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Abstract: Polyphenols have the ability to scavenge reactive oxygen species and protect tissues against oxidative damage.
However, the extraction, enrichment mechanisms, and antioxidant activities of rouge radish polyphenols (RRP) remained
poorly understood. This study aimed to elucidate the key factors in extraction, enrichment mechanisms, and the characteris-
tics of antioxidant activity. Response surface methodology was employed to optimize the probe-type ultrasonic-assisted
extraction process. Resin enrichment mechanisms were investigated through adsorption/desorption kinetics and isothermal
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adsorption model. Antioxidant activity of RRP before and after enrichment was analyzed using the DPPH, ABTS", and ferric

reducing antioxidant power assay to provide theoretical support for the efficient development and antioxidant research of

RRP. Results indicated that probe-type ultrasound significantly enhanced RRP yield compared to plate-type ultrasound and

shaking-bed extraction (P<0.05). Optimal parameters were: Extraction solvent concentration 60% ethanol, solid-to-liquid

ratio 1:55 g/mL, extraction temperature 55 °C, ultrasonic power 350 W, and extraction time 20 min, yielding 33.03+

0.12 mg/g. The adsorption/desorption process of HPD-400 resin was conformed to be the pseudo-second-order model, and

the intraparticle diffusion was primary but not the sole rate-limiting step. Temkin model was more suitable for describing

the adsorption behavior, and lower temperature was beneficial for adsorption. After enrichment, the scavenging concentra-

tion values for RRP in scavenging 1,1-diphenyl-2-trinitrobenzene hydrazine radical and 2,2'-azinobis-(3-ethylbenzothiazo-

line-6-sulfonic acid) diammonium salt radicals decreased to 35.5% and 83.0% of their pre-enrichment levels, respectively,

while the ferric reducing antioxidant power assay value increased by 1.3-fold.

Key words: rouge radish polyphenols; probe-type ultrasound; response surface methodology; resin enrichment mechanism;

antioxidant activity
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JUMELT.C 8 N RIRLLLE b L0 — 58 N AER,
YA .0 e AT iR, BRAR TR 24 250~300 g, JEARZ
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WFFE RRP BYHTEAEALRE ST . ASCRINRNE 2 b Z W09
TP AR A IIE 2
1 MRE5RE
1.1 MRS

MEAEES b SR AVLPEEFERH . oK QBE. =4
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Nl 51 22T R BAL A 2R S2EG . X pr-UAE $#2HX RRP #H47
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80%) . B L (1:35, 1:45, 1:55, 1:65, 1:75 g/
mL) . JKIBEIRJE (45, 50, 55, 60, 65 C) . #H TR
(150, 250, 350, 450, 550 W) . $#2HmfE (10, 15,
20. 25. 30 min) XHRBAS R AE A, -
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(E Do

F i P U P K

Table 1 Response surface test factors and levels
K
SES

-1 0 1
BHR HE (g/mL) 1:45 1:55 1:65
FKIRIREE (C) 50 55 60
AL (W) 250 350 450
PRI TE] (min) 15 20 25

1.2.7 MARs &4 RRP R4

1.2.7.1 MARs TiAb3# BT 2 E E A SR E
(my), FREX 1.0 g MARs A4 (m) & TE, idsR 2l
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hUE MK AR, DARR 258 B i LR S A
1.2.7.2 MARs fifiE 5 F MARs 4580 1.0 g( T ),
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W S R 3R RRP SR, 58S TR eSS
W B R EY 5 FRARE, T A 50 mL 80% ZLBEIA L,
25 °C. 150 r/min 54T 12 h J5 e i b
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RN 322 (%) = GV,

R 2 (%) = (CO—C,)xVXIOO =® (6)
@4&%(%):%x100 £ (D

H: Co. C) B C, BN RIAETS I . WL I e 145
W SHWE V) RRP MR, mg/mL; V i TN
AR, mL; V| AR, mL; m A IE T 5, g.
1.2.7.3 Eae=E S H B MARs W [ff RRP MR 4%
Wu 25 22 1 J7 v iF 9T 28 BE 2O A5 X MARSs WK [ff
RRP (520, B 0.5 g(-FE)MHES 100 mL RRP i
PWIBE, X BITE 150, 350, 550 W Z=&, 25 °C
B MARs W BRERZEY T . WA FIEFE] (0. 10, 20,
30. 45, 60. 80, 100, 130, 160, 200, 240, 300 min)
G W RRP & i AR T HE W [ &, JF R HE— 2% .
e F) kot S RN DNE TR AT BT Ve Rl i i
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ST ORI DL AR PRI BRHVE SR ot B
HE—2% Bl F1 24458 (Pseudo-first-order model)
Lagergren $& H 24, 38 i 4y Fo g Pl 3k 0 1 .

