
AMI. ct". 1901, 63, 775-781 775 

using the NPG tube, mentioned above. The activation en- 
ergies (E,) and Tap* for the standard solution were 192 f 5 
kJ mol-' and 1030 K using the PG tube and 120 f 8 kJ mol-' 
and 1130 K using the NPG tube. Sturgeon et al. have reported 
two E, values of 192 kJ mol-' from 1040 to 1160 K and of 117 
kJ mol-' above 1160 K, where the temperature of 1160 K is 
the bending point in the Arrhenius plot (9). Our values of 
E, and TaPp. are in agreement with Sturgeon et al.'s values. 
Chakrabarti et al. have also reported a E, value of 125 f 7 
kJ mol-' in the temperature range from 1840 to 2220 K (16). 
Therefore, the kinetic approach supports the existence of two 
types of atomization mechanisms. 

The appearance of double peaks was also reported by 
Salmon et al. (2) in the PG tube using a sheath Ar gas con- 
taining 1 % O2 when ascorbic acid is absent. They account 
for their appearance from the viewpoint of the activity change 
of the graphite surface when using chemisorbed oxygen: 
various sites with different activities exist on the graphite 
surface; as more O2 is chemisorbed at higher O2 concentration, 
the formation of a stable surface oxide renders the most active 
graphite sites inactive; at this, the mechanism for the pro- 
duction of lead vapor shifts to the less active site, which 
requires a higher temperature for the reaction; a combination 
of different release mechanisms arising from the reduction 
and vaporization at the graphite site with different activities 
would account for the formation of the double peaks. We 
share their opinion that the appearance of signals with double 
peaks results from the existence of the different active sites 
of the graphite tube surface. However, it is not known at  this 
time whether active sites in our system are similar to those 
in their system. 

I t  is concluded that when ascorbic acid was pyrolyzed in 
the NPG tube, some parts of the inner wall of the NPG tube 

are coated with PG carbon. Lead analyte contacts two types 
of tube surfaces with different activities; the PG-coated site 
provides the first peak and the NPG site provides the second 
peak. 
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Double- Injection Flow Injection Analysis Using Multivariate 
Calibration for Multicomponent Analysis 

David A. Whitman,' Mary Beth  Seasholtz, Gary D. Christian,* Jarda Ruzicka, and  Bruce  R. Kowalski 
Center for Process Analytical Chemistry, Department of Chemistry, University of Washington, 
Seattle, Washington 98195 

A flow Injection analysls (FIA) system Is presented In whlch 
the reagent and sample are simultaneously Injected for mul- 
ticomponent analysls. A sknple eight-port valve ls described 
to perform the double lnjectlon. The method Is Illustrated by 
the determlnatlon of nickel and Iron In a model platlng bath 
solution. First-order callbratlon methods lncludlng classical 
least squares (CLS), prlndpal components regresslon (PCR), 
and partial least squares (PLS) are used to analyze the 
complex tlme proflles that thls method provldes. Thls study 
shows that very moderate sampllng rates and small callbra- 
tlon data sets can be used wlth multlvarlate callbratlon 
technlques. 

INTRODUCTION 
We have previously shown time-based selectivity in flow 

injection analysis (FIA) by injecting a large volume of sample 

Present address: Department of Laboratory Medicine and Pa- 
thology, Universi ty of Minnesota, U M H C  198, 420 Delaware St, 
Minneapolis, MN 55455. 

(Figure la) into a singleline FIA manifold (I). In that method, 
selectivity is achieved by measuring an unreacted analyte in 
a portion of the sample zone in which no reagent overlap 
occurs; i.e., the dispersion coefficient is unity (at T3a in Figure 
la); a second analyte is measured where reagent overlap occurs 
(e.g., a t  T4a). We present here a method in which time se- 
lectivity is obtained through simultaneous injection of both 
sample and reagent in a technique commonly called zone 
penetration (2). The method has the advantage of using 
sample and reagent volumes that are in the microliter range, 
thus being as small as those used in conventional FIA. 

Zone penetration is a variation of the merging zones method 
first described by Bergamin et al. (3) and also by Mindegaard 
(4) .  Both groups developed the technique as a method to 
reduce reagent consumption and provided a conventional 
single peak response. In zone penetration, sample and reagent 
are simultaneously injected by using a single-line manifold 
whereas merging zones uses a two-line manifold. Figure l b  
shows a schematic diagram of the zone penetration principle. 
If the sample occupies the leading injection loop and the 
reagent in the second, the resulting sample/reagent overlap 
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Figure 1. Illustration of the single-injection principle. (a) Sample 
injection, (b) sample and reagent injection: zone penetration. The 
curves represent the sample (S) and reagent (R) concentration profiles. 
The times indicated in a do not correspond to those in b. See text for 
details. 

profile is very similar to the tailing edge of the single injection 
method as illustrated by Figure lb. 

