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Enhanced microalgal adhesion on cationically modified membranes
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Abstract : Microalgal bioenergy holds potential for carbon sequestration and clean energy production. Particularly,
attached microalgal cultivation shows significant promise, yet poor adhesion to material surfaces remains a challenge.To
address this, cellulose acetate ( CA) membranes were modified with cationic polyacrylamide ( CPAM) to enhance
microalgal adhesion and the influence of membrane surface properties on microalgal adhesion was investigated based on
thermodynamics and xDLVO theory.Results demonstrated that CPAM modification successfully shifted the zeta potential
of CA membranes from negative to positive, effectively reducing electrostatic interactions and total interfacial energy.
Adhesion experiments confirmed that CPAM modification improved initial microalgal adhesion within the first 48 hours,
with the CA/CPAM1 membrane showing optimal performance , achieving a cumulative biomass of 17. 946 g¢/m” by day 7.
However, evolving membrane surface properties and culture conditions subsequently reduced adhesion efficacy.

Key words : microalgae adhesion; thermodynamics; xDLVO; cellulose acetate; cationic polyacrylamide

AR E IR 1 A rh 22 7 A R R = 300 < PRI BAR R R USRS % L R BB A R
& (GHG) , Ju Ho2 4% bk (CO,) ', €O, Rt SN /N A e R R ELSOAS AT 45 SRR

HEC, 54 2RV TR 9 R % OB A W = 828
Il X A A7 RETR G RS, A 8 15 17t E U S B 38
W b LB I DG B A b SRR A
ST REA RE R, DG R 1 O B B A A
HADCERORE FR(E 5 97 A KR il
g ek i PRI MR SR A O AT, B
FRRR EE AR F AR AE YR 2 28, RO AR W)
A R R RAT A DB BRI R /Y CO,
FRCR , HAR KRN R A AR, EA %
FRRZ b OB R BT A SRR AR AZ O BOR 3K

SLRPRHE CO, 1218 i 75 22 52 IRT A 3 4
S AR BB T, 3B CO, HERIRORA R, HELL
T 2 R R R IR oK . DFIE N B R T 2L
FORME N A . ARG A e 1) R S
BRI, T SR T O A IR A AR
PR AR A W) B 7 R Gex T4 Sl s
BREA BRI AN AT B 5

TACHR G P B HL i 2 A W R B 52 A T PR
5 READRHR] S AR AR A IR DR, B
HREHE TP B 2803 AR i B B e T PR ) 2 THT 4

Y75 B HA:2025-11-06; 1& 5 H #1:2026-07-10

ELWH . HEARPAEES (52170153) ; 1 e @A EE R 57 48 9% T 0% 42 (30925010505 )
YEZ R TEREFR (2000-) , 4o, i+ BIFSE 7 1) A= M | 13182389962@ 163. com; 2545 (1988-) , %, i1+, BIHUZ , WF5 7 1) R R A i A=
) S0 AR KA B IR RS HR 4 R AR 5 A0 B T RE M R A R A 1 4% B L FH 38 TRIBE &N, nli@ njust.edu.cn,



2026 F£9 B

PE, KEAFE R, B 35K E | 2L 4 i B %
T REL RS BB ) R G T A R T GO A W B
Chen 251 b 3EIF 52 28 2 10 S 7K BloME (0 B A 9L &
J75 (PVDF) 7] i 2 52 GICRERG I PE R 5 A sl e
Zeng %5 ISR B8 40 T 5 (0 R EER ( PES) BEE iF
FPIFSE, IR THDRELRS J32 T v 1) JE b e} i 2 A T
BE T AL, 33 U PR RS 56 P 350 e 45 254
MAEAE . ARG SR A P AT G — 2 i R B, 3]
MBI LM (PVDF) RO PSU) FIER EEBR ( PES)
i T HARR T RE A gkt 2 S ECE LS g, B
Ik 20Ut ( PDMS) 2R DU 6L 2 95 ( PTFE ) 45 i
RE AR R I O e P | G o A B T R LB
FHUST DA Z R BSR4 R (CA) TEIN H G A
B A TR 2 15 3% i FRAR LIS . CA RE A A
AL AR E M N T AR, CA R
Fem & R I T A S oK A B TR
WILARERET . BRI CA 3% If [ 4G A% fL 6 E mT RE
BTl S A BRI iz Il i, B 58 B2 F
BT Z Bh 3 E ok PE R W, FH B T TS M R
(CPAM ) SEARHL I oL fur , 38 1 i el AR 54 A 2
THCEERG R 77 T R BLE R T . AR SCR R
HEAS [ e B2 1) FH B8 - SR DR MG I e ( CPAM) TV 7R
T CA IR, #1145 T CA/CPAM BPEIR, 45 & 4
207155 xDLVO #5157 CA/CPAM Bk 3k
T A A A L [ A B A B R AR fE R, ), 38
T R, RS0 SR T CA B AT R A X R R
BT M BRI A BRSBTSk

