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Abstract: To develop an ultrafiltration process for separating a-lactalbumin (a-La) and achieve high-value utilization of by-
products, this study employed a small-scale tangential flow ultrafiltration equipment to optimize the process parameters for
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enriching a-La from whey protein concentrate. Additionally, the study investigated the heat treatment modification of the

by-product after a-La separation. The results showed that the optimal conditions for a-La separation were as follows: Feed

pH of 6.5, ultrafiltration membrane molecular weight cutoff of 100 kDa, volume concentration factor of 4, operating pres-

sure of 0.3 MPa, and 5 diafiltration cycles. Under these conditions, the ratio of a-La to S-lactoglobulin (5-Lg) in the perme-

ate increased to over 9, a 23-fold improvement compared to the whey protein concentrate. The foaming properties of the f-

Lg-rich retentate, remaining after a-La separation, were optimal under heat treatment at 60 °C for 10 minutes, with foam

ability and foam stability reaching 18.1% and 69.9%, respectively. In contrast, the emulsifying properties were optimal at

80 °C for 10 minutes, with emulsifying activity index and emulsifying stability index reaching 77.0 m*/g and 82.8%, respec-

tively. Overall, this study established an optimal membrane separation process for enriching a-La and enhanced the func-

tional properties of the by-product retentate through heat treatment, providing a valuable technical solution for the industri-

al production of a-La and the comprehensive utilization of by-products.
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o-3#. 175 H (a-lactalbumin, a-La) & FFL b+
BEARZ —, BRI EET . P .
YUREE . PR SRR, SR A e B4 LB T WKy
(AR AR« BAECRY ) A O 8 OB Z — . SR
HATFRE a-La BORHSEMKIEHE O, B 432ILF28 0,
SEAAZ TSN, 30U TR E O R 2
4P EEXF I — IR R, FE a-La %O Bl A 7=
AR FTEE SN AR S ZEWRa e e . RIS
E A HRBIAEM a-La i EERIER, HA a-La &
b2y 20%, SR F LR N EFE B-FLEREE I (B-1ac-
toglobulin, B-Lg), 5 ELZ°H 50%. B-Lg BdZFLh i
EAY U, YR 53T 2 2%~6% B 2L 41 JLXT B-
Lg i, 51k K% B o8t X FIETE S, X
B4 LR v ™ B e, p-Lg i a-La 43
B EEA TR, Hori . SRR AU
18.4 kDa 1 5.2~5.4, 5 a-La $iF (4> TR FI%5E L, 15,
533k 14.2 kDa Fll 4.2~4.6), & sl & B3R E R
MEFER IS, HAT, rEsalifl o-La B9 7% 2L FE 1R
R . PEREPEDTIE: . (ks TR . MR
JH a-La F1 p-Lg By /KM 28 55281 a-La 194325
zlifh, BARAEUSIS B4l KT 90% [ a-La, {H [ f#
PRI R, AR T a-La ZEESH a9 1. ek
VIIEIR T 2R ES.L, NG AT ToalkfbA =, sk mr
FHEURMA A% By 52, BRI T H ISR FH . A2
T, BB SIS T AR . BRI A] LR B
RERARAS AL, N5 B 2k a-La AU E ik o
FEEb/ 1y R S s s NI NS P R /B U ioa M E O E -2 NN
THEUEIREAL B8 43 F 2 (molecular weight cut off, MW-
CO) WY BT e L, mifi e it . AR
B, TEIS B IRTESRE R, p-Lg W ERG o R4 14
Bk NBIK, 55T H8IiKF 36, 72, 144 kDa, 5 a-
La 40 Py~ K25 5, iTAREX Fh o T 25 57,
F eI ol — gt mEste ™,

Bottomley 5™ F 100 kDa #8 3& IR X L& HE 17
Sy, T AS % i Wk P a-La/g-Lg 1Y Lb 491 7T 48 T =
2.0~3.0, {ER 543 55 o it vp 09 S S BN A 5 2K
PRAVE R TSI RAEDSR e I . Muller 550 £E 505G
TR SR 300 kDa A BE IR M R 4A 7L 5

H AT E o-La, (HIRAG IIRE S T o-La 14 40 B
1, 1M 40% 747 . Cheang 25U RJHHE /NFLAEAY
FBUEARR = T kRN, {6 30 kDa i NEREXTZLIE
HEHMHEAT 16 IRVENE, BT a-La glifb B 5 KT
10, ISR E IR 99%, (EJRIZ I T A i P2
FBUEAR, 5 Tolb i i AU I i pE iR s AH 223000,
HAEAAAHECA 6 mL, 5 Tk A= HESAH IR
MI2ERE . PMNEE 1Y B 50 kDa #IEEE, £ 50 °C
OB ERLIEBIE R, B T a-La gl R 50%~
60%, MKy 20%~40%. 25 I, BSR H AT o-La 1Y
HBUET B HAR O A WIS, (H R ZE TS e
SCOGE AL I, R FHARIEAR . PR AR S B IR
A/ INTRUAZ R s, T ol A A P2 R A R B 1) 37
LTS, R HRTC AW s AL A P A 5K
2200, IRFAFRFT T R AL Y] [ TR 8 R S R AH
KWFFE . b, HET W ARAFTEE £ X535 a-La Fl
p-Lg WEAE pH 2514 TF R R Ge0F 5% .

