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Chapterr  9 

Thee Use of Constraints in 
Classicall  Curve Resolution 

9.11 Introductio n 

Inn this Chapter,' the impact of constraints implemented in classical curve resolution 

(CCR)) on the precision of reaction rate constant estimates is investigated using 

experimentall  data. Simulated data are used to study the impact of constraints in CCR 

onn the accuracy of reaction rate constant estimates. Simulated data are also used to 

checkk if biased estimates are obtained using CCR with and without constraints 

implemented.. The equations used to calculate the precision, the bias, the accuracy and 

thee relative errors of reaction rate constant estimates have been presented in 

Sectionn 4.2 of Chapter 4. Constraint R, constraint RP and constraint NNLS, which can 

bee implemented in CCR, have already been discussed in Section 2.7 of Chapter 2. The 

startingg values of the reaction rate constants used for the two-way methods have been 

reportedd in Section 5.3.5 of Chapter 5. If other sets of starting values were used, 

similarr results were obtained. 

9.22 UV-Vis data 

9.2.19.2.1 Introduction 

Thee goal of this Chapter is to determine the impact of the use of constraints in CCR 

onn the accuracy of the reaction rate constant estimates, to establish whether it is an 

advantagee to use constraints and to define guidelines for the use of constraints. This 

thesiss reports a systematic study on this topic. 

Fromm dataset 3, described in Section 5.3 of Chapter 5, reaction rate constants 

andd pure spectra of individual reacting absorbing species have been estimated 

simultaneouslyy with and without constraints implemented in CCR. For the 

experimentall  data only the precision of the reaction rate constant estimates could be 

Thiss Chapter is based on the following paper: 

 Bijlsma S, Boelens HFM. Hoefsloot HCJ, Smilde AK. 'Constrained least squares methods for 

estimatingg reaction rate constants from spectroscopic data', submitted. 
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investigated.. It was not possible to check whether a bias is present, because the true 

valuess for the reaction rate constants are unknown. In order to investigate if biased 

reactionn rate constant estimates can be obtained using CCR, simulations have been 

performed. . 

Thee set-up of the simulations has been chosen so that the simulated spectra are 

veryy similar to the spectra of the experimental dataset. The pure spectra and reaction 

ratee constants estimates obtained from the experiments have been used to generate 

artificiall  datasets. Two different noise levels have been added. 

Thee use of perfect a priori  knowledge and imperfect a priori  knowledge as 

constraintss has been investigated. The results from the experimental dataset and the 

simulatedd dataset have been compared in order to define guidelines for the use of 

constraints. . 

9.2.29.2.2 Simulation set-up 

Thee set-up of the simulations was chosen so that the simulated spectra of the reaction 

mixturee were very similar to the spectra of the experiments. The simulations were 

performedd using the following set-up: 

1)) The mean k\ and kj from all individual reaction rate constant estimates for the 

experimentall  data were calculated. These means were equal to 0.2396 min" and 

0.02666 min"1, respectively (see Section 9.2.3), These values were used as true 

valuess in the simulations. 

2)) These mean k\ and ki were used to reconstruct the concentration profiles assuming 

ann initial concentration of 54 urnoH"1 of the reactant (species if). This resulted in 

matrixx F. 

3)) Matrix X, containing the simulated spectra of the reaction mixture in time was 

generated,, using F and the pure molar absorbance spectra estimates (matrix D) of 

thee reacting absorbing species obtained from one individual batch process run for 

CCRR without constraints implemented. Hence, this individual batch process run 

chosen,, was used to generate the model. 

4)) Normally distributed wrhitc noise was added to X. The sigma of the white noise 

wass defined as a certain percentage of the maximum absorbance of the first 

simulatedd UV-VIS spectrum (first column) of X. Two different noise levels were 

used.. 0.2% and 2%. 

