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Multicomponent analysis for l,l,l-trichloroethane, trichlo- 
roethylene, and chloroform is demonstrated by partial least 
squares modeling of absorbance data collected from the 
Fujiwara reaction of these analytes over time. Optimal 
calibration times are determined for each analyte dependent 
upon its reaction rate. This is the simplest example of trying 
to use the selectivity gained from a second data dimension or 
order. Problems associated with first-order calibration are 
demonstrated when interferences unaccounted for in the 
calibration model are present. Determination of l , l , l -  
trichloroethane in the presence of the other two species is also 
demonstrated using the generalized rank annihilation method 
and trilinear decomposition for second-order calibration. A 
subsequent paper describes an approach using multivariate curve 
resolution to extract the analytical information from the spectral 
and temporal profiles of analytes in the Fujiwara reaction. 

The Fujiwara reaction' has been used as the basis for a 
variety of analytical methods for both quantitative and 
qualitative determinations of several halogenated hydrocarbon 
species in blood,2 water,3 and air4 samples. These methods 
rely on monitoring the absorbance at a single wavelength when 
the reaction between analyte and the Fujiwara reagent 
(pyridine, water, and base) is complete. An optical fiber- 
based chemical sensor for the determination of trichloroeth- 
ylene (TCE) or chloroform (CHL) based on the Fujiwara 
reaction has been demonstrated by researchers at Lawrence 
Livermore National Laboratory (LLNL).5 At least 22 
different halogenated molecules have been shown to form 
visible light-absorbing species when exposed to the Fujiwara 
reagent.6 This chemistry continues to enjoy popularity as it 
provides the ability to monitor the presence of chlorinated 
hydrocarbons by using visible light spectroscopy. However, 
the lack of selectivity, coupled with the instability of the 
Fujiwara product, has continued to plague researchers. 

The selectivity of an absorbance-based measurement can 
be improved by monitoring more than one absorbing wave- 
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length provided the analytes yield different absorbance spectra. 
This would be an improvement over traditional univariate 
Fujiwara reaction-based methods. Univariate methods must 
assume there are no interferences in the sample or bias will 
be added to the measurement. Any absorbance generated at 
the monitored wavelength will be attributed to analyte, thus 
causing analytical error when an unknown species contributes 
to the sensor response. 

Examination of the full spectrum yields a vector of responses 
from an analyte and enables the application of multivariate 
statistical methods for response characterization and calibra- 
tion. Multivariate calibration methods offer several advan- 
tages over univariate calibration methods.8 Signal averaging 
is achieved since more than one measurement channel is 
employed in the analysis. Also, the concentrations of multiple 
species may be measured if they are present in the calibration 
samples. A calibration model is built by using responses from 
calibration standard solutions. The analysis of unknown 
samples will suffer if a species is present in the sample that 
is not accounted for in the calibration model. This is mitigated 
somewhat by the ability to detect whether a sample is an 
outlier from the calibration set.9 This is especially important 
when the sample matrix is unknown, as is frequently the case 
in environmental samples. The work described here uses 
partial least squares (PLS) analysis for calibration of analyte 
spectral responses. 

The analytes examined in this work include l,l ,  1 -trichlo- 
roethane (TCA), TCE, and chloroform in mixtures exposed 
to the Fujiwara reagent. Examination of the reaction product 
spectra reveal differences in both the visible light absorbance 
and reaction kinetics for the three analytes. This is not 
surprising, as different pathways for the species have been 
proposed.1° The proposed reaction mechanisms involve first 
the reaction of the halogenated hydrocarbon with hydroxide 
ion to form a reactive intermediate. This intermediate species 
is proposed to be dichlorocarbene in the reaction of chloroform 
and dichloroacetlyene in the reaction of TCE.l0 The inter- 
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mediate species then reacts with pyridine in a series of steps 
to form the classic “Fujiwara product” (red-colored) and 
glutaconaldehyde. I The concentration of base affects both 
the spectral and kinetic profiles in the reaction. The LLNL 
sensor attains selectivity through modification of the base 
concentration to permit analysis of either TCE or chl~roform.~ 

TCA reacts much slower than the other two analytes; this 
correlates well with the much lower reactivity of TCA with 
hydroxide as compared to TCE and chloroform.12 The 
concentration of water also affects the analyte re~p0nse.l~ 
The reaction is maintained under pseudo-first-order conditions 
by keeping the Fujiwara reagent in excess of the analyte. 

