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W E: BW ABUUER Orpiment MR T2 RHEAA & R BF P MERE, AT IR “RAR-TE AR - LR - S A BRI -As BT
HIAZHIRFR, fENTAFMEHIDER M TR AR OSBRI a2 GG R & Rl SRR . 53k M
“TER-TEA-EUE” 2 B AE R, R B & 55 5 TR & 3T 615X (inductively coupled plasma optical emission spectrometer,
ICP-OES) {lSEMER H e &K &, FAMHE T EME (scanning electron microscope, SEM) IS #5245 H 43 b H 2 Tl FLBRE %,
g ARSI E I As Bl [FIBTAE B LR 2T 4 61 (Fourier transform infrared spectroscopy, FTIR) SH72 ik
(Raman spectroscopy, RS) ¥, i ¥k 5 mh & 5kug, M/ —Feik-2I5 4047 (partial least squares-discrimination
analysis, PLS-DA) 53ZRFRIEAHL (support victor machines, SVM) HIHIHEA . £5R  EhiEoK WEMMER+ As S 2K, S
BEFAE; SEM SR EIR, BEOK CEMERBUR KRR TE ST, FIESZK WG N RM B R ILR R A B, TR
ZRALGH; FENT BB EHIBT, As ¥ M EETE0EAE D FEAK 72.8% 5 81.4% (P<<0.001). & T h i@ & 1) SVM
R, IERIRIE 100%. 518 /KRB RBRMET b A IS BRI S FLRRAE M. SEsRE T A fa e tE,
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RIFE
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Research on waterjet processing mechanism of Orpiment zirconium spheres
based on multimodal spectral fusion

XU Tianyi', HUANG Zijun', KANG Shuang', GE Songqi', MENG Lingbin?, YANG Xinxin!, YU Peng!
1. Changchun University of Chinese Medicine, Changchun 130117, China
2. Siping Zhenghe Pharmaceutical Co., Ltd., Siping 136001, China

Abstract: Objective To address the challenges of insufficient standardization in the processing of Orpiment (arsenic disulfide, As2S2)
and the difficulty in controlling its toxicity, this study elucidated the interactions among “particle size-morphology-porosity-crystal
defects-arsenic (As) release”. It analyzed the effects of different processing methods on elemental composition and microstructure, and
established a rapid identification model based on multimodal spectral fusion. Methods A multi-dimensional “element-morphology-
spectrum” data matrix was constructed. Inductively coupled plasma optical emission spectrometry (ICP-OES) was used to determine
elemental content. Scanning electron microscopy (SEM) was employed to observe morphology and analyze surface porosity, combined
with dissolution experiments to quantify As release. Furthermore, Fourier transform infrared spectroscopy (FTIR) and Raman
spectroscopy (RS) data were integrated. Partial least squares-discriminant analysis (PLS-DA) and support vector machine (SVM)
discrimination models were built using both low-level and mid-level data fusion strategies. Results The zirconia-ball water-grinding
method reduced As content and increased sulfur (S) content in Orpiment. SEM analysis revealed that particles processed by this method

exhibited a more concentrated size distribution, their morphology became more rounded and blunt, and surface porosity significantly
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increased, forming a hierarchical pore structure. In simulated gastric and intestinal fluids, As dissolution decreased by 72.8% and

81.4%, respectively, compared to dry crushing (P < 0.001). The SVM model based on mid-level spectral fusion achieved 100%

classification accuracy. Conclusion The water-grinding method achieves detoxification by removing As** from Orpiment, regulating

the particle morphology and pore structure of Orpiment particles, and enhancing the stability of Orpiment crystals. It establishes a

multidimensional data matrix integrating elemental composition, microscopic morphology, pore structure, and spectral characteristics,

providing efficient and reliable technical support for quality control of the mineral drug Orpiment.

Key words: Orpiment; processing; zirconia ball-assisted water-grinding; detoxification mechanism; spectral fusion; chemometrics;

multimodal data fusion; support vector machine
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I (ih e, Z2HEMWED, NINEASAEZ
AR ATEE T, SEELEEPE R RS HED
Hl, NP L ZE B S bR B A 1
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NT RGMEHTEEERABIK R L2 RS As
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BTEEEITURAN. MRS FLIRSGE R SO R
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(Raman spectroscopy, RS) ##f, FRHVIZEH
RrabGRIR A G R TI, DU A F ]
TEIRPE . ot R0, S As B4
i T2 S L E AR AR AR T B TR
e 7 ARG — 4R N R R, dd e i R 2
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(R E 250 2025 FERRECH]; Nicolet iS5 Y fl B8
W A4, 3£ [E Thermo Fisher Scientific 2 &) ;
Renishaw inVia B4h7 2004, SCE % eH A,
IRILHR, b5 C14239366, Jeifal, L wmkA
R R HRAF; MR, #t'5 1901141, 434
afl, Papktk TROARAF.
1.2 R

13 HEMES IR 2504 0 b 22 [ 2 M
ZidiTisy, AR (THD. = Q. 2# 3
O SN (LR =i, VEAIE B AR 1, B
JRZ MBI KE PR R E RS E, AN
WA VIR SR RS, 325 AL A (As2S2)e
FE SRS B LR 1.