L, AR T 438 a-La il B-Lg HHcfE
pH G514, FTRH/IMEHAR U0 0] A B I I A5 o S B
£E a-La, XTHBIERE MWCO B ARFRH 45 %% (volume
concentration factor, VCF) . #2/EJE 77 . BEIE IR BES
KR T ST, DAJAS & 4L a-La Y ENR
SIS, HARSKREEEE a-La A T ABAE P42 A0mT £
AR EE; X538 a-La IS RIS E & p-
Lg WYL R &7~ P 361 T AL BRI, #R5T HRA BT
FEXFH DR s, Sy HASREAE &S b it b
JFHBS e F e HLd)
1 #REE%E
1.1 #RSEE

Hedri 7L WPC80 3% [ Actus Nutrition
ool FUER . =R RS SR e (Tris) . HERZ . p-5i
FOME ., T eI EHREREN (SDS) . BREE . ML 245 T
P51 Marker. SxZ5 [ PAEZE IR . 5 S R-
250 JLEIERIEFEFHEA IR ] SDS-PAGE BEiE ]
FilE VLR a2 A R Iy FRAN
BCA AWM ERFE e SRV AR
WA RRANF] G, MOl mikgk, i vask
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SIM-DSNO60 B4 B g S HEH AR I3 251k
A PR F] s ME204E 437 K7L LE438 pH i+ #fg
FRE- R 220G (i) A5 B2 5 165-8001 HLTKAX
Z£[E Bio-Rad 2\ 7l; Amersham Imager 600 #ER A%
144 2% [E GE Healthcare 2\ H]; TU-100 15 i 43 &
w  Li—1ER A R Bl Synergy-HTX R
& FE T RS E FR 2 H]; Acquity UPLC H-class #8
BRI AR S SE[E Waters 2 7] UV-2800A %5
SEAY G RETE i IR e BHMY AR A PR 4N Fl; DF-
101S THARINFEE S EFEas LI S R IPPE R,
AR F]; MCRO2 TiEFG i A8 BAHLF] Anton Paar
NFE o
1.2 EWHFE
1.2.1 JEAYESRE AU RIS Bk a5 an
Kl 1 R, BE4s 100 kDa 1 30 kDa 45 2R EFIN A HL
JEZAA . I U el DR, Wk Akt
HE 1 P, AR A BRI, P T
BRI T A A B USRS o ARSI ) g 25
VERBRBH F1 A T4, BERZIURIE 1 IS AR R a5 1
W, i T E O S Y RHRE 2; A REiE o B
43 B BA v ) DS ZE A (R 0 BRI 37+, et vt

@ | wo

P, iy
. !,_I— i1 e
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Fig.1 Membrane separation equipment (A) and its operation
flow chart (B)
LE: P1, P2, P3 73l 3 B MR I ) 36 | OB I )
B )3 i ORI B WO I, R ARk A%
FNIEL WO o

T, BeRES S A ERRE 1 s

1.2.2 B pH BYHE  AEFAFRE WPC80 Bk T
B, i A gl K, FRE T3 PE 45 LA 500 r/min
By %% B 358 P 30 min, FC i A% HE SN 1% (w/iv) /Y
WPCS80 W o W FC il 4o IS AT ILE 4 °C W),
HE SR FETKE . LTS RIKE 2=

(25 °C) . FFLER AT WPCS80 ¥k i pH 43 1)
4.5.5.0. 5.5, 6.0.6.5(£0.1), WHL 12 mLIEWK T
30 kDa €4 1, 4000xg B.0> 30 min J& BUE S K
PSR TR ST

1.2.3 HIER MWCO i Bl 5% 1 WPC80
W 60 L, BT 4 °C ¥ b il Al = 5w 43 s e, =2
BSRTPRE B2, Y735 pH & 6.5, SRAYIEwEE
B A5 BC £5 30, 100 kDa AU MEIE RS BEATHIE, H =
VCF 2h 3, #Ed B h il E =710 0.4 MPa, i
WASIBITEE )G, 53 I4E 30, 100 kDa K BB
FEMHA TS ST -

1.2.4 VCF [ifie  Foiil 5% 9 WPC80 ¥k 72 L,
BT 4 °C R EETP A RAT LTS, SCORRTIR I 2
i, Y pH = 6.5, #EA MWCO 24 100 kDa ¥
ABUE AT 8, FEdIERE R J12h 0.4 MPa, H &
VCF 4302k 2. 3. 4, 43 0llMcdE VCF 2 2. 3. 4 i
MBI R A T IS 2253 T o

1.2.5 BAEESE Bl 5% WPCS0 ¥ 72 L,
BT 4 °C R EDP IR T3, SCImTikE 2=
=R, WY pH = 6.5, ¥ MWCO & 100 kDa A
HBUENEIEF T g, SR 0.3, 0.4, 0.5 MPa BUFREIR S
PEATHEUE 2 VCF 2 4. 43R E R T2 0.3,
0.4. 0.5 MPa T BYiE I HA TR S5 HT -

