out under similar experimental conditions was used to
test the validity of this univariate model. For this reaction, samples were withdrawn
during the progress of the reaction and analyzed for the monomer conversion. The real
time Raman spectra were also recorded. In order to apply the univariate model to this
data, the spectra in the 1600 to 1680 cm™ region were considered and the C=C peak
intensity was normalized using the intensity of the first spectrum at /=0 as the
beginning of the reaction. The univariate model in equation 6.4 was applied to the
spectral data to predict the monomer conversion with time. The resulting prediction of
the monomer conversion is plotted in figure 6.26. It shows the predicted conversion

during the progress of the reaction plotted with the actual gravimetric conversion
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Figure 6.26: Comparison of the measured and predicted monomer conversion
with time during emulsion copolymerization of 2-EHA with AA
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obtained from the samples that were collected and analyzed. Figure 6.27 shows the
comparison and goodness of prediction for the predicted and actual measured value of
the conversion. The univariate model error of prediction was 3.49 % based on total
monomer content. It can be seen from these figures that the univariate analysis
simplifies the mathematical treatment of the data as compared to the multivariate

analysis, as in section 6.4.1.

6.4.3 Monitoring difference in rates for 2-EHA/AA emulsion copolymerization
reactions at different starting monomer ratios

In this section, emulsion polymerization reactions were carried out at varying
starting monomer ratios. In-line Raman spectroscopy was applied as the monitoring
tool for observing the rates of reactions. A copolymerization model has been proposed
for 2-EHA and AA. According to this model (70) the monomer polymerization occurs
in the droplets. This model was developed for the emulsion polymerization reaction
carried out at surfactant concentration below the critical micellar concentration
(CMC). As the starting monomer ratio is changed, the final properties of the resulting
random copolymer change with respect to its tacky nature and its use as pressure
sensitive adhesives. Poly(2-EHA) gives a soft tacky film that adheres to almost any
surface. The addition of high T, AA changes the tack of the resulting film even at
small concentrations of the functional monomer AA. The T, of the resulting

copolymer can be calculated using equation (6.6):
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- [Ma(aa IW )T, 0% M,

8 [Ma(aa/Wa)+ M,

(@ Wb)Tg,b]

(a /W,

by )

...(6.6)

where, W = Molecular weight of the monomer,
M = Weight fraction of the monomer,
o = Number of flexible bonds contributed to the polymer chain by the
monomer, (o=2 for vinyl polymerizations)

a and b = comonomers participating in the reaction.

Data shown in Table 6.5 shows the relative speed of polymerization based on
the k, /k value for each monomer. It can be noted that compared to the EHA, the
carboxylic monomers are slower as given by the ky, /k; values. Thus, 2-EHA reacts
faster as compared to AA. Table 6.5 also lists the partition of AA between the organic
and aqueous phases for emulsion prepafred with 10% by weight of organic phase. It
indicates that majority is in aqueous phase. Moreover, the true concentration of acid in
the monomer droplets is quite low and considerably less than the recipe ratio. "_{able
6.5 also gives the copolymerization reactivity ratio of the base monomer and the
carboxyl monomer as calculated by O and e scheme (14). The reactivity ratios indicate
the relative tendency of a monomer to homopolymerize against its tendency to
copolymerize. Thus, AA has slightly higher tendency to homopolymerize. However,

due to the low solubility of 2-EHA in water, bulk of the 2-EHA is present in the form
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Table 6.5: Physical properties of 2-EHA and AA

1.k, /k: values of monomers

Monomer ky /b x 10°
2-EHA 917 (60 °C)
AA 250 (23 °C)

[Source: Polymer Handbook, J. Brandrup, E. H. Immergut, J. Wiley and Sons Inc. NewYork, 1989]

2. Partition of AA at 10% oil phase

(95 EHA/S AA) AA
Organic 4.5%

| Aqueous 95.5 %

|

|
(80 EHA/20 AA) ,
Organic 8.0% |
Aqueous 92%

3. Relative rates of copolymerization (Q and e calculations)

M1/M2 -rl r2

EHA/AA 0.93 1.08

[Source: Loncar, F. Ph.D. Dissertation, Lehigh University, 1985]
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of monomer droplets and most of the AA is present in the aqueous phase owing to its

higher solubility in the aqueous phase.

Considering these facts, emulsion polymerization reactions were carried out on
the 2-EHA/AA system at different initial monomer ratios. The reactions used the
recipe as in table 6.6. The monomer ratios as shown in table 6.7 were used for carrying
out the reactions. During all the reactions, samples were withdrawn and analyzed for
residual monomer content. From the data presented in detail in sections 6.4.1 and 6.4.2
it was observed that there is a small difference in the rates of reactions with change in
temperature. In this section, the application of Raman spectroscopy to monitor those
small differences in rate will be explored. In-line monitoring of the emulsion
copolymerization reactions was carried out using filter based immersion probe. The
spectra were collected for 15 seconds and average of 2 spectra recorded. The
mathematical treatment of the spectra is similar to that detailed in the section 6.4.2.
The spectral region in the C=C peak area was selected and was normalized using the
C=0 peak intensity. This is an internal standardization method, and removes any bias
that might be present within the data set. The C=C peak was also sc'aled such that all
the normalized peaks spanned across the 0 to 100% conversion range. The normalized

and scaled spectra are shown in figure 6.28.
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Table 6.6: Reaction recipe for emulsion polymerization of 2-EHA and AA

Ingredient Parts by weight Weight
2-Ethylhexyl acrylate 90 68.85 gm
Acrylic acid 10 7.65 gm
n-dodecyl mercaptan 0.2 0.15 gm
Water 900 688.50 gm
Emulsifier - 1.0 0.765 gm
Potassium persulfate 0.3 0.23 gm

Total ~1000 766.15 gm




Table 6.7: Ratios of initial monomer concentration

2-EHA AA
95.0 5.0
92.5 7.5
90.0 10.0
87.5 12.5
85.0 15.0
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Observations and Conclusions:

From the reaction profiles shown in figure 6.28, it can be seen that the
reactions could be monitored for the whole duration of the reaction. The
characteristics of the monomers 2-EHA and AA listed in Table 6.5 suggested that as
the amount of AA in the reaction mixture increases, the propagation phase of the
polymerization would proceed slower owing to the lower k,/k; value for AA. As the
initiation for emulsion polymerization reactions begins in the aqueous phase, the
initiation is faster as the concentration of AA increases. However, the rate of
propagation is slower due to higher termination in case of AA. Therefore, the reaction
attains the final conversion at a slower pace. Figure 6.29 shows the conversion vs.
time results for the emulsion polymerization of 2-EHA and AA at 60 °C for varying
monomer ratios. There is a very subtle change in the reaction rate with concentration

of AA.

