% A5 &
2025 4F 10

A=

H54 [ Vol. 45

MEMBRANE SCIENCE AND TECHNOLOGY

No. 5

Oct. 2025

T iB B ARG 0 T E 05

B, AmARTY, BAG. AR, PREER, HEE, KER!

(1. JBIpyT \—R B R BiebE, KK 1633195 2. MIBTTA A= o T T RF AR5 0,
KPR 1633195 3. EFRAM TR AL, KK 163319;
4. BIPIT N—f B R EAE . KPR 163319)

WE: E5ETFOHERRGRTAEAREIKALRARXBEEGRTFERR>ELFRS,
AFFRAFERTAHRM ELR & L% 4 /& Box—Behnken v & 1 5236, £ K T IR
ARl AR AR BEN FOREERPRAETMRGARB TN Y, FTT Y
BBRAC ATV R T R E F xR Tk A e Hrm, ZRAV . SMERT AR
A at . k09 FO RS T LA AR G B FAr A B 47 (RAR ML 3 ¢+ 1D IRA VIR AR A IR . 4
ik A 12 L/h, g A 27 CLobbf @ £ 24 6. 938 L/(m® » h), R& & il = 4 0. 235
mol/(m* « h), KA NaOH NaClO, #2428 F 4 5 F e A R AT . £ P SU R E o HO A4t ir
SR T B AR AR R A B T A 83,6700, AFFR B AN FORKRERT
TG AR B R R R A

KR EAER; MBRAT FRT: RE; WAk

hESEE: TQ028. 8; TS209 THIFRER: A XEHES: 1007-8924(2025)05-0143-11
doi: 10. 16159/j. cnki. issn1007-8924. 2025. 05. 014

Ryt h &G 20 4 b R Y R B A
TR IT VR 320 0 3 o T 4 SR 0 TR L AR AR
AN BRI L R 18 AR A P 3 s TE 2R R R
i EEIE R B RITER SRS A
ZSZR R B UR AR R e gE S R AR H R
TELERF S 098 F% 553 e i By T B A B 3
PULTOL LR E B % (FO) W46 L AMIE 11, fig
FEAG L5 AR T8 £ | 5y G AR ) el o 4 gl e e
O3 B SRRV B BBER e /N 1) 7 e 4 4 L
AR

FO Hedg Rk 7 v, AL IO A 28 K vk
JEE AR AL S RO A O R e VR A R Y
#U5) Rastogi 251 DL 6 mol/L NaCl 1% 7% Bt

Wk H B . 2025-04-28; B RRaic®) H 3. 2025-05-24

W CTA-FO BEXTHEME 13547 24 h s , Sitts
v E Y & & (SSC) i 11 ° Brix 1 =
50 “Brix, Kim ZE1ILL 2 mol /1 #2585V W h P B
WA TFC - FO Jxf 4 45 7 e 45 100 h 5, 3L
SSC B H 12 “Brix # % 61. 4 “Brix, B! 4551
i) TFC-FO A1 CTA-FO B T3 31w 45
SRR IR BAN @ R AE 12 L/ (m? « A2
A AR B T ¥ B e SR B Y 2 . Garcia-
Castello 204551121 2 mol/L Fl 4 mol/L NaCl %
VAT U BR8P W R A T e 4, L B 3 i) 4
FET 2. 2450 3. 7 4%, Kim 25021 5% 0 Sk 1% B
RO ARV TR A T MR 400 W 5% % 0 Bt 25 T A Ik
BTV B S IS 5 R P AR A S

BRTH . B AARRFERE GG 51 S0 H (LH2023B019)
F—VEERA . B AE999-) L AT A AT 0 A I TR EE. o« Gl AR E-mail: jilinwa@126. com
SUAARSC: B . St o, 4 IEB BHRMRAE R T 20 5E0 ] IR 530K, 2025, 45(5) . 143-152,

161.

Citation: Xue J, Jin L M, Meng L. W, et al. Research on the process of concentrating apple juice using forward osmosis
technology[ J ]. Membrane Science and Technology(Chinese) ,2025,45(5) :143-152,161.



C 144 B

o
==

5 # A

45 %

113 BB R Ak B R IR R e
RFERTH FO MKV RE AV By BUR 2 B0 I
SRS BT A R B ) T R

VR SR 4 AT e 7 FH 1) R b e 3 22 i
PRET AR RN 23 52 5 SR M S SR A v 2
SFARMEIAE . ORTAT SR LA 2 2% R R A R
2 S50 SR, WA P R i s R 5 e . P
T — g RS DRSS R 9 L BH B 1 ]
FETEB SRR AR B AR HI D2 e 5K 70 TR R
o [ (L 25 o R AR ELBUR KA E
MBS B DTS G PR RE » 78 7K Ak BT 4 A 2
T 20 25 £ i Jin AU B 2 i Y g

PR AT R P S 5 FO R4 210
BT IR S S 1 | LB FURHBO 25 S 8
MR AT R A S DAL T e 4l T2 5%
P It — SRS T T 5. A5 B 150 FO
WA T ERM—E AR S %

1 #H57 %

L1 ##E5%F

S A [ B P RS FO BSEL LA SR il A i A
R SRR T ST RS TR IR AR (PAD R T AFT AR
W AH SRR ] 5 2R Bt 1% — e (PAMAMND BPR 730 i
R T MO IR W) JOoK R (PIP) . B2 5
MR AR A R AR 5 153, 5 - B2 = HI I 5

b A Z A Tolk 2 e AT FR ) 5 IE Ot » i 22 sibk
AR B A BR 2 w5 e A TR I S i, L Vg Bl o
TR By A PR\ A ALY A AR
AR R R AL 30 T R B i R A FR A R s AR R
B T AR IR Ak 2 R A R S ] s A A TR B L AL
RN s LR BRI AR A A BR 2 w5 JC K B R 4 [
25 B A AR A BR 2 ) 5 A IR L R T Bz Ak
SRR PR | iR 4 S o g, T IRSE R
KK

