


IHESIS
)
4

_J

LA
3 1293 01563 5745

This is to certify that the
dissertation entitled
Real-Time Analysis of Light Alkenes at Elevated
Temperatures and Pressures by Fiber Optic
Near Infrared Spectroscopy

presented by

Engin Deniz Yalvac

has been accepted towards fulfillment
of the requirements for

Ph.D. degreein _Chemistry

Lt

Major professor

Date /Z%//?(

MSU is an Affirmative Action/Equal Opportunity Institution



LIBRARY

Michigan State
University

PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES retum on or before date due.

DATE DUE DATE DUE DATE DUE

MSU Is An Affirmative Action/E qual Opportunity Institution
c:\circ\detedue.pm3-p. 1






REAL-TIME ANALYSIS OF LIGHT ALKENES AT ELEVATED TEMPERATURES
AND PRESSURES BY FIBER OPTIC NEAR INFRARED SPECTROSCOPY
By

Engin Deniz Yalvac

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirement
for the degree of
DOCTOR OF PHILOSOPHY
Department of Chemistry

1996






Copyright by
Engin Deniz Yalvac

1997



ABSTRACT

REAL-TIME ANALYSIS OF LIGHT ALKENES AT ELEVATED TEMPERATURES
AND PRESSURES BY FIBER OPTIC NEAR INFRARED SPECTROSCOPY
By

Engin Deniz Yalvac

This study had as its goal, the simultaneous determination of ethylene and
monoalkylated light alkenes at elevated temperatures and pressures via fiber optic Fourier
Transform Near Infrared (FT-NIR) spectroscopy to enable the in situ, real-time
monitoring of these compounds. This goal was accomplished in two stages: First the
simultaneous determination of ethylene and monoalkylated light alkenes at room
temperature and pressure was studied. Then, the effects of elevated temperature and
pressure were investigated.

Ethylene and monoalkylated light alkenes namely, propylene, 1-butene, 1-pentene, 1-
hexene, 1-octene, 1-decene, were selected for the determination. Various other alkylated
alkenes, i.e., 1,1 dialkylated, cis, trans dialkylated, and trialkylated alkenes were
investigated to determine the effects of the molecular structure for this analysis. The first

overtone of the asymmetric =CH3 stretch of the monoalkylated alkenes was found to be
unique for the light alkenes in the NIR region. This region of the spectrum was used to

built a model based on Classical Least Squares (CLS) regression to demonstrate the

feasibility of the determination at room temperature and pressure. Ethylene and 1-octene



solutions in Isopar E were studied as example. Concentrations of the alkenes were
determined with an error less than 1 wt %.

In the second stage of the study, the effects of elevated temperature and pressure on
the spectra were investigated via fiber optic FT-NIR spectroscopy. The effects of
elevated pressures in the range studied (> 500 psi) on spectra are found to be insignificant
for these compounds. However, the temperature effects are critical, especially for the
lighter molecules such as ethylene and propylene. Therefore, the determination of these
compounds at elevated temperatures (25-140 °C) requires the incorporation of the
temperature effects into the calibration model. An apparatus to collect the spectra of
these compounds at elevated temperatures and pressures by fiber optic FT-NIR
spectroscopy was constructed. The determination of ethylene and 1-octene was
evaluated. Calibration models were built using partial least-squares (PLS) regressions.
Predictive ability of the model, expressed as standard error of prediction (SEP), was less
than 0.5 wt % for both ethylene and 1-octene and the absolute error of determination for

alkenes is expected to be less than + 0.75 wt %.
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Chapter 1

INTRODUCTION

In situ, Real-Time Analysis

In situ,, real-time monitoring of the chemical and physical changes that occur during
processing of chemicals enables the processes to be optimized and controlled."***?
Information collected in situ by sensors is transmitted in, real-time to the process control
computers which compare the state of the process to the desired state and take corrective
action. Chemical information obtained by chemical analyzers, is invaluable in process
control along with the information obtained from physical sensors.®’” Benefits of closed
loop process control where chemical analyzers are used are not limited to better process
control or optimum operating conditions. Closed loop process control with feedback
from chemical analyzers eliminates delays and the hazards of manual sampling and
analysis.>*'® An additional benefit for the environment is waste reduction or control in

many instances.'"'*"?

Optimization studies in research and development areas also benefit from, real-time in
situ monitoring via chemical analyzers.'*"> These tasks often require investigation of
numerous conditions such as different process parameters or raw materials, solvents etc.

In situ monitoring via chemical analyzers can lead to faster and fewer numbers of



experiments and thus to more rapid reaction or process optimization.'®'” Another area
that in situ, real-time monitoring excels is where the reaction or the process conditions
prevent the use of an alternative analysis via conventional sampling.'®"® Unstable
intermediates or products that cannot be determined under any conditions other than the
reaction conditions are good examples of these cases.’ Often, the, real-time analysis

required for fundamental research falls into the category of in situ monitoring.?’

Various chemical analysis techniques are available for in situ, real-time
monitoring.22'23’24’25 Among a host of spectroscopic, separation based, dielectric and
acoustic monitoring techniques, vibrational spectroscopy represents a particularly
attractive choice owing to the unparalleled breadth and wealth of the molecular level

information that can be obtained.?6"-2%%°

Near-Infrared vs Mid-Infrared Analysis

The NIR region contains weaker overtones of the fundamental absorptions and
encompasses bands that result from the harmonic overtones of fundamental and
combination bands associated with hydrogen atoms. Therefore, the compounds
containing O-H, N-H, and/or C-H bonds lend themselves favorably to analysis by NIR

spectroscopy.

The first overtone of a fundamental stretching vibration generally appears at a location

approximately equal to twice the fundamental frequency plus a relatively small shift to a



h30,3l 32

longer wavelengt which depends on structural and/or ambient conditions.
However, this prediction rule does not always hold.****3 For instance, the systems
characterized by the presence of more complex combination bands, where a variety of
fundamental and overtone transitions occur simultaneously, are among these
unpredictable cases.*®*”*® The vibrational spectra of liquid solutions appear as broad
bands rather than the narrow lines associated with the spectra of gaseous compounds, and
these bands get broader with increasing energy, leading to substantial spectral
overlapping problems in the NIR region. In these instances, it is difficult to distinguish

overtones of fundamental stretching and/or overtones of combination bands for a

meaningful study of molecular structure or for quantitative analysis.

Due to the severe overlapping of broad bands, historically, the NIR region of the infrared
spectrum was considered of little utility in molecular structure determination, and little
attention has been paid to it until the last couple of decades. Only after the development
of fiber optic technology and the implementation of some of the statistical tools for
quantitative analysis, did NIR spectroscopy start to find more applications especially in in

situ,, real-time analysis.

One of the most important instrumental advantages of the NIR range over the MIR range
is the fact that the inexpensive and readily available silica-type optical fibers can be used.
The fibers, available in the MIR range are not as convenient and inexpensive as the silica-
type optical fibers. They are quite brittle requiring stainless steel meshing as cladding to

prevent breakage. Alternatives to optical fibers in the MIR, such as ATR (Attenuated



Total Reflectance) probes via light pipes, suffer from similar problems especially for in
situ,, real-time applications of process monitoring and control in manufacturing
environments. Therefore, while MIR offers advantages in spectral interpretations, NIR is

exponentially more robust.

The NIR range is characterized by lower absorptivities than the MIR range and is, hence,
conducive to measurements of thicker samples or to the use of longer pathlengths. This is
considered another advantage of NIR over MIR for in situ,, real-time analysis
applications since the use of small pathlengths in process analysis is troublesome. Many
processes contain solid particles which cause plugging of the small pathlength (> 1 mm)

IR cells.

Straightforwardness of the sample interfaces, such as fiber optic light transmission probes
in the NIR region, is the reason for these devices to be commercially available at
affordable prices; thus their popularity in use for in situ,, real-time analysis.

Transmission and reflectance probes are commonly used sample interfaces in the NIR
region. Despite numerous designs, the principles of transmission and reflectance probes
are all based on the absorption of the sample according to Beer’s law. The use of these
types of probes in systems where the analysis needs to be done under process conditions
opened invaluable opportunities for the investigations of high temperature and pressure
systems and/or systems involving reactivity or flammability hazards when sampled

conventionally.



Why Fourier Transform Near-IR?

Although the superiority of FT-IR over conventional dispersive IR analyzers has been
well accepted for some time, FT-NIR has a more recent history.*****! The grating or
dispersive NIR analyzers suffer less compared to their MIR counter parts due to having
more sensitive detectors and more energetic light sources in the NIR region. Recently,
NIR instruments have begun to be used in process analysis applications where stability
and the reproducibility are critical. Vibration and temperature fluctuations in these areas
are a few of the causes of instability. In order to make more stable NIR instruments

manufacturers have started to move towards FT technology.

FT-NIR also benefits from Fellgett's advantage (multiplex advantage) and Jacquinot's
advantage (throughput advantage) as is the case in the MIR region. Additionally, the
Connes advantage (accurate frequency scale) leads to a stable wavelength axis in FT-IR
or FT-NIR compared to scanning or grating instruments. All modern FT instruments
employ a high accuracy laser in the interferometer where all frequencies can be
mathematically related to the laser frequency leading to a very accurate frequency scale.
Hence, FT-NIR instruments are advantageous over dispersive NIR instruments for in

situ,, real-time monitoring applications.



Historical Background

In situ, Real-Time Determination of Alkenes by Vibrational Spectroscopy

Historically, the use of conventional (off-line) vibrational spectroscopy to study chemical
systems has been popular; recently, the use of vibrational spectroscopy for in situ
monitoring of processes is making inroads in, real-time analysis. In the MIR range in situ
determinations are mostly restricted to modified cells where the chemical reaction takes
place and the reaction mixture is monitored in, real-time. Another alternative is to have a
flow-through cell where the reaction mixture or the sample can flow through enabling,
real-time monitoring. This option, while, it is pretty popular with the analysis of gaseous
samples, it can be quite troublesome with liquid samples due to the possibility of having
different phases (solid particles, gas bubbles) and the coating of the cell windows.
Moreover, none of these cells lend themselves to use at high temperatures and pressures
without extensive modifications. Regardless, they have been used in the laboratory

environment, with extensive modifications, quite successfully.

Determination of Alkenes in Mid IR Range Using Modified Reactors as IR Cells

Among the applications performed in the laboratory environment, the ones pertaining to
the determination of alkenes can be considered precedent to this study. For example,
Karge and Bolding** studied the reactions of olefins by in situ IR using a zeolite catalyst.
An IR cell was modified which simultaneously served as the fixed-bed flow reactor.
Similarly, hydroformylation of olefins were studied by a number of different groups

where the IR cell functioned as the reaction chamber as well. Yin et al. ** used Rh-based



supported liquid phase catalysts in heterogeneous hydroformylation of olefins at 50-150
°C by using a stainless steel tube (6 mm diameter 350 mm long) as the reactor /IR cell
and monitored the reaction mixture, real-time. Chuang and Pien** studied
hydroformylation of ethylene on rhodium/silica catalysts and monitored the reaction
mixture by in situ IR spectroscopy. Xia et al.*> demonstrated that the hydroformylation of
olefins is faster with a rhodium-phosphine complex catalyst in 2-ethylhexanol using in
situ IR spectroscopy. Garland and Bor* in another study of hydroformylation of olefins
with rhodium containing catalyst used 3,3-dimethyl-1-butene, and monitored the reaction
intermediates via in situ,, real-time IR analysis. Hydroformylation of propylene was
studied similarly under high temperature and high pressure (up to 17 atm) at reaction
conditions by Pan et al.*’ using in situ IR. Cobalt catalysts were used by Mirbach et al. *®
for the hydroformylation of 1-octene in hydrocarbon solvents and the in situ IR
spectroscopy revealed that excess 1-octene is isomerized to internal olefins under these

conditions, but not hydroformylated.

Determination of Alkenes in Mid IR Range Using Internal Reflectance Crystals

A similar hydroformylation study was carried out by Moser et al.** However, a different
cell design was used in this study to monitor 1-hexene and its conversion products. The
reactor was embedded with a cylindrical internal reflectance crystal (CIR) which was
coupled with the FT-IR system (CIR-FTIR). These type of reactors, embedded with the
internal reflectance crystal have been popular in in situ monitoring of reactions where a
sample can not be removed from the system. Several examples can be found in literature

about their implementations in areas concerning other than olefinic compounds.***' >



An alternative way of using an internal reflectance crystal is to install it into a probe tip or
in a flow-through cell. The connection to the spectrometer and the detector is in this case
accomplished by either the light pipes or the fibers that can transmit in IR region of the
electromagnetic spectrum. One of the best example applications of this type of
instrument design is given by Moser et al> describing the CIR-FTIR system using
chalcogenide glass optical fibers between the cylindrical internal reflectance element and
the FT-IR. Remote analysis in this fashion provides more flexibility between the FT-IR
and the reaction chamber. In this paper cobalt catalyzed hydroformylation of olefins
described where CIR containing reaction chamber was operated under high temperature

(90°C) and high pressure (750 psi) quite successfully.

Determination of Alkenes in Mid IR Using Attenuated Total Reflectance Elements

Comparable to CIR, Attenuated Total Reflectance (ATR) elements can be used embedded
in either reactors, in flow-through cells or at the tip of the probes for in situ monitoring of
various reactions. Altman and Jalkian’>* describe in a patent where an ATR element was
installed in a flow-through cell to follow alkylation of olefins. A stream of olefins and a
stream of isobutanes are contacted in the reactor in the presence of an HF acid catalyst.
Further, the information obtained from the analyzer was used in controlling the HF,
water, and sulfolane feed streams to the reactor. Rekoske and Barteau® used the ATR
element in a probe to monitor the carbonyl coupling in liquid-solid and gas-solid
reactions with reduced titanium reagents. They coupled the ATR probe with a FT-IR

system and monitored the olefins formed as intermediate compounds. The signal strength



and background response are some of the concerns that both the ATR and the CIR
element coupled systems encounter leading to lower signal to noise and lower sensitivity

when compared with conventional IR or FT-IR instruments.

Determination of Alkenes in Mid IR Range Using Flow-Through IR Cells

Among the in situ IR techniques the most popular ones are where flow-through cells are
used. This is especially practical with gas phase reactions. Several applications
involving determination of alkenes via in situ IR or FT-IR coupled with flow-through
cells at various pathlengths can be found in the literature. Atkinson et al.>® monitored the
gas phase reactions of alkenes with ozone by using in situ FT-IR. 1-pentene, 1-hexene, 1-
heptene, 1-octene, 2,3-dimethyl-1-butene, cyclopentene, and 1-methylcyclohexene were
investigated at room temperature and under slight vacuum (740 Torr). Intermediate
compounds of the reaction was determined as well which led to defining the reaction
mechanisms for these reactions. An earlier study by the same research group®’ was
conducted for the gas phase reactions of a series of 1-alkenes and 1-methylcyclohexene
with the OH radical in the presence of NO. 1-pentene, 1-hexene, 1-heptene, 1-octene,
2,3-dimethyl-1-butene, cyclopentene, and 1-methylcyclohexene were investigated at
similar conditions using in situ FT-IR where this time a gas chromatograph is used to

correlate and confirm the IR results.

The mechanism of the Wacker Oxidation of alkenes over Cu-Pd-Exchanged Y Zeolites

1.58

was investigated by Espeel et al.”™ where an in situ IR analyzer is used for the

determination of the effects of reactant partial pressure in the rate of oxidation. Jiang et
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al.>® used in situ FT-IR similarly to study the surface oxidation of light hydrocarbons on
prseodymium where the reaction temperatures reached to 573 °K. They demonstrated
that having a flow-through cell allows the cooling of the reaction products and that the

determination of the reaction products under reaction conditions is not always necessary.