1.2.6 VEuEREIHNE  BoHl 5% WPC80 K 72 L,
BT 4 °C B EP IR LT3, SRRk E 2
&, T pH 2 6.5, #EA MWCO 24 100 kDa i
BB UEAT Uk, Bt E R I 0.3 MPa #e4i &
VCF iy 4,188 54 L i b WA 18 L B WX, il 72
B UERTEL(UF) . ZJ51A] 18 L # W 43T 54 L
REFRKFIHAT 4 f5H4H, T TS — IRk ik

(DF1), JFEE XV IELTE 4 IR, KK~ DF2. DF3,
DF4. DF5. 43 S WCEEAS R E B B 1% 85 3 W (UF
DF1. DF2. DF3. DF4, DF5) 3 /5425307

1.2.7 B a-La fll p-Lg SHEMME R
T2 O AH B, 25 (ultra performance liquid chromato-
graphy, UPLC) | %2 i% i3 W 7 a-La Fll B-Lg & &
0 1 W AH 22 W &% . 8 mol/L JR 2%, 165 mmol/L Tris,
44 mmol/L ¥R 4N AN 0.3% ML LW, BUEF a-
La Fl1 B-Lg b M &, FH W AH 22 tp i BC il 4 5220 10,
20. 50, 100. 200 pg/mL MIHRAESHIA TR . BGET W

FEAR 100 uL, il A 100 pL EAHSE b, W)€ 2 min,
HWIRYR 1 h J5 4 °C. 10000xg 85.0> 3 min, HL |- 7%
It 0.22 pm G pE R IR S EAL. WOAHAI Ty
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EANT : (A Agilent Poroshell 120 C g, HiLid A
0.35 mL/min, AE1&M 42 °C, EREZERE R 12 °C, i#F
FEAREUA 10 L, SEAMGEIBE KR 214 nm. Hish4H
AH 0.1% = LR KEW, M si4H BN 0.1%
T LIR-CHEET . TishAE B AR (R AT
TE 68.2% B F{%3¥F 1.5 min, M 68.2% £ 59.0% Bt
4 min, M 59.0% % 56.5% BEMR 6.5 min, A 56.5% %]
40% PEME 12 min, A 40% 2] 0% P& 1 min, ££ 0%
B T#4F 1 min, A 0% %] 90% PBEAR 1 min, 7E 90% B
TEEFE 1 min, M 90% F| 68.2% P 1 min, 7E 68.2%
B FR¥F 1 min.
1.2.8 #Eid WP E AR BRI PT  RH SDS-
PAGE PP P A LA, BX 400 pL B wim
A 100 pL 19 5<3& H_EFEGE i, IR ~I)5 100 °C
LR 10 min, ACHil 5% MU AR REFN 12% 1953
B T LUK, B RES A REESR 30 L. HRTKEs
RS, A% D2 W R250 L YL (4 20 min T
N R = e RT (8
1.2.9 W@ HREE o B SR [E] P | 38
Sob B RS TR AR PR i A AR, = (D) 155
J=V/(AXAt) A (D
oA T oA EBGE R, L-m 2-h's V R TE At B
(i) YU ER B 38 3 R AR, Ly A S &G BB iR
AL, m?; At SR v AAREREE I FEEHE], he
1.2.10 SR EASEAIE SR BCA i{#Fl&
M7 T BB AR, SR BSA fENFRHES,
Pt 0. 0.025,0.05. 0.1, 0.2, 0.3, 0.4, 0.5 mg/mL [
PRUESRIA IR, R BR FIPRERNZR . Bas R S e
BEAIEAHEE . 7E 96 FLARF 435 InA 20 uL A7
FESLAN BSA & EARER, mE-FLHinA 200 pL (19
BCA TAER, LA P IIE &5 58T 37 C
B RIS F5 46 P S 30 min. JHESFRYAE 562 nm 11
PRI IME SRR CEE . ARPETREZ T3
WP EE A
1.2.11 #REBWAIPFAEHE B T2 R3S
PR W, IR AR BRI E S 5% (w/v) . B 50 mL
e BT B SEMIR R T, ol TR e IR EE S 50,
60. 70. 80. 90 °C [HEIE/KIE LSRR, 78
FL3H A 400 r/min (5514 T KN 10 mine S
SO GRS R AL BN KK Al
1.2.12 PhEFRIIIIGE =08 Li 2502 g7 ph g vt 3
JE PR BE ARG S PR BE VR TINE o PR PR RS 2
BEHE, LAAIRAERES FAXT RE, I ERESRTE 600 nm
ALBISGRE, DL Ao s B HAPIUETESL
1.2.13 B BEMIINE %5 I 22 =% Rafiei
ZEW IRV RS A . A B AR B TR
TE 25 °C. 10000xg (¥ 4514 F &5 .0> 15 min, L E7E
W >R BCA 5 &5 43 5l o 8 PR i B s 0 I
LERP R ABRERE .. B RO

‘ R E
R (%) = 100 2)
RN = e R EA AR A

1.2.14 EMPERERIINGE =75 Yang F'Y Y7L IT
FEEEs U, LI AL (foaming capacity, FC) M fliRfa
B (foaming stability, FS) 38Rl <& #% B8 % i
HIPERE . KA S B B A R 2R 1%, B 30 mL
s R v B 2S 15000 r/min 35647 2 min, Pk
BB TS BEAREL(V ) FIEE 30 min A A9 AR
(V,)o FC 1 FS 435l =0 (3) F1=(4) A