JD4000-2 B F K F, PL FH R 6 H A BR A
A) 5791 AURE ST A R A L M T G35 Kk A B
AR s WT3000-1]B- A B 5, AR =45 1H
WA BRAFTENCO 6350 B H G284, &S
SOV A RN 7] 3 LZB- 10 B, T FH A B
1A BRAF] DK-98— T A e $AE 1R 7K i 4 » K
TR A FR A W s BGZ - 76 R HL $AG: XU T 44
#, iR BT AE W AR IR AT PR A H]
1.2 XWEE

W 1 TR B 0 A SR T A 19, 25 em?
(K 7.7 emX 58 2.5 cm) IR K56 B WIS A 4
TLIE s 53 ) A U 3 e R SO AN SR ) A T it 1 A
W FEAE R T R SR G 2R . o A I e A s
R LA R AP S TR O o e A8 Ak, I i 1 7l s 1t
TR 5 3 3 H R A SRR A H R AR TR R
) B O =

Vil 2 A2
CIT T +-- <

WG

) EI IR

RN
[~
T 1 14

Bl 1 IEB SRS

Fig. 1 Illustration of the experimental setup for the forward osmosis process

1.3 XWHE
13,1 PR T IE B s R &

T2 A 8 S A R T TR T R ik
e (PA) 2, FiAE PA 2 51 AKF 8RR & 2% 050G P
JZ, FLARGERE hy eKs SR k URE E E (MWCO Sy
100 000032 A 0. 2% (B 4350 PAMAM #AR K 53

F5 0. 1% GREAEO PIP (YIRS /K AR T 2 min,
B T 2R WK 43 s B S BB R R A 0. 3% (i
50 TMC BYIEC BB 90 s 5B A THR A
R R T HIE A 0. 2% (B 20 80 e 8ER
FHSRBA W 2 min, FERE R B F 80 °C HL #AVE IR T
PRAE AL TR 20 min J5 R R B /K sy B e 1



55530

B RS BB BEORIRGER T T 20 < 145 -

¥ Lk FO BAAfET LB F K&,
1.3.2 PPERE T FO BEMEREIN &

PLalizK VR R RH , IR BN 2 mol /L i 51k
BRI RHR T E Sl 16 L/, 2800 450 T Wk 4
30 min. K B MBS T FO BEAY 15 #2423 5910380 ) ok
AN (FO L2 A% BOR A (PRO #E20 i X L
AN 557 1 B30 R . 1 3 o ) WG o
1.3.3 IR i

WA Z Ml 25 1 W 4 B FO BB I 17 530 1] ek
VR T 7 RN MR 1 LSRR (k4
T 57K 15138, 22 43 58 FH vk FE 28 1mol /L
(R ACEN R TR BN B2 TR BN KT A TR AR AT A IR 4N
AR R RN A 1 LT IIBOR H ik , FL
F R R 3 A 16 L/h, 7EIRJE S 22 °C /Y &1
TR 30 min, X HGAS [ S R O A S A S
[ 5 SO dt, 326 ) 3 FH TS SR e 4 i TR OBORE
1.3.4 EBERESERIT RN R LR

£ FO Wedi it # b, B ek FO JBE mm i m) 5
PR T AE B, DASESR T Qe S 2R 5K 101
i) M JEURE AR 4 R AN AT AR R A0 R A T ORI B
T 3 ST 5 U IO P9 2L 8 AR e R Yk 8 %o 3 2R
e 24 1o R ) I RS [ S S (1) RS

P IO L 80T S SR T 248 5 B )« (]
SERNRE 16 L/h, 5L 26 °C L S A0 S5
PR ARRLEL A3 12 1,25 1.3 5 1.4 1.5 ¢ 158
VR A X SR AR 48 SR B S )« ] R e B AT
BERRAPARFLL 3 ¢ 1,3 26 °C . 2 i 9 R H I
AR 10,12.14.,16.,18 L/hs YL BE XT3 5 - He 43
R )5 0 - [ 2 8 A R A R AR B L Ry 3 ¢
LoBREE Ry 12 L/h, R 888 % 18.22,26.30,34
T, fELRFMT X3R4T 30 min W4, iF
5% b SRR [R] PR 28 AN [i) 7K S Yo 38 8 RS [ 374 ok
AR
1.3.5 Wi Ry sc

7R PR 2R S0 1 SR b DL A S R
PR R R b VR R L TR 3 AN R A AR i, DU
JB5308 5 oA B KL, R H Box— Behnken #4511 = [A]
2R KPS T3 BT S LAk T 18 37 W 4 S SR
TSR T 20 i 1 T S e HE WL 1
1.3.6 [k

WEATIEFE i £ 0 P HE B 7 FO B8 T e
rv e L T R 1 TR R A R A TR
1 LR (GRS 5K 1 LRRD . AAMILAT L

1 mol/L % B FIFT B AR Syl (RRLE 3 ¢ D
IR AR PR A 12 L/h iR 26 °C
(R 25 He i 4 b s s o

W 35 e RIS S 4330 A8 0. 0504 (Bt 43 %50
NaOH 0. 01 mol HCI,10% (/& BU4%0 NaClO. 5%
BT 43 B0 PR T TR I 5 min FIFE 2004 (5T
M0 Na, CO, IR 10 min J5 . JH 28 7K
YR pH S 7. SRJE I VR R RS TR
HR L FROR T U B SR T e R A RS
B WeHs 30 min J5 I HLGE B THEE TS I A
PRI i R B LG BE T

&1 vap@EEREKE
Table 1  The factors and levels of response

surface methodology

H#E
A B C
7 N3 . .

