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Spectroscopy and Spectral Analysis

EXELEEGREN _RNABRESHFAESEREEESNAEZHAR

FREA, HEL. A B, KRAEY. F

1.2 %
1%

1. PO R AL T2 B . PP PU4E 710065

2. GE RIRIAE FHH W E S LI, PR E SRR 20, BePE W% 710127

WOE PR R DO AU G B R ROk . A BT B S M E S e . R, YR
R B o DR A3 A o L B s B R B . TR 2 63 (Raman) 45 Ak /b e (PLS) #3717 —
ol EE I T P H R S DR R A T R . SR RO B 2 ok AU 49 41 EE VI AR A (19 Raman J6 % 3E 1T
R, FFHAT RGN . HAS T FORR OB R B4R By 2 6 BB YO R IR Raman S % ) AL BEARCR . ISR AR
1 B (VIP) X /N AR 3 (W) 40 315 (19 FBE VR Raman SG i 80 647 T FRAEAZ SE 4R L. HOR, R
A T3 38 LB IF (5-flod cross-validation (CV)) % PLS & 1F #5859 3% 2 & %0 H (LVs) & VIP #8170 4k .
TEE M AR BB SHCT . AT 3 F R R AR &) PLS B, BFF2 R0, A F 5 46 6 1% - I
B/ T RAEAL(RAW-PLS) FI /I AL -t e /> — TR (WT-PLS) , AR b o B2 4505 i e /)y — T8 AL (VIP-
PLS) AT LUK AS S8 47 (9 o3 A g, FL W0 A D R AL (R Hy 0. 960 4, ¥yJ7 MR %22 (RMSEP) g 0. 0341, F I,
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TR T ol BT 23 A A A o B ) K ey BT
DTl . SRUKAEN R Raman J6 3 45 & £ it foh 9 S HE
[a] £ [7] )9 HL (multioutput least squares support vector regres-
sion, MLS-SVR) B4 V5 il AN [R) 4 43 & f e AT R ), &5
MK, MLS-SVR & #H % T W & /N — Fe (partial least
squares, PLS)IEX TR i IE . H&E. &, S, HiEs
B ST A A B . H 75 MR 1% 2% (root mean square error
of prediction set, RMSEP) 4+ %34 0.30%, 0.27%, 0.16%,
0.12%, 0.17% ., Ardila 21 % B Raman J6i 5 AR 45 41k 2
THIE 22 07 B PR A3 S ) BEAT AIF 9, SRR X T A
J7 R TR S T B AR S LR IR 2 N T 5%
K Raman Y35 ATHE @ A AT i, 23R 15 R0 6I%E S
IR B PR A il AT A AR, 2 3l R BL 43 AT I ] AR
K. MR 2. WUk, WS HEAT OGS WAL 21 R R AR SR I, T
FEE A M U AR . B AT, D% WAk B 07 B A £ T U R
IE (multiple scattering calibration, MSC) . ¥ # IE 75 7% #
(standard normal variate, SNV) K /N ik 28 #i (wavelet trans-

form, WT) %, Ff i 7% & 48 By i @ 45 6 5 572 & 1H BR
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(uninformative variable elimination, UVE) . & &k & 3 & 1%
(successive projection algorithm, SPA)., 7F & B % M & 5%

(variable importance in projection, VIP)ZgHz14)

A ET Raman JEiESE 4 PLS 3 % B VR i of F s
PR E AT T AT RSE . R B RS kU R [
I R M RE S E 4T Raman Y63 R4, BEIE R R VG
AL BE J5 35 X% PLS 4% 1E 5% 260 0 0 4 66 7= 4= B9 s . R
Kennard-Stone(KS) &L 2 ¢ 1 % B F1K H 9 i A o &1 4>
RAZIEREFI AR . BT UL E# P iR PLS AR IERE T, SR 5-
flod CV X455 B {1 18 2% 15 5k H (latent variables, LVs) #4714
fb. R VIP 3 5¢ B B M AR & 19 Raman 6 3% 800408 3E 17 45
FEAR B S HOE X VIP BE T . 2, TR E A
A e LVs 3T Raman JG3E 9 F BRI P HFBE & it R
BT AT AT PLS £ IE AR, IR i PLS A5 B X U 4

