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Ultrasonic-Assisted Deep Eutectic Solvent Extraction of
Proanthocyanidins from Korean Pine Bark and Its Kinetics
ZHOU Jiayue', HOU Yanli', WANG Fanyu', GUO Qingqi'*"

(1.College of Life Science, Northeast Forestry University, Harbin 150040, China;
2.Key Laboratory of Forest Food Resources Utilization of Heilongjiang Province, Harbin 150040, China)

Abstract: Objective: The technological conditions of ultrasonic-assisted deep eutectic solvent extraction of proanthoc-
yanidins from Korean pine bark were optimized, and the extraction kinetics equation was fitted. The purpose was to provide
theoretical and technical reference for the development and utilization of proanthocyanidins from Korean pine bark.
Method: Taking the yield of procyanidins as the index, the best deep eutectic solvent system was selected. The main
technological parameters of ultrasonic-assisted deep eutectic solvent extraction of proanthocyanidins from Korean pine bark
were further optimized by single factor combined with response surface methodology. Through the change of the yield of
proanthocyanidins under different temperature and time during the extraction process, the best kinetic model of
proanthocyanidins extraction was fitted and verified. Result: The results showed that deep eutectic solvent with the molar
ratio of choline chloride, glycerol and water of 1:1:4 was the best solvent for extracting proanthocyanidins from Korean
pine bark. The best process parameters optimized by response surface methodology were as follows: The ratio of liquid to
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material was 16 mL/g, ultrasonic time was 50 min, ultrasonic temperature was 55 °C, and ultrasonic power was 480 W. The

extraction effect of proanthocyanidins from Korean pine bark was the best, and the yield of proanthocyanidins was 4.11%.

Boltzman model could well fit the kinetic process of ultrasonic-assisted deep eutectic solvent extraction of

proanthocyanidins (R> = 0.9768), and the validation value of the model was highly ansistent with the prediction value (R*=

0.9442). Conclusion: Ultrasonic-assisted deep eutectic solvent could effectively promote the mass transfer of

proanthocyanidins from Korean pine bark, and Boltzman model was determined to be the best kinetic model for extraction

of proanthocyanidins. The extraction process could also provide reference for the extraction of relevant natural active

substances.

Key words: deep eutectic solvent; proanthocyanidins; ultrasonic assisted extraction; extraction kinetics
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TR KA T HARRAF]
1.2 KWHE
1.2.1 JFeRHb IR LT R 40 °C JETm g, 3o 60
H 5, FRR L 1:6 g/mL 544, 1E O ke i, 50 °C
TG 24 W2, B S E S AR LT B IR A o
1.2.2 JFAEE RIRTHA SR S Eh ik
PTG S e, 458 LS E bR 7
A7: y=0.0022x+0.0146 (R*=0.999) .
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W(%) = x 100
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B M RERR TR (2) o
1.2.3 fRIEEFIATlgsS SRR S
ZEANER 1, TETEIRIKIE 60 °C 544, #5134+ 50 min,
S I E = - s |V oS i Y 3 R oS | RS EA W Vav 7o
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Table 1 Three preparation schemes of deep eutectic solvent
JreTa— VAR Z A A -
SR /R
. Ak mmk ok

DES-1 [ AACNETR K 1:1:4

DES-2 ik AACNETR K 1:1:4

DES-3 ¥ AALEH K 1:1:4
1.2.4 s BRI R SR U AE T R g B A
LU HEFIFREL 2.00 g LI 2 By R T B .04

T, DES-1 (GALAER : o5 =5 : 7K=1:1: 4) VAR HGE
A, A SR L L RS ESHE] BB TR L S T
X FAETT AR FEM

[&] 5 48 75 B 18] 24 50 min, #8755 R JE N 60 °C,
HEFE L E A 480 W, MRHEL 43 HISA 5. 10, 15, 20,
25 mL/g, MEFEAFIRR L AF R IFAE T AT R,
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B ERCRHEL A 15 mL/g, B HRE R 60 °C, M
Tj33 A 480 W, i 75 B[R] 43 531 27 30, 40. 50. 60,
70 min, MFELEAS R AR 2504 F FAE T HA9R .