In(Q.-Q) = -k t+InQ, x ()

2 Q. F Qg 433y AT ISE T ¢ By 220 1 W% of
(mg/g), k, MR EL(min™")

HE 2 ol F7 244575 (Pseudo-second-order mod-
el) 1 Ho&McKay #2&H P24 3@ B4 HZk ek
L/

é klez . é £ (9)
ok, HE 2B 2R RN [¢/(mg-min)].
R pTe R 1 s o e i 1= 2 (L I i O TR VA B

PHCRNFR A . 38 E BT B 3 S R R, R
BB M TR . BRI A (Intra-
particle diffusion model) f Weber&Morris $#2&H1224,
HfAeITEan v

Q. =kt +], A (10

oA k; AR TR SR E 2L [mg/(g-min'?)];

I, I W FHZEE0M (mg/g) - 24 T=0 i, F=BI AP HL
JEME—FES UL TR, L0 WIFR/ R (it 7 52 Z BB ]
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1.2.7.4 ZRAEMEA TN MARs-HPD-400 f#i% RRP

0.5 g(FE)WASIIAZ] 100 mL HHEEY H 7555
MR (20 °C, 100 r/min, W 12 h), B4 HiE 02 400 A
15 100 mL 80% ZBHR A, 78 25 C K FRHA
[RIEE A5 D13 (150, 350, 550 W) fift i, W A ] Fisf 1]
(0. 10, 20, 30, 40, 50, 60. 70. 80 min) |- ¥5 ¥+
RRP & EARIT AR &, IR AWE—9% . M2k
Bf) F7 2 E AR KR N BSR4 S B fig i Bl ) 2
TR DAFIVEFIRE PRI AE X B
1.2.7.5 WA T 1% 5350 50 mL AS[H]
ARAE 2 N HEEUR (RIEGHEE C,: 10, 20, 40, 60, 100,
200 mg/L) 5 0.5 g HPD-400 W AR &, 45 31T 25.
35 F1 45 CGHEADIFR 550 W) DA T FRFS256, a2 A
[7) e 355 A Y R oF P-4 i vt T ) Q (mg/g) , SR FH
Langmuir, Freundlich Al Temkin W [} 25 I8 £ AR 7 2
Gt e,

Langmuir /5 2 J& FH I H 24 Langmuir AR 38457
Fiz shERVE FN— B 1 S5 A4 CAn Iz 56 5751 2% T P4 BT 345
— . RS RITCAE EAE A . SR TR R AE ) R,
H ARk an 1277200,

C. C. 1

Q- Q. KxQ,
K Q,, AHIB IR (mg/g), Ky 5K

B REAH G H £ (L/mg) o

Freundlich M Bt 4575 77 #2 & fH Freundlich 3+

8 B E 42 2 1T %) 3 B AR 2 B3 — 00 S i HH Y —

= (D)

IR, PO L, 15 PRk =0 R 2,

anezlxlnCeHnKF X (12)
n

s Ky Sy W2 B 25 B 5 4% [(mg/g) (L/mg) '],
n AR SRS E

Temkin W45 7 B2 1 Temkin HeT I B4R
I % [ 751) 2 177 2 i B8 A 84 T g S R T B — i
AR — D2 R . eSS, HZk RIS
ﬂn—F[ZS*ZG]:

Q. = B;InC, + B;InK, X (13

X Ky 4 Temkin V2451 £ (5455 HEAH
%) (L/mg), By A5 A G H 2 (J/mol), T 2H
PAERE (K .

W Jff ot B TR S B, B RGN — A
A0 55— VA A AR R, WA Z T R R
PO o KBS FR I RS2 004, B O T
T F HBEZE (AG) . J8 725 (AH) 5728 (AS )3 A~k
B, 5 BEOT A AN R,

InK,=-AH/RT+AS/R 2 (14)

AG=-RTInK, # (15)
oA K, PSRl 225, T 236 (KD, R J&2<
AR %0(8.314 J-mol K '), AG(kJ/mol) . AH(kJ/mol)
I AS(J-mol - K™) &I 122 S5
1.2.7.6 RRP gifEENlxE FHEEVWMIESE bWk
ST, BT TR

RRP%E*:(%)z%xwo 7 (16)

Kb CHFESRTISE RRP Bk (mg/mL);
V N WARFI(mL); m A E 4SS RRP T8 S
(mg) .
1.2.8 PrEALTHTEAYIIE  RRP MR ANE SRR
TAR B AR A, RAEAEZR C(Vitamin C, VOEN
BHAHX HE
1.2.8.1 DPPH H H3iEREES] S Zhang &P
YRR IME B, B 1 mL #4545 2 mL 0.1 mmol/L
DPPH %W (v/iv=1:2)IR4A, EiR#HCR N 30 min J&
M5E 517 nm AL S, DL 2 mL 2 B¥+1 mL DPPH
ShEs X RR, 4330 5 B AR RIS RRP M Vo 7EHE
>4 0.02. 0.04. 0.06. 0.08. 0.1 mg/mL [ [ H JLiE R
AEI.

it %) =~ x 100

b Ay IATRELH, A WFESR A .
1.2.82 ABTSTHHIEIERAES] =% Zhang FPY
AT R NG, B 50 pl FRAIVIRERESL S 100 ul
ABTS T AEW T 96 L A 1 2 ¥ 10 min J&5 M) 2
734 nm WG, DL PB S R A4S % RE, 43 i)
B HERTA RRP M Vo ZEHREE A 0.02, 0.04, 0.06.

