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Abstract: Walnut oil extraction residues are currently under-utilized; thus, hydraulically pressed walnut meal was used as raw
material for the extraction of crude polyphenols using a microwave-ultrasound co-assisted extraction process optimized by single-
factor experiments and response surface design, and ultra-high-performance liquid chromatography—tandem mass spectrometry—time
of flight mass spectrometry (UPLC Q-TOF/MS) employed to analyze and identify polyphenolic compounds. The antioxidant activity

was evaluated through DPPH, ABTS, and hydroxyl radical scavenging assays, and the extracts were added back into the walnut
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oil to verify their impact on the oxidative stability. The results indicated that the solid-liquid ratio and volume fraction of ethanol

significantly affected the extraction of polyphenols from walnut meal (P<0.05). The optimal extraction conditions of a solid-liquid

ratio of 1:57.33 g'-mL"', an ethanol volume fraction of 69.13%, ultrasonic power of 100 W, and microwave power of 109.92 W resulted in a

crude polyphenol extraction yield of 40.59 mg GAE (gallic acid equivalents)-g sample . A total of 24 polyphenolic compounds were

identified, with higher contents of 3,4-dihydroxybenzoic acid (8 233.93 pg-g '), kaempferol-3-O-rutinoside (4 504.20 pg-g '), and

ellagic acid (1 882.50 pg-g ') observed. Walnut meal crude polyphenols exhibited good DPPH and ABTS radical scavenging effects

(over 95%) at a mass concentration of 0.80 mg-mL " and maintained a hydroxyl radical scavenging rate of 60%~70%. The addition

of walnut meal crude polyphenols at a mass concentration of 0.08 mg-g ™' increased the oxidative stability of walnut oil by more than

30%. As natural antioxidants, walnut meal polyphenols are expected to have high application value in the food industry after further

separation and purification.
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Table 2 Level table of the design factors for the response

surface test

HZ
¥4 e B CEKR G BE D MK
(gmL™ FoH /% HE/W HEIW
-1 1:50 60 80 100
0 1:60 80 100 150
1 1:70 100 120 200

& 3 MR EIRI Rt R 45 R

Table 3 Response surface test design and test results

KI5 A B C D Y/(mg GAE-g ")
1 0 0 0 0 38.32
2 0 -1 1 0 37.53
3 1 -1 0 0 33.82
4 0 0 0 0 38.32
5 -1 0 0 1 36.73
6 0 0 0 0 38.32
7 -1 1 0 0 20.65
8 0 0 0 0 38.32
9 0 1 0 -1 14.53
10 1 0 0 -1 34.28
11 0 0 0 0 38.32
12 1 0 0 1 33.09
13 -1 -1 0 0 34.45
14 0 0 1 -1 36.93
15 0 -1 -1 0 38.29
16 0 -1 0 1 38.31
17 -1 0 1 0 36.64
18 1 1 0 0 14.39
19 -1 0 -1 0 35.57

20 0 1 1 0 16.09
21 1 0 -1 0 32.53
22 0 1 0 1 13.94
23 -1 0 0 -1 3833
24 0 -1 0 -1 41.23
25 0 1 -1 0 12.37
26 0 0 1 1 34.70
27 1 0 1 0 34.67
28 0 0 -1 1 37.68
29 0 0 -1 -1 36.61

Y=-1.424-10.99B+0.294 8C-0.417 7D-1.364B
+0.258 54C-0.5094D+1.12BC+0.584BD-0.823 5CD-
2.204°-10.608°-1.32C*~0.787D"

[l Y= 75 2 75 22 23 B M [ A 75 e 2 2 25 P A e D
R4, MR AT, B2 B 52 ORI ) E R
O R=0.977 5, P<<0.000 1, iX—&5 R KR ZMAA
A B, T I 22 =5.97% F B,
BZA R TN 45 R B R EE Mk, sesh, REH
SEZAEL (0.9550) MERWIRIR 2 AN E KR T IEUD,
B AR RL, MR REIR AT RS A 2 B i
BRI B AR A, AT AR T TG A Bk KA v 22 3 2 B
AR SL PR L