[E Wk bk 15 mL/g, #B75AF[E] 24 50 min, #2
7Tk 480 W, 7S IR E 4351 A 30, 40, 50, 60,
70 °C, MEFEA RS IR A R IRAETT AR,

E e WORL A 15 mL/g, A8 FS B [E] 2 50 min, A8

7 EE SR 60 °C, R TSR 45 2 320, 400, 480,
560. 640 W, I 5E 7E ARG 7S DR 254 N IR LT
5%,
1.2.5 many EPEAGIRES  FERA PR R g Stat [, SR
.00 404 Box-Behnken Design 531 4 K2 3 /K F
A N T T RS T 28 (3R 2), X A B
AV TR 2 B LT AR S AR 7 R ) T S8 T
1.
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Table 2 Factors and levels of response surface methodology

K AWEHE Bt s} ] GBI D%
(mL/g) (min) (c) (W)
-1 10 40 50 400
0 15 50 60 480
+1 20 60 70 560
1.2.6 S BIIRHSE AR L R H S )y A s 1

H 1T E NI R R 7= iE P i o HE BB = it
FEHBE Fick P 105 —2 R . Fick ¥ 8CH — g3
Boltzman SR RIHAT I REILE IFINE. X LB IE IS
PRI ) BRI ST, AASCMAR Z LA R i
SR RLAE R RS B T AR T LA, B
Boltzman #i%l | Stirling #2% | Allomaticl L7

P B A R R U AL T R R 2
LTl |, @At XF 40, 50, 60, 70 °C PUFF R 5~
50 min MFEHF A4 T B9 )RAE T AR T =4
fr, BT FE BT R R B Sl 2 R,
PEH AR PRI SN 12 . I 40, 50, 60, 70 C
PUFF R S S e B B A 5 (18, 36 min) i 52
JEAET AR, f L UM AAE AN S E A T 56 I
HETRSFIEATEE R, SRAARFE S Rl &4
BGS AR, 2738 Y AR TS 2R ARSI, LIS R
A [N PR T AT AR -

1.3 B

B S ge ¥ H i — IR, & Excel 2007. SPSS
Statistics 17.0, Design expert 8.0.6 {4 #EF7 % 4b
H; 32 FH Origin 2018 #1784 Bl 94 il, Hop P<
0.05 R HA SR X .

2 BERSH

2.1  (RIELIEAFIEBIRESFE
=R R IR TR B L TR B e 25
2R UNFE 3 frse

e 3 ml, ARSI R SR BUS AE T 3R

3 PRIBURRINIEAETT R0
Table 3  Effect of extraction solvent on the yield of

procyanidins
TR R 2 A A RIFHR(%)
DES-1CEfbRg : P5 =Fs: k=1:1:4) 3.36°
DES-2 (G AL : 450 /k=1:1:4) 1.56°
DES-3 (S LAfH: R%E : 7k=1:1:4) 2.68°

TE: [FFVEUEE AR/ NG PR RoR 22 57 B3 (P<0.05)

TR RN N : DES-1>DES-3>DES-2. {lK3t%
1A ZR 21 53 0B E R G 2 I HR A (A 77550, 2H U TE
A Wy ST RN 24 SR AU A R T LU sZ i Y, 2021 4R
Azevedo 1 BGUF G AL BRI ILIEIAR R B —FhaT
AR B T U AR I SR (577 o ARSI 70 v ) VR
FHI7. e . RTESK IT . WA B E SRS
PEBTER S X R AR TS 2R RO A SN, S ia
ik . P9 = EEFK L B IR AR R R AU R AR R
1525 I 2 e T A PRI 7555 (P<0.05), X TR AE
HRHEARBGRIIERAEN, P REREN =R R R
LIS EAETH RGP STl &5, (e s/ R
FA 5 i P R B 3 in U™l Zhao 2500 SR FH S AL RRAK
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ARG . PN — B A 7K il 55 B9 DESs A5 S ZERA R B2 it
AETT R IR B
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ESEISM RS S
R IR A R PR IR T, AN RIBORELE

AP R] | ARV | R DRI B R AT
FHASRAFZI ULIE 1,

FHIE 1a AT 0. BEE WORFLE 0O ES I, [RAETH 215
SREL I B  (P<0.05), 24k it 15 mL/g
&5 E R B (P<0.05) o 3X AT AESR i T
KR TIVAER BN, AR AT 2R S5l iRk A
WO, WhREAE T EME s ), R H RI15E N
EIEIN . YA T AR TR I A s
TR, [RIR RO B E TR fE S RE
b, DL R s R 2 B s R e S EURAE T AR
TRERP,

&l 1b AT AR 7 B () i i s i 254,
RS RIS RE R L FHE PR E
o RS B TRLZE TG SIS LT AN B ZH 21 24t At s
WEIR, JFAE T A R 2 LIS, 7EH P 50 min B,
JEAETE RAFRIR BTN 4.06%(P<0.05) o