Products and the mechanism of the gas-phase reactions of alkenes and NO; was
investigated by Cariati and Rindone® by using an in situ IR in a 480 L reactor. Products
were also investigated using gas chromatography by sampling the gas mixture
periodically. These authors demonstrated the value of in situ,, real-time monitoring with
almost instantaneous results over the sampling techniques with some response time.
Martens and Crouset®' used an in situ IR as an on-line analyzer for the monitoring and
control of the manufacturing of olefins and diolefins by steam cracking of hydrocarbons.
The reaction mixture of the steam cracking contains paraffinic hydrocarbons, naphthenic
hydrocarbons, and aromatic hydrocarbons, and the cracking temperature was controlled
by the response obtained from the on-line IR analyzer based on the concentrations of

naphthenic compounds which were monitored in the range of 0.8-2.6 um.

The mechanism of selective oxidation reactions of 1-butene, 1,3-butadiene to maleic
anhydride was studied by Wc:nig62 using in situ IR spectroscopy. In this extensive study
other analytical techniques such as x-ray diffraction, laser Raman spectroscopy, SEM, X-
ray energy dispersive spectroscopy were also used for the determination of the catalyst
and the reactions that take place on the surface of the catalyst. Similarly, Moser® studied

the selective oxidation of olefins and paraffins to maleic anhydride using in situ IR and in



k, 64.65.66 studied the same

situ Raman techniques. Wenig and Schrader, in earlier wor
reaction at elevated temperatures (up to 300 °C) where reaction products were determined

in a flow-through FT-IR cell.

Another implementation of IR or FT-IR flow-through cells has been in the area of
coupling with other analytical tools such as Gas, Liquid or Super Fluid Chromatography
(GC, LG, SFC). Infrared spectroscopy can be used as the detection system for these
techniques; the column effluent is interfaced with the IR via a flow-through cell. Infrared
spectroscopy or the FT-IR enhances the versatility of these separation techniques.
Several examples of the determination of alkenes can be found in the literature as

described below.

For instance Koizumi et al.*’ separated gasoline over a silica gel column (Devosil-60, 5
pum particle size, 25 cm long, 4.6 mm ID) and determined groups of hydrocarbons
(alkanes, alkenes, and aromatic hydrocarbons) by using FT-IR as the detector. Column
effluent was pumped through a flow cell (24 L with 0.3 mm path length) where the FT-
IR determination was accomplished. First the alkanes then the alkenes eluted from the
column and the aromatics were back-flushed in order the reduce the analysis time.
Another LC-IR determination of alkenes was accomplished by Dobrov et al.%® for the
monitoring of the phenol alkylation process by olefins. A silica gel column (particle size
0.074-0.088 mm) was used and the mobile phase was optimized for the separation of

paraffinic and olefinic hydrocarbons.
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In the area of GC-IR and GC/FT-IR coupling, several applications can be found
concerning alkenes. Sojak and co-workers® combined a capillary gas chromatography
with a FT-IR and a Mass Spectrometric Detector (MSD) for the identification of isomers
of n-nonadecenes. A mesogenic stationary phase was found to be better than a
nonmesogenic stationary phase for the separation of 17 possible isomers of n-nonadecene.
Identification of compounds was confirmed both by the IR and the MSD where IR
provided distinctly different spectra for the geometrical isomers. Two separate groups
Listemann et al.”® and Gurka et al.”' similarly studied number of compounds linked with
environmental extracts including numerous alkenes via GC/FT-IR/MSD. In one of these
studies 106 compounds were identified many of them jointly based on functional groups.
FT-IR/MSD detector combination was found to be invaluable in enhancing the detection

and reinforcing the identifications.

Implementation of FT-IR via a flow-through cell as the detection system in SFC has also
been quite popular since the determination of high molecular weight compounds or
thermally labile compounds where SFC excels has always been in need of better detection
techniques. Unfortunately, many of the modifiers used in SFC interfere with the IR
determination. However, there are still several IR vibrations such as the C=0 or the C=C
stretching that are interference free. Moreover, the use of deuterated solvents as
modifiers allows the detection of C-H stretching vibrations while the use of chlorinated

solvents (e.g., CCly) preserves the fingerprint region.”” However, determination of light
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alkenes is not commonly investigated by SFC since less complicated alternative

techniques are available.

The biggest disadvantage of flow-through cells is the fact that solids cannot be easily
analyzed. Diffuse reflectance IR spectroscopy can be used for in situ monitoring of solid
surfaces. The best examples of these type of applications pertaining to determination of
alkenes are in the area of catalytic reactions of alkenes on surface of solid catalysts. For
instance, using in situ diffuse reflectance FT-IR, Takeuchi et al.” studied the noble metal
promoted (Co/Si02), selective vapor phase hydroformylation of ethylene and obtained
strong absorption bands of linear and bridged CO species under the reaction conditions.
In the course of the reaction, changes observed in these bands suggested that the linear
CO species plays a major role in the CO insertion process to ethylene. Johnson et al. used
diffused reflectance IR in determination of hydrocarbons for the catalytic studies of
molecular sieve. Along with a gas chromatograph which was used in injections of
samples collected during the course of the reaction, diffuse reflectance IR monitored the
C-H stretching of the hydrocarbons that formed in the channels and pores of the

molecular sieve.”*

Determination of Alkenes by Near IR Spectroscopy

Relatively fewer number of vibrational spectroscopic determinations of alkenes have been
reported using the Near-IR (NIR) region and as in situ measurements.”>57778.79.8081

Maggard,® in a patent describes the determination of PIANO compounds (paraffin,

isoparaffin, aromatics naphthenes, and olefins) in fuel streams using NIR spectral region.
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The technique uses 1672-1698 and/or 1700-1726 nm for naphthenes, 1622-1650 and/or
2064-2234 nm for olefins, 1092-1156 and/or 822-884 nm for aromatics, and 880-974 nm
and/or 1152-1230, 1152-1230, 1320-1380, 1470-1578, 1614-1644, 1746-1810, 1946-
1810, 1940-2000, and/or 2058-2130 nm for paraffins and isoparaffins. The statistical
treatment of the data such as multiple regression has been used to help the determination
of these families of hydrocarbons as well. This technique is especially designed to aid in
blending of fuels such as diesel fuels. A similar fuel analysis, determination of octane
number of gasoline is described by Parisi et al.** This analyzer was used on-line via fiber
optic cables and the NIR cell was installed in a side stream of the process. The method

checked well with the values measured by conventional techniques.

Ethylene was determined by NIR spectroscopy to monitor its polymerization reaction
induced by an exciplex laser at high pressure (3200 bar), and high temperature (190-230
°C) in gas phase in a study by Breckemann et. al.** A kinetic scheme was presented
which adequately describes the polymerization kinetics as a function of temperature,
overall density, laser pulse energy, and conversion. Buback and Tups®’ in an earlier work
studied the high pressure co-polymerization of ethylene and carbon monoxide via IR and
NIR spectroscopy. The reaction was monitored in a stainless steel cell. Laser light was

used for the photochemical initiation of the polymerization likewise.

Lysaght86 describes a field portable fiber optic near infrared spectrometer for fuel analysis
applications. This is a short wavelength (700-1100 nm) NIR instrument designed to be

light weight (slightly larger than a briefcase) where the instrument is controlled by a
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laptop computer. All of the components of the analyzer are chosen with this criterion in
mind. A tungsten lamp was used as the light source. A thermal electric cooled 1024
element silicon photodiode array detector was used along with a holographic grating for
wavelength dispersion. Volume percent ratios of aromatic and saturated compounds in
fuel were determined as an example application. Chemometric data treatment was used

for this determination.

All of the NIR applications discussed above are used for the general determinations of
olefins as a group of compounds and that they do not distinguish among its members. In
this research, an attempt to determine ethylene and the other monoalkylated light alkenes
simultaneously at elevated temperatures and pressure has been attempted for the first time

in the NIR spectral range.

Ethylene and monoalkylated light alkenes are industrially important compounds used in
manufacturing of polyethylene and similar polymeric materials. The use of on-line, at-
line and off-line vibrational spectroscopy for the control and monitoring of polyethylene
solution processes has been investigated earlier. Lange et al.®’ described an on-line FT-
IR analyzer for the simultaneous determination of ethylene and 1-octene in the MIR
spectral range where ethylene was determined at 1909 cm™ and 1-octene at 1829 cm’.
The information obtained from the analyzer is used in control of the feed addition to the
polyethylene solution process. Other on-line measurements such as density, viscosity,
melt index, and gas chromatography have also been studied for monitor and control of

polyethylene manufacturing processes.®*%°
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Chemometrics for Near-IR Spectroscopy

The application of multivariate statistical calibration and prediction methods to
quantitative FT-NIR spectroscopy has been one of the most important reasons for its
popularity today. Chemometrics can be broadly defined as the application of statistical
and mathematical methods for the design or optimization of chemical experiments and
for the efficient extraction of information from chemical data.”® Multivariate data
analysis has been shown to improve precision, accuracy, reliability and applicability of
infrared spectral analysis relative to conventional univariate methods of data analysis.
Multivariate methods drive their power from the simultaneous use of multiple intensities
(i.e. multiple variables) in each spectrum. Thus, the problem of spectral interferences can
be eliminated with the use of any one of a number of multivariate calibration and
prediction methods.’"*> These methods include classical least squares (CLS), inverse
least squares (ILS), g-matrix, partial least squares (PLS), and principal component
regression (PCR). Correlation and Kalman filter methods have received less attention in
the infrared spectroscopy therefore, and will not be described here. PLS and PCR exhibit
the greatest range of applicability and are attracting the most attention in the NIR

applications.

In spectroscopy, CLS is a multivariate least-squares procedure based directly on Beer's
law. Infrared spectroscopists have sometimes referred to this method as the K-matrix
method.”*** The CLS model accounts for errors in the spectral measurements. CLS can

accommodate spectral intensities at all frequencies for all calibration samples. In general,



all overlapping spectral components should be known for optimal performance of CLS.
By being a full-spectrum method, CLS has the ability to achieve improved precision since
there is a signal averaging effect when many or all the spectral intensities are included in

the analysis.*®

The ILS method is a least-squares method [sometimes called P-matrix, or multiple-linear
regression (MLR) when applied to near-infrared]. It uses the inverse of the Beer's law as
its model. That is, concentration is modeled as a linear combination of absorbances. The
ILS model accounts for errors in the reference concentrations. The ILS technique is a
frequency-limited method and, therefore, is not capable of the precision improvements of
CLS from signal averaging of multiple intensities. However, ILS can often be a useful

method even if only one component is known for the calibration samples.*®

The factor analysis methods of PLS and PCR are capable of being full-spectrum methods.
Like ILS, PLS and PCR can be employed even when only one component is known in the
calibration samples. Both PLS and PCR methods factor the spectral data calibration
matrix into the product of two smaller matrices. This amounts to a data compression step
where the intensities at all frequencies used in the analysis are compressed to a small
number of intensities in a new full-spectrum coordinate system. This new coordinate
system is composed of loading vectors that can be used to represent the original spectral
data. The intensities in the new full-spectrum coordinate system (called scores) are then
used in a model where concentration is presumed to be a linear function of these

intensities. Thus, PLS and PCR are methods that are concerned with modeling both



spectra and concentrations during calibration. PCR performs the factoring of the spectral
data matrix without using information about the concentrations. Therefore, there is no
guarantee that the full-spectrum basis vectors that are associated with PCR are relevant
for concentration prediction. PLS, on the other hand, performs the spectral factoring
trying to account for the spectral variation while assuring that the new basis vectors relate
to the calibration concentrations. Thus, PLS sacrifices some fit of the spectral data
relative to PCR in order to achieve better correlation to concentrations during

predictions.q7

The diversity of multivariate methods available for application to quantitative
spectroscopy can create problems in terms of which one to use. The choice of
multivariate method for NIR spectroscopy often depends on the particular data set.
Therefore, the spectroscopist usually is faced with comparing the predictive ability of a
couple of different algorithms. However, lately more significant comparisons of these
methods from a statistical point of view have been made and methods were compared.
One of the best examples of this kind of comparison was made by Thomas et al.®® The
quantitative prediction ability of the four most heavily used multivariate calibration
methods in infrared spectroscopy (CLS, ILS, PLS, and PCR) have been compared by
using extensive Monte Carlo simulations. The simulations were performed assuming that
Beer's law holds and that spectral measurement errors and concentration errors associated
with the reference method are normally distributed. Eight different factors that could

affect the relative performance of the calibration methods were varied in a two-level,
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eight-factor experimental design in order to evaluate their effect on the prediction abilities

of the four methods.

It was found that each of the three full spectrum methods has its range of superior
performance. The frequency-limited ILS method was never the best method, although in
the presence of relatively large concentration errors it sometime yields comparable
analysis precision to the full-spectrum methods for the major spectral component.
Among the full-spectrum methods, PCR and PLS were found to be very similar. The
major difference between these two methods was that PLS seems to predict better than
PCR in the cases when there are random linear baselines or independently varying major
spectral components which overlap with the spectral features of the analyte. This result
was not surprising when one considers the fact that the PCR decomposition is based
entirely on spectral variation without regard to component concentrations while the PLS
decomposition is dependent on the component concentrations. Because the spectral
variations caused by the presence of a random linear base line or major spectral
components can be reasonably large, the PCR decomposition is significantly influenced
by variations which have no relevance to the analyte concentrations. Therefore, PCR is

not able to predict as well as PLS in these situations.

It was also found that the differences between CLS and PLS are more numerous and
complex, but are also affected by the algorithms used in the analysis. The PLS method
was the optimal performer or close to optimal over the wide range of conditions

considered in this study. Unlike CLS, all overlapping spectral components do not have to
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be known, nor does the spectral base line have to be explicitly modeled. It seems that the
only inherent dangers of using PLS result from over- or underfitting by an inappropriate

number of factors.

It is important to realize that factors other than prediction ability often need to be
considered when choosing a calibration method. For example, the estimated pure-
component spectra generated by CLS contain significant qualitative information which is
very useful for the determination. The PLS method can also yield qualitative information
of better quality than is generally possible with PCR, but of poorer quality than CLS.
However, it should be noted that this study assumed that Beer's law holds. The biggest
problem comes in real-life applications where the concentrations of the components are
high enough to be outside the linear range of Beer's law. In these instances the choice is

usually PLS.

It seems that there are certain applications that CLS will be preferable not because its
predictive ability is superior, but it can provide quick, qualitative information. One
example of such a case can be a feasibility study in the laboratory environment where
several different chemical systems are being screened. The advantage of CLS in this case
would be the number of standards needed to build the model, since in CLS, one can built

a reasonable model by only using the pure spectra of the components.

However, robust models to be implemented in process analysis applications would

alway s have to be built with a sufficient number of standards drawn from careful



21

experimental design schemes representing the concentration ranges used in the
application. These types of models also need to be cross validated before they can be
implemented in process analysis applications which will require preparation of an
adequate number of standards. Therefore, for such process analysis application CLS

would lose its advantage in terms of a lower number of standards.

Numerous applications have appeared in the literature in last five years that compared
CLS and PLS. The PLS method has been the choice, overwhelmingly, for applications in
process analysis due to its robustness and ability to deal with possible sample matrix
changes from chemical interferences or temperature effects along with non-linearities
from Beer's law. For instance: Marjoniemi and Mantysalo’® compared PLS, PCR, ILS
and CLS to measure dye components in the visible region and PLS gave the best results.
Lin and Brown'® measured the salinity of sea water in NIR (680-1230 nm) again PLS
calibration produced a better predictive model. Ortho and metha cresol in water was
determined for an array of four piezoelectric crystals by Wei.'®' et al. PLS performed
better than CLS because there was some co-linearity problem with the data. In another
study, PLS gave somewhat better results than CLS in the determination of ascorbic acid
in pharmaceutical preparations, but only in the more complex samples.'” Slightly better
results for PLS were also obtained in a NIR tobacco analysis investigation,'® a visible
absorption measurement of myoglobin oxygen saturation,'® and in on-line analysis of
sugars in a fermentation process.'® The PLS method was said to offer a more workable
approach than CLS in the analysis of mixtures, due to the mixture constraint.'® It was

also claimed that PLS could take nonlinear effects into account better than CLS.'?’