1 HEEHELRKEER

Table 1 Source information of Orpiment samples

5 S TEIR SR b5
1 CHNL  Ht BN ZEE=ZIMZAHM T 20180701
2 CHN2 ¥ IF ZHe=MEidtisg 200113
3 CHN3 H Z=® ZE=MAMTS 20150928
4 CHN4 M I ZHE=MNAMTE -

5 CHNS B Wi ZE=ENMAMTS -

6 CHN6 B WiF wHMZMtils 200201
7 CHN7 3 i =BE=MZHMNY 210615
8 CHNS B Wir ZHE=EMAMTE 20230518
9 CHN9 B WM ZE=MAMTS 210603

10 CHN10 3 8B <Re=MZidiis 20190818
11 CHN11 3 = ZRe=MEiMis 20210212
12 CHNI12 3  # wdb=EZiM s 20200108
13 CHNI3 5 Wb zEZ4iM s 20210510

2 FAEEHR

2.1 ARHEsH

R 0 4 H, = DU 7R AT M

(1) TIEM#EMESE (pulverized orpiment, PO):
B 50 g s H, #9RE R 2 S0 (0.25 mm) [,

(2) VRIEHRHEMESE (wet-pulverized orpiment,
WPO): EELKIRIERTE, 40 CHAJE LI

(3) 4 /K K3 (traditional levigated
orpiment, TLO): & (h[HZGH) 2025 i VU
0213 Ml 38 U A (7K TRIENT, KRR AR R, T+
KRS

(4) #:BR/K CHETE (zirconia-ball levigated
orpiment, ZLO): LS HOAEERK (BT 1~4 mm,
JRELL 10203 04) B 290g, Hi7K 300mL, 800
r/min W EE (87+5) min, HUREE R TEEI,

B M]3 BT g, T 25 C. AEx
MBI <15%% M F%E . BT
22 EF X HEOTHMYIES

K F A [ A 2 50 A J] 4277 11 DS Advance X 7Y
SR ARATHAGEAT YA AT, LI AF AW DA
CuK o FEH HAGGUR, Fo& Ni g f, X JEeE
TAEHEN 40 kV, TAEHAAN 40 mA; KA ES:
AR, SR T Y 6°/min, $3 A1 FE VU Dy 50~
90°. FfFhZ R IELL IR IR RIS 515, PR S TR
i b, B AT

¥ X ATt e g R, 5\ JADE 6.0 4> Hr i+,
I FUEAL RS WAE S A, HOR R B Origin 8.0
B T4, 5% PO. WPO. TLO. ZLO ¥ £
(1) XRD B UL 1. B AT LIS 2], PO WPO .
TLO. ZLO 4 FfE 0y ARFE S EIE A7 FIF AR R I
BEMESR, XRIEANTE R ARG s A R 7
T B A AR . FESANFES R, RE AR A
B (As2S3). HE—DHE 'R T A F &
T3 V5 ME TR R VAR A R . AR PR AR 2 R A
(figure of merit, FOM) {HRIPEAAR#E, R FOM {H
FN, ZPE AL : ZLO Y FOM K, 1A 5.9,
AL SE I PO A1 WPO (1] FOM {8 JUIAH X 45 i o X Aol
ZE R, BEEROK TGRS DR METEORE an ab B R
REf8 A WO S AR PERRE R P i B, LRI
HOR T AR 7 V2 R v i SR Al R R

PO

WPO

TLO

| 7L0

0 3 s 70 9
2019
El1 MRERZHFmE XRD JEE

Fig. 1 XRD patterns of each sample of Orpiment
2.3 BEERITRBRS R
231 PRSP S AT R RO
AL 0.1 g, IIANFEARRRLE 8 ¢ 1 0 1 FeHIA RS-
A - SRRV BRI AT TR T A, R FH PR BB T i
FEF: e =HEZA 10 min F+ 2 120 °C, f#FF 10 min;
P2 10 min F+ 2 180 °C, fR¥F 60 min. WHETER
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JE B VERUE R A 25 mL, KBRS S S TR
61 (ICP-OES) MIE L& & &, UM (A 5s,
RF (radio frequency) S#ijZ 1000 W, Fz5E i [H]
58, BANEA, FEAEAE 15.0 L/min, 5
AR E 0.75 L/min, #B<0E 1.50 L/min; &l
REA R I s A A B3, R 12
r/min, $EFFLER 25s. DAARAERNZRIEE R, FER
BUE B S TCRAERE W, FH 5% BRI TROZ b
B, BCHI RS R EIRERE (0.24 0.5, 1.04 5.0,
10.0. 20.0. 50.0. 100.0 pg/mL) IR & FrUEETR:
PLICE SR AR (Y), BRI R ALER (X,
BATERYERNA 8T, A hrdErh 2R, SR & ITEM
SINTG . PRAERT R TR A R R A (RY LK 2,
Fif R R2 KT 0.999 6, £ILME R R BT,
Fi NIST SRM 1640a Fr#EP) I EAT I8 0E, 45
K TCE BRI A 92%~107%, & B ARt
HAXNEG B F =M G R EIRFE — R R
BB/ SR UG i B T

XTHESE I 3 M) P i AT 1 64 FhonER M)
R AT, Horb Asy S AR, HIREZEE 1CP-
OES LRl yaE, WrE 4 RANEEHSH4; 41
MR ETIRHI AT G2 BB At R, EA R

Fz2 BITNEZMXRERER

Table 2 Investigation results of linear relationship of each

element
JLE FKinm i i 26 5 72 R2
Al 396.152 Y=5151.003 466 02 X+284.399 70509 0.999 95
As 234984 Y=189.514 634 93 X+3.850 147 10 0.999 98
Ba 493.408 Y=400 323 X+45 063 0.999 90

Ca 422.673 Y=7479.261 286 72 X+ 1 584.792 772 94 0.999 90
Cd 226502 Y=11722.880 533 79 X+35.742 077 07 0.999 87
Co 228.615 Y=2136.228 926 42 X+15.498 75393  0.999 93
Cr 284.325 Y=8100.977 446 77 X+159.492 654 89  0.999 94
Cu 327.395 Y=5972.431 131 82 X+230.308 451 62  0.999 97
Fe 238.204 Y=12019.869 581 92 X+240.250 444 61 0.999 67
Hg 253.652 Y=507.167 510 84 X+26.994 978 34 0.999 97
K 766.491 Y=1610.734 299 01 X+815.545197 89 0.999 87