A& 1c Al %0: BEE IR /YT, a7 e
FHEE W T B, FRIETR S0 )N, A% BT/ E FH B SR i 4
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SR SRR e M I RER, X IRAE T R IR AR



- 232 - 5 Tk BB 2023 4F 7 H
45r . SRR AT SN 25 A AR IR, TR s 2 o K e
Aoy JFAETT AT A2 2 i, JRAETT 295 R %
X L
5 33 23 BEHEREEETIRIAANE R TR
;;Tt 307 NEIRIELER
> 25¢ N - ZH 327 >
*jﬂg MR PR R 2R S I 45 R, DIRAEH EHAER N F
~ L
m 20 ZLnm N AE, ARPEMR L A5 HT72: 5 Box-Behnken Design
Ly (14 T ZH A B A T IR, LAVRORHLE (A | SR B ]
0 15 20 25 30 (B) . AR (C) L A H#(D) Jy [ A8 i, 21Dy
WKL (L g) PR32 =K P2t 20 Ak AR AT, ik
45 R LR 4,
: a
4.0 b
= 24 MRy AR TS
S 35 d c b Table 4 Response surface test design results
1 Y R —
& wonnrs AWCELEL BRI CHAFFIRE DHEFSTIR B EER
Y aiasy
i 25} M7 (mLg)  (min) (C) (W) (%)
R o5l 1 20 40 60 480 3.02
S 2 15 40 70 480 2.31
L3y 3 15 40 60 400 222
1.0 TR T T 4 10 60 60 480 2.76
] (min) 5 15 60 60 560 3.51
6 10 50 60 400 2.20
45 7 15 50 70 400 2.00
c 8 10 50 70 480 224
Aoy 9 10 40 60 480 2.66
S 35t 10 15 50 60 480 3.99
- 11 20 50 50 480 372
o 3.0 —
Py 12 15 60 70 480 2.18
i 25T 13 15 50 60 480 3.88
2,0l 14 15 50 70 560 2.36
& sl 15 10 50 60 560 3.13
: 16 20 50 70 480 2.65
1.0 : : : : - ;
0 w0 s o 0 50 17 15 50 50 400 2.62
A (C) 18 15 50 60 480 3.90
19 15 50 50 560 3.66
45 20 20 50 60 400 2.52
0 d 21 20 50 60 560 3.57
- 22 15 40 60 560 3.11
< 35F 23 15 40 50 480 3.07
& 30l 24 15 50 60 480 435
Py 25 20 60 60 480 321
fr 257 26 15 60 50 480 3.72
E 20F 27 15 60 60 400 225
sk 28 10 50 50 480 3.36
: 29 15 50 60 480 4.02
1.0

3éO 460 4é0 560 640 7&0
T IH (W)
RN E SO VA EE N A
Fig.1 Effects of different single factors on the yield of
procyanidins

TE: ARV NE FRRIR 225 3, P<0.05.

TR, R v, AT FAMA R B T 5, AT
ATT AT,

FHIE 1d AT 4875 0% 480 W A, JRAETH 3£
18R = A 4.05%(P<0.05) . MBS A KB 3
K, LB AN GEIE— 2R, i BT H ) STk
IR, 520 AL T 2 e, (AR T AR 2 T %
HAIE PSP, A TR 480 W, FEEE
P SIS B AR, " 3 DES #4rT

2.3.1 EIEJF AR 5 0y 225y R ] Design-

Expert8.0 X1 B8 3647 [T L5 8, ik 7 R

A Y=4.03+0.20A+0.10B—0.53C+0.46D+0.022 AB+
0.013AC+0.028 AD—0.19BC-+0.092BD—0.17CD—
0.47A*-0.60B*—0.61C*—0.71D?,

MRIEE 5. 8 6 G5, MIFRRIPLE R RP=
0.9784, U5, I HAth PR 2 25 A X S B0 45 SR SE M AN S, i)
RAEARACAE 97.84% >k A THTEER R, Brib s ok

FE FREIR:, =0.9569, FHWiZ M AR HAT 5550 P FE
B, T AR FRZAR I 2 JF AR T R PR R T
25k, AT P<0.01, fAtiBEE2E 5, STl 0.8968>
0.05, Z 5 AR, UlBHIZER BRI E A . BERIAR &
A.C.D. A* B C?, D ¥Jik# i 2 /KF(P<0.01),
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Table 5 Results of variance analysis