Datamatrixx X containing the fixed noise level was generated 500 times. Hach 

matrixx X generated can be used for estimating reaction rate constants resulting in 500 
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reactionn rate constant estimates. The starting values for the reaction rate constants 

weree always the same and equal to those chosen for the experimental data discussed. 

PERFECTT A PRIORI KNOWLEDGE 

Inn case of constraint R with perfect a priori  knowledge, the first column of matrix D 

(puree spectrum of reactant) was fixed in CCR. In case of constraint RP with perfect a 

prioripriori  knowledge, the first and third column of D (pure spectra of reactant and 

product,, respectively) were fixed and therefore not updated in CCR. 

IMPERFECTAA  PRIORI KNOWLEDGE 

Inn case of imperfect a priori  knowledge two cases can be distinguished: adding noise 

too the imposed pure spectra or introducing realistic imperfections in the imposed pure 

spectraa by means of shape differences. 

Inn case of adding noise to the pure spectra, white noise was added to the 

imposedd pure spectrum of the reactant (first column of D) for constraint R. For 

constraintt RP, white noise was added to the imposed pure spectra of reactant and 

productt (first and third column of D, respectively). The noise level added to the 

imposedd pure spectra corresponded to the chosen noise level (0.2% or 2%) added to 

X. . 

Inn case of shape differences, realistic imperfections were introduced in the 

imposedd pure spectra. Also large imperfections were introduced in the imposed pure 

spectraa by means of applying large shape differences in these spectra. As already 

mentionedd in Section 5.3.4 of Chapter 5, there are 32 averaged measured pure spectra 

off  the reactant available for dataset 3. Next, difference spectra were calculated 

betweenn the average pure spectrum of the reactant corresponding to the individual 

batchh process run used to generate the simulation model and the 31 remaining 

averagedd pure spectra of the reactant. The largest difference spectrum obtained was 

addedd to the first column of matrix D in order to obtain a pure spectrum of the 

reactantt with realistic shape differences in the imposed pure spectrum present. Large 

shapee differences were introduced in the pure spectrum of the reactant by multiplying 

thee difference spectrum that is added to the first column of D with a factor ten. 

Inn case of constraint RP. two averaged measured pure spectra of the product 

weree available (see Section 5.3.4, Chapter 5). Next, the difference spectrum was 

calculatedd between these two averaged measured spectra of the product. This 

differencee spectrum was added to the third column of matrix D in order to obtain a 

puree spectrum of the product with realistic shape differences present. Large shape 

differencess were introduced in the pure spectrum of both reactant and product by 

multiplyingg the difference spectrum that is added to the first and third column of D. 
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respectively,, with a factor ten. The imposed pure spectra in case of no shape 

differences,, realistic shape differences and large shape differences present are shown 

inn Figure 30 and Figure 31 for the reactant and product, respectively. 
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Figuree 30. A. The imposed spectrum of the reactant without shape differences (solid line); 

realisticc shape differences (dotted line): large shape differences 

(solid-dottedd line). B. The differences between imposed pure spectrum without shape differences 

andd the imposed pure spectrum with: realistic shape differences (dotted line); large shape 

differencess (solid-dotted line). 

9.2.39.2.3 Results and discussion 

EXPERIMENTS S 

Precisionn of reaction rate constant estimates 

Thee CCR algorithm with and without constraints implemented has been used to 

estimatee the reaction rate constants from the pseudo-first order dataset (dataset 3) 

described.. The reaction rate constant estimates from all individual batches are shown 

inn Figure 32. 
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Figuree 31. A. The imposed spectrum of the product without shape differences (solid line); 

realisticc shape differences (dotted line); large shape differences 

(solid-dottedd line). B. The differences between imposed pure spectrum without shape differences 

andd the imposed pure spectrum wi th: realistic shape differences (dotted line); large shape 

differencess (solid-dotted line). 

Fromm Figure 32 the following can be observed: 

1)) The use of constraint R (Figure 32B) has led to a slightly poorer precision of the fa 

estimatess compared to the k2 estimates using no constraints (Figure 32A). The 

precisionn of the k\ estimates is the same. 