FERL [ 77 12 R B 3 A g b, — IRIR
HoA CRRBEL) 1B (ZEAAFR > B0 0B
Z Wy FRICE A R E R kI 42 A B2 BRI
HH OGS R AR o 2 S R (Y 2 PR, IRk — DR
BT A TRLLE f R AN T A Bk R 22 My 472 BT A v ) o4 ik
PEATRTFENE

x4 BHRMSEHRRE@IEPAEAEZESIR
Table 4 Variance analysis table for regression equation of

walnut residue polyphenol extraction amount

FERR FrA AEE HF  FAL Prob>F REM

K F Design-Expert 13 3%} % 3 A% 8k ¥ 2 1
PR PR H i AT 2 o Rl a A, 153 2 B iR
BXEHARE A, B, Co DI IRE AT 2
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BAL 225493 14 161.07 4345 <0.0001 oK
A 31.98 1 31.98 8.63 0.0108 *

B 1 444.60 1 1444.60 389.70 <0.000 1 ok

C 1.02 1 1.02 0.27  0.608 7
D 4.64 1 4.64 1.25 0.2821
AB 7.90 1 7.90 213 0.166 3

AC 0.29 1 0.29 0.08 0.783 4
AD 0.04 1 0.04 0.01 09159

BC 5.03 1 5.03 136  0.2635
BD 1.36 1 1.36 037 0.5538
CD 2.71 1 2.71 0.73  0.4067

A’ 2566 1 2566 692 00197 @ *
B’ 74022 1 74022 199.68 <0.0001  **

c’ 13.28 1 1328  3.58  0.0793

D’ 225 1 225 061 04493
R E 51.90 14 3.71

£ 51.90 10 5.19

o £ 0.00 4 0.00

EER 230683 28

E: M % BRIRE S a5 2 R=0.977 5, R’,,;=0.955 0,
w3t E ¥ m £ =597%. ** AT EFHIEE (P<0.001); * &
TEFEF (P<0.05).
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B 7 RORMRIEB A TR (100 W) 55 %
(150 W) 44K, RhRtL 5 2B R S R HAZ HAE
FAXT R HRR 2 By SR B E R . e K 2 B HR B2 Rk
T HEAE 1:50~1:60 g-mL ™" Al Z AR FR 73 %7 60%~80% i
BN, BEERHR IS SRR B3t n, 2 i
GBI b s N ) S B L ) VAR '
THIR JE 5% 22 By SR U B R IR L 5 2 BEAR R 43 2w
BB S, BHRHAE 1:40~1:45 gmL ' 2 Jd],
CIERFR 4 60%~65% 2 18], Z MR E K.

ZHRINE / (mg GAE-g")

B: AR 3 /o

& 7 Bk bt 5 ZE2ARFR 5 R 32 B AR A 4% pkaa
EEHRINER I
Fig.7 Effect of material liquid ratio and ethanol volume fraction
and its interaction on the extracted amount of walnut meal

polyphenols

ZHRIE / (mg GAE-g )

B 8 ZEEHRABSBAINERR HX EIEARZBH
S EHRENE R R0

Fig.8 Effect of ethanol volume fraction and ultrasound

power and their interaction on the extracted amount of

walnut meal polyphenols

K 8 R ELERIAEE 1:60 (gmL™", fish®
150 W %0, CREEMABEBHERE LKA
TE X R 2 By S U g . R mT LA
1 2 BE AR AR 4 1 60%~80% FTHR 75 1) K 80~120 W
N, MBI Z B RN ER&E, Mk
LR 5 ThE MG N, 2 My 1S BCE H
STt e T BRI AL S . Luo 25" S FH wi R 1 A
A 75 30 R0 Al — A D6 PR T 20t Bt B A% Bk R R
Z Wy ATIREL, B IR 40~100 W X A1, #%
BER 22 Ty £ BB IR T3 0, 100~120 WK 7 K %
MRS R BT K, A A M A
P, IRBUAFETHM, ZMEmATs PR
Z IR HCE T .