In figure 6.28, normalized C=C peak for reaction with 5% AA shows a span
from 100% norrnaﬁzed intensity to about 5% of the initial value at the end of the
reaction. However; the other reactions reach saturation at a higher value of normalized
intensity. It is known that as the concentration of AA in the reaction mixture increases
the tack of the resulting polymer increases. It was also experimentally found that the
possibility of polymer globule sticking to the immersion Raman probe increased with
increase in AA. Thus, towards the end of the polymerization period, the probe does

not see the actual residual monomers in the emulsified reaction mixture. However, the
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probe sees some of the monomer trapped in the polymer globule that is attached to the

tip of the Raman probe.

6.4.4 Individual comonomer monitoring for 2-EHA and AA polymerization
reactions using in-line Raman spectroscopy

Knowledge of the individual concentration of the two comonomers at any time
during the reaction is important so that the depletion of each monomer can be
followed separately. This is important in determining the reaction profile of each of
the monomers and thus gives an idea about the properties of the resultant polymer. In
this section, the attempts to determine the individual comonomer concentration during
the reaction run are explained in detail. There are two important aspects to consider:
ability of Raman spectroscopy to monitor the monomers separately, and the
development of a.primary method for the individué.l analysis of the monomers. A
primary method was developed for the determination of 2-EHA from the reaction
samples using Gas Chromatography. Gravimetric analysis could not be used for this
determination due to its inability in determining the concentration of each monomer in
the reaction sample. Gravimetric analysis measures the weight lost upon heating.
Thus, then samples are heated, and the weight lost is measured, it accounts for the
water and monomers present in the .sample. Therefore, gravimetric analysis only
determines the total concentration of the residual monomers in the sample without
differentiating between them. Hence, it cduld not be used for this analysis where

individual determination is the objective.
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6.4.4.1 Differentiation of 2-EHA and AA from Raman spectra of neat samples
and emulsions

The aim of these experiments is to determine if Raman spectroscopy can be
used to determine the individual monomer concentration in known 2-Ethylhexyl
acrylate (2-EHA)/ Acrylic acid (AA) neat mixtures. Five mixtures with known

concentrations of 2-EHA and AA, as in table 6.8, were prepared.

Raman spectra were recorded using Kaiser Optical Systems HoloProbe Raman
spectrometer using 785 nm laser. Spectra were collected for 15 seconds with 2
accumulations. The spectra are as shown in figure 6.30 and figure 6.31 shows the
1600-1750 Raman shift (cm™) region. The peaks at 1640 cm™ and 1730 cm™ are due
to C=C, and C=0 present in the monomers respectively. In figure 6.31 it can be seen
that there is a small shoulder on the righ}t side of C=C peak at about 1660 cm™ and it

increases as the amount of AA in the mixture increases.

The spectra obtained during in-line reaction monitoring are shown in figure
6.32. These spectra were recorded from the beginning of the reaction until the end of
the batch time. There is a significant decrease in the overall spectral intensity as
compared to the spectra in figure 6.30. This is due to the fact that in the reaction
mixture, the monomers amount only to about 10% by weight of the total amount.
Hence, the Raman peak due to the monomer is lower in intensity as compared to that

in the spectra of neat samples. In figure 6.33, the peak at 1640 cm™ appears as a single
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Table 6.8: Compositions of neat mixtures of 2-EHA and AA

Sample Number 2-EHA (wt %) AA (wt %)
1 0 100
2 25 75
3 50 50
4 s 25
5 100 0
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Figure 6.30: Raman spectra of neat mixtures of 2-EHA and AA in a set of five

samples of varying AA content.
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Figure 6.33: In-line Raman spectra during emulsion polymerization in the C=C
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peak without any shoulder. It gives an idea about the total absolute amount of (C=C)
moieties present in the reaction mixture. Hence, this peak can be used to give an idea
of the total residual monomer content in the reaction mixture at any given time. The
shoulder seen in the spectra of neat mixtures is not seen here. This could be due to the

fact that the shoulder at 1660 cm-! is buried in the higher noise level in the spectrum.

Results and Discussion:

In order to determine whether the spectra convey information about both the
comonomers, the spectra were analyzed using pattern recognition techniques as
described in detail in chapter 4. The spectra were subjected to principal component
analysis (PCA) in the region of 1600 to 1750 cm-!. Table 6.9(A) lists the variance
explained by each of the principal components for neat samples and table 6.9(B) lists
that from the PCA of emulsion spectra. For the spectra of pure mixture samples, the
resulting loadings as shown in figure 6.34 were obtained. It can be observed from
table 6.9(A) that the second PC explains about 5% of the data variance. Therefore; it
can be said that the second PC accounts for the information about amount of AA in the
neat samples. Figure 6.35 shows the loadings for the PCA carried out on spectra from
in-line monitoring of emulsions. From table 6.9(B) and figure 6.35, it is observed that
about 99% of the information in the data is explained by the first PC. Hence,
distinction between the 2-EHA and AA is not seen in the in-line Raman spectra of the
reaction mixture. From figure 6.35 it can be clearly seen that PC1 has shape similar to

the spectra and PC2 can be attributed to noise in the region of interest in the spectra.
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Raman spectra of neat 2-EHA and AA samples.
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Table 6.9: Variance explained by each principal component for PCA performed on the
spectra obtained from neat samples and emulsion

A) Neat 2-EHA and AA samples:

PC Variance % Cumulative %
1 93.70 93.70
2 5.59 99.29
3 0.70 99.99

B) Emulsion polymerization:

PC Variance % Cumulative %
1 99.03° 99.03
2 0.76 99.79
3 0.13 99.92
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CHAPTER 7
IN-LINE MONITORING OF POLYMER PROCESSING OPERATIONS
USING RAMAN SPECTROSCOPY

