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Table 1 Five-component mixture content ratio

Mass fraction /%

Number . Antioxidant  Antioxidant
NBR  Silica ZnO H MB
1 60 10 6 0 24
2 60 10 6 3 21
3 60 10 6 6 18
4 60 10 6 9 15
5 60 10 6 12 12
6 60 10 6 15 9
7 60 10 6 18 6
8 60 10 6 21 3
9 60 10 6 24 0
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Fig. 3 Absorption spectra of five kinds of pure substances
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Table 2 PLSR and SVR modeling results of five-component

mixtures
Training set Prediction set
Model
R, RMSEC /% R, RMSEP /%
PLSR 0.9269 2.9108 0.9260 2.9947
SVR 0.9760 1.6899 0.9653 2.0219
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Table 3 SVR modeling results of five-component mixtures

Training set Prediction set

Spectrum

P R, RMSEC /% R, RMSEP /%
Absorption  0.9760  1.6899 0.9653  2.0219
Derivative  0.9778  1.6249 09528  2.3523

T 45 SR AR W R AR O R S 2 s RS 2
A EZEHEVN KR, F£48R:SPA H)ZHHE @4 1
A 2B R AR, 43 51 0.9841 F10.9693 , 4% T W ok
i, RAETE T 0.0081, R, #2 T+ T 0.0040; MCUVE 1 )2
B filA A OC R RN R, 43924 0.9900 A10.9758, A
BT WL RAETE T 0.0140, R, #2711 0.0105, ¥
B R 2 8000 T LA A AR Y I L 3
S T 2 EE RS AR TR Wk T
A R A AR

o 2 BN Al T AR A G R R b G A A
BRI 45 A o WSO 15 A5 78 ) 00 (R -5 50O 35 A 7Y

Q predicted
% reference

Predicted mass fraction /%
p—
[\V]

3 6 9 12 15 18 21 24

=N

Q predicted
% reference

Predicted mass fraction /%
—
[\]

12 15 18 21 24
Reference mass fraction /%

2]
©

1 T 5 22 20 43 1R 6 W i B 2 70 MB 1Y S BR 5 Y
Z ot & MBS T BN y=0.5076a;,+ 0.5288x: —
0.4572. &M [ml )3 77 A& b WO 15 A S BOG IS B9 AL
HR BT A, S RO TS B G TR M B Y DTk
TR OGS Bt o 1B 8(d) o, )2 B il A i T
{ELAR Lo W WSO 3% T 42 3 S PR 2 B {H L JF B3R 4 7T LA
B 2 s A i R R, 435 0.9872 F10.9732,
¥ J5 A iR 22 RMSEC #1 RMSEP 43 % & 1.2367 % Al
1.7798 % M T W OLIE L R 4271 1 0.0079, RMSEP
TR T 0.2421 4 43 40, UL R RHE Rl s TR
R TIUMORS B, B0 TR kR e k. X TR 2
B Rl LAZ A 105 Y O 2O 4 — A T 45 SR i LA
FIRL sk S A F AR B 2% 55 00 [R] e o 3 IR 1 e A AT Ay
15 B0 AL A A 5

AW 5 A K 22 BB 5% BT 459 245 SR — FF 85080 mil & AL
TR T 000 455 SR B R R — S AT AL ik 3 A
Tl 75 RE 08 A7 A0 Ml o A AR 1 T 4 e . P2 B Rl

O predicted
>|< reference

Predicted mass fraction /%
—
[\V]

O predicted
>|< reference

Predicted mass fraction /%
—
Do

0 3 6 9 12 15 18 21 24
Reference mass fraction /%

K8 By MB R B Z5 2R () fI0)Z Bl @l 5 5 (b)) SPA W2 Bdli il 5 () MCUVE w2 B il & 5 (d) s )2 B il &

Fig.8

Predicted results of antioxidant MB. (a) Low-level data fusion; (b) mid-level data fusion (SPA); (c) mid-level data fusion

(MCUVE); (d) high-level data fusion
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Table 4 Data fusion modeling results of five-component mixtures

Training set Testing set

Model

R. RMSEC /% R, RMSEP /%
Low-level data fusion 0.9908 1.0476 0.9701 1.8791
Mid-level data fusion(SPA) 0.9841 1.3759 0.9693 1.9040
Mid-level data fusion(MCUVE) 0.9900 1.0947 0.9758 1.6941
High-level data fusion 0.9872 1.2367 0.9732 1.7798
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Terahertz Spectral Data Fusion
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Abstract

