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INVESTIGATION ON THE STRUCTURAL
REGULATION, ADSORPTION AND SEPARATION
PERFORMANCE OF AMPHIPHILIC COPOLYMER
ULTRAFILTRATION MEMBRANES

ABSTRACT

Ultrafiltration exhibits enormous potential for wastewater treatment due to its low
energy consumption, high purification efficiency, and versatility. Traditional
commercial membrane polymers such as poly(vinylidene fluoride) (PVDF),
polysulfone (PSF), and polyethersulfone (PES) have garnered attention for their
outstanding processing performance, excellent chemical and mechanical stability, and
cost-effectiveness. However, these commercial membranes commonly suffer from a
prevalent issue: strong surface hydrophobicity, leading to potential severe membrane
fouling. Additionally, the thermodynamic instability during ultrafiltration membrane
preparation can result in difficulties in obtaining uniform pore structures. In contrast to
traditional commercial membrane polymers, amphiphilic copolymers contain both
hydrophobic and hydrophilic chains within their molecular structure. Due to the
differences in the physical and chemical properties of these different segments,
amphiphilic copolymers undergo microphase separation at the nanoscale, forming
highly ordered porous structures. This phenomenon contributes to overcoming the
"trade-off" effect between membrane permeability and selectivity. Therefore, this study
utilized superacid-catalyzed copolymerization to regulate the molecular structure of
amphiphilic copolymers and prepare novel ultrafiltration membranes, investigating
their adsorption and separation performance.

The synthesis of amphiphilic zwitterionic pyridine monomer (zwPip) was
achieved through quaternization reaction between N-methyl-4-piperidone and 1,4-
butanedisulfone. Amphiphilic copolymers (ZW-x%) containing trimer of phenyl,

pyridine monomer, and zwitterionic pyridine monomer were prepared via superacid
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catalysis. The elemental and structural composition of the polymers was confirmed
using nuclear magnetic resonance spectroscopy (\H NMR), Fourier transform infrared
spectroscopy (FT-IR), and X-ray photoelectron spectroscopy (XPS). Ultrafiltration
membranes were fabricated using non-solvent induced phase separation (NIPS) method.
The research findings revealed a gradual decrease in contact angle and enhancement of
hydrophilicity with increasing zwPip content. The heightened hydrophilicity resulted
in delayed phase separation of the membrane, transitioning from finger-like pore
structure to sponge-like pore structure. The pure water flux of the ultrafiltration
membrane increased from 151.15 LMH bar™! for ZW-0% membrane to 196.97 LMH
bar! for ZW-2% membrane, while the bovine serum albumin (BSA) retention rate
improved from 91.79% to 98.35%. The increased zwPip content significantly enhanced
the anti-fouling properties of the ultrafiltration membrane, with the flux recovery rate
(FRR) of ZW-2% membrane reaching 92.95%, higher than 90.40% for ZW-0%
membrane. These results indicate a balance between membrane permeability and
selectivity, showcasing the excellent performance of the copolymer material.
Amphiphilic copolymers have made advances in the fields of pollutant removal
and selective separation in water due to their tunable structures. The incorporation of
crown ether (dibenzo-18-crown-6-ether) into polymers can improve their
hydrophilicity and significantly enhance their affinity for cationic dyes owing to the
unique cavity structure. Amphiphilic copolymers (CR-based) comprising crown ether,
trimer of phenyl, and indigo were synthesized through superacid catalysis, as confirmed
by 1H nuclear magnetic resonance spectroscopy (NMR). CR-based porous
ultrafiltration membranes (CRPM) were fabricated using the non-solvent-induced
phase separation (NIPS) method. Thermal gravimetric analysis (TGA) and Brunauer-
Emmett-Teller (BET) analysis confirmed the thermal stability of CRPM and revealed
its rich microporous and hierarchical porous structure. Three typical cationic dyes,
rhodamine B (RhB), methylene blue (MB), crystal violet (CV), and one anionic dye,
methyl orange (MO), were selected to evaluate the adsorption behavior. Adsorption
isotherms and kinetic results indicated that the Freundlich and pseudo-first-order

kinetic models could effectively fit the adsorption data. Thermodynamic parameters
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revealed that the dye adsorption onto CRPM was a spontaneous endothermic process.
CRPM exhibited outstanding adsorption performance for cationic dyes, with RhB
showing a higher maximum adsorption capacity compared to reported adsorption
membranes. Dynamic adsorption-desorption filtration demonstrated rapid removal
efficiency, with RhB, MB, and CV achieving removal rates of 99.09%, 98.63%, and
99.14% after 5 cycles, respectively. When applied to actual dye wastewater, the
filtration volume of CRPM membranes was 2.4 times that of traditional PVDF
membranes. Density functional theory calculations elucidated the adsorption
mechanism, confirming the significant roles of electrostatic interactions, hydrogen

bonds, and ©t-w interactions in facilitating efficient adsorption of cationic dyes.

Wang Meng (Environmental Science and Engineering)

Supervised by Prof. Tang Hai

KEY WORDS: Ultrafiltration membrane, Zwitterionic Amphiphilic copolymer,

Anti-fouling, Adsorption

VI



S W YN R VAT

............................................................................................................................... I
ABSTRACT .......oooooeoieeeeeceeeeeeeeeeseeeseee s s s v
........................................................................................................................... VII
BT I e 1
L1 BRBBEIZ ..cooooo et 1
LT FBIEIETR oo 3

1.2 BB AR OB TT5E oo 4
1.2.1 FEBFRFE ST EZE (NIPSIE) s 5

122 BIFESHDEE (TIPSIE) oo 5

123 ZSRIBSHDEE (VIPS) e 5
124 B BB AT et 6

L3 BT e 6
1.3.1 FUTRRBELATHLE ..o 7

1.4 BB IEAIZRITEIME oo 8
1A FERBME oo 8

142 BRIEIRTE oot 9

143 ZRIEFERL oot 9

1.5 BER BB AYIHIZRIETEME oo 10
151 PAEMEEEBEM. oo 10

152 FAMEBE T BN oo 12

1.6 FRIEIKIIZ .....oooooveee e 14

1.7 ZHRARERESYEMRBEFIIREREILA ..o, 15
LR Ny S = OO 16
L8 FFTTEE N e 16
BT 2 -~ 17

L83 FHTARERLE ... 17

< B =S M g 7, S S E 1y b~ 19
2.1 SEBEIR T BT ARG oo 19



S W YN R VAT

2.2 SEIEFFAILER ..o 20
2.3 BRI BRI TTE oo 21
2.3.1 BRBEFETRIBETE NMR ..o 21

2.4 BBIEBRIRIETTIE oo 21
241 EEREFRBFLBREE BET ..o 21
242 BRE DT TGA oo 21
243 FAEEIEE SEM SFLBREE oo 21
244 BFHEFEE AFM ..o 21
245 BITHEZIAMIEIE FT-IR oo 22
2.4.6 TRIERBFD CA oo 22

