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Optimizing extraction process parameters for multi-batch Sargassum fusiforme
based on split-plot design
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Abstract: Objective Based on split-plot experimental design, the process parameters of water extraction of Yangqicai (Sargassum
fusiforme, SF) were optimized, and the robust design space for different batches was obtained. Methods This study proposed a novel
water extraction process for SF where hot water was first used to eliminate impurities, followed by decoction to obtain higher purity
fucoidin and alginic acid. The extraction parameters investigated included the extraction temperature of hot water, extraction time,
liquid-to-solid ratio, time of hot water extraction, time of decoction extraction, and batch of SF. The evaluation indicators for the
extraction process were the yield of polysaccharides, the mass fraction of polysaccharides, the yield of alginic acid, and the mass
fraction of alginic acid. Using Design-Expert 13, a split-plot experimental design was employed to screen key process parameters. The
risk-based design space was calculated through the Monte Carlo algorithm to optimize the process parameters and validate it

subsequently. Results The optimized conditions were as follows: the extraction times of hot water were two, the extraction times of
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decocting were three, the extraction temperature was 75—90 ‘C, the liquid-solid ratio was 15—21 mL/g, and the extraction time was

22.43—30.00 min. Conclusion The proposed new water extraction process avoided the use of organic solvents such as ethanol,

making it environmentally friendly. The optimized design space can ensure that it is suitable for multiple batches of medicinal materials

within the research scope, and can obtain a more robust range of operating parameters.

Key words: Sargassum fusiforme (Harv.) Setch.; fucoidan; alginic acid; split-plot design; extraction process; robustness
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Table 1 Value of each level of process parameters
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Table 2 Split-plot experiment design table and experimental results
o TE5% TEFE o TE5Y TE R

o &rr o sty
Xs X1/C Xa/min Xa/(mL-g™) Xe/iR Xs/IK Yi/% Yal% Yo/% Yal% Xs Xi/C Xo/min X3/(mL-g™) X/ Xs/Ik Yi/% Yol% Y3/% Yal%
11 1750 150 18.0 12 835690 753622) 2 23 3 8.5 300 15.0 22 615 735 546 652
12 1900 300 15.0 2 1 479677 581821 2 24 3 750 150 21.0 1 1 142 289 1.32 26.8
13 1750 225 21.0 1 3 12.04 585 13.70 66.5) 2 25 3 750 30.0 15.0 1 1 1.65 302 1.55 283
1 4 1 825 225 21.0 22 7575841059817 2 26 3 750 300 21.0 21 250 60.6 297 71.9
15 1750 150 18.0 2 1 452688 559852| 2 27 3 750 150 21.0 22 420 67.1 396 63.2
I 6 1 90.0 150 15.0 22 766783 7.02718) 2 28 3 90.0 225 18.0 1 1 152 298 1.67 32.8
17 1 825 300 15.0 13 1106 57.7 1440 75.1| 3 29 2 750 30.0 15.0 1 3 6.55 46.7 6.67 47.6
1 8 1 750 225 15.0 1 1 603790 542711 3 30 2 900 150 18.0 1 3 4.64 46.6 4.62 465
I 9 1 750 300 15.0 22 9547631082 86.6] 3 31 2 90.0 225 15.0 23 852729 891 762
1 10 1 750 300 21.0 1 1 597625 644 674 3 32 2 750 150 21.0 23 591 544 555 512
I 11 1 750 150 15.0 23 1131 685 1287 779| 3 33 2 90.0 150 21.0 21 257 649 236 59.7
1 12 1 90.0 150 21.0 1 1 414 604 453 660 3 34 2 750 300 21.0 22 511 604 540 63.8
1 13 1 90.0 300 21.0 12 1135722 1198 763 3 35 2 750 225 21.0 1 1 1.85 350 146 277
1 14 1 90.0 300 21.0 23 1271 73.6 1407 8151 3 36 2 90.0 30.0 21.0 1 3 693 541 6.74 526
2 15 3900 150 15.0 12 383467 397485 3 37 2 750 150 15.0 22 479 663 456 63.0
2 16 3 750 300 18.0 2 3 1010 783 11.41 885) 3 38 2 90.0 30.0 15.0 12 513 507 438 43.3
217 3 90.0 300 15.0 13 10.66 657 1044 644 3 39 2 90.0 150 21.0 12 401 41.8 3.89 40.5
2 18 3 750 15.0 15.0 13 765588 644496 3 40 2 90.0 150 15.0 1 1208 393 095 18.0
2 19 3900 150 15.0 2 1 216644 210627 3 41 2 750 300 15.0 21 262 60.1 246 56.5
220 3 750 300 21.0 12 701633 558504 4 42 1 85 225 18.0 22 883 805 875 79.8
221 3900 15.0 21.0 2 3 698724 842874 4 43 1 85 225 18.0 22 784 726 835 713
222 3 900 300 21.0 22 623732 7.7 842| 4 44 1 85 225 18.0 22 832782 849 79.8

“HR” FIERX BT IR EXET LRI BRI

“Groups” are listed in the split-zone design to represent different groups of main zone factors (in this article, medicinal materials batches).
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Table 3 Deviation effect coding for three-level categorical

variables
RIER e e R
TOECER SR b o
BRE Xs[1]  Xs5[2] Xo[1]  Xe[2]

