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Optimization and Kkinetic/thermodynamics analysis of ionic liquid based
ultrasonic—assisted extraction of proanthocyanidins from pomegranate seeds
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Abstract ; The ionic liquid based ultrasonic— assisted extraction conditions of proanthocyanidins from pomegranate seeds were
studied.Single factor test and Box — Behnken experimental design were used to optimize the extraction process employing
proanthocyanidins yield as the response,and extraction time , extraction temperature , ultrasonic power and concentration of ionic
liquid were used as independent variables. The kinetics and thermodynamics of extraction process was studied basing the
optimized extraction conditions.Results showed that the optimal extraction conditions for proanthocyanidins were determined as
follows ; extraction time of 32 min, extraction temperature of 52 °C , ultrasonic power of 300 W ,and concentration of ionic liquid
of 1.15 mol/L.Under these conditions, the yield of proanthocyanidins was 1.718% .Kinetic parameters showed that extraction
rate constant k value was 0.313 min ™", surface diffusion coefficient D value was 7.936 x 10 7> ¢cm’/min while those of ethanol
control group were 0.063 min~" and 1.597 x 10> c¢m’/min, respectively, and the extraction rate was significantly improved.
Thermodynamics parameters showed that entropy AH was 248.51 kJ/mol, enthalpy AS was 813.69 J/(mol-K) ,the values were
all greater than zero,indicating that the ionic liquid extraction process was an endothermic process of increasing entropy, at the
same time,the free energy AG was—18.254 kJ/mol, less than zero, indicating that the ionic liquid extraction process was a
spontaneous process.Both the optimized ionic liquid extraction technique and dynamics/thermodynamics analysis can be used
for industrial scale—up and optimal control of proanthocyanidins extraction from pomegranate seeds.
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1.3 LWH*E

1.3.1 JRAEFRTEME RAE R - W3R
wEIPOR R T R 2 I TR A0 SR AR T 2R 0 IR
2.5 mg, FH JC /K & B 3% R OF 8 5 &= 25 mL, B 15
0.1 mg/mL{¥ 5 18 7 28 %) B8 S S W o R i W B B
FHEXIT MR 0.0.1.0.2.0 3.0 4.0 5.0 mL 4351 JH
TR LBEREZEZE 10 mL, 43 W B 1 mL & F 10 mL
HE A SRR IRIRINA 3% F B - Z B
2.5 mL FMARFR S5 30% BOH R R — L BEE R 2.5 mL,
FEAFES)G , F 30 ClER/KE R LRI 20 min, FHJC
K WEE 25 J5, T 500 nm I K 40 I 5 WS BE (A
{B) , LA AR ALFR, JRAE T 3R R 5 )5 S i Ak
b, H AT R dE £, SRAGEIH RN A =
3.76C + 0.0013, R* = 09992, J§i & i 2 & & 7F
0~0.005 mg/mLiE BN 5 A {HZ RIS R R4
1.3.2 FERAERTTEL ORI 4 2 R R R
ARFFHIR 5.0 g, BT 250 mL TRHETEI S, In A
AN AT B B WA 1) £ BT TR S TR B R Lk g1,
PR EE I 11, 1 B 75 Dkt T 2R, R R A
WO $R R B 1] R 4 R R, R BOR AE
3000 r/min 553 T B0 15 min, B3 % A 0.45um
TR U8 PR A Ui, 3 MR AN S A, VE R A T
WEMHEI 1 mL T 10 mL HIELL A& FeH<1.3.17
Wi S8 kil 2 A B, THE AP RIS &

ReAFF

1% ( %) =#&ﬁﬁf$§§?3§ x100 (1)
133 BT Zifbiit  RNERIE A, BEA
ARZAE Dy 8 R B T WA [ BMIM | Br #8 B [E]
30 min JBHA L 1: 25 $RIBGIRAE SO °C GEE A 3250 W,
BT RAHE 1.0 mol/L, B8R T AR RIS $2 IR
A fE] (15,20 .25 .30 .35 .40 min) JEH& L (1:10 1215,
1:20,,1:30,1:35)  $2HE A (20,30 .40 ,50 .60 .
70 °C) M D)% (100,150 200,250 300 350 W) Fl
BT (0.6.0.8.1.0.1.2 1.4 (1.6 mol/L)6 4~
PR AR AP AT B AT R AL o A8 A N 2R S
YLt I, R JH Box—Behnken SZEG BT, DAATARFF
JRAETT ZRAR A CY) Ay i LA, 308 i i L7 T 23 B e Ak 42
BT 260 2 1 Ay mi 7 1T S5 36 PR 3K o