7.1 Introduction

Polymer processing operations form a major class of operations in the
polymer industry. These operations include extrusion, molding processes of polymer
to produce useful articles. Monitoring the polymer processing operations is of
importance as it directly results in reduced waste during production thus increasing
profitability of the manufacturing process. In-line monitoring of polymer processing
operations has been demonstrated previously using spectroscopic techniques such as
near infrared (NIR) spectroscopy and UV-Visible spectroscopy (28,37,71-73). In this
research, the appiicability of in-line monitoring to extrusion processes using Raman
spectroscopy will be demonstrated. The polymer systems studied include ethylene
vinyl acetate (EVA), polypropylene (PP) and polyethylene. EVA samples with
varying VA content and melt indices were studied. For the polypropylene samples,
the information obtained from Raman spectra was correlated to the complex
viscosity of the samples. In the PE sample set, varying octene content in the samples

was investigated using polarized Raman spectroscopy.
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7.1 Experimental set up

A single screw extruder (C. W. Brabender) was used to obtain molten
polymer from particulate polymer pellets. The feed hopper was continuously purged
with nitrogen gas in order to minimize any possible moisture absorption from the
surroundings. The molten polymer was pumped using a gear pump at uniform mass
flow rate of about 0.5 Kg/hr to a flow cell é.t a temperature of about 200 °C. Figure
7.1 shows schematic of the extrusion process. A schematic of the cell is shown in
figure 7.2 (74). The flow cell provides a flow channel of rectangular cross section
that is 20 mm wide and 9.5 mm high. The extruder die head has a circular opening of
3/8" diameter. A transition piece is present between the die head and the flow cell.
This transition piece ensures that the complete area is free from any “dead-flow”
polymer zones, where the polymer might accumulate and degrade. In-line
monitoring is carried out using single sided scattering type Raman probe. The probe
is fit into housing whose internal dimensions match that of the standard industry
pressure transducer dimensions. Ring shaped spacers are mounted on the neck of the
housing such that the pathlength could be varied. The thickest spacer makes the
housing flush with the walls of the flow channel and by reducing the thickness of the
spacer, the pathlength can be varied between 1 to 9.5 mm. A pressure restrictor
attached to the flow cell can be used to vary the pressure of the flowing polymer.
This valve also prevents molten polymers of low viscosity from draining. Thus, it

also ensures that the optical measurement volume is not empty.

L]
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7.2 In-line monitoring of ethylene vinyl acetate (EVA) éopolymers

Poly(ethylene vinyl acetate) copolymers are obtained by copolymerization of
ethylene and vinyl acetate under high pressure. The incorporation of vinyl acetate
(VA) reduces the crystallinity thus improving the flexibility, clarity, and impact
strength of the polymer. These resins are widely used as adhesives, films and also for
injection molding, blow molding, and many extrusion processes. Their applications
include use as hot melt adhesives, coatings and textile products (75). The VA
monomer is usually randomly distributed in the polymer chain and brings polarity to
the chain. As polarity increases, there is a shift in the chemical resistance of the
material. The structure of EVA polymer is shown in figure 7.3. Different EVA
grades can also be distinguished based on their molecular weight. As the molecular
weight increases, the melt viscosity also increases. Melt Index (MI) is an industrial

parameter that is used to characterize the melt viscosity of the polymer.

In-line real time monitoring of processes is important for its numerous
advantages over conventional off-line‘monitoring techniques. Off-line monitoring
techniques do not yield instantaneous results and thus can not be used to identify
varying product quality. In-line process monitoring techniques yield almost
instantaneous result\s regarding the monitored parameter. Thus, result in reduced
waste and lower process cost. In-line monitoring of % VA content in EVA
copolymers have been previously carried out using near infra-red (NIR) technique

(27). Raman spectroscopy has been evolving as a complimentary spectroscopic
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method to NIR spectroscopy. Raman spectroscopy offers distinct advantages over
conventional NIR spectroscopy (76). Raman spectroscopy is a scattering technique,
whereas NIR spectroscopy is a transmission technique. Hence, a single sided probe
can be used for acquiring Raman spectra from molten polymer samples. It can also
be used to investigate pellets, films, or bulk samples without much sample
preparation. Raman spectra consist of sharp fundamental peaks as against broad

overtone bands in NIR spectroscopy.

In this research, in-line spectra were collected using a single sided Dynisco®
style probe during the extrusion process. The probe has confocal optics built into it.
Details of the Dynisco style Raman probe are depicted in figure 7.4. The probe is
essentially made of two barrels, in which the outer barrel is fixed and the inner barrel
is movable. The inner barrel has a lens attached to its tip and the outer barrel has a
window at its tip. The light travels in the form of a collimated beam and encounters
the lens at the tip of the inner barrel. As the inner barrel is moved relative to the outer
barrel, the distance of the focus varies relative to the outside window of the outer
barrel. Thus, the focus of the excitation laser beam could be adjusted in order to
achieve the maximum possible intensity of the collected Raman spectra. The probe
head has two built in polarizers, one each on the excitation and the collection light
path. The probe was adjusted such that the ﬁuimm intensity was obtained in the
polarization in which the excitation and collection polarizers were parallel to each
other. This is referred to as the plane polarization. Spectra were also recorded in
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orientation where the excitation and collection polarizers were adjusted
perpendicular to each other, referred to as the cross polarization. Details of polarized
Raman spectroscopy and the nomenclature were discussed in chapter 2. In-line
Raman spectra were recorded using a Kaiser Optical Systems Inc. HoloProbe®
Raman spectrometer. The spectra were.collected using a 785 nm laser with 300 mW
power. Use of laser wavelength in the near infrared region reduces the possibility of

sample fluorescence.

