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Abstract: Objective To establish a real-time moisture monitoring model for the fluidized bed drying process of Guizhi Fuling
Capsules (GFC) by using online near-infrared spectroscopy (NIRS). Methods A total of 176 samples from 16 production batches

were collected by NIRS diffuse reflection probe for modeling. The moving window average smoothing method was used for spectral

s HE: 2019-06-06

EE&WMB.: EXREERL I HeT T o 2 DR E 77 Ja it fi 25 5105 B ARRE RGP (20182X09201010-004): [H K briE
B HEARE R B (ZYBZH-C-JS-28); FE PR B AB £ 00 L 0i: BRI ERE 1m0 8k KR8 5
(2018ZX09737015); [ K TAZ & Rl iG L5 S Fr b S HT AR A H (KYYY20170820)

EEREN: £ W (1994—), Z, WLWTFAE, WHFRI7 B R 25615 BT 5T 571K . E-mail: 1477017198@qq.com

*BEFEE B O IRAKEETEN, ®L, FHRrm b dFHidifm R ST K. Tel: (025)87181851  E-mail: kanionlunwen@163.com



* 5430

¢ $ % Chinese Traditional and Herbal Drugs 3£ 50 % 2223 20194 11 B

preprocessing. The characteristic variables were 4 759.45—5 338.00 cm™', 5 503.84—6 101.67 cm™!, and 8 512.25—8 809.24 ¢cm™,
which were screened by the interval partial least squares method (siPLS) combined with the moving window partial least squares
(mwPLS). The partial variable least squares (PLS) method was used to build a multivariate correction model for moisture. Results
The root mean square error of cross-validation (RMSECV) of predicted moisture was 0.243%, the ratio of predicton to deviation (RPD)
was 13.384, and the relative standard error of prediction (RSEP ) was 0.270%. The reliability of the online monitoring method was
continuously verified by eight production batches. The relative error of 40 samples was less than 4.7%, indicating that the PLS
quantitative model prediction performance was robust and accurate. The real-time monitoring trend chart of the moisture in the drying
process can accurately determine the drying end point, and the moisture content of the end sample was within the control limit.
Conclusion The quantitative model established by online NIRS combined with PLS can be applied to the on-line monitoring of
moisture content in the fluidized bed drying process of production scale GFC and the prediction performance was robust and accurate.
Key words: Guizhi Fuling Capsules; fluidized bed drying; on-line near infrared spectroscopy; process analytical technology; real-time
monitoring; interval partial least squares method (siPLS); moving window partial least squares (mwPLS); moisture; multivariate

correction model; root mean square error of cross-validation (RMSECV); ratio of predicton to deviation (RPD); relative standard error

of prediction (RSEP)

FERIRZ I BE  (Guizhi Fuling Capsules, GFC)
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1.2 X%

GFC 18U I i 72 A AS [ /K 23 B 2 kL
dis EHYLIR RGN AR A PR A F 52t 28 HEFE &
LR 5 180808, 180809, 180810, 180811
180922, 180923 180924 180925, 181010, 181011+
181012, 181013, 181118, 181119, 181120, 181121,
190407, 190408 190409, 190410 190411 190412
190501+ 190502+ 190503 190504 190505 190506.
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Fig. 1 NIRS probe and sampling port position
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( Savitzky-Golay smooth ) . & & H — fk
(normalization). S-G “FiFIN—Fr-S% (S-G 1st).
S-G “FHE M 38 (S-G 2nd). HELKIE
(baseline) . £ JLHU K IE (multiplicative scatter
correction, MSC). FrfEIENIZEH (standard normal
variate transformation, SNV). S-G “F-Jf A& i £ 1
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DAVHRRIE RS s RV — ATV B G HE AR A B il A

BB SE X G 2 A e s — B 0T LUHBR S
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% F SIMCA 13.0 (Umetrics, Sweden) # {3t
17 ERG o RO R AP, KA Unscramble
X 10.4 (Camo software AS, Norway) HFXT itk i3k
TTALEE, K Matlab 7.0 (Mathwork Inc., E[E)
BAF AT AR 4y« Bk AR 8, RH
Origin 8.0 (OriginLab, ) HAFL:AE.
3 HRMSH
3.1 RIERMUETEN