A AD
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0.08. 0.1 mg/mL T[4 H fH3LIEREE ST -

. A, —A
%I%%(%):%xloo

0

A (18)

K Ay B A B Rk BEZH BB S 4 A T G
EXI-
1.2.8.3 FRAP 3% JH FRAP ¥4 RRP $i & 1k ik
F121, FRAP R4 TAEMRACH] Jri%: a.0.3 mol/L Z.Hig
L% P (pH3.6) 5 b.10 mmol/L TPTZ % (455 A
40 mmol/L 2k 4li HCD); ¢.20 mmol/L =51k 4k, ¥4
a. b, c FEBAFRIL(10:1: DRGSR, 53312
AN E 1Y) FeSO,- 7TH,O PRUEFE Ak AL . W
FEAE (593 nm) g P Al bR 2 il s v R £, 43 59 0 2
AR RRP fo Vo HBERIOGEEE, ACASRHERY
£k (y=1.4619x+0.3295, R*=0.9994 )14 FRAP {H.
1.3 HIELIE

B A S ue P At S7 B A2 3 Uk, SR 45 SR LIS 1
{HEARUEZE(SD) KR . GEiTF MR R ZE Ty 22
ST (ANOVA) A TR 18] Eh s, Bl B T2 5 i
24 P<0.05 B, Sl )22 5 B B ST .
2 HBRESH
21 AEHEBFANT RRP IREUSZEAIELE

L5 AN 1 TR, pr-UAE 19 RRP 15 3% &% 15
(26.88+0.19 mg/g), B3 & T A= 19 RRP 15
# (19.46+£0.06 mg/g) Fl F& JK £ BL 19 RRP 75 %K
(15.23+0.07 mg/g) (P<0.05) . pr-UAE /4 )& IEFT
Bl ST A S I, ST AR S SR AR
WegERe = M5 U, thF pr-UAE M 75 fE /& 54
I, pr-UAE M9 32 IR i 25 Tt =0

—==[30-31]

b o Gan ZEPY WARE] AR SIS P,

Ree s TIE e T Ak
30 -
a
25 4
20 - b

ZIBHR (mg/g)
> &

W
L

0 -

FEIR SRR R A
K1 AFEEOTT RRP £35
Fig.1 RRP yield under different extraction processes

e AR FHRERR 257 13 (P<0.05), [ 3 [,

2.1.1 ARERBUTE X RRP 2GR0 N T 3
— 2R pr-UAE = 20 #2 By 5L P, AR 58 2R A
SEM X} — e B 5 925 45 1) A4 5% 78 SOOI S B 4 7 X0
22, MIE 2a AT LE Y, 25 X RERER AR AR S 3R 4T
HLERe) o AR PREORE R T 52 P IH S (E FRMR ARRAE,
AR 22 1 AR SR (] 2b) B2, A A A B
R 1A A v T ORI 280 2T A Wi 24 RN 22 FLES F T B . R

FREEEEE A (&l 2¢. d) o Fu 85 (GHIFSE 45 3R B, J5t
B FEAL B, PR A PRSP EA T T P e R s
SRESPEIS, PLafiBIE L. A2 PR, 77 A2 eyl
ks TR, SR M RE B, T AESSH L . D BLAL T
e o H R AEUE S Ab BEAE LU P A U A5 9 FLITR)
LEF TR . A BERIR NS, HARIBGICR E— 25145
F T 5k

K2 WIEE AR AR E SEM ROESL
Fig.2 SEM characterization of the microstructures of rouge
radish residues obtained with different extraction methods
TE: (a) RALHE; (b)FE IR EEIG (o) FH=UlE ;s (d) R g

N

22 BFERSWER

2.2.1 ZBESREEXT RRP AR5 A&l 3a AT,
T R BE 40%~80% 19356 7 Bl N, RRP 75 3 ffl
V-2 A G B A = S Ul A o =B Sl N )
AR kaF . 2 BRI 60% B, 75 31k B
29.06+0.02 mg/g, 'k 3 /= T H A vk B 4H (P<0.05)
FFEEPY LB 60% LRI By iS5 5, 3
A5 H 3T 3 R B T AT IR 2 1y 5 220/ 2R 1 ]
U I 25, RIS s ol T BE SRR AR S P, &
BRI e A . JE SR 60% JE
S AP -

2.2.2 B HEXT RRP £ s2m /& 3b A 4,
7 1:35~1:75 g/mL 5SS FE N, RRP 1528861457
FHESG RIS LI e T PRanZefeiasy, H5PR
BrBefg = e w T . MR iR F) 1:55 g/mL
B, RRP 153K F I (H 31.12+0.08 mg/g, &I T
HABLH 5 (P<0.05) . Khan 251 35 H, 36 20RH& HL AT
SRR AR T ST, 38 o A e AR R TR S AR B 5
SRR INES R A A B AR, (AN £ BH AR S
BEFE WA o 27 & B R BURCR 5 &0 vk, i
1:55 g/mL B bS50
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TE: (a) CEERZ (%) . (b) BRI (g/mL) | (¢)KIHHREE(C) . (d)BA TR (W) | () $EHURE] (min) X RRP 133520