In this type of FIA, the profiles of the chemical species 
completely overlap along the time axis. That is, there is not 
one time when an analyte can be measured separate from the 
other(s), and a good calibration curve using the measured 
intensity a t  a chosen time after injection cannot be con- 
structed. First, multivariate calibration techniques account 
for this overlap by incorporating more than one measurement 
per sample into the model. This approach has several ad- 
vantages over univariate calibration methods. As discussed, 
it is successful even if there is complete overlap in the time 
domain, implying that the chemistry does not need to be 
completely selective. Second, it is possible to identify unusual 
or outlier samples. This cannot be done with univariate 
methods. Third, analysis for multiple analytes can be done 
with one FIA response. This reduces the amount of sample, 
reagent, and time needed for sample characterization. Last, 
the sensitivity of the calibration can be increased with mul- 
tivariate calibration, due to the signal-averaging property 
attained from using multiple measurements. As with uni- 
variate calibration, a set of calibration samples is used to 
develop the model. In multivariate calibration, these samples 
must span the ranges of all the sources of variance expected 
in future samples. The sources of variance include primarily 
the chemical components that contribute to the signal. In 
some situations, external or instrumental changes may be 
incorporated as well. Lukkari and Lindberg have shown that 
partial least-squares modeling can be used for calibration with 
data obtained from flow systems (5). Here we will demonstrate 
the utility of first-order calibration methods of classical least 

50 3 
390 nm 

. A  
B 1  I 

R i n  Sin 

Figure 2. Illustration of the double-injection single-line flow injection 
manifold used in this study. The reagent loop (A) is 25 pL, the sep- 
aration (by pass) loop is (B) 15 pL, the sample loop is (C) 23 pL, and 
the reaction coil is 50 pL. The black lines indicate tubing connected 
to the stator, and gray lines indicate tubing connected to the rotor. 

squares (CLS), principal components regression (PCR), and 
partial least squares (PLS) for use in FIA. 

The goal of this paper is 2-fold: (1) to describe a novel 
method to obtain time selectivity for multicomponent FIA; 
(2) to present various multivariate calibration methods for 
data analysis in multicomponent FIA. In order to make a 
direct comparison of the double-injection method to the sin- 
gle-injection technique, the same chemical system will be used 
as in our earlier works ( I ,  6). Iron and nickel are measured 
simultaneously. The green nickel aquo species is measured 
directly, while the iron is oxidized with persulfate and com- 
plexed with thiocyanate. 

EXPERIMENTAL SECTION 
Manifold. The FIA manifold used was designed to provide 

injection of both the sample and reagent (Figure 2). A custom 
eight-port valve was used, actuated by a modified Tecator 8420 
valve turner. The injected sample volume was 23 pL, and the 
injected reagent volume was 25 pL. A separation loop of 15 pL 
separates the reagent and sample zones just after injection. The 
valve was constructed similarly to those described by Ruzicka and 
Hansen except there are eight holes bored in the rotor and stator 
(2). The major difference between this type of valve and com- 
mercially available valves is that tubing can be connected to both 
the rotor and stator. In Figure 2, the valve is shown in the load 
position. The rotor is turned 4S0 to inject the sample, separating 
plug and reagent into the carrier stream. The black lines in the 
illustration are tubing connected to the stator, and the gray lines 
are tubing connected to the rotor. 

The persulfate and thiocyanate reagent solutions were mixed 
on-line prior to filling the reagent injection loop (A in Figure 2) 
because they decompose quickly after mixing (6). The two 
reagents are pumped with one peristaltic pump from a Tecator 
5020 FIA analyzer at 0.75 mL/min each (1.5 mL/min total carrier 
flow rate) so that the individual components mix in equal pro- 
portions. The reagents mix in a knotted Micro-Line 0.5-mm 
internal diameter (i.d.) tube (used throughout to plumb the 
system, unless otherwise noted) coil 25 cm long (SO pL) prior to 
the injection valve. This single-line double-injection system 
provided dispersion coefficients of 2.5 for the sample zone and 
3.1 for the reagent zone. 

