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Abstract 
The most serious problem in multivariate calibration analysis is that 

the prediction samples may contain the interferents whch are not 
modeled in the calibration step. Then how to detect the interferents 
and eliminate their influence is si&icantly important in order to obtain 
the correct compositional analysis results. The so-called residual 
spectra library search is supplied and an iterative loop regression 
algorithm to successfully correct the spectrum containing two 
interferents is developed in ths  paper. Three groups of whch each 
sample contains no, one or two interferents are supplied to amplify the 
above method. The mean relative standard deviation (RSD) for the 
three groups are 0.163, 0.375, 0.355%, respectively. There are no 
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1452 GU ET AL. 

comparable difference among these RSDs, which proves the validation 
of the method provided in this paper. The results specify that PLS 
with FTIR spectroscopy is a powerful tool to resolve both the 
multicomponent simultaneous determination and the identification of 
interferents when combined with additional diagnostic and corrected 
procedure. 

1. INTRODUCTION 
In last decade, the applications using partial least squares method 

(PLS) with FTIR spectroscopy has grown rapidly['-51. The distinctive 
virtue to use PLS is in that PLS has the prognostic h c t i o n  either by a 
prognostic vector[61 or by residual spectra search[71 to conclude whether 
the prediction samples contains constituents whch are not modeled in 
the calibration model during the prediction step. If the prediction 
samples contain interferents, we should analyze the composite of the 
prediction samples to identify the category of the interferents. 
Hitherto, the composition analysis of a mixture can be accomplished by 
the so-called library search (LS) either with a simple curve fitting 
techruque[8-'01 or with a Mix-Match search techruque["]. After 
unambiguously identifying the interferents, we can eliminate the 
influence of the interferents by the so-called recalibration to build a new 
calibration model in whch the interferents are included, and then 
predict the sample composition. However, Ruyken et al. produced a 
residual spectra search method to detect and identify the interferents 
simultaneously. They successfully detected and corrected one 
interferent in the simultaneous determination of two component 
mixtures using the PCR with FTIR spectroscopy, whle "the presence 
of two or more interferents can be detected but not corrected with the 
method described "[71. In'ths paper, our efforts focus on the following 
points: 1 )  to verify the validation of PLS with FTIR spectroscopy to 
simultaneously determine five components mixtures. 2) to detect one 
interferent in the prediction samples and eliminate the influence of the 
interferent without recalibration. 3) to develop an iterative loop 
algorithm to detect two interferents and correct the spectrum in the 
presence of these interferents. 

11. THEORY 
In tlus section we will give a brief description of the PLS principle, 

the detection and correction for one interferent when using PLS 
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ELIMINATION OF INTERFERENTS INFLUENCE 1453 

calibration method. For detail, please refer to references [ 12,131 for 
PLS principle and [7] for “detection and correction for one interferent”. 
We will describe somewhat specifically of correcting two interferents in 
the prediction samples. Notion used: upper case italic characters, 
matrices, lowercase italic characters, column vectors, a prime denotes a 
transposed matrix or vector. 

2.1. The PLS calibration and prediction 
Ln the calibration step, the absorbance matrix X and the 

concentration matrix Y are decomposed into their loadings and scores 
by an iterative N I P A L S  algorithm: 

X = T B + E  
Y = U  V + F  
U = T D  

where T and I! represent the scores matrix of X and Y , respectively. 
The 6 and V are the loading matrix of X and Y , respectively. The 
s is the significant factor number. The E and F represent the unique 
Variation in X and Y that are not explained by determined sigmficant 
factor solution. D is the regression coefficient matrix of scores U for 
T .  

In the prediction step, the absorbance vector x, is decomposed 
using the calibration model and the concentration vector Y,  is formed: 

X, = tB 

U =  t D  
y = u v 

where x, is the prediction samples vector and .v, is the solution desired. 
Then we got the residual spectrum vector e, and the root-mean-square 
spectrum error ( RM SSPE) 

F I 

I r .  
RM SSPE = ef,k /K \i f = l  

where s is the significant number and K is the number of measured 
wavenumbers. 