2.2.3 KIFIREEXT RRP 1921452 &l 3c Al %1,
TE 45~65 °C MUK TE RPN, RRP 4552 54 BOR 5 1)
T RS LI E FRErARfba . MIRBURE A
2] 55 °C B, RRP 13 RiRE R RAH 31.93+0.07 mg/g.
XIEFYRAFEDY & S B R RE RS 58 STz 3, (R4l
MuEEZ W8 B-1,4 METFEEWT RS, 3@ 2 s B 32 (Hid
B SsT | RHI R IR M SR R, R R
BUSASR T, 28 BAmd, AKEE RN 55 C HTF
2.2.4 HEFEYIENT RRP 43R A9520m i &l 3d AT 4],
TE 150~550 W YIS L FEI N, RRP 75338k 7 D3
FHE RIS IS BRI AR b a s . R DRIk
F| 350 W I}, RRP 1533k #| W4 {H 32.04+0.07 mg/g,
DT HAB T3 2H (P<0.05) . Huang 25:0B2 455 g
7N, 38 IR S DR AT WS s AN, A AR T
P SRR A R AR U BE R 22 o i By in ) pl ek
PR, G R IGISE AR . SRR 5 o PR
FOXUE 4, B 350 WA 75 RS 80

2.2.5 HREETEIXT RRP 133 A5 MK 3e AT,
£ 10~30 min M5 YEFE A, RRP 1535l B W] B4
SEISE IS RS, 7E 20 min BFF55R 555
{H 32.43+0.04 mg/g, w3 = T HALRTE]2H (P<0.05)
3 2 G FEHCS] (] T o 2 BRI AR, A0 P9 LA 2K
R s HRIBCA R] A DU SR ) SO R e, DT
Tl Z WS BT s L, FRBUSREEIPY . EIk, #E
20 min A EFREUAT ]

2.3 Mo EREEEBAEE RRP 1ZEUAIGEE
2.3.1 AR, 5530 BT R S gl
S S5 NI [PS =) & B VAT RS A S ek DN E L
e 2 s . RRP R 548 5 2 [a] (19 26 A5 219

ZI0 IR IFITRE N Y=32.92—-0.9167A—0.3692B—
0.2583C+0.1125D—0.2175AB—0.1100AC—0.0475AD—
0.3825BC—0.2425BD—0.0275CD—0.9147A%—1.48B*—
1.03C*—1.12D%, Hif Y J2& RRP 753 [ FIME; A,

F 2 WA RS BT S Ak

Table 2 Response surface experimental design and results

BES RRELL KIERE EFIIR SRBE RRPAE (mg/g)
1 0 -1 1 0 30.93+0.18
2 0 -1 -1 0 30.69+0.16
3 1 0 0 1 30.04+0.11
4 1 0 0 -1 29.93+0.08
5 0 1 0 -1 30.06+0.17
6 0 0 -1 -1 30.90+0.35
7 1 1 0 0 29.12+0.12
8 0 1 1 0 29.31£0.15
9 -1 0 -1 0 32.06+0.10
10 0 0 0 0 33.00+0.38
11 0 -1 1 31.20+0.11
12 -1 1 0 0 31.41+0.14
13 0 0 0 0 32.914+0.18
14 0 ! 0 -1 30.3140.17
15 0 0 1 30.70+0.22
16 0 1 0 1 29.50+0.11
17 -1 0 0 31.90+0.15
18 0 0 1 -1 30.5140.26
19 1 0 1 0 29.60+0.09

20 0 0 0 0 32.80+0.18
21 0 0 0 0 32.90+0.22
22 0 -1 0 1 31.01+0.18
23 -1 0 1 0 31.70+0.41
24 1 -1 0 0 30.194+0.04
25 -1 0 0 ! 31.60+0.14
26 1 0 -1 0 30.40+0.35
27 -1 -1 0 0 31.61+0.16
28 0 0 0 33.01+0.07
29 0 -1 0 30.60+0.38
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B. C #1 D J& i H AR R gmtid(E .

Jr 285 AT A AN ER 3 o, (8] U AR R b i 5E
(P<0.001), JHAUIT A 2 35 (P=0.4823>0.05) . HRAEHR
¥ R*=0.9971, JE%% R*=0.9941, jiF 2R £ A FE1E, 4
AHIZAE RIS A B v, IR 220N, BEE T bk
He(g/mL) . ZKIAEIERE (°C) L BB TER (W) | HEEATA]
(min) PUAS PRI ZE X RRP 1938 HAE LA A X RRP 1%
KM . AC X RRP 15 % 5 i i 2 ( P<0.05),
AB. BC. BD. A’ B>, C*>, D* %I RRP 3%k .
F(P<0.001) . i FAEKR/INAT A, PR2E 52 nm 5 B HE
J¥: BHA B (A >/K R (B) > 75 D1 (C) > HE Bt
[F](D) o AR AT HERG T RRP 1532 I 2 K 2=
AEH BV o
2.3.2 MmN A HAEFIE R ST A i
T AN 4ESE p 2R AT LA B HE S R AR TR K2R 22 (8] Y
A EAE A I Z S iy T2k B Hh 2k At
SRR, o X AR A BB B vy, [ 2, T4
2 A R L S PN D VAT i )iy (ite s AN LS R N PN b=
ZIRIAIEAE . 455 m 2 A I3 250 R o S U, 5
I PR 2R [RIAEAE AE BH i i 38 B KON 5 2[R A, Dl
HAZE H WA g 3512360

