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Optimization of lime milk-sulfuric acid process of Salviae Miltiorrhizae Radix et
Rhizoma aqueous concentrate based on quality by design concept
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Abstract: Objective To optimize the lime milk-sulfuric acid process of Salviae Miltiorrhizae Radix et Rhizoma (SMRR) aqueous
concentrate in the pretreatment of the manufacture of Danshen Chuanxiongqin Injection (DCI) based on the quality by design (QbD)
concept. Methods Fishbone diagram method was applied to conduct preliminary risk assessment of various process parameters in
lime milk-sulfuric acid process of SMRR aqueous extracts. Nine potential critical process parameters (CPP), including mass fraction of
lime milk, flow rate of the lime milk addition, stirring speed, stirring time after lime milk addition, mass fraction of sulfuric acid, flow
rate of the acid addition, stirring time after acid addition, standing time, and standing temperature, were identified. Plackett-Burman
(PB) experiment design method was used to further screen the nine potential CPPs. As the result, the mass fraction of lime milk, stirring
time after lime milk addition, stirring time after acid addition, and the standing time were filtered as CPPs of the lime milk-sulfuric acid
process. A partial least squares regression models of critical process parameters and critical quality attributes were established using the
central composite design and the design space methodology. Results The recommended operation space of the lime milk-sulfuric acid
process in the pretreatment of the manufacture of DCI was as follow: mass fraction of lime milk of 12.0%—13.0%, stirring time after

lime milk addition of 40—50 min, stirring time after acid addition of 30—35 min, and standing time of 16—20 h. Conclusion
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Operation in the design space is helpful to improve the consistency of lime milk-sulfuric acid process. This study is of valuable

reference to actual industrial production.
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Table 1 Parameters and levels, experimental condition and results of PB design for lime milk-sulfuric acid process

T25H
75 : : , . ,
x1/% x2/(g'min") x3/(rmin1) X4/min x5/% x6/(g'min"") x7/min xs/h xo/'C
1 207 (+1) 42 (+1) 200(=1)  S0(+1) 60 (+1) 30 (+1) 20(-1) 14(-1) 20(-1)
2 127(-1) 42 500 (+1) 20(-1) 60 30 50(+1) 14 20
3 207 14 (-1) 500 50 40 (-1) 30 50 2(+1) 20
4 127 42 200 50 60 10 (1) 50 2 50 (+1)
5 12.7 14 500 20 60 30 20 22 50
6 12.7 14 200 50 40 30 50 14 50
7 20.7 14 200 20 60 10 50 22 20
8 20.7 42 200 20 40 30 20 22 50
9 20.7 42 500 20 40 10 50 14 50
10 12.7 42 500 50 40 10 20 22 20
11 20.7 14 500 50 60 10 20 14 50
12 12.7 14 200 20 40 10 20 14 20
13 167(0) 28 (0) 350 (0) 35(0)  50(0) 20 (0) 350  18(0)  35(0)
14 16.7 28 350 35 50 20 35 18 35
15 16.7 28 350 35 50 20 35 18 35
AR H/ (mg-g ™)
Fg : X
K e [ A DSS PA RA LA SaB SaA
1 235.7 468.3 8.729 9 0.609 2 0.8737 4.448 7 7.749 5 3.3429
2 298.7 541.2 8.8832 0.6327 1.002 3 3.6730 11.046 1 21377
3 203.7 348.5 7.747 4 0.4590 0.690 8 4.506 4 4.847 1 1.764 0
4 251.6 456.5 8.668 5 0.589 4 0.923 1 43943 8.5550 3.5975
5 262.5 478.3 8.994 0 0.572 0 0.8755 43714 79123 2.6127
6 271.8 515.7 9.950 5 0.612 3 0.970 4 4.902 4 8.707 0 3.696 1
7 193.1 381.5 7.447 1 0.561 4 0.799 2 3.954 0 7.474 6 3.1150
8 221.7 407.0 7.769 5 0.584 1 0.8752 39559 8.6350 3.5538
9 222.6 436.4 8.714 0 0.601 2 0.883 5 4.628 3 7.783 9 29772
10 416.7 525.6 10.4499 0.638 0 0.969 4 5.376 6 7.8352 2.8073
11 300.1 528.2 9.7193 0.585 8 0.838 4 4.3609 7.368 1 1.452 1
12 285.0 502.7 10.000 8 0.654 1 1.0357 5.2756 9.591 1 3.1533
13 207.2 400.6 8.125 1 0.5851 0.856 5 44712 7.624 3 2.740 4
14 233.7 395.1 8.1302 0.569 9 0.839 7 4.679 0 7.127 4 3.2246
15 198.2 410.5 8.3279 0.589 1 0.867 1 4.697 4 7.524 7 3.2889
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Table 2 2 values, regression coefficients, and weight
coefficient of indicators for regression models of PB design