F 6 MOERE (180808, 180809, 180810+
180811, 180922, 180923) H&-BlHLIEEL 1 461,
P RS R 2B AT JCTE AR LS PR, S5 SRR 1
Fias, 6 SIGIE AL KT 0.999, FIALREF

F 1 REROEITFNER
Table 1 Evaluation of spectral similarity
HRABAE

S1 S2 S3 S4 S5 S6
S1 1.0000 1.0000 0.9999 0.9995 0.9997 0.999 7
S2 1.0000 1.0000 0.9999 0.9996 0.9998 0.999 8
S30.9999 0.9999 1.0000 0.9997 0.9999 0.999 9
S4 0.9995 0.9996 09997 1.0000 0.9995 0.999 7
S5 0.9997 0.9998 0.9999 0.9995 1.0000 0.999 9
S6  0.9997 0.9998 0.9999 0.9997 0.9999 1.0000
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GFC LEZHREME, 155 BIRLK 7> & BRCA
3%~5%, AN GRS TR (A RLE )
TR S AR 180808 ~181121 P 176 MEAIK 4y
BEMEHRINE 2. BRFEAKDER (w) 1745
W1 J5 R P P 22 SR N FE A K 5 s TR
WFIE] (o) ARINARTE ;A5 1IEIREE (T s b hnk
IYIRHREE,  HiRAER i BRI TS 2 R
TEAEIRAFRIEIE TN, 224, A3 N 3
TR TR G, IR IR B I, &R
KRB,
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Table 2 Determination of moisture content of sample in

fluidized bed drying process

1R A  w% #min TIC  #AE4
180808 7 4.97 29 42 1
180809 10 3.98 38 47 1
180810 10 4.40 33 47 1
180811 8 3.95 35 52 1
180922 10 4.17 30 48 2
180923 11 4.67 30 47 2
180924 11 4.02 31 56 2
180925 12 4.16 30 55 2
181010 15 4.92 28 54 1
181011 13 4.24 30 54 1
181012 12 3.75 33 57 1
181013 11 4.55 33 54 1
181118 8 4.34 34 56 2
181119 13 4.52 31 55 2
181120 13 4.84 31 53 2
181121 12 423 30 55 2

33 BEEMEARYERFIEARRS

Xt 176 6 TERHR M E 8T (PCA), 24
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Fig. 2 Scores plot of all samples (a) and samples form
180809, 180922, and 181118 batches (b)

Wi PR A (i R A e, DR L S T I A
SIS BEFEAS . Hotelling’s 72 Ziit& R AE K& RAFE 5
76 R 25 [a) b S 2 AR B, fent
AFEARAS BAETRAE AR A i 55 =E o B 1)
FREEEM, KE#FEA Hotelling’s T2 #5401 3 fiaw,
H 6 NMEAFEH Hotelling’s 72 95% & 15 X 18], 437
JE 26, 109, 121. 128, 130. 131 SkEAR, @iz
AT B REA . A% 170 MREASKT M) NIRS,
K Kennard-Stone HykU4bKL BT BEA Rl 43 A IE
EERIIGIEER, Wk 3 P, PR IESRFEA &7 80%,
IOUFEREA Y 20% . 12 IEE 7 /K 3.75%~15.32%
ISAFEE B /K& 3.95%~13.14%, KIIEAERMIGIEER
FEARTK G35 5 (1) T S B A bR A 22 53 0] 72 8.25%
3.05%1 7.03%- 2.61%, 7] W IESEE e IE [ E o5
T IR UF AR .
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T*Crit(99%)=11.825
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Fig. 3 Hotelling’s 7? column plot

#3 RESMEIESEHASELFENEENRESITER
Table 3 Reference measurement results of samples in

calibration and prediction sets

FEAREE  FEAY SEEEREIY%  THE%  SD%
KIE4E 136 3.75~15.32 8.25 3.05
IAFESE 34 3.95~13.14 7.03 2.61

(9 5D+ S-G P (9 5D KEH—fb. S-G 1st (9
O+ S-G2nd (9 5D FELRIE. MSC. SNV X5
RIS AT AL B 2 5, SR & B A /N e
(PLS) sE &MY, AS[FITHALBE 7 ¥ 00 15 28 1 e 1 52
Wi D3 4 o A 72 DA BEfi 22 LU (ratio of performance
to deviation, RPD) FIT5lll #H X {7 (relative standard