2)) The use of constraint RP (Figure 32C) has led to the best precision of the fa 

estimatess compared to the results for no constraints (Figure 32A) and constraint R 

(figuree 32B). The precision of the k\ estimates is the same again. 

Inn general, it was expected that the use of constraints would improve the 

precisionn of both reaction rate constant estimates. It is possible, that noise and shape 

differencess in the imposed pure spectrum of the reactant are responsible for the poorer 

precisionn in case of constraint R. It is not possible to check if biased estimates have 

beenn obtained, because the true values for the reaction rate constants are unknown. 

Bothh aspects are investigated in detail using the simulated data. 
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A::  No constraints B::  Constraint R 
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Figuree 32. The individual reaction rate constant estimates using CCR. 

Imposingg constraint NNLS did not improve the precision of the reaction rate constant 

estimatess in this case. In NNLS negative ahsorbances are not allowed. The noise level 

off  the spectra taken in time of the reacting system is low and hence there are hardly 

negativee absorbances present. Therefore, imposing the NNLS constraint wil l not 

improvee the precision of reaction rate constant estimates. 

Reconstructionn error of the pure spectra 

Thee estimated pure spectra of reactant and product using different constraints have 

beenn compared to their measured pure spectra. Difference spectra have been 

calculatedd by subtracting the measured pure spectrum from the estimated pure 

spectrum.. The difference spectra obtained for one individual batch being 

representativee for all batches are shown in Figure 33. In case of constraint R, only the 

differencee spectrum obtained for the product can be calculated. From Figure 33 the 

followingg can be observed: 

1)) The order of magnitude of all difference spectra is small compared to the original 

spectraa (max. absorbance 1.2 A.U.). see Figure 15. Section 5.3.4, Chapter 5. Yet. 

structuree is still present in the difference spectra of the product (Figure 33 A and 

33B). . 
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2)) The difference spectrum of the reactant is smaller than the difference spectrum of 

thee product (Figure 33A). 
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Figuree 33. The difference spectra obtained for  the reactant and product using one individual 
batch. . 

Datamatrixx X contains a lot of information about the reactant. because of its 

dominantt concentration at the start of the reaction. Therefore, a smaller difference 

spectrumm is obtained for the reactant compared to the difference spectrum obtained for 

thee product (Figure 33 A). It was expected that a poorer precision of reaction rate 

constantt estimates would correspond also to a poorer precision of the pure spectra 

estimates.. However, if the precision of the reaction rate constant estimates becomes 

poorer,, in case of CCR using constraint R (Figure 32B) compared to CCR without 

constraintss (Figure 32A), this does not correspond to a larger difference spectrum of 

thee product (compare figure 33A and 33B). 

Thee individual estimates of the intermediate spectrum show very small shape 

differences.. If the precision of the fa estimates becomes poorer this is compensated by 

shapee differences in the intermediate pure spectra estimates. A similar pure spectrum 

estimatee of the product is obtained in case of a good and poor precision of the ki 

estimates,, because the product is more dominantly present compared to the 

intermediate. . 

Forr all individual batches, the correlation coefficient between estimated and 

measuredd pure spectrum for the reactant and product has been calculated in case of 

CCRR using no constraints. For the pure spectra estimates obtained with CCR using 

constraintt R only the correlation coefficient between estimated and measured pure 

spectrumm for the product has been calculated for all batches. If the correlation 

coefficientt is equal to I this indicates a perfect match of estimated and measured pure 

spectrum.. The correlation coefficients calculated were in all cases equal to 0.99 or 

higher. . 
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Spectrall  residuals 

Thee root mean sum of squares of residuals was equal to 1.6-10 A.U. (no constraints), 

2.9-10"44 A.U. (constraint R) and 32-10*4 A.U. (constraint RP). The root mean sum of 

squaress of thee spectral noise level is equal to 1.9T0"4 A.U. From these values it can be 

concludedd that hardly any overfitting occurs. 