for lime milk-sulfuric acid process

- EVEES

DSS PA RA LA SaB SaA M[EK s
x1 —0.63 -0.55-0.79 -0.39 —0.61 —  —0.61 —0.57
x2 — 039 031 — 036 033 — —
X3 _ = - — — —0.84 — —
X4 032 — — 039-046 — — —
X - - — 063 — — — —
X6 — —030 — 039 — — — —
x7 -0.39-035 — —031 — — — @ —
X8 —0.45-0.54-046 — —0.44 — —0.54-0.54
X9 — — — i — i — —
7 0.79 0.83 0.90 0.81 0.83 0.70 0.66 0.59
BWEZRF 1.23 009 0.13 0.69 1.11 046 0.00 0.00

&3 AEARIE PB B E T ZSHNRRREE
[REIVAZRHHEIHE 2

Table 3 Sum of absolute values of original and adjusted
regression coefficients of process parameters for lime

milk-sulfuric acid process

S8 BARBEERHE AN RS EE R

X1 4.15 1.87
X2 1.39 0.63
X3 0.84 0.39
X4 1.17 1.17
X5 0.63 0.43
X6 0.69 0.30
X7 1.05 0.73
X8 243 1.15
X9 0.00 0.00

[FIIFEBE SaB FEfg =440 DSS [ KEE .
3 B, FES KRR B EE S H RN SaB;
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5256 5] N\ Pearson FH95 2% (Rp) 1N CQA 2 —
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1—6: DSS, PA, RA, LA, SaB, SaA
3 BEKERE A MASKRERELAMIZAE
Frfg L& (B) #Y HPLC [Ei%
Fig. 3 HPLC chromatogram of SMRR extract concentrate
(A) and supernatant obtained from lime milk-sulfuric acid

process (B)
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n
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Table 4 Experimental condition and result of CCD design for lime milk-sulfuric acid process
CPP FE 5y H/(mg-g ™)
FFs : : Ry
x1/% x4/min  x7/min xs/h DSS RA LA SaB SaA [EHEE
1 12(-1) 30(-1) 10(-1) 14(1) 7.653 0.8343 09937 4577 10.645 4.077 3972  0.8570
2 18 (+1) 30 10 14 5.161 0.5618 0.6701 3.124 7.132 2822 2684 0.8543
3 12 60 (+1) 10 14 8517 0.8274 09331 5.380 8216 3985 386.7 0.8413
4 18 60 10 14 7.801 0.7081 0.8282 5.069 7.138 3.625 352.6 0.8231
5 12 30 40 (+1) 14 7.713  0.8258 09780 4.757 10.599 4.020 402.5 0.8523
6 18 30 40 14 7.155 0.7310 0.8607 4.385 8.163 3.410 352.1 0.862 5
7 12 60 40 14 10.250 1.0499 12608 6.413 12.562 5226 5089 0.8550
8 18 60 40 14 8206 0.7476 0.8620 5.448 6915 3.721 366.3  0.8005
9 12 30 10 28 (+1) 7339 0.8216 09778 4305 10.791 4.111 38904 0.8531
10 18 30 10 28 5.000 0.5391 0.6481 2.859 7321 2.674 3382  0.8591
11 12 60 10 28 7.868 0.8158 09177 4.899 8.767 3.828 3913  0.8570
12 18 60 10 28 7.473  0.6922 0.7982 4.800 6.597 3.528 3402 0.8208
13 12 30 40 28 7.348 0.7991 09520 4205 10.767 3939 3883  0.8588
14 18 30 40 28 6.741 0.6973 0.8383 3.951 8.652 3408 3425 0.8682
15 12 60 40 28 8.019 0.8165 09230 4.954 8.654 3.844 3937 0.8581
16 18 60 40 28 7.355 0.7049 0.8178 4.600 7.261 3.364  344.1 0.848 0
17 9(-2) 45(0) 25 (0) 21 (0) 8917 09555 1.0734 5251 10.189 4553 4296 0.8706
18 21 (+2) 45 25 21 6.425 0.6132 0.7240 4.071 6.548 3.056 2993 0.8458
19 15 (0) 15(=2) 25 21 6.408 0.7424 09120 3355 11.381 3.575 3693 0.8396
20 15 75 (+2) 25 21 8.466 0.776 7 0.8669 5.520 6.888 3.847 3787 0.7998
21 15 45 0(-2) 21 6978 0.7965 09251 3.702 10.076 3.709 369.8 0.8730
22 15 45 55(+2) 21 8.025 0.7870 09166 5.092 8379 3.704 3758 0.8487
23 15 45 25 7(=2) 7.833 0.7653 0.8828 5.101 7.856 3.706  367.0 0.8357
24 15 45 25 35(+2) 7.817 0.7745 0.8818 4.682 7.775 3.765 3652  0.8605
25 15 45 25 21 7.670 0.7666 09041 4.715 9.112 3.730 3689  0.8606
26 15 45 25 21 7.877 0.7743 09065 4918 8.423 3.837 3769 0.8535
27 15 45 25 21 7.817 0.7676 0.8919 4.867 8207 3.706 3743  0.8540
28 15 45 25 21 7.678 0.7603 0.8896 4.800 8.301 3.781 366.5 0.8535
29 15 45 25 21 7940 0.7861 0.8976 4.865 8.013 3.767 3724 0.8557
30 15 45 25 21 7.964 0.7906 09075 4.929 8.094 3.752  380.7 0.8537