¥ WA LR i 3/ TR/

FEEmMMAHIL (LehD C

—1 2:1 10 22

0 3:1 12 26

41 14 30

1.4 3ERUERITE
1) PR &

FO B RN Tt 1025 {5 4
AT
_AW

v oy

S ABEGE R, L/ (m* « h) 5 AW S IR
AR ke 5 S MBI A R m? 5 yisfT g
&) b,

2) J [ oo b

F 1) i PO A
J SZACX;V’ 2)

e J L R R A mol/ (m? -+ h)s AC R JE
0 75 R ik FE B ol /L 5V, g ¢ B 20
BRI TRR, Ls A K BRI AT ol 5 ¢ K38 B
il b,
3) AT PRI
AR R V) LR A
ﬁi%ﬁ%zﬁme6 (3)

b J ARG UE S B EE &L L/ (m? « h) 5 T
VERTAYBSE AL L/ (m® » h),



- 146 - BB 2%

L5 HiEsE

fli ] Excel 2016 SEAT8H A SE 3+ 50120 Ab B,
i1 Design—Expert 13. 0 #4170 o7 17 52 56 1 3% 3
54307, R SPSS 26. 0 47 3 M43 BT R A
Origin 202122 SEH AR AT AT S50 K088 3
3 AFATI P4 (E

2 HERGAT

2.1 PHEEBETF FO EEEENE

B3 2 [ 3 o 4 50 i FH TR AE FO i
(143 B PERE R DL R ) ¥ B G B 5 R Y
FL(E (T /T O P FO BB S ERESY . iR+
FO A [R) J5 J7 A0 B4 538 1 | B 1) 95 0 7 1500
AR EE R E 2 frR . F L 2 A AT, M B 1 g
1E FO XA PRO #5X T A IEE 55535904 6. 66 Fl
6.95 L/(m” « h), I [a) %5 i 4 #5008 1t 43 31 ok 0. 297
A1 0. 500 mol/(m* « h), #F5 & 8. 78 FO BT
JEEIE fE B AIE T PRO #2532 i T A 78 N ik 25 1)
LB 4, 5 800 M35 3 e B AIG, JF 1 A5 Ol %
ik, A, PRO B T,/ HfE )2 FO #EX
B9 1.6 4. X2 T7E PROBIR R I8 A5 (e
FET LB P B A IR TR, 5 006 3 T o vk % T
1o - AT AN 9 e 22 A% Ak 398 1 A2 0 3 o %) S 1) 7
B 25 EArR, FO #i25 PRO B 0 B 2T
H FO R B2 )75 5038 3 1% WU 22325 A FO
A 3,

1.0
12+
—
I
408 =
—~ 10 B N
o g
7"5 8 0.6 E
S [ S, XRXARKA -
2 6 S R =
= o S i
o - . 04,
El'. 0% DoSetolets! s
4 500k R
@ 2008 KRR \‘E
a 2 R ”
S ] R 0.0 X
pReleletol 4
2+ RN E
S
S X
0 R
FO PRO
JEE A i)
n

B2 RIS Wi RS 1 FO BRI
Fig. 2 The effect of of membrane orientation on the
performance of zwitterionic FO membranes
2.2 RERRFREGEIE
i1 3 A 4 ap g, Fe Rk dnad B b, LU
B AL L RN AT G R by DSBS 538 6 5331
4 3.23.3.49 M4, 77 L/(m’* « h) fH [0 R4 AL

vl N
5 A 8545 5
107 =
5 a =
RA 5
— ey 0.6
< (5 b -
< 4r 34
. - %054 05 =
o cd be [o%! KK S5 2
! - 07 K] B g
£ L2 B & 5 E
b3 B e o 04 =
= 555 025 R X :
26k %! RSE R RN il
~ by 'e%?) Po% KX [1%6%|
%65 K] e [ %% B
i R e B %% Bou 0.3
2F LT OB R BR B
i Sl B B B B |, B
< [R<3 XXl 3% [96% RS %% 3 o
B BRL R R BB e
g [ 's%! K& ool %% <Xl S
= % R komEm b R RS 2% N
X3 e% 4 Pl
U L e 01 E
Ko % bt 4 % s -
%% oo Bl KX K XX B
Pl | IS 1 B 19388 ] RS
il [X] K [96% REKE %% PeXs
(959 9% P XK1 (9% 0% %
oSt et %% %% 5% %% lo%ed
o L&l RO ) Al B R RS 0

FfL BRI WL KW AR
BB EREh PREN RREP md WE

PIBOR TP
T RA abc EA B3E 25 (P<<0. 05, LIT
&3 AN [ A 2 TR BB 7= SR T vk 4 1Y) 52 i)
Fig. 3 The influence of different draw solutions

on apple juice concentration

—Q 0.30

5

£ 025}

=

5 0.20f

Elg

:ﬁ 0.15F

m b

méﬂ 0.10}

M) d PSS be

Q 005 o "tﬁ.i c be be g:::?g: be
& s e

X Wik B Wz KW PR R

Mok TREN TREP ek b
ISl TUES
K4 RERRBGRXS T/ T HAER
Fig. 4 The effect of different draw solutions
on the J./J. ratio
e E .7 0.533,0. 171 F11 0. 396 mol/(m?
« b [ S AL S AT BRI Y T/ MR
J392h 0. 165 £ 0. 083 mol/L, ix AJ fg 2 i F AL
I T Gy Y B AR SR L R
BRI T AT PR SR T R AR I
T 24 LA CRIZIHED VR B i 553 54 3. 781
L/(m® « h), [ A %5 B 7 HiiE 124 0. 145 mol/(m®
«h) L H T /T HAE R 0. 038 mol/L, fHItiaed, 5
ERSUL IR L » 38 4 BEAE R D BOR Py BAT LA
] 75 B A BN G o AH R T I M W5 4 e A1, mT R
T LR FE A BEIA B AR 1 ad . (HREE TR
PO BE RGN, 3 1 TR R S 2 T i i G
FREE Ay DRIE o E T 2 P Ve 22 A Ak, FBET B PR AR
WEAh B TR A AR TR BN A S IBORIN S T /T U A