Objective

The content of rubber additives is an important determinant of rubber quality. Current testing methods for these

additives include combustion testing, chemical analysis, chromatography, and infrared spectroscopy. However, these detection

techniques present challenges such as intricate pre-processing, time-intensive operations, laborious procedures, and potential
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inaccuracies in reflecting the genuine additive content. These types of limitations hinder their ability to cater to the growing demand
for swift, precise, and non-destructive detection in rubber. This is a significant challenge for the advancement of the rubber industry in
China. Furthermore, when analyzing multi-component mixtures, the absorption spectra can overlap and become distorted, leading to
unreliable results. In this study, we leverage terahertz time-domain spectroscopy, data fusion, and chemometrics to quantitatively
assess additives in five-component mixtures. This offers an innovative approach for detecting and analyzing the content of target

components in multi-component mixtures of rubber and its auxiliaries.

Methods In this study, a five-component mixture composed of NBR, silica, zinc oxide, antioxidant H, and antioxidant MB was
used as an experimental sample. The terahertz time-domain spectroscopy system was utilized to capture and compute the absorption
spectra of the five-component mixture within the range of 0.3-1.6 THz and to analyze its spectral characteristics. The derivative
spectral data of the sample were derived by taking the first-order derivatives. Initially, the KS algorithm was employed to segment the
sample set data, which was then quantitatively analyzed using partial least squares regression and support vector machine regression
models. Subsequently, three data fusion methods were employed to process the data. Specifically, the low-level data fusion directly
combined the absorption spectrum data with the derivative spectrum; the mid-level data fusion merged variables after feature
extraction via the Monte Carlo uninformative variable elimination and successive projections algorithm; and the high-level data fusion
was executed using multiple linear regression. Finally, the predictive accuracy of the models was assessed based on the correlation

coefficient and root mean square error.

Results and Discussions Through the absorption spectra of five pure substances — NBR, silica, zinc oxide, antioxidant H, and
antioxidant MB — it is evident that there are noticeable absorption peaks within the range of the analyzed frequency band for all five
pure substances (Fig. 3). The absorption spectra of the five-component mixtures are averaged individually for each proportion. It is
observable that as the content of antioxidant MB in the mixtures increases, the absorbance also rises, suggesting a linear relationship
between the absorption spectra of the mixtures and content of antioxidant MB (Fig. 4). The full absorption spectra of the five-
component mixtures reveal complexity in the mixtures, with overlapping and some distortion (Fig. 5). The comparison between the
predicted and reference values of the antioxidant MB content in the prediction set reveals that SVR aligns more closely with the actual
value than PLSR does when predicting the antioxidant MB content in the five-component mixtures. This indicates that the SVR
model predicts more effectively (Fig. 6). Both the correlation coefficient and root mean square error demonstrate that SVR predicts
with superior accuracy, suggesting a non-linear relationship between the content of antioxidant MB in the five-component mixture and
absorbance (Table 2). Based on the SVR model, when comparing the prediction results of absorption spectra to derivative spectra, it
is found that the analytical results for the content of antioxidants MB from absorption spectra fluctuate less (Fig. 7). In comparing the
correlation coefficients and root mean square errors of absorption and derivative spectra using the SVR model, the prediction accuracy
for antioxidant MB content from absorption spectra is higher, indicating a superior predictive capability of absorption spectra
(Table 3). The comparison between the predicted and reference values of antioxidant MB content for the data fusion prediction set
demonstrates that the data fusion model predicts significantly better than a single spectrum, suggesting that the data fusion method
enhances the model’ s predictive performance (Fig. 8). The predictive accuracy of the Monte Carlo-based uninformative variable

elimination method for mid-level data fusion surpasses the accuracy of the single spectrum and other data fusions (Table 4).

Conclusions In the current study, a new method for rapid detection of antioxidant MB content in rubber multi-component mixtures
is investigated using terahertz time-domain spectroscopy, MCUVE mid-level data fusion, and SVR. Analysis of the absorption
spectra of the five-component mixtures and quantitative analytical models reveals linear and non-linear relationships between the
absorbance of the mixtures and antioxidant MB content. Results from quantitative analyses, which combine data fusion methods
based on SVR, indicate that prediction accuracy and stability of all four data fusion methods significantly surpass that of a single
spectrum. Specifically, the prediction performance of MCUVE mid-level data fusion is the best. In conclusion, the combination of
terahertz time-domain spectroscopy, data fusion methods, and SVR modeling addresses the shortcomings of existing rubber and
additive detection methods and the accuracy challenges posed by overlapping and distortion phenomena in the absorption spectra of
multi-component mixtures. This approach holds significant scientific value and promises substantial market application potential.

Key words spectroscopy; rubber and additives; multi-component mixtures; terahertz spectroscopy; quantitative detection; data

fusion
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