1 HREH®

1.1 ##

BH 25 1 B N IS TE e ( CPAMY) F9 4T+ 800 J7 ~
1 000 J7, & T 30% ~35% , 7= H |- i 2 Bl 57 i
WHERAT, BERAH4ER (CA) (LW 39. 8%, 5%
$£3.5%) 7= A Ll e kA AR RHEE R A HL, N N-
“ R (DMAC) (434t 7 B s i RHRE AL
A RAF
1.2 RH&

KA LTI 45 CA B0, B, B—E s
() CA ¥ f# 7€ DMAc ¥ R, 2 i 4 4 h, il &
15%11) CA W B Fr V5 VAT R P I Vs v I <24
2 h LEBRAH, W5 b B e iRk - JF
Pt IR — R B, SERF 60 s J5 7 BIVRE 3% 3
MR A LB TR T L SE A 43 85, SR K B
B3 ) — AR B i B oK s, iR L 2

SEGIAT AR F UL RIE R USRS TASS - 101 -

A0 DMAc, JEBHIEZE T 60°C HEAE b 14, 15 3 4l
CA B, 4356 CA BB T 0.5% .1.0% 2. 0% Iy
CPAM ¥R 1 h,2RIG7E 60°C FHET I EB T
Kk 3 K, 155 CA/CPAMO. 5. CA/CPAM1  CA/
CPAM2 Ji§t
1.3 fROErhMsEIE

TR AR TN R 2 emx2 em BYIETTIE
W SRR A BG 11 B3R BE 0B & T8
HAEIIR 6 FLAZUE SRR B L, 5 mL (1Y%
KIGFRIEWGE AR, UG5 pH i 7. 0+
0.1,0D4 N 0.6, JEHEE N 40 pmol/(m’-s) ,
(25+2)°C, B 24 h P BEFRAL00 00 22 1% 00 10, B K
B 500 wL BG 11 53236 m ABAFL, 78 1.2,
4.7 d ERTBCGH RS S mL (425 8 T AR R B
) HE 3 T 1) A 35 200 B i 2 381K b, R 75 0 i
5 min , PR FH 20 606 BE 00 2 356 7F 680 nm &b (1)
WO RE 38 A I 4 T R AR T B Y
TR, A, A R a0 SR B 2 fsE 3% % 52
35 b A R AY R TH AR A
1.4 PRFREHZE

SR FAE L 2T S8 635 A ( Nicolet iS10, SE ) 43
BrRE I BREE R i 137 S PR 41 4 vl - e e
(FEI Quanta 250FEG, 3& [&] ) 308 I 30 38 A= 4 RS 0E 35
BEEZL B TR B e A 2 A SR A, U
FE R RS o R A . R B 1~5
WICE B A, A [ K 3R Zeta HL A7 43 #1 AX
(SurPass3 , B ) 012 PR A A6k 1 HL 67, 3 4 & oK
Kide K Zeta HLAIAL (ZS 9, P ) I 5E T B 1P TR
Zeta FL{V .
1.5 BHOZEHH

SR A 25 B e 40 i -5 ISR A A
FHIATHRGE, % H R 1 22 0] i S 1A A BB AT 1L
B, 1 R, XFRRTR ARG R RESk RN A
AR PR,

Vot
TR

[t

e il
Ya

sm

JBeA L

W1 fdkmedr gl

AGy = Yow =Y = Y (D

Forb oy oy Ry 20 500 R B L B A 1, 1R A



- 102 - A AL T

MRUEY WARR S A B, E 2% 1 7ERG Y
H W e a2 T R . Am
H e S — e SR, il DRI G 2
HOEE G2 BY e S <A 687 B IS % T B % i O &
BB AR M YA AR (™Y ) VR DL SR P 1
BRI (v ) EH, ik (2) ~ (4) Fios
AG,,, = AG;}‘}; + AGQ,‘{, (2)
AGL == 2(/7 = /M) WYY =) (3)
AGH =20 /Y (e + D = ) +