223 RLAMARAC AR Bk

6 ok o T A o A KR 22 T i B e AT 4K A 1R
FPTRI,  HFE Th R 2 By R A AT R R
We, [ B 25 RS YT RE TR R AR D 2R B AR 100 W, K S
2 0 T 7 T O 45 2 1 e AR A%k 2 I R IR A, 7
BRE LG 1:57.33 (m/V), L EEARFL 5> %0 69.13%, HiF
IZE 100 W, I hZ 109.92 W AR 444K, Aems ¥
T B K 2 AR LR 41.61 mg GAE-g ' RH Lk
A 2347 3 WCTATIRAE RS, PR 2 By S B &
39 40.71, 40.65 F1 40.41 mg GAE-g ', “FI4RHE
40.59 mg GAE g . IRIHE -5 FME 2 [ I R AFI0
FHOGE, 2R B A% e o7 TR ASE 28 e S o PR A 2% A DA 2k
133 7 IAIE . AT 1R B 2 By S LA
T O TR IIE 6.5%~205%, Luo 25 % H i /5
RN — AR B T 215 B AR A T 1 2 iU
3491 mg GAE g, Garcia 2™ % H#A&FR 20 %k 60% 2.1
AR DA PR AZ MR M i B DAL 22 I B BT 2
10.40~13.30 mg GAE-g ', & 7 FK™ 52 FHI 76 75 Al B v 1) 312
HUAR A Bt i i b= 22 By P B A3 210 f) 38.12 mg GAE-g ',
TREV R A S &M T UK R T AE W
$EHUE 26.96 mg GAE-g', 1 A& I J K] 32 B 2 4% ik
a A, Hlh T U R T ZS AR, #k
FIE Xt e 29 AN 32 AR Ak R R 22 ) 4 BT R B
N TR) Hb 3R S [R] i ik ) A 2 Ty 2 i 2 RO
JLFE N 13.34~49.36 mg-g ' BLANASH G L& E R
PR, L i M T2 A% B R R 2 T ik
B R T R R AR R B U
P B 2 R DL S 0% B 2 5 A 2 ) SR HU
Ho BT WA B BRI E - SR B T2 B AR
M.
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LA R EE

SR FH R B0 FH B AR %o A Bk R 22 1 1 B0 F 2 i
FPWFSE, A A B SR C Y A Bk O N 2 W ST
Bk 2 TP R B, MR A Ak 2 By A v 2R, @
BEARAE S R SCRR S B 1 e 2R, TSR
BRRI 2 13 b 22 Ty 4 RN 5 B, AZAROR 22 W i 5 o T
L9, HARA RS 545 R WAL 6. A9 FI5E 6 HmT 41,
R 2 By b 3L % 5 24 P2 By R, P RER
FEEL RN A T A 3,4- R IEHK 2R (8 233.93 pgrg ).
25 Wy -3-0 25 F M H (4 504.20 pgg D, ¥R
(188250 ug'gH. FAHEFE (514.12 pgrgh. XK
KM (22948 pggh (+) - JLEE (19716 pggH. #
BT (166.71 pgg . LEJERR (133.40 ug'g . Luo
A0TSR A 5 RN — R B T AR B B AR
PER ISR BRI S e 9 R Z By KW, AT & &
(TR % &N Glansreginin A, $E 162 % & TR
Glansreginin B %5, Wu 5P M fid B2 b4~ 2, B3R HL
Yo% e 37 Fh 2 My 2R B, b R IR E R
(ONETERR (11271 ngrg D, BE TR (541 pggh.
B B B2 (430 pgg D). IF TR (2.63 pggH. (+) -
JLE R (C) (1.65uggH. JEJLZEMR (1.30 pgg .
mIEER (117 pgrg D, ATRERIER T ZMESR, &
AR PV VA SR 2 Ty o HEAT S8 08, I R X S

23

AR AL, DR S 3 R B ) 2 By P S BRI
Glansreginin A I Glansreginin B P4 ' ¥ it A1 A1 Wu
BIoRR 2], WTRER AT AERE M R S NS 20, BR T
SCHR EE T I8 75 23k — AT i 1t .