FH I 4 w10, 38 BORRAR b S PR TE] | S )
SR GRS (] TR 4 5 s S A ELE T IRDE,
KX PIFNSZ B AE XS RRP 1533 5200 A i 355 HC
A VU 52 F 0 14 45 e e R A 15, L )7 i e B i
VLI HAZ B A/EHIXT RRP 79585200 i 25, bk Heim
FELAEANAEE S RRP £535, 76 75 D3R AL
At 1) [ 52 BsF, b e 2 0 K2 S EUIS R T RE .
e, K VAR SRR a] | KRR 5 TR
e )7 [ T AR 594K, %oF RRP A5 5810 5 i g T 35, 31X

RRP7#4% (mg/g)
RRP1H% (mg/g)
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Table 3 Variance analysis of regression equation
N RRP N
KB Som ame my A e
A 36.5500 14 2.6100 33923 <0.0001 ¥
AR 10.0800 1 10.0800 1310.07 <0.0001  ***
BKIRIRIE  1.6400 1 1.6400 21248 <0.0001  ***
C-HAIIZE  0.8008 1 0.8008 104.05 <0.0001  ***
D-#RET] 0.1519 1 0.1519  19.73  0.0006  ***
AB 0.1892 1 0.1892 2458  0.0002  ***
AC 0.0484 1 0.0484 629  0.0251 *
AD 0.0090 1 0.0090 1.17 02972
BC 0.5852 1 0.5852  76.03 <0.0001  ***
BD 0.2352 1 02352 30.56 <0.0001  ***
CcD 0.0030 1 0.0030 0393 0.5408
A? 5.4300 1 54300 705.19 <0.0001  ***
B2 142300 1 14.2300 1848.46 <0.0001  ***
2 6.9500 1 6.9500 902.34 <0.0001  ***
D2 8.0800 1 8.0800 1049.61 <0.0001  ***
57 0.1078 14 0.0077
AN 0.0801 10 0.0080 1.16  0.4823
R2E 0.0277 4 0.0069
¥l 36.6600 28
YE ZBR 0.9971
TR PE RBR 0.9941

33.5
=52
3201
bt
3005
3
2 590
ok ¢
o 05" -1.0
5
1.0-1.0 xg;?’ﬁ\

VE: P<0.05 R W BUR oK 45 [ 2RI .3, D% 22/5%; P<0.01 % W B oK
[ 2 B0 L, L+ Jr%; P<0.001 WU ok 2 0 i 3,
B “rexn FR

536 3 W 225 sl R — 2, R I ZEXT RRP 15
SR AT BRI PR SC 2R, F 50T 2 (R 2
M HAEP,

2.3.3 [EIEOBIFIGSUE  FE 0 N AR R T, RRP
AL S E N B EE 1:54.49 g/mL. & &
54.94 °C . P18 350 W B}[E] 20.01 min, RRP 1537

P 4 2% RS AR e L T 4]

Fig.4

Response surface diagram of factor interactions
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MHE R 33.13 mg/g. G5G PR E AT T0E, Brancfddi
WSEMEIEN: 1:55 g/mL. 55 °C. 350 W, 20 min,
ZEPIE, IZ AN RRP 7935k 33.03+0.12 mg/g, 5
TOIUAE AR R IRZE RN, UE SRR AT bk

2.4 MARs fFE R BN BEEMRAFIEE ENT
2.4.1 WARIREE T HEIELIEE RRP, 456 3CHk
A, A SONARB A . F g Rt st B T AR
AT . G550, HPD-400 [ W% S5 e [
AP 16.85+£0.01 mg/g. 80.24%+0.001%, fifhl
FREZ 55 2M 15.2120.06 mg/g. 90.25%+0.004%,
(I 3% 72.42%+0.003%, i 2w T HABR S (P <
0.05), fop Hi R AW | MR LA R iR (3R 4),
X ATHESE HPD-400 # k5 Birfb & AHT, - HAT
BRI LR EAR . ol SR s 2 e B 2B bR
L2081 BIF G 45 B T s HPD-400 4fi 4k vl 55 785 2% Wk 42
Yy BA B AR M EIRCR, S 69.00%+0.22%., A1, 1k
JH HPD-400 31 7f54855