When analytes react at different rates, the rate of reaction 
can be incorporated into the analysis. There are many kinetic- 
based methods that are based on differences in reaction rates.14 
These methods typically involve monitoring a reaction at a 
single measurement channel and examining the rate of 
appearance or disappearance of a chemical species. This 
approach maintains only one selective dimension and thus 
requires additional information about the system being 
monitored if multiple species are present. A more selective 
analysis can be made if analyte responses vary in both the 
temporal (kinetic) and spectral (chemical species) dimensions. 
This requires collection of absorbance spectra over time. A 
single sample measurement thus yields a matrix of data which 
is referred to as second-order data. Optimally, second-order 
data can provide the ability to predict the concentration of 
analytes in the presence of unknown interferences. This has 
been called the second-order advantage.15 

Second-order data methods have been developed to handle 
these types of data.15-l7 The generalized rank annihilation 
method (GRAM) was developed by Sanchez and Kowa1ski1*J9 
for the calibration of bilinear data. Bilinear data can be 
expressed as the outer product of two intrinsic factors 
representing the two-dimensional responses of a species. 
GRAM can extract the intrinsic factors in two orders along 
with an estimate of the concentration ratio of analyte in the 
sample to analyte in a calibration standard. GRAM uses a 
single calibration standard to predict the concentration of 
analyte in an unknown sample. This limits GRAM to the 
analysis of one sample at a time using only one standard. This 
can be time consuming when many samples require analysis. 
Also, responses that produce deviations from linearity will 
suffer increased error if the concentration of the analyte in 
the sample differs greatly from the concentration in the 
standard. Trilinear decomposition (TLD) has been developed 
in response to the desire to analyze stacks of response matrices, 
i.e., the data generated from a third-order tensor.*O Data 
arrays that fit the trilinear model have a unique factor analysis 
decomposition that correspond to the true chemical factors 
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that describe the data, Le., the spectral, temporal, and 
concentration orders generated in this work. 

A second-order sensor for the determination of metal ions 
has recently been introduced.21.22 This sensor incorporates 
the elution profile of analyte ions from a cation exchange 
membrane and the absorbance spectrum of the analyte with 
a metal complexing agent as the two selective orders. GRAM 
and TLD are used to enable quantitation of cadmium and 
lead in the presence of several transition metal ions that would 
cause an interference in a uni- or bivariate analysis. The 
heavy metal sensor papers also present a good discussion on 
the theory of second-order sensing that will not be repeated 
here. 

This paper discusses the use of chemometric methods for 
the spectroscopic determination of TCA, TCE, and chloroform 
in mixtures exposed to the Fujiwara reagent. The goal of this 
research is to determine whether selectivity can be gained by 
incorporating both the spectral and temporal domains of the 
Fujiwara reaction into the analysis. The research was initiated 
in an attempt to gain selectivity from the Fujiwara reaction 
which can then be incorporated into a more selective optical 
fiber-based chemical sensor. The temporal response of the 
sensor is dependent upon both the permeation rates of analytes 
through a membrane and the analyte-specific Fujiwara 
reaction kinetics. The kinetic aspect of the response has been 
studied first to determine the viability of the approach. 
Approaches to analysis of the two-dimensional kinetic/spectral 
data are presented here in a series of three reports. This 
paper describes the data and demonstrates the advantage of 
collecting multivariate data over univariate data. Second- 
order calibrations of TCA responses using the GRAM and 
TLD are also demonstrated. The second and third papers 
describe a multivariate curve resolution technique23 and an 
iterative factor analysis te~hnique2~ that enable estimation of 
the actual spectral and kinetic profiles of species formed in 
the reaction and subsequent calibration for the analytes. 

EXPERIMENTAL SECTION 
Reagent and Sample Preparation. The composition of the 

Fujiwara reagent used in the multivariate calibration experi- 
ments was 88.3% pyridine, 4.7% tetrabutyl ammonium 
hydroxide, and 7.0% water. These conditions were optimized 
for the fastest formation of visible light-absorbing products 
from TCA. The reagent was allowed to sit for 1 day following 
preparation to improve the clarity of the reagent solution. 
Standard analyte solutions of 1000 ppm TCA, TCE, and 
chloroform were prepared in pyridine. Aliquots of these 
solutions were taken using gas-tight syringes and then mixed 
with reagent to form the samples. Concentrations were 
selected at levels representative of those expected at a specific 
contaminated site. 

Sample Analysis. The temporal and spectral profiles of 
the analytes reacting with the Fujiwara reagent were evaluated 
by monitoring the absorbance spectra at fixed time intervals 
of species in the reaction under temperature-controlled 
conditions. Absorbance spectra were collected of samples in 
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Figure 1. Absorbance spectra, divided by the initial molar Concentration 
of analyte, of TCE (-), TCA (- a -) and CHL (- - -) Fujiwara reaction 
products at a fixed reaction time (TCE and CHL at 20 min, TCA at 00 
min), 1 % tetrabutylammonlum hydroxide (TBAH), and fixed temperature 
(20 "C). 

1 cm quartz cuvettes placed in a thermoelectrically stabilized 
cuvette holder by use of a Hewlett-Packard 8452A photodiode 
array spectrophotometer. Analytes were introduced into 
equilibrated cuvettes and mixed thoroughly at time zero. Data 
collection began 1 min after mixing the samples and reagent 
and proceeded at 1 min intervals for a period of 1 h. Duplicate 
samples were analyzed to determine the reproducibility of the 
experiments. No visible light absorbing products were seen 
in the standard solutions. The Fujiwara reagent did show an 
absorbance at 368 nm, similar to that of the product determined 
to be glutaconaldehyde. 