2.2. The identification of interferents 

and z.  

H ( x ,  z)  is defined to compare the similarity between the spectra x 
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1454 GU ET AL. 

We calculated H ( e x ,  e, )for all the library 
e, are the residual spectra of sample spectrum 

spectra z, where e, and 
x and library spectrum z. 

The z that maximizes H (e, , e, ) is the interferent in sample XI ' ] .  

2.3 The correction of one interferent 

residuals it follows that 

then /1 can be calculated by 
RM SSPE ( 2 )  

RM SSPE (,, 

Suppose z is the interferent in the prediction sample x .  From the 

e, = /I-' e, 

a =  

x,,,, = x -  1-l z 
so, the corrected spectrum can be obtained: 

In theory, if the concentration of the interferent in prediction sample 
has been known and the Lambed-Beer law holds, the coefficient of the 
interferent 1 h. can be calculated: 

where the c-, C, are the concentrations of the interferent in prediction 
sample and spectra library, respectively. 

2.4. The correction of two interferents 
Suppose z, and 5 are the interferents in the prediction sample x .  

The residual e, can be written by analogy 
e, = A;' e,? + 2;' e+ 

then A ,  and can be estimated: 

The iterative loop equations are written in the following: 
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ELIMINATION OF INTERFERENTS INFLUENCE 1455 

to take the first value AO, = I ? I S S P E , ~ ,  / R M S S f E ( I , ,  through the above 
equation we got the 
Then A ,  and A, are obtained: 

,A', :A: ,a: ;..- :A: ,A: values until (2: - Af-'l< 

A, =n:  

so, the corrected spectrum are calculated: 
xco,7 = x -  1;' 3 - A; 3 

In. EXPERIMENTAL 
3.1 . The experimental instruments 

A Nicolet 170SX FTIR Spectrometer equipped with a globar light 
source, TGS detector with KBr window and a KBr beamsplitter was 
used. The data system was a Nicolet 1280 data station with 4096 byte 
of RAM and a 24 Mbyte winchester disk driver. 

3.2. The data collection and process 
Since PLS is a full-spectrum calibration method, the spectral 

regions in 3160-2800 and 850-655 cm-' are used for the multivariate 
calibration. The spectral limits are selected in order to cut off most of 
the contributions from water vapor(4000-3 1 70 and 2 140- 1230 cm-I) 
and carbon dioxide (2400-2230 and 735-613 cm-') and to contain as 
many spectra information as possible. All spectra were obtained with 
a resolution of 2 cm-' by using 32 co-added interferograms in the 
frequency range from 4000-400 cm-l. But the collected data for the 
absorbance identity is acquired at the interval of 1 5 cm-' . The library 
spectra in this study consists of 31 toxic organic compounds and each 
compound concentration is 50 ppm. The computational program is 
written with Q-Basic 4.5. All the data for absorbance and 
concentration are not centered or normalized. 

IV. RESULTS AND DISCUSSION 
4.1 . The choice of five components and interferents 

The air toxic organic compounds whose spectra are strongly 
overlapped one another are selected to measure the performance of PLS 
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1456 GU ET AL. 

method. The chosen compounds are Ethylbenzene, Styrene, o-Xylene, 
m-Xylene and p-Xylene. The FTIR spectra for the five components 
are shown in Fig. 1 .A, 1 .B, 1 .C, 1 .D and 1 .E. From Fig. 1, the strong 
overlap in the two measured wavenumber bands selected among the 
five components can be seen clearly. Furthermore, the five 
components have close boiling points, h c h  nearly rules out the 
possibility to separate the components for further measurement 
individually. As for the interferents, they must belong to the air toxic 
organic compounds prescribed by EPA, and they should have obvious 
absorption peak in the above chosen measured wavenumber bands. 
The five interferents used in t h s  paper are Acrylic acid, Acetophenone, 
Acrolein, Ally1 chloride and Chloroprene, whose FTIR spectra for the 
interferents are provided in Fig.2. As a similar example of the 
prediction sample, a composite spectrum in Fig.1 .K consisting of the 
above five components and two interferents which are Acrylic acid and 
Chloroprene as well as the spectra of the two interferents in Fig. 1 .F and 
l . J  are also supplied to manifest the overlap situation among the 
components and interferents. 

