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W OE. IREERTRSY. BALZEAMBWEE, BAE L, #E X T K&K EH
K& (THz-TDS) K A MK K 2. BRARPEELN T k. HFRBEEAXAHBZRKFES Ko X %,
HREW, WRWAMEHE XL LE N 0.2~2.2 THz, 7£0.2~2.2 THz % H W B Rk IE, &5
CERYHAMBZEERKEUENFTERNE,; SUTLAEFE. LHFREISVMEEAE fofr & N =
FPLOHMEA A TN M BT, FAEDHNI/A4E IR, E 4 1/415 K 45353 & 3475 3F
% R KW, Savitzky-Golay F W #0 # 30 & 1 F ¥ (MAF) F & &t 4b 3 56 IF & o 70 &% R % A # 7
SVME A Xt &K 2, BRASWFN R RME TPLSHA . Ko, EAK 28 SVM A A &y 43 55 3F & 69 48
K R B(R,) A A F 0.933, 0.724; TN #H 7 R 3% 2 (RMSEP) 4 4] % 3.223, 5.772, KM #ZHARE &
SVMEZE MR Ko BRAHATHN, THL2EHEEEEIOmin N, BASNEE.
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Quantitative analysis of ash and volatile in coal based on THz-TDS
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(I.National Energy Group Coal Coking Co., Ltd., Wuhai Inner Mongolia 016000, China
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Abstract: In order to improve the efficiency of quantitative analysis of ash and volatile content in
coal and reduce pollution, a method for quantitative analysis of coal ash and volatile content based on
THz Time Domain Spectroscopy(THz-TDS) is proposed. In this paper, the relationship between terahertz
absorption characteristics and ash content in coal is studied. The results show that the effective spectrum
range of coal is 0.2~2.2 THz, and there is no obvious absorption peak in 0.2~2.2 THz; the ash content is
the main factor affecting the absorption characteristics of the terahertz band. The effects of preprocessing
methods, Support Vector Machine(SVM) model and Partial Least Squares(PLS) model on the prediction
effect are compared. The results show that Savitzky—Golay smoothing and Moving Average Filter(MAF)
smoothing do not improve the prediction effect of external validation sets, and the prediction effect of
SVM model on ash and volatile content is better than that of PLS model. The correlation coefficients(R )
and Root Mean Square Error of Prediction(RMSEP) of the external validation set of ash and volatile of
SVM models are 0.933, 3.223, 0.724 and 5.772, respectively. The terahertz technology combined with
SVM model can predict ash and volatile content in coal, and the analysis time can be shortened to be less
than 10 minutes, which has improved the analysis efficiency.
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BB A AR B, O T RE S K A WL T I R L BE KR AE A BB AH Y, PR 4 R0 55 AH B4R (n
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TR 2% F AR o T A AF S, B P AN A A SE G Y L VR I SRR B R R 2% R I SE T 8 AR i e
0.2~1.5 THz PN B9 Kk 25061, A& 8 5% K 0#5 1.2 THZ ARl RE 2 R R . B IO 1 5 Fh
HEBAE 0.2~1.5 THz P KR 2% Y615, FE R 2% WG 1) il 288 4k 23 B K oy 2 it 385 0 T 22 48 5B 1, B &5 12 3
T2 48 BB I8 . ZHU %5 R R 2% A HL 0 B0 45 4 HIL A = 20 300 U SR TR R oA Ak IR, 3 1 v B0 A eR 1
YRR HL(SVM) B0 T e 2585 0, HETI R N 87.50% . YANG %5 UVH] X B 2 17 5 AR b 25 e 3 i 98 1 4
I [ A b BRI S B9 TF 5 (400~1 000 °C), Kik2Z 63k fk, DL S5k . A% 0K . 5 & 1 (Aromaticity, f)) FlJ4E
GRMRFR . EUrAESIRESE T M0 R R 220 15 Re e, 2R I A IO A A8 Joi R 32 IR 3 2 3 T R 2% 1 B3 ) B
PERY B ZR o B Ut 7 S5 OV 7 A o ) ot R A7 RO 2% 000 SRS A0, 3R Wk O R 5 ) R e A i SRR ) E A
R, A AW MO A R . DENG U T — B 3 TR R 2506 1% DR AR B 4 R R )
0 WANG %5 R YK b 2% 06 1% Xof B 2 F A E AT AR R 43 28, 456 3 L4y 43 BT (Principal Component Analysis,
PCA). SVM, M/ 430 3K 5] 100% .