Chemometric Data Analysis. The response matrices 
generated from each sample were transferred into Matlab 
software for data analysis and calibration purposes. Principal 
components analysis (PCA) was used to examine the variance 
in the response matrices generated from the collection of visible 
light absorbance spectra over time. PCA was done by 
performing the Matlab singular value decomposition on the 
response and examining the scores and loadings of the 
significant eigenvectors. All calibrations were done using 
software provided by the Laboratory for Chemometrics at the 
University of Washington's Center for Process Analytical 
Chemistry. PLS was used to calibrate the responses of the 
three analytes, TCE, TCA, and chloroform, at fixed points 
in time. GRAM and TLD were used to quantitate the second- 
order response of TCA in the presence of TCE and chloroform. 

RESULTS AND DISCUSSION 
Reagent Selection. The rates of appearance of visible light 

absorbance spectra of products formed upon reaction of 
analytes and the Fujiwara reagent are sensitive to both the 
base and water concentration and temperature and the analyte 
molecule. Figure 1 shows the absorbance spectra, formed at 
a fixed time following exposure of the three analytes to a 
reagent comprised of 92% pyridine; 7% water, and 1% 
tetrabutylammonium hydroxide at constant temperature. The 
differences in the spectra are apparent; each species has an 
absorbance maximum at -368 nm, a second maximum in 
the region between 400 and 430 nm, and a third maximum 
at either 556 (TCE and TCA) or 534 nm (chloroform). 

The spectra were normalized by dividing the absorbance 
by the molar concentration of precursor analyte for TCE and 
chloroform. This gives an indication of the sensitivity of this 

wavelength (nm) 
Flgure 2. Absorbance spectra, divided by the initial molar concentration 
of analyte, of TCE (-), TCA (- - -), and CHL (- - -) Fujiwara reaction 
products at a fixed reaction time (TCE and CHL at 10 min, TCA at 80 
min), 5 % tetrabutylammonium hydroxide (TBAH), and fixed temperature 
(20 "C). 

chemistry to these molecules. TCA was treated in a similar 
fashion; however, the normalized spectrum has been multiplied 
by 10 000 to put it on the same scale as the other spectra. This 
illustrates the relative insensitivity of this reagent composition 
to TCA, especially when the time difference (60 min for TCA 
vs 22 min for TCE and chloroform) is taken into consideration. 
This indicates that TCA would cause an insignificant 
interference to the determination of an equimolar concentra- 
tion of TCE when a single wavelength (556 nm) is monitored, 
provided the reaction condition remains pseudo first order. 
However, an equimolar concentration of chloroform would 
yield a response equal to 15% of the absorbance produced by 
TCE at that wavelength at concentrations where Beer's law 
is obeyed. 

The application under investigation is the determination 
of the three analytes at TCE and chloroform concentrations 
much greater than is accessible with the Fujiwara reagent 
described above. Also, although TCA is present at levels much 
higher than TCE or chloroform, the above chemistry is not 
sensitive enough for analysis. The concentration of base was 
evaluated to find conditions where TCA response was optimal 
and all three analtyes reacted. This was determined to be - 5% base; under these conditions, little Fujiwara product 
(A,,, > 530 nm) was formed and species absorbing at lower 
wavelengths dominated. A plot of the absorbance spectrum 
resulting from each of the three analytes at a single point in 
time is presented in Figure 2. Each analyte yields an 
absorbance centered at 368 nm; this is the dominant feature 
in the chloroform spectrum. The chloroform spectrum also 
contains a shoulder on this peak and a third absorbance 
maximum appears at 450 nm. The peak at 450 nm appears 
to grow and later diminish with time. This type of behavior 
is much more apparent in the peak centered at 414 nm for the 
reaction of TCE. The dominant feature in the TCA spectrum 
is centered at 430 nm and develops very slowly. This 
absorbance is continuing to increase one hour after the 
initiation of the reaction. 

Panels a and b of Figures 3 depict the absorbance divided 
by the analyte concentration versus time at two wavelengths 
(368 and 430 nm) for each analyte. Again TCA yields a 
much lower absorbance per concentration of analyte than 
does either TCE or chloroform. However, the difference is 
much less than under the reduced base conditions described 
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Flgure 3. Absorbance divided by molar concentration of analyte at 
368 and 430 nm (b) versus time for TCA (- - - ), TCE(-), and CHL (...) 
In the Fuliwara reaction at 5% TBAH. 

above. This is due to the enhanced sensitivity to TCA and 
reduced sensitivity to TCE. The ratio of TCE absorbance per 
mole of analyte at 430 nm to that of TCA is reduced from 
-5000at 1% baseconcentration to -3.5 at 5% baseandlong 
times. This is a significant improvement for thedetermination 
of samples containing TCA in samples containing TCE. 