Detector. A Z-configuration flow cell (I) was used in com- 
bination with a custom filter photometer. The desired analytical 
wavelength was obtained by using a 390-nm (20-nm bandwidth) 
interference filter. The illumination source was a 4-V halogen 
lamp. The transmittance signal from the filter photometer was 
transformed to absorbance by an analog logarithmic converter 
and amplified so that 0-10 V spanned 0-1 absorbance. This signal 
was then collected by a computer data acquisition system. 

Computer Interface. The amplified and log-converted output 
from the filter photometer was collected by using an IBM DACA 
(Data Acquisition and Control Adaptor) along with an IBM AT 
compatible computer. Data acquisition was controlled by using 
the commercially available LabTech NoteBook software. A 
microswitch on the manifold (closed on injection) was connected 
to a binary input to signal the beginning of an injection cycle. 
The data collection rate was 30 Hz. The precision of the timing 
is equal to the reciprocal of the computers clock speed (10 MHz) 
from which LabTech Notebook is timed. 



ANALYTICAL CHEMISTRY, VOL. 63, NO. 8, APRIL 15, 1991 777 

O S  

0 3  

016 

0 9  

0 1 5  

0 1  

005 

0 .  

FIA Rofiles 

. 43 44 45 46 47 48 49 

- 36 37 3B 39 40 41 42 

29 30 31 32 33 34 55 . 
22 23 24 25 26 27 16 - 
16 16 17 18 19 20 21 . 
8 9 10 11 12 11 14 - 
1 2 3 4 6 6 7 

- r 

1 0 1 2 3 4 6 6 7 

Iron(i1) Concentration (mM) 

Figure 3. Experimental design in nickel(I1) and lron(I1) concentrations 
with numerical labels for each sample. 

Reagents. Deionized water was used throughout for the 
preparation of solutions. All reagents were ACS reagent grade. 
The reagents were prepared as described by Whitman et al. (6). 
The reagent/carrier consists of two parts: 2% (w/v) KSCN and 
1% (w/v) K&.OB. Stock solutions of the following were prepared 
0.8 M Ni"SO,, 9 mM FenS04, 1 M H3B03, and 1.7 M NaCl, from 
which samples were prepared. Samples contain 0.86 M NaCl and 
0.4 M H3B03, with various nickel(I1) and iron(I1) concentrations 
as given in Figure 3. The numerical labels for each sample (1-49) 
are used in further discussion. 

Procedure. Data for each sample were saved prior to injection 
of the next sample. The baseline was set at 0.3 AU because there 
was a large refractive index due to the blank (0.86 M NaCl and 
0.4 M boric acid). Because the maximum input into the data 
acquisition system was 10 V, the baseline was lowered for sample 
49, which contained the highest concentrations of both nickel and 
iron and had absorbances larger than 1. This sample was left in 
the data s6t as an internal control for outlier detection, to be 
discussed in the qualitative analysis section below. 

Data Processing. There are two levels of data preprocessing. 
The first level was performed on all samples no matter what other 
processing that may have been done for individual calibration 
techniques. Auxiliary data preprocessing specific to each cali- 
bration method will be discussed when implemented. Data were 
collected at 30 Hz for 15 s after injection, resulting in 450 time 
channels per injection. 

In the first level of data preprocessing, the data from each 
sample were truncated so that only a 200 time slice FIA profile 
remained. This was accomplished by discarding the first 100 and 
last 150 data points. The resulting FIA profiles for all 49 samples 
are shown in Figure 4. Between time channels 1 and 30, there 
are six groups of bands that correspond to the six constant 
nickel(I1) concentrations. Throughout this paper, "sensor channel" 
and "time slice" are synonymous. 

In the second level of data preprocessing, the first sample 
(blank) was subtracted to remove the schlieren (refractive index 
gradient) effect caused by the high sodium chloride and boric acid 
concentration in the sample matrix. Figure 5 shows all samples 
from each profile with the blank subtracted. Mean centering is 
built into the PCR and PLS routines. Other preprocessing will 
be discussed below. All multivariate calibration programs used 
in this study were written in the MATLAB M-file programming 
language (Mathworks, Inc., South Natick, MA 01760). 

RESULTS AND DISCUSSION 
There are characteristics of the zone penetration technique 

that must be discussed before understanding how the time 
selective data are obtained in this study. These will be the 
first topic of discussion. The remainder of the discussion 
provides a presentation of the first-order calibration tech- 
niques as applied to flow injection data. The qualitative as 
well as quantitative information from these methodologies will 
be discussed. 

