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AN APPLICATION OF PATTERN RECOGNITION
AND INFRARED SPECTROSCOPY TO WATER
ANALYSIS

THOMAS WITELSKI, PHILLIP NG, JACKIE YING JOSEPH LUNDY
and JOHN BOVE*

The Cooper Union for the Advancement of Science and Art, 41 Cooper Square, New
York, New York 1003, USA

(Received 22 August, 1990; in final form 5 December 1990)

A mathematical methodology is presented that shows potential for the interpretation of infrared spectra
through a technique of pattern recognition. A number of water samples and simple alkanes were
studied to examine the sensitivity and discriminating qualities of the methodology. With 2500
comparisons each of tap water versus tap water or distilled water versus tap water, the technique
performed well in selecting the targeted reagent. The same is true for the comparisons of n-pentane, as
the window compound, versus n-heptane, n-octane, n-nonane and n-decane. Comparisons of these n-
alkanes to n-pentane gave fitting tolerances of 15.3, 21.2, 20.9 and 24.7 %, respectively. When n-pentane
was compared to itself, the tolerance fit was 2.7%;, showing the ease of discrimination.

These results suggest that this computer-aided phase space transformation method is sensitive, offers
good analytical precision, and is capable of detecting smali differences in the infrared spectra of
compounds and mixture studied. Preliminary data also suggest that the method has potential for
monitoring the quality of water.

KEY WORDS: Infrared spectra, pattern recognition, water analysis.

INTRODUCTION

Chemists traditionally make use of the infrared (IR) portion of the electromagnetic
spectrum between 4000 and 400cm ~! (2.5-25 microns) to assist in the identifica-
tion of organic compounds. Even simple compounds generate complex spectra in
this energy region. Such spectra are graphically represented by plots of per cent
transmittance versus wavelength. Generally, the compounds analyzed must be
reasonably pure, and the spectra produced sufficiently resolved and of reasonable
intensity. It is also assumed that the spectrophotometer is calibrated and generates
stable, replicable measurements. The spectra are often unique, allowing the
experimenter to nmake peak-to-peak comparisons with copies of authentic spectra.

With the introduction of analytical instruments interfaced to computers, new

*To whom correspondence should be addressed.
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and more sophisticated techniques have been explored to collect and analyze data.
A number of methodologies using pattern recognition have been suggested.!™® It
has been pointed out that there is a paucity of examples in the literature dealing
with the application of pattern recognition to the field of chemistry.® One such
reported example is a deterministic-type approach to spectroscopic data.” In
another example, a probabilistic approach of pattern recognition is applied to soil
data.® Other examples should also be noted.®~!2

While no preset procedure has been established for this process, work is now in
progress in these laboratories to explore the feasibility and general usefulness of IR
interpretation through techniques of pattern-recognition transformations as an
analytic methodology for environmental and organic reagents. This mathematical
approach was invented by one of us and later used successfully in the detection of
some preclinical coronary artery diseases, and also for the detection of some
chronic diseases suggested from EKG tracings.!®!* 1In an earlier report,'® we
tested our working model with data collected from some 100 organic compounds,
including nine functional groups (alkanes,cycloalkanes, ketones, aldehydes, alco-
hols, ethers, carboxylic acids, esters and amines). These transformations were
applied to a standard library of FT-IR spectra digitized with a Summa Graphics
Model MM1103.)7 Each of the tested functional groups resulted in successfully
unique transformation morphologies.

We now wish to report an improved technique, which makes use of phase-space
pattern-recognition transformation of spectra generated from an analytical system
that consistss of a Fourier Transform Infrared spectrophotometer with an internal
reflectance cel and interfaced to a personal computer.

The efforts of this new work will concentrate on the ability of this transforma-
tion technique to discriminate between some simple n-alkanes that are normally
difficult, if not impossible, to identify from their IR spectra by eye inspection and
the detection of samples of distilled water and tap water. Each of these tests was
selected because of its inherently difficult nature. Statistical survival would indicate
significant potential for thiss phase-space transformation methodology.

Normally, the quantitative analysis of water solutions using IR spectroscopy has
been avoided since water is such a strong absorber in the middle IR region. In
addition, such analysis callss for IR cells of short pathlengths, and these cells are
difficult to maintain. This, therefore, introduces a multitude of problems in
attempting to provide the necessary experimental precision.