LY =) =yl vy ] (4

PR B IEAE T 43k H 32 AR R A 22 [
IR EAER, = (5) iR,

AGH = 2(Syi = V¥ (Ve = VYL -

270 = VYD) (Y = ) -
2075 = V) s = V) (5)

R R o oA TR0 2%, A FH 2 A 000 A S0 2 B Aok
RERN A B e i ) ol PR A I A R REL Y
vy R 3 BRI AR (B Atk L B 2
) AR il A S T A TGO R A SR 15K e,
= (6) Fin.,

Yi(1 +cosh) = 2./y" ™ + /vy + vy (6)
o o 2 b R TH 5 A I AR 2 (] A2 kAR, HR
TZESH " Ml FHHASE Yy & ¢y " sy, W
K (7) s,

v =2y yve (7)
BRI TT (™) W5 AP, AR
g3y TR BAE (LW ) 4153 At dl 4 ™
J2 I o S R AR LA T (AB) 23, X (8) Fra
A A 2 (8)
FEARHIFZE H A FH B4 G 00080 A 35 1T 7K g B 43 A
SRR 1,
1 REERERAESTSE

FMK S/ (ml-m™)

7 " n' 7 v
K 72.8 21.8 51.0 25.50 25.5
TGS 50.8 50. 8 0.0 0. 00 0.0
. 48.0 29.0 19.0 1.92 47.0

1.6 xDLVO i

xDLVO S5 T 3 FpEA M A BAE ] . JufE
A EAE R R AR A PR BSOAH LA, R e
FHEAE FH RS T K VR AR SE 1A 1 Ak 37 Fe - AH

46 BF9

YEFH, xDLVO ATk (9) 315,
AG™'(d) = AG™(d) + AG™(d) + AG™(d)  (9)
2 S A A E BS A d B, LW AB Fil EL 4 &
VERIRE[ AG™Y (d) (AG™(d) \AG™(d) 1 HHE(10)
A,
AG™N(d) == (A/6) {a/d +a/(d + 2a) +
In[d/(d +2a) ]} (10)
Hrr o HEEdi42,d HWIEIEE A & Hamaker
HR R — A EEAN, EEMAEYS
POBR AR T ry s &R, R (11)
JFR .
A =- 12wd§AGl‘(}’L (11)
Horfr d B i 2R S bR R T /MR S
0. 158 nm, AGL) A 5 B rh AR M B B e AR Ak,
HAMEER M (3) A,
% 2 W as 11 A =X (12) Fos
AGM(d) = 2maAAG exp[ (dy —d)/A]  (12)
Horb A AR SCH AR A T 53 AR AE A BE, B 6 %
107" m, XAZX = (13) FivR,
AG™(d) =
mea( L, + ) ([(28,8) /(8 + &) Inf[1 + exp( - kd) ]/
[1-exp(-kd) ]} +In[1-exp(-2xd)]) (13)
K, e, & 5300 R BL2S I RE XA B o B5ORN I AR 1 A
XA ER L L AT B AR A S ISR Zeta
B0, B0 Vi K Debye KB 148 %5, B 0. 104,
AR nm ™

2 HR5ITiE

2.1 RRAGEDH

K2 8 T4 CA XA CA/CPAM XA FT-IR
Sk, FE4l CA BE ek A LA S AR I
16 3 437 em ™ B N T O—H fORARR 30, Hom s
FERTIE T i A 58 2 R BRI R AWK 1
2 950 em™ BYH A C—H Fiffi, 1 637 em™ K
—C=0 Fiffi, 1430.1367 em™ MUK TR C—H

4000 3500 3000 2500 2000 1500 1000 500

/em™
1—CA ;2—CA/CPAMO. 5;3—CA/CPAM1 ;4—CA/CPAM2
K2 CARXREAENFT-IR L%



2026 9 B

(25 AR A T Ak, 1 21801 031 em ™' 1Y
W Wi 43 AR 3R 2 BR R fl C—OH i) ¢—0—C #i1
i, 902 em™ &b W I 5 — A BE AN LS C—H 1Y
C—O0—C i FFRAEB R g &)

JIi AT CA/CPAM JRASGIEAR 7R T 46 CA B
Fl, BLAHh, I B RN, B AR —
SO (Y50 AR L AN B B 55 R . CA/CPAM JEAE
3 437 em™ Ak —OH F) i 45 41 20 W 1Ac 0 5 135 ) dnd
I, E 1 637 em™ b i—C=0 MU 558 J35 Ik 55,
C—O0—C & ISt 4R 8l