R b R R AT 0
1 SEgEk o

1.1 BERmEmREE

il 2 T A [5] T e FRORE R R 49 4L BRI A
B, KB TEl, >99. 700, R E FREAMLTHE R
A 55 PRV 7 22 3 n 3 . 52 98 ) U [l 19 b 441
HEATBE . WTHA T & K [ B B i Y 49 419 B2l
B o A i ] A 38 7E 52 36 = 0 KU FR B R AT . IR CA 20 C
F T PP 5 A AT LLAR A B L TR A A 8 9 R ke A2
HEFCUE A . B8 I Y 49 LA TR AR BB T 4 TR
PRAFAR I . 22 1T 7R g W B AR i 1) 6 I A ) P e 9/ i o
al P R RS R

x1 BAERBEMRPRECERSH
Table 1 Methanol volume fraction in methanol gasoline samples
%i 5 RSN B/ 7 i = R 5K % £l R % £l TR H/ % %i = RS 8 %
1 1. 00 11 6. 00 21 17. 00 31 27.00 41 37.00
2 1. 50 12~ 8. 00 22 18. 00 32* 28.00 42 38. 00
3* 2. 00 13 9. 00 23 19. 00 33 29. 00 43 39. 00
4 2.50 14 10. 00 24 20. 00 34 30. 00 44 40. 00
5 3. 00 15~ 11. 00 25" 21.00 35" 31.00 45" 41. 00
6" 3.50 16 12. 00 26 22.00 36 32.00 46 42.00
7 4. 00 17 13. 00 27 23.00 37 33.00 47 43. 00
8 4. 50 18~ 14. 00 28" 24.00 38" 34.00 48" 44. 00
9 5.00 19 15. 00 29 25.00 39 35.00 49 45. 00
10 5. 50 20 16. 00 30 26.00 40 36. 00

e &1 g5 « BORERTE PLS K AR B AL A 3] 20 S 00 4 - LA oM AL IE 4R

Note: the samples with * in Table 1 are divided into prediction set, and the others are calibration set.

1.2 Raman XiER&E

fifi F— & WL R 2 1% R 48 (QEpro6500 7, [ Ocean
Optics 24 @))% BV AL 19 Raman YEREHEAT R L. K R
Zodt 2 5 KOG 28 (785 nm) . Y6 4F (RPB-Y) ., Jg % 1Y
(QEpro6500) K it 4b # 4K 7 (OceanView) % 35 4 4 o . £
i Y Raman 615 R AT H £ 0~2 000 em ™', SGIEAL 4>
PR E N 4 em ', OB R B E R 300 mW, K IR
AL S E T 5 mm Ay L@ ML AP #E AT Raman JE3%R AR, Al 26
BB 18 °C, LA AN SRl IR 8 Hodngr . o 7>
IR ZE, IS SRAEN, W —FE T E R 25 WAKAE 25 &
JeE, 5 ROGIEFY ., AR 3RS 5 4 Raman 6. &
TFIRAT 245 ZO0bI% R .
1.3 Raman 3 if ¥ #F &b 312

AT IR R OG T R h S g R s L AR IR 25 . BRI N
TSRV B B RS . AR SCERSE T LRI G 1 AL 3 Ty
% (MSC, SNV, Derivative, Normalization FI WT) %} H 15
i Raman JE 3% i B BEALCSR s SR VIP X% Raman J6 3% 47
FHAEAS B4R T SR A 5-flod CV X} PLS A% IF &R ) LVs Al
VIP B{E#AT T A, %, FTIRAR AL & R LVs 14
T H R R bR A3 AT Y PLS RCIEARC Y, T

T II ARRE b BB S A AT, DA IR E R B (coeficient of
determination, R?) Fl1 3 J5 R 1% 2% (root mean square error,
RMSE) 1k #5488 D7 #5450 . VIP 3% 57 FH T B BE 7l
Raman S % FEAE AS 5 5 % o B 40 R -

