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Abstract: As light crude oil resources become increasingly scarce, residue cracking processes have
emerged as a vital means of securing light oil supplies. However, the presence of silicon in residue
oil poisons catalysts, leading to a decline in light oil yield. Consequently, developing a rapid meth-
od for detecting silicon in residue oil is of great significance for improving residue conversion efficien-
cy. To address the challenge of quantifying trace amounts of the non-metallic element silicon in resi-
due oil, this study proposes a quantitative analytical approach combining laser-induced breakdown
spectroscopy (LIBS) with chemometric algorithms. LIBS spectral data were first acquired from resi-
due oil samples. The influence of five pre-processing methods and their various combinations on the
predictive performance of partial least squares regression (PLSR) models was then systematically eval-
uated, with leave-one-out cross-validation employed to identify the optimal spectral pre-processing
strategy. On this basis, three interval variable selection methods were applied to further refine the

spectral feature variables, leading to the development of a quantitative model tailored for predicting
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silicon content in residue oil. The results demonstrate that the residue oil samples analysed with the
WT-D1st-biPLS model achieve the best predictive performance, with an optimal root mean square er-
ror of prediction (RMSE,) of 0. 078 9 mg/kg, an R-squared for prediction (R*,) of 0.989 2, and a
mean relative error of prediction(MRE,) of 4. 7%. In summary, the proposed method offers a theoret-
ical foundation for the rapid on-site quantitative analysis of non-metallic elements in residue oil.

Key words: laser-induced breakdown spectroscopy; chemometrics; residual oil; trace elements;

non-metallic elements
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WG TR O AE 200 CTR I 20 min, B EVSIIN 2 mLIBFITHERIER, 60 ‘CIIHL 10 min,
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Table 1 Si content in residual oil samples(mg/kg)

No. Mass fraction No. Mass fraction No. Mass fraction
*] 1.57 *13 0.77 25 2.96
2 1.96 14 1.57 26 1.97
*3 2.41 *15 1.28 *27 1.33
4 2.00 16 1.87 *28 2.15
5 2.72 17 3.35 29 2.30
6 2.98 18 1. 40 30 2. 60
7 2.53 19 2.01 31 1.33
*8 2.97 20 1.20 *32 1.68
9 1.64 21 1.93 33 1. 60
10 1.47 22 2.20 34 1.59
11 0. 86 23 2.02

*12 1.29 *24 2.37

* denotes the samples selected for the prediction set (*Z7R %1% A T AR HORE &)
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Fig. 3 Effect of smoothing point value selection on PLS calibration model prediction accuracy
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TECTE X B PR RE M OB ROR B AR . ML Z R, Dlst,
D2nd FI WT =i 4 U5 9 X6 45 78 1 B A0 432 T 5 o0 S 3%
Dist FiAbFG R, 1531 0. 837 1, RMSE, F&% 0. 152 0 mg/kg;
23 D2nd FALERE) R #E— 4T3 0. 843 3, RMSE, iK%
0.149 3 mg/kg; WT 7 4k P 89 R°,, ° 0.8353, RMSE., A
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5 /N AT T

ion on PLS calibration model prediction accuracy
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Table 2 Effect of preprocessing method selection

on PLS calibration model prediction accuracy

Method LVs R,  RMSE./(mg-kg")
RAW 7 0.8009 0.204 2
SNV 7 0.8124 0. 199 0
MSC 5 0.6022 0.4320
D1st-9 7 0.8371 0.1520
D2nd-7 7 0.8433 0.1493
WT(db2, 5) 7  0.8353 0. 167 1
WT-DIst-9 7 0.8475 0.150 1
WT-D2nd-7 7 0.8437 0.1575

MG, WET WT-Dlst, WT-D2nd PIFPALE NS . 22 R, A FiAbBE ] frsq:

RERE— BTt H WI-DIst S IACRIECA R, R I-THE0. 847 5, RMSE  FEIKZR0. 150 1 me/ke;

i WT-D2nd 4141 R, 47 0. 843 7, RMSE,, 4 0. 157 5 mg/kg
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BERLE G B e R AT, 2R BUMERIRZALRE 1 GGt rE T RE. R, AL | fR
55 SiE AT R R IR AL OARAE , AR50 RE— 20 51 N AR 5 B 43 SR ) T4 B 0 D 5 EA TR AE IX )
0t 2% o
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Fig. 5 Parameter optimisation indices based on variable selection methods
A, B: calibration set and prediction set based on iPLS; C, D: calibration set and prediction set based on siPLS; E, F: calibration set and

prediction set based on biPLS
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Fig. 7  Prediction performance of the WT-D1st—bi-

PLS calibration model for silicon content in residual oil
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Table 3 Comparison of true and predicted Si content in residue oil for model validation

No. ICP-MS/(mg-kg™) Predicted result/(mg-kg™)  RE/% || No. ICP-MS/(mg-kg™)  Predicted result/(mg-kg™)  RE/%
*1 1.57 1.64 4.5 *15 1.28 1.22 4.7
*3 2.41 2.31 4.2 *24 2.37 2.28 3.8
*8 2.97 3.14 5.7 *27 1.33 1.41 6.0
*12 1.29 1.35 4.7 *28 2.15 2.05 4.7
*13 0.77 0. 81 5.2 *#32 1. 68 1.74 3.6
‘
3 & it