SIMULATIONS S 

Tablee 23 shows the simulation results in case of two different noise levels. Perfect 

aa priori  knowledge has been used. Hence, no noise or shape differences have been 

addedd to the imposed pure spectra. From Table 23 the following can be observed: 

Precision n 

1)) For both noise levels, the best precision of both reaction rate constant estimates is 

obtainedd using constraint RP. 

2)) For both noise levels, the precision of the k\ estimates obtained using constraint R 

iss slightly better than the results obtained in case of no constraints. The precision of 

thee k2 estimates is similar for constraint R and no constraints. 

3)) Imposing the NNLS constraint leads to a slight improvement of the precision of 

bothh reaction rate constant estimates only for a noise level of 2%. 

Bias s 

Imposingg the NNLS constraint leads to a large bias (approximately a factor 1000 for 

k]k]  and a factor 160 for k2) of reaction rate constant estimates for a noise level of 2%. 

Accuracy y 

1)) The best accuracy of both reaction rate constant estimates is obtained using 

constraintt RP. This holds for both noise levels used. 

2)) For both noise levels, the accuracy of the k\ estimates obtained using constraint R 

iss better than the results obtained in case of no constraints. The accuracy of the k2 

estimatess is similar for constraint R and no constraints. 

3)) For a noise level of 2% imposing the NNLS constraint leads to a poorer accuracy 

off  reaction rate constant estimates compared to the results obtained in case of no 

constraints. . 

Usingg perfect a priori  spectral knowledge is always useful with respect to the 

precisionss and accuracies of reaction rate constant estimates with the exception of 

constraintt NNLS. The best precision/accuracy of reaction rate constant estimates is 

obtainedd if constraint RP is implemented in CCR. If constraint R is used a better 
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Tablee 23. Simulation results for  different constraints (constr.) in case of perfect a priori 

knowledgee and two different noise levels. The relative error  is indicated between parentheses in 

thee columns of the accuracies. 

Constr. . 

none e 

R R 

RP P 

NNLS S 

none e 

R R 

RP P 

NNLS S 

Noise e 

level l 

(%) ) 

0.2 2 

0.2 2 

0.2 2 

0.2 2 

2 2 

2 2 

2 2 

2 2 

Precision n 

ytrlO'9 9 

(min-1)2 2 

20 0 

12 2 

4 4 

20 0 

1973 3 

1169 9 

345 5 

1383 3 

Precision n 

* 2'10-9 9 

(min!)2 2 

3 3 

3 3 

<1 1 

3 3 

257 7 

227 7 

3 3 

150 0 

Bias s 

JMO"9 9 

(mm1)2 2 

<1 1 

<< 1 

<1 1 

<< 1 

1 1 

7 7 

2 2 

1030 0 

Bias s 

kk22 -10'9 

(min'!)2 2 

<< 1 

<< 1 

<1 1 

<< 1 

<< 1 

1 1 

<1 1 

162 2 

Accuracy y 

kktt TO'9 

(min1)2 2 

20 0 

(<1%) ) 

12 2 

(<1%) ) 

4 4 

(<1%) ) 

20 0 

(<1%) ) 

1974 4 

(<1%) ) 

1176 6 

(<1%) ) 

347 7 

2413 3 

Accuracy y 

* 2- i o - 9 9 

(min"1)2 2 

3 3 

(<1%) ) 

3 3 

<1 1 

(<1%) ) 
3 3 

(<1%) ) 

257 7 

(<1%) ) 
228 8 

(<1%) ) 

3 3 

(<1%) ) 

312 2 

(2%) ) 

precision/accuracyy for k\ is obtained compared to the results in case of no constraints 

andd a poorer precision/accuracy is obtained compared to the results for constraint RP. 