In recent years a new technique for providing reproducible IR spectra has
become commercially available for use by Spectra-Tech. The Q-CIRCLE cell
avoids the problems of window wear, temperature, and pressure inherently present
in the conventional fixed-pathlength cells. It also makes possible the routine
analysis of water and its mixtures. The main principle of the internal reflectance
technique involves the passage of IR radiation through an IR transmittance crystal
of high refractive index; the radiation reflects off the crystal walls once or several
times. In this way, an evanescent wave is introduced into the surrounding medium,
producing a spectrum of the liquid in contact with the crystal. A more detailed
description of the Q-CIRCLE cell appears in the literature.'®-2°
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EXPERIMENTAL

Instrumentation

Spectra were collected using a Perkin~Elmer FT-IR 1600 (2cm ™! resolution) with

a Spectra-Tech Q-CIRCLE internal reflectance cell. Samples were introduced into
the cell via a funnel, which is part of the cell. An automated pump, which is also
part of the Q-CIRCLE, draws the sample into the cell, and it is later used to
empty it. In addition, a control is provided to maintain the cell’s temperature.
Analyses for this report were performed at 26°C. Between analyses the cell was
emptied, flushed several times with acetone, and dried. An RS232 cable interfaced
the FT-IR to the AT&T 6300 (40 MB hard disk). The entire analytical operation is
controlled from the computer keyboard.

Chemical Reagents

All chemical reagents were purchased from Aldrich Chemical Co. and were of
HPLC solvent grade (99.5% purity).

Analytical Methodology

Fifty analytical runs were conducted for n-pentane, n-heptane, n-octane, n-nonane,
and n-decane. Each run was scanned once (4secs) through an IR energy range of
4400cm ~'-700cm "~ !. Fifty runs were additionally conducted for distilled water
(Aldrich, HPLC quality), and fifty runs were conducted for tap water (obtained
from the fifth floor drinking fountain in The Cooper Union Albert Nerken School
of Engineering). These water samples were also scanned once from 4400cm ! to
700cm 1,

Domain Transformation

An IR spectrum generated by a spectrophotometer (represented by a plot of
transmittance vs. wavelength) is first normalized to an absorbance range of 0 to
1.5 (cf. Egs. 1 and 2 below). In addition, the range of wavelengths is normalized
from O to 2z (cf. Eq. 3). These steps are summarized in the following equations:

T(4)— A(p), where A(u)= —log;oT(1) (1)
(1.5/Amax) - A(p)— A'(1) ()

o =25 o
o (15.0—2.5) # ©)

with T(u), per cent transmittance as a function of wave number; A(y), absorbance
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Figure 1 Infrared spectrum with integration function.

as a function of wave number; A'(u), normalized absorbance; u, wavelength in
microns; 4, a wavelength variable in microns.

From the resulting normalized spectrum (Eq. 2), a new function, I(y'), is generated
by integrating the absolute difference between the IR spectra and the average
absorbance of the spectra:

2z
> § A'(w)du, average absorbance 4
o
o
I(¢) = | |A'(2) — A}, d4, integral function of absorbance. )]
V]

The average was empirically established as the one giving the proposed methodo-
logy the most sensitivity. This integral of the spectrum is the area bounded by the
spectrum and the line of average absorbance (Figure 1). This resulting non-
decreasing function, I(y'), is normalized between 0 and 27
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T=y

RO =L +T (W)W

¥ e [0, 2r]
"
DOES NOT FIT
" R ) - Ry (W)
R@) =1+ | —rlith2
w |: Ro(u')-Ri(u‘):l

Figure 2 Steps leading to the polar circular transformations.

6
2n I(2m) re). (6)

The difference between the straight line, I'=y', and the function I'(y’) is then
plotted in polar coordinates to yield a closed continuous curve, R(u'):

127!

L = { I'(w) dy', average value of integral function (7
T o
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Figure 3 Fitting tolerances of several n-Alkanes with respect to a standard n-pentane.
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Figure 4 Fitting tolerances of several organic reagents with respect to a standard n-pentane,
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R(uw)=(I'(}) — p) + 1,4, radius function of I'(y). (8)

Finally, the resulting curve is topologically fitted into a circular window that can
be used to accept related compounds and reject the others (Figure 2).

where R,(y') is the inner boundary of the window, and Ry(y’) is the outer
boundary of the window.