A 3 Rl CA fRE 3 B0 HLA R e
IM7E CA/CPAMO. 5 (3R AT B HA S i e, i rp
CPAM 5 s 3 i, JHC 28 17 2 i AR (4 6 1, 3 nl B
TR EE T, CPAM 43 1] Re i [a] T % 1 Jm 38 3R
SR XS RAEIRAE PR R AN 510 A, S8k
RS, B CPAM ¥R EESE N (1% F1 2% ) , CPAM
3T UM RE i, RE A% T X 5] M BT T ISR 1A ek T
RIS, T B S 1 2R 10T

(a)CA (b) CA/CPAMO. 5

(¢)CA/CPAMI

K3 SEM A%

(d) CA/CPAM2

2.2 EMAESRERESH

F 2% T CA Fl CA/CPAM JiE 5 4% M (/K
O ) AR M ( WU ) VAR R 2 Ak fR Al
KA Ak R sz e T R T I 2 i YRR B D
RO SR Bl N | SR KRR . AT RLE
afi CA BRI /KIZfk AR 74. 4° BEE CPAM HYVR T
T, WO R 1 K ik £ AR AL AN K, CA/CPAMO. 5 Fll
CA/CPAMI JI5 7K $% i £ 73.8° F1 75.4° 1fif CA/
CPAM2 7K 42 fish /1 B AIG, S 65. 9°, R WK MR B2 1Y
CPAM (IR EXT CA A SEK M JC A SR8

SRR . PEE SO IR ISR RUSEAEMT TR - 103 -
%2 CA 1 CA/CPAM PFERyiEh f
Hefim /o
%' R
7k T W
1 CA 74. 4 37.1 39.0
2 CA/CPAMO. 5 73.8 41.9 50.6
3 CA/CPAM1 75.4 49.5 49.5
4 CA/CPAM2 65.9 43.8 40.5

2.3 BAEFHER

M 3 1] DLA& SR kL 4 53 (¢*") $8/N, CA/
CPAM JEEF) 1w H i A EZEZAE WMoy (™) 3%
Mo, AT R AR AR PR Y, 46 CA JBEER B0 H B &8 1 1
HiLfr] , Zeta BV S —24. 74 mV , % [RAREHT G0 6 a7 A0 A
B A HEHAT T, B CPAM 1Y CA K Zeta H
NEHERAT FITE R, AR CPAM 25 1 6 {8 55 78 Sl s
wHIE{E, CA/CPAMO. 5 ¥ Zeta HLA A -2.81 mV,
S Z TRl L HE S T390y, CA/CPAMI 1 Zeta HY,
fi49.01 mV, Sz M A i HE R 1722 R4 A
KRB S F1, CA/CPAM2 1) Zeta HL {7 K
15.46 mV, Sl 2 (8] 0 B W 5| g s, 1 i 3 5
WHEERTRERT ) . X 5 Z AT AR A AR A, Bl SR
WA L, Y T H A 1) 3R 5 0 el e 1 v 85
BRI T R

%3 CA 1 CA/CPAM JERYRTHBE R, Zeta BRI

KMEESE (m)-m ™) Zeta
YOy Yyt BV

i G

1 CA 44.47 3.44 41.04 6.50 0.45 -24.74
2 CA/CPAMO.5 45.40 2.47 42.94 3542 0.04 -2.81
3 CA/CPAM1  41.67 0.97 40.70 37.09 0.01 9.01
4 CA/CPAM2 4410 3.41 40.70 13.89 0.21 15. 46

F4 HWIETE CA BER CA/CPAM BEEHEHT B HAE
K E AR/ (mI-m2)

i FEdh
Ay, AGL, AGL,
1 CA -45.03 -38.31 -6.72
2 CA/CPAMO.5  -45.45 -39.47 -5.98
3 CA/CPAMI ~ -44.70  -40.02 -4.67
4 CA/CPAM2  -49.84  -44.17 -5.67

R T URAT S e SRR I ] ARG R AT R
BTS00, CA/CPAM JEARERE A H e dn 3 4
FIi7R o WHBEAE CA R L AORGEN F BB -45. 03 m)/m®,
XM A R RGBSR . IR CPAM 11 CA Bt



- 104 - FAX AL L

KB RE 2> 91k - 45. 45 m)/m*( CA/CPAMO. 5) |
-44.70 mJ/m’ ( CA/CPAM1) .-49. 84 mJ/m*( CA/
CPAM2) . Z5RRPAEMR T2 b, CA/CPAM2 Xf Al
PEATRE BN 7R K, ST TR 1Y Zeta HLAL 1722 fLAH
WG .