Mg 293.651 Y=552.36 X+110.39 0.999 90
Mn 346.032 Y=449.085 690 58 X—49.693 787 12 0.999 99
Mo 202.032 Y=2090.894 522 44 X—4.285 808 40 0.999 96
Ni  222.295 Y=575.5 X+66.929 0.999 90
Pb 220.353 Y=489.817 260 97 X+16.261 851 56 0.999 98
Se 196.026 Y=197.216 818 51 X+ 10.326 869 80 0.999 97

Sr 460.733 Y=6594.980 793 53 X+112.201 44360 0.999 94
Zn 206.200 Y=2564.623 474 20 X+32.906 72118  0.999 98

Fe. Sb. Cr. Zn. Pb 5D i) EEAEETCR L H
L

232 As 5 S WIEERLSN JEHIHTE, MR
HEEITER As NS IS BER AR (R3). BER
KEAEHE, As TR FIEAN 0.63% (P=
0.002); MM S b As JCER AR BT ER I o ELA)
AR, S JTRWE ETHES, EJIF 0.85% (P=
0.00). AsJLER S JumMHIELL (RELD
1.53 P28 1.51, S54 “2.27 TN X S RAT 50T
R RTEY/ g TE R N S P ol ) S Na <% T/
K A 2 A AT A AsoSy PR AR LL o

#=3 BERKYEIFEETREIEN (Xts,n=3)

Table 3 Comparison of main element contents in Orpiment

before and after water-grinding (X + s, n=3)

JLER As/(mgkg™) S/(mg-kg™)
J Ak 606 556.861+170.00 374 012.18 +65.00
ZLO i 600 258.094+80.00 382 532.38+55.00
EEATE Y% -0.63 0.85
P 0.002 0.001

233 FUnEmIIEES B As. S Ak, ZFPT
RN EWIEMEI R RE T —E B (R4,
toin Mg, Sb & &ML SIEER, Cry Zn /h
MEFFE, Pby Liv Al. Cu LR, LA
PR, BEEOK WA G RE TN
FR ( Cry Zn) MR E %, 5 (41 Mg,
Sb) FEZKIRILLR o
234 REF IR EESHENS K RERES
Sb. Fe. Al. Cu. PbEIFMILREEEE KD,
HE—BAEs, KRR A R E R B R bR 2 R
RICE. &4 “2327 WK As SR FHME S &
= FARE s, RPHESEROK AT B &
BRORPEMCE As Fri, EREE 0 R 4 B 5
ARSI M, AT 0 [ SI L 34 H 3 2 () R
2.4 MEEBMRHUFIRSFLREH S
2.4.1 SEM GOWIESME S04 KR o 8T
Ted Pella 16084-1 ik FHR W L, %4 Hitachi E-
1045 B FIRSHX w4 AL B (JEFE Snm, BFE] 30s),
{5 FH H 37 SUS020 377 & S 45141 L~ S A 6 Ikt Fi,
JE3kV. TAEFEES 5 mm 25 0F MRS, K
KAEHCH 5 000~50 000 515161,

EEUEfEZE (50 000X) [t SEM EI%, FIH
Image J A bRE DhRERHE R AL K S, I
LA PR T A B ) 2R, SRR R A DR
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T4 MEMEAEKCREPRRTEZSEMNEE (X+s5,n=3)

Table 4 Comparison of impurity element contents in Orpiment powder and water-grinding residues (X £ s, n=3)

& 4 (mgkg ™)

3 :

Fe Sb Al Cu Zn Pb Cr Mg Li
K MR 3039£1.91 4641051 2741008 428+0.16 370035 1731012 3.64%£027 5.89+0.64 0.60+0.04
KR HER 29.56+6.45 3.631£0.23 3412038  455£029 2773+126  1.76%0.17 15.02£1.13  2.56+022 1.98%0.11
KR 11266.82+717.60 1089.95+86.11 5119.012444.15 334.19£22.29 359.43+34.25 34.3520.94 23.28+0.42 114274738 77.58+8.50
PR EERSS 46224272 260.72£2047 147892411908 75.44+4.82 12581098 19.90+248 1.68+0.17 49.18%3.58 42.62+3.50

FEME SUZAE K AR 07180, R i Geit 1
50 A LA RURL IR PS8 B 1 i 10 3R T AL R 8 Fg il ot
SEM W25 5 B W BEATRAL . B %G, KFEdh
WSy SR by FFHET A B (5 nm)
PASE e it . BJSAE 3KV IR RN, SRIBUBURE
RHEEHIEE

FUNEIRTS 4 Ml dh A —2, BEROE
TG AR, e, FRICRDRE B AR 5 Jet,
HApm R (E2).