Sensor Channel. (Seconds x I5 t l r )  

Flgure 4. Raw response profiles for all samples. The blank, sample 
1, is shown as a dashed line. Sample 49 is shown as a dotted line; 
note that the profile begins from a decreased baseline as compared 
to the rest of the samples. 
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Figure 5. Blank subtracted response profiles for all samples. The 
blank profile, that of sample 1, has been subtracted from each sub- 
sequent response profile. The net blank is shown as a dashed line. 
Sample 49 is show as a dotted line; note that the profile rises from 
a decreased baseline as compared to the rest of the samples. 

Double-Injection FIA. One of the primary considerations 
of this study is to show that double-injection FIA can be used 
to create time-selective data for multicomponent FIA. Before 
one can manipulate the experimental conditions to optimize 
the output, it is important to have a thorough understanding 
of the technique being employed (2). 

A primary understanding of zone penetration can be gleaned 
from Figure 1. As mentioned in the Introduction, almost all 
the regions in the single large injection profile exist in the 
double-injection profile. There is a region where there is no 
reagent to the left of time Tlb .  Here, a sample "blank" may 
be obtained. There is a complementary region where there 
is no sample to the right of time T5b. Here a reagent blank 
may be obtained. Sample and reagent are mixed in the shaded 
region. At the isodispersion point, T3b, the sample and 
reagent have been diluted the same amount by each other and 
the carrier. 

In the single-injection method, the baseline, before T l a  and 
after T5a, gives the reagent blank. The center of the injected 
zone, T3a, gives the sample blank. There are two isodispersion 
points a t  T2a and T4a that occur in the single-injection ex- 
periment. 

I t  is clearly possible to obtain fundamentally all the in- 
formation from the double-injection experiment that is given 
in the single-injection experiment; however, there is no re- 
quirement of a dispersion coefficient of one. Although there 
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is an added level of complexity to the gradient formed in this 
system, there is also more flexibility to tailor the output to 
address the goals of the analysis. 

It is possible to calculate the time between the concentration 
maxima in a double-injection experiment of the sample and 
reagent zones from the expression 

The time difference At is a function of the reciprocal of the 
volumetric flow rate Q, the volume of the separation loop VB, 
the injected reagent volume V,, and the injected sample 
volume V,. This equation has been experimentally verified 
by injection of a dye (filling both sample and reagent loops) 
into the FIA manifold used here. Clearly At will always have 
some finite value; thus, the two zones can never be completely 
overlapped. The distance between the peaks is a function of 
the volumes of the separation, sample, and reagent loops. It 
is possible, however, to increase the dispersion in the system 
so that the time between T2b and T4b is much less than the 
time from T l b  to T5b (Figure lb). The result is a very close 
approximation to completely overlapped sample and reagent 
zone; however, this is counterproductive to the formation of 
time-selective data. 

In conventional FIA, dispersion, as defined by the injection 
volume and the system geometry, is the only parameter that 
dictates the degree of mixing between the sample and reagent. 
It is clear that the sample and reagent loop volumes can also 
be manipulated in this technique to change the amount of 
mixing between sample and reagent. The objective in this 
study was to obtain discrete regions that are similar to those 
in the single-injection experiment, but with reduced reagent 
consumption and increased flexibility. 

Multivariate Calibration. First-order calibration methods 
are those in which a data vector is acquired for each sample 
(7). Although it is beyond the scope of this paper to present 
the mathematics behind these calibration methods, the reader 
is directed to several discussions of first-order calibration 
techniques (8-13). Another very popular calibration method 
called inverse least squares will not be considered here, since 
the conventional advantages are not present in FIA. In this 
method, a few sensors (time slices in FIA, or wavelengths in 
spectroscopy) are chosen for calibration. For spectroscopy, 
it then becomes possible to build inexpensive and robust filter 
instruments while obtaining satisfactory calibrations. In FIA, 
however, there is no advantage in selecting time slices because 
the same sampling frequency would have to be used to obtain 
the responses a t  the optimal time slices in future samples. 

Description of Errors. In the description of an analytical 
technique, the standard deviation describes the precision of 
a measurement. This is the value most often given in the 
literature for FIA techniques. However, in comparing different 
calibration techniques used with the data from the same 
analytical instrument, the accuracy of the calculated con- 
centration as compared to the true concentration value is also 
important. A standard notation wil l  be used for the expression 
of these errors in estimation of concentration. The relative 
root-mean-square error (RRMSE) as shown in eq 2 will be 
used throughout. In eq 2, t is the mean of the concentration 

I N  

range, E, is the predicted concentration of the nth analyte, 
c, is the true concentration of the nth analyte, and df denotes 
the degrees of freedom in the calculation of the error. The 
relative error is given in percent so that the results from the 
nickel and iron estimations may be directly compared, even 

though the concentrations are measured in different units. 
As shown, this is a general equation that has several special 
cases, two of which are used in this paper. The two different 
cases of the RRMSE are discussed below. 