U



55530

K, 4392 0. 026 F1 0. 06 mol/L, i} 7 5
1) o ) R B A X AR A — e R BRI T
SERT MR AR R . AR W R G AE R 8 UL B B IS
Fs Al BB LS S A B A SRR rh R S e S 2R
My T, PRI, ARSC R T A S AT R PR &
VS VBRI U » DA % B — IR BB PT B8 5 | S 1 3 it
REEAIR L B s ) 9 )
2.3 BHEHEZXH
2.3.1 PRI 53 KT SR 4 AR A 5

& 5 K 6 Al 78 FO Hedn sy Rt ot fe v,
Wi 5 4 2 W A3 i o R i S B BT R
G T /T W HE R RS T i, Tk
BORCk 1 s - A R (R EL 3 DIRBIE W
A S ek B il 5. 731 L/ (m? « b, [ [
Y HCEE M 0. 137 mol/(m® « h), i, J./J. BOH
{H>A 0. 024 mol/L, WF5E &I » I HUH A 7 b -
FREFTR AR (RFLEL 4« DIRBWEWNT, T,/ ] WHE
FFFE R 0. 227 mol/L, K T 8.5 1%, X0 fE
T it % SO v e 7 W VR S 0 1 T N2 i
ZEVEIN, BEA WO B B RE N e SE T3 By
PR 2 T el 53 e B S 1) 935 o 7 G s Y 3 fn . i
Wit 5 T IR P A W A B o v e BB G B
T B B N T A I BN A 2 [ AR R T 2
HRFEREAL ik 25 Bk E AL LG IR, S B 1) 7
Jo A7 TR BEL 3 30 o 2 T A 11 B £ A S ] 3 S
P 0, Kim 20 R v e R AR R R
OB AR BE B W A T 4 » 2 S BORSr FIR OR
Sy 0 1o TR T DA T 4 — 25 i ) N e 2 A AR B
X ARSI A RA 3L,

6F i S
1
% 10.8 =
—~ R 9
T 5F [RRH J
o [R5 g
. o T
%% | —_—
o 9%
_— oo 10.6 ¢
osocs! E
b (955%!

' 5 <
— KRS ~
= % a%s%s! 6% o
~3 e T v I A
1 S 5 I 104 =

B R R B c .
R 93858 3% o : s
=2 XA bessd B b R 2
5 KX (95059 o0 (9% A
K [ So%0% X XK RXY 2
M hooe% (9505 R 006 55 &
o w‘é X5 osee! ’.:.Q e [ . O 2 o
B8 R R R X R
[RXK] kXX Koo (X5 (6%% =
(% kX3 R 0% (o%e%
o im0
RS [(%e%% Qo2 RS [Sote%
oce: (%52 (052 S028% 55
K ke [o00%% s R
0 K< [6%%: [e%e% KL XA

151 2:1 3:1 4:1 50l
AR SRR A AR
5 R S AR B AR AR L X S SR ok 40 1) 32 T
Fig. 5 The effect of the volume ratio of glucose to

potassium citrate on apple juice concentration

B (@S EBBEHAREREERITN T .« 147
T: 0.30
—c~ a
E o025t [
S |
5 0.20F
i
H 0.15F
{gg
i I b
w010 b
@ b
& 0.05t I b .
K
£ il
I 1:1 2:1  3:1 4:1 5:1

AR SHT R B AR AR L
K6 Ha AT IR B AR ELT T/ T FAE R R

Fig. 6 The effect of the volume ratio of glucose to
potassium citrate on the J./J,, ratio
2.3.2 BB ES R AR ROR R 5
UNIEL 7 AP 8 Bz o B RHIR G 3 0 e e
B BIHE IR ES T/ T EEE TR
BT TR SRR SRR 12 L/h
I B85 B f e . O 4. 288 L/ (m? « ) ST g
BGE BN 0. 147 mol/(m? « b, J /T, HAE N 0. 034
mol/L. TR U O 18 L/h i, JBEE i [ 2
165 L/(m’® « h), S [al ¥ i Hos 50 0. 052 mol/
(m” « h), J /T, WAL 12 L/h B FEAR . X 7] fE
JE 1T RN AR I S B TP A A S B
TR , T BOR BT RIS ZE ML . AT FA AR 1
oo T U A s DIPTSR T 45 P
R T 246 5L, ol 8 JBORS JIE R T 1140 B B4 ) DA T sk
BRI O T/ TR L e s
W P RE T HOE IR b i SRR A5 ) B 7E IR R B
R AR EZ I B 2 4 17 o I PR £t

5 0.20
a
—
1
PTKA
_ 4 B =
= [So3s3 Ry
% J
= L 0.15 =
b3S [$o%e8 v
(R 6%
q (5554 s%9%% =
! 9556 De¥e%s <
£ 3 o565 K5
5 #3959 (A =
e £
o0e0st et E
o | 4 0.10 12
HI]H’:H 2 (3 pesd KR M)
a5% [35%0% s d ;
2 el ke
: R [ [oo%ss e =
g b B ks [ases! e
= o P e s 10.05 3%
[0%% - [t oty [oted .
1 bt RS el RO =
[ otes (etots KL
B so%% (355%% RS
= b 1 1
’
S8 £ ety Wt
o5s g% 554 59508
0 L0 hietesi 2 iYate¥: 0