7.2.1 Monitoring of VA content in EVA samples

For this study, EVA random copolymer samples from two different
sources were used. These two sets are referred here as set I and II. These sets provide
a wide range of samples with varying VA content and MI values. Table 7.1 shows
the VA content of the samples in set I and II. Processing temperatures were set as
shown in Table 7.2 for the six zones in the extruder. The spacer used was 5 mm in
thickness. Spectra were collected using the Dynisco® style probe described in detail
before. The spectra were recorded for 15 seconds and two collections were averaged.
For each sample, 5 spectra were recorded in the plane polarized and cross polarized
orientation each. These spectra were averaged and used for mathematical analysis.
The flow rate of the extruded polymer through the flow cell was kept constant at (7.5
+ 0.5) g/min. For samples with very high melt index (MI > 100 g/10 min) it was

found difficult to maintain the flow rate exactly in this range. For these samples the
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Table 7.1: EVA sample set

Set 1
Sample | VA Content

1 0
2 9.08
3 12.12
4 12.04
5 15.18
6 9.11
7 17.91
8 19.06
9 24.89
10 25.22
11 28.49
12 27.84
13 28.59
14 28.37
15 32.05
16 35.57

Set 2
Sample | VA Content
17 21.01
18 34.8
19 34.95
20 26.87
21 18.72
22 18.62
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Table 7.2: Processing temperatures for EVA

Zone Temperature (°C)
1 190
2 195
3 200
4 210
5 210
6 210
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flow rate was maintained in the range (7.5 4+ 1.5) g/min. Since the flow rate is
maintained constant, a constant shear rate at wall will be experienced by all the
samples. These conditions influence orientation of the molten polymer chain based

on its molecular weight.

Figure 7.5 shows overlaid spectra of PE (EVA with 0% VA) and EVA with
35.57% VA (sample 16 from Set I). This figure was used to identify the peaks in
Raman spectra attributed to the vinyl acetate in EVA random copolymer. Raman
spectrum in 2000-5000 cm-! region of EVA copolymers is characterized by bands at
1740, 1461, 1439, 1416, 1298, 1126, 1063, 629 cm-! due to C=O stretching, CH,
scissoring, CH, scissoring, CH, wagging, CH, twisting, C-C stretching, C-C
stretching, and O-C=0 deformation modes, respectively. It can be clearly seen from
figure 7.5 that the bands at 1740 and 629 cm! arise due to VA. Figure 7.6 shows
overlaid Raman spectra of the sample 16 in set I in plane and cross polarized
orientatibn. The Raman spectrum from a species arises due to change in the
polarizability of the molecule upon incident light. Polarizability of a molecule is the
ease with which the electron cloud of the molecule can be distorted. Thus, the plane
and cross polarized spectra show presence of the same bands, however, with varying
intensity. The overall intensity of the Raman spectrum is higher in the plane
polarized orientation as compared to the cross polarized orientation. In the cross

polarized geometry of data collection, the collection polarizer is perpendicular to the

147



Intensity

5000

C-H peak

4500

4000

~
4

3500

S

[
=1
=1
Qo

2500

2000 -

———————
- -
- -

1500 -

-

-

z

\
\
\
\
)
\
1
)
1
1
1
|
1
1
]
1
[}
i
1
1
1
!
’
J s \ _,‘\
1000
] 500 1000 1500 2000 2500 3000 3500
Raman Shift (cm-1)

Figure 7.5: Overlaid Raman spectra of PE and EVA with 35.57% VA in plane
polarized orientation

148



Intensity

4500

4000 -

3500

3000

2500 -

2000

1500

1000

g

0 © 500 1000 1500 2000 2500 3000 3500
Raman Shift (cm-1)
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S

excitation polarizer. Hence, intensity of the cross polarized spectrum is lesser than

the plane polarized spectrum.

Mathematical Analysis:

The spectra for plane and cross polarized samples were averaged and
arranged in the form of two individual matrices. This matrix was subjected to PCA, a
pattern recognition technique. PCA was carried out in order to make a qualitative
model that discriminates between the samples according to their VA content and
PLS was used to make a quantitative model that predicts the VA content in EVA
samples. PCA was performed on the baseline corrected and mean centered Raman
spectra in 1710 to 1760 cm-!. This peak is due to the presence of C=0 in the VA
group. Figure 7.7 shows the baseline corrected C=O peak in 1710 to 1760 cm-!
region. It can be clearly seen that the inteﬁsity of the peék increases with increasing
amount of VA in the sample. Figure 7.8 shows the score plot of factor 1 against
factor 2. This plot shows the relative weightage of each sample on PC1 and PC2. A
score plot was plotted using the mean centered data without any pretreatment,
however, the data with multiplicative scatter correction (MSC) pretreatment gave
slightly better results, and the results are presented in figure 7.8. This treatment is an
approach to compensation for scattering by solids. Each sample spectrum is
regressed against an ideal spectrum to yield a slope and intercept. The sample
spectrum is then corrected at each wavelength by subtracting the intercept and then
dividing by the slope. It can be seen from ﬁgufe 7.8 that the samples in set I and II
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are arranged according to increasing VA content. Thus, the VA content of samples
appears as the primary information in PC1. This analysis was performed on all
samples in set I and II, except sample 1 from set I, as its response was that of an
outlier. The incorporation of VA in the EVA samples reduces its crystallinity (77). It
has been suggested before that the score on factor 2 appeared as a result of the
crystallinity. From figure 7.8, it can be observed that the score on factor 2 decreases
with the increasing VA content, with an exception of sample 6. Sample 6, with VA
content 9.11%, has an exceptionally high score on PC2. Results in figure 7.8 also
show a trend, where the score on factor 2 decreases with the increase in the VA
content of the samples. Thus crystallinity or MI effects appear as a secondary

information in the Raman spectra in the region under consideration.

In order to correlate the amount of VA in the EVA samples, linear least
squares and PLS analysis was carried out on all the samples .in set I and II. The
spectral region in the 1710 to 1760 cm-! region was used for building a chemometric
model. Figure 7.9 shows the maximum intensity of the baseline corrected peak in
figure 7.8 plotted against the known VA content in EVA samples. Linear regression

gives a good fit between the baseline corrected intensity of the C=0 peak and the

known VA content of the EVA samples. The correlation coefficient, 2, which is a
measure of goodness of fit, is 83%. The PLS regression model was built using cross
validation method as described in chapter 4 on regression methods. Figure 7.10
shows the standard error of validation (SEV) that is used to decide the number of
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Figure 7.9: Linear regression fit for intensity of C=0 peak with known VA
content in EVA samples
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factors. Three factors were chosen for building the prediction modej as the SEV is
lowest at three factors, at 1.32. Figure 7.11 shows the prediction of samples in set I
and II using leave a sample (LLAS) cross validation method. Prediction of VA content
in EVA samples has been previously carried out using the region of C-O bending in

C=0 group in VA (78).