21 M L TR SE IS P R OKE R
Table 1

response surface experiment

Levels and factors table of

K-
W= -1 0 1
X, $RHL AT [A] (min) 20 30 40
X, P HUREE (C) 40 50 60
X, AR (W) 200 250 300
X, B F IR MAHE (mol /L) 0.8 1.0 12
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1.3.4 $RWGIEINI12E200 8 KR PRI S.0 ¢ Ak
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6(C,.-C)) R A2
o C, R BOP T 221, A7 5T H AR H 3R 5T
R, mg/mL; C Sy v 21, A 53 v AR T 3R Y BT
WJE ,mg/mL; C, Sy A Ji 1 JFLAE T 2R 09 90 4f I 5 e
B, mg/mL; k S HRBGHE A E, min T s Dy SR ETYHL
FREL, em®/min g r SRS AT AR R R AR UKL S BRIE (1) 2
12, cm,
1.3.5 $EEGI RIS T EEIRE T, ik
BN HE O B, o #R R i R AR T 3R R B R R D
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IR/ vy {1 [
ln(cic)zﬁ%:_%“L% A3
AP AG R HGEFR R F HHE, kJ/mol ; AH 2y 41
WG AR, kJ/mol ; AS S $i B AR 194S , 1/ (mol - K) ;
R A EE IR SR L, BUE N 8.314)/ (mol - K) 5 T Ry
BOREE K,
1.4 BESH
BBD 3Z 56 1% i1 2% ] Design — Expert8.0.5 4t i1 43
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2 ER54F
21 FERFEWRRIZSHMAMK
2.1.1  FARE SR EIR S 4P
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— Ak 2] 1 - T -3 - BT SRR i, TR AR
TR RIBWIG O, M 1T Ik B KR -2
FEBKmEEs, AR T WA RSN T B, W HE 7R
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PRI, BE LB R, B8 TR AR 5 4 i B A1 4 2R B Al
SIS S YE R AT 22 ARG R 25 B R/, AR T %
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T RMRER 5 JFAETT R A5 B O B Z A i A,
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Fig.1 Effects of ionic liquid type
on the extraction yield of proanthocyanidins
2.1.1.2 RN R X S AE T AT RARE 0 a2
BN JEAE T 2R A5 3 [ A 2 O TR] B B4 g 4 O,
30 min JEREAG . TP AR T 2 D91 AH 6] JR0OAH 4% 128
A AR T E A PR O [A] JRAE T R AT R
Thims o AHS, SRR 0] KA, 3853 7 M) 9l o3 Mt , B
S JEURE R 4% BTAS Wi A A T RE W) 1 B IR, AT A
THFEAET R R T m g te . ik, $2 Bt 6] 47
852 o~ 30 min,
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FEHCN ] (min)
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Fig2 Effects of extraction time

0.2 L

on the extraction yield of proanthocyanidins

2.1.1.3 BRI LE X ISR AR A2 i 3 9
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Fig4 Effects of extraction temperature
on the extraction yield of proanthocyanidins
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Fig.5 Effects of ultrasonic power

on the extraction yield of proanthocyanidins
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ZHEIN, 2B T AR R IR F) 1.0 mol/L i, JFEAETT
RAFRIR B e KAR, L5, Bl B8 T WA Uk B2 g 1
HA, A AR B TR B F o It DN R A R B R
ARG, T 32 AR B I 5 A T R R ORC  , 9 MRORG BE 23
Bl Z 398, A RO S B9 P BORE T B, DN T 5 W A
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on the extraction yield of proanthocyanidins