1

—
o]

BRI /(L W)

IV SN RSO N 7 & b A
Fig. 7 The effect of feed flow rate on apple juice

concentration



+ 148 - BB ¥

45 %

ab

I b

J2 v ¥ i -5 JiEE A LA/ (mol 1)

8 10 12 14 16 18 20
BRI /(L h)
&8 RHRIRENT T/ T HEAE 5
Fig. 8 The effect of feed flow rate on the J./J,, ratio

R PR K 12 L/h S AT e 4
2.3.3 X RGBSR AR R

e 9 FE 10 Bros, BEE R B e 52
Mo EFE TR @EHE I T/ lE R BT
B Y R G 26 Cmf G AR, N

5L . 10.14 —~
—, 2 0.12
o 4y 8
(7'5 35 0.10 E
2008
53 od B 0.08 <
< 3 I
E&j N % 0.06 \E
"0
I 55 :
e % 0.04
1r 55 =
5 0.02 |
. 0
18 22 26
IR /C

PO BR3P Ve 4 1 52
Fig. 9 The effect of temperature on apple juice

concentration

T 005

=

£ 004

= 7
2

i 0031

) bR
K 3
= 0.02] : :
i ;
i)

= 0.01 | :

= 9 %
R
iy

M /°C

B 10 JREEXT T/ HAE AR
Fig. 10 The effect of temperature on the J,/J, ratio

4.64 L/(m® « h), S [ Sd Tud o 5. 65101
mol /(m? « h), UIF J./J. BLEAE N 1. 22X 107"
mol/L. T RGN 34 ‘CIF. T/ W L3
JNZE 0. 034 mol/L. 3% & i T B4 il B2 35 . FO &
G5 P VR0 286 B ARG DT 0 20 7K 1 a5 3
P A REL 7, R TT A  REE  [RN RS N Sy
Tz SRR BRI R A, g2
SR 1) ST HOH R T N . Hawari S55% fF 5%
I BGRGRE i 20 “CHENE] 26 “C i, I 1
FHiE T 93, 3% SRS IBOR Y IR Bt 26 “CHY,
[ H T TR . ARSI A Rl Bk T
U= A5 S O e S T 1 O e b0
g 26 Cg, SERIT MR AR RO Ik
2.4 MmRZESER
2.4.1 mapE B AR

TEBLPR 3R S ) Btk b o 5 P v 1 18T 4 A ik
— PRI R 4G T2 280 K Design—Expert
13. 0 A4 1% Box— Behnken SZ 4614 1 5 B , 158 B
AR SRR A AR (A CRHRR B (B) IR
(O3 AHFE Ny A AL &, LIRS 5 AF B , 525
BT KSR 45 R LA 2 Fk 3.,

% 2 Box—Behnken $%£#h65% it B 4R

Table 2 The design and results of Box—Behnken experiment

A

o B i it
s MBS e € don
] FriEmR AR (Leh ) R/ C .
TR
1 2 10 26 4.18+0. 04
2 4 10 26 2.2640. 21
3 2 14 26 2.48+0.18
4 4 14 26 2.26+0. 34
5 2 12 22 3.0740.15
6 4 12 22 2.0140.12
7 2 12 30 3.8940.13
8 4 12 30 3.1440. 16
9 3 10 22 3.79+0.11
10 3 14 22 3.23+0.21
11 3 10 30 5.53+0.02
12 3 14 30 3.3840.09
13 3 12 26 6.8740.18
14 3 12 26 7.7940. 42
15 3 12 26 6.94+0. 16
16 3 12 26 6.89+0. 29
17 3 12 26 7.16+0. 05




B RS BB BEORIRGER T T 20 < 149 -

R 3 ARG E SR

Table 3 The results of the analysis of variance for the regression model

g+ 3 S5 AR Y52 F{H P1{H i 2
Al 63. 45 9 7.05 66. 68 < 0.000 1 % %
A 1.94 1 1.94 18.32 0. 003 7 % %
B 2.42 1 2.42 22. 93 0. 002 0 % %
C 1. 86 1 1. 86 17.57 0.004 1 % %
AB 0.717 7 1 0.717 7 6.79 0.0351 x
AC 0.023 5 1 0.023 5 0.2221 0.651 8
BC 0.631 1 1 0.631 1 5.97 0.044 5 %
A? 29.51 1 29.51 279. 15 < 0.000 1 % %
B 12.02 1 12.02 113. 66 <2 0.000 1 % %
C 8. 95 1 8. 95 84. 61 < 0.000 1 % %
B 0.740 1 7 0.105 7
He 35 0.142 8 3 0.047 6 0.318 8 0.812 6 NTE
aliiR2E 0.597 3 4 0.149 3
M 64.19 16

T x FREFRBEP<0.05); * x FRZEFWEEP<0.0D),

2% PR 20T R 2 Yy e 2 (BT )S  Re Sk Y =7, 13—
0.492 1A—0. 550 5B+0. 481 9C+0. 423 6AB+
0.076 6AC — 0.397 2BC — 2. 65A — 1. 69B? —
1.46C* , N3% 3 AT LU H 5 AR Bl i) I8 35 (P <<
0.01), HAEITAR WL 2 (P>>0. 05) , i W Z A% &1
T FO W4 Rt o) T AR A §EME ., 3k 3
AT LA M o 5200 TE I8 37 W 4 57 SR v i R 3R 2 RO
h B=>A>>C . BRI 8 > 25 1 5 07 168 R 0 AR R
P>, A A B C.A* (B* [ C* X 3Rk
S R BB (P<20. 01) , X 2 81351 iy 4% 3 45 4
S5 T IZ B SR BLITUR 528, 3 B i s A
SEHLE B R AT
2.4.2 M AT SE IR S5 AT