AR I P R R R B T R Si RN SR, M 17— LIBS 5 WT-D1st-biPLS #H45 &5 1 €
BOATER, AR T B AR A% SO TP E T S BN E B EEARR ) B, LR AR I
LIBS J6is s A NAR &, iR L BALRE 7% . ARIEAS S LU S5, e 13T WT-
D1st-biPLS i Si & B4 HriiA, H RMSE,}0. 078 9 mg/kg, R%,150.9892, MREXU 4. 7%, %4554
HH BT AR B 5 R PRI R T v Si () A BER . BEATSERRAEAS S BTNy, A TR R [ A b 28
F-BOG R A B S 217 R AT SN BRI RI T 7E 30 s T S 45 R . TR SR sT kgt —
B SAEIIA T, DU R serak prad B b s i Si B Hs R v E . P D A SRR I e AT 2 3



1078 SRR ( http://www.fxcsxb.com) 545 3%

Sk

[1] Wang C B, WangJ X, An XX, ZongPJ, MaW S, ZhangY P, CuiRT, XuW L, ZhangD, QiaoY Y, Tian Y Y.
J. Anal. Appl. Pyrolysis, 2026, 193: 107427.

[2] Bai Y, Zhou L, Wang X M, FengJ H, Xiao D, Chen BS, Jin Z N. Desalin. Water Treat., 2024, 320: 100878.

[3] XiaRT, LiuM X, WangN X, WangK, LiJQ, FanY X, FuZL, ZhaoJ, ZhangQ D, WangW, HouY B, Tao

7 P. J. Energy Inst., 2025, 123: 102323.

[4] CuiQY, YanJ T, Zhang H B, Feng W W, Yue YY, LiTS, Shi]. Chem. Eng. Process. Process. Intensif., 2024,
205: 109983.

5] Gazulla M F, Rodrigo M, Ordufia M, Ventura M J, Andreu C. Talanta, 2017, 164: 563-569.

6] Chakraborty S, Manalo M L, AliJ M, Aberle A G, LiJ B. Energy Procedia, 2017, 124: 24-30.

7] Prasad A D, Rastogi L., Naresh L., Khuntia A, Mohapatra S P, Dash K. Microchem. J., 2025, 217: 115004.

8] Xing Y, LiM G, NianJ N, Wang T, Zhou K, Zhang T L, Li H. J. Instrum. Anal. (48, Z5%N), &igie, Fi,
JiZg, WK, FE TSR, 2025, 44(6): 1115-1122.

(9] YuX, Jiang Y F, QiHX, HanJ H, Chen A M, Jin M X. Spectrochim. Acta B, 2026, 237: 107445.

[10] Ramirez—Buenrostro A, Sobral H, Amador—Mejia M, Robledo—Martinez A. Spectrochim. Acta B, 2025, 230: 107235.

[11] DuanCY, HuangZ M, JinY, LiHQ, YangHY, SunTY, SunC, LiuS, Yul. Spectrochim. Acta B, 2024, 221:

107056.

[12] DingW Y, XuSL, PanCY, FangJJ, MaSJ, WangX, XiaY H, Chen Y L, HuY H. Opt. Laser Technol., 2025,
192 113941.

[13] YeZ, ZhuZ H, Ma N, Wang X H, Liu D X, Yang A J, Yuan H, Rong M Z. Spectrochim. Acta B, 2020, 167:
105820.

[14] dos Santos GLA A, Reis AS, Besen M R, Furlanetto R H, Rodrigues M, Crusiol L G T, de Oliveira K M, Falcioni
R, de Oliveira R B, Batista M A, Nanni M R. Eur. J. Agron., 2023, 143. 126717.

[15] MaCF, ZhaiLL, Ding JM, Liu Y L, HuSF, Zhang T L, Tang H S, Li H. Spectrochim. Acta A, 2024, 310:
123953.

[16] Yang WY, XiongY R, WangHH, WuT, DuY P. Chemom. Intell. Lab. Syst., 2023, 241: 104976.

[17] ZhuSN, Ding Y, Chen Y J, DengF, Chen F F, Yan F. Spectrosc. Spectral Anal. (kBde, T, BHWLE, BN,
BRARIL, 72K el 5T, 2020, 40(12): 3812-3817.

[18] ASTM D482-25. Standard Test Method for Ash from Petroleum Products. ASTM International.

[19] UOP 1006-14. Trace Silicon in Petroleum Liquids by ICP-MS. ASTM International.

[20] GB/T 34099-2017. Determination of Aluminium, Silicon, Vanadium, Nickel, Iron, Sodium, Calcium, Zinc and
Phosphorus in Residual Fuel Oil—Inductively Coupled Plasma Emission Spectrometry Method. National Standards of the
People’s Republic of China (BRI AENMHES . Tk 81, 8. 2k @), 85, £, e — S eS8 TRk S
Sk . e A RN [ R bR ).

(e BLF)