PO WPO
TLO ZL0

El2 TR EMENRERERIEIRE

Fig. 2 Macroscopic characteristics of Orpiment powders

after different processing methods

SEM 455 ([ 3) %, PO 5 WPO Hf %k
PARER B—MEE, ROPELE 2
Fr2EER, Hod PO Bkl g Ret, WPO Kb Bk
RS AR MATER SRR TR . AL T,
TLO Hitki % 22 AW M =ML SRR L, RITE
X EABAT A DB ERL T ZLO BURITZAR
BRIE, R, i EMEL LN, HEAEN
YH/N A3 AT o IR ER AN BRI bR e 5 2 FLEK

TERITRAS, 457~ 77K SRR -7K g ¥ [FE
WORLIT) “TEBRBEAL” RS IHTERAL 2 F P O34T
R K RIEBEE R S48, A X0k 1
LS WA AR TR, BRI iV R EE . T
BEBROK KA R BR 2 LA, WHE— P e TR
TH] SRR o

#T SEM FE1%, FIH Image J 454 Otsu
H 2 B 5 1 5 F A EEAT LB R E & hrs [F
IR A AR PE, 36T BIH BEALH R FL AR,
Il t-plot VM AL AR G AR EAR, AT
FERIT 120 TR 4h, BLLFATIE 3 k19200,

SEM BRI &M rai R (R 5) BoR, ZLO
FESE S TUE SR S50, BRI BRI BOR,
Horkite s, A5 HFEIR R HELZT,
PO FE S RTREARIAR K, Bl Sk ot . 5T
SEM WE4h J5E W) 4, IESE/K L2 koK
K%, ReRBIRIN SEIURURL R4 . BRIEAL CRiAED
HZ 5. WOESRIEE R, AR 6] 200
BOMMALE I H AT RE YRR, YA R 77
VMR P, As BT ARIBLAISEAL T B sL s
HARR,
2.4.2  AFEJEH]TFLBR G HRE  ASHE T R AR H
4 FOMETCRE S, RGN T HALBREE S . B
B B AW AL S Brunauer-Emmett-Teller(BET)
B, SF AN R A A B A o PR AL R S5 A AT RALE
BET MR 5T 2 =W B g oF S LR AR &
W7, LI .

PIV(Po—P)]=1/VinC+P(C—1)/VCPo
Po AR MEF I J1 (Pa), Po NWRMHELFE FAAMHEAMZES
JE (Pa), V NIRMSMAAER (em¥g), Vi NEE S FHIF
W BHAAERL (em¥/g), C 9 BET ## (CEAD

C 2 S W Ao 5 W B 7102 T R ELATE 5 B 1Y
SR CAEBOR, R BT 5 2 i1 H
775 G HS Ny s ) BRI B s A 2R B D, 1 TR
KR EE S AL R 8551 (G 6) IR,
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5000

10 000X

20000 X

50 000 X

E3 PO. WPO. TLO. ZLO l&E# 5K SEM &
Fig.3 SEM images of PO, WPO, TLO and ZLO

x5 BEAETEEHROFSEMILREHSH (X415,
n=3)
Table 5 Morphological and pore structure parameters of

Orpiment samples processed by different methods

Mkl PR, ggEM REAL HRERY
P pm RPFam)  BE%  (mPg))
PO 352+4.1 1.8%£0.3 35407 1.2%0.1
WPO 29.6%3.5 2.1%+04 52+1.1  1.8%0.2
TLO 21.7%£2.8 6.5+1.2 19.3£35 8709
Z1LO 12.6£2.3 9.8+1.5 278432 154+£13

*6 MRTEMEIGE BET tLRERSH
Table 6 BET specific surface area parameters of Orpiment
samples processed by different methods

e .. MHXR#H  C  BETHEIH
LiES LA (r) (FE) Blm2gh)
PO 2803.14 661.20 0.901 728  5.239 1.005
WPO - - - - 1.155

TLO  1531.718 118.80 0.988 092 13.891 2.110
ZLO 673.035 21.74 0.997 121 31.961 5.012

ZLO FEfBA BRI MFLEE R B RefiE: L BET L3R
AR (5.012 m¥g, N PO 4H 5%, DFT &

FLERARRUR R (0.021 em/g), H BIH HFLIL L
KA (10.041 m¥g) HAEB K HERE (0.052
cm’/g).

L #-plot JIiEAHTIESE (R 7), ZLO Ffimff
mh NS EH AL (<2nm) FIAFL (2~50nm), &
BT Z RGN o XM —J7 SR T EORHI T
RIEA, H—JrHE A gl E K As & 7RI H
FRAC TR ZE HABETROH . AHELZ R, TLO Ffdm B AL
B B TR, (AR AT AR B — (F20%
£93.8nm), HMALITHAIR. Haibieik (PO 5
WPO) HIfLIRZE Myt 5y, HLERHIAR 5 LAY
BERT K AR

*7 MEREMEGHESE BJH F DFT FLEREHSH
Table 7 BJH and DFT pore structure parameters of

Orpiment samples processed by different methods

B BIHW Mt BIHF LIk DFTEILER DFT-F fLIES
. A/ (m2g™") Blem®g™) FB(emdg") LfB/mm R F/mm

PO 2487 0.009 7.862X107°  31.285 =338
WPO 2.794 0.009 8.246X 1073  28.564  ~338
TLO 4.445 0.023 0.008 42.301 ~3.8
ZLO 10.041 0.052 0.021 40.381 ~3.0
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K IERERRE, R R B ERABIK A, A
DLAE L RE WIp R 42 “RiAe- TS -FLRR 7 =BAAE: 75 %
ZF BARRTRLR T RIS, (2 HE ORI ER T A6 LA/ [4]
B, B @Rk IE N L B E R X R4S
MRASEFEI T 1 ZLO FEM KRR,
B RS PEAL L D05 20 HC: K 5 T A LA
BE1. B, BSBROK WEEE GG A AT S
SN2 RALGEN, BT MEBEAE SR N
RESLIE 1 W O I Al o

g b, SR EREEILERY], Bk
KRR R E A LA TSR 7 ZBRAE . A
ICBEARRLAR, T DR B (10l i 1 K3 25 4 4
CREAL ) ARG 2 R ALIR, 255 288 1 R 1) M) RS
P, AT AT N ZE R iR g T BRI P
ZERL AR o
2.5 AsAHENAFES

FEE R 0.3 g #EALE T 900 mL KLl B i,
£ (37.0£0.5) ‘C. 75 r/min £ FEESP: 20 )5,
SERIE ABAU R 4R SR L 2 h, $RERZERE
0.45 pm PEMES I HRHEATUES, IR MR IR
e, KM ICP-OES MEH i As &, As ¥ i
FAEI As WH R MBI, HRA
AN InC=—kt+1nCs

NERETHNMES ARSI As BEISAT NIt
TR L 2R EY AT e As BOTRPERCR, AT
W ANTE . B ST T RGEHTE s
o, HETRWER 8 fhs.

