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Optimization of ultrasonic assisted deep eutectic solvent
extraction process and extraction kinetics analysis of
synephrine from Aurantii Fructus Immaturus
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Abstract: To study the optimal process conditions and the mass transfer kinetic model of the extraction process,the Plackett
Burman test, the steepest climbing test and the Box Behnken response surface method were used to optimize the key process
parameters of ultrasonic-assisted deep eutectic solvent extraction of synephrine from Aurantii Fructus Immaturus. Based on
Fick’s second law, the extraction kinetic model was established for the extraction of synephrine from Aurantii Fructus Immatu-
rus with ultrasonic assisted deep eutectic solvent extraction. By measuring the mass concentration of synephrine in the extrac-
tion solution at different power and extraction time, the model was fitted and verified ,and the corresponding kinetic parameters
were solved. The results showed that the optimal extraction solvent was the deep eutectic solvent composed of betaine mono-
hydrate and lactic acid (molar ratio 1: 3, water content 50% ). The optimal process was as follows: the liquid material ratio
was 39 mL /g, ultrasonic power was 220 W ,ultrasonic time was 20 min. Under these conditions, the yield of synephrine was
0.428 4% ,which was close to the predicted value of the model ,and better than the traditional water reflux extraction method,
85% ethanol reflux extraction method ,ultrasonic assisted 14% ethanol extraction method ,ultrasound assisted 70% methanol

extraction method and ultrasound-assisted water extraction method. The kinetic general equation and exponential equation ob-
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tained by fitting the kinetic experimental data have a good correlation with the kinetic model. The corresponding kinetic pa-
rameters such as rate constant, relative extraction rate were calculated, and the regression equation of half-life and effective
diffusion coefficient has been obtained by fitting, which provides data reference for the optimization of the extraction process
and in-depth theoretical research of Aurantii Fructus Immaturus.

Key words : Aurantii Fructus Immaturus ; synephrine ;deep eutectic solvent;kinetics model ; ultrasound assisted extraction
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Table 2 Polarity parameters, viscosity,pH, conductivity,and density of 20 DES

o Kb i % 35 fiE
éﬁf Exw (keal/mol) Viscosiff(%npa. s) pH Conducﬁiils/cm) Densif(%/mlj)
DESI 67.36 15.00 6. 66 169. 600 1.199
DES2 47.83 6.62 7.56 225.000 1.175
DES3 48.26 170.00 6.22 25.500 1.270
DES4 48.94 45.00 7.15 53.400 1.228
DESS 48.92 68.10 4.08 37.900 1.238
DES6 49.21 10.55 4.19 165.800 1.095
DES7 49.57 23.30 5.38 108. 200 1.055
DES8 49.02 22.50 4.27 130.200 1.149
DES9 49.07 11.40 8.19 302.000 1.155

DESI0 49.95 16.00 5.95 222.000 1.085
DES11 47.81 77.00 0.63 80.800 1.201
DES12 48.04 35.10 0.78 142. 800 1.145
DESI3 48.89 29.90 1.54 259.000 1.092
DES14 47.90 30. 80 0.80 155.300 1.184
DES15 53.03 10.00 6.75 0.391 1.176
DES16 49.64 12.20 7.97 0.037 1.109
DES17 48.99 29.00 7.35 0.054 1.177
DES18 49.92 12.40 6.21 5.620 1.089
DES19 49.07 18.20 3.40 22.600 1.161
DES20 44.64 23.90 1.40 234.000 1.234
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2.2.2 Plackett-Burman 52 3

TEBAI R sz ug Feml E, A A Plackett-Burman 52
B e th B R R, SERR BT R B R IR 3, %)
BRIEAT A0, H 45 2R WAk 4,453 4 D
FROFIME (R SR AR ARG [ 7 R YV = 0.393 5 +
0.011 34-0.006 9B +0.007 1C-0.004 4D, Hd ik}
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Table 3 Placket Burman Experimental Design and Results