22

Ni,'® has studied the reaction of the trace metals Co, Ni, Cu, Zn, and Fe with a
chromogenic reagent in the visible region with multivariate calibration methods. He
found that PLS performed better than CLS. Van de Voort and co-workers'® used FT-IR
for the analysis of milk and found a viable technique for this purpose when it was used
with PLS. Miller in a NIR study combined the first overtone and the second overtone
regions with the multivariate methods of PLS and CLS for the analysis of EPDM
(ethylene-propylene-dien monomers) polymers. The PLS coefficient spectra and the CLS
reconstructed spectra obtained from the calibrations were used to determine the sources
of the unknown spectral effects. Results indicated that the combination, first overtone,
and second overtone regions of the spectrum can be used to determine ethylene and
propylene concentrations in the terpolymers, and the combination region can be used to
determine diene concentrations. Because the unknown interaction effects are present in
the spectra of these materials, the PLS calibration method gives more accurate

calibrations than CLS.'"°

On the other hand, some studies indicated that CLS and PLS results were equivalent for

their sample sets, which included the determination of cadmium by inductively coupled

111

plasma mass spectrometry, = the determination of aromatics and saturates in aviation fuel

by NIR,'"? and the estimation of crude lipid content in trout by NIR.'"?



Goal of This Research

The overall goal of this study was to find distinguishable features for ethylene and
monoalkylated light alkenes in the NIR region, so that fiber optic probes could be used
for the simultaneous, in situ,, real-time determinations of these compounds at elevated
temperatures and pressures. The first part of this research is involved with measurements
made at room temperature and pressure to establish the feasibility of the analysis. The in
situ measurements for the determination of the effects of the temperature and pressure on
this analysis was done in a separate system where a high pressure, temperature apparatus

was coupled with the fiber optic FT-NIR spectrometer.

An FT-NIR instrument incorporating a sample cell via fiber optic cables was used for the
feasibility study. Ethylene and monoalkylated light alkenes namely propylene, 1-butene,
1-pentene, 1-hexene, 1-octene, and 1-decene were used in this determination. Various
other alkylated alkenes (e.g., 1,1 dialkylated, cis, trans dialkylated, and trialkylated

alkenes) were investigated to determine the effects of molecular structure on this

determination.

The first overtone of the asymmetric =CH2 stretch of the monoalkylated alkenes (6,080-

6,150 cm™1) was found to be unique for alkenes, and was used to build a model based on

Classical Least Squares (CLS) regression. A mixture of ethylene and 1-octene was taken

the example mixture to prove feasibility at room temperature and pressure. The
as the
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reliability of the results was tested using the residual spectra which were obtained by

subtracting the estimated spectra from the measured spectra.

In the second part of this research the effects of elevated temperature and pressure for the
determination of light alkenes were investigated, and calibration models were developed
using high pressure, temperature apparatus. The ethylene and 1-octene system, evaluated
during the feasibility study was investigated at elevated temperatures and pressures to

provide continuity from the feasibility study.

Considerable difficulties are involved in preparing well-known mixtures of the
components to build calibration models for accurate quantitative determination at
elevated temperatures and pressures. Consequently, for this particular work, in situ fiber
optic probe technology was essential. A special apparatus was built to obtain the spectra
of known concentration mixtures at varying temperatures and pressures. A high pressure
vessel was modified to incorporate a fiber optic probe which was coupled to the FT-NIR
spectrometer. The high pressure vessel was placed in an oven. Calibration standards
were prepared gravimetrically and the concentration of the liquid phase was corrected for
each temperature setting. Calibration models were built using partial least-squares (PLS)
regression to predict the concentrations of these compounds at varying temperatures and

pressures.



Chapter 2

THEORETICAL BACKGROUND

Effects Of Temperature And Pressure On Vibrational Spectroscopy

The effects of temperature and pressure on electronic and vibrational spectroscopy have
been studied in solids more than other phases since these effects can be investigated over
a wide temperature and pressure range without observing too many phase

changes.““'s" 16

Effects of either high pressure or temperature on vibrational modes are mostly due to
changes relative to spin states, oxidation states, and changes in geometry.''”''® However,

all the general changes in vibrational spectroscopy can be listed as follows:

1. Pressure or temperature induced phase transitions,
2. Frequency shifts due to pressure and temperature,
3. Band shape and intensity changes,
4. Splitting of degenerate vibrations,
5. Doubling of absorption vibrations,

6. Sensitivity of vibrations to expansion of molecular volume.

25
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Other effects of pressure, such as the effects on hydrogen-bonded systems and mode
softening, will not be discussed here. Additionally, the effects of temperature and
pressure on the vibrational spectroscopy of liquids and dissolved gases in liquids are the
focus rather than gas phase (only) or solid phase (only) systems. However, where there
are similarities no differentiation will be made. For instance, some of the effects are
either the same or very similar for solids and liquids. Similarly, effects can be the same

for gaseous compounds and their solutions in liquids.

Pressure or Temperature Induced Phase Transitions

If the applied pressure or the temperature causes a phase change, substantial differences
can be observed in the vibrational spectra. This is a consequence of the differences
between the selection rules for the two different phases.''*'?® A change in the molecular
symmetry of the compound would be the most important reason for substantial changes in
spectra. However, spectral changes occur during phase changes where there are no
known changes in the molecular symmetry of the molecule. These changes are due to a
change in the distance between molecules in going from gas to liquid and to solid phase.
When the molecules are closer together more molecular interactions occur which may

effect the vibrational energy levels of the molecule.

The molecular interactions may be in the form of collisions. Two types of collisions are
described in literature: adiabatic and diabatic. After an adiabatic collision the molecule is

left in the same energy level that it had before the collision. With diabatic collisions,
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there is a change in the energy level of the molecule. This type of energy changes which
may be caused by temperature or pressure changes will influence the vibrational energy
levels of the molecule since AE = hcv and may cause frequency shifts, intensity changes,

and band broadening.'?"'?

Mixtures behaves similar to the pure compounds when there is a phase transfer from
vapor to liquid phase. Additional intermolecular interactions are expected between the
compound and the solvent molecules which will affect the vibrational spectra. A good
example was reported by Morin and co-workers'> using supercritical carbon dioxide and
liquid carbon dioxide as solvent. Spectra of numerous compounds were collected in the
gas phase, in supercritical carbon dioxide, and in the liquid carbon dioxide. Substantial
frequency shifts were observed for the (C-H), (C=C), (C-H out of plain), (C-H), and
(C=0) vibrations studied. The frequency shifts from gas phase to solutions of the
compounds of interest in the supercritical phase observed were 1-3 cm’' less than the
shifts observed from supercritical fluid to liquid phase (3-23 cm™'). This illustrates the
temperature, pressure induced phase changes on spectral shifts due to the increased

molecular interactions.

Another example of intensity and band shape changes and frequency shifts in vibrational

spectroscopy because of phase changes is given by Taha and Tosson.'?*

The intensity and
frequency of N-O stretching mode of crystalline Ba(NO3), was monitored. When the
phase changed from ordered (I) to disordered (II) between 25-400°C, changes in band

shape, intensity and frequency shifts were observed. These spectral changes due to phase
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change were explained similarly by density changes of the compound which affect

intermolecular interactions.

The light alkenes investigated in this study mostly remain in one phase under the
experimental conditions used. Thus, no phase shift transitions are expected to be

observed for these compounds.

Frequency Shifts Due to Pressure and Temperature
Pressure and temperature can induce other changes in the geometric configuration of the

126,127

compounds, (e.g., conformational changes, isomerizations,'> deformation, and

128

reorientations).”~ When this happens substantial changes can occur in vibrational

frequencies. There are numerous studies that indicate conformational changes and related

129.130 5a5es,'*! and lately with biochemical

IR or Raman frequency shifts in liquids,
compounds such as proteins.'*”> One of these applications given by Kato et al. 133
investigates the temperature, pressure and solvent effects on the 1,3 dichloropropane
conformational equilibrium between the trans-gauche and gauche-gauche conformations
and provides a correlation between enthalpy differences due to pressure and temperature
changes and the frequency shifts of the C-Cl stretching mode.

Other frequency shifts due to temperature occur with the thermochromic compounds.134
The cause of this type of effect is usually associated with the intramolecular proton or

electron transfer. One case is described by Hoshino et. al. 135 where they studied the

thermally induced proton transfer in N,N'-bis(salicylidene)-p-phenylenediamine crystals.
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The O-H vibrational stretch was monitored in the IR region showing considerable

broadening and a frequency shift toward lower energy.

For molecules that are not undergoing a phase transition or a conformational change, the

normal coordinates of the vibration remain unchanged. Since the masses also remain

unchanged, any frequency shifts are due to changes in force constants.'>¢'%

Sherman has developed a model to determine the effect of pressure on force constants
and thus, frequencies.'*® According to this model, a molecule can be described by a

potential

V=A-Brit+Crm [1]

where A, B, C, n, and m are constants and r is the interatomic distance. The rate of

change of the force constant k with r is given by

dk/dr = -(n + m + 3) ko/rg [2]

where ko and rj are the ambient pressure values of k and r. A Lennard-Jones potential

shows a force constant change of

dk/ko= -21 dr/r (3]

which amounts to a 21% increase in k for 1% decrease inr.
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Pressure effects for solids cause changes for both inter- and intramolecular interactions.

This is illustrated by the examination of the equation

kg/dry, = ky/dr, [4]

where kg is the external force constant and k, is the internal force constant. The values r
and r; represent the respective compression. The order of frequency shifts with pressure

is 1-3 cm™ kbar' for external modes. For internal bond-stretching modes, the range is
0.3-1 cm™ kbar'. Bond-bending modes are less affected and are on the order of 0.1-0.3
cm’ kbar!. These estimates are for average behavior and there are exceptions which do

not follow the general trends.

Since the pressures required for these types of effects (~14,000 psi) are much higher than
these employed in this study (max experimental pressure < 750 psi), no frequency shifts
are expected for the first overtone of the asymmetric =CH, stretch of ethylene and the

monoalkylated alkenes.

Band Shape And Intensity Changes

It is known that band shape and intensity changes occur as well as frequency shifts due to
temperature changes in vibrational spectroscopy. These changes can be described by the
Boltzmann distribution function.'**'*® The relative populations of the various energy

levels are calculated by:
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n.
1 _ e—(E.—EO)/kT [5]

N,
Where n; and ng are the numbers of molecules in the itk and zero energy levels, (E;-Eo) is
the energy difference between the levels, k is Boltzmann’s constant and T is the absolute

temperature. For vibrational spectroscopy, the lowest possible energy level is where v=0.

If we substitute the energy term AE = hcv into equation [5], we obtain

—i _ gheOnT (6]

As can be seen from this equation at higher temperatures the number of molecules at zero
energy level will decrease since a fraction of the molecules will be at v=1, and a smaller
fraction in v=2, etc. This will result in a decrease in the absorbance since the absorbance
is proportional to the population of molecules in the v=0 level according to the Beer's

law.

In the liquid phase, a general broadening in the shape of the band occurs along with a
decreased intensity of the band when temperature is increased. Several different studies
relate the shape of the band to experimentally measurable physical parameters such as
temperature, area or height of the absorbance band. One of these techniques is called the
correlation-function approach.'*""'*> According to the correlation-function calculations

the shape of a spectral band can, in general be defined by band moments M(n).
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M(n) = I(m—mo)“f(w)dw [7]

where n=0,1,2..., ® = 210, I(®)is the height of the band at the angular frequency ® of

the vibration (for instance I= (®,) is the height of the band at the center). These band

moments can be expended in a Taylor-series. However, only the first few moments can
be evaluated experimentally and related to temperature changes.'* For example M(2) =
2kT/I where T is the absolute temperature, and I is the moment of inertia of the linear

solute molecule for two atomic molecules such as HCI or DCI.

Other methods correlating the band shape to the experimentally measurable parameters
use mostly least-squares fitting via computer prog,rams.144 The cause of band shape
changes can be explained by population changes in the rotation-vibrational energy levels.
The temperature changes are similar to those observed with vibrational energy levels and

can be explained by Boltzmann statistics too.

The light source in vibrational spectroscopy causes an excitation of the rotational energy
levels along with the vibrational excitation levels. The fine structure of the rotational
vibrations are more visible in the vibrational spectra of gas phase compounds. In the
liquid phase or with solutions of gases in liquids, the rotational energy levels between the

vibrational energy levels are closer together, and often the rotational fine structure is lost.
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In the liquid phase, a general broadening in the shape of the band occurs along with a
decreased intensity of the band maximum. Several studies relate the shape of the band to
physical parameters such as lempera!ure.”s 146 Band shape changes can be explained by a
population change in the rotation-vibrational energy levels which are influenced by
temperature similarly to the vibrational energy levels. The radiation source in vibrational
spectroscopy causes excitation of the rotation-vibrational energy levels as well. This

rotation-vibrational fine structure is more visible in the spectra of gas phase compounds.

In the liquid phase or with solutions of gases in liquids, the rotation-vibrational levels are
effected more than gases due to collisions between the molecules. In the liquid phase, the
distance between the molecules get smaller leading to increased number of collisions.
Therefore, in condensed phase, the rotational structure is blurred by frequent molecular
collisions and IR vibrational bands are broad with no rotational structure.'*” Solutions of
small molecules carries the characteristics of the gas phase more than the liquid phase.
Thus, For solutions of small gas molecules such as ethylene and propylene, fewer
collisions occur compared to the condensed phase. Therefore, more pronounced
population change in the rotation-vibrational energy levels is observed compared to the
condensed phase which will lead to more significant broadening in the band due to the
temperature change. This is why a more pronounced temperature effect can be seen in
the vibrational spectra of solutions of ethylene and the other gas members of
monoalkylated light alkenes (propylene, 1-butene) compare to the liquid members.
Overall, the increased temperature tends to decrease the band intensity and increase the

width of the band.
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Splitting of Degenerate Vibrations

A loss in the degenerecy of E- or F- type vibrations with pressure is also possible. In
some cases, this may be due to a lowering of the symmetry of the molecule where a
compound may have two or more molecules per unit cell. It is possible that the vibrations
in the unit cell might couple, causing a factor-group splitting, or Davydov splitting.'*®'*°
Dovydov splitting (also known as crystal field splitting) is observed in solids with a
crystalline structure. Wu C.K. et al.'® studied the infrared active rocking modes of
crystalline polymethylenes in orthorhombic and monoclinic structures. Also, instances
are possible whereby unallowed vibrations may become allowed by application of
pressure.15 ! No such observations are expected for ethylene and the monoalkylated

alkenes since no symmetry changes are predicted to be induced under the experimental

conditions used and these compounds are not crystalline.

Doubling of Absorption Vibrations

In the course of various studies it is observed that a doubling of bands can occur with
pressure or temperature.lS 2153 This may be due to a lowered site symmetry.
Alternatively, two accidentally overlapping vibrations may occur at the same frequency.
These may be induced to separate because of a difference in the pressure dependencies
manifested by the two vibrations, or separate due to factor-group splitting.'** Fermi

. . 5
resonance can also cause some band doubling as the pressure is increased."’
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It is also possible that at high pressure and temperature, normally forbidden modes might

become allowed (in a lower site symmetry) due to structural interconversions.'*®

No such observations are predicted for ethylene and monoalkylated alkenes due to
changes in pressure and temperature, since no site symmetry changes are expected to be

induced under the experimental conditions employed.

Sensitivity of Vibrations to Expansion of Molecular Volume

Generally, for complexes, molecular expansion is expected to affect the molecular
symmetry which can lead to different vibrations and the disappearance of some and
appearance of others."”’ Additional changes are observed due to molecular volume
changes caused by bond distance changes. The bond distance changes that do not affect
the molecular symmetry will shift the vibrational bands to higher energy.158 A correlation
between the vibrational energy levels and the molecular volume changes due to

temperature or pressure can be given in the following equations.'sg‘160

AV =RTn, /P (8]

Substituting no from the Boltzmann equation

AV = RTn, / Pe™ """ [9]
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No frequency changes for the first overtone of the asymmetric =CH, stretch caused by
structural interconversions due to temperature and pressure are predicted for ethylene and

the monoalkylated alkenes under the experimental conditions employed.