TERAL B A ES (pH 1.2) H, N[ 7725t
MESEAE P As I BRSNS R R R
#8 WERFEMEHIFERT As BHENE (Xts,n=3)
Table 8 Comparison of As dissolution amounts of

Orpiment samples processed by different methods (X + s,

n=3)
oy As % H &/(mgkg™) SO PRI %
H . » 5
AT Em® ATl ATEW AT
PO 52.02+3.21 103.79+6.54%# - -
WPO 48.35+2.98 95.12 +5.88"## 7.1 8.4

TLO 21.89+1.67™" 32.45+2.11™# 57.9 68.7

ZLO 14.144+1.05™" 19.26+1.32""42  72.8 814
HRE—#E M T PO i “P<0.01 "P<0.001; S5FE—%
HIREE R TLO LhE:: 24P<<0.01; HE—FSHIA T B mithik:
#P<0.05 #P<0.01 *#P<0.001.

"P<0.01 ""P<0.001 vs PO in the same dissolution environment;

AAp < (.01 vs TLO in the same dissolution environment; *P < 0.05

#P<0.01 P <0.001 vs artificial gastric juice of the same sample.

5. PO A E iR, 1A% 52.02 mg/kg £ti,
KAL) TIEM A CIE I BB SR As™ R
i WPO A ERA N, HAETHEARAR
EMEZER (P=0.112); MHLZ R, TLO AT &
KIEFEILE 21.89 mg/kg K47, B PO L% IEIA
57.9% (P<<0.001), 1 ZLO ZHI FE 30 f A1 fr )
ROR, WHERMK, A 14.14mg/kg, # PO A%
FEAK T 72.8% (P<<0.001).

IR AR (pH 6.8) I, F4LEE
As FEHAT N2 I 5 B A A R RRE, B
v K B2 T (P<<0.05. 0.01. 0.001). PO
A As #HEFEIE 103.79 mg/kg, ©#m T HAE
AT BB HERE (P<0.001), iXFh2 0] A
FEESLE T, S8 S-As B /KR E R T . WPO
&N 95.12 mg/kg, B PO A& KE/D, H
R BRI RN B AL B B R ok /N E B ) ok A, (R
TAEA RN ) As B, TLO HAEH
W RV B BRIRIE 68.7% (P<<0.01), WPO 4
7 62.67 mg/kg, HIFHETIEE ST ZLO 4
(P=0.003), ZLO H1EN T - SRR I H B I
() As ¥ B, 1V 19.26 mg/kg, 5 PO 40 KIERE
ik 81.4% (P<<0.001), H#E: TLO ditt—Duib T
13.19 mg/kg (P=0.003).

LEAFIERIESE (£ 9 /i, PO RILH
e FOVE R A (o) FIERGEREER (1),
FHH AR PRSI K LR TS E As &)
FhEAG & AT S RS R N E Y. 52 AR, ZLO 4
R* &R, As WHIS BN E— X3 15BN
I R Z BB =M K R x, H
ZLO H 1 k &L TF HARA (P<0.001), HiE 7 H

*9 HETEESIHRN As BENFERES KT
(Xts,n=3)
Table 9 Comparison of As dissolution kinetics data
parameters of Orpiment samples processed by different
methods (X +s,n=3)

e k/h™ tye/min R2
PO 0.280+0.030 12.0+£15 0.982
WPO 0.250%0.020 17.0+2.1" 0.976

TLO 0.11040.010""&&& 34.0+3.8™&& 0.991
ZLO 0.07040.005""&&&AMA  46,044,5™"8&&AA (0,994

5 PO L P<0.01  *'P<0.001; 5 WPO Lb#: &44p<(.001;
5 TLO W#%: 22P<<0.01 2%P<0.001.

*P <00l P <0.001 vs PO; &&P < 0,001 vs WPO; 24P < 0.01
AMP <0.001 vs TLO.
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IR EEBERE AL S T YRR UL R T
S T SEIL A BRI BRI SR S
BB G0 T SR I e flE R, TR E
2 FLEERIRTTREN As VA HIA1E T S8 K fh 47
HOET 6 S N ER SR = O A W VS E N
FREEMR R . 150 As JCER LLE TS AR
IR, B S SRR I A ) FE M R R
2.6 As S
2.6.1 AU SEIEZMA  RABAHOE- 1500
TEEDHL (LC-AFS) AT &N M. ikt h
Hamilton PRP-X100 ]85+ #etE (250 mm X 4.1
mm, 10pum); FRENHN 2.0%EEEBRIER (BT
RGP AR, MUAXER A AR E 1.0
mL/min; #FHSONEAE . Wik K H HPLC-
ICP-MS VE[FBE As™S AsS &, DAIfifRE: H
HERFTE
2.6.2 PRSI H S R A PR M )
(PO, WPO. TLO. ZLO) #K%) 0.5g, BT 50mL
BT, N 0.15 mol/L fSERYAWR 10 mL, 7S
FEHL 30 min; FEEUA T 4 000 r/min 0> (~1 800X
g r=10cm) 10 min, HU FIEHE 0.22 pm FfLIE
g, SRPEMRAE AR R AT
2,63 FEMELER 4 FETH AR H
(F PR <10 mg/kg) . As¥ & & E 45 R W% 10,
2 MUK R L2 5RE B PRI A B, R
HK WL ATE LBl S o I . (EARE
B, ZLO 41 A E{Ems =T TLO 4.
210 HETEEHIRT As*5 A S EBNELER