A SCHERT N 5T B Al 1, SR THz-TDS $ AR X} 39 FIf ke HE 17 52 40 A A o SR B8 AR A B 2% W iC i
K FHAS [7] 350 42b 341 77 325 Kb B 1 5 s L 0 i) A ST D A o 3 N A BRSO RS A K A . #ER 4r SVM LRI  9F 5
/N T3 (PLS) R Y Tl 25 B R A7 43 Ar LA, AR S LB AL, S Mmoo o F K 43 i bR S T 482 (1A 2800 7 -

1 SEWES
L1 ## 55

BT 5 39 R BERE , Hidh o F o E AR ERE S, 30 AP O [ KRB IR AE M AL A IR SR A Rt O E
HRES, AL TOMIME . 13 B0 JEME . SO 595 . S, IR IEREY ORIk, HEUNT 80 H . BERFEM
BYIK 43 5 K453 K FH GB/T 212-2008M B K AR E T M E o 39F AR IR 4y . R Erm Lz 1.
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Tablel Ash and volatile content of coal samples(unit:%)

sample number ash volatile sample number ash volatile
1 5.55 8.31 21 12.01 31.02
2 23.50 28.96 22 9.29 31.21
3 3.88 35.50 23 4.58 36.85
4 10.96 15.62 24 11.66 30.32
5 9.02 29.39 25 10.61 31.24
6 11.61 32.15 26 10.52 29.16
7 13.20 9.97 27 10.54 37.05
8 10.54 33.51 28 9.64 31.77
9 491 39.00 29 10.44 31.09
10 5.52 7.40 30 10.72 30.99
11 10.48 31.85 31 3.95 6.97
12 3.68 38.37 32 10.75 33.28
13 10.72 31.70 33 11.48 30.05
14 5.18 38.77 34 33.56 13.50
15 10.15 30.83 35 8.00 31.29
16 43.85 11.81 36 3.88 36.99
17 8.80 29.12 37 6.97 33.18
18 10.81 27.29 38 11.06 23.77
19 11.87 32.07 39 10.57 29.53
20 11.17 26.81
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B =65 dB, il ¥ J1<5 GHz, 54k % 5 1 i >20 Hz(4E I 15 il 60 ps). 22 ) A8 Ak 2% I 0634, SR 3



55 9 1] KRII%: ETF THz-TDSEAREES TR FHR S FIEL 5 977

TOLLF A Bt L T R ER S RIS | 5 Bl e ALK 3l fy PR IR 20 A5 O R 0 9 SR AR B o OGN WL AT
Jedr, H PR RANROCAE S, 2 IR D RO 2% e S R AR B A D RO R Ze BRI ] - Heh — B AL
PR G ORMF 2% A PR 2, RS R v LB ], A TR ARBOL L R AE F UK 7 A R 2% Dk b 5 Rk 2% Ik
o RSk, TR AT B R BN AR A b, SRR AR A AR TR BE AR RCR 2 D — RO o PR
TEIRRAEAMORL, VLS R T, YR R Rt G0 A RO 24 I S bk o 555 o 3 e o SR 8 380 ) R 2%
SRS HEAT RO AL B, BRAT IR U . s P A RIS SOt 2R 2 T RE R 2% O 3% 30 B
ey TAEJE L 1R

