Volume 93, Number 3, May-June 1988
Journal of Research of the National Bureau of Standards

Accuracy in Trace Analysis

Chemometrics

Multicomponent Analysis in
Static and Flow Systems
Using Digital Filters

Steven D. Brown, Todd Q. Barker,
Harlan R, Wilk, and Stephen L. Monfre

Department of Chemistry and Biochemistry
University of Delaware
Newark, DE 19716

1. Multicomponent Analysis as a

Routine Analytical Tool

Many samples require rapid quantitative analysis
of several components without taking the time re-
quired for separation of the components either
from each other, or from the sample matrix. This
need is especially critical for samples whose exis-
tence in some detection zone is transient, either be-
cause of some chemical reaction or because of
sample transport rates through the analysis mani-
fold. Mathematical analysis of data collected on
such systems offers a practical route to the en-
hancement of detector selectivity without signifi-
cant degradation of detection limits.

2. A Brief Review of Digital Filters

A set of techniques which is particularly suited
to use in the analysis of transient responses involves
the use of digital filters based on the Kalman al-
gorithm {1]. The Kalman filter is a recursive, digi-
tal filter which uses models for the measurement
and optimal estimates of the system states as well as
errors associated with those estimates. In essence,
these filters make use of empirical models of ana-
lyte responses, as well as any available theory, to
enable the resolution of overlapped responses from
the chemical components of a mixture. The recur-
sive nature of these filters makes them atiractive
for “on-line™ analysis, because they can process
data point-by-point, using only points with high in-
formation content, and because concentration esti-
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mates can be developed in “real time.” There have
already been a number of applications in analytical
chemistry [2].

Because these filters are not demanding of mem-
ory, and because the simpler forms do not require
extensive matrix manipulations, they are easy to
implement on a small, low-cost computer. More
complex filters can be developed to detect, and
even to correct, errors in the chemical models used
for the multicomponent analysis. These filters, as
well as other “quality assurance” software, can be
run as hierarchical filters, with the simple filters
acting as intelligent data collectors, and the more
complex large filters monitoring the performance
of the multicomponent analysis accomplished by
the simpler filters. These methods are also easily
merged with other chemometric methods, such as
factor analysis, to permit more complex, off-line
calculations as necessary to provide for improved
calibration models, or to model new chemical sys-
tems planned for routine study.

3. Three Applications of Digital Filters
in Multicomponent Analysis

This paper reports some applications of three
new Kalman filters. The first application demon-
strates the feasibility of filter-based multicompo-
nent analysis in the Fourier domain, or in fact any
other domain reached by a linear transformation
from the time domain. Multicomponent analysis in
these domains has a number of advantages for real-
time analysis: the nature of model errors is
changed, and “on-line” FTIR-based multicompo-
nent analysis is made feasible. Figure 1 illustrates
filtering of FTIR data in the Fourier domain.

The second application involves the develop-
ment of new adaptive filters for detection and cor-
rection of model error, based on the entropy of the
filter innovations. A simplex algorithm is used to
drive a sub-optimal adaptive filter to the “best”
(minimum entropy) fit, faster and with less error
than with other adaptive filters [3]. We have been
investigating the convergence properties of this fil-
ter, As figure 2 demonstrates, a fairly wide range of



Volume 93, Number 3, May-June 1988
Journal of Research of the National Bureau of Standards

Accuracy in Trace Analysis

initial guesses results in accurate concentration
estimates, even when model errer occurs prior o
regions which are correctly modeled in a spec-
trum.

The final application involves the “in-line” appli-
cation of Kalman filtering for filtering and quanti-
tation of species observed across the interface
created, for example, by injection of a basic solu-
tion into a flowing, acidic carrier. These interfaces
are typical of those observed in flow injection ex-
periments carried out with low dispersion. Spec-
troscopic data are collected using diode array
spectrometry, and the resulting three-dimensional
data are filtered to obtain concentration estimates
for all absorbing species across the interface of car-
rier and bolus, and across the bolus as well. Figure
3 shows the distribution of species for nicotinic
acid and nicotinate ion across an HCI-NaOH inter-
face. The estimated concentrations of the species
have less than 2% error without separation or in-
ternal standards.
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Figure 1. Fourier-domain filtering of spectroscopic data.
A, Evolution of states lor Kulman filtering of multicomponent
infrared data. B. Portion of interferogram used in filtering mul-
ticomponent data.
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ADAPTIVE FILTER RESPONSES

ADAPTIVE FILTER ERRQRS

Figure 2. A. Entropy surface for innovations from a covari-
ance-matched adaptive filter. The ordinate is the initial guess for
the concentration of the modelled component. The abscissa is
the initial guess of the covariance matrix element associated
with that concentration. B, Error surface for estimates pro-
duced from a covariance-matched adaptive filter as a function
of the initial guesses of the concentration and its covariance,
Abscissa and ordinate are as in A.
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Figure 3. The Kalman filter estimated distribution of nicotinic
acid species across an acidic bolus injected into a basic carrier
undergoing laminar flow. The dashed line refers to the nicoti-
nate jon, while the solid line refers to nicotinic acid.
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