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then placed in an aluminum block with a heating element and

heated to 75 °C. The block contained a lens assembly so data

could be collected during the heating process.

Data was analyzed using a program, SRLMVA, writte_ in Quick

BASIC 1 at the Savannah River Laboratory. The program was
compiled to run under IBM OS/2 version I.i using Microsoft's
Professional BASIC version 7.0. The water scans were subtracted

from the remaining samples and the result multiplied by -I. The
absorbance value at 1071 nm was subtracted from each spectrum to

compensate for baseline offsets.

Out of 33 samples that contained only nitric acid, a subset,
consisting of 21 samples, was used to build a PCR 2 model. This

model was designated Model i. Model I was then used to predict
the remaining samples. The verification set consisted of the

remaining 12 samples.

A second model was developed using spectra from all the

types of samples. This was done to compensate for the AI(N03) 3
interference. In Model 2, the calibration set consisted of 49

samples out of 72 total. The verification set consisted of the

remaining 23 samples.

A third model was developed using the samples selected for
model 2 and two of the three temperature run samples. It was

hoped that this would help compensate for temperature
differences.

Theory:

The Near-Infrared (NIR) region is by definition between

0.765 and 2.65 um. This region consists mainly of the overtones
and combinations of the fundamental vibrations, although there

are some electronic transitions at the shorter wavelengths.

Because the transitions are overtones of fundamental vibrations,

it is not unreasonable to expect situations that affect the

fundamental bands to also affect the NIR spectrum. Because acids

in _olution affect the hydrogen bonding of the system, 'which in
turn affects the vibrational spectrum, it was reasonable to.
assume that we could correlate the effect with concentration.

J IBeginners All-purpose Symbolic Instruction Code]

2principal Component Regression. A method of determining

the eigenvectors of a system which can be used to _educe a

spectrum to a concentration value. See references 9 and i0 for
more details.
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Several researchers have shown that species that affect

hydrogen bonding cause changes in the NIR spectruml,2,3,4,5,6,7o
Both cations and anions appear to affect the spectra of water.

The differences are related to the ionic entropies of the system.

Because entropy is temperature dependent, the NIR spectra also
show a temperature dependance. It was shown that the-hydrogen

bonding would decrease as the temperature increased. Because we

were correlating the concentration of acid to the NIR spectrum,
which is temperature dependant, temperature will affect the
calculated concentration unless it is modelled out.

There are three global methods, i.e., those that use all of

the sensor responses, that are widely used in spectroscopy. One

of these, Classical Le_ast Squares (CLS), requires that the pure
component spectra be available 8. When only mixture spectra are

available, Principle Component Regression models (PCR) or

Partial Least Squares models (PLS) are often used. Both PCR and
PLS models were developed to determine which model to use.

Principal Component Regression (PCR) is a method that finds
the eigenvectors of a set of data9, I0. The mechanics of finding

the eigenvectors will not be discussed here as they can be found

in the cited references. Suffice it to say that each spectrum is
mapped onto the eigenvectors and a least squares fit of the

resulting eigenvalues to concentration is done. The advantages

of using a full spect,Mm model are that the model is more immune

to perturbations to the system and additional information is

available. Partial Least Squares (PLS) is similar to PCR except
that the information in the concentration vector is used to

optimize the selection of the model vectors.

To develop a PCR or PLS model the usual methodology Consists
of using a set of standards, a calibration set, to build the
model. Then the model is tested on a second set of standards,

the verification set, to determine the optimal number of vectors.
The verification set standards are not included in the

development of the model, but are within the calibration space 3.
To test the robustness of the model, samples suspected tc_ be

outside the calibration space would need to be tested, but this

test is usually separately performed.

We used several statistics to determine the optimal number

3Calibration space can be thought of as the region confined

by the responses of the standards. For example, if the standards

contained 0-SM HNO3, a sample of 4M HNO 3 would be within the
calibration space. A i0 M HNO 3 could fall outside the space and

a sample containing AI(NO3) 3 would be outside the calibration
space.
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of vectors to use and to test the predictions. The standard

Error of Prediction (SEP) is a measure of how far off the
predicted samples were from the actual samples. At the optimal
number of vectors it should be a minimum value. In addition to

the SEP, a bias value can be used. The bias is an indication of

a systematic offset of the predicted concentrations._ A final
statistic that we use is the F of Residuals. This statistic is a

comparison of the average sum of squares of the calibration
samples residuals to the sum of squares of the unknown sample's
residuals. Standard tables of F values can be used to test

whether the unknown's residuals are similar to the calibration
set's residuals.

Results:

Model type 1 consisted of samples which contained only

nitric acid. The optimal Standard Error of Prediction (SEP) for

the PCR model was 0.0412 mols/liter at 2 vectors. Figure 2

shows the predi_:ti0n of acid concentration of the verification
set using model I. The optimal SEP for the PLS model was 0.0427

mols/liter again at 2 vectors. The PCR model did slightly
better, but was not significantly different.

Model type 2, the calibration set consisted of a subset of

randomly selected samples out of the entire data set. The
optimal SEP for the PCR model was 0.28588 mols/liter, Figure 3,
while the SEP for the PLS model was 0.28833 mols/liter. Both
models used 4 vectors. Prediction shows obvious bias.