Results and Discussion:

These experiments have described the use of dispersive Raman spectroscopy
in monitoring and predicting the VA content of EVA samples. The chemometric
techniques such as PCA and PLS were applied to the spectroscopic data for
determining the possible outlier samples and predicting the VA content, respectively.
Twenty-two EVA samples from set I and II could be discriminated based on their
VA content. The scores plot was used to identify the possible outliers. Sample 6
appeared as an outlier as seen from the scores plot. However, the prediction of
sample 6 using PLS analysis did not reveal this anomaly. The meaning of first and
second factor were also deduced using this data. It was found that the VA content of
a sample reflected as the score on the first factor and the crystallinity of the EVA
samples reflected as the score on the second factor. The PCA analysis was carried
out using the multiplicative scatter technique, which corrects for the background
and/or scattering effect during spectral acquisition. A calibration model was made
using linear least squares fit and PLS technique. The linear least square technique
served as a primary data analysis tool for developing basic understanding of the data
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and correlation of the variables with the VA content. PLS model was developed
using leave-a-sample cross validation technique for the prediction of VA content.
The standard error of validation for the samples in set I and II was 1.32, with three

factors used for the model.

The application of Raman spectroscopy to monitoring extrusion processes in
real time has been demonstrated. The development of rugged fiber optic probes that
can withstand the temperatures in the extruder flow cell is of crucial importance to
this application. Raman spectroscopy contains information about the structure and
chemical composition of polymer species due to a number of sharp and well-
resolved bands. In-line fiber-optic Raman spectroscopy coupled with multivariate
statistical analysis provides capability of monitoring the copolymer composition in

EVA samples.

7.2.2 Monitoring rheological properties in EVA

EVA copolymers find industrial applications as hot melt adhesives. Hot melt
adhesives are thermoplastic materials that can be heated to form a melt and then
applied as a liquid to an adherend. The bond is formed when the hot melt adhesive
resolidifies. The formulation of hot ﬁelt adhesives involves providing the best
possible properties over a wide range of temperatures (79). EVA can be

manufactured in a wide range of molecular weights and in a variety of compositions.
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As the molecular weight increases, the melt viscosity also increases. Melt Index (MI)
is an industrial parameter that is used to characterize the melt viscosity of the
polymer. The ASTM melt index test (ASTM D-f238) (80) gives the flowability of
the plastic resins in the melt form and is measured in units of g/10 min. Melt index is
used as an approximate measure of the average molecular weight of the polymer.

Often, a general relationship between the melt index (MI) and the molecular weight
(‘M) 1s given by equation (7.1).

log,,(MI) = k, — k, log,o(Mw) (7.1
where, )47 = Melt index of the polymer,

"My = Average molecular weight,

K, and g, = constants.

Thus, for EVA copolymers with similar weight average molecular weight, 77,,, the

polymer with narrower molecular weighi distribution (MWD) will flow faster.

A schematic of the melt index apparatus, called Melt indexer, is shown in
figure 7.12. The variables for the MI measurements are the temperature and the input
load on the piston. The standard values of these variables change as the polymer
under study varies. For PE based resins and their copolymers, the common operating

condition involves 190 0C and 2.16 kg of load on the piston (81).
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The EVA copolymer samples were obtained from independent sources. The
sample sets ‘are shown in Table 7.3. Set I comprise of 16 samples from one
manufacturer, set II comprises of 6 samples. Tﬁe EVA samples were extruded under
conditions described in detail in section 7.3.1. The flow rate of the samplés was
maintained constant at 7.5 g/min. However, for samples with very high melt index
(MI > 100 g/10 min) it was found difficult to maintain the flow rate exactly in this
range. For these samples the flow rate was maintained in the range 7.5 + 1.5 g/min.
Since the flow rate is maintained constant, a constant shear rate at wall will be
experienced by all the samples. These conditions influence orientation of the molten
polymer chain based on its molecular weight. Hence, the intensity of the Raman
spectra can be used to obtain rheological information about the polymer. When a
polymer experiences stress, changes in the vibrations take place. These changes
result in orientation in the molecules. Therefore, it is possible to build a relationship
between the Raman spectra and rheological properties of molecules. In this research,
the Raman spectra were collected in plane and cross polarized orientation. Variations
in the rheological properties affect the overall spectra obtained from the polymer.
However, the Raman peaks in which the rheological effects appear strongly show
larger changes than other peaks. The C-H stretching bands appear in the region
2850-2930 cm-i (Raman shift). These bands show a strong orientation effect, as seen
in figure 7.13. The intensity in the plane polarized orientation is much éreater than
the intensity in the cross polarized orientation. The plane polarized spectra were used

for mathematical analysis.
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Table 7.3: EVA sample set for MI correlation

Set 1
Sample Melt Index
1 1.89
2 6.45
3. 7.79
4 0.34
5 7.84
6 1.92
7 0.64
8 6.92
9 17.54
10 370
11 6.07
12 143
13 368
14 23.68
15 37.8
16 0.77
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Set 2
Sample Melt Index

1 2.86
2 27.09
3 26.63
4 6.26
5 25.36
6 40.74
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Figure 7.13: Raman spectra of EVA saﬁlples in calibration set (2750-3050 cm-!
region) used to correlate the MI values of EVA samples
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Availability of EVA samples from three independent sources allowed the use
of calibration model to predict the MI values for the samples in the prediction set.
The EVA samples from set I were used as the calibration set due to the wide range of
MI. The samples from set II were used as the prediction set. A logarithmic
relationship .was proposed based on the equation (7.1) between the Raman intensity
and the MI of EVA samples. Leave-a-sample (LAS) cross validation technique was
used to build a calibration model between the plane polarized spectra as the X matrix
and /n(MI) values of the samples as the dependent variable. Hierarchical Cluster
analysis (HCA) was used as a pattern recognition technique to observe the natural
clustering tendency of the samples. Details of HCA analysis were described in detail
in chapter 4. The results of the HCA analysis carried out on samples in the
calibration set are shown in figure 7.14. Two main clusters based on the melt index
values of the samples are observed. In cluster 1, in the upper part of the figure 7.14,
the samples with MI values less than 10 are seen clustered. Whereas, in cluster 2, in
the lower part of figure 7.14, we observed samples with relatively higher MI and VA
values. It can also be observeci that the samples in cluster 1 all have higher % VA
values. Samples 16 and 11 have high % VA content but are observed to fall in cluster
1 due to their lower MI values. This clearly demonstrates that clustering is observed
according to MI value. Within a cluster, the samples with similar % VA values are
arranged in subclusters. The results of HCA showed that the samples 10,12, and 13
are clustered in cluster 2. The samples 10 and 13 have similar MI value that is
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Figure 7.14: Hierarchical Cluster Analysis of EVA samples in the calibration
set .
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considerably higher than the other samples. The samples in the prediction set have
MI values that are close to the samples clustered in cluster 1 in HCA. Hence, the
calibration model made on samples in cluster 1 was used to build the prediction
model. Based on the results of HCA, the PLS analysis of this region was carried out