2.4.2 RRP Hpe=UHFA KNI 5 SR E<s
X 22 Wy 21 T ) W (6 ) g 24 e AR R R ), e A E

VEFHEARE SR ZU A2 (b0, MG LA . BeAs
W BREFI AR BT | BRI TR BN, QR 2 Y R s
GO, DA, AR SCHE— 2B RS T RRP HREAEUH A
[ 5 7 2 B AN TEl D2 5%6F HPD-400 W [ 13 24 il S i,
ZEIRANE SA FTR o W S5 B S 75 D it T i 4
i, H RGeS 5l B B RRP OR300 T e
FFR R R0, ZEABFS 3R 550 W R, K L s 2]
T 22.03+0.07 mg/g, Wu 222 i 5345 R oK, HRT e
g4 E MARs XTET 32 & 4ERCR, SRS gh
R

W [o6F B g 2 il 2R AT LT WSz ol A A Sk 3R 1 A
Ak, I FH 00 0 W oS i) ] R~ A T e -
SR, R FHUE— D . MG sh 72 ORI N
P BRI M Sh SRR, N AL RALH] SRR
I 2R, A AE O A AT B T 2 S50 s P A i
RAEE KB 725 ARG 45 S aniE SB~D 5
25 s, AT UL, HE 2Bl ) SRR L vE— 2%
HE B MEAM H AL AR AR RRP W [ #2; [HE, RRP 7F
HPD-400 % g P9 14 T [ 3 2 w4k Xl 59>k = A4~ Biv B

4 MARs P/BMERE KO RRP MR IR . ISR H A
Table 4 Comparison of physical properties of MARs and their effects on adsorption rate, desorption rate, and recovery rate of RRP

G iR ek R (mY7g)  WHHR(mg/g)  WHPR(%) R (mg/lg) R (%) PR (%) KR %)
1 D101 e =400 13.1040.10¢ 62.41%0.005¢ 9.85+0.49¢ 80.71£0.037°  46.89+0.023¢ 66.83
2 X-5 ek 500~600 16.30+0.06" 77.63+0.01° 14.67+0.03" 90.00+£0.002°  69.87+0.002° 63.73
3 HPD-400  Hilt: 500~550 16.85+0.01° 80.24+0.001° 15.21£0.06" 90.25+0.004*  72.42+0.003° 43.22
4 S-8 ek 100~120 13.41£0.12° 63.85+0.006° 10.69+0.18° 79.70+0.014%  50.89+0.009° 64.62
5 DM-301 etk =330 8.05+0.07° 35.560.003° 6.21+0.08° 77.12+0.001¢  29.57+0.004° 57.69
1 ANFIER RN AR IR TEP<0.05 (A B 25
A 25 B 3.
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Fig.5 Adsorption kinetic curves (A) and linear correlations based on the pseudo-first-order (B), pseudo-second-order (C),
and intra-particle diffusion (D) models for RRP on HPD-400 resin at 25 °C
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Table 5 Adsorption kinetics equations and parameters of RRP on HPD-400 resin assisted by probe-type ultrasound
R HFEIH(W) VY —

k;(min™) Q.(mg/g) R
150 1n(Q,~Q,)=0.0195t+2.9473 ~1.948x107 19.05 0.9910
We—Eh g2 350 In(Q,~Q,)=0.0208t+2.7485 ~2.077x107 15.62 0.9776
550 In(Q,~Q,)=0.0156t+2.1812 -1.558x1072 8.86 0.9886

k,[g/(mgmin)] Q.(mg/g) R’
150 /Q=0.0512t+2.7399 9.5590x10°* 19.54 0.9923
W) 1% 350 /Q=0.0446t+1.0706 1.8583x107° 2242 0.9985
550 t/Q=0.0436t+0.4879 3.8986x107 22.93 0.9991

VAT k[mg/(gmin'?)] L(mg/g) R
150 Q=1.3044t'7-0.4808 1.3044 ~0.4808 0.9923
S 350 Q=1.3832t'*+4.4330 1.3832 4.433 0.9942
550 Q=0.8508t"*+11.7613 0.8508 11.7613 0.9959
150 Q=0.6959t"*+6.2168 0.6959 6.2168 0.9265

5B 350 Q=0.5115t"*+13.0424 0.5115 13.0424 1
550 Q=0.3322t"*+17.3407 0.3322 17.3407 0.8455