The RRMSE of prediction (RRMSEP) is given if one set 
of samples is used to develop the calibration model and a 
separate set is used for prediction of concentration. The 
RRMSEP estimates the “underlying prediction error” that 
would be obtained by using a calibration model to predict 
concentrations of an infinite number of unknown samples. 
Because a separate sample set is used to develop the Cali- 
bration model and to calculate the mean for mean centering, 
no degrees of freedom are lost for the prediction set. 
Therefore, df in eq 2 becomes the number of samples used 
in the prediction step. 

Another estimate of the underlying prediction error is from 
cross validation (RRMSECV). In cross validation as imple- 
mented here, where N equals the total number of samples, 
N - 1 samples are used to form the calibration model while 
one sample is left out and used for prediction. This process 
is repeated N times so that each sample may serve as the 
prediction sample. Because the RMSECV is an estimate of 
the underlying prediction error, no degrees of freedom are lost. 
Therefore, df in eq 2 is the total number of samples used in 
the cross validation. 

In addition to describing how well a calibration method 
performs by the RRMSE, it is of equal importance to de- 
termine whether two calibration methods give significantly 
different errors. Here the F and t statistics were used to 
determine if there were significant differences in the variances 
and means of the absolute residual errors (It - cl). Each of 
the calibration methods used in this study forces the mean 
residual error to approach zero in the calibration step. If the 
prediction set spans the same space as the calibration set, then 
the mean residual error for these samples will also be close 
to zero. This gives rise to an unstable zero minus zero cal- 
culation in the t statistic. It is for this reason that the absolute 
values of the concentration residuals are used. Throughout 
this study, a confidence level of 99.5% was used to determine 
significance. 

Linear Modeling of Nonlinearities. In a previous study, 
it was explained that nickel interfered with the iron mea- 
surement through suppression of the complexation of iron and 
thiocyanate (6). Therefore, the suppression of the signal from 
the iron thiocyanate complex due to nickel was also expected 
in this study. All of the calibration techniques used here are 
linear methods. Each method, however, can handle nonlin- 
earities such as those for the analysis of nickel and iron in an 
electroplating bath by including additional linear terms. 

The first condition for using classical least-squares re- 
gression for calibration is that the concentrations of all species 
giving a nonzero response must be included in the calibration 
step. This requirement includes “virtual species” such as the 
iron thiocyanate signal suppression by nickel. Table I shows 
how the RRMSECV can be significantly decreased by the 
addition of an intercept and cross term. 

In principal component analysis of the data, it is expected 
that the rank of the FIA response matrix containing the 200 
responses for the 49 samples will be at  least 3 because of the 
known nickel-iron cross term. The macrostructure in the 
fourth principal component factor (Figure 6), however, sug- 
gests that the system is more complicated than the classical 
model implies for this chemical system. The first four nor- 
malized PLS factors can also be plotted when building models 
to fit the nickel or iron concentration (Figure 7). The fourth 
factors used to model both nickel and iron have more noise 
as compared to the fourth principal component factor. This 
implies that the information needed to describe the variance 