2.5 BB B TEBE LI oo 22
2.6 BRBUERZSIIBHEEIG ..o oo 23
2T BB AL IR 3 Ao 23
271 IRBHENTIZERETY oo 23
2.7.2 BHMFEEBLRAER e 24
2.7 3 WA TTZE TTFR o 24
FBoE AUBFUSREEBRENSIFEAR MRS ..o 26
3 B B e 26
3.2 1-FRE-1-BE T EIRIE-4-FIRE (zwPip) BIBAL oo, 27
33 RAMETFEANE (ZEEIRIE) BER (ZW-x%) e, 27
3.4 FBIBBEAUEITR ..o 28
3SHRANEIE. D BEMITRMERE ..o, 28
B30 ZERGITIL oo 28
3.6.1 AZBEAEIRIBIE THNMR oo 28
3.6.2 HITHEIIMIEE FT-IR c.ooovoeeceeee e 29
3.6.3 X BHEIH FREIE XPS..ooioieieeceeee s 29
3.6.4 BEBTZASTOLER.....coocveiee s 30
3.6.5 TKIZERRE CA oo 32
366 RFHEBEE AFM oo 32

VIl



S W YN R VAT

3.6.7 BB BRI BN B RE oo 34

3.6.8 BBIEARBIBITTIEBE ..o 35

B AREE /NG oo 37
ENE FEBLREYS FLERNGIERAXAE FRARMIMERE ... 39
B0 BB oo 39

4.2 CR-based ZEBEMIBUHITE .o.oovvevcece s 40

4.3 CR-based #BIEAR (CRPM) BYEIE..oooovvcccccca, 41

B4 MRBHESEEE ... 41
4.4.1 CRPM PR RIBIBN TIZESEI oo 41

4.4.2 CRPM IRMIRBHNFIR AN FSE oo, 41

443 CRPM MR Z B FIBE RN ..o 41

45 EERETTIL i 42
4.5.1 FEBEHIAUZRIE ....ovooceeeeeceeee e 42

4.52 CRPM BITEZER ..ovoeveeiecee st 43

4.53 CRPM BUBRFRTETE ..ot 44

4.5.4 CRPM BIFLIREEM ..o 45

4.5.5 CRPM BYMRBHEREL ..o 45

4.5.6 BUMIENTIZ oo 48

A.5.7 MRBFFRTIZE oo, 51

4.5.8 FeHLERIR FE 3T SRR B BTRIM. ..o 52

4.5.9 BHZSIEMF-FRIRITES oo 53

4510 DFT TFESMRBIHLIR ...coooovoeee s 56

B0 ZRBEINGE ..o 59
BHE GILEREE .o 60
ST EETR e 60

52 B ER e 61

e =l TR 62
B HAIE & RV RIS T oo 76
............................................................................................................................. 77



S W YN R VAT

F—E 4ip
1.1 FE#EA

K FPRFNREYRFE B 08 H 25 7 8, RO EERYERREL . 2Bk 10 L AT =
THEHK, XRENRPFEARTE R Hob, #id 20 (1 NEA S 1 A%,
RAFEAFIE 200 73 ANFETANEKIREG KA T K AL R« AR B S =
FIOKBIEA B FE, BERAR K S 7 AFEHKSER 70%1, HEk F{CF 3%
IR R IRK, T H R /K 75 B AT — 2 R B A A e 2 4 A BOF T oAt
BRHEE, 3K RES A E 1-1 Fras. SR, BEEXHR K T R EAS W
Hahn, ANATTECR R 2 A ) JEAL GroK YR, Wb Zn g AT B YR A AR 1 I £R AL 1R
KB,
gL 211z

1/5
SHACEEERKRE
1% a

ik

(J 11111111
S—S0000008E8
(11111111l
aaaaeEEeEns
(I I I 111111
(1111111 ])
aaaeees

™
o
g

k)| + iRtk HFA RIfEATRAK

[Ce]

B 1-1 2BRK BRI AT B
Fig. 1-1 Overview of the global distribution of water resources

AR TN AP P B R E BRI . G0 B L BRI T
PR, AT, RIS, (HXETVEEH RS A BEE TR
R A DI EESR ORI 22 (75 BE 70 18 HOR TE I DU A% G807 R IR RS B 0T
WA AT R ok B B HR A — P RE R BOR, RS AE Z AR A 1E
DL X B AT R TR, B BRI AR % G o B U5 ik
RIFRORRN R GO0, B 2 N T Bl R b Bl R A e Bk S v A B4
PRA EA T2 R4 2 73 8 B i #) R/ B B A R A SR 8 M RS, IR A
FHE G BT e A L BRI 5 5 B s DL L BRI IR Gk Y 5 s A
B, AT RURRS RO, BhAl, XML Al AL B A, DA

1



S W YN R VAT

PR AR I PR A AT S — R, AR KRR 7K AL 2 o ) IS P X A 5 1)
SN, UM EATAD 1A i BIAE A AT AR 1 A3 25 8l = P 7 i ml
PP BRI, BREOR B R R el BRI S LR AL 1 — SRR

[aYay

PN
A

Ry B BOR Be 8 25 SR A A5 G, ARRAE RS N RIOK B R i R I . 3
KAME, BKEGLRARERM AN T, 5 B R R B S R HED)
J1 (EBONIKEZ. B %, REENBA 2, Hh— MR ek
PEVEHE L IR REN S — A0, AT S BB RT XU 73 B 2 A o R R I o 85 L 4lifl
MEEEH. BREARY T Z KRG, &RUceait, 2 TR, Erd
JEL A T B BRI R R A A . AR R R R R A, i
R 7 FRVE IR R RIE R ARSI T AR 2 BRIt R A RE, B A48 K 2 25
BREIET AN TR BRI B 5 ) & A SR B s idE . ik
B HUMGREE . Pris Yotk BERASAE, IO T B BRI AT In T fh2EfaE
P BESENE. FIRAER R, FZREY, WM (PSF). B (PES).
RIMMLK (PVDE). EEFRLT4ER (CA). RNM (PP). BN (PAN) 1
Rl e s, #EAE SRR TR, DU mE S B RS E
WEHRIE . Bois SRR N RRIE B E e AR AL, ORI A B R ST BT ) K e
Ho