Table 10 Determination results of As** and As>" contents

in differently processed products of Orpiment
y o PR EU(mgkg ) | RED H/(mgkg )
FE i FE b
AS3+ AsSt AS3+ AsSt
PO 72 300 <10 TLO 15200 <10
WPO 46500 <10 ZLO 23100 <10

AR N A A RN, 2R S EEEOK R
PRI AL L7 2 AL B R : ZLO
B LER AR R Z K, (A5 AR TR T it A P9
IR A3 LRk, JFESRIR IR T ok
s EXSRALBR S5 R 7 S 9 i i e
B, ARGELE T As BUREBGERE, Ik, ZLO fEf
UE . RO As ¥ A BT Hoph 4
B, A ITENE TV E R As AT KRR
TR o SRR I P 25K E D25 SR S 01 1

LA .
2.7 BT RESHIENESIRARN I RGESER
2710 JEREHE R AL B SRFIE T FTIR 2R
1 mg #£850 5 100 mg KBr FE AT B [ 2] 4
i, KA 400~4 000 e Y6, SRAE S5 G s
2 Savitzky-Golay P (9 s % 1) 45 & hrifE IESAR
BT AL B2, RS SR E# BRI K
100~1 000 cm ™' Jil, JRUEEik S ILLERZIE (3 X
Z IS M—Fr FHAE LA S 2290 4, RS
IGLILLMIES T4 A3, DL As-S HFEIEER
SV N LRI T AR AL, TR LR .
ANFETTEM S P MEE R A, E 4 000~400 cm!
BN EERCEREZ R (B 4) 2, FrE RS
£ 3 440 em™! P BIAEAE | ASFERISCHY, )8 T
PR Sl B 525410 O-H 4Rz . ZLO fEULARY
WS 55 P R R ME B PR AIG 25%, 1X 5 SEM 231
HEZ LG MER T Ky 78RR —5.

4000 3000 2 000 1000
viem™

El 4 EEREIEFIGER FTIR FE56E
Fig.4 FTIR average spectra of Orpiment processed by
different methods

7E 1647 cm™' 4k, PO Il WPO {7 Hi B i (R
WSCUEE, 1T 2 AR TRIEAE f T L Ak (1 e i DU . 25 %
ik, X5HT SEM MEEAT H 13 g 7K 1 3G 5k
AT . W REMERAE 1 600 e PRSI 21— b 55
WS, HEMIJE 5% FeOs 24 ENLER TP, 1M
ERILAE ZLO e k. kI ICP-OES #
E 1 96.6% 8k L BRFAIV) A, ENUE T /K WIETE Bk
WSR2 5T 7 THT A 2501

£ 100~1 000 cm™' AT/ RS 704, 487 17 #E
A R HIFE AR FIREAE A BB 2R (&
5). 5 PO Ml WPO #HLLEL, HJE T As-S-As & ¥
BN 177 e V&, 76 ZLO H 5 P Ao R 3 PR
15%, ROEEERBEE ST 188 A SO A AR A6 FR
PEREAR . JHJE T S-As-S X FRIHAEIR B (I IEEALLE ZLO



¢8 % 2026568 $57% B128 Chinese Traditional and Herbal Drugs 2026 June Vol. 57 No. 12

* 4639 »

’//\./\_J\NAL PO
,/\/\N\_J‘AJ\L WPO
,NL/\J,\J\L LCe
,MN\_)/\L ——
100 400 700 1000

viem™
El5 MRAREESIGENRSTFHNE
Fig. 5 RS average spectra of Orpiment processed by
different methods

1M 201 em L BEAE A 205 cm L, 454 SEM LK
Y AIESR T 12%H1 18%, X5 AsySs 4544 =R AC
FERTFRAEAR B RAARTT o

272 MPEIFESFEE ARBPFCRA T 2 MEIRT
Hmmhaokng, DS 24000 E R WIgRE 2
¥ FTIR Y61 400~2 000 cm™ % BL 5 RS ) 100~
1 000 cm™! VG AT HEPHE: T RELE %S
Hi#IT PLS-DA #57 J FTIR Y61 A2 EL 15 NELE
¢ (latent variables, LVs) FIM RS HH2HL 4 4N
B, FRIX 2 HAETEH TS

EEBIE RS, KA Kennard-Stone 5%
2Tt 156 DA NIIZREE (104 DEEAD AN
M52 MEASD, IF M H Hotelling 72 #5567 95%
MEAEKTFRRIRRE A, SRR R
T 2 MR o dse /N —3fe- 41 51 3 #r (partial
least squares-discriminant analysis, PLS-DA), FH
SIMCA 14.1 8 PAAZ X I UESS 77 AR 1% 2 (root mean
square error of cross validation, RMSECV) #/Mt K
HAReRE, &g 1 15 MELEH T8, L
X R EAL (support victor machines, SVM), %
PRV T MATLAB R2021a 1) LIBSVM T ELAf 1)
i, AR EZ R, IR MR R IE R R
7 CZRIEHE 1X107~1X10%) R4y (3
RILHE 1X104~100) #4714k,

AT VAL BT A PERE, AWFFCRA TN
HBAE XRS5 SN SR UE AR 25 A 17 e A IR A
7 #7538 IR R PSR A, it B
RMSECV {E24; HM 6 e WA A A0 37 i Il Sk o
R AR T, BARR) o 1 pead i A 2
REPE Rtk F1 OIS B R0 R A ED

Iy E A B IRV FE R 28 — R IR R AT SR S VR .