4.2. The experimental design of the calibration, validation and 
prediction samples 
The composite of each calibration samples is designed according to 

the Ll6(4’) orthogonal experimental design in that the number of the 
components in the mixture is five and all the concentrations of each 
component in the mixture vary from 5 to 100 ppm. The four levels are 
5 ,  20, 50 and 100 ppm, respectively. That is to say, it is a five factor 
four level experimental design. Five validation samples, which are 
similar to the calibration samples, are used to determine the significant 
factor number. As for the prediction samples, 15 prediction samples 
are divided into three groups of whch each group contains five 
samples. 
No interferents lie in the samples of the first group (Group # I )  which is 
similar to the calibration samples. The samples in the second group 
(Group #2) contain one interferent each, whle two interferents whose 
concentrations are in the same order compared with those of the 
prediction components are mixed in the samples of the thrd group 
(Group #3). The components and the interferents for each prediction 
sample are listed in Table I .  
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ELIMINATION OF INTERFERENTS INFLUENCE 1457 

4.05 L 

0.06 

4.02 

4.05 

x 0.02 
9 4.02 
4.06 

P 0.05 

4.05 
A-- 

WAVENUMBER 

Fig. 1. The spectra of five components (500 ppm each), two interferents(500 pprn 

Note: A. Ethylbenzene; B. Styrene; C. o-Xylene; D. m-Xylene; E. p-Xylene; 
each) and their composite mixture (100 ppm for each compound). 

F. Acrylic acid; J. Chloroprene. 
K. The mixture of the seven compounds above. 
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1458 GU ET AL. 

Fig.2. The spectra of five interferents (500 ppm each). 
Note: F. Acrylic acid; G. Acetophenone; H. Acrolein; 

I. Ally1 chloride; J. Chloroprene. 

4.3. The significant factor number 
During the calibration step, the significant factor number can be 

decided by three methods generally. It includes manual designation, 
samples validation and cross-validation methods. Although the 
sigmficant factor numbers are 7, 7 and 9, respectively by the above 
three determination methods, no comparable difference lies in the 
prediction results in ths  study. In this paper the validation sample 
method is adopted to determine the si&icant factor number as 7 since 
ths  method needs less computation time compared with the cross- 
validation method and assure the reliability of the results in contrast to 
the manual designation method. 
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ELIMINATION OF INTERFERENTS INFLUENCE 1459 

Table 1. The composite of the prediction samples ppm 
Components Interferents 

GroupNo. A B C D E F G H I J 
1 8.0 15.0 70.0 15.0 15.0 - - - - - 

2 30.0 40.0 60.0 70.0 20.0 - - - - - 
# I  3 70.0 8.0 15.0 30.0 40.0 - - - - - 

4 40.0 35.0 45.0 35.0 50.0 - - - - - 

5 15.0 10.0 20.0 18.0 16.0 - - - - - 

6 55.0 35.0 45.0 65.0 25.0 50.0 - - - - 
7 6.0 8.0 10.0 15.0 18.0 - 20.0 - - - 

#2 8 8.0 15.0 70.0 15.0 15.0 - - 50.0 - - 

- 50.0 - 9 10.0 30.0 6.0 10.0 8.0 - - 

- - 50.0 10 15.0 10.0 20.0 18.0 16.0 - - 

11 55.0 35.0 45.0 65.0 25.0 20.0 - - 20.0 
12 6.0 8.0 10.0 15.0 18.0 - 20.0 20.0 - - 

#3 13 8.0 15.0 70.0 15.0 15.0 - - 20.0 20.0 - 

- 

14 10.0 30.0 6 0  10.0 8.0 - - - 20.0 20.0 
15 15.0 10.0 20.0 18.0 16.0 - - 20.0 - 20.0 

E. p-Xylene; F. Acrylic acid; G.  Acetophenone; 
H. Acrolein; I. Ally1 chloride; J .  Chloroprene. 

Note: A. Ethylbenzene; B. Styrene; C. o-Xylene; D. m-Xylene; 