MAGH FAGE 43 KT, FL Ry (L, 3= WS A
CA/CPAM 0] A4 Ju s A 5 |/ T, R B AH B %
SIER ., o AGY 5 BRI ) L FH Jor 422 fink 1 A
5K, FEA AN AGEY 25 X1 B, PRI 40 A 5
JIRRA, T ik £ T2 A7 2% 11k 2 A s OB R
Al
2.4 xDLVO EigH#ER

YERER I — B R A5 iy REE M
BIRARGEBE A ERIE | DME T H530 ) HURLAE B 2
%M 5.18 nm, KT xDLVO FigitE THE# 5
CA/CPAM Sz [al ) 4eoRh B i A0 BAE FHRE . A&l
4(a) Fim 6T CA B, SR B AEHREZE 5. 65 nm &b
WoR ER Y 999 KT fgt #2a, H AR 7T AE
2 Vi MRS R B LA AR AT AS 0T 396 (4 A8 B, {HL B8 22 () Al
P R] BE2 PR R PR R BT B U U B/
H e IR BE BB (29— 15 KT) . 4l esin
BIEERIET 5~ 10 nm AYFE I, LA 3 Fh S A B4R
HHRerh  EL 25 28 HiIEH , R W AE k2
TERMEA.

& 4(b) iz, %FF CA/CPAMO. 5 i, SAHH.
VEFIRE R F (B, 22 B T LA JI65 30 T8 A 1] 306 b Kl
B, DEAR, BRI Zeta HELAZHC/IN, 6 30T BE I B RN
P M AR LR/, A e B R 1 5 ~
10 nm 978 BRI, 55t 1 AF B A FH AR 15 5 3, ZE L 3
Fh AL AR EAE FHAE T, LW Al EL A% 32 Bk
L EL FIEfE , R #EE 2 A & w77, ) H LW
5L A5 | 7 Bt 3 5 B8 5 A /N T 38 0 L A+ =2
T, AB M {EABX B, MAEZS R 5 nm P, AB
NI EETE CA/CPAMO. 5 J5 2 11 I BE AL B4 7 R A 45
TR HT2URIE I , BOM AR B4 B B B TR T
% LW il EL B4R,

HE 4(c) . (d) iR, % F CA/CPAM1 1 CA/
CPAM2 i H: LW Hl EL DL & AB X 35 B W 51 45
FH 7 3 FRBEEAH BL/E AT, SR BAE R AR o f
(B, 2 WA M58 200 it ] LAAS 1T 336 3RS BfFZE CA/CPAMI
I CA/CPAM2 JBEZR T, 7R R M 73 B EE 25 5 nm
W ERBEAE ] (AB) K445 R 2AE A, WAE 5~20 nm
(RS RIS, L S S A AR FH 8 152 i B K, 3R B i
BB A TERER.

46 BF9

g
=
i3
&
i
® i
1000, 10 20 30 40 50
FFES /nm
(a)CA

HEAEIE/ KT

0 10 20 30 40 50
PEES /nm

(b) CA/CPAMO. 5

2000
1500}
]
< 1000
8
= 500f
= -500}
10005 10 20 30 40 50
BB /nm
(¢)CA/CPAM1
2000

HHEAEHRE/KT
w
o 3

L

w
g g
[=) T

10 20 30 40 50
PEES /nm
(d)CA/CPAM2

1—LW;2—AB;3—EL;4—TOT
W4 BEAult i 2 8 o A AR H A i &
A S B B LT EE TN ] 5 i CPAM 1)

CA/CPAM i SAH B./E FRE RN FL A BE 1], IR
HRT T, CA/CPAM2 JEEA i 2 [a] i S AH B A FH g

1000

1

oF

HHE AR RE/KT
|
)
8

2‘0 3‘0 4'0 30
BB /nm
(a) B HEAEHRE(AG™T)

o 10



SEGIAT AR F UL RIE R USRS TASS - 105 -

2026 fE 98
1000

g

a8

ﬁ -1000}

® 2000}

~3000, 10 20 30 40 50
BEES /nm
(b) B HE(AG™)