Multivariate Calibration Techniques

Classical Least Square Regression

Classical Least Squares (CLS) regression in general describes the procedure where the
calibration model represents the physical law which relates the variation in the spectra
with composition, i.e., Beer’s law where spectral absorbance is represented as a linear
function of component concentration. 11" Since CLS explicitly uses a Beer’s law model, it
is referred as a hard model or explicit model method.'®* Although the CLS method is less
flexible than soft modeling methods such as PLS and PCR, it provides greater qualitative
information in the range that it is defined.'®> However, lack of fit can occur due to
deviations from Beer’s law such as curvature in the absorbance versus concentration plot,

or the existence of interactions between components in a mixture.'®*

CLS assumes that the mixture spectrum is a linear combination of the pure component

spectra. Therefore, a mixture spectrum A, based on Beer’s law can be written as a

combination of all pure-component spectra, K.'®

A=CK+E [10]
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where A is the m by n matrix consisting of the absorbances of each of the m samples at n
frequencies. C is the m by [ matrix of the / component concentrations in the m samples,
and K represents the / by n matrix of pure-component spectra. E is the m by n matrix of

spectral noise or model error present in the spectra.

During calibration, the least-squares solution for the pure-component spectra K is:

R =cc)y'ca [11]

Where K is used to represent the least-squares estimate of the matrix K that minimizes

the sum of squared spectral errors in equation [10]. C' is the transpose of matrix C.

During prediction, the unknown sample spectrum vector a is equal to:

a=K'c+e [12]

where c¢ is the unknown concentration vector and e is the error vector and K' is the
transpose of matrix K.. Note the order of matrix multiplication is reversed from that of

equation [10] since vectors are being represented as column vectors.

The least-squares solution for the component concentrations of the unknown is obtained

by using K from equation [11].
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c=(RK')' Ka [13]

where K 'is the transpose of matrix K.

Similarly by using least-squares regression an estimate of the error in the predicted
concentrations can be calculated. This error is equal to noise when the set of calibration
spectra chosen for the analysis fit exactly with the sample spectrum. The fit will degrade
when nonlinearities are experienced or when the chemical impurities exist but are not

accounted for in the modeling.'“"m"68

In CLS, the absorbance of the spectrum at a given wavelength is assumed to be an
additive function of the concentration of the constituents. Hence, the CLS technique can
only be applied to systems where the make up of the sample has to have exactly the same
components as the standards. In other words, if there is an additional compound
(impurity) in the sample CLS will still assume that the sample is the mixture of the
components used in the training set. CLS also assumes that no other spectral variation

exist and effects the data.

Partial Least Square Regression
The theoretical background of partial least squares lies in factor-based regression which is
outside of the scope of this research. Only a brief description of the mechanics will be

provided here to be able to interpret the results of the PLS algorithm.
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Partial least squares is a decomposition technique which consolidates the variation in
spectra. The spectral variations are due to mostly, the concentration variations of the
constituents, the inter-constituent interactions i.e. solvent effects, instrument variations
such as detector noise, temperature effects, density changes etc. PLS uses those
variations as partial spectra which are often called eigenvectors, (or spectral loadings, or
loading factors or principal components or simply factors) to construct the unknown
spectra. Presumably, these eigenvectors can be used to reconstruct the spectrum of a
sample by multiplying each one by a different constant scaling factor and adding the
results together until the new spectrum closely matches the unknown spectrum. These

scaling constants used to reconstruct the spectra are generally known as scores.'®

In PLS both the spectral data and the concentration data are decomposed into their
respective most common variations. This generates two sets of eigenvectors and two sets
of corresponding scores: one set for the spectral data, and the other for the constituent
concentrations. These two sets of scores are related to each other through some type of
regression which constructs the calibration model. PLS performs the decomposition on
both the spectral and concentration data simultaneously. As each new factor is calculated
for the model, the scores are "swapped" before the contribution of the factor is removed
from the data. The newly reduced data matrices are then used to calculate the next factor,

and the process is repeated until the desired number of factors is calculated.'®
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The eigenvector that represents the common variations in the spectral data is called the
spectral "loading" and the eigenvector that represents the changes in the spectra
corresponding to the regression constituents is called the spectral weight.
Correspondingly, there are two sets of scores: one for the spectral data and another for the
concentration data. The mechanics of the calculation require, a weighting score to be
taken as the starting value, and through the regression the convergence of the calculation
is expected. After setting an initial value for the weighting scores, a spectral weighting
vector is calculated, which in the next step is normalized to unit length. In the following

step, the spectral scores are obtained.'®’

Calculations of concentration loading vectors is done next and normalized to the unit
length. After this step, new weighting scores are calculated and convergence is checked
by new scores to the previous pass. If the scores are effectively the same, the PLS cross
product is calculated which then followed by the obtaining the spectral loading vector.
This spectral loading vector is normalized by the spectral scores and its contribution is
removed from the spectral data and also from the concentration data. After this point the
vector counter is increased by one and the steps are repeated until all desired factors are

calculated.'®

One of the difficult tasks in PLS is determining the correct number of loading factors to
use to model the data. The earlier factors in the model are most likely to be the ones
related to the concentration of the constituents, while later factors generally have less

information that is useful for predicting concentration. In fact these factors will
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eventually begin to model the system noise (which usually provides the smallest
contribution to the data). However, if too few vectors are used to construct the model,
the prediction accuracy for unknown samples will suffer since not enough terms are being
used to model all the spectral variations that compose the constituents of interest.
Therefore, it is very important to define a model that contains enough vectors to properly
model the components of interest without adding too much contribution from the noise.
Models that include noise vectors or more vectors than are actually necessary to predict
the concentrations are called overfit. Models that do not have enough factors in them are

known as underfit.'®’

PLS can account for the compound of interest accurately if there are impurities in the

sample that were not accounted for during the calibration.



Chapter 3

QUANTITATIVE ANALYSIS OF LIGHT ALKENES BY FT-NIR
SPECTROSCOPY: ROOM TEMPERATURE PRESSURE FEASIBILITY

STUDIES

To find distinguishable features for ethylene and monoalkylated light alkenes in the NIR
region, and to achieve their simultaneous, in situ,, real-time determination at elevated
temperatures and pressures, a feasibility study was performed at room temperature and
pressure. The in situ measurements for the determination of the effects of the temperature
and pressure on this analysis were done in a separate system where a high pressure/
temperature apparatus was coupled with the fiber optic FT-NIR spectrometer (see

Chapter 4).

For the feasibility study, an FT-NIR instrument incorporating a sample cell via fiber optic
cables was used. Ethylene and monoalkylated light alkenes, namely propylene, 1-butene,
1-pentene, 1-hexene, 1-octene, and 1-decene, were used in this determination. Various
other alkylated alkenes (e.g., 1,1 dialkylated, cis, trans dialkylated, and trialkylated

alkenes) were investigated to determine the effects of molecular structure.

The first overtone of the asymmetric =CH? stretch of the monoalkylated alkenes (6,080-

6,150 cm-l) was found to be unique for alkenes, and was used to build a model based on

classical least squares (CLS) regression (multiple linear regression). A mixture of

42
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ethylene and 1-octene was taken as the mixture to prove feasibility at room temperature
and pressure. The reliability of the results was tested by means of residual spectra which

were obtained by subtracting the estimated spectra from the measured spectra.

Experimental Procedures

Materials

The light alkenes investigated during the feasibility study were ethylene and
monoalkylated ethylenes namely propylene, 1-butene, 1-pentene, 1-hexene, 1-heptene, 1-
octene and 1-decene (Table 1). Additionally, cis and trans-dialkylated alkenes, 1,1
dialkylated alkenes and trialkylated alkenes were investigated to determine the effects of
the molecular structure on the quantitative analysis of these compounds. Most of the cis
and trans dialkylated alkenes were isomers of octene. These were cis 2-octene, cis 3-
octene, cis 4-octene and trans 2-octene, trans 3-octene, and trans 4-octene (Table 2). Cis-
and trans-3-methyl-3-heptenes were the trialkylated alkenes used in the study. The
compound 2-ethyl-1-hexene was used as an example of a 1,1 dialkylated alkene. Table 3

shows the formula for 1,1 dialkylated alkenes, trialkylated alkenes and n-octane.

Isopar E, a liquid cut of saturated hydrocarbon distillation (Exxon Company, U.S.A), was
used as a solvent during these experiments. Isopar E contains about 60 volume % iso-

octane and a variety of other saturated hydrocarbons.
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Table 1: Ethylene and Monoalkylated Alkenes

Compounds Formulae
1. Ethylene CH)=CHj
2. Monoalkylated Alkenes
2.1. Propylene CH=CH=CHj3

2.2. 1-Butene

CH=CH=CH,=CH3

2.3. 1-Pentene

CH7=CH=CH7=CH»=CH3

2.4. 1-Hexene CHp=CH=CH)=CH»=CH=CH3
2.5. 1-Octene CH»=CH=CH=CH=CH=CH=CH»=CH3
2.6. 1-Decene CH=CH=CH}=CH)=CH=CH=CH7=CH»=CH=CH

3

Table 2: Cis and Trans Dialkylated Alkenes.

Compounds

Formulae

Cis-2-Octene

CH(CH3)=CH(=CH=CH=CH)=CH=CH3)

Trans-2-Octene

CH(CH3)=C(CHp=CH,=CH,=CH,=CH3)H

Cis-3-Octene

CH(CH,=CH3)=CH(=CH,=CH,=CH,=CH3)

Trans-3-Octene

CH(CH,=CH3)=C(CHp=CH,=CH,=CH3)H

Cis-4-Octene

CH(CH,=CH,=CH3)=CH(=CH,=CH»=CH3)

Trans-4-Octene

CH(CHp=CH=CH3)=C(CH2=CH»=CH3)H
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Table 3: 1,1 Dialkylated Alkenes and Trialkylated Alkenes

Compounds Formulae
1. Trialkylated Alkenes
(1.1) Cis-3-Methyl-3-Heptene CH3(CH3=CH3)C=C(CH=CH»=CH3)H
(1.2) Trans-3-Methyl-3-Heptene (CH3=CH))CH3C=C(CH=CH)=CH3)H
2. 1,1 Dialkylated Alkenes
2-Ethyl-1-Hexene CH)=C(CH=CH3)(CH=CH»=CH)=CH3)
Octane CH3=CH»=CH»=CH>=CH,=CH,=CH,=CHj3
FT-NIR System

A Diamond 20 model FT-NIR spectrometer manufactured by KVB/Analect (Pasadena,
CA) was used in these experiments. The spectrometer was coupled with a cell assembly
via optical fibers as illustrated in Figure 1. The Diamond 20 FT-NIR system has a 1.5
cm’ transept IV hermetically sealed interferometer. Calcium fluoride optics were used
for the 12,000 to 1,200 cm’’ region. The spectrometer includes an internal source and all
optical control electronics. It is controlled by a 66 MHz 486 based data system operated
under MS DOS/Windows 3.1. The spectrometer and the data station were interfaced with
a LAN interface card provided by the manufacturer. The system includes the
manufacturer’s FX-70, DOS based software program, and FX-80, Windows 3.1 based

software for the control and operation of the analyzer.
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The spectrometer was coupled with a three stage, Indium-Arsenide (InAS), SP-2426
model detector repackaged and sold by KVB/Analect as well. The detector was cooled
with a thermoelectric cooler. The light from the spectrometer to the sample cell and back
from the sample cell to the detector were carried with fiber optic cables. A fiber optic

receiving module was used at the interferometer outlet and at the detector inlet.

Figure 1: Schematic diagram of the FT-NIR Set-up.

5 mm Pathlength Cell
—| |—

Launcher D
FTNIR >
SPECTROMETER e T

OPTICAL FIBERS Cell Assembly

-Receive[ ¢

Detector
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Fiber Optic Cell Assembly

A cell holder was designed as illustrated in Figure 2 to interface the optical fibers with an
optical cell. Plano-convex lenses (5 mm in diameter) were used to collimate and focus
the light as shown. A removable cell was used in the middle of the holder. A set screw

was used to keep the cell from moving once in its place.

Figure 2: Schematic Diagram of the Fiber Optic Cell.

<@¢— 5 mm —P»]

Light

Optical Fiber é E > Opt

P

Coll irmling Lens Focusing Lens

A 5 mm path length cell was used in this study to obtain about 0.3 absorbance units (a.u.)
for the first overtone (6,120 cm™) of the asymmetric =CH? stretch of 1-octene at a
concentration of 10% by weight. Background spectra were obtained with empty clean

optical cells for all of the absorbance measurements.
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The fiber optic cables were 550 um, low OH content fibers supplied by SpecTran
Specialty Optics (Avon, CT). The cable was purchased as bulk fiber, and the fiber optic
connectors were installed by using a termination kit supplied by SpecTran, at the end of
the fibers, after cutting to the required length. About 20 feet of fiber optic cable was used

to connect the cell assembly and the spectrometer/detector.

Calibration Standards

The spectra of the most of the monoalkylated ethylenes and di and tri alkylated alkenes
were collected in pure form (98% or more purity) and in solutions using Isopar E as
solvent. All solutions were prepared at room temperature and pressure except for the
ethylene and propylene solutions in Isopar E which were prepared at 4 °C. For this
purpose, the gas (ethylene or propylene) was bubbled into Isopar E in a small vial placed
in an ice bath. This solution was quickly weighed and transferred to the optical cell
where the spectrum was obtained immediately. The 1-butene solution in Isopar E was

prepared at room temperature due to the higher solubility of 1-butene in Isopar E.

Additionally, mixtures of 2%, 4%, 6%, and 10% by weight of 1-octene and the other
alkenes were prepared. The spectra obtained from these mixtures were used in checking
the validity of the calibration model. The spectra of all of these compounds were

obtained at 4 cm™' resolution and as an average of 64 scans from 4,000 to 12,000 cm’.
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Data Analysis and Results

Interpretation of the Spectra
Despite the immense amount of information in the literature for assigning the

fundamentals of alkenes in the mid-IR region,”o“7"'72'173"74"75

there is comparatively
little information for the assignments of the first overtones in the NIR region. Therefore,

to be able to find distinct bands that can be related to alkenes in the NIR range, the

overtones of the fundamentals had to be estimated.

A coarse inspection of the NIR spectra obtained from mono, di and trialkylated alkenes
reveals that there are two main regions where differences in spectra occur. These are the
6,100 cm™' region and the 4,750 cm™ region. Figures 3 through 6 show the 6,100 cm’
region of the spectra, for ethylene and monoalkylated alkenes (Figure 3), cis and trans
dialkylated alkenes (Figure 4), trialkylated alkenes (Figure S), and 1,1 dialkylated alkenes
(Figure 6) in overlaid mode. The 4,750 cm’' region of the spectra for these groups of

compounds, similarly, are shown in Figure 7, Figure 8, Figure 9, and Figure 10.

Additionally the full NIR spectra of all compounds used in the study are given in the

Appendix A Figures Al through A17.
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A closer look at these regions indicates that the differences in the 6,100 cm™ are more
significant comparatively. Therefore, this region was taken during the study to build the
CLS calibration model for the determination of ethylene and the monoalkylated alkenes.
To be able to interpret the differences in spectra in this region the fundamentals of the C-

H stretches in the MID-IR region have been inspected.

Table 4 shows the characteristic frequencies of alkylated ethylenes.176 Three important
vibrational stretching bands (fundamental bands in mid-IR) for the alkenes have the
potential for an overtone band in the NIR region.'77"7g'”9‘ 180.181 These are: the =CH?p
asymmetric stretch (3,090-3,075 cm™"), the =CH stretch (3,020-2,995 cm™") and the in

phase (symmetric) stretch of =CH?2 (3,000-2,980 cm’™’). Other fundamentals, for instance
the C=C stretch, the CH2 wagging, the CH2 deformation and the CH2 rocking are at

longer wavelength; thus, their first overtones should not be in the NIR region. The
second or the third overtones of these bands in the NIR region would be too weak to be

significant.
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Table 4: Characteristic IR Frequencies (cm'l) of Alkylated Ethylenes.