TEKAEERI R A, AR LA AR R YEmE 3, T LA e (MP).
JEME (UF). gRIEMEE (NF). BZER (RO) %5, MF FLEZN 1 um, A A
TREBRRBEAA. Y. AR, UF B MF B/ 4L, eM1THT
BRI P LB A, B A A AR K4 F . MF A UF 32 20t R~
FEBR S B9 R T IRALARRE BB, M/ T IRFLAR ROV CRLAEZKD )
MAFLIREE M, NF BAIEE /NI, hAKoe i ok 52 i A& f i
TR AR LA ke 200 1, RO Z— R (EFL) B, ALk
HIER 7y, SEELE BUK B KR . /KAE RO H B A% A 3l i v VL AL i gk
ATEINA, X TR FR, nEhE, NF M@ 20 8 A B R,
B BN B P IR R I 5Bk, 1 RO S H X L B R 24 88 10 B U
¥y 22 g Ael3-151 AR g AR M s an B 1-2 P



S W YN R VAT

C ) =zEr O snEF
O x57uE @ BHEF <K

P 1-2 AN [ s 7 B 3 i e 48 B 0 s i

Fig. 1-2 Schematic diagrams of different pressure-driven membranes and their
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£ AR BEHL OMsp PR SR AT
R IEPEA AN SF-SA PPN FE R B AR A FR A A
TR K S-4800 HAHSLHRA A
F i A B4 OSA-60 B | W K - E Y E 2 SN RN
R AT DSC-60A HA B EARA A
ROE AR AN AT WL 7 66 E TU-1901 JE A A RS A R BT A
it e
Buker
SRy ARTA 1 G} Dimension 728 ] A - o
Edge
Thermo
X ST RE R Fisher I [E FE R KA R B
Nexsa
Thermo
(AL ARSI Nicolet iS eSS L N V5T
10
b TR % FLBRL RS 43 #T AN ASAP 2460 %2 vl BRI A A AR A R A A
Bruker
MR SR A Avance ITT 758 ] A7 -
HD
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2.3 HEMIMRIRIES A
2.3.1 #REHEIRIEIE NMR

K ARG G IR 8 A LR W AL 22 S5 R 3 AT e e o, Frig L5 A
Bruker Avance III HD 400MHz, /A F A (DMSO-ds) 1E R, il

SEFLRI TH NMR %GR 1
2.4 BIRIRFRAE A

2.4.1 tbREF KR FLBEE BET

K BET XPIEHEATINR, XA L R A S LG BT /i TE A 120°C
IR, S BRE R T B AR THALBE 12h,  AR)5 18 ] Micromeritics ASAP 2460 4=
H SR TR S FLBRE WA, 78 77K BIZCAETS o AR it E 47 200 IR s B
WA, 1592 IR IR B e B 2, 745 BB S L 2R T AR 45 A

2.4.2 HRESH TGA

KH TGA SR #AFa e tEEAT 08, A TGA 550 #AEE /AT ALE Na 192%
R R AT G AT, FES A 30°C EFFE] 800°C, FHiEE %N 5°C/min.

2.4.3 AR SEM 57LER

FURH T BB (SEMD ST IBI IO BOLY S, SEM 7T LLELWAI
SRS, T ATTRNTE B0 5. L FESALCE L OB T R MR 25
FAUABI AT REEAT . 50 SEM IR 20, L4 10 mA RS R L WAt —
Rz P Tmaged P4 SEM BIGHAT /M7, i SEBRTIHTL & AT
.

244 [RFHEME AFM

R T B (AFMD SR HT IR R A S S AR . REIR BT AR 2 cm
X2 em IR, FHIHEACY S umxS pm. FSPEAREE (Ra) FI5 75 R HEAH
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K& (Rq) H T RAER RS
2.4.5 AL AMAE FT-IR

W E ST LT AM G (FT-IR) £ 600-4000 cm! 57K 0 ] P 6 BRE k47 40
M, DU E Ho o T 450 A0 . I B W B ekl Ja i B8 AT 204040 #T s
AT DU X Gk ez AT EE

2.4.6 IK¥EfLA CA

KA A A (CAD FE= IR TGO 8 R 1 i /. A fORE
SPERRE 5 pL BRI T BT R T, I I SRSk AR R AR B AR B R
ferb, Gl o A ik SAS B LA A

2.5 lRAVSIE M RESS T

PRI BN AR B S5, 3 AR U R REPPA ACEEAT I, 1 5E, JBAE 0.15
MPa )5 /3 T 2K TS Th IS E IR AEKIE R . WS R )G, KRR R
0.1 MPa i 30 min 13 BRI 2EKGE S wv)o BEJE, RERERNE A SE /K 58 e i
BHA B B0 EBEATE S ML 30 mine )5, RESREETNHEES O/ 1. 1
(VIV) HHREEIEHTIRYE, U se a L FIFE A 70T 4R20 30min fr17K
W, XAERER 7R, GURNE IR N E R FH 5 Ah-RT WG ot ik
ARG E EIL A (2-1) BT

m

J:M (2-1D

Hr, m (g) NBERFEE, A (m>) NERERER, p ABERME
(1.0 g/lem?®), At (h) KNBIERHE,
FEE BB G AR B R e A 3 (2-2) BEATIHSRL:

C
R(%):(l-c—p]xloo% (2-2)

f
Horp, Gy NBERARHE IR L, CryBE BRI RHA IR L -
BRAE E I E L FRR RoR, 2430 (2-3) #ATHHA:
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FRR (%):JﬂxloO% (2:3)

wv
Horr, Jwe NTEBEEIERIAEKE R, Tow APIAERE A 207K IE &
B S5 4t (RO, a3 (2-4) #HA71HE:

Rt(%)=(M)x100% (2-4)

‘]WV
Hrf, Jrh BSA A EE
VR AT TS et (Re), AT (2-5) #H4TiHE:

Rr(%)=(M)x100% (2-5)
‘]WV
ABIERE AT 5 4tk (Rir), %A (2-6) FHATIHH:
Rir(%)=(1-Jﬂ)x100% (2-6)
‘]WV

2.6 FRAVERS IR MY KIS

FEREBY R 3 em X3 em B, PRJERE BN AR € W AT pH {E ) 100
mL GBI, JFIELENIRE 24h. FFIHFEAE AR, QURHATRAOIR I8 I 5 4h-
RGO EEE AT, 152N 5 G RHR I .