T4 TREPMAEFHEN KD & EEEREMRENTM

Table 4 Effect of different pretreatment methods on performance of quantitative model of moisture content

. X W IE4E IS
b ik EHRE
Rl RMSEC/% RMSECV/% BIASca Rype RMSEP/% BIASy. RPD  RSEP/%
To sk 3 15 0.998 0.179 0.295 0.123  0.995 0.254 0205 10263  3.397
Bant O 8 0.997 0.223 0.262 0.167  0.997 0.229 0.184  11.377  3.036
S-G “FiE 8 0.997 0.218 0.330 0.187  0.996 0.249 0.188  10.499  3.217
H—1t 8 0.996 0.282 0.381 0211  0.996 0.234 0.185 11.149  3.128
S-G st 8 0.996 0.278 0.377 0215  0.995 0.273 0230 9572 3.664
S-G 2nd 15 0.992 0.392 0.592 0.301  0.993 0.354 0.281 7370 4.732
LR IE 9 0.997 0.232 0.336 0.174  0.996 0.266 0.217 9.796  3.560
MSC 10 0.998 0.208 0.318 0.162  0.997 0.230 0.190  11.367  3.069
SNV 10 0.998 0.209 0.319 0.163  0.997 0.229 0.190 11.367  3.065

error of prediction, RSEP) AV #EFR, RPD A
FEoNAETITION §E J78% =, RSEP B/, R T 4
ZE TN, BB R i 15); RMSEC (root mean square
errors of calibration). RMSECV (root mean square
errors of cross validation). RMSEP (root mean square
error of prediction) 73RN IEI T RIFZE . 28X
BIE A T AR AR ZE A TN 251 77 AR AR ZE 5 Reat F1 Rpre 73
TR IEEANIRAIEEE A % 540, BIASca #1 BIASpre
53 A 3 7 B IE (1) s 22 TN ¥l %2, RMSEC
RMSECV. RMSEP. BIAScal fil BIAS #/]N, Real
H Rore K, R AYRE TEFN TR e R AT . #23))
B P T Al AR BT VE . RMSEC .
RMSECV.RMSEP 737l 5 0.223%-0.262%+0.229%,
RPD 4 11.377, RSEP 4 3.036%.

AR A T HURAR T R SO 250
TR DU YRR 11 S DR 2 — o RSk TR L) R R

A VL R FRDRAR AR, 3 EUIE 2R 1 (1) B A4 0 B (1)
SRZABENL SN, X ERERRA “HUR RS, 3 Tl
I BUR R IE & MSCy SNV IR §9:. 1
TA R 1 FEAE 2608 SR 21 470 i W B SOk i
o, BIEHTLL MSC. SNV Bk Sy e,

AR TR, 23 & 1115 FE RS 28
AT 2 J5, BSTIK & & PLS B AL
ERA AL T4 MSC 50 SNV AbE 5 (OREAY, RIfE4
(R HIC AR TE 77925 1T g 23 B — L8 57K 40 AHOR (1A
BEE B %45 15 Bogomolov ZEIHR H M A 2%
L, [Fi}, Bogomolov 258k T 2 Eift AL PR T it
FEFRRURIK 3 ELR M MRS A EE, 32— PP 5 T[]
HEEE RIS BE, ZEIVERE T 2 5N
IKEAH R AL & - Chen B 7T 1 UL IE 245
AL E G BTERT, DR TR & TR HUE B L
WRIESHN S, SR IEA—E 2 AL R TAb B
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Jiike JEZEPOM R IAE N F NIRS R Gk BURAE M
B SDCEE BN, ETEBE O A
ZJE R G A B A AR R

342 CPEEWHEEMGEE  EHRE (o ik
e/ MESRIT RIS, & KN, PR ERSRA
AR, kKK, 2FFO6E R, 857 7 AR £ (3~
21 £ T PLS EEBA. k5 RPD. RSEP [1)%
RUWE 4 iR, B 4-a b P H I 2 NIRRT,
IR A K ) RPD AL/ RSEP. 4 &k 9 5 B,
RPD=12.129, RSEP=2.873%, 24 k N 15 i},
RPD=12.293, RSEP=2.833%, E4Kf 15 ¥
Ty, ATV R e, AR RE S BN R