1 1 0 1 R 1 0
2 0 1 2 CHRITIRMD 0 1
3 -1 -1 3 GLU&EE#E -1 -1

(6>

4 6 2
Y=aot ) biXit D, D buXilk]

i=1 i=5 k=1
Y RN EEKE, X (i=1~6) NEESH, ao NER, k£
IR ZERSL D GRS E, b ba ARSI [B1A R 5L
JIr e 22 70 Bt 1B AR (1) g [ V) R 300 % 7 22 5
Mringk 4 fiom. IWERHFRIEL, “ERSEKIE T 20K
T ZZHONRIT ] (X2) . FOKFERREL (X))
FIEIRIORE (Xs) RZHHIR (X6

®4 SREMEARENREERRERFEST

Table 4 Partial regression coefficient and variance analysis of multiple linear regression model

¥ h Y2 Y3 Ya
A P1H EX 4 P1H B4 PH A P1H

W 6.083 0 - 59.971 7 - 6.3258 - 61.186 6 -

X 0.702 9 0.000 2 - - 0.8906  <<0.000 1 3.4435 0.024 3
X - - 73531 <<0.000 1 - - 10.5405  <<0.000 1
Xs[1] -3.0174  <0.0001 —5.7068 00210 32211  <0.0001 —6.208 3 0.001 8
Xs[2] 0.1835  <<0.000 1 24538 0.0210  —0.0994  <<0.000 1 -0.507 0 0.001 8
Xe[1] 23634  <<0.000 1 8.0214 0.000 3 3.0323  <<0.000 1 130111  <0.000 1
Xe[2] -1.5779  <0.0001  —6.3286 0.0003  —2.0553  <0.0001 -10.8875  <0.000 1
BRI EX P 1E <0.000 1 0.000 3 <0.000 1 <0.000 1
BOREIX P 1 <0.000 1 <0.000 1 <0.000 1 <0.000 1

R? 0.9123 0.642 8 0.9140 0.8108

“=7 ARRAEXTN YIUR, X% Y EHEHERR, K5F.

“—” means in the corresponding Y, X value and the Y value has no quantitative relationship; same as table 5.
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Table 5 Partial regression coefficient and variance analysis of multivariate quadratic regression model
5 Y Y2 Y3 Ya
E:44 PE E:4 PA E4 P1A Ei4 PH
O 6.1252 - 60.262 5 - 6.358 2 - 61.8122 -
Xz 0.725 6 <<0.000 1 - - 0.900 0 <<0.000 1 3.1789 0.002 7
Xa - - 7.5127 <<0.000 1 - - 10.958 2 <<0.000 1
X5[1] -2.9933 <<0.000 1 -5.973 1 0.001 6 -3.2264 <<0.000 1 —6.5851 <<0.000 1
X5[2] 0.134 4 <<0.000 1 2.8386 0.001 6 -0.112 8 <<0.000 1 0.454 3 <<0.000 1
Xe[1] 2.3307 <<0.000 1 7.946 0 <<0.000 1 29720 0.5370 134225 <<0.000 1
Xeo[2] -1.5499 <<0.000 1 —6.447 2 <<0.000 1 -1.9959 0.5370 -11.516 0 <<0.000 1
XaXs[1] - - - - - - 34931 0.026 1
XaX5[2] - - - - - - -22217 0.026 1
XaXo[1] - - -4.914 6 0.007 4 - - —4.8419 0.001 0
XaXs[2] - - 1.842 0 0.007 4 - - 1.012 1 0.001 0
Xs[1]X6[ 1] -0.374 4 0.0120 5.9403 0.003 6 —0.662 9 0.007 1 7.6203 0.000 7
X5[2]X6[ 1] 0.090 6 0.0120 0.8477 0.003 6 —0.0852 0.007 1 —0.700 0 0.000 7
X5[1]1X6[2] 0.8759 0.0120 1.9853 0.003 6 0.897 6 0.007 1 —2.4338 0.000 7
X5[2]X6[2] 0.0503 0.0120 —1.866 4 0.003 6 0.306 5 0.007 1 19171 0.000 7
R? 0.9393 0.826 8 0.942 6 0.9377
*6 ZRN_REEARBENEXSEIXGTES
Table 6 Multivariate quadratic regression analysis of variance of whole-plot and subplot
2% T )g) Y3 Ya
P1a F1i P1a F1i Pia F A8 P FAH
EKX <<0.000 1 82.34 <<0.000 1 16.67 0.5370 21.54 <<0.000 1 71.07
X <<0.000 1 51.33 <<0.000 1 11.84 <<0.000 1 50.34 <<0.000 1 22.20
SR ER TS b %0
-+ Eitt ?tt?ﬁ( 2 3 |
10_'} 2R 3 /
1 AT 7 © 84 1
2—%*/ 78
1‘ é 3‘ ) 18 27
FUAARIH SRR [F)/min

a-[A 5 HOKFRECRECN 1 Wk, $REUS Ay 22.5 min;  b-[E & #UKIREURECN 2 Ik, REESRBUKECH 3 Ik, AR 1.
a-fix extraction time at 22.5 min, and the time of hot water extraction at 1; b-fix the time of hot water extraction at 2, boiling water extraction at 3 and the

batch of medicinal materials at 1.
B2 HRZiETE
Fig.2 Yield of fucoidan
AR 3. ROt mEmE 6 fr &RBUXECH 2 503, FEIUNTEIZE 15.00~30.00 min
e HREIR, MR 1, BOKIREGRECH 2, BT B 2GR 2, BOKSEEURECH 2, RIS
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at 3and the batch of medicinal materials at 2.
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a-fix extraction time at 22.5 min, and the time of boiling water extractionat at 1; b-fix extraction time at 22.5 min, and the time of hot water extraction at

1; c-fix the time of hot water extraction at 2, the time of boiling water extraction at 3 and the batch of medicinal materials at 1.
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Fig. 5 Purity of alginic acid
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