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Abstract: Objective To develop a greener and more efficient fucoidan preparation process addressing the current challenges of long

production cycles, high costs, and environmental pollution in existing methods. Methods The novel process eliminates organic
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solvents and employs sequential steps to prepare fucoidan: multi-stage temperature-varied extraction, acidification, decolorization,
dialysis, and vacuum drying. Fucoidan mass fraction and yield were selected as process evaluation criteria. Fishbone diagrams and
failure mode and effects analysis were utilized to identify potential critical process parameters (CPPs). A definitive screening design
(DSD) was used to confirm the CPPs as extraction temperature, extraction time, liquid-to-solid ratio, dialysis molecular weight cutoff,
and decolorization time. Quantitative mathematical models were established to CPPs with evaluation criteria. Risk values under varying
parameter conditions were calculated using Monte Carlo simulations, and the design space was determined based on risk thresholds,
followed by experimental validation. Results Optimized process parameters included a liquid-to-solid ratio of 14—22 mg/mL,
extraction temperature of 75—85 °C, extraction time of 26—30 min, decolorization time of 30—40 min, and dialysis molecular weight
cutoff of 1 000—6 000. The resulting fucoidan exhibited mass fraction > 75% and yield > 3%. The greenness score of the novel process

reached 77, surpassing the 59 score of conventional acid extraction. Conclusion The developed process achieves high-purity

fucoidan, aligns with green manufacturing principles, and demonstrates strong potential for industrial-scale application.

Key words: fucoidan; Sargassum fusiforme (Harv.) Setch.; green chemistry; quality by design; industrialization
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Fig. 1 Flow diagram for preparation of fucoidan
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Fig.2 Fishbone diagram of fucoidan preparation process
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Fig.3 UV-vis full-spectrum scanning image
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Table 2 Effects of different decolorizing agent dosages on

mass fraction, decolorization rate, and yield of fucoidan

BREFIHE/mLg) RES Y% BMEE%  7E%
0.01 81.15+4.33 68.9042.89 4.57+0.01
0.03 85.52+0.20 91.28+0.41 5.31+0.05
0.06 82.09+3.64 92.4240.06 5.41+0.06
0.09 80.7942.56 91.184+0.77 5.10£0.05
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A T 5 B 2 B 5 (P=0.038 3) DL it
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Table 3 Effects of different decolorization time on mass

fraction, decolorization rate, and yield of fucoidan
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Table 5 Effect of different dialysis molecular weight cutoff

on mass fraction of fucoidan
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20 79794241 85794043 3.00+0.19 BTARDR 3 Bl R F SR R 1.000~6 000.
40 82494349 86.46+031 2.91%0.07 2.6 DSDitkEEZEH&ELE
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Table 4 Effects of different decolorization temperatures on

mass fraction, decolorization rate, and yield of fucoidan
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Table 6 Experimental design table and experimental results

Xl X/ Xs/ X5/ Xel  Xa/ Y Y/ X/ Xl X3/ X5/ Xo/  Xa/ Y Yo
SRS . - ) sms . - .

C min (mL-g") C min (mL.g) % % C min (mL-g") C min (mLg!) % %
1 82.5 15.0 15 1000 30 20 0.010 83.88 4.08] 11 82.530.0 21 6000 50 40 0.060 78.08 4.40
2 90.0 150 18 6000 50 20 0.060 81.653.44] 12 90.0 30.0 15 6000 30 20 0.035 81.01 4.62
3 75.0 15.0 21 1000 50 40 0.035 84.61 441 13 75.0 22.5 15 1000 50 20 0.060 76.35 3.10
4 90.0 30.0 21 1000 50 20 0.010 80.20 4.65| 14 90.0 22.5 21 6000 30 40 0.010 72.03 3.33
5 75.0 30.0 21 3500 30 20 0.060 85.055.99| 15 82.5225 18 3500 40 30 0.035 81.33 2.62
6 75.030.0 18 1000 30 40 0.010 82.28 592| 16 90.0 30.0 15 1000 40 40 0.060 61.86 3.30
7 750150 21 6000 40 20 0.010 70.853.22f 17 90.0 15.0 21 1000 30 30 0.060 65.67 3.25
8 750 15.0 15 6000 30 40 0.060 7443 2.66| 18 82.5225 18 3500 40 30 0.035 80.04 2.83
9 90.0 15.0 15 3500 50 40 0.010 66.25 3.10f 19 825225 18 3500 40 30 0.035 75.87 2.65
10 75.0 30.0 15 6000 50 30 0.010 7541 3.71
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Table 7 Results of standard partial regression coefficient

and 7 of each model

*®8 MORMERESHERE R ER
Table 8 R,? results of model after removing method

parameters in turn

RZ

FEALIH R?  RA#EMH
Y Y2

FIERFEE 03330 05050 04190 -
MR X7 03277 04916 04096  0.009 4
THIBR X 03274 04561 03918 0.0179
THIBR Xa 03272 04136 03704 0.0213
IR X 03011 03297 03154  0.0550
TIBR Xs 0.1655 03147 02401  0.0753
MR X 0.0239 02724 01481  0.0919

R IR GIEVEER s

i H Y Y2
Xi —0.426 7 -0.233 1 03299
X 0.1752 0.591 8 0.383 5
X 0.183 1 0.328 5 0.255 8
Xa -0.014 7 -0.233 8 0.1242
Xs -0.019 1 -0.213 4 0.116 2
Xo -0.417 6 -0.1390 0.278 3
X7 -0.082 7 -0.1313 0.107 0

57 CPPs 5 T2V R bR 2 A i e A A o
n n n-1 n
Y=bot D biXeit ) biXeP+ D D biXeiXej (9)
i=1 i=1 i=1 j=i+l
bo NHRIN, n v CPPs $UH, biv bin by NATAMREIT R
B, Xeir Xej N CPPs
KB B3 TaT A AR, AR 0 TR A o T )
BEMEACEBON 0.1, S 1) [R1E R0 22
ISR W 9. B P AEYY/NT 0.05, IR
BEABEN, BEANIGEEREIIRT 0.85, &
HH BT S 37 AR R RS B A MO U A B . RERE AR RE K
ZHA R
T2 #ets5 CPPs MR R LK 4. 5. &
M2 IR RN, BEE SREU (AR, A R 2 R
F9 ZRIREVFRBREVEIRBRAFEST

Table 9 Partial regression coefficient and analysis of

variance of multiple quadratic regression model

TS ARZRRES S S
febr  mEHRHK PE mEHRHE PE

g el 79.110 9 - 2.6742 -

Xi 28793 0.0054 —0.2371 0.031 6
X - - 0.602 1 —0.000 1
X - — 0.3343 0.005 2
Xa - — -0.2379 0.0312
Xo -2.8179  0.0006 - -

X Xa 35039  0.0027 05795 0.000 2
X1Xs -3.7319  0.0017 - -
XoX3 18226  0.0827  0.1975 0.084 2
X2 -3.3041  0.0815 - -
X2 - - 14622  <0.000 1
BRPIE 0.000 2 <0.000 1

R? 0.851 9 0.923 3

“= REBLLIZF WA, 2T % .

“=" means the item was deleted after stepwise regression.
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Fig. 4 Contour plot of fucoidan yield
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Fig.5 Contour plot of fucoidan mass fraction
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Fig. 6 Fucoidan preparation process design space and verification points
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