4.4. The RM SSPE consideration 
As a guideline, the threshold limit of RMSSPE is set at a value of 

2-3 times the RM SSPE calculated from the validation samples. So we 
set the threshold limit of RMSSPE as 12.66~10-~ in this paper through 
the calculation. In the prediction step, if the prediction samples are 
similar to the calibration samples, the calculated values of RMSSPE 
should be less than the gwen threshold limits. Otherwise, the 
prediction samples probably contains the interferents which are not 
modeled in the calibration step. Then we eliminate the influence of the 
top h t  interferent whch is obtained from the residual library search and 
calculate the RM SSPE again. As above discussed, if the quantity of 
RMSSPE is still larger than the threshold limit, it proves that two 
interferents exist in the prediction samples. We should eliminate both 
the two interferents effect and got the new RM SSPE value. Then the 
quantity of the new RM SSPE should be less than the threshold limit, and 
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1460 GU ET AL. 

it guarantees the success of eliminating the interferents influence and 
then the good prediction results. If not, it shows that the prediction 
samples may contain more than two interferents or the interferents 
which are not included in the library spectra. For this situation, special 
method is under the investigation to deal with it. Therefore, the 
RMSSPE is used as an important criterion to conclude the number of 
interferents and assure the reliability of the prediction results. 

4.5. The prediction results of samples in Group # 1  
As we have discussed in 4.2, Group # 1 has five prediction samples 

which are similar to the calibration samples. So the results are 
attained without additional calculation step. The prediction results as 
well as the RMSSPE, value can be seen from Table 2, where the 
RM SSPE, represents the RM SSPE calculated from the original data sets. 
From Table 2, the RMSSPE, values for the five prediction samples are 
2.93, 4.39, 4.40, 4.46 and 4.93x10m5, respectively, which all are not 
larger than the threshold limit( 1 2 . 6 6 ~  loe5). The relative standard 
deviations (RSD%) for the five components are 0.237, 0.1 16, 0.064, 
0.276 and 0.122% , respectively. The average value for the above 
RSD% is 0.024%. It was proved that good results were acquired by 
PLS with FTIR spectroscopy in spite of the strong overlap among the 
prediction components. 

4.6. The prediction results of Group #2 samples 
Since one interferent lies in each prediction sample in Group #2( see 
Table I ) ,  the calculation process is different from 4.5 discussed above. 
The RM SSPEs, interferent coefficient and residual library search results 
are listed in Tables 3 and 4, respectively, where the EM SSPE, is the one 
after elimination of the influence of the best top hit interferent. We 
demonstrate the computation process with No. 6 sample as an example. 
From Table 3, the RMSSPE, for No. 6 sample is 265 .16~ 1 Oe5, whch is 
obviously larger than the threshold limits. So we got the first five top 
hts  shown in Table 4 by the residual spectra library search. From 
Table 4, the maximum of H equals to 0.9998 and the detected interferent 
is Acrylic acid which is indeed the constituent used as the interferent 
listed in Table 1. Since the coefficient of Acrylic acid a ,  = 

0.9991(seen from Table 3), which is close to the value of its theoretical 
value ,I ,,,, (1 .OOOO), it shows the sample spectrum could be correctly 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
2
4
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



m
 2 5 2 2 2 5 Z 

Ta
bl

e 2
. T

he
 p

re
di

ct
io

n 
re

su
lts

 o
f t

he
 fi

ve
 c

om
po

ne
nt

s m
ix

tu
re

s f
or

 sa
m

pl
es

 in
 G

ro
up

 #
I 

C
om

po
ne

nt
s (

pp
m

) 
2 

RH
 S
SP
E,
 

m
 G J 

1 
80

00
 

79
66

 
-0

43
 

15
00

0 
14

99
9 

-0
01

 
70

00
0 

69
96

7 
-0

05
 

15
00

0 
15

09
7 

06
5 

15
00

0 
14

95
5 

-0
30

 
2

9
3

 
v1
 

Et
hy

lb
en

ze
ne

 
St

yr
en

e 
0-

X
yl

en
e 

m
-X

yl
en

e 
pX

yl
en

e 
N

o 
C,

., 
C-

 
RE
% 

C,
..I 

C,, 
RE
% 

C
,I

 
C,,

 
RE
% 

CE
.i 

C,,
 

RE
% 

C,
I 

C-, 
RE
% 

(x
lO
”)
 

2 2 F;3 

2 
30

.0
00

 3
00

83
 

0.
28

 
40

.0
00

 
39

.9
72

 -
0.