1—CA ;2—CA/CPAMO. 5;3—CA/CPAMI1 ;4—CA/CPAM2

B 5 4 CA Efn CA/CPAM J Fn it % = (4] 4y
M EAE A 6 ol %

%, I HAR R RE R # A2 R B W] S L PARAER, (5 B

Z WM EE RE S BT I RE 22, B0 2 WG e AR T

PNIOEEE ==
FESCFPRE L b i SRR S ISR TG Zeta MLV

0d 1d

CA/CPAMO.5

CA/CPAM1

CA/CPAM2

FHOG B Zeta HLAVE 43I0, o4 58 200 I 5 66 2 1T =2
(i) () i L HE R VR HDRR 01N . Zeta HIDSE R 7% R IEAH
B A R R S VR, JT RS Zeta FAALIYIG K,
i E SARE AN BT AER , 8 285 40 i A 55 1 =22 1] F4 % 51
VEFASE SR, I CPAM FEZRAR T CA JE 3 1 A9
faf , CPAM 1 ¥ B 385, {45 IEE R 1T Zeta HEL 37 38
K, B -2.81 mV (CA/CPAMO.5) # % 15.46 mV
(CA/CPAM2) ,
2.5 RUBRARMISEIE ST

A A A B T AR B A TR 1 R LR A
BFF, R4 Tl Kl BRI B8 LAPEAS CA SR CA/CPAM
JEERCSER ERE T (8 7). TEREA SRS FEh, CA/
CPAMO. 5.CA/CPAMI1 , CA/CPAM2 JI5 % T Tk 3% 4=
VIR I IR SR A B IRER , AR IR E AR
WAl 6 Fro , Mt s bifi 2 B[] DA e o A= ) R = 32 i

2d 4d 7d

K6 TREMERTEKNBELENENDSER

4.0
3.5F
3.0r

5
2
3

g 2.5+
& 2.0f
§ 1.5¢

1.0}
ol orm [N
0.05—5

2
B i) /d

1—CA ;2—CA/CPAMO. 5;3—CA/CPAM1 ;4—CA/CPAM2

B 7 B R A A R A 0D,

B 3EN, BE 2 R 7% 55 7 K, B0k A W BEAS BT o
JE | B AR R R 0, 1E A LA, W] LUOULER B3 5]
Y LE RS

HRAE A 8 (a) & FR i Ze FTIHA AN [m] s S B 5
TR 1AM i AR i I8 8 (b) iR, AERE R 4)
(1 ~2 d), CPAM 2P B 3 3L fb 3%, cA/
CPAMO. 5 4= W 73 ) 9 2. 046 g/m* Fl1 3.360 g/m’,
CA/CPAM1 & 2.087 g/m* Fl 3.370 g/m’, CA/
CPAM2 ik 2.417 g/m* F1 4.019 g/m”, 75 T R A



- 106 - FAX AL L

CA ) 2. 066 g/m” F12.783 g/m*, X LLZE FESL
CPAM TR Az 19 1F FE 3 I A A0 i Tl £ F bl e
20 B ) T R B

~04}
2
0.3
ﬁ* 0.2 ®
=
Fo1fF
®
0.0 1 1 1 1 1 1 1 1
0.0 0.1 02 03 0.4 05 0.6 0.7 0.8
[&%EOD&«)
(a) AT E S 0D680 KR MLk
20
E 15}
K
Wﬁ 1().
]
H
& st
&®
0 3 4 5 7
i [E)/d
1—CA ;2—CA/CPAMO. 5;3—CA/CPAM1 ;4—CA/CPAM2
(b) bt A

K8 #4iTESL OD6S0 x A& 5
T M & A A B e A B AL g &

R R TR ] A K (4~ 7 d) | 140 3432 ek
55, 2% 7R, CABRLEYREIE17.548 ¢/m* 5
MR T 25 5 . Ll A RS AR W B AL
TS, WG BY By, CPAM [ 1F Ha i 108 i i et
Y FH RS R AN B s YA W AR EI (2 d J5)
I T A ) 0 T fofF i 2 e T AL/ s I L
AN A ¥ (EPS) JE B9 31 5 B, A7 &5
CPAM i P {7 s, Hoal £ 20 43 38 5 vh FOE
P AR R B, 1 R G A g B R A R
75 5 4 240 B 1T U i RS 5 [ Aol R A T
¥E CO,, FBULEFIA R pH THE, NiE CPAM i 2Lk
il T AR SR T Zeta FRLZ 1 BB HIMR] 60 1) 55
T CPAM R MR, it J5 0126 e 3G 32 AR
T B g T AR T AR