WM R Qe (mg g!) MERE R (%), AKX (2-7) M (2-8) #HATiF

=
Qe=—(C°_C‘)XV (2-7)
m
R:(COC;Cl)xloo% (2-8)

0
Hrb, Co (mg L) BYRNARMIVIWEIRE, C1 (mg L) /& YeRbia il i)
ZIREE, V (mL) BEWRAARR, m (g) ZWEHIMEINE.

2.7 IRMIHLIB 38

2.7.1 M HEER
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#E— RN S5 TR

In(q,-q,)=Inq, -kt (2-9)
HE N F1F TR
ot 4 (2-10)
qt qe k2q§
RIURL A 9T T R «
1
g =k t2+1 (-1

Hrb, qe (mg g') REWRFETR GBI & g (mg g!) & t I 25k
R & ko (mint') 2R ERE L ke (g mg! min D S2fET
ZW IR FEG ks (mg g min') SREPRLE G BOE R FHG 1R SURZEE
A RIHE L

2.7.2 KMz RE&REY

Langmuir 574 .
Q=T (2-12)

Freundlich £ 7 ;
Q.K.C? (2-13)

Her, Qe (mgg") REEHHFEIRME: Qn (mg g') R BIRHR K &
Ke (Lmg") /& Langmuir ZER 4 Ce (mg L) J2 W PSP I R S RHE
W Kr (Lmg') & Freundlich 255 W M % #; n /& Freundlich 25 5 P B 5 %4

2.73 MR NERTE

AG’=-RTInK (2-14)

AG°=AH’-TAS’ (2-15)
_AHO 0

InKC:In%z ARl'_I" +A: (2-16)

e

He, AG® (kImol') EEAAHIEHAL: AH® (K mol) &7, AS (J

mol! K1) /A, RIESMMEE, 8314 Tmol' Ky T (K) ZiEE; InKd &P
24
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BHEG g (mg g RGBT ERINE: Co (mg L) JZWRHT-FHTI 5k}
VR
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B=F AUETUZHREERERNBIF AR MERERR

3.15|8

TR JRE S AE TR P K AT R 7K A P o ) A R R I 9K G AL AR i
SERIRIKTG G, nmes . BAEDD . BARBURLAI R IR AL . (AL, EIERE O
PRI BROKAE B AR AP e b 2 R AR BN, St b ie gedb T 25
R R I E K. BEAL, EEARIE I TV (AR B FLA D
FREZ TR, ATSEBURRA . @GR B, SR, s Qs EsoR) iz
) T 2 RS, I Ha BRI AT M4 A BT KR SR E R
WMAEMEG IR = S BURRI A5 2E, IFEBRREIE R EE0% 108
BHZR, X T B M R AR, 48R 0 AT . AR GUI o T A R
(PSF, PES, PVDF 75) DN REFHINUMIERE . HoiAe g P AR A 7 (K i ik
T4 2 AL Tl B DR A o R T X 28 AT RL 25 2 7K AR mh 2 R BT e )
PGB B Y, SEUE MG A, FRIEE.

ZIRIREE TR A DN L B A W R A R A e LR A i Sk 1 F RN ST
2. I H BT HAA T B DR A HR K AEM MR, IE4h,
=R R SR 2 S A T LS et B Ao B B EAT R,
AR E ZENIE . CRCERN AL . BRI, =IRORFE IR S W R LA AL
R A BRI VLR 5 T8 REAL RS 5, N B R 70 BT B AT B
BRI TS 1) 25 v 1 RE R DB 1) B AL

AT TAEF, AR =BEREER S 5l NIRNE ik, Mged it 1
PR URIE B4, L 2 5 R T — PR R P T = IBOR IR PSR VRS R,
JFEIE T NIPS 4 & 1 — Fiopr AU IENL . sbAh, i FPItER s, ERE
YA 1 RIFIISRKYE, X AR A A T B om R 26Kk, 52 AR 4TS ek
AE. I TH NMR Wi 7 REME a5, WE T IRKIESEEM, SRS
B B LGS G REBEAT I A A PP I R SRRV RERO 2O, JF
Hi@id EDS 1 XPS #7R 1 tis Geth e T+ R [«
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32 1-FRE-1-FE T EIRE-4-FREE (zwPip) HIERK

PAPE ST AR & P SR AN 3-1 P PRI B T R IE B 440 2 i N- P -
A4-WRNERR (Pip) 5 1,4-T HME A R SO 4% o A —NERE BEE 1) [ R e
¥ Pip (2.17 mL) F1 1,4- T HEER NS (3.6 mL) I 10 mL 2. KBAE 60 °C
IZAE R IR AEE 24 he TERNIEREH, FEYIMTH, FRiRMES G, iR
RLA R 2 R BT, IR R) O 2 ek, DLEBRAR RN B REL . 79

(zwPip) SILSEERH A, BE7E 80°C M H 2 T4 T4 48 ho

(o)

\"l
ﬁ‘lj o) MeCN
+ o
N 24 h, 60 C N 0
| d’ “o-

] 3-1 1-FP Rk 1 T B MR IGE -4- e S 5 B A2

Fig. 3-1 Synthesis of 1-methyl-1-sulfobutyl-piperidine-4-one monomer

33 BFMBETERENE (ZEERIKEE) mMEaml (ZW-x%)

BEVREBCE B 3-2 Fis. XT=BZKY Pip Al zwPip HIVE & WI1E H5E
BRI N KA Friedel-Crafts BUILAFR N, #4 T — RAIFMEE 7 =HOREEH
SEVEILRY), RERAMM LA ZWx%, Hh x RESHEE TR E
rE. BT ZFILERY), Bl ZW-0%, ZW-1%, ZW-2%, MA195&4A 0. 1.
2 mol% M PEE Ik, DU & ZW-2% 9. [mEJERER S, A 8 mL &
FE, 2.5250 g o =B, 1.5778 mL Pip A1 0.0708 g zwPip. SRJ5 BNk
B, KR EEREE 0 °C, EAIA 0.5 mL TFA Al 13 mL TFSA. AR RLE 0 °C
MR o, B RBRAR, BESELRETIE. B30 aF4eR7Y,
I B KBRS EIX, SRJEAE 80 °CF H S T)4 48 ho

ﬁ‘j 000 ﬁ’j‘::;:i“ O~ UO~0~O

N\/\/\ o /N‘H
o’ "o

B 32 SRR TR (CBORIRIE) 1A R e

Fig. 3-2 Synthesis of poly(p-terphenylene piperidine)s containing zwitterionic
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3.4 BIRERAVEI&

K ZW-x%IE AL NMP 1, SR MRS 24 h, DRGSR GWIRIE N
20 wt% ¥ — B . P IRIAE 60 °C N E. 60 min LLEERI AR, )5
P ST IR GE Fe AE TR BRI |, HI&IJTEL 1.5 m/min (58563 EEAT 150 pm
TR B2 e FEE RS, o i s FIR NS (4liK) IR R ALK . Ak BRI 7T
F ALK AR 48 h, I HE T 46 DA% BR A 5 B 1K) NMP VA

3.5 FERVZIE. DB RIEEE

BRHEIE S 7> BTG PSR D IR A 2.5,

3.6 ER 5118

3.6.1 R EIRIEIE '"H NMR

S T ILRYI AL G I ] 3-3 Fian . 'H NMR J6iE 4 7.00-8.00 ppm
TEE N IE S ARRILRY h =R BB T R/RTE 2.6-3.8 ppm AbHHRFIENE
FEORIRIE A ) BB A A, I B 7R7E 1.6-1.7 ppm A HIRFIEIEE R
FERR AL A F BRI, R T R RR B I R D S NS E e Be

’r' -------------------------------- \\

1 1

1 ZW2% o |

IRIEF R R AR RGNS | i

DMSO bozw0% !