3.6
32
2.8
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x107

KAERT H] / min
B 9 kA SRR A B FiRE

Fig.9 Total ion flow diagram for liquid mass analysis of

walnut meal polyphenols

LR TFE 2. FABAEE; 334- R AR TE,; 45T
FERTE S, () - RERTFILEEL; 6. RILEE B, ; 7.3 4
EE B 8 (+) - ILRE; 9. FRE; 10 FX 8 11, THE,;
2. RIEEB,; 13 (-) - REARTFILEAZ AR THE; 147
AEE 15 RALERC s 16 RIEFE A 17.5F8; 18,4
FEB; 19 BT 200 RALEL; 21, (&) - FOLFF AR TR
22 MR FE -3-O-FHEAE; 23, L AREr-3-0 FA4ESF; 24, AR P B,

—

x5 MR EREERMRAERGRRTTR

Table 5 Optimization condition solutions generated by the response surface software

KT AHRMY)  CEARSHY% REDE/W HEHE/WN FONRRE/(mg GAE-g) FFRIZIRE /(mg GAE-g)
1 1:57.33 69.13 100.00 109.92 41.61 40.59 £0.16
* 6 RMkMSEBMERBT R
Table 6 Composition list of walnut meal polyphenol
A% mEsk b am TRT g A R REHA e
1 ERTH 1.663 2204261.77 169.01  C;H,Os Y=1330599.95X-13 953.10 0.999 166.71 £ 18.92
2 # K BL BT 2993 11064225 153.06 CgH,,0;, Y=1297 495.01X-43 966.02 0.999 11.92 £0.75
3 34-ZFIKRTEKR 3758 373616144 167.04  CeH 0, Y=45 584.43X-17 229.36 0.991 8233.93+1728.40
4 x5 ROKH B 4.886 596801.97 137.02 C,HO; Y=756 418.88X=77 039.07 0.996 89.08 £ 8.91
5 ()-FEARTFILEE 5370 103425209 30507 CsH,,0; Y=1242 867.48X-9 681.27 0.999 83.99 £45.30
6 RitEE B, 5475  46155.68  577.14 C3H,0,, Y=1932 511.02X-236 667.54 0.998 14.64 £ 2.11
7 xtHEERGH 5.554 451884.44 151.04 CH;O, Y=204 349.10X-17 046.63 0.999  229.48 +£93.89
8 (+) - ILE&E 5.853 603518597 289.07 C,H,,04 Y=1432 844.14X+2 072 657.26  0.999 197.16 £ 50.50
9 SRR 6.014 845798.10  353.09 C,H;50, Y=542 260.98X+122 407.11 0.998 133.40 £8.67
10 HEER 6.014 197950.81 167.04  CH,O, Y=317 115.05X+79 023.33 0.999 37.50+10.40
11 THR 6.820 9456.34 197.05  CoH,(05 Y=1475107.65X-196 757.443 024 0.999 13.98 £0.01
12 RiHE B, 6.980  44370.19  577.14 C;Hy0,, Y=2 040 792.246 948X-2 806 17.38 0.999 15.92+0.52
13 O ig?;\}@;g\% 7465 9204475  457.08 C,H;O Y=1 804 000.49X-145 755.35 0.999 13.18+ £2.57
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@ F5T

55 IR AR Wi AR (mr2) a»F R AR 2%, R REREgg)
14 FEEE 7707 1425684  151.04  CzHO, Y=2 771.94X+5.00 0.998  514.12 +183.64
15 BieE C, 8.104 6055771 86520 C,HyO Y=1 948 541.31X-288 514.12 0.999 17.91+0.18
16 RiCEE A 9.194  86209.97  575.12 C,;H,0,,  Y=1528387.11X-133452.76  0.999 14.37 £3.65
17 TR 9399 108 698.59  223.06 C,H,0; Y=1 067 575.11X-35 911.06 0.999 13.55 +0.44
18 LA B 9.525 8581584 72519 C,Hi0,,  Y=2202928.08X+107 960.97  0.999 2.50+0.93
19 ET 9.560  86842.55  609.15 C,HyO,  Y=1545687.99X-180549.80  0.999 17.32 +1.04
20 E2YIN 9.560 38301928.73 301.00 CyHOs Y=2 032 768.18X+48 946.13 0.999 1882.50 +894.10