emission photocond-
uctive antenna

off-axis parabolic
mirror

femtosecond [ 2|

laser /

modulation
drive

terahertz lens

sample

terahertz lens
receiving photocond-
uctive antenna

<47

N

optical delay line
reference

off-axis parabolic
mirror

data acquisition and analysis
lock-in amplifier

Fig.2 Image of coal samples
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Fig.1 The working principle of transmission module of multifunctional
terahertz time—domain spectrometer
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MAFE B SCR . Fib, SRR R & 60 mg, 7% HDPE Ky K 40 mg #47 % Ao FRim 60 mg ;5
40 mg HDPE ¥ oK, ¥A1RG, KRG EFME TR EE S, RAPURH 8 t 1 K6 2 min, BB AR IFE
JE A B R PR i B AR E ST TE AT . R R 2 R R o IR B RE R R 28 0.75~0.80 mm, B2 13 mm.
T Al 2 28 3 RE A, RS AN 2 B o SR A AR K A R E A R T, X R G T R Al R R AT
W, PRUERE S S B AR <S%. il FH#HTWE, S50 SHE SN, SH5ES IEARA.
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1.4 HHE A0 38 70 ¢ 15 T 4k 28
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PRECSZBLAY o A% pRBUH 26 P 4% (Linear Kernel) . £ 11 2 4% (Polynomial Kernel) . 4% W] 2 pf $4 (Radial Basis Function,
RBF)# . Sigmoid # (Sigmoid Kernel) Z FIE =, A R H# H B RBF #% PREL .

RBF #% PR

K(xp)=p(x)'p(y) ="l @)
AR

min LwtwrC g0 de 3)
IR B 2% 1 -

—e—& <wip(4,)+b-Y,<e+¢ 4

0<E&E, i=1~N @
R A

Y=wTp(4,)+b (5)

Xh: oy o0 CHBIRIBHG x. y WAL wlo(4,) R A, 48— S5 A M IIGE ;. N6k B8R
ARG E5 & T NATTRS 5 b R R ; Y, i A OB A R RS B A )
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4h4, ARGy Hfigp o 22 AL LR MR A IR RE TS AR SR P B DA A8 e PLS A AU A7 A

Y= imiw (©6)

Ao YO R H PLS B RS 2 1 JK 43 5 45 & 43 0 FINAEL s M R W S0 is B al i A8 F 85 i ORISR i AR s BRI
WO R s A I R E B O AR ) R

K HRE S B 3/4 VE A IESE , HAs 14 VE AN SR IE4E . BEREAL IE AR BT, I AR TIE 5 & die KO /N B A 5 A
BIEAE . SR P I AR B0 e a7 g R AR, % A1 56 Tk AR 2E AT T
1.5.2 ERIPEfr

K AR IE B A R E(R,) . 3 X B AE B K 1E ¥ 5 AR 1% 22 (Root Mean Square Error of Cross Validation,
RMSECV) . ARG EAR BYAH ¢ R EU(R,) « U 24 77 AR 1% 22 (RMSEP) X A5 B JE A7 V1«
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XiF 2 2% A 5 RV IR BE S 04T KB 25 6 1% R 42 AVECHR AL 21, RAS BRI, R 3R, K3 A, 2555
B A RO 9 L 24 R 0.1~4.5 THz, #F it X THz P A7 — 58 72 BE A WIse, A0 03 iRt B2 A X S 2505 5 A I R I RE b
P A RO 1% 3 61 29 24 0.2~2.5 THz, 2.5 THz J& 3 70 FF Sl T i AT, #F G4 #E 0.2~2.5 THz Yu N, X THz i1 i
Wi B 29 7E 0~30 dB JE [N .

B AL 5 HC 7 b I e B A, LR 2% W S A 4 TR o RTLAR L K Ar S R, ROBR 2K U B T B Y I
e, 34#kE, KL 33.56%, HAE 1.2~2.5 THz WIS & e il ;. 9#FE A, K&/ 4.91%, BARIEL &
R AR 39.00% , AHH R 2% W SO BT F /N o BRI, K DR K A R R M R 2% I B SRR ) R R, HK
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O3 5 R 28 SR B AN SR LA AR DG 0, i PR RO 2 IR WA 2 A o A RO 25 S I ER R R IR
UL B —2P B, H, EE S AP 95% LA L, BEE AR R[], A HLEOH YT R 4L
AR ARWRSCR T L R R A O TR AR R B, AT AL AL TR, A R 2%
B i i R A A B R [ A AR A R B AR 0.2~2.5 THz i P9 JG W1 W i, a1 T B A b R 2R A HLIR &
Wy, AE K 2% B B BT o5 S A e ™
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Fig.3 THz frequency—domain spectra of coal samples and reference Fig.4 THz absorption spectra of coal samples