M —25 258845 P A8 ELAE PGS SR e 4
SR SE IR o IR A e 4 (1 R o) oz T gt T TR A T 0
Bro Nl 11 Ca) BT 7 4 260 W 5 A R B0 44 B 1L 2
IR 5 1) 55 vy 2 PR 2 A ARG T, L E g 7 T €]
) PARK ARG, T W T 3 A T A TR b 3. 2% L
iR FO WA o W B R S5 - A5 0 5 A TR A
ARG 2. 894 ¢ 1 BRI # 11, 602 L/h, i BF
26. 759 C fEMLAME T 1538 FO Wi~ 1t i B iE
HH7.259 L/(m? « h),

2.4.3 EMUTRELE

HR A bR S5 S5 A 525 JE S PR T 2 %A A
FO W43 Bt i T 2 S50 A i 5 Fr s
FREPRFRLL 3 ¢+ 1 OBRE I 12 L/h R B 27 °C, 1E

WTEFWRAERIT B 3 LB, SLhr
TS RESE R 6. 938 L/(m® « h), [0 i i i
4 0. 235 mol/(m?® « h) . 5 T INE FE30T » 50 BA Wi 37
VAL FO YR T2 HA nl 1514,
2.5 PEE®

BRI R F FO B8 s E R A 12
Fiis. w1 12 B, fd A 0. 01 mol HCI ¥ ¥ 1
2020 (e /080 Na, CO, ¥ O Y R Uk J5 i
TR R4 57, 39 %6 A1 51. 52 %0, i UERCRIE T
HoAh i PE . X T f8 & i F 0. 01 mol HCI M
20 % (B 43850 Na, COs W5 Y40 1) 43 fifk e
w55, B HCL B R T 1T A8 23 X IR 45 44 1 i 3K IR
T A AR 17 308 e A R . A i 1096 (IR
B0 NaClO S 0. 05 % (i 4050 NaOH VA
X Y BT e B 3 Sk B 43k 78, 14 0
76. 29 %6 » 3X & B 1 VA R 005 T D R T VAL 6 S AR
MR Y. FE A 0 Fn g 5 i o8tk
A pH 10 i NaOH RE 5175 BE 40 7 f5t 32
TH] Mo 3 FERRAL I 2R 1 B S R AR W T, 5 AR 5%
SEOAHRL, A, IR AE SRR, M 500 (i 4y
BORGE BRIV RO PE 5 YA, Y518 5 min B8R
FE , B R VK A R IR E 83. 67 00, i S8 T AT
2 2 55 1R » BBV AR RS2 1T R A PO BRI RE ARG o (LA 55
WP T B 20 IS R A . PR, O e R A VR
AT R I 1T Y, AN AT LA 355 2 B IR 2 1T A
15U, I RE PR e 4 . DT HE R A 54



150 » OB %5 R o5 45 %
14
T
2
=
e
=
=
:
10 N :
2 2.5 3 3.5 4
A IS R AL
() B SRS AR L R W ke
L
| E 7% 'i;iiéiiii =
2 L7FRI5IERS
= <
M)
=
2 2.5 3 3.5 4
A RIS R P AR
(b) AT AR A AR L SR
30 .
=
'
g 2
2 -
= =
S &
10 11 12 13 14
B BB /(L b o
(c) ASHRE IR L
B LT PR 2 5 T A P S S e 1 S
Fig. 11 The effects of two-factor interactions on apple juice concentration
100
. S| 3 #®
- 80 + ,§§j EH NaClO
S ol b = mna AT LA R, X FO Y 4 1 8 h i
5 SIUREALSS TG SR IE S 2 O 366 2
= a0t R T S0 DE AL, 3 HE— B DR A T TS BE T 1 A
- e ‘
20 SEBUIT  IEB B A 9T T 2 (0 i B % Sk
n L3P Ay A R AR L A 7
07456 456 456 456 101520 B0 SR, FO Y4035 T i 55 A 4% 1 e 45 0.
LA BERTTH] /min Ji 27 °C ORI A (A3 + D)
B2 RREMEEH S 1l R % TRV EHR TR % 12 L/h, B 5 6. 938 L/

Fig. 12 The flux recovery rates of different

chemical cleaning methods

(m? « h), J o] B P 508 & 4 0. 235 mol/(m” +
h) o XSRS 4 5 15 G R B 3 1 T v T A



55530

B RS BB BEORIRGER T T 20

+ 151

FH0. 05% (i 43 %0 NaOH., 10 % (R F 45350 NaClO
5% (&R F’“ﬂ)ﬁ#@&zﬁ PR B0, o iR
TEYE 5 min, {5 YL EKE R =k 83. 67 %0,

SE 3k

[1] Trishitman D, Negi P S, Rastogi N K. Concentration
of pomegranate juice by forward osmosis or thermal
evaporation and its shelf-life kinetic studies [J]. Food
Chem, 2023, 399. 133972.

[2] Roozitalab A, Raisi A, Aroujalian A. A comparative
study on pomegranate juice concentration by osmotic
distillation and thermal evaporation processes [ J ].
Korean ] Chem Eng, 2019, 36: 1474-1481.

(3] ZBTF, R, SRR YRR 4 5 A5 28 R W 4 1) %
s [Cl hEE SRR 2 IR ES
B4, 2018:311-312.

(4] B/, £ A2, BN, 48 Rk g B R ARLT . &
iS5 & Tk, 2014,40(7) 1 131-135.