Group cm™! IR R Assignment
H H 3090-3075 m m CH, asym. str.
Ne=c” 3020-2995 w s, p CH str.
R 7 N\ H 3000-2980 m w CH, sym. str.
Monoalkyl 1840-1805 w —_ 2x910cm™
(vinyl) 1650-1638 ms vs, p C=C str.
1420-1412 mw s, p CH, scis. def.
1309-1288 w s, p CH rock
995-985 vs w trans CH in-phase wag
' 910-905 vs w CH, wag
688-611 w w cis CH in-phase wag

R N , H 3090-3075 m w CH, asym. str.
Cc=C 3000-3075 m s, p CH, sym. str.

R 4 1810-1770 w - 2% 89%0cm™!
1,1-Dialkyl 1660-1640 ms vs, p C=C str.
(;inyﬁdin o 1420-1400 w m, p CH, scis. def.

900-885 vs w CH, wag

H N p H 3020-2995 m m CH str.

c=C 1662-1631 mw vs, p C=C str.

R 7 N R 1429-1397 m - cis CH asym. rock
cis-Dialkyl 1270-1250 w s ‘cis CH sym. rock

730-650 ms vw cis CH wag
H N P R 3010-2995 m m CH str.
c=C 1676-1665 vw vs, p C=C str.

R N\ H 1325-1300 vs s trans CH sym. rock
| trans-Dialkyl ca. 1295 mw — trans CH asym. rock
i 980-965 vs vw trans CH wag

R , H 3040-3020 w m CH str.

Ne=c 1680-1664 w vs, p C=Cstr.

R 7 N R 1360-1322 - w CH rock

Trialkyl 840-790 m vw CH wag
R R 1680-1665 — vs, p C=C str.
N\ s/
c=C
7 \
R R

Tetraalkyl
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A thorough investigation of this table and the NIR spectra of the alkenes used in these
experiments shows that the band observed around 6,120 cm™ is unique to monoalkylated
alkenes and 1,1 dialkylated alkenes both of which contain a fundamental =CH3 stretch in
the mid-IR. Cis and trans octenes are cis and trans dialkylated alkenes and do not contain
a =CH2 group; thus, no overtone of either the symmetric or asymmetric stretch of this
group is expected. Experimentally, no overtones are observed experimentally in the
6,100 cm region which confirms the prediction. None of the trialkylated alkenes (cis
and trans 3-methyl-3-heptenes) containing a single =CH stretch have any bands in this
region. Therefore, the band observed at 6,120 cm’' cannot be due to the first overtone of
the =CH stretch. Similarly, the symmetric =CH2 stretch can be eliminated since the
location of the fundamental is at lower energy to meet the energy level of 6,120 cm™
region. Therefore, the band that is observed at 6,120 cm™' region is more likely to be the

first overtone of the asymmetric =CH3 stretch of alkylated ethylenes.

The anharmonic oscillator approximation can be used to estimate the location of the first
overtone of the asymmetric =CH2, stretch (3,090-3,075 cm'l).'“z"a3"84

The energy levels (cm™) of the anharmonic oscillator are given by

Ey=ve(v+1/2) - x,ve(v+1/2)° [14]

where v, is the fundamental (cm™), v is the vibrational quantum number and y_ is the

anharmonicity constant.
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For the first overtone v=2tov=0

Vi

AE,, =2v,—6v,x, [15]

For a typical value of x. = 0.0025,"8>'% the calculated wavenumber of the first overtone
using a fundamental of 3090 cm’! s AE,;, = 6180 -46=6134 cm’! while the observed
value is 6129.8 cm™. Hence, it was concluded that the observed band is the first overtone

of the asymmetric =CHj stretch.

The spectra of ethylene, propylene, 1-butene, 1-pentene, 1-hexene, 1-octene and 1-decene

are shown in Figure 3 in overlaid mode, in the first overtone of the asymmetric =CH?

stretch region. Careful examination of this region of the spectra indicates that the first

-1
overtone of the asymmetric =CH? stretch in 6,080 to 6,160 cm region shifts towards

longer wavelengths or towards lower energy with increasing chain length. Table 5 lists
these shifts among the members of the monoalkylated alkenes. The shift decreases with
an increasing number of carbon atoms in the molecule. Among 1-pentene, 1-hexene, 1-

octene and 1-decene this shift is about only a couple of wavenumbers.
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Table 5: Shift of location of first overtone of asymmetric =CHj stretch of
monoalkylated alkenes.

Alkene Number of C Max of the band | AC; A(C2-Cy)
atoms location (cm1)

Ethylene Cy 6,129.8

Propylene C3 6,123.1 6.7 6.7

1-Butene Cy 6,119.5 3.6 10.3

1-Pentene Cs 6,118.2 1.3 11.6

1-Hexene Ce 6,116.1 2.1 13.7

1-Octene Cq 6,114.3 1.8 155

1-Decene Cg 6,113.6 0.7 16.2

In addition to the decrease in the frequency of the first overtone of the asymmetric =CH?
stretch, a decrease in the intensity of the band with the increasing chain length was also
observed. The decrease in the dipole moment derivative of the molecule due to the
increased chain length is known to be the cause of a decrease in the integrated area of the

bands in vibrational spectroscopy.'®’

Furthermore, the spectrum of 2-ethyl-1-hexene (a 1,1-dialkylated alkene) shown in Figure
6, clearly presents two overlapped bands that can be interpreted similarly. The band

observed at 6,126 cm™' is due to the asymmetric stretch of =CH2 and the adjacent band is

due to the symmetric stretch of =CH? (6,109 cm).
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This interpretation can be used in developing quantitative determinations of these
compounds by NIR spectroscopy. For instance, simultaneous determination of mixtures
of monoalkylated alkenes starting from 1-pentene to 1-decene would be difficult because

the first overtones of the asymmetric =CH) stretching vibrations overlap severely.

However, since a more significant shift is observed between the first overtone of the

asymmetric =CH3 stretching vibration from ethylene to 1-butene, the simultaneous

determination of these light members of the monoalkylated alkenes is possible.

Additionally, the determination of pairs consisting of small and larger molecules should
also be more feasible than the determination of adjacent pairs. For instance, the
determination of the ethylene and 1-octene pair separation should be more feasible than
the determination of the 1-octene and 1-decene (0.7 cm™) pair or the 1-butene and 1-

pentene pair (1.3 cm™).

Moreover, the determination of mixtures containing more than 2 compounds, may be
challenging as well. Therefore, for demonstrating the feasibility of the quantitative
analysis of these compounds, the readily distinguishable, ethylene and 1-octene mixture

was taken as an example.
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Quantitative Determinations:
For the ethylene/l-octene example, the 6,080-6,160 cm’! region (the asymmetric stretch

of =CH2) was used instead of whole spectrum since this region was found to be sufficient

to allow quantitative determination. Thorough examination of the FT-NIR spectra of 1-
octene, Isopar E and ethylene in this region revealed a small interference from Isopar E

(see Figure 11).

Additionally, the compounds that absorb in this region such as 1- pentene through 1-
decene and 2-ethyl-1-hexene will interfere with the determination and bias both the
ethylene and 1-octene estimates for the reasons described earlier. Therefore, this
determination is limited to mixtures where there is no 1-pentene, 1-hexene, 1-heptene, 1-
octene, and longer chain members. However, 2-Ethyl-1-hexene has a unique band in
4,800-4,600 cm' region as shown on Figure 10. Therefore, if both regions are used 2-

ethyl-1-hexene will not bias the ethylene or 1-octene results.

It was found that using the spectrum of 1-octene measured from pure 1-octene gave
biased results, attributed to deviations from Beer's law. Therefore, a pure spectrum of 1-
octene in the presence of Isopar E was estimated from spectra of samples containing
Isopar E and 1-octene at concentrations of 10 to 20 wt % levels. The measured and
estimated pure spectra for 1-octene and Isopar E are shown in Figure 12, in overlaid
mode. The 1-octene spectrum in the presence of Isopar E appears to be shifted to higher

wave numbers.
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Figure 11: Spectrum of 10 wt % 1- Octenc 1-2wt % Ethylene (20 times enlarged) and
Pure Isopar E in 6,080 to 6,150 cm™ Region in Overlaid Format at Room Temperature
and Pressure.
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Figure 12: Mcasured and Estimated Pure Spectra for 1-Octene and Isopar E in 6,080 to
6,150 cm™' Region in Overlaid Format at Room Temperature and Pressure.
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Since an appropriate instrumental arrangement to obtain the pure spectra of ethylene and
propylene was not available during the first part of the study, the ethylene spectrum was
estimated by subtracting the Isopar E spectrum from the spectrum of the mixture. The

error in estimation of this concentration could be as large as 1 wt % absolute. However,

obtaining high accuracy was not one of the goals of the study at this stage.

Concentrations of standard mixtures were estimated using the CLS model. The CLS was
chosen among the available linear regression techniques due to its simplicity (see
discussion on comparison of multivariate calibration techniques in Chapter 2).
Numerical results for the analysis of multiple samples are given in Table 6 . The table
provides the sample number, the true and predicted values of octene and ethylene, as well
as the uncertainties associated with these predictions. The uncertainties are from the
regression analysis, and increase as the noise in the data increases, or as the fit degrades.
The samples indicated by an asterisk are the samples that were used to estimate the 1-
octene and Isopar E spectra. For samples 12-19, the absolute errors in the 1-octene
prediction ranged from -0.2 to 0.1%, with 1-octene levels ranging from 4.8 to 20%. The
errors in the ethylene prediction were impossible to ascertain accurately, as there were

large errors in the true amount of ethylene in the samples.

The uncertainties shown in Table 6 are a result of the least squares calculation and
represent the confidence in the predicted concentrations. The uncertainties increase
dramatically for the prediction of the 100% 1-octene samples, as these are not well

described by the estimated spectra, due to deviations from Beer's law.
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Table 6: Predicted Concentrations of 1-Octene and Ethylene.

# True Predicted |Delta True Predicted | Delta Uncertainty | Uncertainty in
1-Octene | 1-Octene |(Difference) | Ethylene |Ethylene |(Difference) [[in 1-Octene |Ethylene
1 0 -0.3 0.3 0 0.0 0.0 0.1 0.0
2 -0.2 0.2 0 0.0 0.0 0.1 0.0
3 0 -0.3 0.3 0 0.1 -0.1 0.1 0.0
4 100 98.5 1.5 0 -2.3 23 1.5 0.7
5 100 98.0 2.0 0 -2.6 2.6 1.3 0.6
6 100 101.6 -1.6 0 -4.0 4.0 1.6 0.7
7 100 101.2 -1.2 0 -4.3 43 1.4 0.6
8 |0 0.0 0.0 b 1.0 ? 0.0 0.0
9 0 -0.2 0.2 X 1.0 ? 0.1 0.0
10 |0 -0.2 0.2 X 0.7 ? 0.1 0.0
11 |0 -0.3 0.3 X 1.3 ? 0.1 0.0
12* |10 9.9 0.1 0 0.0 0.0 0.1 0.0
13* 120 20.1 -0.1 0 0.1 -0.1 0.0 0.0
14* 4.8 5.0 -0.2 0 0.0 0.0 0.0 0.0
15% 19.9 9.8 0.1 0 0.0 0.0 0.0 0.0
16* 1154 15.4 0.0 0 -0.1 0.1 0.1 0.0
17 148 5.0 -0.2 X 1.1 ? 0.0 0.0
18 |99 9.9 0.0 X 1.2 ? 0.0 0.0
19 154 15.5 -0.1 X 1.1 ? 0.1 0.0

x True ethylene concentration around 1.5+ 1 % wt

i Ethylene concentration defined to be 1.0 % wt. This was the pure spectrum used for ethylene. The true

concentration is around 1.5 £ 1 % wt. All ethylene predictions are relative to this.

? = Unknown value

* Samples used to estimate 1-octene and Isopar E spectra

Data shown in this table was generated by Mary Beth Seasholtz using MATLAB (Trademark of the

Mathworks Inc.)
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The calibration model is expected to change from room temperature and pressure
conditions, to elevated temperature and pressure conditions, since the spectra of all of
these compounds will be slightly different at elevated temperature and pressure.

Therefore, this model is limited to room temperature and pressure conditions.

Summary

Distinguishable features for light alkenes in NIR region were established at room
temperature and pressure. Light alkenes ranging from ethylene to 1-decene were selected
for the determination and to study the effect of molecular structure. It was found that the
first overtone of the asymmetric stretch of =CH? for light monoalkylated alkenes i.e.
ethylene, propylene, 1-butene, shifts toward the lower energy which may be enough to

distinguish and determine these compounds simultaneously in a mixture.

Additionally, the determination of mixtures containing small and larger molecules such as
ethylene and 1-octene, ethylene and 1-hexene, or ethylene and 1-decene should be
possible as was demonstrated with ethylene and 1-octene mixture in this study. Among
the heavier members of the monoalkylated alkenes, the addition of a carbon atom to the
molecule causes a slight shift in location of the first overtone of the asymmetric =CH?2
stretch towards lower energy. Therefore, this method may not be suitable to determine 1-
pentene through 1-decene in a mixture simultaneously. Other alkylated light alkenes such
as 1,1 dialkylated, cis and trans-dialkylated and trialkylated alkenes were evaluated to
make sure that the technique is unique for the determination of the monoalkylated

alkenes. 1,1 dialkylated alkenes were found to be an interference in the region of the
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asymmetric =CH3 stretch; however, they can be resolved if desired, by the use of the

-1
4,750 cm region in the model. Cis, trans dialkylated and trialkylated alkenes do not

interfere with the determination.

The first overtone of the asymmetric =CH? stretch of the monoalkyl group was used to

build a model based on CLS regression The reliability of the results was checked from
the residual spectrum for the ethylene/1-octene example, obtained by subtracting the
estimated spectrum from the measured spectrum. Determination error was expressed as

predicted minus measured and, was less than 1% for the ethylene/1-octene analysis.



Chapter 4

IN SITU REAL-TIME DETERMINATION OF ALKENES BY FIBER OPTIC FT-

NIR SPECTROSCOPY AT ELEVATED TEMPERATURES AND PRESSURES

In the second part of this research the effects of elevated temperature and pressure for the
determination of light alkenes were investigated and calibration models were developed
using high pressure, temperature apparatus. The ethylene and 1-octene system, evaluated
during the feasibility study was investigated at elevated temperatures and pressures to

provide continuity.

Considerable difficulties are involved in preparing well-known mixtures of the
components to build calibration models for accurate quantitative determination at
elevated temperatures and pressures. Consequently, for this particular work, in situ fiber
optic probe technology was essential. A special apparatus was built to obtain the spectra
of known concentration mixtures at varying temperatures and pressures. A high pressure
vessel was modified to incorporate a fiber optic probe which was coupled to the FT-NIR
spectrometer. The high pressure vessel was placed in an oven. Calibration standards
were prepared gravimetrically and the concentration of the liquid phase was corrected for
each temperature setting. Calibration models were built using partial least-squares (PLS)
regression to predict the concentrations of these compounds at varying temperatures and

pressures.

70
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Experimental Procedures

A high pressure, temperature apparatus was constructed to obtain spectra of light alkenes
in Isopar E at elevated temperatures and pressures. A block diagram of the set up
illustrating the components of the system is given in Figure 13. The apparatus consists of
a pressure vessel, and a circulation loop which incorporates the fiber optic probe holder
assembly and a variety of pressure transducers. The circulation loop employs a magnetic
circulation pump to recycle the contents of the vessel through the loop. Thus, the liquid
phase is circulated through the fiber optic probe holder where the sample and
spectrometer interface is provided. A magnetic stirrer is used for agitation within the
vessel. The vessel and the circulation loop assembly, including the fiber optic probe

holder, are placed inside a forced air oven.

The apparatus is controlled and data acquired by a Camile (Segion, Midland, MI) brand
name data acquisition and control system. Camile is used in controlling the temperature
set points of the oven, the operation of the circulation pump, and the speed of the agitator.

Additionally, it is used to record all the experimental conditions.
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Figure 13: Schematic Diagram of the High Temperature, Pressure Apparatus.
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Pressure Vessel:

The apparatus incorporates an Autoclave Engineers (Erie, PA) Eze-Seal model 100 mL
volume high pressure vessel (P[_jpjt = 3000 psig, Ty jmit = 315°C). The vessel consists
of two parts: a top (cover) and the body. These two parts of the vessel are sealed together
with a metal gasket (double delta seal) as shown in Figure 14. The top portion of the
vessel provides several inlets and exits via dip pipes and other connections incorporating

either high temperature and high pressure valves. All of these high temperature, pressure
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connectors were welded to the line and a metal gasket was used for a seal between them.