FC(%) = [(V,-30)/30] x 100 A (3

FS(%) = [(V,=30)/(V,=30)] x 100 X @

1.2.15 FlibrEREmME =% 3 &N B9 07 Bl a2
A P ZLAL TS PEFE 2 (emulsion activity indices, EAI)
FFLAbFa EF5 5 (emulsion stability indices, ESI) &
NEALER M ZLALPERE . AL IS 1) B TS A
BEZE 1 mg/mL, B 15 mL F BN 5 mL £ 64T
W, RS L 10000 r/min B547] 2 min, 2§
B 10 min. 7EFHE 0. 10 min A IR IS EBEL 50 pl
FLUE, A 5 mL 0.1%(w/v)SDS &K, WRiE 10 s J5
£ 500 nm T I8 OGRS (BL 0.1% SDS i as (1 X%
B . EAI il ESI 435 a2 (5) FIx(6) 1A

EAI(m*/g) = (2x2.303 x A, xN)/(c X ¢ x 10000)
& (5

ESI(%) = (A,/A,,) X 100 A (&)

e Ay BT AE ZLR R OGRE; N R R
B(100); ¢ FEEFAUE (g/mL); ¢ JZFLIR il AR
S3%0(0.25); A FEFFE 10 min JEFLIRAIOGRE
1.2.16 FhEEMMIRE (I TRAR SO A B S R B
WRE SR O Z UL I3 o 2EPE 50 mm Je HL, [P
BN 1 mm, B3 mL BE 5B TRES B, TR
A 25 °C, FEST P R N 0.1~500 s 5 B I SE R
PN
1.3 B

FASLYG TR 3 UK, S gk R DISE I EEpR TE
29052, #H SPSS 23.0 #1740, M
PR DEA T LA SR ¢ K56 PIZH LA b A8 e
B, SR FH BRI 2 7 2243 HT A Duncan 22 8 FL 3R
24 P<0.05 BN HZE R BG4 E X, AR5
FORAAAE R E 225, MR F R TR 272 AN W
(P>0.05).
2 BR5SH
2.1 L% pH X} a-La BRI

TEfYE pH F, p-Lg T RSB IRK . DU
LERAEWY), Sy Em, kel E R WPC80
W pH, i p-Lg Fll a-La 05y T B =4 i i 22 5,
SEEL T AE AT . ARSI pH KT 4.5 B, a-
La £k £ T4 &0 Ca> S8R M R I,
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K, AFSETE 4.5~6.5 1) pH JEBEINIEN T a-La 19
SYESRLAR . SRAH UPLC 3 EMIE T i3 W T a-La Fl
B-Lg &, UniE 2A FiE 2B Fis, 78 4.5~6.5 5
W, B pH Jhi, i a-La & i S BUSERRINS
TFhHE e, p-Lg & & ek s FHer, BHAE pHS.5~
6.5 Z AU B3, A0 T a-La, 3R 345N

JABE W H a-La 1 p-Lg &2 o (a-La/f-Lg)
5 SDS-PAGE PEM ANE] pH X a-La 43 B80S 1/ 7%
M, ANE 2C s, pH 2N 4.5 BB o-La/B-Lg
{HEe =, i 4.8 pH N 6.5 BF IR Z, i 4.2, M T 5
WPCS80 B iy b5 (0.4) #2555 10 %, {HA4E pHS.0~
6.5 Z a5 A2 . Metsamuuronen 2517 W, B 458
TAIE pH F (3.5, 4.3F1 6.6)a-La B4 ESAL, ASHF
FEMIGE R 5 22 5 pH N 4.3 B a-La Y15 4 K %
=, HAr B O W i, HERIJETE pH o 4.3 B, H
TR A VER AR, a-La B9A BORAR I8 /N, It a-
La i 81 45, BAMEL pH R, #5543 p-Lg LI/UER
PRI FEAE, X p-Lg M R hm . BEbHE
pH & 4.5 /247 7] 3K 15 e {£ o-La/B-Lg. &l 2D
SDS-PAGE &5t 5 _iRgs R—3%,

SR, S AE pH O 4.5 B Al 3R B = 1Y a-La
B M AE a-La 4l F, (1 WPCS0 & KA+ 41
AH i i B T UTTE IR G, A BRI B V5 e XU , AN )
TR BN /NS o WE 2E o, pH A 4.5 Fl
5.0 B, RO FLIE B A AU SF R S, WPCS0 il
FEAEB R UIRE . AR R R R EGE B S AR AR
N BRAEAT HE VA, IR R, ZLIEE AN
WAEMR SRS e TG & NS, Almecija
S5OV 3R FH 300 kDa B 8 5 43 25 FLE &5 1, R ILAE
pH<4.0 5 pH>8.0 I 1 DAL 457 %8¢ v 1%y 530 % (85~
125 L-m2-h™"), 1fif pH 7E 4.0~5.0 BfF VT B, JIFE Bk

A 200 B 50
3150 =) 40
B B

g £ 30
tig 100 i

<L 4T 20
3 i

& 50 < 10

0

45 50 55 60 6.5 45 5.0
pH

D

kDa

25

B2 RN pH % a-La 4 BSECR HIEAN

g FREZE 25~51 L-m 2-h™'; Li 282 fypfo 320, &
S SRR B VA OG, FLI R 7RSS L A
oS 0T B AR AR A [ B e, B R A s A, AT
D, A5 E R T SR AR M LI AR S T R AR R I ARG
gy, FECE A Y BCEREC N, T E ARG Y T a2
JEE e AE 22, HARHB RIS S B i B o),
DA s o 5 Y 2B SC TR 2L . fEARFSE P, pH Ry
4.5 FI1 5.0 BF, WPC80 M M EE I UIIEM R "5, 5

TR TG B, AR RIS T pH R, R EET T
X—4AF.