P9 JEIR T AS [R]85 77 Aot B S 3 i fol i A 0 o =
IR 1 R, CA/CPAM JIE B A 4 o 7 2
e [2.417 g¢/(m* - d) ], & T CA K 2.066
g/(m*-d), (HFHE B FR 05 [] AHEH, CA 3% 1
T T R CA/ CPAM2 3% [ M A K
TEREFRINEE 7 KB, CA/CPAMI i b iAo 28 By o
PR, I8 2.564 ¢/(m® - d), CA i 2.507
g/(m>-d) , #iT CA/CPAMO. 5 F1 CA/CPAM2 f il

46 BF9

BRI AR, SRR W], CPAM IR )Z BYFE E PEAE
RIYIE SR A R ] DR T 25 ) AR A AR P o
HEAFIROEE A KR BN SCHERIME . 1285 R R
BT A EAETE CPAM 128 J- W I 5 P i
TEVE, LASE BRSO B A R I PR RE AL F

= 35

2.4
w
(=]

N
n

»
=)
T

—
W
T

oy
=]

Y= % (g - m™

3 4 6 1
B ) /d

1—CA;2—CA/CPAMO. 5;3—CA/CPAMI ;4—CA/CPAM2
B9 f [l u Il M B R E
T A A o R

3 #ie

SRAAR i T BEFRET4E 2 (CA) I, Bl i i
A AE CA BEFR IR IH B+ RN IE A (CPAM) Xf
HErr etk 255K, B THEF CPAM iR
B, CA [ Zeta WA & ER AL, NTAEEE W B, X
AR TER IR BE (1~2 d) BRI & A ml 0t g o
ARG Sy . SR, ¥EFEE (2 d J5 ) B3 T #E
B A Tlcse S FLRT 43 Db 1Y) EPS 35, L CPAM (17K
fife BRI Zeta FLOLHY T B, NITTRZ W) 1 f0 f 22
AR E K, FET CA Rl CA/CPAM 5 3% 1
Scenedesmus 4= ¥ 15 I 5 45 R, 76 P A I3 B
CA/CPAMI EFERK I A R By R A L =
PERE ., ARA 5T N ST & AR E 1Y CPAM & 2E
A, DB IR s A Tt B iRk )2 7%, A4
BB fiE

S 3k

[1] Jesus B, Ferreira I A, Carreira A, et al. Economic framework for
green shipping corridors; Evaluating cost-effective transition from
fossil fuels towards hydrogen[ J].International Journal of Hydrogen
Energy,2024,83.1429-1447.

[2] Xin G,Ji C,Wang S, et al.Experimental study on the effect of hy-
drogen substitution rate on combustion and emission characteristics
of ammonia internal combustion engine under different excess air
ratio[ J].Fuel,2023,343.127992.

[3] Zhang C,Zhu H,Li X.Which productivity can promote clean energy
transition—total factor productivity or green total factor productivi-
ty? [ J]. Journal of Environmental Management, 2024, 366:
121899.



2026 F£9 B

[4] Lim J Y,Teng S Y,How B S, et al.From microalgae to bioenergy ; I-

[5

[6

[7

[8

[9

[10

[13

[15

x

e s e S

]

]

]

]

[

]

[

]

]

[

dentifying optimally integrated biorefinery pathways and harvest
scheduling under uncertainties in predicted climate[ J].Renewable
Sustainable Energy Reviews,2022,168:112865.

Wu W, Tan L,Chang H,et al. Advancements on process regulation
for microalgae-based carbon neutrality and biodiesel production
[J].Renewable Sustainable Energy Reviews,2022,171;112969.
Zhang T ,Hu H,Wu Y, et al.Promising solutions to solve the bottle-
necks in the large-scale cultivation of microalgae for biomass/
bioenergy production[ J ].Renewable Sustainable Energy Reviews,
2016,60:1602-1614.

Karimi Z , Laughinghouse H D, Davis V A, et al.Substrate properties
as controlling parameters in attached algal cultivation[ J].Applied
Microbiology and Biotechnology,2021,105(5) :1823-1835.
Zhang Y ,Ma R,Chu H,et al.Evaluation of the performance of dif-
ferent membrane materials for microalgae cultivation on attached
biofilm reactors[ J].RSC Advances,2022,12(3) ;:1451-1459.
Dalirian N, Abedini Najafabadi H, Movahedirad S.Surface attached
cultivation and filtration of microalgal biofilm in a ceramic substrate
photobioreactaor[ J ] . Algal Research,2021,55:102239.

Podola B, Li T, Melkonian M.Porous substrate bioreactors: A para-
digm shift in microalgal hiotechnology? [ J].Trends Biotechnology,
2017,35(2) :121-132.