(1) X WM Raman S 1% 4235 /Y VIP 5 2 1 (4 #E 47
T

(2) RAREN VIP BE ST 6 R AR AR B3R I, LU
TE B RFAE AR 14y di A S S A PLS BEIE AT

(3) RJH 5-flod CV XJ PLS # 1E A5 A4 i) 500 24 & #E 47 71
7

(4O MAEFME, EEETEE E(3), HE PLS K IEH R
ARARHR Ay S AR T 1 g
2 iR 5ihe
2.1 HFEERH Raman Y& #Fi7
B 1R o PR . 98 2 ¥R . 49 4R R A B0 $O B
Y H BRI A Raman 6% &l . HBE Y Raman S 3% F#AE 16
FEAIFE 1031 Fl 1 448 em™ ', 98 # ¥Rl 1 Raman Y& i FRAE
W FFE A4S 723, 784, 1001, 1 029 F11 448 em™ ' &, HEIR
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Tl Raman Y3 RRAE WAL FE T I EE(L 031 A1 1 448 cm™ ') Fl
M (723, 784 1 029 em™ ') FYFRAENE, FHfr, 1031 cm™!
Bl CO M IEH MR TR, 1448 cm ' 2 g F 2 op
C—H BRI MiRshglie, 723 cm ' Bl Al BT
ST T A B RURR L AT (Y e R B 51k, 784 em R A
Il R eSS AR B 52 A . 1 001 em ™' 2l Y H R R
PR 5 AR B 512 1. 1 029 em™' JE 1 C—O 4 4 8 % A e
SBIRA. AN, NE 1 PR LLE . B R
B A S S BT 8 B RO BE ) Raman S 3% 522 80
— B AR fL RS, U, 1031 Al 1 448 em™ ' (Y FEAE W58 )3 75
WK . m R, X O VO B SR ) Raman J6 %% U 17 43
Br s AT LLRAS F m g o R 5 S (R M OGS R
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Fig. 1 Raman spectra of different samples
(a) : Methanol; (b): Gasoline;

(c¢): Methanol gasoline with different methanol content

2.2 HEER ik Raman St i # 4 3B 77 5 B L FF

M T B Rl LU . BRSO 9 Raman SG 35 #F 7E 80
JUTE AR TR R OSBRI R TR B AT S,
W, TEARSE A TRy A TR X R4S Raman Gl AT WAL ¥, A
SCHE B T O B WAL BE 5 7k (MSC. SNV, Derivative.,
Normalization DA J& WT) X} F i 75 i Raman S 3% (1) 71 &b PE 5L
Ho Hrr, i) Derivative ¥ Xf BRI B9 Raman 6% #17
AL BEEE, ff B R — B S 80 (DIst), 1% T AW F
3, 5, 7 9 X H BRI A9 Raman S % 9 750 Ak B AR
SERFW], P W SBC TR, BT U M RE e .
Normalization: 47 AL ¥R, AR F 2] 1) Normalization 3
A% F Raman 3% 5% B it K {H Y Normalization 3. f#fi F
WT k047 WAL FR U, 43 53 L 38 T 3k 7 A R /N 3 4 il J2 850
(1, 2, 3,4, 5, 6 1 5 ARRE/NEIEEH (b, db2, db3,
db4 F1 db5) AN [ 20 G J7 A4 B B2 Y9 19 Raman S 3% (9 &b
PHAOR . 5 R EW, DLI/NEEE R B dbS, /NS R IZECR 6
B WT X B EEYR M Raman 63 oF 47 9040 B, A5 20 750 900 % B
Ak