13 SRR T e 225 1 THZ Sl T 4 A RE L 1 THz R %
22 RiGETWALER SVM BES

ME3 4TI RLE 7R R T 2.5 THz i Bl P9 3 20 B8 5 RE i WU HR A, 2.2~2.5 THz 3 Bl P9 #1870 B i £ 1
P 2e, NI e # 0.2~2.2 THz 3 Be i FIJE AT J5 2270 B o Jetih 9 ORO6 28 WG 6 3 M A | 0. 30 45 B 52 i
PR S-G -1 . MAF I %) et A7 BAb 31, DUBCR AR AE, e/ Jo s e 7 9 T4 o R 1 0.2~2.2 THz i
Bl PN 1 R 22 W W 1 A I R R R 2 S S A G R R, OIFORCSR A — A . RE R IE A5 T vk AT T
fbHE

K SYM BRI AT HE B o A5G 28 UMK J7 AR R 22 DA AN [R) AR B17 35 A9 45 38 0 7 SVMBRE LR, SRS A 1
CHZ R B SRy BB 2 AN HE SR FEN T CP i R AL A/ MEUIZRiR 28, CHU, YITZREE B S R
WE; CHIR, MY a . BRI SRy P T 88 WS B8 25 (6] B 20 A, R, SCRf sl i, 32
FRm) i, SO o] S RO W AR B VR R RZ A TERE o XX 2 DS EUE AR 1 T, IFR T 5 3 S
il Mehh, SVMAAIZHUD, AHUBI K KA e XTI ZRIRZRYEOR, e B/, BN R 8R , e U 0.1, A
[l WAL BRI 365, BB K SY « HR RSy B9 SVM AT AE SR LK 2

F22 KRR ITT 5 SVMBIRILE R
Table2 SVM model results for different preprocessing methods

component preprocessing method C i R, RMSECV R, RMSEP
original 3.482 0.031 0.966 1.802 0.933 3.223
ash S-G smoothing 1.516 0.033 0.963 1.876 0.929 3.322
MAF smoothing 1.516 0.036 0.963 1.856 0.928 3.336
original 3.482 0.125 0.976 2.210 0.724 5.772
volatile S-G smoothing 3.732 0.125 0.972 2.375 0.720 5.882
MAF smoothing 4.000 0.125 0.975 2.283 0.722 5.864

LU R 6% 5 WAL B S A H R AE AT, TAR B G SVM BB RUR JC T AR . ARG R K A . ¥R A
SVM A R TUIORS 8 B 5 =5, K43 RMSEP 24 3.223, R, 4 0.933; # K431 RMSEP 5 5.772, R, 4 0.724. M. SVM
OSSR A, RO TSR B, WA TSR B 22 o 18150 181 6 R KA IR R G i Re IE4E . AR IE 4R 1Y
SVM BRI T 25 0L, [ 7. [l 8 g #  43 JR AR G Tl iR IE 4R | ARG UESE 9 SVM AT EL TR 45 2R o B Al D SR IR
FARMETT EAF RIS B0, YRR T SVM B RIAT 2 i F0 45 58, . K73 42 IE 4R 19 RMSECV 24 1.802, R4 0.966,
SRS UE SR B9 RMSEP 2y 3.223, R, 0933, UM E5 R 52 5 (44 BF (A G . #5873 K¢ IE 4 9 RMSECV
2.210, R4 0.976, SMHREESE M RMSEP 4 5.772, R, 4 0.724, Hilil 245552 % (0 MM — i
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Fig.5 SVM model prediction results for the calibration set of ash Fig.6 SVM model prediction results for the external validation set of ash
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Fig.7 SVM model prediction results for the calibration set of volatile Fig.8 SVM model prediction results for the external validation set of volatile
7 3RS IE R 1) SVM AT T2, (18 HER A AN UESE Y SVM BRI T 45