Chloroform sensitivity is also enhanced at higher base 
concentrations and suffers reduced linear dynamic range. 
Although chloroform analysis under these conditions can be 
demonstrated, actual analysis in unknown samples is prob- 
lematic. Most of the response due to chloroform is at the 368 
nm peak, which quickly yields nonlinear absorbances at much 
lower concentrations than any of the other spectral features 
of the analytes. The problem of limited dynamic range is 
compounded by several other features. This region of the 
spectrum suffers reduced detector response and source output 
and is attenuated over long distances of optical fibers. The 
absorbing product also forms via reaction between pyridine 
and the base. This background absorbance can be seen to 
increase slightly over time, contributing to a baseline drift. 
Finally, the commonality of this product to all analytes adds 
further to the analytical dilemma. Therefore it must be 
considered that minimizing the effect of chloroform upon the 
analysis of TCE and TCA is a more practical analytical goal. 

Error Analysis. A set of mixtures of the three analytes 
were measured every minute for 1 h to examine the feasibility 
of doing multivariate calibration for the three analytes and 
also to provide the data for the self-modeling curve resolution 
research.23 The samples ranged in concentration from 0 to 
270 mg/L (ppm) TCA, 0 to 29.3 ppm TCE, and 0 to 7.4 ppm 
chloroform. Duplicates were analyzed for pure samples of 

each analyte. The differences between the duplicate sample 
matrices (6  1 X 100) were calculated and a root-mean-squared 
statistic was calculated at each wavelength. The root-mean- 
squared deviation for TCE was less than 2% over all absorbing 
wavelengths. The TCA error corresponded to 3.2% and 3.4% 
of the absorbance at the peak wavelength (430 nm) for the 
two duplicate samples. The chloroform error corresponded 
to 2.5%and2.4%ofthemean absorbanceat the peakmaximum 
(368 nm) of the duplicate samples. These figures suggest a 
level of the concentration error in the experiments. 

Principal Components Analysis: Rank Determination. 
Determining the number of components or factors necessary 
to describe the response of a sample is critical to all multivariate 
statistical techniq~es.2~ The number of components is referred 
to as the rank of the response. The true rank of a response 
matrix would be equal to the number of chemical components 
which give rise to analytical signal if all responses were linear 
and no noise or analyte interactions were present. However, 
real data contain nonlinearities, noise, and analyte interactions. 
The true rank is oftentimes not determinable; therefore the 
term pseudorank is employed. The pseudorank of a matrix 
is the number of factors which can be used to describe the 
variance of the matrix to within the limit of the noise of the 
response. Determination of the pseudorank of a response 
matrix is frequently a difficult problem when dealing with 
experimental data. The noise added by incorporation of less 
significant factors must be weighed against losing potential 
chemical information if that factor is excluded. The ranks of 
the pure analyte and mixture responses were determined by 
examining the singular values resulting from singular value 
decompositions of the data. 

Examination of Pure Analyte Responses. The response of 
the analytes to the Fujiwara reagent containing 5% tetrabu- 
tylammonium hydroxide occurred primarily in the wavelength 
region of from 340 to 540 nm. Data from higher wavelengths 
contained no chemical information and were thus truncated. 
The fractional variance of the first five principal components 
from the pure analyte response of TCA, TCE, and chloroform 
is presented for four concentrations of each analyte in Table 
1. Selecting rank as the number of PCs with singular values 
greater than the mean singular value produces a rank 1 
response for TCA and rank 2 response for both TCE and 
chloroform. 

Response of Mixturesof Analytes. The analysis of mixtures 
of analytes poses a difficult problem when a kinetic reaction 
is the basis of the response. The primary concern is that the 
response of an analyte in a mixture be the same whether other 
species are present or not. A change in the rate of reaction 
induced by the presence of another species will create an 
interference in the measurement. The extent to which this 
interference hinders the analysis depends upon the type of 
calibration method employed as well as the magnitude of the 
interference. The determination of the analytes described 
here is further impeded by the formation of a common species, 
glutaconaldehyde, which absorbs light at a peak maximum of 
368 nm. The rate and extent to which this species is formed 
varies from analyte to analyte. Chloroform generates much 
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Table 1. Fractlonal Varlance of Flrst Five Prlnclpal Components 
from the Mean-Centwed Pure Analyte Responses of TCA, TCE, 
and CHL in 5 %  TBAH Fujlwara Reagent 

Pure TCA Fractional Variance 
COnC (DDm) 

PC no. 

1 
2 
3 
4 
5 

PC no. 

1 
2 
3 
4 
5 

PC no. 