Each time the vessel is removed from the system, these metal gaskets were replaced.

Figure 14: Schematic Diagram of the High Temperature, Pressure Vessel.
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Expansion Containment Chamber

The high pressure vessel contains a safety relief valve rated at 2000 psi which is
connected to a six liter, high pressure, stainless steel vessel (rated at 3000 psi). In case of
an unexpected temperature increase or an unexpected reaction which would increase the

pressure of the vessel above 2000 psi, the expansion would be contained in this chamber.

Head Space Assembly
The high pressure vessel is connected to a circulation loop consisting of a probe/holder

assembly, circulation pump, and a variety of pressure transducers. The circulation loop
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employs a Ruska brand name (Model 2330-802) magnetic circulation pump to recycle the
contents of the vessel through the loop where the sample and spectrometer interface is
located. The head space is also connected to a vacuum pump to evacuate the system
when needed, and to a distributor assembly to discharge nitrogen and ethylene into the

system.

Fiber Optic Probe-Holder Assembly

The fiber optic probe assembly is a modified 34" stainless steel tee. High temperature,
pressure connections are welded on both sides of the Tee to provide inlet and outlet ports;
a %" Swagelok fitting is welded on the third side to seal the probe into the holder. The
probe attaches to this assembly with %" Swagelok nut and ferrules. The probe is inserted

into the holder such that the sample gap is in the middle of the circulating stream.

Single Sided Transmission Probe:

The Single Sided Transmission (SST) probe is manufactured by UOP/Guided Wave (El
Dorado Hills, CA). It is a Visible/NIR transmission probe with the transmission slit on
the side as shown in Figure 15. The probe internally contains a pair of 500 pm in
diameter fibers to provide the light interface at the windows. All of the optics are
installed in a % inch O.D., 15 inch long 316 stainless steel body. Two sapphire windows,
sealed by gold brazing, provide the sample interface. Two fiber optic connectors at the
end of the probe connect the probe to the spectrometer and the detector via fiber optic

cables.
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Figure 15: Guided Wave Single Sided Transmission (SST) Probe.
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The Guided Wave SST probe is available from the manufacturer in 2 mm, 5 mm, 10 mm
and 20 mm fixed pathlengths. The optimum probe pathlength for the experimental
concentrations of ethylene and 1-octene is chosen as 10 mm, deduced from the feasibility
study. The fiber optic cables used to connect the SST probe to the interferometer and to
the detector are 500 um, low hydroxyl fibers supplied by SpecTran Specialty Optics.
About 20 feet of fiber optic cable is used to connect the SST fiber optic probe and the
spectrometer/detector set up. The fiber optic cable carries the light from the spectrometer

to the probe and from the probe to the detector.

Pressure Measurement and Control

Pressure measurements are done with one of the following pressure transducers

depending on the pressure of the system (Maximum 750 psi): MKS Model 315BA-
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25,000 (0.1% accuracy), and GP:50 Model 331-RM-GP/GJ/GX (0.25% accuracy), or
Setra C206 (0.13 % accuracy). Each transducer is calibrated against a digital pressure
gauge with an accuracy of 0.01%. Pressure calibrations are performed at several
pressures at each temperature set point. Before performing a calibration the pressure

transducers are allowed to equilibrate for at least two hours at each temperature setting.

Forced Air Oven

A Hotpack (Philadelphia, PA) model 212034 forced-air oven is used with a 9.5 cubic feet
internal volume. Oven walls are modified to establish several external connections such
as vacuum lines, pressure transducer signal lines, magnetic stirring driver. This floor
stand type oven has a 25"x22"x30" door which enables the removal of the pressure vessel
conveniently and easy operations and modifications of the system. The solid-state
electronics with multi-mode control option provides a remote access set point with an
accuracy of + 2°C from the Camile data acquisition and control system. The internal
oven temperature gradient below 200 °C is less than 0.9 °C. The Hotpack model 212034

oven contains a 4.4 watt 230V heating element with a 3 °C per min heating rate.

Temperature Measurement and Control

Temperature measurements are made with a Burns 12092 Platinum Resistance
Thermometer (PRT) connected to a Hewlett-Packard HP34401A digital multimeter. This
PRT is calibrated against another calibrated Fluke Model 2189A platinum resistance
thermometer. Several PRT’s are installed in the system to obtain the temperature of the

head space, liquid phase and different locations of the oven.
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FT-NIR Spectrometer and the detector:

The Diamond 20 model FT-NIR spectrometer manufactured by KVB/Analect (Pasadena,
CA) is used in these experiments. The spectrometer is coupled with a Single Sided
Transmission (SST) fiber optic probe manufactured by UOP Guided Wave via optical
fibers as illustrated in Figure 16. The Diamond 20 FT-NIR system has a 1.5 cm’ transept

IV hermetically sealed interferometer. NIR CaF?7 optics are used for the 12,000 to 1,200

cm’' region. The spectrometer includes an internal source and all optical control
electronics. It is controlled by a 66 MHz 486 based data system operated under MS
DOS/Windows 3.1. The spectrometer and the data station are interfaced with an interface
card provided by the manufacturer. The system includes the manufacturer’s FX-70, DOS
based software program, and FX-80, Windows 3.1 based software for the control and

operation of the analyzer.
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Figure 16: Schematic Diagram of the FT-NIR Set-up; Spectrometer, Detector, Fiber
Optic Probe, and Probe Holder Assembly.
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The spectrometer is coupled with a three stage, Indium-Arsenide (InAS), SP-2426 model
detector repackaged and sold by KVB/Analect. The detector is cooled with a

thermoelectric cooler. Radiation is carried from the spectrometer to the fiber optic probe
and back to the detector with fiber optic cables. A fiber optic receiving module is used at

the interferometer outlet and at the detector inlet.

The spectrometer is coupled to the Camile process control computer by an input/output
(I/0) hardware. Via this connection, the data collection by the FT-NIR spectrometer is
triggered whenever the system reaches equilibrium under the desired conditions. An
analog signal (4-20 ma) from Camile is sent to the FT-NIR PC to initiate the data

collection.
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Determination of Vessel and Head Space Volume

In order to determine the total volume of the apparatus (vessel plus the head space) a
calibration vessel with a volume of 144.37 ml is used. This calibration vessel is
connected to the system and to the pressure transducers via a specially designed valve
assembly. The calibration vessel is pressurized and its pressure is measured at constant
temperature. By opening the valve connecting the calibration vessel and the system, the
entire system is pressurized and the new pressure is measured. Since the initial volume
and the pressure are known and the second pressure is measured, the second volume is
calculated from: V,=P;V,/P, at constant temperature. During the course of the
experiments several modifications were made to the head space assembly which required
the determination of the system volume each time. The system volume used in the

experiments ranged from 249 ml to 264 ml.

Experimental Design

The number of standards needed to develop a representative calibration model for
multivariate calibration techniques is an important factor in experimental design. The
concentration range of the standards and the similarity of the standards to the unknown
sample matrix are also factors that contribute to the accuracy of the model. The
concentration range of ethylene was chosen as 0.5 to 7.5 percent weight in solution, and
the range of 1-octene was selected as 2 to 30 percent weight in Isopar E for these
experiments. PLS models require the number of standards to be higher than the number

of variables in the system. However, the more data , the higher the confidence in the
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analysis and in the statistics. Since the concentration range of 1-octene was at least twice
the concentration range of ethylene, a rectangular two factorial experimental design was
used to represent the concentration range of the each component. For 1-octene a 4 level,
and for ethylene a 3 level concentration design was configured. Thus, the experiments
consisted of three concentration levels of ethylene and four concentration levels of 1-
octene. Each run was performed at five different temperature (25, 60, 85, 110, 140 °C)
since the temperature constitutes another factor in the experimental design. Table 7
shows the experimental design layout and the target concentrations for each run. The
same table also lists the actual concentrations (liquid plus gas phase) and temperatures.
The experimental difficulties in addition of ethylene into the system resulted in slightly
different concentrations for the components than the targeted concentrations. However,
achieving actual concentrations around the targeted concentrations was sufficient for the
calibration purposes. Several runs were aborted due to experimental or equipment
problems. Ten to twelve spectra were collected for every run at each temperature once

equilibrium is established
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Experiments for the Determination of Pressure Effects on Spectra

Since the experiments are run at as high as 140 °C, the system pressure is expected to
reach several hundred psi due to the vapor pressure of ethylene, with the exact pressure
dependent on the ethylene concentration in the solution. Preliminary experiments were
conducted to determine the effects of pressure on the spectroscopic bands of interest.
Separate runs were prepared with 1-octene in Isobar E and ethylene in Isobar E at
constant temperature where the system was pressurized with nitrogen at several different

pressures (300 psi, 400 psi, 485 psi). Spectra were collected under each set of conditions.

FT-NIR Calibration Procedure

Several standards were prepared for the ethylene, 1-octene system targeting the
experimental design. The actual ethylene concentrations ranged from 0.5 wt % to 13 wt
% and 1-octene ranging from 0.5 wt % to 30 wt %. These standards were prepared
gravimetrically in the high pressure vessel at room temperature. The amount of each
component added was determined by mass difference. The vessel was first evacuated via
the vacuum pump, valves were closed and disconnected from the apparatus. After
weighing the empty vessel, the 1-octene/Isopar E mixture, prepared in advance, was
loaded into the vessel using a 100 ml glass syringe. A 15 gauge syringe needle was
modified to fit to the high temperature, pressure connector of the vessel inlet. The vessel
was weighed again after degassing it under vacuum for several minutes. Next ethylene
was charged into the vessel, from a small (5 Ib) cylinder via a distribution system
allowing the evacuation of the lines from cylinder to the vessel. After the ethylene

addition, the vessel was weighed and reconnected to the apparatus.



83

The apparatus was heated and allowed to equilibrate at the required temperature set point.
When temperature equilibrium was reached, the vessel pressure remained constant. At
each temperature set point, 10-12 spectra were obtained of the liquid phase. The system
pressure and temperature at equilibrium were recorded in order to calculate the vapor
phase composition, which was used to correct the liquid phase concentration of each

component.

Data Analysis and Results

Effects of Pressure on Spectra

According to theory, the effects of pressure in vibrational spectroscopy are significant
when there is a phase change and/or a change in the symmetry group of the compound
due to the applied pressure. Either situation requires application of significant amounts of
pressure. The experimental conditions used during this study did not cause phase
changes or lead to a change in the symmetry group. The system pressure originates from
the vapor pressure of ethylene at the set-point temperature. At the highest concentrations
of ethylene (13 wt % at room temperature) and the highest temperature set-points (140
°C), the vapor pressure of the system is less than 750 psi. The supercritical temperature
(T.) and pressure (P.) of ethylene are 10 °C and 52.2 atm (762 psi), respectively. Since
all experimental temperatures are above the supercritical temperature of ethylene,
ethylene is in the supercritical phase in this matrix. Furthermore, monoalkylated alkenes,

under the experimental conditions used, are in the liquid phase and, thus, no phase
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transitions are expected. Also, according to theory, high pressures (~14,000 psi) are
necessary before starting to change the symmetry group of molecules. Hence, no change
in the first overtone of the asymmetric =CH, stretch of the monoalkylated alkenes is

predicted.

Results of the experiments correlate well with predictions. Figure 17 shows the spectra
of 6.31 wt % ethylene in Isobar E (at room temperature) in the 6100 cm’ region at several
different pressures. If any effects of pressure on band shape or frequency shifts do occur
in this system it would be most observable for ethylene. As seen in Figure 17, spectra of
ethylene solutions collected at different pressures showed no difference from each other
in the region where the first overtone of the asymmetric stretch of =CH; is monitored.
Pressures above the vapor pressure of ethylene were obtained by pressuring the system
with nitrogen at constant temperature. After these experiments, the remainder of the

calibration was carried out at system pressure.
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Figure 17: Effect of Pressure on Spectra of Ethylene in Isopar E.
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Effects of Temperature on Spectra

The determination of the effect of temperature on the C-H stretch in NIR range for
ethylene and monoalkylated ethylenes was accomplished by varying the temperature from
room temperature to 140°C (25°C, 60°C, 85°C, 110°C, 140°C) for ethylene, propylene
and 1-octene. A known concentration of ethylene in Isobar E was prepared and spectra
were collected at these 5 different temperatures. The spectra were corrected for
concentration changes due to the temperature/density changes. When these bands of
interest were overlaid, significant differences were observed on band shape. Mainly,
bands become broader and showed decreased peak intensity at elevated temperatures.

Similar experiments were done with propylene and 1-octene in Isobar E. The effect
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observed on the band of interest by temperature gets smaller and becomes less significant
with increasing chain length. The effect on band shape is much more significant for
ethylene than is for 1-octene. These effects are shown in Figure 18 for ethylene,

propylene and 1-octene for the first overtone of the asymmetric stretch of =CH,.

Figure 18: Estimated Pure Ethylene, Propylene, and 1-Octene Spectra as a Function of
Temperature.
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Calculation of Liquid Phase Concentration at Each Temperature Setting

Due to thermal expansion, a volume for expansion of the liquid needs to be left in the
vessel where the liquid is heated. If the head space volume is significant relative to the

total volume, the partitioning of the compounds between the liquid and the gas phase will
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be important affecting the concentration of the liquid phase. When the vessel is heated to
higher temperatures, there will be more number of molecules in the gas phase than there
are at Jower temperatures. Consequently, the concentration of the liquid phase will be
changed at each temperature setting. This is particularly significant with volatile

compounds such as ethylene.

In order to account for this change, and to be able to calculate the liquid phase
concentrations accurately, the concentration of the gas phase was estimated using
experimental parameters such as temperature and the pressure of the head space and the
vapor pressures of the compounds from physical property tables. Then, the calculated

vapor phase amount was subtracted from the initial concentration of the liquid.

The accuracy of the calibration model will directly be related to the accuracy of the
standards and the accuracy of the experiments. In order to calculate the head space
concentration, head space volume had to be calculated. This requires an estimation of the

liquid volume and the solution density at each temperature set point since

Vvapor phase = Viotal - Vliquid

Vapor phase concentration is calculated according to the Ideal Gas Law by using each

component’s partial pressure. The number of moles of each component in the vapor

phase is (n.”):
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n’ =— [16]

The partial pressure of the components in the vapor phase (P," ) for 1-octene and Isobar E

are determined from the pure component vapor pressure of the compound ( P”) at that

temperature, by using the Raoult's Law. Since the total vapor phase pressure is measured
and known, ethylene’s partial pressure can be determined from the difference according

to the following equation.

P, = Py — P — P,

Meas IsoparE

[17]

Pure component vapor pressures of 1-octene and Isobar E at room temperature were

obtained from physical property tables and corrected for temperature by using the Antoine

equation, '8'8

B
mym=A—¥:E [18]

Antoine constants are given in the following Table 8 for 1-octene and Isobar E.'*®

Table 8: Antoine Constants for 1-octene and Isopar E

A B C

Isopar E 3.40926 1185.31 222.048

1-octene 4.05935 1358.21 213.311
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Using the pure component vapor pressure, the partial pressures of 1-octene and Isopar E

are given by Raoult’s Law:

P, = x,P° [19]

where x; = the liquid mole fraction of component 1.

In addition, the vapor or head space volume is required (VV) in equation [16]. This is

determined by subtracting the liquid volume which is sum of the volume of each liquid

L T
component, Vi , from the total vessel volume, V .

VY =vT =Y atvt [20]

Where V; = the molar volume of component i in cc/mol (or partial molal volume for

ethylene),

In order to find the liquid volume at each temperature set point, the liquid phase solution
density must be calculated. An overall solution density is obtained by dividing the total
molar mass of the material by the overall molar volume. The overall molar volume of the

solution is the sum of the molar volumes of each component, the latter are calculated by
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dividing the masses of each component (number of moles of each component times their
molecular weight) by their pure component densities. The pure component density is

calculated at each set point temperature by equation [21]:

p.=A, +B.T [21]

where

p,= the density of component i in g/cc,

T = the temperature in degrees °C.