The PCR model seemed to perform slightly better than the

PLS model. The PCR model was variance scaled, weighting those

samples that had a low signal-to-noise ratio (SNR) less than the
higher SNR samples. The PLS model weights the samples with the

concentration of acids regardless of the SNR of the samples

spectrum. The SNR of samples with similar concentrations might
have varied as a result of how the data was collected. The

slight increase in performance of the PCR model could be because

of the weighting to variance. However, the increased

performance of the PCR model was not great enough to recommend it
over PLS. A PCR model will be used in this study simply because

it did perform slightly better. "

When Model 1 was used to predict those samples that

contained aluminum, a bias of the prediction developed. From

Figure 4, it can be seen that the bias tends to follow the
aluminum concentration. The effect of aluminum on the model is

an apparent increase in predicted acid concentration. This
' result was not unexpected as aluminum is a small, highly charged

cation, which could effect the hydrogen bonding of the water in a
i similar manner to the acid. Figure 5 shows that the A1 samples
I
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are not in the same space as the calibration set. Model 1 had
trouble predicting acid concentration for those samples which

contained Al. Fortunately, the effect of A1 is not exactly the
J same as that of acid, as can be seen in Model 2W

Model 1 was also used in the prediction of H2SO _ samples.The actual acid concentration was the sum of the nitric and

" sulfuric acids added to the standard. If Model 1 is modelling

i acid concentration, the source of the acid concentration will be

irrelevant. The "actual" versus the predicted concentration is
presented in Table I. It can be seen that Model 1 was able to

predict the acid concentration of the samples that contained
sulfuric acid.

Figure 6 shows the plot of eigenvalues with all samples
mixed together. The eigenvalues for the samples containing
nitric acid, sulfuric acid, and the verification and calibration

sets all. seem to occupy the same space on the plot of £he eigen
values. The samples containing aluminum nitrate seem to occupy

their own space on the plot of the eigenvalues for model 2. The
relatively good predictive ability of model 2 would support this.

As was expected, temperature has an adverse effect in
predicting acid concentration. Because the prediction depends on

the hydrogen bonding affects on the spectrum of the acid, the

reduction of hydrogen bonding at the higher temperatures causes
the predicted value to be greater than actual, Figure 7. This

may be a result of the temperature affecting the bulk water more

than the individual ion/water interactions of the solvent cages°

Also, the increasing temperature could be affecting the

equilibrium between the free acid and it's conjugate base. The
effect of temperature on the nitric acid only model is much less

than the all samples model. This is probably a combination of

two effects. First, because the all samples model contains

other species that might have varied with temperature, a shift in

temperature would cause a much more pronounced effect. Second,
and probably the greatest effect, i_s the calibration set for

model 1 contained spectra that had been collected over 4 days,

while model 2 contained spectra collected over 2 days.

i Therefore, model 10contained much more temperature information

I than model 2 and be more immune to the temperature-
appears

increase.

I Sampling Systems:

There are several sampling configurations available. A dip

probe that can be inserted in the tank has been developed at SRL.

Figure 8 shows a schematic of this probe. Another configuration
that has been tested at SRL is the use of a SwageLo'k Tm Tee,

diagramed in Figure 9. This cell can be placed in line or on a
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slip stream. A sampling block can also be set up for discrete
samples that have been pulled from the process. The block is

diagramed in Figure i0. Any combination of these sampling
!configurations can be used because the instrument is multiplexed.

Future Work: "

l

Plutonium has a characteristic spectrum in the Near-Infrared

.region. Because this will tend to interfere with the acid
measurement, the effect of plutonium will have to be modelled

out. The effect of other species that might also be present in
the system would have to be investigated. It is known that

uranyl nitrate has no effect on the acid measurement.

As was shown earlier, temperature affects the measurement of

acid. _ The effect is not great until a temperature of about 35 °C

is reached, Figure ii. This effect can be greatly reduced, but
the introduction of the temperature data causes the prediction to

worsen, Figure 12. The effect of temperature will have to be

furthler investigated.

Conclusion:

We were able to predict acid concentration to ±0.08 M.HN03.
In the presence of AI +3 added as interferant, the predlctlon

dropped to ±0.29 mols/liter over a range of 0 to 9M HN03_
Temperature affects the prediction of acid adversely and would
have to be modelled out or the sample cell thermostated prior to

using this method.
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Table 1

Prediction of Sulfuric acid Samples using Model 1

Actual Predicted

Mols/liter Mols/liter -
0.202452 0.2461084
0.202452 0.207180

0.767383 0.838004

0.309175 0.7619565
7.22274 7.011891

3.66439 4.345082

3.71124 3.635772
7.12001 6.955925

3.50501 3.473714

0.305576 0.967184 '

|

J

4The next three samples are sulfuric acid only.

5The rest of the samples are sulfuric and nitric acid.

' , .... ' lr ' , 111lr, ,11 'l,i, ' i_ ,r _ ,,
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Figure 1: Block Diagram of NIR Instrument
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Figure 2: Prediction of Verification set using Model 1
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J

Figure 4: Prediction of AI(NO3) 3 samples using Model 1
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Figure 5: Eigenvalue Plot for Model 1
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Figure 6: Eigenvalue Plot for Model 2

' I



2/13/91 WSRC-TR- 91-82
Page 15 of 21

Figure 7: Temperature Run using Models 1 and 2
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Figure 8: Schematic of Dip Probe
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Figure i0: Schematic of Plexiglass sample cell

c

o
o

'¢i/////
///////
z//////

z////// ._

///////
_//////
¢///i//_ A

//////i
I ///////z

>

E .

\ X

co

X
777n77, --.-.
///////,

///////'
///////
///////
///////
///////
l/W/l//
///2///

/////// _ "i///////
///////

'///////_2/////

0
m_

LJ
L. 0

i - E0
o "0

0

_ . ,, ,, ,Iii .......



A 4 * d

2/ 13 / 91 WSRC-TR- 91-82
Page 19 of 21

Figure II: Temperature run using model 3
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Figure 12: Prediction of Verification set using Model 3
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