1 
2 
3 
4 
5 

33.45 66.9 133.8 133.8 

0.938 0.960 0.97 1 0.974 
0.017 0.014 0.014 0.01 1 
0.009 0.006 0.003 0.002 
0.006 0.002 0.002 0.001 
0.002 0.001 0.001 0.001 

Pure TCE Fractional Variance 

2.93 7.32 7.32 29.3 

0.790 0.799 0.801 0.818 
0.141 0.152 0.150 0.145 
0.027 0.028 0.027 0.024 
0.008 0.004 0.005 0.004 
0.004 0.003 0.003 0.001 

Pure CHL Fractional Variance 

1.48 4.45 4.45 7.42 

0.773 0.793 0.811 0.796 
0.167 0.176 0.155 0.169 
0.013 0.008 0.012 0.012 
0.005 0.004 0.004 0.003 
0.003 0.002 0.002 0.003 

cone ( P P d  

cone (PPm) 

more of this species than does TCE, while TCA appears to 
yield negligible quantities. Under these reaction conditions 
(5% TBAH), the response of chloroform is primarily in this 
wavelength region (see Figure 2). If no interaction occurs 
between analytes, the response of a mixture of analytes to the 
Fujiwara reagent will be the sum of the responses of the 
individual analytes. A further discussion on the rank of these 
mixtures is presented in the second paper.23 

The condition of bilinearity holds when each analyte yields 
a unit rank response. However, these data show nonbilinear 
behavior as multiple visible light-absorbing products are 
formed from TCE and chloroform yielding a nonunit rank. 
If the responses due to the analytes were additive, the rank 
of a mixture of analytes would be equal to the sum of the 
ranks of the pure analytes comprising the mixture. This is 
termed rank additivity. The presence of a common species 
breaks the condition of rank additivity. The response of a 
mixture would contain the spectrum of this species generated 
at a rate that would be the geometric mean of the two pure 
analyte responses for this species. Collinearity also affects 
rank additivity; if the response due to two different species 
changes at the same rate, a single factor can be used to describe 
both species. 

The fractional variances of the first five principal com- 
ponents from the response of eight mixtures to 5% TBAH 
Fujiwara reagent are presented in Table 2. The first two 
mixtures, containing TCA and TCE with no chloroform, yield 
a rank of 3. The third component of the remaining mixture 
samples containing TCA explain -2% of the total variance. 
If the condition of rank additivity were to hold, the rank of 
binary mixtures of TCA and TCE or chloroform should be 
3. Additional information can be extracted by adding extra 
components; however, noise will also be incorporated. The 

ranks of the two samples containing TCE and chloroform and 
no TCA clearly do not show rank additivity as the rank of 
each pure analyte is 2. The formation of a common product 
from TCE and chloroform, which shows a peak absorbance 
at 368 nm, contributes to the nonadditive rank of the mixtures. 
A sample containing all three analytes showed a rank 3 
response, which contains a larger percentage of the total 
variance in the third component than any of the other mixtures. 

First-Order Calibration. The first approach was to examine 
multivariate calibration at  each point in time. PLS models 
were built by using 20 samples at  each point in time and 
evaluated by using leave-one-out cross validation. This 
technique builds a PLS model with all but one sample and 
then predicts the missing sample and obtains a prediction 
error. The missing sample is then returned to the calibration 
set, another sample withdrawn, and the process repeated until 
all samples have been excluded once and only once. A root- 
mean-squared error statistic is then calculated which yields 
an estimate of how well the data can be modeled. This process 
was conducted for each individual time slice for each of the 
three analytes. The root-mean-squared error of cross valida- 
tion (RMSECV) obtained for two- and three-factor PLS 
models over time is presented in Figure 4a-c. The concentra- 
tions were scaled by dividing each analyte concentration by 
the maximum for each analyte in order to allow comparison 
between the errors for each analyte. Therefore the concen- 
trations in the cross-validation modeling ranged from 0 to 1 
for each analyte. The RMSECV statistic is thus comparable 
for each analyte and reflects how the model works for all 
samples combined. 

The much slower reaction rate of TCA versus TCE and 
chloroform is evident from the time of best prediction for 
each of the analytes. TCA response exhibits best selectivity 
at  later times, when the reaction of TCE and chloroform is 
nearly complete. Conversely, selectivity for TCE and chlo- 
roform is attained early in the reaction, when TCA does not 
present an interference. The results for TCA show similar 
minima for two- or three-factor models, however the three- 
factor model reached this minimum sooner. There appears 
to be some improvement in TCE prediction when a three- 
factor model is used at  early times. Both TCE and chloroform 
two-factor models fail at  later times when TCA contributes 
to the signal. 