2.3 BEFEMLR

PLS J5 ¥k J& — R N AR 5 ) iz (e MmN J vk, # MR LS. ik, BEALAN R 2 20 A0 50 Uk 52 #E AT PLS Tl 80 2R
5 SVM BNACR X e . R 3 AT RUE W, XKy, MIFERA R R T 0.9, HARYMBMEET, SVM
BEALHY R, W R T PLS B A o [Al i), SVM AL 1) RMSEP fi§ /) T PLS &Y, 13 B SVM A AL T K 53 ) Tt il g ) B
SR X THER S, SYMABLELFIN BE A T PLS B AL . (HARKF , PIANEIAL A T BE D AL . X2
h) R 2 A B WS B 5 K 3 R A O MR R RYY, TS R R A DG EAN R
3 SVM 5 PLS T2 Hxt Lt
Table 3 Comparison of SVM and PLS prediction results

ash volatile
method group
R, RMSEP R, RMSEP

oup 1 0.933 3.223 0.724 5.772

SVM group
group 2 0.944 2.902 0.736 5.489
group 1 0.932 3.349 0.578 7.423

PLS

group 2 0.907 4.027 0.592 7.228

SVM Ay — Ff AR R PR R, Ak PR 7335 B RO 35 2008 18] A9 AR R PR RE D S5 o ARSI 70 B, SVM R B
BEAF, ISP AT RE SRR e R K 23 5 R 2 g Z IR AR MR R £

2.4 BRSO TERNREF
TG BE DR K 53 #5553 9 70 BT J7 125 (GB/T 212-2008) 5K I B 3 v i Al 02 a2 J i b A7 i 7, AR 4l 20 4 A
BIANTR], 23 BT IS E) 5 22 1~6 h ANSE o JE T RBF 25 H0R 25 5 SVM AL R BE B K I3 o 45 S o3 (9 50, m] 4 43 A ik [

A5 E 10 min AN, AR R BT, IR RERE RN B2 42 fih o 3L 55 30 P B TR AE S T o AR B85 16 5 R 2% I O
I IER X IR 4 PR
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F4 LGRS KL HO LR L

Table4 Comparison of traditional method and terahertz time—domain spectroscopy

analysis techniques analysis index analysis method analysis instrument analysis time
traditional method ash ash method muffle furnace,balance 3~6h
(GB/T 212-2008) volatile weight difference method muffle furnace,balance 1~3h
simultaneous determination of ash terahertz technology combined with terahertz time—domain spectrometer, .
THz-TDS . . 5~10 min
and volatile SVM algorithm balance

N
A

3 iR

ARSCHR T — 2 T R 2% W OG HE (THz-TDS) SR BB IK 70« 45 % o3 e f op W 7 i, WH9E T R Kb 2%
WS SR A B O F&R, R LT S=G T Il MAF ~F- 8 7 F 4k B 05 ¥ | SFF 1] 5 AL (SVM) B LRI i e /) — 3fe
(PLS) A Y PO R SR A 52 o 39 MR I3 A K 2% A7 80 BE Y [1(0.2~2.2 THz) Y TG W] W i e, 3 T 2 52 i)
R 22 e BEWSCRF PE B FBE R 5 S—G 13 I MAF ~F- 8 X SVM A RS 1 358 46 ik 2 100 &R T W] 2 42 715 SVML A
Ak 8 e b R 43 L 4 B TN SR T PLS BERL . K 43 SVM AR RY (1 b 5 56 TE A (Y A OC &R B (R,) M 0.933,
RMSEP 2 3.223; 4% % 73 SVM £5& B 5 38 46 31E 45 19 35 I #H OC & B (R,) 7 0.724,RMSEP 2y 5.772. Kk 2% £ R &5 &
SVM Bk X MEBR K 53 FE S AT TN, AT AT A e M 28R, A 20 I 1) 45 A 2 10 min 9

AW R BEB IR oy A oy B BN AR L T — Rl R, HRZ R TR E D K IR FE Koy B A
AHEER R, BERIFAGE 5835 o ARl 1 S AR AC i L S0 i A S AR A O ok — AP e R UL, LU
TR SR IR0 K oy o P o B R TN AR o ARSI S0 S BB R A . 2 2 B I A oA R A
4 B
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