6 [ Rl SEE AR

Table 6 Reliability analysis results of regression equation

FEFKW  FHEM AmE ¥y FH  porF  BFEME miH Bl miH A
e 12.97 14 0.93 4540 <0.0001  ** bRz 0.14 R 0.9784
A 0.46 1 0.46 2239 0.0003 o SR 3.05 e 0.9569
B 0.13 1 0.13 643 00238  * AR AR(%) 469 e 0.9217
c 3.42 1 3.42 167.73 <0.0001  ** PRESS Lo . 20863
D 2.55 1 255 12497 <0.0001  ** : e :
AB 1.892x107 1 1.892x107°  0.093  0.7653
ESEEEh Y AR . 3K i 7K
AC  6.502x107* 1 6.502x10*  0.032  0.8609 AR A g P:&;FHX'XQ{BC cD /jl‘ﬁ%ﬂ(f
AD  3249%10° 1 3249%10° 046  0.6960 (P<0.05), LbA F AT, SEM S HUFAETT 20 B3
BC 0.15 1 0.15 730 00172 * PRI ZAR Y SR CGEF IIR)E)>D GRS 2% > A (VR
BD 0.034 1 0.034 1.66  0.2187 e )>B GBI E]) o
CD 0.12 1 0.12 571  0.0315 *
A2 1.42 1 1.42 69.65 <0.0001 sk 2.3.2 ﬂﬁ@ﬁﬁdﬁﬁzﬂqﬁ“*ﬁ %%ﬁdﬁ’ﬁzﬂq E,:J [][EJ
B’ 2.30 1 230 11271 <0.0001  ** AT LI 2,
c 2431 243 11928 <0.0001 3D M 1 P %) B R A e 2 1 7 R 32 58
D’ 24 1 24 158. 0001 ** s e e o -
ES b 3 14 10 03 014 (5)8323 <0030906(:g AR AR S8, S e 2R R AR D) e B R 2 X i 1 A
- ol A 0,036 FA S M S 250 L AR S IR R R s ] ) i) [ 38 B
GH 1326 o8 I AT 5 32 A 745 13 R 0 1375 T 240 A

T R 255 B, P<0.05; **FORE RN, P<0.01.
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Fig.2 Response surface map of interaction of various factors
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(P<0.05) . BEAEIREAFHE, $eBRH 327, vTRR
FH i B T Zh AR sk ), AR TR 2=
R,

S5 e 2 S W] W 09N (R A 5 2T B, SR BT PR
K FE A HAEH B3 2R N ZE W2 BAEH
R 2R WOk R AR S R TA] AY 3 AR AN B3
(P>0.05), OB} LE AR 75 B 4] Pt 28 Ak it T 240 A4H %o S
2%, MIASRCRE LU RN 7S B R X AL T AR AN
o RS IREE A N R T EYRCRRE Bl A i) 7 B TET R,
Tt BH P R X TR TS 35 38 LR X R AR T 2R
(EEIHSITE N
2.3.3 Wl RS RGO IE S A8 ki N T ST A 5
A 7 Al B PR A I R SR BT AR R i T R AR TS 2R Y
A T2 Woek b 16.097 mL/g, #8 75 B 8]
52.076 min, BB 54.769 °C, AN 512.597 W,
W EAETT TEASR 4.29%, % BB LERIERUL AR
i, VHERAE T 2k 16 mL/g, #75H1E] 50 min,
HEFFIRE 55 °C, BFETIEE 480 W ISR FiEfT
BT ZAMEE, AR5 4.11%, SHHS(ERER .
24 BEEHBEREBEFRBAMKERESED
paL=

2.4.1 JEAEH ZRES SRS L DES-

1 AHRHER], WoEHE 16 mL/g, M3 480 W 4%

R, AN [l FIE (AL IR F 22 SR A2 ),
ZEBRANE 3 s,

FHE 3 7T, fF—ERESMA T, R RER
BRI E] S TG T, 7E 35~40 min 5, 155 141
Jindsz Ry H G, AT HEDR A B A TR AR T R e A A
HORAPS, MR 60 °C B, $EEBGICR M e fd,
JEAETT AR =, PEIBGR SRR S T e i s Ta] s
b, FERTUR BB, P HAS 3 s ] 14 B 3 sk, fi
JEERBGH A B, IR 40 °C B, BARHEHL
IR ZE, TE 40~45 min B}, FRBCHERBEhN, B AS IR
BE 70 °C B, JRAETE FEAGRIAKE T 40 °C B 1915

2023 4F 7 A
45
=40
s
tg 35
Hs: 30 —=— 40 C
i_‘g ' —— 50 °C
iy )5 —a— 60 C
—v— 70 C
2.0 : : : : : :
10 20 30 40 50 60
At /] (min)
Bl 3 AR T RAE S ZAR MR A A ik

Fig.3 Changes of procyanidin yield with time at different
temperatures

R AEALTF 60 C BIYEA AT RISR, R IFHE
TR RE T ARk 55 LA T 2 AN EURE 3 5 4 S BRI BAFVE
SR, E AL T R S I TR, AH i TR A e
TR R IEERAE Y,

% Origin Pro 8. 0 #2508 5 — 1
R R TG, a5 RanER 7.