2 R BT AN [ O 35 TAL 3 5 75 Y PLS KL IE B A
MR RE . AR 2 e DUE Wl D 546 3% 3 A7 B B A
et , R R IE £ e 8 R %X (coelficient of determination of
cross-validation, R&yv) A 0.967 4, ¥ 77 R 1% 2% (root mean
square error of cross-validation, RMSECV) 3}y 0. 034 5, i il
e E &R B (coefficient of determination of prediction set,
R2) 0. 936 2, #57H1% 2% RMSEP J 0. 041 3, SR f MSC,
SNV, Dlst, Normalization LA & WT it 47 Wi kb #J5 . PLS
e 1E B RS IE 46 1) Ry fl RMSECV 3 A A8 R K. X T i
WA, Dlst b3R5 6 1% o iy A AR & 1 PLS A% 1F 85 7Y (1 15 Ul
PERE T %, H RP M0.936 2 F[&H 0.906 8, H: RMSEP M
0.041 3 482k 0. 050 7, {fi f§ MSC, SNV, Normalization L} J
WT SEA7 43 5, 508 1000 48 1 T30 00 1 fe 3 A r $2 . DA
WT J54b 3 19 335 5008 A hy i A A8 o A5 11 PLS AL IF B Y
B S5 0 0 3500 P BE L AE 3 TR A O RS- de /) o 45T Y
(raw spectrum-PLS, RAW-PLS) & IEA A, FH R} M0.936 2
EFF4 0.960 4, RMSEP M 0.041 3 R 0.034 1, HIL,
PR WT 4 W V5 i 48 Raman S 335 £ 98 /9 7 40 38 5
.

F2 ETAENEBALET ER PLS KIE#E BN 6 L&
Table 2 Comparison of prediction performance of PLS cali-
bration models based on different spectral pretreat-

ment methods

. 5-flod CV RUIES
BT R:v  RMSECV/% Rp RMSEP/ %
RAW 0.967 4 0.034 5 0. 936 2 0.041 3
MSC 0.967 4 0.034 4 0.955 1 0.035 0
SNV 0.969 1 0.033 6 0.953 4 0.033 7
Dlst 0.965 7 0.035 4 0. 906 8 0.050 7
Normalization 0. 958 7 0.038 8 0. 955 2 0.033 3
WT 0.974 3 0.030 7 0. 960 4 0.034 1
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2.3 PLSH&KIE#E LVs Bk

LVs j& PLS % IE BB (1 e S50, BB A A E W 25l
RS = A L L VB RPN 3K T el 3 G2 K A Y ) T
W BE LA R . AR SR A 5-flod CV %t PLS % 1F #4714
M LVs #E11tfk . B 2 fiR K3+ 5-flod CV 1y PLS £ IE
BLVsfitb, NE 2 LUEH, %4 LVs 85K 2 0, %58
AT LLARAS e 4 19 15 IE 4R 0N P g, L Rév B 0.974 3, RM-
SECV Jy 0.030 7., 0t 7 PLS £ iE A58 B g gt i, B LVs
BEN 2,

0.997 5 0.9975
- chv

0.798 0 —s—RMSECV [ 0.798 0

0.598 54 \ i F0.598 5 5
e

o m
w
0.399 07 | F0.399 0 5
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Fig. 2 Prediction performance curve of PLS calibration model

based on 5-flod CV with different LVs

2.4 PLSKEBBEMATENMRL

B BRI R 4R Raman S 3% R (/A FE M (5 8, T B
AR B IUAE B, ©AT 4%k B D0 BT Y i 1 B 7 ok 6 1 5%
Mo PR A A AN AT o I A o T R AT AL B
HEATRRAE AR USRI, DABRORAE I 1 MR RE . AR SCR A VIP 3%
A0 Raman % 3% S8R F7 AF 78 & 3F A7 32 B, IR 5-flod
CV Xf VIP B {E#AT AL .

3 iR R A 5-flod CV BE4T VIP 5 {8 {1k 9 i 72 .
M 3 T Ef LB, B VIP BIE AR R, K IEER
Riv 52 B H — Bl 56 22 1% 38 1 )5 3280 B AIG % RM-
SECV S — Rl SE 48 BEAK . 11 5 28 47 18 o g s 34, 00
M Ry BB — RS 2% R0, i S A 00
RMSEP 2 — Fp Je 8B/ i 8h T e G b I i
g4 VIP [ {5 X5 1 42 R0 1500 4 1900 0 B A S o, B, 1%
FELL 2.7 /9 BB YR Raman S35 5005 19 VIP A5 5t 8 2 1
V5 L %6F FP 299 Raman S 335 2008 19 9 R57AE 45 & 3E A7 07 3%