TEZVFMARIREL 5% E N R KA. /)
TEEE T MR L2 S8 G S ek 23
Z W
254 kR L2 CPP Al CQA 2 [a][a] A7 ) g 37
CCD it fbsesb st WK 4. fELI BT T E
FMET, BRAPI SRR B & AR L2,
Frfg T2k, & AR EN 268.4~508.9
mg/g, ¥ DSS. PA. RA. LA. SaB J% SaA [fJii &
%09 5 N 5.000~10.250 mg/g. 0.539~1.050
mg/g. 0.648~1.261 mg/g. 2.859~6.413 mg/g-

6.548~12.563 mg/g. 2.674~4.553 mg/g, Rp (15340
JEFE A 0.799 8~0.873 0. £5-F6A5 7347 VU [l 4% 5
Pt B S2 I8V ) CPP 284k 78 BBl 4 & B

AR T ERE LA SIS, H&E
by 2 T8 — 7 M AH G lﬁtﬁ'ﬂﬂﬁmd\ 9k
(partial least squares, PLS) [RIHMMFE NEE, K
Fl MODDE 12.1 ### (Umetrics /A% ) %37 PLS [0
AR, SR, AR EE REK A
W 5.4 N T ZSEMEE RE 8 NMEFs PLS
PRI B R S, UE TR &3
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Table 5 Partial regression coefficients, * values and adjusted r* values of coefficients for PLS models in milk-sulfuric acid process

BB ETNIERR PLS REMEIFRK. 2 MEEER ~

_ EPEESA4
=07 - Rp
SLJE A DSS PA RA LA SaB SaA
X1 —30.860 —0.561 —0.079 —0.289 —0.280 —1.103 —0.311 0.006
X4 8.497 0.587 0.024 0.520 0.520 —0.642 0.074 0.009
X7 9.341 0.306 0.021 0.246 0.246 0.135 0.036 —
X8 —4.182 —0.202 —0.014 —0.205 —0.205 —0.103 — 0.005
x4? — — — —0.080 0.188 — —0.007
X7 — — — — —0.088 0.206 — —
X1X4 — — — — — — 0.136 —
X1X7 — — — — — 0.087 —
X4x7 — — — — — — —0.070 —
X1X8 8.179 — — 0.014 — 0.182 — —
X4X8 -9.497 —0.145 — — —0.235 — —
X7X8 —11.130 -0.125 -0.014 -0.018 — -0.168 — —
r? 0.852 0.832 0.804 0.733 0.874 0.765 0.902 0.683
Fad® 0.805 0.788 0.763 0.677 0.841 0.659 0.875 0.632

2.6 WIt=EBITE

2.6.1 CQA MVEHWHE L8575 &AL TR
FE. R ERED AR I agE TZE%
77 b AL BE (R PR R, X B R 4V 22
ZE B R EE S ERE FR, MEEREN
DSS. LA. SaB J SaA FREBE TR, X ReixE
IR, dEueARE, AR L AR CQA YEH
Bk 6 s,