2.1.2 Box—Behnken S8 K W E 0T =M
AN R I IR 45 R, iRYE Design—Expert8.0.5 #{F 1 it
PRAL RO S0 T7 58, B R S RS [A] | B O R RS T
HREE T WA 4 AR 2 5 AL T R A3 F 1L
BBFERNER ARG AS X, X, X5 X, A3 RCF
AT IE P IFAET RAF R CY) B9-F- KA A Sy i 1 e
TS o WO T SEU6 Iy R SRR R LR 2,

I FH Design—Expert8.0.5 #{4: %} 3= 2 Fdmit47 =
VAL AR B ARDRE P AR T ZRAS A (Y X 1 A8 B
X, X X X, B R BIE R R

Y =1.64-0.029X, -0.052X, + 0.083X; +0.13X,—
0.04X,X, + 0.18X,X; + 0.019X,X, + 0.11X,X; +
0.045X,X, + 0.1X,X, —0.38X,> -0.16X,” —0.12X,*> -
0.15X,’ = (4)

R 3 A, [ A A (Y e s R %L RY = 0.9051
p <0.0001 , & 2| #% g 2 K, KL p = 0.0615 >
0.05 , M As {35, 1d W32 7 i X <52 56 250 B0 #8045 1
DLREF, DR 22/ e AT AR Az 0] U5 7 R A QA 52 46
S RN S 45 SR DEAT 43 AT AT o R DR (X)) A
BRI (X)) B9 p {H/NT 0.05, B H XS AL
T RGRNFEZW R, 4 DR R, X RAHT R
A5 FE M die KB A B 1 MO TR R, LR A R I R
ANPE ORI , S /)N if A PR B 1E] o
2.1.3 PAPRRZRAZ BRI S0H B 7 WP E R Z
Vi) S T 5 Wi 49 i 7 16 P2 R R ) T Ry
1) 83 ot T, 25 B T AR R R AR, HL
REASTE 2% PR 28 7K -8 Tl PN 4k 3] e A e M T 25 2% 17
HWERZME, X, 5 X, 2 BEAEMAMBERF (p <
0.01) , FR BN A Hh 2R LU BE U , Dt WS I [a) 048 75 2
P HAE X EAE T R A R R0, e 4%
=R B =2 B AR R 2 /N o 2% PR 2R 18] 52 B AR 6F
AR TR AR AT R AR I/ MRIR  X X, >
XX, > X, X, > XX, > X, X, > X, X, .
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Table 2 Arrangement and corresponding results of Box—Behnken experimental design
LS X X, X, X, Y(%) SmS5 X X, X, X, Y(%)
1 -1 1 0 0 1.206 16 0 1 1 0 1.466
2 0 0 0 0 1.582 17 0 0 1 1 1.703
3 1 0 -1 0 0.709 18 1 0 1 0 1.385
4 -1 0 0 -1 1.070 19 0 0 0 0 1.601
5 -1 0 -1 0 1.102 20 -1 -1 0 0 1.159
6 0 1 0 -1 0.996 21 -1 0 1 0 1.070
7 0 0 1 -1 1.254 22 0 0 0 0 1.640
8 1 -1 0 0 1.121 23 1 1 0 0 1.006
9 0 -1 0 1 1.411 24 0 0 -1 1 1.313
10 0 -1 0 -1 1.236 25 -1 0 0 1 1.288
11 0 0 -1 -1 1.274 26 0 -1 1 0 1.369
12 0 0 0 0 1.686 27 0 -1 -1 0 1.603
13 1 0 0 1 1.313 28 1 0 0 -1 1.019
14 0 0 0 0 1.708 29 0 1 0 1 1.351
15 0 1 -1 0 1.255
R3O HATTRETT AR
Table 3  Analysis of variance of regression equation
T B Yo il s F i i [EAL
A 1.57 14 0.11 9.54 <0.000 1 ok
X, 0.009 7 1 0.0097 0.83 0.377 4
X, 0.032 1 0.032 2.72 0.121 2
X, 0.082 1 0.082 6.98 0.019 4 *
X, 0.20 1 0.20 16.63 0.001 1 %
X, X, 0.006 6 1 0.006 6 0.56 0.466 9
X, X, 0.13 1 0.13 10.68 0.005 6 * %
X, X, 0.001 4 1 0.001 4 0.12 0.730 9
X, X, 0.050 1 0.050 422 0.059 1
X, X, 0.008 1 1 0.008 1 0.69 0.419 9
X, X, 0.042 1 0.042 3.58 0.079 2
X,’ 0.92 1 0.92 78.73 <0.000 1 e
X,’ 0.17 1 0.17 14.32 0.002 0 %
X,? 0.094 1 0.094 8.02 0.013 3 *
X,’ 0.16 1 0.16 13.25 0.00 27 * %
e 0.16 14 0.012
L 0.15 10 0.015 5.28 0.0615
PR LT 0.012 4 0.003
BB 1.73 28