to correlate the In(MI) value with Raman spectra.

The PLS calibration model was made using leave -a -sample (LAS) cross
validation method. The variance explained by the principal components is given in
table 7.4. Figure 7.15 shows the standard error of validation for the calibration model
based on the cross validation method. The minimum error of 0.47 in In(MI)was
obtained with 5 factors. This calibration model was used to predict the values of
In(MI) for sets II and III. The results of prediction using LAS method are shown in
figure 7.16. A comparison of the measured and predicted /n(MI) values for the
prediction set is shown in table 7.5. A comparison of the goodness of prediction for
the VA content of the EVA samples with the MI values showed that the VA
prediction results had lower standard error of prediction as compared to the In(MI)
prediction. This could be due to the fact that difference in VA concentration in the
EVA samples appears as a primary effect in the Raman spectra. Therefore, the
calibration and the prediction of VA content were less sensitive to the small changes
in the experimental conditions. Melt index of the polymer is a rheological property
that manifests itself as a secondary effect in the Raman spectra. Melt index was
monitored using the C-H stretching band in the Raman spectra. The polymer
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Table 7.4: PCA variance results of 2750-3050 cm™ region

Factor % Variance |Cumulative % Variance
1 95.10 95.10
2 4.18 99.28
3 0.61 99.89
4 0.06 99.95
5 0.02 99.97.
6 0.01 99.98
7 0.01 99.98
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Figure 7.15: Plot of standard error of validation vs. number of factors for PLS

regression of Raman spectral intensity with melt index
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Figure 7.16: Measured vs. predicted /n(MI) values for EVA samples
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Table 7.5: Comparison of the measured and predicted n(MI) values of the
prediction set

In(MI) Measured In(MI) Predicted
3.282 3.2303
1.0508 2.1318
3.2993 ' 3.8174
3.1485 3.5464
3.2332 3.6937
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S

molecules orient as the flow through the slit dies progresses. The molecules
experience different shear rate at different positions in the flow. The polymer at the
slit die wall experiences highest shear. Thus, the degree of orientation varies as the
distance from the die wall changes. This causes a difference in the C-H peak in the
Raman spectra. Hence, the melt index effects are less pronounced as compared to the

VA effects in the Raman spectra.

7.3 Correlation of complex viscosity with the Raman spectra in polypropylene
samples

Polymeric materials exhibit a time dependent behavior when subjected to
stress. When a load is applied to a polymer, instantaneous deformation takes place.
When the load is removed, part of the deformation is recovered instantaneously,
more is recovered with time, and in some materials there is a permanent set. This

time dependent response is called viscoelasticity. Complex (or dynamic) viscosity,
|7 (®)| is a material function that takes into account the effect of sinusoidal stress

applied to the polymer sample. The response of the material is analyzed by
decomposing it into the in-phase and out-of-phase component of response. The
response is also a function of the polymer molecular weight parameters, such as My
and molecular weight distribution (MWD). Complex viscosity is a widely used
parameter in industry. Hence, it is of importance to correlate it with Raman spectra

information in order to get a quantitative model.
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In this section, in-line polarized Raman spectra of ' polypropylene (PP)
samples were recorded in molten conditions. The information obtained from the
spectra is correlated with the complex viscosity data for the samples. The complex
viscosity measurements were performed using a Rheometrics® Dynamic Stress
Rheometer. A schematic of this apparatus is shown in figure 7.17. The PP samples
were compression molded using a hot press and made into the form of small disks of
25 mm diameter. A 25 mm diame‘;er cone and plate viscometer with a gap angle of
0.1 radians was used for these measurements. Constant amplitude, sinusoidal shear
stress at 200 Pa was applied to the molten samples and the rheological response was

recorded over a range of angular frequencies. The storage modulus, G'(w), loss

modulus G"(w) and In*,(co)’ as a function of @ were measured from these

experiments. Figure 7.18 illustrates typical behavior of G'(®), G"(®) and |77*(co)'
with 0. Figure 7.19 illustrates the complex viscosity response of the PP samples in
angular frequency range of 0.01 to 100 rad/sec. In correlating the In* (a))‘ response to
the Raman spectra of the PP samples, a separate methodology as compared to the
correlation of MI was developed based on earlier studies (74). The |77* (co)[ values

are varying with ®. Hence, the Y matrix to be correlated to X matrix, is no longer a
single column, but a matrix. In developing a PLS model for such data sets, either
PLS1 or PLS2 procedure could be used. PLS1 treats each column of the dependent

matrix Y as independent of each other and are independently regressed against the
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Figure 7.19: Complex viscosity response for PP samples over angular
frequency range of 0.01 to 100 rad/sec, measured at 220°C.
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information in the X matrix. Hence, if there are » columns in the Y matrix, »n
independent PLS models are generated. In PLS2 technique, the whole Y matrix of #
columns is treated as one matrix and is regressed against the X data (82). PLS2
involves extensive calculations as it requires evaluating the SVD of a large
covariance matrix. If the columns of the Y matrix, that is the response variables in Y
matrix, are highly intercorrelated, then the Y matrix can be decomposed into a small
number of principal components. The variables would be highly correlated if there
were only a few process variables that affected the Y variables. The sample 4 in the
PP set has a complex viscosity response vastly different as compared to the other
samples. Hence, the mathematical analysis was performed without sample 4.
Therefore, PCA was carried out on the Y data. Table 7.6 shows the variance
explained by each of the principal components. The first PC explains 99.98% of the
variance in the data. Hence, the use of the first PC is justified for building a

correlation between the Raman spectra of PP samples in molten state and

In( |7+ (@))).