EEESRT [ / ! —
_BEERTRENE | |

i e

1 Pt H i

ZW-2% 1 e i 1
H, i J:—' | |
ZW-0% H ! i
1 1

" [ . . . . ) |
FWP'P L .'L—. L, 120 19 1.8 17 1.6 1.5 1.4j
0 9 8 7 6 5 4 3 2 1 0 -1 \ Chemical shift (ppm) s

_________________________________

Chemical shift (ppm)

P 3-3 PP T Bk AN RIS 1 B 73R 5 4 "H NMR i
Fig. 3-3 '"H NMR spectra of zwitterionic monomers and polymers with different

zwitterionic
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3.6.2 AL M ATShAE FT-IR

WK 3-4 (b) i, FTE SRR FT-OIR 6% BoR7E 1045 em™ Ab W 22 5] —
AN, ZUEJE TR LG, X5 0=S=0 S FAF/EMDE, W] LUF K F-S05"
HeM], HRAE 3648 cm P SR H —AN 98 U, IR IOIg R R Pip B
TERZEEE Eh N-H R 4EIRSh, 78 2772 e AL SRR — AN, %6k 5 C-H 1)
SFRAA S FRANGE IR B . dhoh, BEE PP TR AR & >, MR E 3R
—WRE R ARG . B IR AW AR PR T T HL e s TR B ']
o XMILGE BT IR A W RETE K/ R W T R KA E R R A4 8
SECEKIEM-SOs B SR . Fik, BEEREGW RS TS ER
Whn, MERMA-SOs HE W2 . N T #E—BIE LR, X i
AT T SRS T 6

4000 3500 3000 2500 2000 1500 1000 1150 1100 1050 1000 950 900

4
] ! 1
1 H 1
1 1 :
ZW-2% : i ZW-2% i
i i i
it 1 H
S HIN { i
——— s | i
ZW-1% f 1 ZW-1% :
1 \’4' :
| 5057\ [ioas 1
1
! 1
e S IW-0% i ZW-0% !
3648 2772 e 1 i
1489 ! :
N-H C-H cC i i
I i
! 1
! 1
| 1

Wavenumber (cm™) y.

A

Wavenumber (¢cm™)
3-4 AN[E PP B 1 E R DR 4T AP T 1A

Fig. 3-4 FT-IR spectra of UF membranes with different zwitterionic groups
3.6.3 X BfZ CHE T REWE XPS

H XPS M Tt — B H A 2 s R A . XPS 73 HriREiXE] 10 nm,
TR R T A FRARRAL 710 N1s 1 S2p DXI I i 3 2 i 2 6 W] zwPip 4
FIN I N JUEYE . 0l 3-5 Fios, ZW-0%JEH C fl N s 4R, HTAF
TEREIREE, 16 ZW-0%E ) SR E i A R (S 5. HA (0) g
RER E TR NMP . A Nis XM TR, 5 ZW-0%AHLE, 2000 Z4k

%

WG ZW-1%H ZW-2% [ RIEMS A G 58, IF HAPID AR R IE. 2
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B (399.9eV) XfRifJ2E C-N, 15— MEHE (402.2eV) MIHE T ZF=4H C-NT3L,
TN E e RS, FONHUREE TR, 0 HERE, B EE 26
B BEHE HL T L N1s BUis B 4t k1300,

BRUEZ A, 5 ZW-0%EXT L, ZW-1%F1 ZW-2%15 | BF 5, (1) 0 52 21 5 A g
Ols. S2p MIASMFAENE, REABEFRELIEH] (-SOs) MIfFAE. 78 S2p itk LR,
JER S2p w DAL & BN g, R S-C (167.6 eV) HIREEAK Tk A IE IR 2k
(SOs) HIfi (168.9 eV). X PR Jyfi e #h Hh i 4G E It B v, 75 22 56 KK R
R E M S2p I, TTE ZW-0%ME 1) S2p XI5 A W 5 FI3x L8 B 12 fry ik
fH. XPS (45 FAUESE Tl 1,4- T BERR P 0T SR & 1 Hh IR i B e 19 B
BAT AL RN B T ZW-x% R E ) -

Ols Cls N1s S2p
(@) (b) A .. (© B s
| ZW-2% ¢ % (167.6 ¢V)
N1s 1
ZW2% | g2 C-SO,
(168.9 eV), |

A
ZW-1% [ S2p

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

N —

CN
w2 e
ZWA% e

—_— ] | |

800 700 600 500 400 300 200 100 0 406 404 402 400 398 396 172 170 168 166 164 162
Binding energy (V) Binding energy (eV) Binding energy (eV)

K 3-5 ANFI IR I 1 & EBE IR I XPS JeR A H#06IE (a), NR4Ii#
W (b, SAFAHMOLIE (o

Fig. 3-5 XPS wide-scan spectra of UF membranes with different zwitterionic groups

(a), N narrow-scan spectra (b), S narrow-scan spectra (c)

3.6.4 FEROZ7SRNZE

WAL, EEYE NMP A AEE TR E, (A NIPS J5 il H 1
BRI IR, i HE A B i To R R 1 B S A S LR 1 e
REIRERA R SMEVERE . WA 7 RGP rb w85 7 JE 1 10 & i
TSR, B 3-6 IR T ZW-0%, 1%, 2% 3R i AR a4
WERIR, ZW-0% 5 S 3 SR AN R a4, BAT B8 IR B AFRR 2 4L
W2 o BERIFRRGE M B R R 7E NIPS T 20, 3 I RIA R R AL T ik sg
1301320 R HOR FE 22 R R AL A AR A 133 134 Rl BE R AIR I SR A ) B
WA R TR R SO 8 AT R TR IFRIRILAAE K, FFE S R 2
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[131,135]