Datamatrixx X contains less information about the product (low selectivity) compared 

too the reactant and there is a large spectral overlap present between the pure spectrum 

off  the reactant and product. Hence, imposing constraint RP will result in a large gain 

inn precision/accuracy of reaction rate constant estimates. 

AA higher noise level of the spectral data results in a large bias if constraint 

NNLSS is imposed. An explanation for this is the existence of negative absorbances in 

thee spectra taken in time of the reaction mixture. In NNLS negative absorbances are 

nott allowed. This means that an offset is introduced in the data which may result in a 

biass dependent on the order of magnitude of the offset. 

Tablee 24 shows the simulation results using imperfect a prion' knowledge and 

twoo different noise levels. Noise has been added to the imposed pure spectra of the 

reactingg absorbing species. From Table 24, the following can be observed: 
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Precision n 

1)) For both noise levels, the use of constraint R or constraint RP leads to a poorer 

precisionn of reaction rate constant estimates compared to the precision in case of 

unconstrainedd CCR. However, there is one exception. For a noise level of 2%, the 

usee of constraint RP leads to a better precision for k.2 compared to unconstrained 

CCR. . 

2)) Again, for both noise levels, the use of constraint RP gives a better precision of 

reactionn rate constant estimates compared to the precision obtained for constraint R 

(approximatelyy a factor two for k\ and a factor eight for ki). 

Bias s 

1)) In all cases a large bias (>1%) is obtained compared to unconstrained CCR. 

2)) For both noise levels, the use of constraint R has led to a smaller bias for k\ 

comparedd to the bias for k\ in case of constraint RP. However, the opposite is 

observedd for kj. 

3)) For the two noise levels used the bias of reaction rate constant estimates is almost 

independentt of these noise levels. 

Accuracy y 

1)) For both noise levels, the use of constraint RP only gives a better accuracy of kj 

comparedd to the accuracy obtained for constraint R. 

2)) For both noise levels, the use of constraint R has led to a dramatic poor accuracy of 

thee reaction rate constant estimates compared to the accuracy in case of 

unconstrainedd CCR. 

3)) For a noise level of 2%, the accuracy is improved for ki if constraint RP is used 

comparedd to unconstrained CCR. 

Thee use of constraint RP gives only a better accuracy of ki, because this reaction rate 

constantt is directly connected to the product. Hence, imposing product information 

wil ll  influence mainly the ki estimates. 

Itt is obvious that imposing constraints based on the use of imperfect a prior 

knowledgee (noise added to pure spectra) must be avoided. The accuracy of reaction 

ratee constant estimates obtained is independent of both noise levels used. In all cases 

imposingg noisy pure spectra results in biased reaction rate constant estimates. 
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Tablee 24. Simulation results for  different constraints (constr.) in case of imperfect a priori 

knowledgee and two different noise levels. Noise has been added to the pure spectra in case of the 

usee of constraints. The relative error  is indicated between parentheses in the columns of the 

accuracies. . 

Constr. . 

none e 

R R 

RP P 

none e 

R R 

RP P 

Noise e 

level l 

(%) ) 

0.2 2 

0.2 2 

0.2 2 

2 2 

2 2 

2 2 

Precision n 

(min"1)2 2 

20 0 

3830 0 

1630 0 

1973 3 

4657 7 

2316 6 

Precision n 

fcfc22-io--io-9 9 

(min*1)2 2 

3 3 

186 6 

26 6 

257 7 

382 2 

27 7 

Bias s 

hihi 10"9 

(min"!)2 2 

<1 1 

6090 0 

10052 2 

1 1 

6484 4 

10182 2 

Bias s 

*2'10' 9 9 

(min"1)2 2 

<1 1 

760 0 

105 5 

<< I 

768 8 

109 9 

Accuracy y 

Jfc,, -10"9 

(min1)2 2 

20 0 

(<1%) ) 

9920 0 

(1%) ) 
11682 2 

(1%) ) 

1974 4 

(<1%) ) 

11141 1 

(1%) ) 