Zx LAl UL, A4 WPCB0 IR W ) pH 2 4.5~6.5
Ju R, HIEEKF a-La/B-Lg BT 10 544G (B2
pH & 4.5 F1 5.0 AT IR ZLIE SR 4L S, &S5 &
FAUTIE 1 I b 2 XU AR v, AN ik 21 Tk A=
PeH, pH A 6.0 F1 6.5 B, a-La & & . a-La/f-Lg X
T pH Ry 4.5 I, H 3 2 )% W& k22 5, i
pH >N 6.5 42T WPCS80 # R AR 1Y pH, HUALEE T
s e B A S 1 s e N £ o G N PS | B v = ) S B
6.5 VE AR pH.
2.2 A[EMWCO BIEEX a-La 53 EERAIFZN

FLIEE A F a-LaFl p-Lg 895> T 5 9N
14 kDa 1 18 kDa, pH 25 6.5 B} g-Lg =8 L — K
(36 kDa) TERATFAE, KM AESII a-La F1 S-Lg [
SFES, BG EAT3EFH MWCO & 14~36 kDa HHBIENR .
i TRy B i R b £ BRI 22 M AL BN, (R8I
FTAE AL R AR | 3323 R IRERARGER DB S 14 A 25 FL
12, BEAIK a-La (il 3, PIAE SR FHI, S T4
PRASCHR 5208, T e 436 i) £ LA /N il i S P2
{H 2 3] 5452 PR, A S5 56 v i R FH 0 ks
MWCO FLAZAE 28~180 kDa MIFEFEI PN . H BT LE I
MWCO JE RN B 32 427 91 5 FH 03 B b Ak 8 18 s

o-La/p-Lg

WPC45 50 55 6.0 6.5
pH pH

Fig.2 Influence of the pH of the feed liquid on the separation effect of a-lactalbumin
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Fig.7 Influence of heat treatment on the turbidity of retentate
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Fig.9 Influence of heat treatment on the foaming properties and

foam stability of retentate
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Fig.10 Influence of heat treatment on the emulsifying activity
index and emulsifying stability index of retentate

M, 53810 79.4% Fil 82.8%. JE K AI BESE B K MY
FE v DL ACRAEARIITE L. FLA MR T A7 3% T B /K P
R . AR ISR A 2 R R R, P
I AR ) | SRR TR R AR, 2
T T ERIRGE Y H 19— B K PR IRE, Ao ORI DU 353 25
FPESE R INCY, ZE RS R s K A T
W ST A b, e AR s LA MR O T A
HEAEM . AN, Guo S50 F5 i, IR B b = AR 1
RANRALEI T B P 25 52 W A E ST b, AR il e
TR AR P R T AR, PR B S R B
FLALME, . B R S RIS R AR T
SRR, A BhTB7 1R SR AL, e rLmnika
SEPER, SRN, ARG (PR T P SR R AR
B B i, 7R S T AR T A R DRI AE
90 °C ZbHH 10 min B FLALARE M H BN R ST, &
HFsEiTied, BRRE AR R b — o sk 3%
T ) o e L R HAT SR, SR AR
FR AN 5, REGRT R VA TR AS R R o)
2% I+, 70~90 °C JmF 10 min 7] 5 548 w2 8 B W 1 L
AkPE; 70, 80 °C INF 10 min AT i E 4R =4 B8 oL
fEFasEME, 80 °C. 10 min FRUIbFaEFe Bhers . 4%
BFE K, B WAE 80 °C I 10 min AEAS (L HFK
S AEFL b ERE

2.6.5 FACFEXTEFAWBE L LIS CMEE
B SR A A AR N S —. R 11
AT R, AR R AR B Rh R Hh2k s
FARL, 8 T IR LA, BV REE 55 DI 2R A =,
FHEE R R BREAS Yoy UIECR T o Yu T, B

A TSIk B R g — 20 T, AT
FrFGZ B, SRAL A, R A R R R
Wohn. weAh, FLIEE IR E 70 C DAL, 4T
AR, B TR 2 T 2B B K X 55 S SR A A
TE %, X e TR AR AR B | TR A XK, HAT Eb
RARZLIG R U RIA AR, S 80 RE B2
a2 H R ESR T 80 °C I, Al 8 AR I
AR EEREAIR, PRI RSB U REAIG, B AR )
FEFFE LB 9P 2L PLYE 2R VAR PR 2 B a7 5
TAEMRIIIZE 1, 75 °C Fi1 85 °C A PR | ik k13 14
I, T 95 °C M 3 min AbFRZH i T-2E BT EEITUL
VEBEREREAT TR, T UL, Rk B8 W A E g el e
FHAT, PR HAE 80 °C JN#E 10 min PASRAS e KEBHE .
3 g