MG R R YR B R AR, AR TR SRR S
Pkl BRI, CABIF 78 58 W Hh A ) 7 1 25 (] 5 S0 BT 245 e i P 5 )
i3S Imagel BB I A FLBR 2 DL KPS FLASHEAT 404, 24 zwPip 5 & A
0% N E 2%, R FLERZ M 49.008% N E] 60.127%, “FHIFLAEM 21 nm I
ANF 13 nme T AFLBR ARG S5 B AT LR T2 K MR iR B A 1 5l N, FEARFE
I PR T BT 25 5 KR AR A8 M, IR I T B LR R o SRR IR R i A 1)
FINIGE T ZW-x% RS K M, X — mn] U IS = zwPip 2 & BRI A (1K)
A ENESE . JFH, Wi ZW-1%F ZW-2%E 1 W E R, & B
FEXTRREE R B 2%, 2 FHRIRALIE 2, TR WS B LT R FLBR i 4tk
it XReE T RAEWH zwPip BRI TR EVRISEKME, RS
Por KA (18 I A B 22 (/K FE AR AL R AR E N SR T . /K S RIS 0 T B4
TR RS, AT IR A3 AE, FRRALIOTE R B T ], TR T EBUEH 2 AL
(I ARIR S R T30, RE G Al Hh I A B 23 A 23 5 R S B IR B A - DA IRORH TR B,

I AL AL B R AR 2 3 BUE I 43 A Mﬁﬁ&@%%%@ﬁﬁm7

K 3-6 ANFPIPERS 7 & =l IE R 1 SEM &

Fig. 3-6 SEM images of UF membranes with different zwitterionic groups contents
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3.6.5 /KA CA

RIMSE KB IE R MR b i B . RSk Md s e/ (CAD
A E . W 3-7 Fias, REIN zwPip i ZW-0%JE A /A 79.1°, 15
AT zwPip ) ZW-1%F1 ZW-2% /I (K52 ik 1 A AR 43 70l A 75.4°H0 68.7°, iX &
H TSR K PR R e AT /K o T A ARSI 51 77, I HAERE IR RBUK &)= . zwPip
I NIG5R T SRAVIERSR KM, X — s AT LA zwPip & &Eiflim, RN CA
AR RHEST . 45 R 0, @I zwPip £ &Y 12 & 0T DU R AP
HRAF T = SR

Tt1

ZW-0% ZW-1% ZW-2%

Membrane

85

~]
¥ )]

B |
(—]

Water contact angle (°)

=2
7]

P 3-7 N[ P 8 e A i £

Fig. 3-7 Contact angle of UF membranes with different zwitterionic groups contents

3.6.6 R FHERME AFM

K 3-6 iLBoR, BAAFE zwPip S EESVIEKM K HARLRAIE, HEMN
SEM K1 BB A 1 JE % IS At RR T AR AL . JF HATRT USR], Bl
REACRERE OB I, R T AR P 2 AR, P AFM AT LR B — 58,
WE PR, R R D TR R SR . R 3-1h s T
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FE PR RE RS P52 RS- /K FRTH B AR (-AGmw) o MR 3-1 HHATDATE ZW-2%J L ZW-
1% NG HT 3R PG ] B H T 28 I 70 R i 2 v 2 T P TAR LA /N
AN PRV R AT e AN GG F AR e AT B TR O i i 8] (RItk, BT zwPip
FEPATE R AW & S 038 I -5 SO0 I 7 FE AN 23 2 25 1D o507 T T 5 44
oM BRI PE BT, anse i S BIMRRE EE . A, DARTIRE AR, B
RS S E N, AR S £ fLIBE,

MRAE 1 3-8 i, RSk 1 1 5RO 2 el 2 SR AR WE BH 125 14 B
WG K A AR B 38 IR G5 e . PTBARIL, HARGIANTEE T
KL ZW-0%AHEL, ZW-1%H1 ZW-2%JE % 1 58 N B 8 (AR 43 B 4544, 8
KB 7K SR B A 2 [ ) 43 A7 58 fn 35 &9 190,

44.1 nm

= 44.1 nm
o~
&
é
N -48.0 nm
-48.0 nm
\° M5 om 147.5 nm
=
—
BI
N s
2ol -155.5 nm
= 1156 nm 115.6 nm
o~
(g
&I
N -125.4 nm
-125.4 nm

TOpm
B 3-8 AN [A) P 8 - F R SRR I e 0 B P 1R

Fig. 3-8 AFM image of UF membrane surface with different zwitterionic contents
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R 3-1 ANIRI P 1 - R D R R e S R - /K BT e e
Table 3-1 Roughness and membrane-water interfacial free energy of UF membranes

with different zwitterionic groups contents

Membrane Rq (nm) Ra (nm) -AGmw (mJ m)
0% 13.67+2.15 9.75+0.96 11.85+0.48
1% 50.03+4.39 41.13+3.67 137.52+0.15
2% 39.23+£3.35 32.63+2.75 138.82+0.37

3.6.7 BBIEIERSIEM S Bt RE

AR AR G BE VAN SO B2 & M BE, FEA BSAVER (500 mg LD
NG RIEAT IR L JESEES o @ JESEIR VPN T ZW-0%, ZW-1%AH1 ZW-2%
HE VB IE R4y B VERE, VP T /KB ERAHEF %, K 3-9 58 T A zwPip & &
A B R R DA O BSA HERER, BEREYTH zwPip SEM 0%5
HH 2%, KEEA TR, M 151.15 LMH bar #1%] 196.97 LMH bar' . X
FERN R A T ISR K IR IE ], BERINGE 7RISR, s T
FLBR R A @ R, Rk, AT @ R SN BT zwPip BRI Rk
JEFEENE

ZW-2%IE ) 7K I8 B2 ZW-0%H0 1.3 45, (E2 X BSA 1L BRF AL ZW-0%
B, M 9LT79%HE % 98.35% . XA B TSR /K VEREIR B A 5N, AT LA id i #
HSKERG S, ERRIMEBOKEE, BI58 T BSA SR MM EIER,
1k BSA fEL BB 2 B0 B 3-9 (a) HATLAE L, HEERRE
2KH BSAEIAE, BEHE R SR TR, 13X 202 FUONBUR I BSA 70 1M
B BRI R 2 T AL R I R HERS , BRORERZ 1) BSA FERER MR,
HILRBIEDTE, ‘P30 BSA VEUHEE T . XK, ZWx%REEWIE 2
— PR I Ik PR B R A L
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(2) (b)

250 100

—a— ZW-0% ._'”l——””—"

200 Pure water flux /T
~ . |—=—BSA Rejectio 2 180 a
0 oY | Z %/Z 7 <
£ - J - , 7 {0 E
= = / / 7 g
= = Z , . 3
= = 100 - 7 % 7/ la0 &

» sl /)

= = 7 /// Y g
& = sof | ] {20 %

% / 7

L o / ’

0 20 40 60 80 100 120 140 160 180 200 ZW-0% ZW-1% ZW-2%
Time (min) Membrane
] 3-9 AN[F] R 1 1 - BRI ) =S EE E (a), HEM BSA B XY
EEE (b)

Fig. 3-9 Three-cycle fluxes of UF membranes with different zwitterionic groups

contents (a), fluxes and BSA rejection (b)