Phgt i VIP H#AIE 22 5t 5 58 5 09 B BE90H Raman %35 4
Yoy i A S B A PLS A IE BT, I X% BL R 47 LVs
Wik, BAMAH R LVs 2, TG LVs KR EIR
il Raman J6 385 8046 #4887 FH B9 B 9ol o R i B e
WA PLS A AR L 2000 B0 LA S 7 0 9000 1k il DA
IE4E Y Rey 1 RMSECV 433 0.973 7 1 0. 031 1, W4
[ R: F RMSEP 4351k 0. 960 4 1 0. 034 1,

2.5 EFAREMNTEM PLS & IE 42 5750 4 g %t be

KT — 20 UE L T H B Raman S5 £ 4 19 PLS

R IERE R UM M RE 43 A T RAW-PLS AL IERE AL, /)
W A8 e Bz /N —. 9 (wavelet transform-PLS, WT-PLS) & IE
T A L) R A% i H B MR R 52 - B /N .3 (variable importance in
projection-PLS, VIP-PLS) & IE#L 8, & 4 13 3 frn i Bk
= Fi PLS & IE BT B M RE A LB 25 16l 4 I3k 3 el L
A AT RAW-PLS SOERR, WT-PLS £ IEFER I VIP-
PLS B ER B g SO P RE AR A5 B 7 — & MR Th. i WT-
PLS # IE R B FI VIP-PLS #ER B W] LL& M, &5 FRAE A2
HARHUS . VIP-PLS £ IE £ 8 5Y BOMW M A8 ™ 4 7 g 6 T
R FESEBR W A B A W] DL 20 W% 7E AR A 7 T, VIP-
PLS #5 1F 1 7 () 1 465 B (0] 45 3 7 AR K9 46 0. Rk, VIP-
PLS ¢ TE AR 84 B35 1] T 52 B B 340 o Y B i S I 7E R A

0.1054 - . F0.988
0.0904 © = -0.936
—a— R2
CV
0.0754 [ RMSECV r0.884

F0.832
>

5 0.060
& FO 780%?
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% F0.650 =
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3 ETFPLSREKRBN VIPEEEEZUHELLE
(a): KEIESE; (b): T4
Fig. 3 Optimization figure of VIP variable importance
threshold based on PLS calibration model

(a): Calibration set; (b): Prediction set
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Fig. 4 Prediction performance of three PLS calibration models
based on Raman spectrum
(a): RAW-PLS; (b): WT-PLS; (¢): VIP-PLS
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Study on Rapid Quantitative Analysis Method of Methanol Content in
Methanol Gasoline by Raman Spectroscopy and Partial Least Squares

LI Mao-gang', YAN Chun-hua’*, DU Yao', ZHANG Tian-long®, LI Hua'" *"
1. College of Chemistry and Chemical Engineering, Xi’an Shiyou University, Xi’an 710065, China
2. Key Laboratory of Synthetic and Natural Functional Molecular of the Ministry of Education, College of Chemistry &.Materials

Science, Northwest University, Xi’an 710127, China

Abstract Methanol gasoline is a new fuel to replace traditional gasoline, and its quality is greatly affected by methanol content.
Therefore, the rapid analysis and detection of methanol content in methanol gasoline will have far-reaching significance for its
quality control. A rapid quantitative analysis method of methanol content in methanol gasoline based on Raman spectroscopy and
partial least squares (PLS) was established in this work. Raman spectra of 49 methanol gasoline samples were collected by laser
Raman spectrometer, and spectral analysis was carried out. The effects of five spectral pretreatment methods on the raw Raman
spectra of methanol gasoline were compared. In addition, variable importance in projection (VIP) was used to extract the Raman
spectra’s feature variables preprocessed by wavelet transform (WT). The number of latent variables (LVs) and VIP threshold
of the PLS calibration model was optimized by 5-flod cross-validation (CV). Under the optimal input variables and model
parameters, PLS models based on different input variables were constructed. The results show that compared with RAW-PLS
and WT-PLS, VIP-PLS can achieve better analysis performance, with the determination of the prediction set (R%) of 0. 960 4
and root mean square error of prediction set (RMSEP) of 0. 034 1. Therefore, Raman spectroscopy combined with PLS is a fast

and accurate method for analysing methanol content in methanol gasoline.
Keywords Methanol gasoline; Raman spectrum; Variable importance in projection; Partial least squares
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