The Raman spectra were collected in 2 different polarization states, the plane
and cross polarized state. The representative spectra are shown in figure 7.20. The
spectral region in 2850-3000 cm tﬁat corresponds to the symmetric and anti-
symmetric CH, and CH; bands in the polymer was used as the X matrix for
regression. The peak of interest was baseline corrected using a two-point baseline

correction technique. This X matrix was regressed against the first score vector

176



Table 7.6 Variance explained by the principal components of the Y matrix

Number % Variance explained | Cumulative % Variance
1 9998 99.98
2 0.02 100.00

177



Intensity

16,000

14,000 . < Plane Polarized

12,000

10,000

8,000
1 Cross Polarized

6,000

T

4,000

2,000 |-
0 1,000 2,000 3,000
Raman Shift (cm™)

Figure 7.20: Plane and cross polarized Raman spectra of polypropylene
samples in molten state, measured at 220°C.
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obtained from the PCA of ln(‘n* (a))’) matrix. Figure 7.21 shows the loadings

obtained from the PCA of the Y matrix plotted against w, the angular frequency. It
shows a trend that is similar to the complex viscosity curves seen in figure 7.19. This
graph is representative of the average complex viscosity curve. The score vector is
made of magnitudes or vertical shifts that are represented in the data. When these
score and loadings vectors are multiplied, the represent the complex viscosity data.
This methodology is similar to the shifting and superposition principles used by
rheologists (83). Figure 7.22 shows the comparison between the measured and
predicted first score values. The prediction of the scores was carried out with
minimum error of prediction, 1.5, obtained with four principal componen:cs. The data
can be reconstructed by multiplication of the predicted score with the loadings that
resulted from the PCA of complex viscosity data. The reconstructed data is shown in
figure 7.23 overlaid with the actual complex viscosity. The data agrees well with the

original data.

7.4 Determination of Octene content in PE samples

Polyethylene (PE) is produced as one of the bulk polymers in most quantities.
This versatile polymer is used for a range of uses including use in housewares, film,
and injection molded items. Polyethylene was initially produced as a homopolymer
of ethylene, but today most of the polyethylenes are produced as copolymers of

ethylene with 1 to 10% of a-olefins, such as 1-butene, 4-methylpentene, 1-hexene,
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Figure 7.21: The first loadings obtained from the PCA analysis of the complex
viscosity data of PP during extrusion
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and l-ogtene (43,84) The tailoring of PE properties in commercial processes is
achieved by controlling the density, molecular weight, molecular weight distribution,
or by crosslinking. Successful control of all the reaction parameters enables the
manufacturer to produce a family of PE products with considerable differences in
physical properties such as softening temperatures, stiffness, hardness, clarity,
impact and tear strength. The crystallinity of catalytically produced PE is primarily
determined by the amount of comonomer (a-olefin) in ethylene copolymer (85). The
amount of comonomer is controlled by varying the reiative amounts of ethylene and
comonomer in the polymerization reactor. In this study, five PE samples with
varying octene content were studied using in-line Raman spectroscopy. This study
illustrates the use of Raman spectroscopy in monitoring the octene percentage in the

PE samples.

The schematic of the extruder set up is shown in figure 7.1 and the working
of the extruder was described in detail in section 7.1. The octene content of the PE
with octene copolymer are shown in table 7.7. The extrusion of PE was carried out at
230 °C. The Raman spectra were collected on-line using the Kaiser Optical Systems
HoloProbe Raman spectrometer. The spectra were recorded for 15 seconds and two
scans were averaged. Figure 7.24 shows the structure of PE polymer with octene as
copolymer. The Raman spectra in the plane and cross polarized state are shown in
figure 7.25. The spectra in the region around the C-H stretch band region at 2800 to

3000 cm™ was used to correlate the spectra with the octene content and are shown in
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Table 7.7: Details of the PE samples with varying octene copolymer content

Sample Octene Percentage
1 16.1
2 9.3
3 13.1
4 1.05
5 0
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Figure 7.24: Structure of PE polymer with octene copolymer unit.
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figure 7.26. émple 2 in the set (see table 7.7) was found to exhibit fluorescence.
Hence, the response of sample 2 was observed to vary from the other samples in the
set. Sample was not included in the analysis. It is seen that the Raman intensity
decreases with increasing octene content in PE. As the octene copolymer content
increases, the branching and the crosslinking in the chains increases, thus the
polymer is less packed. Therefore the number of C-H bands decreases, causing
decreased C-H stretch intensity. This fact is confirmed from the results seen in figure
7.25. The maximum intensity of the baseline corrected peak is plotted against the
octene content in the PE samples. The trend of increasing intensity with decreasing
octene content is evident from figure 7.27. Thus, this study has proved that in-line
Raman spectroscopy on molten polymer can be used to determine the copolymer
content in PE polymer samples. In a similar study by Strobl et al. (86), the
crystallinity of PE was correlated with the intensity in Raman spectroscopy. As the
copolymer content is varied, the branching in the polymer increases and tilus the
melting range of the polymers expands. Raman spectroscopy has been used to derive

additional quantitative information about this process.