262 it A M R A MODDE 12.1 ¥ ff
(Umetrics A 7)) #24LH Monte Carlo /71£2527, %
® o WEIMHESE, 1HEAIBOH A 3 pr
e MR 5 IRIABRTHSEE5 /TR, X 55 X fE4K
2 B AR o B [ A AR B E A RO, Bl
A LA R L5 87 BRI AL B 18] 2y
WA L ZE RN ER 2 M LESH, RfE
&6 AWMIZHEFE CQA SEEIRE Kk EREK
Table 6 Bounds of CQAs and acceptable probability

B 4 A DUF K L0 & 53 05 oA K LG PR [R) 32
BALFRE R IR BT 2 (A

B 4 H i R 2% 48 4 )T AR SRR A B T2 4
T, W SAEANTTEEZOR MR CRBEZE) B 1%
BEHER, BN LSRN X I8, CQA
RECIEVRINER . AT TR & T 238 I R O 2
INTEET 5% XA k2] (B 4 g,
B X)), M g B T S B /R R X384 A
SERRAE 2 AT BAS 2 B4R 23 16 .

e 2% B 1 B AE S R A K FL R & o B
12.0%~13.0%, N4 AKFL )5 B 1) 40~50 min,
HNER J5 4R 18] 30~35 min, 5 & 7] 16~20 h(Z
g 4 ARETERED
2,63 WIMEEPSAE N T IIE RS E], R
TN 5T R SR 4 A S TR
E, 8 ANISE SIS S B AT M RN 7.

P8 U S0 45 SR nl k0, T2S 18] Y S8 25 TS
A E PR IA bR, TR A (H AhSE I s BT AR

KA 6 R RKE L Lt L A LRI, Ry iAE)
T —— o o FAGHRAE, VLD7E 221 P B A B T
hss el 75 y ERT. &S ST RIS AR,
LA mg~g" 4.0 95 ﬁﬁiﬁ”\ﬂﬁﬁﬁ Eﬁi‘o
SaB mgg! 8.5 95 3 i
SaA mgg! 3.5 95 AW E KT QbD EEMAL TS )15
Re — 0.83 95 VESTRRT B FE R P 2R A B AR T2, B
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Fig. 4 Design spaces for lime milk-sulfuric acid process
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Table 7 Conditions and results of verification experiments
Wi i CPP R AR/ (mgg ™) DSS/(mg-g™)

o /% x4/min x7/min xg/h N sk I S
1 13.5 44.7 48.7 16.5 4245+17.8 407.4 8.7011£0.454 8.289
2 13.0 42.0 3255 15.0 411.1+13.1 404.9 8.2561+0.312 8.098
3 14.0 48.0 40.0 15.0 415.6x14.9 420.1 8.601+0.379 8.518
4 12.0 50.0 3255 19.5 419.4%11.3 418.9 8.6571+0.289 8.539
5 12.0 53.0 30.5 23.7 404.7%£12.2 393.5 8.521+0.303 8.285
6 10.0 20.2 30.5 23.7 414.0%£20.9 417.2 7.669+0.520 7.627
7 12.0 18.0 48.7 16.5 414.9%26.0 434.9 7.6591+0.656 7.111
8 10.0 32.0 54.2 17.0 461.61+25.9 464.2 8.9114+0.637 8.295

T LA/(mg-g™h) SaB/(mg-g ) SaA/(mg-g™") Rp

S FiE SR FiE B T A& SEE T B SEE
1 5.26810.320 5.062 10.091£1.120 9.005  3.824+0.238 3.866 0.85601+0.0230 0.9462
2 5.2114+0.218 5.103 9.62410.764 9.272  3.9461+0.152 3.897 0.8573+0.0232 0.8555
3 5.389+0.221 5.541 9.320+0.816 8.508  3.823%0.186 3.947 0.85134+0.0231 0.8372
4 5.470+0.212 5.535 9.520%0.673 8.938  3.988+0.160 4.037 0.856 84+0.0232  0.8428
5 5.409+0.216 5.233 9.040+0.708 8.810  3.969+0.145 4.063 0.8564+0.0232  0.850 5
6 4.131£0.390 4215 12.130+£1.292  12.273  4.5731+0.340 3.981 0.8609+0.0261  0.850 8
7 4.094+0.499 4.038 12.434+1.746 11490  4.18610.411 3.808 0.8485+0.026 5 0.8649
8 5.026 +0.495 4.964 12.664+1.711 11.678  4.18540.466 4.291 0.865440.0242 0.8574
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