The number of factors required to model the data at  any 
time was further investigated. Calibration models using two 
or three factors for TCE and chloroform, and one, two, or 
three factors for TCA, were built by use of all the analytes 
at four different times following mixing of analyte with the 
Fujiwara reagent. These models were then used to predict 
the concentrations of each analyte in a set of eight different 
samples. This workdiffers from the cross-validation modeling 
discussed above in that the samples have no weight in the 
calibration and are thus truly unknown. TCE and chloroform 
calibrations were examined at  5, 10, and 30 min while TCA 
data were used at 30 and 60 min. Two samples contained 
chloroform while TCA and TCE were each represented in 
five samples. The errors of prediction for the eight samples, 
along with the actual composition, are summarized in Table 
3a-c for each model. 
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Tabla 2. Fractlonal Varlance Dercrlbed by the Flrd Flve Prlnclpal Components from Mlxtures d TCA, TCE, and CHL In the Fujlwara 
Reactlon 
TCA conc (ppm) 33.5 66.9 133.8 33.5 66.9 0.0 0.0 33.5 
TCE conc (ppm) 7.3 2.9 2.9 0.0 0.0 7.3 2.9 2.9 
CHL conc (ppm) 0.0 0.0 0.0 4.5 1.5 1.5 4.5 1.5 

principal component 
1 0.755 0.765 0.880 0.820 0.753 0.787 0.197 0.732 
2 0.185 0.171 0.091 0.131 0.188 0.167 0.167 0.162 
3 0.038 0.040 0.017 0.024 0.020 0.020 0.009 0.073 
4 0.006 0.004 0.002 0.004 0.013 0.005 0.007 0.008 
5 0.002 0.003 0.001 0.003 0.005 0.004 0.003 0.006 
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Flgure 4. Root-mean-squared error of cross validation for the 
determination of TCA (a), TCE (b), and chloroform (c) in mixtures of 
the three analytes using two- and threafactor PLS models at different 
times. 

The results for chloroform at 5 min are best when a two- 
factor model is used. This is also true at 10 min, with the 

exception of the sample with the higher chloroform concen- 
tration. The results obtained with a two-factor model at 5 
and 10 min are comparable. There does appear to be an 
improvement in prediction at 10 versus 5 min when a three- 
factor model is used. The samples containing TCE caused an 
increased error in chloroform prediction when a three-factor 
model was used, this is especially true of the sample containing 
the highest concentration of TCE. Although the model 
predicts in the presence of an interferant, the performance is 
degraded when an extra factor is employed. The results from 
the cross-validation work above (Figure 4) showed no 
difference between two- and three-factor models at early 
analysis times. Prediction of chloroform at later times benefits 
from the fact that the reaction is approaching a steady state 
as the absorbance of the reaction products is changing very 
little (see Figure 3). However, at 30 min a third factor is 
required to reduce a false positive signal due to TCA. 

The results from the analysis of TCE are generally better 
when a three-factor model is employed. This is true at all 
times, agreeing well with the results from cross validation. 
Prediction is also best at the shortest time, especially for 
samples containing high concentrations of TCE. This can be 
attributed to the fast reaction rate of TCE; samples with high 
concentrations of TCE will yield nonlinear absorbances at 
later times. As with chloroform, the presence of TCA causes 
increased error in time but has insignificant effect early in the 
reaction. The analysis for TCA after 30 min requires three- 
factors and is subject to much interference from both TCE 
and chloroform. After 60 min, the effect of these analytes 
declines and there appears to be no difference between the 
two- and three-factor models. 

Second-Order Calibration: Generalized Rank Annihilation 
Method (GRAM). GRAM works very well when an analyte 
yields a bilinear response, i.e., the response matrix can be 
written as the product of two vectors, one from each domain, 
scaled by an appropriate singular value. This is the case for 
TCA. GRAM yields the ratio of the concentration in an 
unknown sample to the concentration in a single standard. 
GRAM was applied to data containing TCA alone or in the 
presence of interferences. GRAM works very well for the 
prediction of TCA in the presence of no interferences using 
one factor. Four samples containing only TCA were analyzed 
in pairs by using GRAM, with one sample acting as the 
standard and the other the unknown. Six combinations were 
determined; the samples ranged in concentration from 33.45 
to 133.8 ppm. The standard error of prediction of these 
samples was 4.8 ppm. The mean recovery, as determined by 
taking the ratio of the predicted concentration to the actual 
concentration was 105.6% with a standard deviation of 5%. 
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Reactlon Tlme 

actual conc (ppm) 
TCA 

0 
0 
0 

33.5 
33.5 
66.9 

133.8 
133.8 

TCE 

0 
29.3 

1.46 
2.93 
7.32 
0 
0 
2.93 

CHL 

4.45 
0 
0 
1.48 
0 
0 
0 
0 

actual conc (ppm) 
TCA TCE CHL 

0 
0 
0 

33.5 
33.5 
66.9 

133.8 
133.8 

0 
29.3 

1.46 
2.93 
7.32 
0 
0 
2.93 

4.45 
0 
0 
1.48 
0 
0 
0 
0 

actual conc (ppm) 
TCA TCE CHL 

0 
0 
0 

33.5 
33.5 
66.9 

133.8 
133.8 

0 
29.3 

1.46 
2.93 
7.32 
0 
0 
2.93 

4.45 
0 
0 
1.48 
0 
0 
0 
0 

a. Determination of CHL 
error in CHL 

Table 3. Prdktlon Errors for the Determlnatlon of CHL, TCE, and TCA In Elght Samples Udng One to Three Factors after 5-80 mln of 

at 5 min at 10 min at 30 min 
2 factors 3 factors 2 factors 3 factors 2 factors 3 factors 