[5] Ruby-Figueroa R, Morelli R, Conidi C,et al. Red fruit
juice concentration by osmotic distillation: Optimization
of operating conditions by response surface methodology
[J]. Membranes, 2023, 13(5); 496.

(6] fafsiitn, TREKEZ. XU #5. 55, WRAR IS Jr i b
FEBUR SBR[ ). ML, 2021, 52(24) . 20-22.

[7] Chu H, Zhang Z, Zhong H, et al. Athermal
concentration of blueberry juice by forward osmosis:
Food additives as draw solution [ J]. Membranes,
2022, 12(8) . 808.

[8] Destani F, Naccarato A, Tagarelli A, et al. Recovery
of aromatics from orange juice evaporator condensate
streams by reverse osmosis[ J ]. Membranes, 2020, 10
(5): 92.

[9] Arend G D, Adorno W T, Rezzadori K, et al.
Concentration of phenolic compounds from strawberry
(Fragaria X ananassa Duch. ) juice by nanofiltration
membrane[ J]. ] Food Eng, 2017, 201:36-41.

(10] =8 &, sk, &Rpk, . BB R b B fi it

HRWPFEIEEL) ). AL Tk, 2016, 35(4) . 981-987.
[11] 222, k45 R L 4 JRUBK. X R IE 18 75 o ) 4 M BB i
FAELY ] FREERHE 5 HAR . 2013, 36(12) 1 11-14.

(12] #  fli, #hEEE. Bk G % RANEB S HOR k48
Feanir[J]. BEfMS & Tk, 2013, 39(12).: 128-
130.

[13] Ravichandran R, Ekambaram N. Assessment of

factors influencing the concentration of betacyanin

from Opuntia ficus-indica using forward osmosis:

Concentration of betacyanin using forward osmosis[ ] ].
J Food Sci Technol, 2018, 55(7): 2361-2369.

[14] Vani B, Kalyani S, Pabba M. et al. Forward osmosis
aided concentration of lycopene carotenoid from
watermelon juice [ ] ]. J Chem Technol Biotechnol,
2021, 96(7) . 1960-1973.

[15] Milczarek R R, Sedej I. Aroma profiling of forward-
osmosis watermelon juice concentrate and comparison
to fresh fruit and thermal concentrate [ J]. Lwt-Food
Sci Technol, 2021, 151; 112147.

[16] 9{@’4‘3?7 B XK A BRAE AR IR I A B

GEZ ). k2 Tl 5 TR, 2018, 35(6) : 32-40.

[17] Lhanukya B, Rastogi N K. Ultrasound assisted
forward osmosis concentration of fruit juice and natural
colorant[ ] ]. Ultrason Sonochem, 2017, 34:426-435.

[18] Kim D I, Gwak G, Zhan M. et al.

dewatering of grapefruit juice through forward

Sustainable

osmosis: Improving membrane performance, fouling
control, and product quality[J]. ] Membr Sci, 2019,
578:53-60.

(190 AR, BT IEBBHE ARSI SRRk A i 52 [ D],
PG4 FHAL AR K, 2019,

[20] Garcia-Castello E M, Meccutcheon J R. Dewatering
press liquor derived from orange production by forward
osmosis[ ] |. ] Membr Sci, 2011, 372(1/2): 97-101.

[21] Kim D1, Choi J, Hong S. Evaluation on suitability of
osmotic dewatering through forward osmosis (FO) for
xylose concentration[ J]. Sep Purif Technol, 2018,
191. 225-232.

[22] &= W, F ZE.[1 5 REXNIERE T MG
S]] BREE T AR . 2014,8(10) :4168-4174.

[23] Wang H, Zhang Y, Ren S, et al. Athermal
concentration of apple juice by forward osmosis:
Process performance and membrane fouling propensity
[J]. Chem Eng Res Des, 2022, 177.:569-577.

[24] Mondal D, Nataraj S K, Reddy A V R, et al. Four-
fold concentration of sucrose in sugarcane juice through
energy efficient forward osmosis using sea bittern as
draw solution[ J]. Rsc Adv. 2015, 5(23). 17872-
17878.

[25] Zambra C, Romero J, Pino L, et al. Concentration of
cranberry juice by osmotic distillation process[]]. ]
Food Eng,2015.,144 . 58-65.

[26] Bhattacharjee C, Saxena V K, Dutta S. Fruit juice
processing using membrane technology: A review[]].
Innovative Food Sci Emerg Technol, 2017, 43: 136-
153.



<152 - WOR

5 # A

45 %

[27] Leng C, Sun S, Zhang K, et al. Molecular level
studies on interfacial hydration of zwitterionic and
other antifouling polymers in situ[ J]. Acta Biomater,
2016, 40.6-15.

[28] Yassari M, Shakeri A, Karami P, et a/. Hydrophilic
antifouling thin-film nanocomposite forward osmosis
membranes: Effect of zwitterion-functionalized carbon
nanofiber modification[ J]. Ind Eng Chem Res, 2023,
63(1): 566-578.

[29] EIRME. 5k b, B A TSR TREWNITE R
[J]. D43 72441 2020, 33(1) - 1-14.

[30] BEHEA . At , AR BUAL, 55, 1B B RS YL ity 52 e IR 3R
R eI [T ], & Tk FH . 2022,43(10) : 64-
72.

(31] %, G773, HE . & Wik E RN S
HLE BB W & R L A MLl e A s L], IR}
FEHAR, 2021, 41(3): 8-15.

[32] #Iesie. HuAk 3 4B by g £k vie 45 I /K 1F 35 35 52 50
FE[D]. dbat st d HiRE , 2020.