ANALYTICAL CHEMISTRY, VOL. 63, NO. 8, APRIL 15, 1991 779 

~~~ ~ 

Table I. Effect of Nickel-Iron Cross Term and Intercept 
on RRMSECVO for Nickel(I1) and Iron(I1) Quantitation 
Using CLS 

conc info used Fe Ni 

Fe, Ni 9.6 7.2 
Fe, Ni, I* 7.5 4.9 
Fe, Ni, FeNi' 7.7 4.7 
Fe, Ni, FeNi, 1 4.0 5.5 

oCross validation run with the 46 calibration samples; samples 1, 
41, and 49 were excluded from the set. The full 200-point set was 
used. bAn intercept was explicitly included by the addition of a 
column of ones to the concentration matrix. 'The nickel-iron 
cross term estimated by multiplying the nickel and iron concen- 
trations and including this term as a column in the concentration 
matrix. 
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Figwe 6. First four principal component loadings plotted as a function 
of time in the FIA profile. 
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Figure 7. First four PLS loading vectors for iron (soli lines) and nickel 
(dashed lines) calibration plotted as a function of time in the FIA profile. 

in concentration of the components of interest can be con- 
densed into fewer components using PLS as compared to 
PCR. 

Qualitative Analysis. Sometimes referred to as explor- 
atory data analysis, studying the qualitative information 
provided by the multivariate calibration methods can prove 
to be a valuable tool for understanding the chemical system 
and analytical instrumentation. Perhaps the most straight- 
forward qualitative information can be obtained by having 
a knowledge of the FIA system and chemistry employed. In 
this zone penetration experiment, the sample mixture was in 

FIA Profiles for Single Component Samples. Blank Subtracted 
I 
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Figure 8. Blank subtracted response profiles for samples containing 
either nickel (dashed lines) or iron (solid lines). See text for details. 

True and Ertimaied PIA Profiles from CLS 
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Figure 9. Response profiles for samples containing only nickel (left) 
and only Iron (right). The CLS estimation of these curves are shown 
as the the dashed lines. The estimation of the cross term "response 
profile" is denoted as the dashdot line (-.-). The calculated back- 
ground is shown as the dotted line. See text for details. 

the injection loop closest to the detector, followed by the 
reagent. I t  is expected that there would be variance highly 
correlated to the aquated nickel(I1) ion a t  the leading edge 
of the response profiles. The region where the sample is mixed 
with the reagent should have variance correlated to nickel(I1) 
and iron(I1). This is confirmed by plotting only those FIA 
profiles with 100% nickel and 100% iron (Figure 8). These 
profiles can be estimated by using CLS. 

In classical least squares, pure component response profiles 
(at unit concentration) are estimated in building the cali- 
bration model. If the concentrations of nickel and iron are 
normalized by dividing all values by the maximum concen- 
tration during calibration, the columns of the regression matrix 
will give approximations to the pure component FIA profiles 
of iron and nickel given by samples numbered 7 and 43, re- 
spectively. Although there are no "libraries" for FIA profiles, 
these estimated pure component FIA profiles can be used to 
qualitatively determine whether the system is being ade- 
quately modeled. I t  is also possible to get an estimate of the 
relative magnitude and direction of virtual species, such as 
the nickel-iron cross term. Figure 9 shows the true nickel and 
iron pure component FIA profiles compared to the CLS ap- 
proximations. In addition, estimations are given for the cross 
term and background profiles. The relatively flat background 
profiie shown in Figure 9 indicates qualitatively that CLS does 
a good job modeling this system, since a zero background is 
expected. 
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Figure 10. Scores for PCR factors 1 versus 2. Samples 41 and 49 
appear to be outliers. 

PCR and PLS have two kinds of qualitative information. 
The reader is cautioned in trying to put any physical signif- 
icance to the principal component factors since they just 
describe axes of maximum variance. In the event of colli- 
neariarity (likely in FIA and spectroscopy), the information 
from several species may be present in a given PCR factor. 
Because the first PLS loading vector describes the response 
variance that is correlated to the variance in the concentration 
of the species being modeled, it has been suggested that the 
first PLS factor loading is a good first-order approximation 
to the profile of the pure species being modeled (8). This 
seems to hold true in this system when Figure 7A is compared 
with Figure 9. 

Perhaps the most useful qualitative information obtained 
from PCR and PLS for use in FIA is that of outlier detection. 
When a very ordered experimental design is used, as was in 
this study, it is possible to determine samples that should not 
remain in the calibration set. For example, the baseline was 
lowered for sample 49 so that it would not exceed the in- 