7.5 Results and Discussion

The use of Raman spectroscopy in monitoring rheological properties of
polymers in molten state has been demonstrated. The melt index of EVA samples

was successfully monitored using in-line near real time polarized Raman
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Figure 7.26: Baseline corrected Raman spectra of molten PE in 2750 to 3000
cm” region depicting the CH, and CHj stretching peak. The
intensity of the peak decreases with increasing octene copolymer
content.
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spectroscopy. The C-H stretching peak around 2700-3000 cm™ was used to correlate
the melt index with the intensity observed in Raman spectra. The melt index for
EVA samples and the complex viscosity for the molten PP samples was successfully
correlated with the polarized Raman spectra. For the EVA samples, the variation in
VA content is the principal variation as seen by Raman effects. The variation in MI
is captured as a secondary effect as seen by the HCA in figure 7.14. HCA classified
the sample set into two main categories. The experiments that were carried out at a
constant flow rate of the samples gave better prediction results than the previous
experimentation. The ability to capture the melt index reproducibly the system
needed to be driven to a state where the spectroscopic instrumentation was able to
capture the changes in orientation that resulted in the molten flowing polymer due to
the variation in the melt index of the samples. The changes in the orientation of the
macromolecular chains occur according to its viscosity. For the correlation of the
complex viscosity of molten PP samples, molecular properties of the samples were
not known. However, based on the chemometric analysis the samples could be
distinguished from one another according to their rheological properties. The sample
4 in PP set had completely different range of complex viscosity as seen in figure
7.19. This sample was not considered in the PCA and PLS models. The correlation
of the octene copolymer content in the PE samples was demonstrated with the use of
Raman spectroscopy. The data set consisted of five samples. During
experimentation, it was found that one of the samples fluoresced. Hence, the data set
was reduced to four samples. This data is very limited in order to make chemometric
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models for the prediction of the octéne content with varying Raman intensity.
However, as seen in figures 7.25 and 7.26, an inverse trend is observed between the
Raman intensity and the octene content in PE samples. The calibration models
considered here are not universal by any means. The data and the effective
calibration would change with changes in the experimental conditions. However, a
methodology for calibration and prediction of data obtained from in-line monitoring

of the laboratory extruder set up has been presented.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

This research has focused on the development of in-line monitoring
methodology for polymer processes. Two industrially important processes were
studied, batch emulsion polymerization and polymer extrusion. The residual monomer
concentration in emulsion polymerization was correlated with the information in the
Raman spectra. The copolymer concentration (VA) in EVA copolymer was studied
during extrusion of molten polymers along with the rheological information. The
experimental studies demonstrated that Raman spectroscopic techniques along with
the use of powerful chemometric methods could be utilized for extracting important
information about the processes regarding estimation of residual monomer conversion

and estimation of rheological properties of polymers.

A systematic study of emulsion polymerization reacﬁons showed that the
effect of temperature on rate of the reaction could be monitored using Raman
spectroscopy. In reality, for batch emulsion polymerization reactions several variables
in the reaction environment affect the rate of reaction. These variables include
temperature and monomer concentration (for copolymerization), emulsifier
concentration and initiator concentration. Effect of temperature can be seen as a
pronounced effect on the rate of monomer conversion. Ability to monitor the profiles

of monomer consumption gives qualitative and quantitative information that can be
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used in conjunction with regression techniques to yield calibratioﬂ models. Variation
in the comonomer ratio for copolymerization reactions yields latex with specifically
tailored properties for various applications. The ability of Raman spectroscopy to
monitor the subtle changes in the rate of consumption of monomer with varying initial
concentration of monomers is a significant contribution towards the developrhent of
monitoring techniques for emulsion polymerization on industrial scale. The use of
regression techniques, univariate and multivariate, resulted in a calibration models.
The use of calibration models in predicting the comonomer conversion was
demonstrated for polymerization reaction carried out under similar experimental
conditions. Thus, Raman spectroscopy coupled with chemometric tools shows the
potential as a method for in-line monitoring of industrial reactions. Application of
Raman spectroscopy would result in an economic advantage over other in-line/on-line
monitoring techniques such as on-line gas chromatography, on-line densimetry, due to
lower maintenance cost. This coupled with the rugged Raman spectrometers that could
withstand the harsh industrial environments and reliability in use provides a very

lucrative alternative for in-line monitoring of emulsion polymerization reactions.

Monitoring the individual consumption of the monomers in a copolymerization
reaction was investigated in this research. In order to observe the individual monomer
consumption, Raman bands in the spectrum due to reactive species need to be
identified. These bands should be distinctly resolved for various comonomers. In this

study, it shown that the lack of separate Raman bands for individual monomers that
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change with changing monomer concentration proved to be a disadvantage. PCA did
not reveal the presence of information in C=C peak about the individual comonomer
amount. Hence, the two comonomers could not be distinguished. The use of
gravimetric analysis for measuring the monomer conversion could introduce some
operator error. Gas chromatography could be used as a more accurate alternative

technique.

This research also demonstrated the use of polarized Raman spectroscopy in
monitoring the extrusion process for molten polymers. Polarized Raman spectroscopy
is useful over more conventional isotropic Raman spectroscopy as it captures
information that has strong, physical dependence on the molecular weight parameters
of the polymer. The copolymer (VA) content and rheological properties of EVA
copolymers were successfully carried out using polarized Raman spectroscopy. The
standard error of prediction is one of criteria used to evaluate the correlation model.
For the extrusion experiments carried out at constant flow rate through the flow cell of
the extruder, the error of prediction showed great improvement. This is due to the fact
that when the polymer is extruded at constant flow rate, a constant shear rate at wall is
experienced by all the samples. These conditions influenced orientation of the molten
polymer chain based on its molecular weight. Polarized Raman spectroscopy
combined with chemometric techniques such as HCA, PCA and PLS were used to

derive valuable quantitative information about the MWD properties melt index and

‘77* (w)l in molten EVA and PP polymers respectively. In this research, an attempt was
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made to understand the physical origin of the rheological effects by identifying the
spectral origins of Raman bands that display strong correlation with the changes

taking place in the polymer process being monitored.

In-line real time monitoring of processes can be further advanced to
incorporate feedback process control. Advances in detector technology for Raman
spectroscopy makes it possible to monitor several processes at the same time. Such
multi-channel Raman spectrometric monitoring systems are being commercially
developed. Thus, in the future, chemometric models and algorithms need to be
developed to accommodate such modifications. Further research in Raman immersion
probes would be aimed at development of probe window that would not foul when
monitoring ssjcky emulsions. For monitoring the rheological properties of molten
polymers using polarized Raman spectroscopy, a no-moving parts probehead could be
developed. This probehead would be a modified version of the existing probehead
with an added polarized beam splitter. This would allow for the two polarization states
to be collected simultaneously. Since, the polarization state does not need to be
éhanged manually, operator effects are minimized. Raman spectroscopy of polymers
is developing at a fast pace since this technique is non-destructive and provides almost
instantaneous analysis results. In the future, Raman spectroscopy would be used as a

complimentary technique along with NIR spectroscopy for monitoring processes.
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