SR 6T IR RS 3l T 107 T 38 2 5 1R e vk T
Kl 5-a. bo BEE TEMEAT, 1g(1/R) FER/DN, 5
OB K NS —, W S-a ik 1R
il AR, BEE RSP RRRE TR, A
eI W T MBS &S, LI 5 150
cm ! Kb RIS oA O B R, W] 5-a HET Sk 2
B 75 1) o
35 T EFiE

17 34 45 A0 38 B T DA S o TG DR AR e R A 2 1 AR
B, WAER, B E TIONDRS B R A AR A . A
WG T 3 FAIRIAR ik ik S A R I
pagRiLlinp Al

5. 180808 #tkiX 7 A GFC MR T FEFEARI R 3.5.1 A& RR/N 3% (interval PLS, iPLS) 12!
1247 , 3.107 p
122 T 3.057, -
1204 | ‘ ' 3007
2 [T & 2951
11.81 \ v 2" _ “
2904 |\
1.6/ 1% LN
N 2.854 e
1.4 Y S
T 1 T T T T T T T 2.80 T 1 T T T T T T T
4 8 12 16 20 4 8 12 16 20
k k
4 RPD (a) #1 RSEP (b) & OFEEMKHMEXR
Fig. 4 RPD (a) and RSEP (b) dependence on window size
*5 ByEOFBEKSEEETEEE
Table 5 PLS Model developed after window moving average something
. . RIESE ES
AL 5 7%
Real RMSEC/%  RMSECV/%  BIASca Rpre RMSEP/%  BIASpr RPD RSEP/%
ol P 0.997 0.224 0.260 0.171 0.997 0.212 0.171 12.293 2.833

307, b

2.5

2.0

&
1.5+
1.0
[———
0.5
10 000 8 000 ' 6000 4000 10 000 8 000 6 000 4000

Alem™!

Mlem™!
5 180808 iR i TIRIIZ/RIA NIRS B (a) MEBIHEOTE (15 5) Z/EH NIRS B (b)
Fig. 5 Raw NIRS (a) and spectra preprocessed by window moving average algorithm with 15 pionts (b) of samples collected

from 180808 batch
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iPLS LIS EHR S B E AT X, HAERATF
X [EHEAT PLS [BIH, BN ZA R ER R AR . At
TR A BB R 43 A 20 A~ FIX (], L RMSECV
FVEOFEAR, O A AR X ] .

352 GRS W%/ —3feiZ: (synergy interval PLS,
siPLS)  siPLS J2[AIR& /N — ik 1Ak . siPLS
A ETE 815 S E 2 e S 1| P G u i N IR i)
ERAA (HEE MM 2. 380 4) @7 PLS BAY
M0 358 A S AR R 2L IX 8] o ASHI 90 R P 2H 45 18] 68
/N TR IR R AR I B, AT BOBTE R4 20
ANFIXE, PL RMSECV AR abs, ik fEd

T IX [

353 BBhE H i/ 3% (moving window
PLS, mwPLS) I mwPLS RMIEzhE &
THE PLS AR, FEA R K 1 AN DV 61 i
HEEE), [ 1 AN, SRR
T o8 B A R O i AR B PLS SR . AT 7t
ZELE I E 7 A RMSECV B2 Gt e 1
FEr A 77, 1350 231, 309. 385. 463 £, AR5
DL RMSECV NP 48R, 126 e 4 A AR X ]
354 IRIEFFEAEREXE DA E XA E A 3 AR
&, HAKSEE PLS B, SERILE 6. U

T 6 LIATEZEE PLS TEERLER

Table 6 PLS regression statistics with different variables

AR T % AR X [E]/om™! RMSEC/%  RMSEP/% Real Ropre RMSECV/%  RPD
7 3999.64~10 001.03 0.224 0.212 0.9973 0.997 0.260 12.293
siPLS 4902.16~5199.15 0.226 0.198 0.997 0.997 0.245 13.198