A;= Experimental constants (literature values) for component i.
Bi= Experimental constants (literature values) for component i.

Literature values of A;, B; and M; (molecular weight for component i) are given in Table

9 for 1-octene, Isobar E and ethylene:'®® '

Table 9: Literature Values for Constants in Temperature Dependent Density Equation

Mi Ai Bi
Isopar E 123.00 0.73468 -8.245E-4
1-octene 112.215 0.73502 -9.167E-4
Ethylene 28.054 0.46757 0

After obtaining the overall molar volume, an overall density can be calculated by dividing
the overall mass by the overall molar volume. This density can be used for calculation of
the liquid volume by dividing the total mass originally loaded in the vessel by the overall
density (assuming that all the components are in the liquid phase). After calculating this

approximate liquid phase volume, the volume of the vapor phase and the number of
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moles in the vapor phase can be calculated according to equations [16] and [21]. The

number of the moles in liquid phase is equal to the difference between the total number of

moles (n; ) and the number of moles in the vapor phase (n,”).

nF=n"—-n’ [22]

L - [23]

This calculation process summarized in Eq. [16]-[23] is repeated until the calculated

system pressure ( P," ) which is equal to:

Pim = Pcz + Pcs +P, [24]

soparE

Tot
Meas

converges with the measured system pressure (P, ). It was found that the iteration

converged after one pass. An example of this calculation for one of the runs of the
experiment is shown in Table 10. For this calculation process, the system is assumed to

exhibit ideal behavior (fugacity is equal to the partial pressure).
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The results of the calculations for each run are tabulated and the corrected liquid phase
concentrations (in mole fraction) for each component are given in Table 11 (standards
containing ethylene and Isopar E), in Table 12 (standards containing 1-octene and Isopar
E), and in Table 13 (standards containing all three components). Additionally, calculated
liquid phase concentrations are plotted at each temperature and shown in

Figure 19.

The Excel spreadsheets showing the calculations of liquid phase concentrations of each

run are given in Appendix B Tables B1 through B20.
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Table 13: Concentrations of Liquid Phase for Standards Containing Ethylene, 1-Octene, and Isopar E.

SUIMVARY OF C N CCTENESOPAR STUDIES

=

CHGNAL EULIBAUM Blluallﬂ

UQUD |UQUD |UQUD | |UQUD |UQUD [UQUD | [UQUD |UQUD |LQUD
Q C8 | ISOPAR Q C8 | ISOPAR Q C8 | ISOPAR

RLE TC |PPIA W% | W% | WI% W% | W% | W% MOLF | MOLF | MOLF
ANN3 | 5894 k4 1.23% | 1.98% | B68% A78% | 1.96% | 97.23% Q034 | Q@212 | Q94
ANH3 | 8.6 £l 1.23% | 1.98% | B680% Q6% | 1.9%% | 97.3% Q@78 | Q013 | 0958
Fﬂﬂﬁ 10886 )3 1.2%% | 1.9% | B8% Q5% | 1.9%% | 97.48% Q@2 | a4 | Q967
ANH3 | 137.68 /4 1.23% | 1.98% | B80% Q41% | 1.99% | 7.60% Q0179 | Q@215 | Q9607
ANH4 | D2 6 390P% | 1.%2% | 94.18% 312% | 1.98% | K% Q126 | Q012 | 08673
ANK4 | 8464 24 390% | 1.9%% | 9418% 296 | 1.99% | BO0™% Q1187 | Q016 | Q880
ANH4 | 1873 110 390% | 1.92% | 4.18% 288% | 1.99% | B18% Q1150 | Q0194 | Q8667
AUN¥I4 | 137.36 140 390% | 1.92% | 94.18% 27% | 1.9%% | BZ% Q1116 | Q0194 | Q8680
AN¥S | B p<:l 7.95% | 1.84% | 021% 554% | 1.89% | R57% Q2041 | Q0174 | Q775
ANHS | 84.68 i) 7.95% | 1.84% | 9021% 526% | 1.90% | &% Q1963 | Q0176 | Q7871
ANHS5 | 1808 | 3B 7.95% | 1.84% | 021% 50F% | 1.90% | BO7% Q1881 | Q0178 | Q7942
ANHS | 137.54 F6 7.95% | 1.84% | 021% 48% | 1.90% | BZ% Q01818 | Q0179 | Q804
ANKGE | 212 8 401% | 672% | 8.28% 290% | 680% | NI% Q112 | Q0674 | 08173
RAN#H6 | .98 118 401% | 6726 | 88.28% 276 | 681% | N47% Q1086 | Q0880 | Q8B
ANHG | 8487 144 401% | 672% | B2B% 261% | 68% | N57% Q1044 | Q063 | o873
AUNHE | 10820 7 401% | 672 | 8.28% 253% | 68% | NB% Q1016 [ Q0885 | Q820
ANHG6 | 18R | 26 401% | 672% | 8.28% 24%% | 68% | V% Q1000 | Q0885 | Q8315
ANH7 | 57 k<] 1.64% | 68%F% | 91.48% 1.2% | 6% | 91.87% Q068 | Q0723 | 0877
ANH7 | 28 48 1.64% | 68%F%6 | 91.48% 1.11% | 6% | 91.9% Q0467 | Q0727 | Q8306
ANH7 | 8.6 23] 1.66% | 68%% | 91.48% 1.06% | 66% | &% Q0441 | Q072 | 08831
ANK7 | 18.0@ s 1.64% | 686 | 91.48% Q% | 6% | RE% Q0415 | Q0730 | a8sc4
ALNK7 | 137.88 99 1.66% | 68F% | 91.48% Q% | 6% | R13% Q039 | Q0731 | 0880
ANHB | 571 157 713% | 6506 | 8637% 566% | 661% | 87.75% Q2066 | Q06806 | 07330
ANHE | .87 2 71%% | 650 | 8637% 525% | 663% | 8812% Q1944 | Q0614 | Q7441
AN¥S | 8a72 20 713% | 650% | 8637% S2% | 665% | B3B% Q1872 | 0080 | 07508
AUNW18 | 10888 | 319 713% | 650% | 8637% 483% | 666% | 8851% Q1808 | QoM | Q7567
AUNHB | 13773 | 380 713% | 650% | 863% 463% | 667% | BN% Q1746 | Q080 | Q786

AN | 477 17 817% | 17.00% | 77.76% 3% | 17.30% | BB% Q14% | Q1650 | Q6855
ANRI | B8R 166 S17% | 17.0% | 77.7%6% 360% | 17.36% | 7.06% Q136 | 01671 | 0644

ANRI | 867 0 S$17% | 17.0M% | 77.7%6% 341% | 17.3% | B.X% Q132 | 01683 | Q6886
ANR1 | 1868 | 2B S17% | 177.0M% | 77.7%% 326% | 17.41% | B.3% Q1268 | 01683 | Q78
ANR1 | 13747 | 281 S17% | 17.0M% | 77.7%6% 31F% | 17.82% | B4% Q122 | Q1701 | Q7077
AN2 | 7.9 <] 1.1%%6 | 17.75% | 81.02% Q81% | 17.86% | 81.3%% Q03P | a1874 | Q7787
ANKZ | 5088 <] 11%%6 | 17.7% | 81.2% Q74% | 17.87% | 81.3% Q0313 | Q1879 | Q7808
ANZ | 4.3 4 1.1%% | 17.7%% | 81.2% Q6F% | 17.88% | 81.483% QCR30 | Q1883 | Q7826
ANZZ2 | 10864 [::] 1.1%% | 17.7%% | 81.2% Q63% | 17.88% | 81.48% Q@67 | 01888 | Q7846
ANE2 | 137.24 8 1.1%%6 | 17.79% | 81.02% Q5F% | 17.87% | 81.53% Q@51 | Q1889 | Q7860

AN | 574 29 A% | 17.23% | B51% 37% | 17.32% | BAN% Q1444 | Q1680 | Q6898
ANZ3 | @ 584 4% | 17.23% | B51% 368% | 17.4% | BB% Q1412 [ 01666 | Q62
AN | 4.8 .4 4.20% | 17.23% | BS51% 3@% | 17.35% | P.WB% Q136 | 01670 | Q6838
AUN3 | 10881 868 42X | 17.23% | ™51% 357% | 17.36% | 7.08% Q1374 | Q1673 | Q6883
AUN#3 | 137.33 | 1086 42X | 17.23% | B51% 350% | 17.36% | P.14% Q133 | Q1675 | Qe

ANR4 | 678 n 1323% | 0% | 6074% 1060% | 68% | RB% Q3368 | 02123 [ 04519
AN | 5.8 30 1323% | 60% | 6074% 990% | Z7.08% | 6807% Q3189 | 02177 | Q464
AN | 84.5 476 1323% | B0% | 60.74% 946% | 21.16% | 837% Q381 | Q2212 | Q47
RUNRM | 10858 6 1323% | 608% | 60.74% Q1% | 77.26% | 6B61% Q2997 | 02238 | 04%5
ANR4 | 1378 | 64 1323% | 260% | 6074% 886 | 277.33% | 6381% Q2960 | 02258 | Q4812

ANKRS | 574 25 1.58% | 2.52% | B&8% Q0% | 2.73% | B.37% Q0673 | 03077 | Q6650
[ANes | @ 80 1.58% | 2.8% | 6B8% Q7% | D.78% | B.46% Q0819 | Q36 | Q6586
ANS | 8440 7.0 1.58% | 20.82% | 8.8% Q668% | 080% | B.82% Q0285 | Q3106 | 06608
AUNRS | 10881 864 1.58% | 20.52% | 688% Q61% | 29.81% | 68.58% Q@4 | Q3115 | aes3t
AN#S | 137.33 | 1082 1.58% | 20.5% | 688% Q5% | 2.81% | 8B.6/% Q@19 | 03123 | 0668

ANDRE | 2% | 126 59% | B2% | 6.86% AX% | B74% | 67.06% Q1574 | 02638 | Q573
AUNRS | 5991 1663 593% | B2% | 66.86% 38F% | B8% | 67.31% | | 0142 | Q2733 | 05816
ANRS | 8425 | 1982 59F% | B2% | 6.86% 361% | BXR% | 67.47% | | 1378 | 02756 | Q5886




Figure 19: Corrected Liquid Phase Concentrations at Each Temperature for All Runs.
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Calibration Models

The most popular chemometrics method for quantitative analysis, partial (PLS) least
squares regression has been investigated for the determination of light alkenes at elevated
temperatures and pressures. The classical least squares has been the choice earlier in
proving the feasibility of the work due to its simplicity. However, partial least squares is
needed for modeling the data obtained at elevated temperatures (see discussions on
multivariate calibration techniques in Chapter 2). The goal in this regression technique is
to find a mathematical relation between two data sets. In spectroscopy one of these data
sets represents concentrations and the other the spectra. The spectra and the known
composition concentrations of the standards form the calibration set (also known as the
training set) from which the calibration equations (calibration model) are built. Once the
calibration equations or the model is created, predictions of the concentration values from

measuring the spectrum of the unknown can be accomplished.

During the initial study, CLS was chosen to investigate the feasibility of the analysis, and
the goal was not to develop highly accurate models but provide qualitative analysis.
However, for the second part of the study the goal was to be able to do the analysis
accurately at elevated temperatures and pressures. All of the chemometric techniques
were screened for this purpose and PLS was chosen as the most promising technique.

Models were developed using this technique for ethylene and 1-octene separately.

Extensive investigation of the spectra and the spectral features of the light alkenes in the

NIR region was reported in Chapter 3. Unique bands (first overtone of asymmetric
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stretch of =CH;) were classified for the identification of these compounds. Using this

unique region (6268 to 607lcm'l) of the spectrum with the regression techniques
produces accurate models. For many of the chemometric techniques (e.g., CLS and PLS),
the whole spectrum can be and sometimes should be utilized in the model in order to
obtain information about the impurities.'**!*! However, in other cases, as is the case with
light alkenes, utilizing the whole spectrum does not produce the best model.'*? For
instance, in the NIR spectrum of these compounds highly absorbing bands in the C-H

stretching region are observed due to the high concentration of paraffinic hydrocarbons.

Therefore, in the multivariate data modeling in this study, only the 6,268 to 6,071 cm-1

spectral region is included. The spectra are baseline corrected at 7,650 cm’' during these

studies by subtracting the absorbance at 7,650 cm-l.

One way to validate the predictive ability of the calibration model is to perform a cross
validation. One of the popular methods of cross validation is done by leaving one-sample
or a selected small group of samples out of the model, building a new model, and
predicting the concentration of the left out sample or samples. For the PLS cross
validation, the models are estimated by leave-one sample out cross validation technique

as well.

PLS models for the ethylene and 1-octene system was accomplished by using Pirouette
(Trademark of Infometrix, Inc.) software. Two separate PLS models were built for
prediction of ethylene and 1-octene. Additionally models that excluded some outlier data

were also generated and the best predictive model was chosen.
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A mean centering preprocessing technique was used in modeling via Pirouette software.
Mean centering involves subtraction of the mean of the column in a data matrix from
each entry in the column. This technique helps take care of the intercept term in the
regression model and helps stabilize the regression. It is recommended that mean

centering should always be performed as the preprocessing technique for PLS.'®

Figure 20 shows the full data set used in building this model. Also in Appendix C the
data file numbers and correlating concentrations used in construction of the PLS model

for both ethylene and 1-octene are given in Table C1

The second derivative of the data is used as the smoothing/transformation technique in
building the PLS model. Figure 21 shows the second derivative of the full data used in

the model.



Figure 20: Full Data Used in PLS Modeling of Ethylene and 1-Octene
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Second Derivative of the Data used in PL.S Model

Figure 21
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Determination of PLS Model Rank

As it was discussed in Chapter 2, one of the difficult tasks in PLS is determining the
correct number of loading factors to model the data. One of the most effective ways of
determining these factors and the predictive ability of the model is to calculate the
Prediction Residual Error Sum of Squares (PRESS) for every possible factor.'”>'** The
PRESS is calculated by building a calibration model with a number of factors, then
predicting some samples of known concentration (usually the "leave one out cross
validation" method for PLS) against the model. '*>'*®'*7 The sum of the squared
difference between the predicted and known concentrations give the PRESS value for that

model.'69”98"99

PRESS:ii(Cpi_J. -C; )’ [25]

i=1 j=I

Where n is the number of samples in the training set, and m is the number of constituents.
Cp is the matrix of predicted sample concentrations from the model, and C is the matrix
of known concentrations of the samples. The smaller the PRESS value, the better the

model is able to predict the concentrations of the calibrated constituents.

Another useful tool in determining the prediction ability of the model and the number of

factors in PLS is the standard error of prediction SEP.
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SEP=|&—— [26]

where ¢, is the predicted concentration of analyte in sample i with the use of a calibration

model that excludes sample i, ¢; is the known concentration, and N is the number of

calibration samples, 2201202

Both SEP and PRESS values were calculated using the “leave one sample out” cross
validation technique for ethylene and 1-octene separately. Figure 22 and Figure 23 show
the error prediction of the model (both SEP and PRESS) versus the number of loading
factors (principle components) for ethylene and 1-octene models. As can be seen for the
ethylene model, the error prediction after the 3 principle component of the variance
remains practically unchanged. Hence, this number was taking as the rank of the ethylene

model. In the same way, rank of 6 was chosen for the 1-octene model
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Figure 22: PLS Ethylene Model PRESS and SEP vs Number of Principal Component
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Examination of Outliers

A number of different aspects in PLS can also shed light into the selection of the proper
rank for the model. Pirouette offers outlier plots. Monitoring the spread of outliers
within the concentration space is a good way of providing confidence in the model. If an
unusual spread of data is observed, it can indicate an improper rank choice or there might
be problems with the data which may require pretreatment. However, the latter is not
expected in this study since these are synthetic samples which were prepared based on an

experimental design.