A WORHEE

LA Liquid to material B I ,‘.C W . D @E
No. ratio (mL/g) Power( W) Time ( min) Temperature ( °C ) Yield( % )
1 20 320 30 30 0.401 4
2 20 160 30 50 0.369 9
3 100 160 30 50 0.409 9
4 100 320 10 50 0.399 6
5 20 160 10 30 0.367 1
6 100 320 30 30 0.416 6
7 100 160 10 30 0.405 1
8 100 160 30 30 0.405 2
9 20 320 30 50 0.400 6
10 100 320 10 50 0.392 4
11 20 320 10 30 0.391 8
12 20 160 10 50 0.362 5
#& 4 Plackett-Burman SEI8 2200 E FRI B E 4547
Table 4  Significance analysis of influencing factors in Plackett Burman experiment
P37 I A ¥y F {8 P {H BFEE
Source Sum of squares df Mean square F-value P-value Significance
17 Model 0.002 9 4 0.000 7 10.03 0.005
A 0.001 5 1 0.001 5 20.93 0.002 6 o
B 0.000 6 1 0.000 6 7.80 0.026 8 o
c 0.000 6 1 0.000 6 8.26 0.023 9 *
D 0.000 2 1 0.000 32 3.12 0.120 8 -
% 7% Residual 0.000 5 7 0.000 1 - - -
SAUIR Lack of fit 0.000 5 6 0.000 1 3.12 0.408 -
EE % Cor total 0.003 4 11 - - - -

R* =0.851 4;Adj R* =0.766 5;Pred R* =0.563 3 ; Adeq Precisior =10.739 2;CV =2.17%

H:*P<0.05,""P<0.01,
2.2.3 mBEReI FIE
1E Plackett-Burman SC46 25 IR | B8 A (K

BHE) BOEAIIHR) (CORA R E) =8 F W R
PEATIE [0 JE3, AR BENCH L 0 B M4 R L3 5, Bl
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H A RFENRZBH A, MR EET RE R s
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Table 5 Design and results of the steepest climbing experiment

i A WORHEE

A Liquid to material B I -C ﬂﬂ“l‘ﬂ] Y g
No- ratio (ml/g) Power(W) Time( min) Yield( % )

! 30 200 15 0.409 9

2 40 220 20 0.413 5

3 50 240 25 0.396 1

4 60 260 30 0.388 5

5 70 280 35 0.392'5

6 80 300 40 0.358 4

2.2.4 R AT VE Iy 125 B, LS 3 b5 360 0 B {8, 3R ) Design-

345 Plackett-Burman =L 36 F 5 5E € 3% 52 I8 Expert 13.0 %477 f) Box-Behnken #& =% HkfT T,
FE B B SO SO E i MR R e R B 03 IR 3 KF 3 Al a5, 38 17 Ok, R
ACHCENEE) BCHEFED38) (COE R T =ZE 3 1K, Box-Behnken ¥ 11 M LI 45 L3R 6,

#& 6 Box-Behnken i%it R SLIG 45 R

Table 6 Box-Behnken experiimental results

S55 No. A(mL/g) B(W) C(min) Y(%)
1 40 220 20 0.422°5
2 40 240 15 0.343 9
3 40 220 20 0.4258
4 50 240 20 0.3250
5 50 220 15 0.349 6
6 40 240 25 0.376 0
7 50 220 25 0.362 7
8 30 200 20 0.361 9
9 30 240 20 0.3822
10 40 200 15 0.377 8
11 50 200 20 0.376 5
12 40 220 20 0.420 9
13 40 220 20 0.4210
14 40 220 20 0.4213
15 30 220 25 0.370 1
16 30 220 15 0.370 4
17 40 200 25 0.374 1