strumentally limited maximum absorbance of one in this 
detection system. This sample is a known outlier and also 
appears to be an outlier in the ordered pattern when the scores 
of PCR factor 1 are plotted against the scores of PCR factor 
2 (Figure 10). The same information is available from the 
scores plots for PLS in calibration of either nickel or iron. In 
addition to the known outlier (sample 49), another outlier was 
detected. I t  appears that sample 41 is displaced in the di- 
rection of increased nickel concentration. Indeed, this 
standard was prepared incorrectly (by the addition of too 
much nickel) and should not be used as a calibration sample. 
This sample was also shown to be an outlier by using the Q 
test with respect to other samples of equal nickel concen- 
tration. 

Quantitative Analysis. Flow injection analysis is gen- 
erally considered to be a quantitative method. I t  is possible, 
however, to use the qualitative information discussed above 
to optimize the formation of the calibration models for 
quantitative analysis. There are also experimental consid- 
erations that may be addressed to optimize quantitation. Two 
that may be the most relevant to calibration are sampling 
frequency and number of calibration samples. The optimal 
model (number of factors) for PCR and PLS was chosen by 
selecting the number of factors corresponding to the first 
minimum in RRMSE as factors are added. 

Effect of Sampling Frequency. The amount of data col- 
lected, stored, and manipulated can be greatly reduced by 
reducing the sampling frequency. In this study, the sampling 
rate was 30 Hz. I t  is possible to simulate slower sampling 
frequencies by filtering or masking the data. For example, 

Table 11. Effect of Sampling Frequency on RRMSECW for 
Nickel(I1) (Section a) and Iron (Section b) Quantitation 

no. of channels Hz CLSb PCR PLS 

200 30.00 5.5 2.8 (5)C 2.8 (5) 
100 15.00 5.5 2.8 (5) 2.8 (5) 
50 7.50 5.5 2.8 (5) 2.8 (5) 
25 3.75 5.4 2.8 (5) 2.8 (5) 
13 1.88 5.5 2.8 (5) 2.8 (5) 
7 0.94 5.7 2.8 (4) 2.8 (5) 
4 0.60 19.0 3.5 (4) 3.5 (4) 
4 0.60 3.8 (3) 3.6 (3) 
4 0.60 3.8 (2) 3.8 (2) 

200 30.00 4.0 3.5 (6)c 3.6 (6) 
100 15.00 4.0 3.5 (6) 3.6 (6) 
50 7.50 4.0 3.5 (6) 3.6 (6) 
25 3.75 4.1 3.5 (6) 3.6 (6) 
13 1.87 4.1 3.7 (6) 3.6 (6) 
7 0.94 4.1 3.5 (4) 3.6 (4) 
4 0.60 91.7 8.9 (4) 8.9 (4) 
4 0.60 10.3 (3) 9.5 (3) 

Section a 

Section b 

'Cross validation run with the 46 calibration samples; samples 1, 
41, and 49 were excluded from the set. bIntercept and cross terms 
are included. Number of factors included in the model. 

a sampling rate of 15 Hz can be simulated by selecting every 
other point in the response vector for each sample. Effective 
sampling rates of 0.6-30 Hz were tested. The results of all 
the calibration methods will be affected by the selection of 
the points used for calibration. The method of selecting points 
here is identical with sampling a t  slower frequencies and is 
not a random selection of points. The results of this study 
are summarized in Table 11, which shows RRMSECV for 
nickel and iron. 

All three first-order calibration methods are very robust in 
terms of sampling frequency. PCR and PLS give as good as 
or better prediction results compared to CLS for the deter- 
mination of nickel. Prediction error is not significantly dif- 
ferent between PCR and PLS for all sampling frequencies. 
In fact, the prediction stays very low when as few as two 
factors are used. It is not possible to say the results obtained 
by using CLS, and the biased techniques are statistically 
significantly different. However, the PCR and PLS calibration 
models can be made by using only the concentration infor- 
mation of the analyte of interest whereas the CLS calibrations 
require the concentrations of all species. 

Effect of the Number of Calibrants. The cross validation 
prediction errors obtained from each multivariate calibration 
method are very good when 47 samples are used for calibra- 
tion. Most flow injection practitioners, however, would have 
greatly difficulty seeing the utility of these calibration tech- 
niques if over 40 calibration samples were required to obtain 
reasonable prediction errors. Therefore, in this section, the 
effect of the number of calibration samples will be discussed. 
The performance of two alternate calibration sample designs 
were examined and compared to the original 7 X 7 experi- 
mental design. 

A 3 x 3 design was made by including samples 1, 4, 7, 22, 
25,28,43,46, and 48 (see Figure 3). Sample 48 was substituted 
for 49 since the latter was determined to be an outlier in the 
exploratory data analysis. All other samples, except 41 and 
49, were used as the prediction set (38 samples). A 4 X 4 
calibration set was constructed from samples 1,3,5,7,  15, 17, 
19,21, 29, 31, 33, 35,43,45, 47, and 48. All of the remaining 
samples, excluding the outlier samples 41 and 49, were used 
as the prediction set (31 samples). 

In all experiments, the 100-point (15-Hz) response profiles 
were used. In CLS, a cross term and an intercept were in- 



ANALYTICAL CHEMISTRY, VOL. 63, NO. 8, APRIL 15, 1991 781 