R 7 "IN, {erp g REC(RD) BT, FTmizl
T 1Bk RE AR AR AS [F) R 7 T B AEAS Rl 18] AR 7
ERIFREBh J12Ad BE . AEXT Boltzman AR 3172
G, 7E 60 °C N R Eem A B 0.9859, 7E 50 °C
T R ARG BN 0.9768; TEXT Stirling A% 3E47
HIART, 7E 70 °C & R* St G20 0.9865, 7 50 °C
T R SARL A BE N 0.9736; 7EXT Allomaticl #5250 i
ATHIE BT, 76 60 °C T R e 4 0 0.8505, 7&
50 C F R BARIIEE R 0.8067. ZEEKda 1T,
TEH AR N 40, 50, 60, 70 °C B, HHE S M F AL
T E AR B A RE AR B 3 SR R R
Boltzman ##Y, XJ0 R* 4351047 0.9814,0.9768,0.9859
0.9846.,
2.4.2 JEAHE RIBES) ISR EIE ST #E—
S WUE B T 2 05 RRASORY R HERR A, S B AE AN ) IR
1 18. 36 min, Y JFAE T FASH, IFXF b Al (e Fn

e AN T e S e GBI NE e iy
Table 7 Extraction of fitting parameters of the model under different ultrasonic temperatures
RERNE S 4L
AU 27 BN 7 e FEHOILE (°C) g
Ay A, Xy dx
40 19.2477 3174.2577 247.5853 38.8895 0.9814
E‘l’“_zg“;‘“ 50 26.4708 44.5809 37.7648 10.7516 0.9768
y= T+ ot—x0)/dx +A2 60 26.5044 43.1672 33.3190 10.2305 0.9859
70 223018 62.9790 57.5218 23.0584 0.9846
a b k
Stirling 40 19.2022 0.3783 0.0255 0.9841
y=a +b(e“" - 1) 50 19.9991 0.4011 0.0247 0.9736
k 60 11.7063 0.5576 0.0145 0.9784
70 18.2538 0.4207 0.0224 0.9865
a b

Allomaticl 40 16.4152 0.2002 0.8353
y = ax® 50 17.5664 0.1946 0.8067
60 17.7289 0.1982 0.8505
70 16.9809 0.1972 0.8377
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Table 8 Verification of extraction kinetic model of procyanidins

JEAETT EIFHR(%)
H5f ] (min) 40 C 50 °C 60 °C 70 °C
WO SCiME LARRE BUME ST MLARRE BUE SO BIAEE WIE SOi(E BIARE
18 2.78 2.85 0.9764 2.89 3.06 0.9442 2.95 2.90 0.9825 2.85 2.71 0.9511
36 3.28 3.40 0.9654 3.47 3.65 0.9514 3.59 3.62 0.9925 3.37 3.26 0.9671

SEIME, LR AR 8 B,

e 8 IR, JEAE T 2R 00 TR A0 SIS DAL g 21
GREEAEIEEEE 0.9442~0.9925, IG5 R AL,
Boltzman BRI AT LIARGT-Hb [z i $2 LSl g2t #t . Fr
LA LL3E i Boltzman FE8U Sk AT IR FEAEA [FVE
AT IEAETT AR AT TR] 1 OG5, S P £ A
By B FEAS [R] 0238 2% 4781 6 A o3 9 S BB AR P
E=Rs
3 Hig

AR FAAE Sy — o Bl gt (BRI, HoAA
PEIBORCAR L AR R A R BRI AR
Ko AN P Rl B AR A A R PRI LT
P AETE 2R, B Y i LA R R T2
SACNEG : PN =B K (1:1:4) . WKL 16 mL/g.
FEISTE] 50 min, AL 55 C L HA IR 480 W,
BEAAF R IRAET RAFEN 4.11% XA RS IR
FIEAET KA AR (8] 1Y 3 S B B TS, R
B Boltzman A5 8Y (1 UL 5 2 BERUT, e BB R =
0.9768 . B iE 552 56 v S I {EL -5 TN e =2 [a] $05 BE
R*=0.9442, BB AR LI 5 2 BT, A AU Y ot
SR LSS EERAR B JRAE TS 2R 4 G S A L 1T
ATPEAR R
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