12498 8 

(1%) ) 

Accuracy y 

* 2-10"9 9 

(min"1)2 2 

3 3 

(<1%) ) 

946 6 

(3%) ) 

131 1 

(1%) ) 

257 7 

1150 0 

(3%) ) 

136 6 

(1%) ) 

Tablee 25 shows the simulation results using imperfect a priori  knowledge with 

realisticc or large shape differences in the pure imposed spectra of the reacting 

absorbingg species. From Table 25, the following can be observed: 

Precision n 

1)) For both noise levels, the use of constraint RP gives the best precision of reaction 

ratee constant estimates compared to the precision using constraint R or no 

constraints. . 

2)) If for both noise levels the precision of reaction rate constant estimates for 

constraintss R and RP (Table 25) are compared to those obtained for these 

constraintss in Table 23 (perfect a priori  knowledge), it is obvious that these are 

similar. . 

Bias s 

1)) In case of large shape differences a large bias (>1%) is obtained for both noise 

levels. . 

2)) The order of magnitude of the bias of reaction rate constant estimates is 

independentt of the two noise levels used. 
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Accuracy y 

1)) In case of large shape differences a poor accuracy of reaction rate constants is 

obtained. . 

2)) The order of magnitude of the accuracy of reaction rate constant estimates is 

independentt of the two noise levels used. 

Tablee 25. Simulation results for different constraints (constr.) in case of imperfect a priori 
knowledgee and two different noise levels. Realistic (r) or large (1) shape differences have been 
introducedd in the pure spectra in case of the use of constraints. The relative error is indicated 
betweenn parentheses in the columns of the accuracies. 

Constr. . 

none e 

R R 

(r) ) 

R R 

(I) ) 

RP P 

(r) ) 

RP P 

(I) ) 

none e 

R R 

(r) ) 

R R 

(1) ) 

RP P 

(r) ) 

RP P 

(1) ) 

Noise e 

level l 

(%) ) 

0.2 2 

0.2 2 

0.2 2 

0.2 2 

0.2 2 

2 2 

2 2 

2 2 

2 2 

2 2 

Precision n 

A]]  10"9 

(min"1)2 2 

20 0 

13 3 

12 2 

4 4 

3 3 

1973 3 

1299 9 

1253 3 

398 8 

404 4 

Precision n 

A2-10"9 9 

(min"1)2 2 

3 3 

3 3 

2 2 

<1 1 

<< 1 

257 7 

256 6 

239 9 

3 3 

3 3 

Bias s 

A,, -10"9 

(min-1)2 2 

<< 1 

1 1 

20134 4 

<< 1 

16118 8 

I I 

10 0 

19865 5 

2 2 

16148 8 

Bias s 

£2-10"9 9 

(min"])2 2 

<< 1 

<< 1 

1541 1 

<< 1 

83 3 

<< 1 

<< 1 

1479 9 

<< 1 

84 4 

Accuracy y 

Aii  -10"9 

(min"1)2 2 

20 0 

(<1%) ) 

14 4 

(<1%) ) 

20146 6 

(2%) ) 

4 4 

(<< 1%) 

16121 1 

(2%) ) 

1974 4 

(<1%) ) 

1309 9 

21118 8 

(<1%) ) 

400 0 

(<1%) ) 

16552 2 

(2%) ) 

Accuracy y 

k '10"9 9 

(min"1)2 2 

3 3 

(<1%) ) 

4 4 

(<1%) ) 

1543 3 

(5%) ) 

<< 1 

(<< 1%) 

83 3 

(1%) ) 

257 7 

(2%) ) 

256 6 

(2%) ) 

1718 8 

(5%) ) 

3 3 

(<< 1%) 

87 7 

(1%) ) 

Itt is obvious that imperfect a priori  knowledge by means of introducing large 

shapee differences in the pure spectra has no effect on the precision of the reaction rate 

constantt estimates. However, independent of the noise levels used a large bias and a 

poorr accuracy of reaction rate constant estimates are obtained. If realistic shape 

108 8 



TheThe Use of Constraints in Classical Curve Resolution 

differencess are introduced, which are representative for the experiments performed, 

thee precision, bias and accuracy are not affected. 