G i S A R TG TT T, E SRR
R E T4 A Duncan £ HLEYE (A SPSS
26.0 B, DRSS AN AT 50 As/S HEAE L As
T RS R B AR R T R R CHIEbRME N
P<0.05); [FIMy, FETAxa BB MERGEEMOLE M
TUER B P i 2 R AR B S e ER, BLRA
FEHT I IR EEN L . BSE, ZREIBH T 2 Mt
THRMAT T A Origin Pro 2022 3K {42
HITC R AAREL X SEM EG AT TE e LR A i
oy BB 2 X # AR M C(receiver operating
characteristic, ROC) Hi%k; FF|H PyMOL2.5 ¥ ff
KB RMHIT R AsoSs AL AL .

AWFFKA FTIR 5 RS 2 ER A4 SR,
454 PLS-DA 1 SVM, #yad | H T MEB i 7%
R REHIMAE AL . FALRE 5 b & SR B & 4R T T4y
KL SR (e 71202, R G e ddR 2
4 [T P AL B DAV BR FE LR IEAS o U RO B e A
Ao RH 1B 2 i SEOERIERELAR R, FHR
A 1 257 A 45 M afe M AR ST AR T RV Rk 5 HIU B
Wi, FF%H] Savitzky-Golay &R -1 37547 P 281,
FTIR 5 RS #dfa 5 i) e A FAL BE S S L% 11

#F 11 PLS-DA #REIEIRLE
Table 11 Summary of PLS-DA model indicators

— FULER TSR HER R/ %
PLS-DA SVM
FTIR SNV+SG 100.00 94.23
FD+SNV 96.15 100.00
RS SNV 84.62 25.00
FD+SNV 76.92 98.08

KT 2 P s EeE il A SRmS AT H o301,
VI b & P FTIR £ Al RS 204, A2k 890
PEERARHE M & . A M 5%EF] FH PLS-DA 437
M FTIR F1 RS #HRAEHHRBUEEAE, BH5RX
19 MRS, TR T 5 S B R RS R e T
8o RPFFATEL T 2 oS A s . JEatm
477 K FH E B FTIR $E (400~2000cm™)
5 RS ¥#5 (100~1000cm™), /% 890 4EfKIBES
FREm . fEHEREGI B, &5tiEid PLS-DA 4
S FTIR #1 RS LR B ELE (LVs),
Horp FTIR 8- EE 15 4~ LVs, RS LR 4 4>
LVs. b 54X 19 /M EL BB G NE —FHIE T4,
T 8@ o #r



- 4640 -

¢8 % 2026568 $57% B128 Chinese Traditional and Herbal Drugs 2026 June Vol. 57 No. 12

TEREE PLS-DA BRI FE i, B2 EUERf
WEIBE AR B BE, AR AT R .
T FLBI205R 0 , 5 U 7 AR T AR N R A RMSECV
B 22 B AIG, RIS AR R TR A AR P O R (0P A
A BN SNVA+SG 4bFE 5 ) FTIR $dE4E

DL SNV AL ER ) RS a5 43 70 it AT 4] S AR fik &
(HRg R E) Mh B EmG CRHMEgRE), B
JE ¥4 2 Bl & SREE PR R R AR s — B R A N T
7. PLS-DA 5803341, HARAGI AR g 1 25 SR AN 43
FrigmTt£ 12, 13 1,

£ 12 T EEEE LB PLS-DA #EEIEFRIEMN LA

Table 12 Summary of indicator evaluation of PLS-DA models of different fusion types

! BIEEER Ry 0> NGREHEE/%  MREMEFE/%  RMSECV  RMSEP Fi
FTIR 15 0.856  0.602 98.08 100.00 0367560  0.229830  1.000 0
RS 4 0.581 0.517 79.81 84.62 0226736  0.213894 0.8325
WIRH IS 19 0.981 0.819 100.00 98.08 0.197 777  0.177935 0.980 7
B RS 5 0.884  0.855 99.04 98.08 0.183288 0.175423  0.9807

F 13 PLS-DA S ZERASRIBEIEMLE
Table 13 Summary of confusion matrix for PLS-DA classification model
KoK ﬁnﬂu UEE S WK
B3l PO WPO TLO ZLO EiEEs PO WPO TLO ZLO A
FTIR PO 25 0 0 1 0 13 0 0 0 0
WPO 26 0 0 0 13 0 0 0
TLO 1 0 25 0 13 0
ZLO 26 0 0 13 0
TEH) 0 0 0
RS PO 26 0 13 0 0
WPO 21 0 0 13 0 0
TLO 16 10 0 0 6 0
ZLO 0 0 26 0 1 0 12 0
TEH) 0 0 0 0 0
VIR BAR G PO 26 0 0 13 0 0
WPO 0 26 0 0 1 12 0 0
TLO 0 0 26 0 0 13 0
ZLO 0 0 0 26 0 0 0 13 0
FEH 0 0 0 0 0 0 0 0

B 5T 45 JR S, FTIR $40 48 1) 1 400 08 )
T 100%H B =l , £ 1 FTIR 5 RS #iERat &5,
L2 A R RS #EEMLEL, FEFZRER T
BENSET, XRH THIRA R 7E PLS-DA
R i— RS B IERI R . 245 by 5
G 5 R G, BAR T B ER R R,
B2 P ARG IV TeAn S AR, X SR IATE
PERURHIE f5 P L 8E RS, 7E PLS-DA H 1R
HAES

H SR AR PR e B TR 3 o PR R R S T R
EhAL, WIEAAREHEMN 19 MRS S 4. X
SEMTAAE AR T T IR, BAARIN 0% E
M 0.819 $2F+ 42 0.855, [FIFFH RMSECV g kx P