1.1 1.4 1.1 0.81 0.64 0.57 
0.01 2.0 0.00 1.3 0.145 0.02 
0.04 0.42 0.06 0.26 0.784 0.2 
0.001 0.98 0.00 0.17 0.000 0.005 
0.03 0.07 0.04 0.27 0.309 0.18 
0.05 0.1 1 0.06 0.09 0.048 0.060 
0.05 0.05 0.04 0.01 0.175 0.000 
0.04 0.05 0.03 0.24 0.195 0.001 

b. Determination of TCE 
error in TCE 

at 5 min at 10 min at 30 min 
2 factors 3 factors 2 factors 3 factors 2 factors 3 factors 

0.12 0.04 0.4 0.2 2.7 3.0 
3.6 1.1 5.8 2.4 37.0 19.1 
0.002 0.001 0.1 0.1 5.8 0.02 
0.02 0.05 0.001 0.1 0.02 0.3 
0.7 0.3 1.2 0.6 9.9 4.1 
0.0003 0.000 0.001 0.002 0.05 0.007 
0.009 0.003 0.09 0.07 18.3 0.5 
0.002 0.0001 0.1 0.004 16.8 0.02 

c. Determination of TCA 
error in TCA 

at 30 min at 60 min 
1 factor 

173 

4300 

3 20 

4500 
5500 

2.9 

28.7 

2.0 

2 factors 

292 
3600 

21.7 
47.2 
94.9 
80.9 

730 
420 

3 factors 

38.3 
14.9 
13.0 
40.6 

0.4 
0.0 

70.8 
43.4 

1 factor 

87.5 
136.2 

38.1 

53.2 

4200 

290 

3200 
4200 

2 factors 

59.0 

12.4 
8.1 
4.3 
1 .o 
0.0 

53.1 

360 

3 factors 

1.7 
14.5 
4.4 

16.1 
21.6 
13.9 
3.2 

42.0 

Theoretically the addition of interferences should not 
increase the prediction error using GRAM.I9 However, the 
many sources of variation due to the nature of the data along 
with the potential analyte interactions decrease the accuracy 
of the analysis when interferences are added. Samples 
containing TCA and TCE and/or chloroform were analyzed 
by use of GRAM. The best results were obtained using three- 
factor GRAM models. This corresponds to the theoretical 
rank of binary mixtures of TCA and TCE or chloroform. The 
actual rank of these mixtures was seen to be 2 or 3, depending 
upon the level of the noise. 

Five mixture samples were analyzed four times each versus 
pure TCA standards at three different concentrations with 
one duplicate standard. The results of these analyses are 
presented in Table 4, which presents the fractional recovery 
of each sample versus each standard. The prediction of TCA 
in the mixture samples was biased low for all samples. The 
recovery of TCA, determined as the ratio of the observed 
concentration over the actual concentration, also decreased 
as the ratio of interference to analyte increased. The recovery 
also decreased as standards of lower concentration were used. 
This is due to a signal-to-noise problem; the higher concentra- 

Table 4. Fraction of Actual Concentratton of TCA Determined by 
Use of QRAM on Mlxture Samples Using the TCA Standard 
Llsted In the Left-Hand Column 

sample TCA conc (ppm) 133.8 66.9 33.5 66.9 33.5 
sampleTCEconc (ppm) 2.9 2.9 7.3 0.0 0.0 
sample CHL conc (ppm) 0.0 0.0 0.0 1.5 4.5 

std TCA conc (ppm) fraction of TCA recovered 
133.8 0.893 0.680 0.592 0.764 0.634 

66.9 0.831 0.637 0.552 0.722 0.596 
33.5 0.824 0.644 0.548 0.716 0.592 

SEP(ppm) 20.1 22.9 14.5 17.6 13.0 

tions yield better-determined profiles and thus suffer less fit 
error. Despite the reduction in recovery with concentration, 
the reproducibility among analyses was good. The standard 
errors of prediction (SEP) determined from these analyses is 
also presented in Table 4 along with the actual TCA 
concentration in each sample. The SEP was between 13 and 
23 ppm for all samples. 

The success of a method for true application not only 
depends upon the ability to predict the concentration of 
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Table 5. Concentration of TCA Estlmated by Use of GRAM on 
Samples Contrlnlng no TCA. 