5503.84~5 800.83
5 804.69~6 101.67
8512.25~8 809.24
iPLS 5272.43~5 499.99 0.287 0.279 0.995 0.995 0.377 9.349
mwPLS 4759.45~5 338.00 0.344 0.315 0.994 0.993 0.357 8.287
siPLS+iPLS 4902.16~6 101.67 0.216 0.210 0.997 0.997 0.243 12.428
8512.25~8 809.24
siPLS+mwPLS 4759.45~5 338.00 0.226 0.195 0.997 0.997 0.243 13.384
5503.84~6101.67
8512.25~8 809.24
iPLS+mwPLS 4759.45~5 499.99 0.299 0.304 0.994 0.994 0.353 8.574

iPLS. mwPLS o B:4 iPLS 1 mwPLS B, A7
PEREAR T4 i @, #2R8 iPLS. mwPLS 7EAHT 5T
b T 99T . {E ] siPLS B & mwPLS ikt
HEAE 4 759.45~5 338.00 cm . 5 503.84~
6 101.67 cm ™' A1 8 512.25~8 809.24 cm ™' FA, 4%
BT HA T E R AE A . 5 150 em™ AR AR
WU S 7K o3 RO R A IR 50 R0 25 it 7% 30 () 2HL
W, BE T AR 1 X (A KAES 620 cm ™' A18 310 cm™!
BT 1 A58 A g AL A A, kAR
T8 2.3 X[, 25 3 XA SR T 8310 cm™,
AIREA BT IR T = S 8T i R A AR, B
AR SR TR, RN BER TR X R
TEAR LR 2 m 23], O S R e
3.6 BEMKNEEEEERE

DARE BN 1P iE N R e e 1S g AT Wb 3, R

H siPLS BXA mwPLS FikfeiE L &, #57 GFC i
AR Tt R Fp B AR 7K 2075 B PLS AR, 436
(38 B AT ARG A (] WA R 2T,
SIS RAM G, SFEOEE: BHEEd
N2 FEURIE, BT HAIED 73 55,
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Fig. 6 Relationship between RMSEC, RMSECYV, and Fig. 7 Correlation between predicted values and
number of latent variables experimental values
F=7 INRIIEHASEENTUNELS R
Table 7 Experimental values and predicted values for external validation samples
. ERO . A i . ER R
itk ZHE wME Mk =HE wE itk ZHE wME
RZE % IRZE% W2 %
190407  13.96 14.12 1.15 190411 12.24 12.26 0.16 190503 9.28 9.69 4.42
10.94 10.97 0.27 8.81 9.12 3.52 7.26 7.34 1.10
9.01 9.27 2.89 7.12 7.32 2.81 6.18 6.17 0.16
6.35 6.36 0.16 6.08 6.21 2.14 4.89 4.84 1.02
4.24 4.11 3.07 4.86 4.89 0.62 493 4.73 4.06
190408 11.83 12.01 1.52 190412 12.12 11.86 2.15 190504 10.84 11.14 2.77
8.38 8.44 0.72 9.52 9.74 2.31 7.20 7.52 4.44
7.02 7.33 4.42 7.72 7.78 0.78 4.86 5.09 4.73
5.12 5.11 0.20 6.30 6.37 1.11 4.56 4.42 3.07
4.04 3.87 421 4.49 4.40 2.00 4.07 3.94 3.19
190409 12.34 12.91 4.62 190501 8.98 8.92 0.67 190505 11.60 11.79 1.64
8.47 8.62 1.77 7.75 8.09 4.39 9.78 9.89 1.12
6.80 6.81 0.15 5.12 5.07 0.98 7.44 7.65 2.82
5.51 5.32 345 4.76 4.81 1.05 6.23 6.16 1.12
4.74 4.65 1.90 4.66 4.88 4.72 4.62 4.57 1.08
190410 8.52 8.66 1.64 190502 10.11 10.39 2.77 190506 11.40 11.54 1.23
6.48 6.59 1.70 8.07 8.33 3.22 7.56 7.89 4.37
5.10 5.12 0.39 6.35 6.56 3.31 5.59 5.83 4.29
4.54 4.48 1.32 5.50 5.41 1.64 4.64 4.57 1.51
4.27 4.29 0.47 4.66 4.52 3.00 4.26 4.19 1.64
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Fig. 8 Comparison of predicted values with experimental

values of process of fluidized bed drying process
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