a-La Fll p-Lg J& 2L b EZ A FLIEE M .
a-La B IR E &, 7T R H 2240 LTS 7 ks 466
. B-Lg X BAL L& —Fh e id Ak fg0s, {8 s AR
B i TP REAE B Tl H Bl VR 7). FLAESR .
PR, LT R AT A AN R, AN ST R AR
ST TR WPC80 H 4B & & a-La, F-XI F 4304
W p-Lg MY W DI RE R E B T I . DR
B E R E R E N a-La, SCH o-La &HEM
AR pH., HEIEE MWCO. VCF. #4EE 7. ¥
VEVELSY R 6.5, 100 kDa. 4 £%. 0.3 MPa. 5 K.
HZET R, a-La FiH/p-Lg SHEMEEEE 9L L,
B WPC80 HixXx— Lk gl$& i 23 5. XI& &% p-Lg Y
T BA A TR AP, 45 56, 60 °C. 10 min [
LD I T i 2 AR R VAR R, 1S A AR
555 80 °C. 10 min FAALEH T i 2548 = #R B MR ) FL AL
PERE, &S HVEFLALF; 80 °C. 10 min FYFAL IS 1
A R e, 1R FHAEIS RG] . AP T/
FIAR ) YT (] R AB UG A%, e E T B 5% a-La P



- 142 - £ Tl B4

2026 4F 7 A

A B 120, FFiE A PR T 1 B W R
YIRS RERFME, T RARK a-La iy Tol AR = s ik nr
TSI TS, S p-Le IR R e
e Y| AR S S IVAR B R W N o= T S o= B R DT DEZ
G AU E PR IL R B ISTE S o AR, AWFFE LA
WPC80 )i, BT/ MM RS> B B 5 T RE, i
TV ARAE =S — 2 221, DAL, JE SR LS
FLIE M IOk, IF ik — 20O = A U, DAHES) o-
La 14l

© The Author(s) 2026. This is an Open Access article dis-
tributed under the terms of the Creative Commons Attribution Li-
cense (https://creativecommons.org/licenses/by-nc-nd/4.0/).

S 3k
[1] YIGIT A, BIELSKA P, CAIS-SOKOLINSKA D, et al. Whey
proteins as a functional food: Health effects, functional properties,
and applications in food[J]. Journal of the American Nutrition As-
sociation, 2023, 42(8): 758—768.
[2] T, Rk, SoF, F B BEMEETRBRENNES
WE a-La & A [J]. LA 53K, 2024,47(4): 12-18. [ YU
Miao, XU Xiaoxi, LU Jiaping, et al. Membrane separation followed
by ion exchange chromatography for preparation of high-purityo-
lactalbumin [J]. Journal of Dairy Science and Technology, 2024, 47
(4):12-18.]
[3] JIA Wei, ZHU Jiying, WANG Xin, et al. Covalent or non-co-
valent binding of polyphenols, polysaccharides, metal ions and
nanoparticles to beta-lactoglobulin and advanced processing tech-
niques: Reduce allergenicity and regulate digestion of beta-lac-
toglobulin[J]. Trends in Food Science & Technology, 2022, 129:
634—-645.
[4] XU Heyang, HU Chuanbing, GANTUMUR M A, et al. Evalu-
ating microwave and conventional heating on the stabilization of
emulsion loaded by glycosylated a-lactalbumin[J]. Journal of Food
Engineering, 2026, 403: 112707.
[ 5] SHOFF S, HE Xuan, LEE H, et al. The role of alpha-lactalbu-
min in modulating tryptophan metabolism and serotonin synthesis
[J]. npj Science of Food, 2025, 9: 120.
[ 6] FRANCO C, FENTE C, SANCHEZ C, et al. Cow's milk anti-
gens content in human milk: A scoping review [J]. Foods, 2022, 11
(12):1783.
[7] GOWDA C M, SHARMA S, WAIRKAR 8. Advanced drug
delivery systems utilizing f-lactoglobulin: An efficient protein-based
drug carrier [J]. Biopolymers, 2025, 116(2): €70005.
[8] BOTTOMLEY R C. Process for obtaining concentrates hav-
ing a high alpha-lactalbumin content from whey: EP0311283[P].
1989-04-12.
[9] MULLER A, DAUFIN G, CHAUFER B. Ultrafiltration modes
of operation for the separation of a-lactalbumin from acid casein
whey [J]. Journal of Membrane Science, 1999, 153(1): 9-21.
[10] CHEANG B, ZYDNEY A L. Separation of a-lactalbumin
and p-lactoglobulin using membrane ultrafiltration[J]. Biotechnolo-
gy and Bioengineering, 2003, 83(2): 201-209.
[11] FhiRA, iir, R, F. By &M &S o-Laka R
B HAIFFGRE Y 80T, P B Tk, 2015,43(1): 11-
15. [ SUN Yanjun, MO Beihong, ZHENG Yuanrong, et al. Enrich-
ment of a-lactalbumin from sweet whey protein with ultrafiltartion

membranes [J]. China Dairy Industry, 2015, 43(1): 11-15. ]

[ 12] LI Hongjuan, ZHANG Juan, WU Yifei, et al. Preparation and
characterization of whey protein isolate-dextran-proanthocyanidins
ternary complexes: Formation mechanism, physicochemical stabili-
ty[J]. Food Hydrocolloids, 2024, 151: 109773.