Pirouette provides outlier plots showing the leverage of the sample against the residual
distances. Influential or high leverage samples are of particular interest in model
development. If a sample's profile differs greatly from the average training set profile, it
will have a great influence on the model, drawing the model closer to its location in factor
space. A sample's influence is quantified by its leverage, which represents a sample's
distance from the centroid of the training set. As the model size grows, the leverage

increases until all samples have equal influence on the model.

However, influential samples are not always outliers. If a sample lies a large distance
from the center of the training set because it has an extreme value of the dependent
variable, it contributes important information to the model. In examining outliers the
leverage is usually plotted against studentized residuals instead of Y-residuals since
studentized residuals takes leverage into account. The studentized residuals weigh the

value of the residuals by taking into account the greater precision near the middle of the
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data set versus the extremes. The studentized residuals tend to be distributed according to
the student t distribution. Therefore, when eliminating outliers a good reason associated
with the outlier needs to be present. Only three samples were eliminated from this model.
These were the samples with very low ethylene concentration in which the errors
involved with their preparation were significant due to the lower limit of the balance
used. Measurement of a small amount of ethylene (less than 0.5 g) was not accurate

enough.

Figure 24 and Figure 25 show the outliers for ethylene and the 1-octene models with no
apparent outliers. Two samples in the ethylene model and one sample in the 1-octene
model appearing far out on the leverage axis are not outliers. They are the samples with

extreme concentrations.



STU RESIDUAL

STU RESIDUAL

109

Figure 24: Ethylene PLS Model Outliers
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Figure 25: 1-Octene PLS Model Outliers
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Examination of Spectral Residuals

Examining the spectral residuals also provides information about the model. For
instance, if the spectral residuals present a spectrum looking structure it indicates
problems with the model, since they should look like random noise if the model is
adequate.

Figure 26 and Figure 27 show the enlarged spectral residuals with no particular spectra

structure.
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Figure 26: Ethylene PLS model spectral Residuals
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Figure 27: 1-Octene PLS Model Spectral Residuals
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Model Prediction Errors

Obtaining the correlation between the calculated versus measured concentrations is the
ultimate indication of the model's predictive ability. Usually measured values (actual
values) are plotted against the difference between the predicted and the measured
(predicted-measured) values. These plots are given for ethylene and 1-octene in Figure

28 and Figure 29.

As it can be clearly seen from these plots, the absolute errors in the PLS model for both
ethylene and 1-octene were less than + 0.5 wt %., and = 0.75 wt % (absolute)

respectively.

As a result the predictions of both (ethylene and 1-octene) models were found satisfactory
when tested using the training set (cross validation). PLS will be a robust model for the
real-life samples as well since it can tolerate the existence of impurities and/or changes in
the Isobar E composition. Additionally, since PLS includes the temperature and density

effects in the model, it will not necessitate the measurement of the sample temperature.
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Figure 28: PLS Fit Errors for Ethylene Over All Temperatures.
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Figure 29: PLS Fit Errors for 1-Octene Over All Temperatures.
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Summary

Determination of light alkenes via fiber optic FT-NIR spectroscopy at elevated
temperature (140 °C) and pressure (500 psi) has been demonstrated. The effects of
elevated pressures on spectra were found to be insignificant for these compounds.
However, the temperature effects are critical, especially for the lighter molecules such as
ethylene and propylene. Temperature effects on spectra decrease with increasing chain
length among the light members of monoalkylated alkenes. Calibration models were
constructed incorporating the temperature effects. Calibration standards were prepar;ad
and spectra obtained at elevated temperatures and pressures. An apparatus for this
purpose was built and used for the collection of spectra. The determination of ethylene
and 1-octene was used as the example system. Partial least-squares regression was
investigated for both ethylene and 1-octene. The calibration covered the range of about 1-
13 wt % ethylene, and 2-30 wt % 1-octene over the temperature range of 25 to 140 °C.
Absolute prediction errors are expected to be less than + 0.75 wt % for both ethylene and

1-octene.



CHAPTER §

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

A viable method has been developed to achieve the simultaneous determination of
ethylene and monoalkylated light alkenes at elevated temperatures and pressures via fiber
optic Fourier Transform Near Infrared (FT-NIR) spectroscopy for in situ, real-time

monitoring of these compounds.

An additional goal of the study, to evaluate the effects of molecular structure of the
monoalkylated light alkenes on this determination, has also been accomplished. In
addition, the effects of elevated temperature and pressure on the vibrational spectroscopy

of the light alkenes in the NIR region were investigated.

Conclusions

By far the most important result of this investigation is the development of a method for
the simultaneous determination of ethylene and monoalkylated light alkenes at elevated
temperatures and pressures via FT-NIR spectroscopy for in situ,, real-time monitoring of
these compounds. Also, the effects of molecular structure on this determination have
been shown along with the effects of elevated temperatures and pressures. Other

conclusions drawn from this study are summarized below:

117
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. NIR spectroscopy is a viable tool for in situ,, real-time monitoring of systems both in
the laboratory environment and in process analysis.

. Coupling NIR spectroscopy with fiber optic probes enables the in situ, real-time
monitoring of systems especially for process analysis applications.

. FT-NIR spectroscopy is more stable and a more reliable tool than conventional NIR
spectroscopy.

. NIR has many advantages over MIR for in situ,, real-time monitoring.

. The first overtone of the asymmetric stretch of =CHj is unique to ethylene and
monoalkylated light alkenes. Thus, the simultaneous determination of several light
alkenes in presence of di and tri alkylated alkenes is possible in the NIR region.

. The first overtone of the asymmetric stretch of =CH, for ethylene and the
monoalkylated light alkenes shifts towards lower energy with an increasing number of
carbon atoms in the molecule. This shift is significant enough to allow for the
simultaneous determination of these compounds in the NIR region.

. The intensity of the first overtone of the asymmetric stretch of =CH, for
monoalkylated light alkenes decreases with increasing molecular weight.

. Simultaneous determinations of ethylene and monoalkylated light alkenes are more
feasible for those compounds with the biggest shift difference between them. For
instance, the determination of ethylene and any other monoalkylated light alkene in a
mixture is possible. However, determination of 1-pentene through 1-decene in a

mixture may be difficult with this technique due to the spectral overlap.



9.

119
Additional features other than the first overtone of the asymmetric stretch of =CH,
(use of different regions of NIR spectrum such as 4,800 cm’’ region) can be an aid for
determination of these compounds in presence of interferences such as that from 2-

ethyl-1-hexene in this determination.

10. Multivariate data analysis is necessary in NIR studies.

11.

12.

13.

14.

15.

16.

Classical least square regression is an adequate tool to use as a multivariate data
analysis tool in NIR spectroscopy. Its simplicity makes it the preferred tool for
qualitative laboratory feasibility studies.

Pressure in the range used in this study (less than 750 psi) has no effect on vibrational
spectroscopy of the light alkenes in terms of absorption intensity, band shape changes,
or the vibrational frequency.

Temperature effects are significant for the gas phase molecules or their solutions in
liquids. The smaller members of the light alkenes (ethylene, propylene, and 1-butene)
are more influenced than the heavier members of the light alkenes. Within the
temperature range (25-140°C) implemented in this study the effects of temperature
are enough to influence the determination of light alkenes at elevated temperatures.
Temperature effects on the first overtone of the asymmetric stretch of the =CH,
decrease with increasing molecular weight among the light alkenes.

Temperature effects in the range studied (25-140°C) for the light alkenes are in the
form of decreased intensity and broadened absorption bands for the first overtone of
the asymmetric stretch of the =CH,.

The effects of temperature on the intensity of the absorption band for the first

overtone of the asymmetric stretch of =CH, can be explained by the population
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changes in the energy levels. With increased temperature the population of the
molecules at ground vibrational energy level decreases since some of the molecules
are elevated to the first vibrational energy level.

17. The effects of temperature on the shape of the absorption band for the first overtone
of the asymmetric stretch of =CH, can be explained by a change in the energy
distribution among the rotational energy levels which are located between the
vibrational energy levels. Since rotation vibrational energy levels are also excited by
the radiation. A similar redistribution of the population of the rotational energy levels
will influences the shape of the band.

18. Partial least squares regression can be used for modeling the training set for the
simultaneous determination of light alkenes in NIR region. The absolute errors

predicted by this model are less than + 0.75 wt % for ethylene and 1-octene

Recommendations for Future Research

The feasibility of simultaneous determination of light alkenes in situ,, real-time at
elevated temperatures and pressures opens several areas of investigation. First of all via
this technique even higher temperatures and pressures can be studied to determine their
effects on the vibrational spectroscopy of these molecules. Secondly, ethylene as a
supercritical fluid at the elevated temperatures and pressure can be investigated in terms

of its supercritical properties such as its solvation power or its intermolecular interactions.
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The development of this type of in situ, real-time analysis technique via fiber optic probes
can be implemented in other systems with distinguishable features in NIR. For instance
the similar hydrocarbons (paraffinic, olefinic, aromatic) can be investigated. Expansion
of this determination to simultaneous determination of similar compounds along with
light alkenes, such as the determination of di or trialkylated light alkenes should also be

feasible.

The possibilities of using this tool in process analysis in similar applications for process
optimization and control will benefit the control of manufacturing chemicals in industry.
Thus, further research should seek to implement NIR spectroscopy for process analysis of

many other compounds.
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APPENDIX A

This appendix contains the FT-NIR spectra (2,500-12,000 cm™) of ethylene, mono
alkylated alkynes, cis and trans dialkylated alkenes, trialkylated alkenes, 1,1 dialkylated
alkenes, n-octane and the Isopar E used in this study. All of the spectra were obtained
with 4 cm™ resolution and with a 5 mm long pathlength at room temperature and

pressure.
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Figure A-30:
Figure A-31:
Figure A-32:
Figure A-33:
Figure A-34:
Figure A-35:
Figure A-36:
Figure A-37:
Figure A-38:
Figure A-39:
Figure A-40:
Figure A-41:
Figure A-42:
Figure A-43:
pure

Figure A-44:
% pure
Figure A-45:
Figure A-46:

Figure A-47:

123

LIST OF SPECTRA

FT-NIR Spectrum (4,000 12,000 cm-1)of Ethylene in Isopar E Solution
FT-NIR Spectrum (4,000 - 12,000 cm-1)of Propylene in Isopar E Solution
FT-NIR Spectrum ( 4,000 - 12,000 cm-1)of 1-Butene in Isopar E Solution
FT-NIR Spectrum (4,000 - 12,000 cm-1) of 1-Pentene 99.9 % pure
FT-NIR Spectrum (2,500- 12,000 cm-1) of 1-Hexene 99.9 % pure
FT-NIR Spectrum (2,500- 12,000 cm-1) of 1-Octene 99.9 % pure
FT-NIR Spectrum (2,500- 12,000 cm-1) of 1-Decene 99.5 % pure
FT-NIR Spectrum (2,500- 12,000 cm-1) of Trans-2-Octene 98 % pure
FT-NIR Spectrum (2,500- 12,000 cm-1) of Trans-3-Octene 99 % pure
FT-NIR Spectrum ( 4,000 - 12,000 cm-1) of Trans-4-Octene 99 % pure
FT-NIR Spectrum ( 2,500 - 12,000 cm-1) of Cis-2-Octene 96 % pure
FT-NIR Spectrum ( 2,500 - 12,000 cm-1) of Cis-3-Octene 96 % pure
FT-NIR Spectrum ( 2,500 - 12,000 cm-1) of Ciss-4-Octene 98 % pure

FT-NIR Spectrum ( 2,500 - 12,000 cm-1) of Cis-3-Methyl 3-Heptene 98 %

FT-NIR Spectrum ( 2,500 - 12,000 cm-1) of Trans-3-Methyl 3-Heptene 98

FT-NIR Spectrum ( 2,500 - 12,000 cm-1) of Isopar E

FT-NIR Spectrum ( 2,500 - 12,000 cm-1) of n-Octane 99 % pure

FT-NIR Spectrum ( 2,500 - 12,000 cm-1) of 2-Ethyl-1-Hexene 99 % pure
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This section contains the excel spread sheets showing the calculations of the liquid phase

concentration for each run.
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APPENDIX C

This section contains the data used in PLS modeling concentration for each file number correlating to each
run
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Table C-1: Data Files and the Correlating Concentrations Used in PLS Model

Data File Number C2 wt Fraction C8 wt Fraction | Isopar wt Fraction
DTOA790 .00455 .99545
DTO0A800 .00356 .99644
DT0A810 .00338 .99662
DT0A845 .06961 .93039
DT0A860 0.0687 0.9313
DT0A870 0.06784 0.93216
DTOA880 [ 0.98009
DTOA895 [ 0.98046
DT0A910 .98164
DTO0A940 .93008
DTO0A950 .93049
DT0A960 .93129
DTOA985 .84991
DT0A999 .85007
DT0A1010 0.8505
DTO0A1020 [] .85111
DTO0A1040 0 .70031
DTOA1050 [} .69999
DTOA1060 [} .70005
DTOA1080 [ .70072
DT0A1110 .0078: .97231
DTO0A1120 .0064¢ 0.97363
DT0A1130 .0053: 0.97478
DTO0A1150 .0041: 0.97598
DTOA1180 .03119 0.94943
DTOA1190 .02987 0.95073
DT0A1200 .02883 0.95175
DT0A1210 0.0279 0.95268
DTOA1270 0.05536 0.92575
DT0A1290 0.05256 0.92849
DTOA1300 0.05027 .93074
DTOA1310 0.04831 .93268
DTO0A1320 0.02903 .90299
DTO0A1340 0.0272 .90469
DT0A1350 0.02606 .90575

DTOA1360 0.02531 .90647
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Table C-1 (Cont.): Data Files and the Correlating Concentrations Used in PLS Model

DTO0A1370 0.02487 0.06818 0.90694
DTO0A1390 0.01218 0.06916 0.91867
DTOA1400 0.01113 0.06924 0.91963
DTOA1410 0.01047 0.06928 0.92024
DTO0A1420 0.00985 0.0693 0.92085
DTO0A1430 0.00945 0.06925 0.9213
DTO0A1450 0.05639 0.06606 0.87755
DTOA1460 0.05251 0.06633 0.88115
DTO0A1470 0.05023 0.06649 0.88327
DTOA1480 0.04827 0.06661 0.88512
DTOA1490 0.04631 0.0667 0.88699
DT0A1570 0.0392 0.17296 0.78784
DTO0A1580 0.03596 0.17356 0.79049
DTOA1590 0.03414 0.17388 0.79198
DTOA1600 0.03259 0.17412 0.79329
DTOA1610 0.0313 0.17421 0.79449
DTOA1630 0.00807 0.17858 0.81336
DTOA1640 0.00744 0.1787 0.81386
DTOA1650 0.00689 0.17879 0.81432
DTOA1660 0.00631 0.17884 0.81484
DTOA1670 0.00595 0.17874 0.81532
DTOA1680 0.03768 0.17323 0.78908
DTOA1690 0.03676 0.17342 0.78982
DTOA1700 0.03618 0.17351 0.7903
DTO0A1720 0.03565 0.17356 0.79078
DTO0A1730 0.03504 0.17353 0.79144
DTO0A1740 0.10604 0.2682 0.62575
DTOA1760 0.09901 0.27033 0.63066
DTO0A1770 0.09462 0.27164 0.63374
DTO0A1780 0.09126 0.27261 0.63614
DTO0A1800 0.08862 0.27326 0.63812
DTOA1805 0.009 0.29734 0.69366
DTOA1820 0.00767 0.29777 0.69456
DTOA1830 0.00684 0.29801 0.69516
DTO0A1840 0.00608 0.29814 0.69578
DTOA1860 0.00522 0.29807 0.69671
DTOA1870 0.04198 0.28743 0.67058
DTOA1880 0.03832 0.28856 0.67312
DTOA1890 0.03614 0.2892 0.67466
DTOA1900 0.0343 0.28968 0.67602
DTO0A1920 0.03284 0.28987 0.67728
DTOA1930 0.06347 0 0.93653
DTOA1945 0.05921 0 0.94079
DTOA1955 0.057 0 0.94!

DTO0A1970 0.05567 0 0.94433
DTO0A1985 0.05502 0 0.94498
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