The condition for pattern recognition at wavelength y' with tolerance p is given
by:

1o RO~ Ri)
RW)=1+|F—"—"7FT—). 9
=1+ i) ®

The overall tolerance for which one spectrum matches another is the minimum p,
called the fitting tolerance, such that Eq. (10) is true for all wavelengths. For each
new compound or groups of compounds a phase-space transformation window
Ri(1) and Ry(y) can be generated:

(I=p) R(i) = R(W) =(1+p) - Ro() (10)

RESULTS AND DISCUSSION

The reproducibility of the analytical procedure was tested using one sample of
pentane as a reference compound. When 28 individual samples were analyzed over
several weeks, the n-pentane fitted the transformation reference compound with an
average fitting tolerance to 0.88 (with a variance of +0.30%). These results are
summarized in Figure 3.

A comparison of the reference window of n-pentane to four other n-alkanes (n-
heptane, n-octane, n-nonane, and n-decane) using an integration factor of 1.0
resulted in fitting tolerances of 4.3, 5.7, 7.3, and 7.89%, respectively. These
differences in minimum tolerance are large enough so that there is no difficulty
identifying n-pentane from the other four n-alkanes. These data are summarized in
Figure 3.

Further comparisons of three other alkanes (cyclohexane, 2,2,4-trimethylpentane
and 3-methylpentane) gave fit differences of 23.5, 12.2, and 5.9, respectively—
again indicating easy discrimination for the alkane family of compounds. Addi-
tional comparisons of the reference n-pentane to 1-heptane, acetone, 1-octanol, and
methyl alcohol gave fits of 30.5, 74.4, 20.0, and 44.7 9, respectively, indicating easy
discrimination. These values are summarized in Figure 4.

The reproducibility of data and the discrimination quality of the methodology
was further examined when another selected group of n-alkanes (pentane, heptane,
octane, nonane, and decane) was compared. Additional comparisons (50 runs)
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Table 1 Circular transformation comparisons of a
selected group of n-alkanes (n-pentane and the
target reagent)

n-Alkane Per cent fit Standard deviation
Pentane 2.7 1.7

Heptane 153 22

Octane 21.2 1.4

Nonane 20.9 0.84

Decane 247 0.80

Dist. Water v. NYC Tap Water

600.000

540000 {.

480.000

420 V00

360.000

300 000

number of matches

240 000

180.000

120 000

60 000

0000

0000 1300 2600 3800 5200 6 500 7.800 9.100 10.400 11.700 13 000
percen lolerance

Aldrich Dist. Water. Cooper Union Tao Water

Figure 5 Comparison of distilled water to NYC tap water.

were also conducted using distilled water and tap water, using an integration
factor of 0.333.

The resulting data were subjected to statistical hypotheses testing.?!*22 When
comparisons were conducted of the n-alkanes, there was no difficulty distinguish-
ing between these alkanes. It should be noted that a total of 2500 comparisons
were conducted. These data are summarized in Table 1. 2,500 statistical compari-
sons of distilled water with New York City tap water and New York City tap
water with New York City tap water gave unambiguous identifications.?*:2* The
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Tap Water A v. Tap Water B
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Figure 6 Comparison of New York City tap water to itself.

phase-space transformation technique resulted in only small error I/error II
confusion. The vast majority of the samples were clearly segragated into their
proper populations (distilled water on tap water). These data are summarized in
Figurs 5 and 6, respectively.

CONCLUSIONS

Preliminary results indicate that the new computer-controlled phase-space trans-
formation methodology is both sensitive and precise, and is capable of recognizing
the small differences in FT-IR spectra. For example, it was easy to distinguish
between some of the simple alkanes when the transformation method was
employed, even though the alkane spectra could not be identified by visual
inspection. The same was found to be true when the original IR spectra were
employed to distinguish distilled water from tap water—both IR spectra appeared
the same to the naked eye. The opposite proved true, however, when tap water
and distilled water were compared via the transformation technique—there was a
clear difference.

Future work will center on the use and evaluation of this new analytical
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technique for examining environmental samples of water. This work will include
the analysis of water samples for phenol and chlorinated pollutants.
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