3.6.8 TBIEREHIBG IS M BE

— MR, ARRR S R o R T 1) PR R T R T AT A o T Y
[E61 45 FA) A 7K A A R E A P D140, T 688 7 PR TG AT AT — 288 75 G20 [ 280 P #8
B R AR DA PRI, SCE I SRK M R AE — e R AR e R i
BB Uit . BSA #FESB R A TS 4,  3EAT =4 BSA I EFNE e id
FECLE— B0 SRR B V5 P e - IRl B E AL an &l 3-10 (a) Pros.
TV BT 5 R B S BUE 5 Je bt (RY), mladys gtk (Rr), AnJidiys 4tk
(Rir) FEEEKE L (FRR) JE 484740 B AN e 1 5 i) 7K i 2 DL R I RS 1%
WEFEA R . FRR 21PN EUE R8RS, Uik —8 T =1ki5
it e Ja L V5 MR RE 5 ) FRR R BB 095 Y e 0 cdt . il 3-10 (o)
Fis, RGN T SRR EL B 5 1K ZW-1%F1 ZW-2%J 1) FRR #54
ANFIFEE RGN . i st G ZW-1%81 ZW-2%E ) FRR {6 (92.47%,
93.30%), T ZW-0%M5E/H FRR {H (91.63%). X7 K A% AW (1R 5 ]
TEA A R B B ER T, 7EME BIERUKE S, A535 S DL 72
RIM, MIMIHE = T R HTTS Ge R A & [y 2 1360,

R Rt, Rr, Rir (&R WA 3-10 (b) Fow, WEHFATELEH, 5 ZW-0%
Mk, BEERERIEFAMEI, Rt, Rr, Rir WA RFEREREE. Hh zZw2%
ff Rt (HHAK. X2 T ZW2%H ARG RIRKE, FIbdEE A 5 5K 145
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&, EEREEBKEZ. KERRFESIETG RN E, AT EES
e oy,

W 3-10 Ca) FoR, ZW-2%JBAE JF 46 B AN b o I b AR 30 H e v O 47K
WE. EAFE zwPip FEMET, E1 BSA WKEEER S, M Rir HRIK
(8.57%) HAMEH] zwPip 7 5 M 0%3E N 2%HT, FER) FRR M 91.61% T
#) 95.02%. ZW-2% M (1B 5 P RERG 58 AT LUH R T IR TH SR /K M s, 3X — i
WL AR BB TIESE. I, ZW-x% 2R L H AL RRE A RIS Ytk
e, [ZREY b S NBRER L A ot 77 SN R 107 77

250 — 50
(a) EF
Jr R
5 N

120
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S

K 3-10 AN EIPE RS 7S SR IE R (@), B4 (b), FRR (o) K
Fig. 3-10 Flux (a), anti-fouling (b), and FRR (c) of UF membranes with different
zwitterionic groups

FEIERE B TERE S = bR T TR AW zwPip SR INTIIEE TR
BRI ESL, B 5L FR R SR oK zwPip BRI
B Re SEAKPER) zwPip BREA IR RE-ZK SRR, T B8 /K 14 R0 = B2 B DU 4 ]
SELEREIE T . XA T oRKME zwPip BIFERRR T I REE, FHAEREHBR T
IKEZ . XG5 T FLBRICIEME I, BEAR T AR S .

N T W LR BT TR A oK M zwPip BOE R BB AT T,
LA T XPS #1 EDS REBEAF 7T 1 3L SR WIS THI FH UK THD RO 76 38 1 20 A 1 100

i XPS & ZW-2%ME R Mo s A Ak, IR mAR A RN &
ORISR zwPip BEBEBE R I MATIE B . il 3-11 R, BB K
MR GE (1.28%) mTERAYIMITESE (1.01%) XEXHEZH zwPip
B BB T R . S5 AR R AW ) EDS mapping B (K 3-12) &
M, BICRAAE PR R AT SR R BT (R IR T, 7 B P P AL R P AR AE
TRIGE, X EME AR 05 G R8I A it e, R s et 2208
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Ols Cls | —— Membrane
Polymer
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Kl 3-11 EPEMER AR &Y XPS JuE i K

Fig. 3-11 XPS elemental distribution of UF membrane surfaces and polymers

Surface-section B) Cross-section

] 3-12 8 8 154 38 10 A1 7 70 ) B3t 7€ %= EDS mapping &

Fig. 3-12 EDS mapping of S on the surface and cross-section of UF membranes

3.6 INE /24

(D RS, i m =R R S 5N IR E B AT AR
R, Thl g TR T = IBOR IR RIS R, JF il 'TH NMR. FT-IR.
XPS Wil 7 IR AV R E B

(2) BEE P E L LB g0, PR R I FLBR 2 A Fr g, I Bk
IR AL G F AR N 2R FLEE ) . AFM (K45 SR8 1 7 18 B o 3 S P A0k

G5K, SRIKFNEK AR Z (B B 7 AT SN 50, 3% A H) T B FLAR O F
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A R R TR RE

(3) A0S AN 1 2 1 ik P B AT B AT Qs e, ARR
W, BEEMIEE RS RGN, RgEEEa e, JFH FRR HEBAH
Prd Tt o IX AT LAV T 1 1 5 A9 A4 w1 o 1 R ) SRR, AR AR T
Rk AR, AT LB IR m RIS deRe 7). i XPS OB 1 R T AN R
YR TR S RO, SRRWERRIE G TREL, NIEY 7 REY
fRAEZEE NIPS il i R AR MHT OIS . BRETIHK EDS fERS UL 130
AT I RAAC R A AERE R T, AH R B BLR FIREAF AL T I A BB 1 FLIE 45 M
FLIE £+ 2R i AT (14 % A AT LASR v S P BRI LTS e o . B 1A R G 5
APIPER TR R SR T LUK BB T IR, AR fLEE . AL B4
. BEEE . P GLRe S R 1 g .
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SBHUE & SRILRYS FLEREHIF R H X PHE T RR R
B €

415|535

LR Gk T I SO iR AR VIR AR . SRR B B .
o R B DR R Je AR« AR BRI L 280 T B B U T vk — T eel A
MR BRIt R e, TR PR R R DR a4 B A 2 R T Al SRR R I T . SR TR 2 4
Z LM BHE AR AE R I VEREAN SR SRR R HE R B s A B HROR, PR L4
. TR AMREE IR AL, AR BON R b ) — T R . IEAEK,
T R B ) B S 73 8 s AR AN A L B RS B AR A, I FA R .
P4 HOBE A /0N« TR/ Mt B ok 3 B 5 R T LR BRI K A B £ 52 RV o AR I
BOR, W AR 7 ) B AT R8O RS FLBR A b o i fe B g g,
B AR ER T K R ), R s K SRR R B K PR A
BE BRI 7K T AR e B e ARAR G, R DA G vk 25 R B Gk (R B AR
M2 i AL BRI PRAC A o SRTT, B TSR /K R RN 771 5 368 5 () Bt 7K M A
BEAARZS, K2 ThRe i 0 m e wlE AR S AR rp A 2 B SR H k. Ik
b, RIHIR R MR A TE S R MR, AR & B R AR e K. B
IR FEAR H, SRNLE WML, BAASRFIEM KPR IEILERY, ks
SCER L BARGE R RIPOIR G, RN A B RS e TS