150 Q=0.0601t'*+15.1089 0.0601 15.1089 1

B 350 Q=0.1093t"*+18.8171 0.1093 18.8171 1

550 Q=0.0437t'*+21.2728 0.0437 21.2728 1

o O A e E A N T L B i g T e e ae e o
W R A, PR T BOAN I S TR RS HLAUG HZR
PA L IR (1£0), MRS ARD ™ R [R] 4 i WA o
R PR AN Wi 3] T RIS R, L
B S AR MRS Wy W B AR, HL R,
PN BN e — AR BRI AP IR, T B ) 3225k
AR N ER, ARSI Hcds s e B A
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B, R EEFCHE S AEA FITF MARs XA SS9
B39, A T MARs XA 0853 A A 0% it A A i
WA AREA R, ASSCAE 2.4.2 Sl iE—2E Xt RRP
el i 8) )24 KA R E)3% HPD-400 i
HORMFZMELT T 5087, G55l 6A s, 4Rk
BH, FEAH RIS ()90 B Py, SR RE =R 75 il B Ao o B 2
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~ 150 W
+350 W
+550 W
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tl/2
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Fig.6 Desorption kinetic curves (A) and linear correlations based on the pseudo-first-order (B), pseudo-second-order (C), and intra-
particle diffusion (D) models for RRP on HPD-400 resin at 25 °C
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1o T E IR R [REXT HPD-400 fiff 1 HAT 52011
PEIEVE R, B 7 D SR A0, RS SR | i
1S N v | R S S BT 3 AL A AN S ' o5 S
R THEATTRAE T RRP SARE . BEAHME] 0 5L
&3, JEMHER T RRP FERAE AP Bl 20
PR FHUE—4% . HE 2 3l 1 SR R ks Py
P HUE AL B RRP #Yfig I 72, 4551 ani&l 6B~D Az
2 6 IR, SUE—PAERIAE H, 28l 1SR,
RETE MEAA LA IR RRP ARG AR, WU, N4 AL
T I I A S FR AL — I BRI (R TR — kL PN
P WAME ), HARFHEE (1£0) , MEISR Y AL
Fe[FEIFE il o R, sl B 50 R AR A LR
b, IFEHER T AR RRP ALY XCGEANEH: BE
RSB REFLEE NS 8, SO F {4 T,
2.4.4 WEHHEEIRZE  WRBHEAEIR LR A — B IR BT
AR BB 5 S BE Y DG R, FH TR R IR M 5RI ZR i 45
K4 FLAT AT B B Ba BT AH B A FIAS ™, PRI, A8
% JH Langmuir. Friedrich Fl1 Temkin 15 % i — £ X
AL BE (25, 35 F1 45 °C)RRP ZEFARAE (HPD-

400) |- AT BRHEETR LR BEA TR T, G5 R ANIE 7A FioR s
HPD-400 #f Jg X RRP 114 S & 07 Bl 26 1< B2 1 384 i
WG, 24 RRP ¥R JE S~ 200 mg/L B, W B A e ok,
& S w A BRI B R FHIZ R EE S e AH W)~y
W (C) R, RIS XT B Q, v T i i &4 1)
Q.. FMAMKLIEA AT HPD-400 B 5 X RRP (190 B},

S TR T AR R L 5 L 6 B, TR BEXT RRP 7E
HPD-400 & i [~ 1Yy W2 B 17 2 B . 35 52 ), Temkin
PEFI 45 Langmuir 11 Freundlich 7% 7 58 55 i 5 4% i
RRP W7 (] 7B~D K38 7). Temkin BRI
ZEOH, LA W) e W B b AN — 3G B R T
L Ky SR R, RS EAF T HPD-400 A5
X} RRP B HF InC, A1 Q, BEATERE [T 53,
MR LR R EE AR AT K A1 By, By {HAE
25~45 °C [ EEVE FEI PN /NT 0.2 kI/mol. BRIk
SEWST A F) T R LE L, DRI, AT 2 B2 AR
LAY

2.4.5 WRER S g WERR AR T AR ST I B I B AR )

# 6 HPD-400 BRTE = Fiul i I3 T XF RRP WYA#I 8 12705 7 e 24

Table 6 Desorption kinetics equations and parameters of RRP from HPD-400 resin at three ultrasonic power levels

el A YIR(W) TSy — =3
k,(min™") Q.(mg/g) R?
150 In(Q,-Q,)=0.0571t+2.0207 -5.707x1072 7.54 0.9767
WE—23h )12 350 In(Q,-Q,)=0.0595t+2.0079 —5.945x1072 7.45 0.9738
550 In(Q.-Q,)=0.0533t+1.7111 -5.327x107 5.53 0.9806
k,[g/(mgmin)] Q.(mg/g) R?
150 t/Q=0.0492t+0.1626 1.4868x1072 20.34 0.9995
W ggh i 350 t/Q=0.0483t+0.1439 1.6230x10° 20.69 0.9995
550 /Q=0.0473t+0.1152 1.9386x107° 21.16 0.9998
YRR H k[mg/(gmin'?)] L,(mg/g) R
150 Q=0.6266t"*+14.4451 0.6266 14.4451 0.9559
BB 350 Q=0.6057t"*+15.1133 0.6057 15.1133 0.9953
550 Q=0.5933t'*+15.9871 0.5933 15.9871 0.9919
150 Q=0.3464t'°+16.3245 0.3464 16.3245 0.8840
HBBE 350 Q=0.3468t"*+16.7647 0.3468 16.7647 0.9093
550 Q=0.2543t"*+18.1763 0.2543 18.1763 0.9665
150 Q=0.0214t'*+19.2757 0.0214 19.2757 1
oy 350 Q=0.0286t'*+19.6143 0.0286 19.6143 1
550 Q=0.0214t'*+20.2657 0.0214 20.2657 1
A 500 B 067 .95
400 - 051 ?é
& 0.4
% 300 A 503!
£ 200 © 02l
o
100 - 0.1
0 -
04— . . . . . , , .
0 50 100 150 200 0 50 100 150 200
C, (mg/L) C, (mg/L)
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Fig.7 Adsorption isotherm of RRP on HPD-400 resin (A), and linear correlations based on Langmuir (B), Freundlich (C),
and Temkin (D) models
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Table 7 Adsorption isotherm equations and parameters of RRP on HPD-400 resin