oo JEFWRFE (p <0.01) 5 5 2257 03 (p <0.05)

HFIOIAS 2 R U S B B T AR SR B R A R R
WHENEAET 250 3R EUT R 31.8 min, 32 HUE
BE 524 °C, @7 D3 2955 W, B F IR Ok
1.152 mol/L, J& 16 15 & 15 R 1y £ & 10 ) (8 K
1.721% . 25 B3 L BRERE D nl 47 HE 1 T 2. S8
IEA - R BUAT [) 32 min, $2BURE 52 °C, # 5 D%
300 W, B T A 1.15 mol/L, RAJIZ T. 2541,
AT 3 AT S UE S5, A5 AL T KT AR R R
1.718% , FeA< 5 WOME AH 4 , B W 8 Box— Behnken
FLEGVETT TR 00 e A T2 S 80T 5, B SCBR g
NI

158 01772108

22 RUBRERIERMZNNZESN

TEAS IR UL (315,320,325 ,330.,335 K) F,
SN[ BMIM ] Br 8§ TR FIIE/K 2 B iR, D)
A 300 WA 7 i Al Bl BRI, A B MR v AL TS
FAT A B A 0] (O AR AR AN A 8 PR

HIPE 8 AT LA H, 78 AN ) B By 750, SR 2%
AGHAEA [ N ] (4 S0E 4T % T 4 R B T VR AR BRI
L JFAETT B AR W] A, B (20T 1.72% , 5
T IR Z ) B RAETT 3 A% 1.31% , P& [AlA7
TE 5 PE2E S p <0.05, [FII, B 37 VR B B 2 5 5]
R ISP T A I ) 206 6, > 4 BRI 2 7o T 52 °C
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Fig.7 Interactive effects of extraction time

and ultrasonic power on the yield of proanthocyanidins
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Fig.8 Relationship between the yield of

proanthocyanidins and extraction time
(325 K) , $2HUF ] 23k 20 min i, A48 19 JHAE T
RO RGOS e ENA SF, N RS 2
TR PRI RE G T 2R AT A i 2l oy, Tk
Gl B BRI ) 10 min , P18 5 42 B BT 40%
AHIFFE , SR [ BMIM ] Br 2 5% {4 A 355 55 5 OO ARDFF
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PFAET IR AR 31.3% , F SR A R AHIE
VR LLES T WRAAAE S B B 50, B T LA B i AL 75
FAFR, SOAT DA R SR IO G S $E IO [R] o AN [
SIS S F T B e sh T2 SR 4

HER 4wl LUA 2 A Ta] 32 GRG0 78 A [A] 79 42 B
IR AHSCRE R ¥R T 0911, BLBH 7 B 405K
BERS R, B TR SR S AL BT PR IO AR AL, Sy ] B
B — AL S5 8l Sy 2f g B o B 1 W AR R AL A R R
T BRI, P G A 2 k (E N . 315 Kk
{84 0.126 min~',325 K i,k /8 0.313 min ' ;{H 2,2
IBOREE N 325 K $2 5531 335 K I, $2HCH 300 2 k A
I JEAN Ko 3X FE RS $E U T 222 80h , 52 iR
BEAfE R 52 °C (325 K) , BEREA TR 47 i $2 BUSUCR |, X
BE) T ATREIMR B H A, AT ERAE PSR o [R], B1
TRAA R B2 1) 1 BT 5 3 80, 19 R T A ] 32 B 2% 1