T 7.6%. PRAIE I BSAEMIRSE Ik 2] T 95.45%
[ 2RUERIZ, TLO 5 ZLO FEA 8] AR R
1.92%, iX FEIHET TLO 5 ZLO FEHh7E 382cm
(As-S HIRB)) MTELeREan =5, ZA BT
ARG RE AN 2 0.08, St — 2 BRihER
NI

L R G R 48 26T 42 1) R R B0 A 1 [
T C (9.54X107) 5% Z% y (724.08) #ATFHE
TR, AL T AR R I S R A T VRIS
B 100%56 36 70 RUERI %, BER BN EHEES
FEAZRR A Btk (A& 14 B ); [ EYIZRRL
R SHOCERIA AR 2 B0 ) 3k g e
B T HHEZRWRMIURUE, B REAUSH
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=14 SVM 1&ERMHREXTEL

Table 14 Comparison of SVM model performance

AhET AT B IR E/min JREERE F105
VIZEA 890 15.2 0.923 0.923
Ly 19 2.3 1.000 1.000

X ]/ T RGEARIREL, RIE e T A W S
B, RIS BUHE (C=9.54X107. y=724.08) I
e dE— PR TG R R T R A, fEfR
W 7> FNG FEAZ AT I T, A RART T B 25
(RIS R 2802, SEIL T R FE bR I 2R A 1) B[R] AR
o # SVM AR, HAHEE PLS-DA #i%Y
FATT, RITERRFPFELE 7 R 34 Ta %t 2 &6 o Bdm Bl

ITREG IR . B I AR s F A 3 2R S DUE R
Fc Ceost, TEHZHD 5 g (gamma, SO 1
ARG, BETTXAH RFE AR AT 25 2. 5K
Woea, AT E A A5 R . BRI E AR
Mot AT WAk 15 K 6. WHFRas /KK, &
i FTIR 1 RS ¥ )Rt &AL B 5, 58— RS Hds
FHEG, FURNESZRAIRTE, SRR RS EORRE
HRE5 SVM BiAld RS Bl iRl tE. 78
MW AERL G5 TR G Bl A AT LR, R
PREALE IR FERIAH A, B8 b & 0 vrAl
TabR ORI, MTTIERIFE S H SVM B, 4]
P ERE BA E I RPERER I .

=15 SVM #EREEFRIEMN

Table 15 Evaluation of SVM model indicators
PRI YN GEWERR/ % MREHEFR/% beste (RMETISHD  bestg (RMESEHD WMBHEHIE/% R
VIR Ya A 100 100 32 9.765 6 X 107* 95.1923  1.0000
R R RS 100 100 9.536 7X 1077 724.077 3 100.0000  1.000 0
A-a I B-a
1

TR 1%

Ab 4

—e— THMIA

bIEES

0 20 40 60
FEREA

THERF /%

—— HSE
—e— TI{E

PS

Jug

T

1

0 20 40 60
TR

a y SVM & 58I by SVM MRS 4R
a is the hyperplane of SVM results; b is the classification result of SVM test set.

& 6

EFHR (A MRR (B) HIRAAFH SVM SRR

Fig. 6 Results of SVM model after primary (A) and intermediate (B) data fusion

3 g
AHF TSI T “RiAR-TE 3 - L B i AR o -
As BT 2 RN ATHEZE, RGER: T E#5EkK | T

SRRV L] . AR IR AE TR
W T ARG B —4RbR (R As) VFTIRRR, M2 4k
FEAR 7R 1 ML 5 AR 5 4 T A A R T A T 1 %



- 4642 -

¢8 % 2026568 $57% B128 Chinese Traditional and Herbal Drugs 2026 June Vol. 57 No. 12

B o I T A ME B AE AU, 15 VRS AU T 1) As T
HER PO 73 A RIRFEREAC. HALH A L85
iR A —J7 1, I R P
BRER o AT E As f Fe. Sb 2L MES R, H—
T, P FRURIERTEAL . Rk KV Bt 1 3k-
FLIE, JLRME T S As B9 BB 5
AN, RS (As-S #IEHEF 538 5%) 5 XRD (FOM
RO IESEiZ TZEE T A& ERIE, 5271 T As:Ss
mn R IR 2 RE e e, AR S, B4 1 As 13
HEYE . FE BT EAESIDT 1, ABF AR R FTIR
5 RS, i iR G SRS 45 S SVM B, 5K
LT AS R T2 g . ot %m0, it
LWL 100%. XA T 2SI E 455
Tt E AN, E R R G 5]
RINZIZR 7R3N WiRgEHD 4idsil, R
MEEN WA T2 X 05 EhrE et 7 e
R TR

AHIEFC SR AR T M R (R B 2E AL AT
MERE R “CORER” HREE T IRSE S BRI . AR
1M, W2 IR S R e A R IR 2
ROBEF, Rk, ARRATELLF 7 maERfk: (1D Ak
BV : UATSS IR TARAME R, Kok FRiE
A S AL, EEUEEEER K M R R
FAEIR N I S PR B E BRI RRRE, FFIRE VRN ot
B PR SE AR 15 LUOREE, AN EH A “ Ik
AR BIRFEL B, (2) [ WK P i FE S AL .
HU 51 2 I B 25 40 B B CEAR P VE AL WRSC B AR U
Tob A R Y A R R LR AR e R FH PR R RS e G R
ARG, AR FH 45 JR 4 2 S R AT B 5 5 o) R 360,
(3) HEBN P EARE S AR CH: 5 Bt Fi
AW TGS P KO AR, AR N AR RO
W&t A ORI, BT R AT A5 M- - R Mk
R 2 YEFEAR B R e E VPN A R, SIS As B
W2 T2 BIAR A SRS HE N o

FBAR FAVHEHFEFARGEF TR
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