07
 

60
.0

00
 

59
.9

64
 

-0
.0

6 
70

.0
00

 
69

.9
30

 
-0

.1
0 

20
.0

00
 

19
.9

83
 

-0
.0

8 
4.

39
 

3 
70

 0
00

 
69

 9
93

 
-0

 0
1 

8.
00

0 
7.

98
4 

-0
.2

0 
15

.0
00

 
14

.9
85

 -
0.

10
 3

0.
00

0 
30

.1
11

 
0.

37
 

40
.0

00
 

39
.9

70
 -

0.
07

 
4.

40
 

r
 

4 
40

00
0 

40
.0

39
 

0.
10

 
35

.0
00

 3
4.

95
4 

-0
.1

3 
45

.0
00

 
44

.9
81

 
-0

.0
4 

35
 0

00
 

34
.9

27
 

-0
.2

1 
50

.0
00

 
49

.9
58

 
-0

.0
8 

4.
46

 
Z 

5 
15

.0
00

 
14

 8
57

 
-0

.9
5 

10
,0

00
 

10
,0

00
 

0.
00

 
20

.0
00

 
20

.0
25

 
0.

12
 

18
.0

00
 

17
.8

95
 

-0
.5

8 
16

.0
00

 
16

.0
32

 
0.

20
 

4.
93

 

RS
D

%
 

0 
23

7 
0.

11
6 

0,
06
4 

0.
27

6 
0.

12
2 

M
ea

n‘
 

0.
02

4 
4.

22
 

N
ot

e.
 

a 
Th

e 
av

er
ag

e v
al

ue
 fo

r 
R

SD
%

 a
nd

 
RM
SS
PE
, . 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
2
4
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



1462 GU ET AL. 

Table 3 .  The RM SSPE and interferent coefficient for Group #2 in the 
PLS prediction step 

Group No A ,  h I 
(xlo-’) (x 10”) 

RM SSPE, KM SSPE, 

6 265 16 5 40 0 9991 1 0000 

7 107 70 5 18 2 5391 2 5000 

#2 8 230 51  5 88 10172 I 0000 

9 220 02 5 31 1 0035 I 0000 
10 142 38 4 70 1 0001 I 0000 

Mean - 193 15 5 29 ~ - 

Threshold linllt for KM .S.S/’E . 12 .66~  10.’ 

adjusted. That the RNSSPE, equals to 5 . 4 0 ~ 1 0 - ~ ,  whch is less than 
the threshold limit (12.66~10-~),  also specifies the influence of the 
interferent Acrylic acid was successfully eliminated by the residual 
spectra search techque. Therefore, the concentrations of the five 
components in No. 6 sample are calculated by the corrected spectrum 
and the results are listed in Table 5 .  The relative errors (RE%) for 
sample No. 6 from Table 5 is very little. Similar computation and 
approximate results are obtained for the other four samples in Group #2. 
From Table 5, the RSDs for the five components in Group #2 samples 
are 0.361, 0.332, 0.086, 0.800 and 0.296%, respectively. The 
arithmetic mean value of RSD% is 0.375%. The results prove the 
validation of the residual spectra search techruque for the sample that 
contains only one interferent. 

4.7. The prediction results of the samples containing two interferents in 
Group #3 
Table 6 consists of the RMSSPE results and coefficients of 

interferents where the RMSSPE, and RMSSPE? have the same meaning 
as that in 4.6 and RM SSPE, represents the RM SSPE calculated from the 
corrected spectrum after eliminating the two interferents d u e n c e .  
The residual library search results are listed in Table 7. As an 
example, No. 11 sample is used to elucidate the results. From Table 6, 
assumption that no hterferents lies h No. 11 sample, the RMSSPE, = 
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Table 6. The RM SSPE and interferents coefficient for Group #3 in the 
PLS prediction step 

RN SSPE, UUsspEz RM SPE, 
Group No A ,  A # , ,  1, A,,? 