TR L BEXT RE A, $RIBGHEE 2 325 K i, Jo/K &
S BRZHL 1) k B R 0.063 min ™", A Ky B I A4 42

B 1/5 2247, SRMEP TR E(D,) , B T IR
WA AERE AR 3 T AH R B B A4 T i Jo ok 2 s
o HEZH , AW A BEDESE T A5 804343 i sh il B
IR, LA EEE S A UE T, DL TR AR AR S 42
B, e PR BGH R B B AR,
2.3 BEUEBFHRRENSENHBAZESHT

TEBS T AR R B BSR4 T, AR 152 42 B B
A1 335 K, $EHUN [A]7E 32 min B, F2 453k 31 $E BOP-17
BERT, C = C, , BB ML 254 F A8 A R e 5
REESFR, RBIEASX (), ¥ In[C./(C, -C) ]
/T FEFTEtEl & 43 : In[ C,/(C, -C) ] =-29.89/
T+ 97.87, R* =0.963, 1 £k i &k R #1455 N
—AH/RAN AS/R, t 1t vl LU 57 4 I 22 2 5008 AH
5 AS (A A e AG {7 . $E IR B 7E 315,
320.325 330 K 3l J1 2= S HUE AT IR (B,
W JE Sk 335 K B2 S 8O0k TR S R LR 5,

5 ATLUE Y EAR RS BOE Z T, AH (B A1
AS (B RTZE, 300 B Wk AR B B3 R Sy 1A A I 34
IR . AG Bt/ N TR, R BUS Ry A &
R, H b PR BRI AR R, AG (EB W), $EoR 1R
Bt B 2 5 EAT . (HR YR O B R T 325 K
J& . AG HAE b /N, i — 2 UESCR B T 250, 2

F4 ARFEGSERI S 2R 28

Table 4  Kinetic equations and parameters of different solvent extraction

GEES T JEE (K) AT K(min"") D¢[10 7 (em®/min) ] R
315 Y =0.126x-0.969 0.126 3.195 0.955
Sk 320 Y =0.177x-1.784 0.177 4.488 0.992
([ BMIM ] Br) 325 Y =0.313x-3.506 0.313 7.936 0.986
330 Y =0.321x-3.495 0.321 8.139 0.983
335 Y =0.343x-3.661 0.343 8.697 0.972
315 Y =0.060x-0.383 0.060 1.521 0.963
320 Y =0.062x-0.358 0.062 1.572 0.943
JoIK .1 325 Y =0.063x-0.354 0.063 1.597 0.935
330 Y =0.064x-0.331 0.064 1.623 0911
335 Y =0.065x-0.327 0.065 1.648 0.925
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Table 5 Thermodynamic parameters of

different extraction temperatures

yH

{mer;; AH(kJ/mol) AS(J/mol-K) AG (kJ/mol)
315 -7.079
320 -10.550

248.505 813.691
325 -18.254
330 -18.535
3 %t

ARSLEG L[ BMIM | Br 88 73RN S S HGGR] , 78
FRLDA K Y0 SR A, 26 HCER U [A) | R G R R
D8R B TR MR BE 4 A PR 2 254 i 107 1T 43, e
T (MRS 4 5 22 53 AT 4 R mT 0, 425 PR 3R X T st 4k
TR FE M 1Y T YT A BT AR R > M
Uy > PEIGIL R > S I [a] o 88 75 I3l B e 1 A
PRI RRE AR T R e T A F D - S Uy
] 32 min, $2HREE 52 °C, M4 U3 300 W, 88 1)
PRy B2 1.15 mol/L, J A€ ¥ 3 45 R A 52 I {86
1.718% , 20T IR AL T 2R A9 R a0 WM AE . 2 G F 19
IR 2E 50 TR B, LLES AR S i 70, 6 it
AETT 2R PEIOH 0 k BN R Y BCR % Ds EM
SR TR B TR A B G A Dy W R N A, AG
E/NT2, S A R R . T N B T AR e B
Tl BRAWEFE RS PR P T BIe =% . B
TS FAR Y BT 53 8 5 ok TRME, 3K i (49 8 1
PRI R H Al s B TR R ah DI RE S T i R S 2 By
BB, 19 AR Tk i RSN
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