[33] SRIGE. & B0 HUFR S, A5 FIHIBE SR RIRTE
IEBBEWRAHARLT]. 5 KB Tk, 2022, 48 (1)
203-210.

[34] B fd. St , PN i, 55, IEB B EARTEWR S Rt
FI IS BOR Btk [T /OL . & Tk BH . 1-18[2025-

03-16]. https://doi. org/10. 13386/j. issn1002-0306.
2024090211.

[35] Wenten I G, Khoiruddin K, Reynard R, et al.
Advancement of forward osmosis (FO) membrane for
fruit juice concentration[J]. ] Food Eng, 2021, 290
110216.

[36] $hmiiE, iy EE, LRk BB &SRk SHE %
AT AT 44, 2014,65(7) : 2813-2820.

[37] SREEM, R, T2 %, IEBEBORMe s R it
R S g B B s LT B Tk R, 2021, 42
(24 :172-180.

[38] Hawari A H, Kamal N, Altace A. Combined
influence of temperature and flow rate of feeds on the
performance of forward osmosis [ J]. Desalination,
2016, 398. 98-105.

[39] W . 4Bt BolUle, 5. 55 B Rk TS L)
A3 B A 22 i Ve SR A 4 A LT . R4 AR 2 4
2020,14(5) :1404-1411.

[40] 2 g, s 1. NF-RO 41 4 [ kb 38k o L3 B /K
L. iR R 222 4R CA SRR MO 5 2010, 41 (4) £ 1623~
1627.

[41] 2= F ATEREC EDTA WUk x 215 5 I 1 5 TR 45
YIS L) 1. & 4 AR A ER B, 2022, 22(7) : 34-
37,48.

Research on the process of concentrating apple juice

using forward osmosis technology

XUE Jian', JIN Limei"**, MENG Lingwei', SUN Qingrui',
SUI Shiyou*, PU Nana', ZHANG Jiangiang'

(1. College of Food Science, Heilongjiang Bayi Agricultural University, Daqing 163319, China;

2. Agri-Food Processing and Engineering Technology Research Center of Heilongjiang Province,
Daqing163319, China; 3. National Coarse Cereals Engineering Research Center, Daqing 163319, China;

4. Library, Heilongjiang Bayi Agricultural University, Daging 163319, China)

Abstract: Forward osmosis (FO) technology has the advantages of low energy consumption and effective

retention of nutrients and aroma in fruit juice. In this article, a Box-Behnken response surface experiment

was conducted to investigate the effects of draw solution type and composition, feed solution flow rate,

and temperature on membrane flux and reverse solute diffusion flux during FO concentration based on

single-factor experiments with apple juice as raw material. Process parameters were optimized, and the

effects of different chemical cleaning methods on membrane flux recovery rate were compared. The results

showed that when apple juice was used as the feed solution, the optimal FO concentration process was as

follows: a mixed solution of glucose and potassium citrate (volume ratio 3 : 1) was used as the draw
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55530 R ARAE RS BT MBR S 5% R AU YU REvE 152 0 161«

membrane fouling and microbial community of a wastewater[ ] |. Process Saf Environ, 2024, 191(Part

membrane bioreactor treating sludge dewatering A): 466-477.

Impact of solid-phase media addition on membrane fouling
and microbial community in MBR systems

WU Wei', LI Ming®, ZHANG Peng fei®, GAO Fei*, WU Wei?
(1. Hefei Water Environment Construction Investment Co. , Ltd. , Hefei 230000, China;
2. School of Environmental Science and Engineering, Tiangong University, Tianjin 300387, China;
3. Shanghai Municipal Engineering Design Institute (Group) Co. , Ltd. , Shanghai 200092, China)

Abstract; Membrane bioreactor (MBR) is widely used in wastewater treatment, but membrane fouling
restricts their long-term stable operation. This study innovatively introduced fiber Bragg grating (FBG)
technology into the MBR flow field, and systematically explored the action mechanisms of three media,
namely activated carbon, PVA sponge and silica, on the flow field characteristics and community
succession of the reactor. The results showed that increasing aeration intensity significantly enhanced the
flow field shear force on the surface of the three media. Among them, the PVA sponge, due to its three-
dimensional network structure, led to the most significant increase in flux, followed by activated carbon
particles and silica. The PVA sponge provided suitable attachment sites for microorganisms, which could
significantly improve intracellular enzyme activity, while activated carbon particles and silica had limited
effects on enhancing enzyme activity. Activated carbon accelerated the proliferation of pollution-degrading
microbial communities; the PVA sponge drove the film formation of microorganisms to reduce the
deposition of biological products; silica controlled pollution relying on shear force and had a weak impact
on the community structure. This study provides a theoretical basis for optimizing MBR membrane fouling
control strategies.

Key words: membrane bioreactor (MBR) ; membrane fouling; solid-phase medium; microbial community;

shear force
p=Cei="el="el=lel=Cel=lei=Zeol=Joi=Zel ="l =l =Zel=lel=lel =l =Jel =l =l =l ==l =l i = el = el =i =l o=l =i =l =i =le = lel = e = el o= =l =i =te i = el = el = tet = Jel =Zer =14

(E#5E 152 W)

solution, the feed solution flow rate was 12 1./h, and the temperature was 27 °C. At this time, the
membrane flux was 6. 938 L/(m? « h), and the reverse solute diffusion flux was 0. 235 mol/(m? « h).
Chemical cleaning with NaOH, NaClO and citric acid had good effects, among which 5% (mass fraction)
citric acid had the best cleaning effect on the apple juice-contaminated membrane, with a membrane flux
recovery rate of 83. 67%. This article aims to provide technical references for the application of FO
technology in the field of fruit juice concentration.

Key words: forward osmosis membrane; zwitterionic; apple juice; concentration; membrane cleaning