Zhao 7 ,Muylaert K,Szymczyk A et al.Enhanced microalgal biofilm
formation and facilitated microalgae harvesting using a novel pH-re-
sponsive , crosslinked patterned and vibrating membrane[ J].Chemi-
cal Engineering Journal ,2021,410:127390.

Hashmi Z, Idriss I M, Zaini J, et al. Advancements in membrane
modifications for enhanced microalgae harvesting: A comprehensive
review [ J ]. Separation and Purification Technology, 2025, 360
131012.

Liao Y, Fatehi P, Liao B.Microalgae cell adhesions on hydrophobic
membrane substrates using quartz crystal microbalance with dissipa-
tion[ J].Colloids and Surfaces B Biointerfaces,2023,230,113514.
Chen X,Liu T, Wang Q.The growth of Scenedesmus sp.attachment
on different materials surface [ J].Microbial Cell Factories, 2014,
13.142.

Zeng W ,Huang Y, Xia A, et al. Thermoresponsive surfaces grafted
by shrinkable hydrogel poly( N-isopropylacrylamide) for controlling
microalgae cells adhesion during biofilm cultivation [ J ]. Environ-
mental Science & Technology,2021,55(2) :1178-1189.

Fahrina A, Arahman N, Aprilia S, et al. Functionalization of PEG-

AgNPs hybrid material to alleviate biofouling tendency of polyether-

% % 37 i ( B AL L) 2

SEGIAT AR F UL RIE R USRS TASS

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

& 9 R K F 82—67,

L S S S S S L s S B e S e T e e S e e S

- 107 -

sulfone membrane[ J].Polymers,2022,14(9) :1908.
Romadiansyah T Q, Ali B T I, Lestari W C, et al. Modification of
PVDF membrane for harvesting of Nannochloropsis sp.and its clean-
ing results[ J ].Materials Research Express,2023,10(7) :75505.
Fahrina A, Fahrurrozi F, Munandar H, et al. Harvesting marine mi-
croalgae Tetraselmis sp.using cellulose acetate membrane[ J ] .Biore-
source Technology,2024,399.130622.

Li N,Zheng J,Hadi P et al.Synthesis and characterization of a high
flux nanocellulose-cellulose acetate nanocomposite membrane[ J].
Membranes ,2019,9(6) :70.

Wang J,Zhuang L,Xu X, et al.Microalgal attachment and attached
systems for biomass production and wastewater treatment [ J |.Re-
newable and Sustainable Energy Reviews,2018,92:331-342.
Absolom D R, Lamberti F V, Policova Z, et al.Surface thermody-
namics of bacterial adhesion[ J].Applied and Environmental Micro-
biology,1983,46(1) :90-97.

Sudiarti T, Wahyuningrum D, Bundjali B,et al.Mechanical strength
and ionic conductivity of polymer electrolyte membranes prepared
from cellulose acetate-lithium perchlorate[ J ]. Journal of Materials
Science-Materials in Engineering,2017,223( 1) :12052.

Sabir A, Shafiq M, Islam A, et al. Fabrication of tethered carbon
nanotubes in cellulose acetate/polyethylene glycol-400 composite
membranes for reverse osmosis [ J]. Carbohydr Polymers, 2015,
132:589-597.

Sajjan A M,Naik M L, Kulkarni A S, et al.Preparation and charac-
terization of PVA-Ge/PEG-400 biodegradable plastic blend films
for packaging applications [ J ]. Chemical Data Collections, 2020,
26:100338.

Ahmad A, Waheed S,Khan S M, et al.Effect of silica on the proper-
ties of cellulose acetate/polyethylene glycol membranes for reverse
osmosis| J ].Desalination,2015,355:1-10.

Cai H,Wang Y, Wu K, et al.Enhanced hydrophilic and electrophil-
ic properties of polyvinyl chloride (PVC) biofilm carrier[ J].Poly-
mers,2020,12(6) :1240.

Babiak W, Krzemifiska I. Extracellular polymeric substances ( EPS)
as microalgal bioproducts: A review of factors affecting EPS synthe-
sis and application in flocculation processes[ J].Energies,2021,14
(13) :4007.

Xiao R, Zheng Y. Overview of microalgal extracellular polymeric
substances ( EPS) and their applications [ J]. Biotechnology Ad-
vances,2016,34(7) :1225-1244.

Bolto B, Gregory J.Organic polyelectrolytes in water treatment[ J].
Water Research,2007,41(11) :2301-2324.1

s e L L e o e S

|