Table 111. Effect of the Number of Calibration Samples on 
RRMSE for Nickel(I1) (Section a) and Iron (Section b) 
Quantitation 

no. of samples CLS PCR PLS 

Section a 
47“ 5.6 3.7 ( 5 ) b  3.5 (6) 
46 5.5 2.7 (5) 3.5 (5) 
16‘ 6 .2  4.0 (6) 4.0 (6) 
15 6.2 3.7 (5) 3.7 (5) 
9 5.0 4.4 (4) 4.0 (5) 
8 5.0 3.2 (5) 3.2 (5) 

Section b 
47” 4.0 3.6 (4)* 3.5 (5) 
46 4.0 3.4 (6) 3.5 (6) 
16 4.1 3.7 (4) 3.6 (4) 
25 4.1 3.8 (4) 3.7 (4) 
9 3.9 3.7 (5) 3.9 (4) 

“RRMSECV for 46 and 47 sample calibration sets. *Number of 
factors used in PCR or PLS. ‘RRMSEP for the 16, 15, 9, and 8 
sample calibration sets. 

8 3.9 4.7 (5) 4.2 (4) 

cluded in the concentration matrix in addition to the nickel 
and iron concentrations. Two variations of each calibration 
design were used with each calibration method: (1) the com- 
plete design was used; (2) sample 1 was not used in the cal- 
ibration set. Table I11 shows the results of these experiments. 

It is difficult to see any clear trends in prediction error when 
the number of calibrants is reduced for the biased techniques. 
What is clear is that CLS gives prediction errors that are not 
significantly different than those obtained from PCR and PLS 
in the determination of iron. In the determination of nickel, 
the prediction error is only slightly worse than those obtained 
from the biased techniques. When sample 1 is included, the 
calibration model must be applicable to a larger concentration 
range. Because of this, the prediction errors tend to be higher 
when sample 1 is included. 

Comparison to Univariate Calibration. Because there 
is no peak height to measure as in conventional FIA, one must 
select appropriate time slices that will be used to calculate 
nickel and iron concentrations. The easiest method to do this 
could be performed by anyone familiar with FIA. First, a 
sample containing only nickel can be injected, and second, 
a sample with only iron can be injected. The time at  the two 
peak maxima is noted. Response profiles similar to those 
obtained by this method can be seen in Figure 8. The two 
time slices, 58 and 108, are then used in a calibration where 
it is assumed that the response at  each time slice has signal 
from both the nickel and the iron. This method is similar to 
calibration in the single-injection experiment, except there 
it is assumed that the signals measured at  the chosen time 
slices are due to only one analyte (1). The RRMSECV for 
this technique is 4.3% for nickel and 11.4% for iron. Clearly 
the multivariate techniques are better methods. 

CONCLUSIONS 
A single-line flow injection analysis system was developed 

for multicomponent analyses. The approach was to have a 
system where the analytes gave overlapping yet different 
profiles along the time axis, and to then use multivariate 
calibration methods. This has several advantages over more 
traditional FIA where univariate methods are employed: (1) 

less selective chemistry can be used successfully; (2) multi- 
component analyses are possible; (3) outlier detection is 
possible; and (4) enhanced sensitivity can be achieved through 
signal averaging. 

Both PLS and PCR give excellent predictions. “Unknown” 
species that give a response are modeled implicitly provided 
they occur in the calibration set in the same range of con- 
centrations expected in the prediction samples. These cali- 
bration techniques, therefore are recommended for routine 
use in multicomponent FIA. It  should be noted that these 
calibrations methods are sensitive to small changes in flow 
rate which can perturb the response. However, developments 
in the pumps used in FIA are continuing to be made that 
eliminate the dependence on peristaltic flow and provide 
smoother reproducible delivery (14). 

It  is clear that the zone penetration technique described 
here is a powerful technique to produce complex chemical 
gradients rich in information. The double-injection system 
uses only one-eighth the sample required for the single-in- 
jection method in this particular chemical system. Beyond 
the utility for generating time selectivity, double-injection l?IA 
has advantages that may be realized in single-component FIA 
as well. The system allows greatly reduced reagent con- 
sumption, and the reagent does not necessarily have to be the 
same in each FIA cycle. This permits a single FIA manifold 
to be used for several different assays or random access FIA. 

One drawback to this system is that it appears that a t  least 
eight or nine calibration samples are required to build the 
calibration model. Solutions to this problem are being in- 
vestigated in our laboratory through the use of second-order 
calibration techniques with second-order FIA data (absorbance 
as a function of time and wavelength). Here it is possible to 
have only one calibration sample (15). 

We have used multivariate data analysis in the conventional 
manner here, that is, after the experiment was designed and 
performed. However, implicit from this study is that mul- 
tivariate techniques must be used as an interactive tool in the 
design of analytical instrumentation to achieve the best results. 
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