Summaryy of the simulation results 

Inn case of perfect a priori  knowledge applying constraints leads to better precisions 

andd accuracies of reaction rate constant estimates. If noise is added to the imposed 

puree spectra, which results in imperfect a priori  knowledge, the precisions and 

accuraciess of reaction rate constant estimates become poorer. However, there is one 

exception.. For a noise level of 2%, the precision and accuracy of the ki estimates is 

improvedd if constraint RP is used compared to unconstrained CCR. If imperfect 

knowledgee is present in the form of realistic or large shape differences in the pure 

spectra,, the precisions of reaction rate constant estimates are similar compared to 

thosee obtained in case of perfect a priori  knowledge. Hence, the precision is mainly 

affectedd by the presence of noise on the imposed pure spectra. 

Inn case of a high noise level and perfect a priori  knowledge, imposing the 

NNLSS constraint gives a large bias for both reaction rate constant estimates due to 

negativee absorbances present in the spectral data. If imperfect a priori  knowledge is 

usedd (noise or large shape differences added to the imposed pure spectra), a large bias 

off  reaction rate constant estimates can be obtained. The order of magnitude of the bias 

off  reaction rate constant estimates is independent of the two noise levels used in this 

study.. No bias is obtained in case of realistic shape differences introduced in the 

imposedd pure spectra. 

Spectrall  residuals 

Forr the results of the simulations, spectral residuals have been inspected. In all cases 

(perfectt and imperfect a priori  knowledge) the spectral residuals represented white 

noisee except for imperfect a priori  knowledge where large shape differences have 

beenn introduced in the pure spectra. Hence, it might be claimed that structure in the 

residualss is an indication of the quality of the a priori  incorporated spectra. 

Inn Figure 34, the spectral residuals are shown for one batch process of the 

experimentall  dataset (dataset 3) in case of unconstrained CCR. The two largest 

spectrall  residual spectra are the first two spectral residual spectra of the batch process. 

Thee spectral residuals for other batches were similar. The residuals show some 

structure,, which can be caused by spectral characteristics like drift, non-uniform errors 

andd coloured noise. Hence, spectral residuals are not good indicators for the quality of 

thee a priori  imposed pure spectra, because in the residuals of unconstrained CCR 

theree is already structure present. In case of unconstrained CCR, a comparison of pure 

spectraa estimates and measured pure spectra can serve as a diagnostic tool. 
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Figuree 34. The spectral residuals of one individual batch process using unconstrained CCR. The 

spectrall  residuals have been plotted using an interval of 10 residual spectra. 

BiasofNNLS S 

Forr a noise level of 2%, k\ and ki have been estimated using no eonstraints and 

constraintt NNI.S for one particular simulated UV-Vi s dataset. Next, a grid of k\ and ki 

valuess has been chosen around the optimal values found. For every combination of k\ 

andd ki grid values, the concentration profiles have been reconstructed and the pure 

spectraa involved have been estimated. Finally, the sum of squares of the spectral 

residualss has been calculated for every combination of k\ and k2 grid values. Now. it is 

possiblee to make contourplots which show lines of constant sums of squares. In 

Figuree 35 contourplots are shown obtained in case of no constraint and in case of 

constraintt NNLS. The optimal values found for the reaction rate constants are also 

plottedd in the same figure indicated by '* ' . It is obvious that approximately the real 

minimumm has been found in both cases. The contourlines in Figure 35A and 35B are 

differentt because in case of constraint NNI.S parts of the cross section of the total 

errorr surface are not accessible. This can lead to a large bias of reaction rate constant 

estimatess if negative absorbances are present in the spectral data. This issue wil l play 

aa more dominant role if the noise level of the spectral data is increased. 
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Figuree 35. Contourplots of sum of squares of spectral residuals obtained using a simulated 

datasett and a grid of A, and k2 values. The reaction rate constant estimates found in these 

particularr cases are indicated by *. 