AT TREECC) it

K, (L/mg) Q,,(mg/100 g) R
25 C./Q=0.0016C_+0.1245 0.0131 613.50 0.9615
Langmuir 35 C/Q.=0.0017C+0.1336 0.0127 588.24 0.9563
45 C/Q.=0.0016C_+0.1781 0.0090 621.12 0.9405

K.[(mg/g) (L/mg)""] I R
25 InQ=0.6650InC_+2.7770 16.0772 0.6650 0.9303
Freundlich 35 InQ_=0.6783InC_+2.6678 14.4082 0.6783 0.9240
45 InQe=0.7383InCe+2.2793 9.7698 0.7383 0.9504

K (L/mg) B (J/mol) R
25 Q.=132.2108InC,-256.5876 0.1436 132.2108 0.9688
Temkin 35 Q.=126.0541InC_—245.9972 0.1421 126.0541 0.9722
45 Q.=121.2689InC_—255.9955 0.1211 121.2689 0.9632

J7 . VPARBEATRR B, RN B S S AR R AR 52
M) TR PRI AP AR AR A A, JHAT R A RSO B Ay W o
Pl S RSB 8, FE 25~45 °C IRETERIPY,
AG HJ/NF 0, H AR FE AR A ER S, UESHAIRIEAT 7
T A AWM AH 45X%H{E <40 kJ/mol, AS>0, -5 F]
W BRHRAE, JR TG e, HAE S AR BEIAR 2 )7
FERGHN, JE T L IR R SHAIL A7 IR SR L T 5
S0 a1 Z R B AR : AR I I BT -5 e B
FITRIVEFH 3 AR A B, i Ul e 790 AL 2 iR
T W Bf o A W R 510 2 T A A B AR Ak T B, iR S RS
Chen %P #F98—3, NI 124/ B2 B T HPD-400
PHHEXT RRP BB TENL ST

78 RRP 7E HPD-400 Bfig [-W B )2 28
Table 8 Thermodynamic parameters of RRP adsorption
on HPD-400 resin

AG(kJ/mol)
AH(kJ/mol) AS(J/(mol-K))
25 C 35 C 45 °C
-12.306 -12.629 —12.682 —6.6307 19.2514

2.5 RRPIENFEEDH
YA Abin I 2 Wi W 2 ek —, Hamad fit
FLT28 A 3k AR R, SRS | A i e

R, TVE S A B30 S 20 S a2 IR ARG,
Z T Ptk E O [ PR B KR ST T R, H e B
(Scavenging concentration, SCs,) {H B AL, DPPH.
ABTS'H fH 3B KR BE 1 A i ) = FpHt &S L E
o RanE 8 s, £xU(16) 1158 HPD-400 & 4
TT RRP B4l 9 9.50%+0.03%, & H2 )5 B RRP 4f
JE IR FE] 33.00%+0.10%, 24 RRP ¥ & M 0.02 3
# 0.1 mg/mL B}, & % H] RRP X} DPPH, ABTS'[1¥
W B RArB N 73.70% 14 = 83.00%. 58.31% 14 =
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% 2.05 mmol/L; & #£Hi)5 DPPH. ABTS Y SCs, H
435 0.0128+0.0015 % 2= 0.0072+0.0008 mg/mL .
0.0145=0.0018 %2 0.0098+0.0011 mg/mL. %553
BH, RRP HAGRB Pk istE, H 8 % /51 RRP
PUAEALTETE WP . X RN AT REVH BT LA
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S0 E BB, Rl R I | I H AT o A REAE
AL, SRFHESEPY BRSBTS ) o ol
W%t DPPH il ABTS' H i ik i 35 BR 3= A1 V. Al
XY, His TR AERRE T, SAIFE A AL,
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3 #Hig

EReFUEFEH B O R B IRNR S b = B
AR S FR AR, i B R F g G b A DAL T =
FACHREU T 2, B IRECT. 25 F 21345383k 33.03+
0.12 mg/g. £k, #ixE T HPD-400 24 RRP & 4E
AR, RRP 75 W 5 B i W i A2 vh Y455 6 — sl 1
22 {IRIEAA BT HPD-400 A% RRP 149, Ak
PRATFR, W BA2ISAY S22 Sy AR (Y R IR 3 (14 4 B BAAIL
filc RRP PLEALLELE R BN, B RRP MBI
hn, B4R RRP % DPPH. ABTS" [ f & 175 4%
LM FRAP H I rde It . & 2E i /5 DPPH.
ABTSfJ SC501H 43 %Il HH 0.0128+0.0015 [% ==
0.0072+0.0008 mg/mL . 0.0145+0.0018 [&Z 0.0098+
0.0011 mg/mL, FIHL AT %0, RRP ECA RSB AP LAAL G
Tk, HEEE M RRP A TE 4 m . AT
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