AR 6 MSC 045 0L, X S g B s R 17 [m] ) 26 0. 009BC-0. 032 84°-0.028 1B°-0.026 3C* , H: )5 2241
P M, 45 A T2 Y (% ) =0.422 3-0. 008 84- MRl 7,
0.007 9B + 0. 005 2C-0. 017 9AB + 0. 003 4AC + (] R FE0 A 3 2 80 R? = 0. 995 1,57 IE 2 B4k
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Table 7 Analysis of variance for the fitting regression modle
KU SFJr A F ¥J7 Fid PE BFEE
Source Sum of squares df Mean square F-value P-value Significance
%I Model 0.015 9 0.001 7 158.87 < 0.000 1
A 0.000 6 1 0.000 6 59.71 0.000 1
B 0.000 5 1 0.000 5 47.54 0.000 2
c 0.000 2 1 0.000 2 20.25 0.002 8
AB 0.001 3 1 0.001 3 122.82 < 0.000 1
AC 0.000 0 1 0.000 0 4.28 0.077 4
BC 0.000 3 1 0.000 3 30.53 0.000 9
A? 0.004 5 1 0.004 5 432.34 < 0.000 1
B 0.003 3 1 0.003 3 316.27 < 0.000 1
c* 0.002 9 1 0.002 9 277.01 < 0.000 1
5% 7% Residual 0.0001 7 0.000 0 - - -
ST Lack of fit 0.0001 3 0.000 0 4.45 0.091 7 -
4% 2 Pure error 0.000 0 4 4.235E-06 - - -
B 22 Cor total 0.0151 16 - - - -
H:"P<0.05,""P<0.01,
Adj R* =0.988 9 A5 2 2% CV =0. 849 6% , L 2.2.5 BiExikh 5tk sk

UM G RAT, it P A A e AR B 2 RPN
3 LA R e Ve, SC IR 25/ . ARYE B
PEARE, — K3 A B C, 3¢ H.I AB AC \BC Fl1 Ik
I A® B C* X s MR R A A W S B (P <.
01 ) , 18 W] 45 DRI 30T 2 S bRAS 238 (9 52 A 45 0 4%, 1 O
BTEARZPE X R, @t FAAEK/NAT DU 4 B R
XoF S I AR 3R 1 5 R /MRIR O A CRUELEL) > B
GEADIR) > CORM M)

TWORHEL R T R ) o 3 o AR AR R A 5
M) K P T A2 B A FH UL 4 RT3 e WL 3D Mg S T
L 8y it e A st | 46 o 4 IR ) 4 2% % 4R B R s T
K 53T R 2238 H AR KT i 7 {1 )55 i R R
TR, A i 2R AR U T, SRR . AT 4
FILAE Y, VOB LU -8 7 ) 258 R0 75 D) 258 75 B[]
(18 o 7 T V1S40 A 0 G AR B, 46 e 2 e A HL &
WAL , 10 B 9 19 222 4 19 AH B FH X o bRAS 36 3
B3 o HrP Rk RS P R A2 AR A S5 2
AR, PR S HAE IS 3 . 8 Design-
Expert 13. 0 #4531, 45 2 S A BE WS WOR} L
38.95 mlL/g, Hi /B4 218. 09 W, # 7 B [|] 20. 37

min

% [E BN HRAE 7 (8 AN S A A% BR A, 4 fee e 42
WOy SABIE WOk 39 mL/g A D) 220 Wi
FEEFA] 20 min, FELLAME T EAT 3 dIPATS80, - 3
PRALZAT K 0. 426 8% .0.429 7% 0. 428 1% ,F-
KR 0 0.428 4% , 5 IS E 0. 423 0% KA AR
2K 1.26% , 158 % i Box-Behnken I o7 T8 1 {1t 1%
T 2REn &, ik —0E W T L 1k,
B ZARBOT 5L GAR BT L0047 T HE, 45 51 0
P8, R 8w, ANE R SR I [A]8 S2 HE R,
Pl B R it R B O A FAE S A Oy %
T P i B R 791 8 BB LA A B ()
FFRE A A
2.3 #BFEE) DES IR hF kI ERIZ A
ZoHT
2.3.1 RARFHERFREFIHRGRIRER

AN PR T 3T B IBOR P = I bR BE 4 IR ] 7
J R AR AL WL R 9, ATV B WL 10, AL E I
PR P-4 i B 1 i) Bt 25 8 7 0 3 ) g K T 4
S RSV B 7E 200 Wik 31 B 25, % A BE S R o
TR AR 7R D SR T 1 (8 5 2 (1 3 I bRV T R
TRk i 2 B IR A R A R oo T R R
IR P T 200 WS- B8 B2 A FTRAIG