GUIDELINESS FOR USING CONSTRAINTS 

Fromm the experiments and simulations guidelines can be formulated for using 

constraintss with respect to the accuracy of reaction rate constant estimates valid for 

thee kinetic system discussed in this paper. If the measured spectra contain no local 

regionss in the time direction where only one species is dominantly present (no 

selectivityy in the time direction) and the quality of the constraints is high, it is 

recommendedd to use these constraints. Also in case of a large spectral overlap (low 

selectivityy in the wavelength direction) constraints are recommended. If the measured 

spectraa contain local regions in the time direction where only one species is 

dominantlyy present (selectivity in the time direction) it is better to use unconstrained 

models.. If the quality of constraints is poor (imperfect a priori  knowledge) 

unconstrainedd models are also preferred. 

COMPARISONN BETWEEN EXPERIMENTAL AND SIMULATION RESULTS 

AA noise level of 0.2% in the simulated data is approximately comparable to the level 

off  instrumental noise present in the experiments. If the simulations results for this 

noisee level and the precision of the reaction rate constant estimates for the 

experimentall  data are considered the following can be observed. Imposing constraint 

RR on the experimental data leads to a poorer precision of reaction rate constant 

estimatess compared to the results obtained for no constraints. The opposite is 

observedd for the simulations. However, small changes in the noise level of the 

datamatrixx may lead to another trend. 

Thee use of constraint RP gives a gain in precision of reaction rate constant 

estimatess for the simulated and experimental data. This is probably caused by the fact 

thatt the spectral data measured in time contains less information of the product (low 
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selectivity)) and a large spectral overlap of the pure spectrum of the reactant and the 

productt is present. 

9.2.49.2.4 Conclusions 

Inn this Chapter, the usefulness of constraints in CCR for improving the accuracy of 

ratee constant estimates from kinetic data has been investigated. From the results 

obtainedd from dataset 3 it can be concluded that the precision of the reaction rate 

constantt estimates is the best if the a priori  known pure spectra of both reactant and 

productt are implemented as constraints in CCR. The presence of biased estimates of 

reactionn rate constants could not be checked. 

Inn order to investigate if biased reaction rate constant estimates are obtained 

usingg CCR with and without constraints implemented, simulations have been set up 

soo that the simulated UV-Vis spectra looked very similar to the experimental spectra. 

Usingg perfect a priori  knowledge improved the precisions and accuracies of reaction 

ratee constant estimates. However, imposing noisy pure spectra (imperfect a priori 

knowledge)) resulted in a poor precisions and accuracies of reaction rate constant 

estimates.. Moreover, a large bias of reaction rate constant estimates is obtained. In 

casee of imposing imperfect apriori knowledge by means of introducing large shape 

differencess in the pure spectra a large bias of reaction rate constants is obtained, but 

thee precision is not affected. 

Fromm the results of the simulated data, guidelines have been formulated for the 

usee of constraints with respect to the accuracy of reaction rate constants valid for the 

kineticc system discussed in this paper. If the measured spectra contain no local regions 

inn the time direction where only one species is dominantly present (low7 selectivity) 

andd the quality of the constraints is high it is useful to impose the constraints. Also in 

casee of a large spectral overlap it is useful to apply constraints. If the measured spectra 

containn local regions in the time direction where only one species is dominantly 

presentt (high selectivity) it is better to use unconstrained models. It is also better to 

usee unconstrained models if the quality of constraints is poor (imperfect apriori 

knowledge).. In practice, a better precision obtained for experimental data is no good 

reasonn to use constraints. The true values of the reaction rate constants of interest are 

alwayss unknown. This makes it difficult to check if biased reaction rate constant 

estimatess have been obtained. 
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