() FIKEFT X

21 P,

9.560 40342454  441.08 C,H Oy

¥Y=1 008 148.41.X+450 616.19 0.998 88.15+0.30

22 MHEE-3-O-FAEMEF 9971 1735484.69 463.09 C,H,0,,
HF10.599 57893 071.69 593.15 ChHy0is

23 WLAE-3-0 E54E

Y=3 535 280.67X-366 381.94 0.999
Y=1 148 218.06X+6 176 173.02  0.999 4504.20+2 125.11

59.45£16.99

24 ZE -3 12.139  7064.858  227.07 C,H,0; Y=2 713 546.08X-198 969.34  0.999 63.49 £2.23
2.4 HAMMLEBIEAE N W, 2B REWKESE 0.10~0.60 mg'mL" XA, ¥
ﬂ:ja/\;<é“§lji ’ é“j: %~ 0) 534 \E
e ABTS E I Eim%$£&5m‘ﬁhzyaum %%@MH
" —e— DPPH AL TE IR % FEH—H, EHREKRE NERELSEEN S HEL.
. 80_—‘—%@&9%#%%% i X . ,
< 2.5 MMM L B xt A Ak AR E R
=
% 60 - 301
% 40 28F
=
m 20k 261
<=
O 1 1 1 1 1 1 : 24 [
0.0 0.2 0.4 0.6 0.8 1.0 &
221
LR K / (mg-mL™)
B 10 RER BRGNS Bt B B SRR R 20r
Fig.10 Effect of walnut meal crude polyphenols mass 1.8 0_60 O,I()z 0_64 O,I()G 0_68

concentration on the free radical scavenging rate

¥ kR R £ 193 42 B4 X DPPH [ | 3 7 14 R
71+ ABTS' H B335 B e ) 1 ¥2 56 [ B 505 Br g
W 10 Fim. A HERUH 2 T 42 B ot & 9Kk FEAR T
0.60 mg-mL ' i, 2 Wy 42 BU 4 xF DPPH [ i 2% i
Bk 2 I A fH 2 M 4 HU ) 2 5 00 3G i 39 m, i
0.60 mg-mL" i}, JHMRFEHE T TR, A% 90% LA
F, 1C4=0.20 mg'mL "' ; FZ BRI ABTS' H H
BERFERGMERES, TEREE TP 54
9 0.80%, TE R E ik 5] 90% LA b, 1C,=0.27 mg'mL™";
M F25E H I B 2R A IR B AR AR, dEFr
1E 60%~70% 2 1], 4 K52 R F DPPH [ 3
A ABTS™ [ 5: 35 B 62 71 VP AN 7 R Bk 70 0 K 2
LFERREU M PUEALRE S, o DR 22 T i B UK A
F] 0.60 mg-mL" [5f, DPPH [ 31 ABTS' [ 575
Wik BF A (90%~95%). WM& RHZE
N R VA W NEA T E R R A=A iR

MK Z By & / (mg-mL™)
E 11 AEHESERMEZERINESRLTEF OSIEZH
Fig.11 Effect of crude polyphenols mass concentration on
the changes of OSI values during the accelerated oxidation

process of walnut oil

OSI Bk K, AR AR E L, Rz,
FaE Bk, KB 11 RTBLE H, 2 Ak OSI
9217 h FE A, LEVS NI & 53 %1 0.001%~0.02% [X [H]
M, KZ Bk OSI A 7E 2.18 h A1 2.23 h [X [8] 4 I 51,
ARG N & Z BBV, PR RE I AR FEd I
JRE S EGET 0.04% B, OSI{EHEBIEL LA, d
TN SR N 0.08 mg-g ' B IA S H K, OST{E A 2.83 h,
AR E R, e A Bk OSTE 2 51 T 30%.
K R AL 25N AR I BHT 1K 3% 75 72 U %o 7K il i 4 bk
AR T AT B PRI, WP AL 77 BHT (i
O H00.02%) FIREIE A SEHCY 5 & 5 %8 0.07%)
Rk AR E PE LR T T 2.27 51 318 fiF. BT
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