508

Vol. 36

RIRF=IIW5E 5T Kk
F M1 %E Synephrine yield (%)
a
’_OM
=
%oaz g -
75 =
£ 52 2
eu o 2
: :
?é ) -
> g 9
# 5 =]
6'457 50 o \6‘\) -]
"y 45 _A®
Y 2 “\,\6"
&\0
i 30 35 " & s
A"’t‘r,,,o _‘{&‘ A: ¥ Liquid to material ratio (mL/g)
b - ¥ 3 F Syncphrine yield (%)
@ o i
=
5
- 555
'1/1[,,"';’ o
(3 .' | KRS
* —
i 032
=
E- 3
l%%""d[,}"e ) .s_!?«\x‘ 30 35 0 as £
o, L A: ¥l Liquid to material ratio (mL/g)
F A% Synephrine yield (%)
(&
= 0
S P
‘%’ o. E
g 8
Eo
E
g, é
w
3 034
i 032 é
= £
# =
pri
C
Yime, 1> 2 o B: gﬁm:ﬂ Ulzsonicpower(W)
K »-
4 ZEEMNEBHREBRYMYEEHETEANESLE
Fig. 4

Response surface and contour plots of the effects of various factors on the yield of synephrine

®8 XfLLW

Table 8 Contrast experiment

P i PRI PRI 5] FHRIFR
Extraction method Extract solvent Extraction time ( min) Synephrine yield( % )
[N R DES 20 0.428 4 +0.001 5°
R 70% HI i 30 0.333 8 +0.074"
[F] 37 85% Z. % 120 0.312 4 +0.014 8"
FEaNS 14% Z. B 30 0.306 7 +0.007 6"
BNk K 120 0.301 2 +0.002 4"
R K 30 0.252 9 £0.063 8°
T ARFEVNE FREFRA BEME2ER P <0.05,

Note; Different lowercase letters indicate significant differences, P <0.05.
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Table 9 Concentration of synephrine in extract under different ultrasonic power
B SEHRARAYIRE Concentration of synephrine (ug/mL)

Ultrasound time (min ) 160 W 200 W 240 W 280 W 320 W
2 62.958 4 60.582 5 67.464 4 62.139 1 58.452 4
4 64.269 2 64.842 7 68.447 5 63.531 9 69.348 7
6 65.907 8 69.102 9 70.495 7 65.989 7 71.888 4
8 69.594 5 70.086 0 71.314 9 68.365 6 71.560 7
10 70.659 5 71.970 3 71.806 5 72.298 1 73.5270
15 71.642 6 75.902 8 73.608 9 73.035 4 75.411 3
20 72.134 2 80.081 1 74.510 1 74.346 2 75.820 9
25 74.100 4 81.228 1 75.329 3 76.804 0 76.394 4
30 77.1317 84.259 4 76.312°5 76.558 3 72.543 8
40 77.049 8 78.032 9 75.984 8 76.394 4 67.628 2

®10 BEHBRNFERRETERE

FAHEEB R AT 0. 93, 2401485 B 14,

Table 10 Equilibrium concentration of ultrasound SN ZR B ke [RE R P T R B R B R, % B S
assisted extraction of synephrine Vi B T A ) TR S5 gk Ak i v 1
/N o
A )% Al e so : ;gg\‘;’/
Ultrasonic power( W) Equilibrium concentration ( pg/mL) A 2UOW
51 v 280w
160 77.1317 ol e 20w
200 84.259 4 i 3.5
240 76.312 5 g 39
280 76.804 0 7
204
320 76.394 4 s
1.0 T T T T T
. A . 0 S 10 15 20 25
2.3.2 ®EFHH KM 5617 Time (min)
FIHZ9 é‘];’;g{ﬁﬁ?)ﬁx‘_j ln[ c,/(C,-C) ] 54 5 FAEBEHNET [C./(C.-C)]5 I HXE
Hrska] ¢ AT 2R [l 23 B, 25 R WKL S Rk 11, Fig. 5 The relationship between In[ C_/(C_ -C) ]

HIZE L1 Al R )RS DR 2R PR T A bk el 5 5

and t under different ultrasound powers

Rl ARBHEINETLRERIEFEE

Table 11 Linear regression equation under different ultrasound powers

. .