[ 13 ] RAFIEI M, SOLTANIZADEH N, HEMMATI KAYKHA M
E. Unlocking the potential of whey protein isolate: How ultrasonic
treatment transforms functionality and structure[J]. Ultrasonics
Sonochemistry, 2025, 120: 107486.

[ 14] YANG Qing, CHEN Shiyun, WANG Xuanpei, et al. Cova-
lent modification of whey protein isolate by rosmarinic acid: Im-
pacts on physicochemical and functional properties [J]. Food Hydro-
colloids, 2026, 170: 111726.

[15] JIRun, SUN Haowen, CHEN Zhao, et al. pH-regulated struc-
tural and interfacial properties of OSA starch/whey protein fiber
complexes to improve the storage and digestive stability of Citrus
essential oil emulsions[J]. Carbohydrate Polymers, 2025, 367:
123961.

[16] F&=z, RjE, X T8, F. 45550% G 094 ZAF A AUH 2ot
H o A a9 B om BT T 3 R (J). A & A, 2019,40(19):
340-345. [LI X Y, ZHAO H, QIN Y S, et al. Recent progress in
understanding the mechanism of the interaction between calcium
and milk proteins and its influence on functional properties of milk
proteins[J]. Food Science, 2019, 40(19): 340-345. ]

[17] METSAMUURONEN S, NYSTROM M. Enrichment of a-
lactalbumin from diluted whey with polymeric ultrafiltration mem-
branes[J]. Journal of Membrane Science, 2009, 337(1-2): 248-256.
[ 18] MAZZEI R, SZYMCZAK A M, DRIOLI E, et al. High puri-
ty of a-lactalbumin from binary protein mixture by charged UF
membrane far from the isoelectric point to limit fouling[J]. Applied
Sciences, 2021, 11(19): 9167.

[ 19] WANG Wengiong, LI Jianju, ZHOU Jiyang, et al. The effect
of ion environment changes on retention protein behavior during
whey ultrafiltration process[J]. Food Chemistry: X, 2022, 15:
100393.

[20] ALMECIA M C, IBANEZ R, GUADIX A, et al. Effect of
pH on the fractionation of whey proteins with a ceramic ultrafiltra-
tion membrane [J]. Journal of Membrane Science, 2007, 288(1-2):
28-35.

[21] LI Jianju, WANG Wengiong, ZHOU Jiyang, et al. Tonic reg-
ulation whey protein composition on membrane fouling during ultra-
filtration process analyzed by HPLC[J]. International Journal of Bi-
ological Macromolecules, 2024, 254: 127751.

[22] k¥, R, HER, F. WEBLILEAT S0 84 F IR
aAE RGOS B AR AR T]. F BTk, 2022,
50(8):20—26. [ ZHANG Yumeng, SONG Bo, YANG Baoyu, et al.
Effect of fractionation of skim cow and goat milk using different
pore size ceramic membrane[J]. China Dairy Industry, 2022, 50(8):
20-26. ]

(23] k&L, FHR, BER, F.0KS BBSAE LK ERE
e LR KPR G R MG Rk R [T]. & se Tk AL, 2025,
46(8):211-221. [ ZHANG Rui, LI Haitian, GAO Zhiwei, et al.
Recovery of proteins and structural and functional properties of corn
starch processing wastewater by foam separation coupled with ultra-
filtration[J]. Science and Technology of Food Industry, 2025,
46(8):211-221. ]

[24] Z33x, A&, S48, . SUF & O A RLAL b BT RAL
WA M kAT L R ). B R BTk, 2021, 47(23):
272-279. [ WANG Wengiong, ZHOU Jiyang, LI Jianju, et al. The


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

5478 S 14

RIBZ % WAFLEEA T o-FLEEABBIE 2 LA I I RE RN - 143 -

mechanism of membrane fouling and monitoring methods in the
process of whey protein ultrafiltration[J]. Food and Fermentation
Industries, 2021, 47(23): 272-279. ]

[25] thik. FAEBRILFEGHES BHEMR(D]. 4. iz
% K %, 2021:28-35. [ XU Shu. Research on membrane-based
separation and manufacture of bioactive serum proteins from goat
milk[D]. Wuxi: Jiangnan University, 2021: 28-35. |

[26] FTAK NF, G, & £EXMBEBRS BILFRGOARL
[J]. *F @ #L & T 9k, 2024, 52(2): 27-32,37. [ YU Shengbo, LIU
Yu, BAI Ru, et al. Separation of whey protein based on continuous
microfiltration[J]. China Dairy Industry, 2024, 52(2): 27-32,37. ]
[27] BRBL REREILFRG B &5 2 fb 45 A4 2 5 R
B3 [D]. ¥ &: & A X3, 2019:24-101. [ FANG Tiangi. The
preparation and application of liquid whey protein concentrate pre-
pared from sweet whey[D]. Changchun: Jilin University, 2019: 24—
101. ]

[28 ] MULLER A, CHAUFER B, MERIN U, et al. Prepurification
of a-lactalbumin with ultrafiltration ceramic membranes from acid
casein whey: Study of operating conditions[J]. Lait, 2003, 83(2):
111-129.

[ 29 ] JIANG Shanshan, ALTAF HUSSAIN M, CHENG Jianjun, et
al. Effect of heat treatment on physicochemical and emulsifying
properties of polymerized whey protein concentrate and polymer-
ized whey protein isolate[J]. LWT, 2018, 98: 134—140.