composition predicted [TCA] 
sample conc (ppm) analyte ( P P d  

coo 1 CHL 
coo2 CHL 
COlO TCE 
c020 TCE 
c02 1 TCE 

CHL 
c012 TCE 

CHL 
mean 

1.48 3.8 
4.45 8.6 
2.93 4.0 
1.32 9.2 
7.32 4.1 
1.45 
2.93 2.6 
4.45 

5 .5  

0 Each predicted TCA concentration is the mean of four different 
determinations. 

analytes present in a sample, but on the ability to predict 
whether an analyte is absent as well. False positive signals 
can be costly, especially when dealing with regulatory 
compliance and remediation of hazardous materials. The 
qualitative information obtained via PCA assists in determin- 
ing the composition of a sample. However, direct application 
of GRAM to data containing no analyte will yield a predicted 
concentration. Table 5 contains the predicted concentration 
of TCA in six samples in which TCA is absent. The predicted 
concentration shown is the prediction error obtained from 
four samples compared to their actual value of 0 ppm TCA. 
The actual predicted concentrations were negative in all cases, 
further illustrating negative bias in the data. GRAM 
performed reasonably well for this data set, predicting 
concentrations below the SEP of samples containing TCA. 
This suggests that the predicted concentrations are not different 
from zero. Another interesting trend is seen whereby the 
predicted concentration increases as the interference con- 
centration increases. This suggests that the chemistry does 
not exhibit the selectivity necessary to avoid the effects of 
interferences. 

The application of GRAM to these data met with limited 
success. Analysis of TCA can be done in the presence of 
interferences; however, the recovery was less than desired. It 
is apparent that some interactions exist among the analytes. 
The ability to determine these species in mixtures at any level 
is an improvement over existing methods. Other approaches 
to GRAM analysis were investigated, including reducing the 
wavelength and time spaces to minimize interferences, and 
nonbilinear rank annihilation.” Reducing the size of the 
selective dimensions did not significantly improve the results. 
The nonbilinear rank annihilation approach helped to char- 
acterize which eigenvalues were correct for the multiple rank 
systems. This approach is todivide theconcentration of analyte 
by some factor and determine which concentration ratios 
changed correspondingly. This helped only when there was 
some question as to which eigenvalue was correct; frequently 
this was obvious from either the recovered spectral and 
temporal profiles or the absurdity of the incorrect concentration 
ratios. 

Second Order Calibration: Trilinear Decomposition (TLD). 
TLD was applied to the data collected at 5% TBAH 
concentration. TLD uses all the samples simultaneously and 
yields both spectral and temporal estimates for the analytes 

Table 8. Results from the Analysls of Samples Contalnlng TCA 
Alone and In Mlxturss Reactlng wlth 5% TBAH Utlng Trlllnsar 
Decomposltlon for Predlctlon of TCA Concsntratlons 

TCA conc (ppm) 

actual predicted % recovery sample 

ClOO 33.5 35 104.5 
c200 66.9 68 101.6 
C300a 133.8 135 100.9 
C300b 133.8 130 91.2 
C l l l  33.5 45 134.5 
c102 33.5 40 119.4 
c120 33.5 38 113.4 
c201 66.9 64 95.7 
c210 66.9 60 89.7 

as well as the ratio of the concentrations in the sample and 
the mean standard. Best results were obtained when a greater 
number of factors than rank was used. A five-factor TLD 
worked best for the analysis of four samples containing TCA 
only and five mixture samples. If rank additivity was shown 
to hold, the rank of this data set would be 5 (rank TCA = 1; 
TCE = 2; chloroform = 2). However, since there is a common 
species formed from TCE and chloroform, and there is a high 
degree of overlap between the responses, the greatest rank of 
a single sample is 3. The results from the analysis of these 
samples are presented in Table 6 .  A five-factor TLD model 
yields five estimates for the concentration in each sample. 
The predicted concentrations for pure TCA were quite good. 
The results obtained from the mixtures are much better for 
TLD than GRAM. This is probably due to the use of multiple 
standards and samples together. The TLD results for samples 
containing high levels of interference yielded much higher 
estimates than did the samples containing less interferences. 
This suggests that the selectivity of this method is not sufficient 
to completely eliminate interferences and/or that sample 
interaction effects degrade the analysis. 

Selection of the correct concentration estimates from TLD 
requires examining the estimated spectral and temporal profiles 
to determine which corresponds to the analyte of interest. 
This was done in a qualitative fashion, visually, and gave the 
estimates which also yielded the best predictions. Optimization 
of the TLD program will require addition of algorithms 
designed to automatically select the correct estimates as 
frequently the shapes of the profiles are similar. The 
qualitative information generated by TLD can help to mitigate 
the problem of a non-fully-selective method. This chemistry 
contains many pratfalls to this type of analysis, including 
nonbilinear and highly overlapped responses, several sources 
of experimental error, and an apparent interaction between 
analytes. Despite these negative aspects, the multivariate 
techniques described here show some level of success at 
determining analytes in the presence of unknown interferences. 

CONCLUSIONS 
The application of multivariate calibration methods to 

Fujiwara reaction-based data enables multicomponent de- 
termination of chlorinated hydrocarbons from a single analysis. 
PLS was demonstrated as a first-order calibration technique 
that can be applied at optimal reaction times for each of the 
analytes. However, when species are present that produce an 
absorbance that is unaccounted for in the PLS model, the 
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results are diminished considerably. Second-order calibration 
techniques were applied to the data matrices collected as 
analyte reacted in time. Both GRAM and TLD were applied, 
with TLD yielding better results than GRAM for the 
determination of TCA in the presence of unaccounted for 
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