(XIO-’) (XIO-’) (X IO- ’ )  

I I 121 95 58 66 5 26 2 4988 2 5000 24995 2 5000 

12 161 96 94 74 5 98 2 4805 2 5000 2 5002 2 5000 

#3 13 12642 95 64 5 70 2 5301 2 5000 24928 2 5000 
14 14917 91 83 562  25332 25000 25143 25000 

15 121 90 5650 377  24886 25000 25051 25000 

Mean - 13628 7947 5 27 - ~ - - 

Threshold liniit for KH .S.S/’P‘ , 12 66x 10’’ 

121.95~10~’ and it is larger than the threshold limit. So the top hit 
Acrylic acid is identified by the residual spectra library search and its 
influence is eliminated by the same procedure as that in 4.6. But 
RMssPE,=58.66~10-~,  whlch is still larger than the threshold limit. 
So we call the iterative loop program to correct the spectrum by 
simultaneously eliminating the influence of the first top two hits, i.e., 
Acrylic acid and Chloroprene listed in Table 7. From Table 6, the 
coefficients for the above interferents ,Il, ,I, are 2.4805 and 2.5002, 
whch are very near to their theoretical value 2.5000, 2.5000(see 
and A h . 2 ) ,  respectively. So the spectrum of th s  sample has been 
successfully corrected. The less value of RM SSPE3(5.26x 10-7 
compared with the threshold limit(12.66~10-~) also shows that the 
elimination procedure has been performed successfully. Therefore, 
the prediction results listed in Table 8 are calculated by the corrected 
spectrum. The relatively less quantities of RE% (see Table 8) specify 
the interferents in No. 1 1 are Acrylic acid and Chloroprene, whch are 
actually the interferents used in No. 11 sample, and the influence of 
these two interferents are successfully eliminated. The same 
computation steps as those of No. 11  sample are practiced and similar 
results are obtained for the other four samples in Group #3. From 
Table 8, the RSDs for each component are 0.592, 0.212, 0.139, 0.363, 
0.469%, respectively. The mean RSD is 0.355%. 
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Table 9. The mean RM SSPE and RSD 
Mean 

RM SSPE, RH SSPE, RM SSPE, 
Group RSD% 

(x  IO-’) (x 10”) (x10-5) 
#1 4.22 - - 0.163 

#2 193.15 5.29 - 0.375 

#3 136.28 19.47 5.27 0.355 

4.8. The comparison of the prediction results in all the three Groups 
From Tables 2, 3, 5, 6, 8, the mean RMSSPE and RSD for the above 
three groups are obtained and listed in Table 9. The mean RMSSPE, 

for Group # 1, RM SSPE, for Group #2 and RM SSPE, for Group #3 are 
4 .22~10-~ ,  5 . 2 9 ~ 1 0 - ~  and 5 . 2 7 ~ 1 0 - ~ ,  respectively, whch are all in the 
same order; No comparable difference for the mean RSD% lies in the 
three groups, either. At ths  point, it shows the residual library search 
accompanied with iterative loop algorithm to correct the spectrum is an 
effective tool to solve the influence for multi-interferent in the PLS 
calibration method. 

V. CONCLUSION 
The simultaneous determination of five component air toxic organic 

compounds mixture is studied when using the PLS method by FTIR 
spectroscopy. When the prediction sample contains 1 or 2 interferents 
whch are not modeled in the calibration step, the identification and 
number of the interferents are determined, and the corrected spectrum is 
obtained by iterative loop algorithm to eliminate the influence of the 
interferents. The results show that with no need of the trivial 
recalibration, the method discussed in ths  paper can effectively correct 
the spectrum to eliminate the influence of multi-interferent, such as two 
interferents, whle the measured precision is not reduced in the 
simultaneous determination of multicomponent mixture. 
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