[30] LIKun, WANG Jiangyue, ZHAO Pengfei, et al. Effect of ul-
trasound-assisted Maillard reaction on glycosylation of goat whey
protein: Structure and functional properties[J]. Food Chemistry,
2024, 441: 138292.

[31] XU Xiyu, YANG Jianping, HAN Menghan, et al. Unravel-
ing the molecular pathways of protein fibrillation under thermal acid
hydrolysis [J]. Small, 2025, 21(29): 2504082.

[32] T & #FFRELFEGHRALA LN Z[D].
¥ A& H K, 2019:14-36]. [ ZHANG Xuefei. Systematical
characterization of functional properties and mechanisms ofthermal-
induced polymerized whey protein[D]. Changchun: Jilin University,
2019: 14-36]. ]

[33] RE&®, BAE, IEF, F AALEFLFEGRAAL
B OB RaR X AL U] &5 R8Tk, 2023,
49(22):117-124. [ ZHANG Siyu, CHENG Jianjun, SUN Yuxue,
et al. Effect of heat treatment on foaming properties of whey protein

ingredients and its relationship with physicochemical and structural
[J]. Food and Fermentation Industries, 2023, 49(22): 117-124. |
[34] STANCIUC N, DUMITRASCU L, ARDELEAN A, et al. A
kinetic study on the heat-induced changes of whey proteins concen-
trate at two pH values[J]. Food and Bioprocess Technology, 2012,
5(6):2160-2171.

[ 35] NICORESCU I, LOISEL C, RIAUBLANC A, et al. Effect of
dynamic heat treatment on the physical properties of whey protein
foams[J]. Food Hydrocolloids, 2009, 23(4): 1209—1219.

[36 ] MA Mengjia, LUO Juanjuan, WANG Xipeng, et al. Effect of
thermal and nonthermal processing methods on the structural and
functional properties of whey protein from donkey milk[J]. Journal
of Dairy Science, 2024, 107(12): 10439-10451.

[37] OBOROCEANU D, WANG Lizhe, MAGNER E, et al. Fib-
rillization of whey proteins improves foaming capacity and foam sta-
bility at low protein concentrations[J]. Journal of Food Engineer-
ing, 2014, 121: 102—-111.

[38] PHILLIPS L G, SCHULMAN W, KINSELLA J E. pH and
heat treatment effects on foaming of whey protein isolate [J]. Jour-
nal of Food Science, 1990, 55(4): 1116—1119.

[39] GUO Fengxian, XIONG Y L, QIN Fang, et al. Surface prop-
erties of heat-induced soluble soy protein aggregates of different
molecular masses[J]. Journal of Food Science, 2015, 80(2): C279—
C287.

[40] FACHIN L, VIOTTO W H. Effect of pH and heat treatment
of cheese whey on solubility and emulsifying properties of whey
protein concentrate produced by ultrafiltration[J]. International
Dairy Journal, 2005, 15(4): 325-332.

[41] MEZA B E, VERDINI R A, RUBIOLO A C. Viscoelastic
behaviour of heat-treated whey protein concentrate suspensions[J].
Food Hydrocolloids, 2009, 23(3): 661-666.

[42] GIMEL J C, DURAND D, NICOLAI T. Structure and distri-
bution of aggregates formed after heat-induced denaturation of glob-
ular proteins [J]. Macromolecules, 1994, 27(2): 583—589.

[43] ZHE. RRARLESFIP LRI FE G LMo TR
#3%a [D]. Yera: i T K4, 2023: 51-60. [ LIL Y. Effects of dif-
ferent heat treatments on the structure and processing characteristics
of donkey milk and its whey protein[D]. Shenyang: Liaoning Uni-
versity, 2023: 51-60. ]



	1 材料与方法
	1.1 材料与仪器
	1.2 实验方法
	1.2.1 膜分离设备
	1.2.2 料液pH的确定
	1.2.3 超滤膜MWCO的确定
	1.2.4 VCF的确定
	1.2.5 操作压力的确定
	1.2.6 洗滤次数的确定
	1.2.7 透过液中α-La和β-Lg含量的测定
	1.2.8 透过液中蛋白组成的电泳分析
	1.2.9 膜通量的测定
	1.2.10 透过液中蛋白含量的测定
	1.2.11 截留液的热处理
	1.2.12 浊度的测定
	1.2.13 溶解度的测定
	1.2.14 起泡性能的测定
	1.2.15 乳化性能的测定
	1.2.16 黏度的测定

	1.3 数据处理

	2 结果与分析
	2.1 料液pH对α-La分离效果的影响
	2.2 不同MWCO超滤膜对α-La分离效果的影响
	2.3 不同VCF对α-La分离效果的影响
	2.4 操作压力对α-La分离效果的影响
	2.5 洗滤次数对α-La分离效果的影响
	2.6 热处理对截留液功能特性的影响
	2.6.1 热处理对截留液浊度的影响
	2.6.2 热处理对截留液溶解度的影响
	2.6.3 热处理对截留液起泡性和泡沫稳定性的影响
	2.6.4 热处理对截留液乳化性能的影响
	2.6.5 热处理对截留液黏度的影响


	3 结论
	参考文献