Ultrasfif: gjjir(vv) Regrl:Lfnjizianon R € (pg/mL) kx107(5™)
160 y=0.063 221 +1.642 76 0.933 6 77.1317 1.053 7
200 y=0.089 79¢ +1.089 88 0.988 6 84.259 4 1.496 5
240 y=0.093 6t +1.946 24 0.994 9 76.312 5 1.560 0
280 y=0.105 65¢ +1.429 37 0.944 9 76.804 0 1.760 8
320 y=0.180 71t +1.457 73 0.945 3 76.394 4 3.011 8
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2.3.3 MaxERFHRB

FEPEIURT AL SE B R LB, WA C, =0,
AR 2E Ry = (C,.-C)/C, , K (3) B fk
Hy=(6/m2) exp (-kt), FI R 9O 1 5L 55 B 48 X
(C,.-C)/C, S4B R ¢ FEATHA, S5 LK 6
P12, W 12 v AEANFEE S UPRAA T, TS
AR RE R KT 0.93, HUA R
I BARFIREOT BB AR HRE S R 1
15BN R T B — B 1R 25, XA B2 th T H
(IAE T AR, H 3 5 B R 75 T e 1 AR Ak s
AR IR, X TR A 1R FH B9 s A3 ) T AR S22 3 Ak
I
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Fig. 6 The relationship between (C_-C)/C_ and

¢ under different ultrasound powers
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Table 12 Regression equation of relative extraction rate versus time under different ultrasound powers

IR IES 1] 5 @
Ultrasonic power( W) Regression equation
160 y=0.211 46exp(-0.073 65¢) 0.939 41
200 ¥ =0.327 98exp(-0.086 43¢) 0.989 96
240 y =0. 141 05exp(-0.092 06¢) 0.992 36
280 y=0.251 09exp(-0.110 471) 0.956 92
320 ¥y =0.406 23exp(-0.301 04¢) 0.938 22

2.3.4 Fxhey KB

DU T PO A b e 1, =In2/k
WALFRAEIEL, X H AT Sk LA, 4558 UL 1A
7 A8k T FE 1, =-0.005 66P +4.350 78, R’
=0.884 1, 3 RoR $R AR S rp— 252 IR AR T
o (], AT S W BUSCR I i B 7RI, Bl
T R DR O, P R W A e, SR TR S

3.4
3.2

3.0 4

t,, (min)
n

2.8

2.6

2.4 4 | ]

T T T T T
160 200 240 280 320
Th# Power (W)

B7 1,5BENENXR

Fig. 7 The relationship between ¢,,, and ultrasound power

2.3.5 ARV AR RE

3 3o R BT TR SR AR B R P A AL
YRS, AR (4) W D, =kR/m” . B
50 H (297 pm) i, i R =0. 148 5 mm, KR
FEXT D, FHEAEI)Z P #7405 4R WK 8, Jirfs
FHF7FE N D, =0.463 31exp(0.006 53P) x10™ | R®
=0.87897 , UG HEEEFH 22, X & i T LG i

4.0 ]

léo 260 2"10 2;30 3;0
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Fig. 8 The relationship between effective diffusion

coefficient D, and ultrasonic power
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— 7l DA Fr 28 RS v B B B K1l 7 A B O
o AEPTIRE Y 20 A RS LA R b, — K R
FLIR (1:3) 4L DES (57K 4 50% ) BAT R $2
WOSCR o SRR - OB D 39 mL/g, i
YIR 09 220 W, A [E] 2 20 min, 7R SR U
PR, LR 0.428 4%  AHEST 5 UL A AE HL
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o ACIRUNS )R PRI ik RE I R T AR ) A
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