B — MRS, B EA AR AR, B AR
R o TR SR A Gkl HAT (Bt 68 0, I mI G 2 AR A A
H, AL ER Gt K BRI N R . B, AR E REAL 2 SLA VLR &M
SRR 751 L T4 5 W R 7KV R P ) B S R LTS e Can R R 28
IRIE U AT 1 SR el 1981, FE AR B TR, A B BRI A7 TR S A B T
BB 3L R Y (CR-based), Ff H R — AR HE A2 (NIPS) 5
il T 2L (CRPM) BEFL T CRPM XG4k K i AL EE DL R 075 Y B
KH SEM. AFM. BET fil CA %757k, % CRPM HIRTHTES, FLBRAZEH. SEK
VESEREAT 1 RAE. WM SRIG A 7RIS SR 2. A RIBh ot . BIEST B
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B YR VR R B B SRR R REAT (BTSRRI S B B IR K AT
TREGERI >, CAIGUEILSERRR . eAh, EFIH DFT tH SRR AT Y,
1] A 2 T LR B A ) 2 BRI o A S o e R B AT i T AR A
A DL S A% 4t s 0 73 B8 e 22 HE I PRIV A R e 4 2 T A A 1

4.2 CR-based FHEB4189%$I %

LRGP RANE 4-1 B DL 8891-18-76-6 B X =R MEBELL N
JEOREE I — Bk R A AR SR S BB B T R R IL IR . S L, R I
18- fif-6-fiF (0.004 mol)« XF —HEA (0.016 mol) FIEELL (0.022 mol) JHA 25
mL " FEE, SRJELE 0 CCIRJE N, EFFEENHE PN 12mL TFSA, &%
R 2 PP IR R B A VR G A0 O SR G 2 0k OB, TR SO &S IR B PR L
B 1:1 (VIV) BRI . BT E T 2R IFEE 60 °C R gt
ITHEHREYE 12 he T IEZ S RO B T 60 °CHY 0.01 M NaOH ¥ 43
PEEDE 12 he ST HAKETIGE, S A TR E15 2138,

o™ H
. @U 0)@ . 100 =37;©
Lo 0

CH,Cl,
0°C
TFSA

— —x L —100-x
& 4-1 CR-based FisEHER S WHIA& B2
Fig. 4-1 synthesis scheme of CR-based amphiphilic polymer

40



S W YN R VAT

4.3 CR-based #BiEFR (CRPM) HIHI&

KRRV A B (NIPS) ki &R . 556, KRR N-
HHREAE I BE ] (NMP) VAR CRE=15 wt%) T, FEMREGRE TR LR,
R EM e VR MG, KR E T 60 CCHUA HHEAT i 60 min {3 H ¥ AL —
I, PR e A S SV R A AE TR Bk b, &I TIBL 1.5 m/min (158
JEAN 150 pm (A TRNREE e B A, i Je R HAR N (4K i LR . 4%
BRI P I 2K IR 48 h, I Ho e J 5 46 DL 25 B i 2 B 1) NMIP 3V

4.4 DR Sc 5

ARSI R AL E 7ok WHREE (MB). ' JHiH B
(RhB). £ (CV) PLABHEFYeRl: HIEE (MO) 1ENBE RS, Y
R 4> T U K 4-2 Fios .

4.4.1 CRPM W B Rt 09a) 15 SC88

KRBT 3 emX 3 em W, K BYLFRIR TN 60 °CIIMEFREAT LT,
BTSSR A PRI B . SRR R BN E] 100 mL, 100 mg L 4
BHARH . 4 AERHEE 60, 120, 180, 240, 360, 480, 600, 720, 840, 1140,
1440 min I 5 GLRHA R R R K .

4.4.2 CRPM R MRt 193 R R R N F 5000
BEEET AL 3 em X3 em B, K BIUFRIE A ON 60 “C B FE BEAT HE T,

TSR ERER A R E. HREGF IR AF 100 mL, 10, 20, 40. 60.
80 100 mg L' fy4eRliayif, F£4HI7E 2908 K, 308 K Al 318 K N{EIE £ 24h.

4.4.3 CRPM MR Mf24) 52 B8 153 & 2N S 4G

BB 3 cm X3 cm HIE S, B BTLFAOIE AN 60 °CHIMLAE FEAT T,
TSR EHREBES R E. &5l o mMEH 80, 0.01. 0.05. 0.1 mol L ]
NaCl. KCI#l CaClyo H4HRELFHIE A F] 100 mL, 100 mg L™ G RHA MR 1,
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1E 298 K Wi N EIR I H: 24 he

| |
_N 2N N
O / Cl \,N (o] /N\/
~

1 1
CH:; ‘3H20 CH3
MB MO

K 4-2 upl ety = K

Fig. 4-2 Dye Structure Schematic
4.5 BREWIR
4.5.1 HEBYIRIRAE

B B ISR AL R P 4-3 TR . "H NMR JgiEH 7.00-8.00 ppm
WHEAKESREREGE RPN A EERR T LEYERHE T 38K
HEAMALIFFET (Hb M He) WSS, HAL2AN 3.00-4.20 ppm, #
U T S K Mt T AT s ) 51 N SR B e R0 490,

DMSO0-d,

1 10 9 8 7 6 5 4 3 2 1 0 -1
Chemical shift (ppm)

4-3 CR-based 3£ %#) 'H NMR i
Fig. 4-3 '"H NMR spectrum of CR-based copolymer
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4.5.2 CRPM H9H2558

FR ISR RS A PE R B AR, CRPM 15 /K Pl i 7K o gk
TR CRPM [FR R 4-4 (a) Fion, Befilifih 69.5°. F£ B CRPM
R EARKE. CRPM [T AR S5 K 1451 1 R B2 R LT 4-4 (b-d) . LR SR THI
HEEIMEG T UUE H, CRPM JEILH A2 ALTEAS . BRI R 454 o
CRPM EIMAFIAN RN (H—EHEE — e almEN—ERENEE
BIRFLISCHEEZH S JFHATLLE, B E B RMAE, JFHEHRR
ghky, WETHZMIMEE (2.0620.76 pm). HPTUZEESBEEM, L2304
B BT RS0, T S8 2 R HE 5 SR TR AR A P B 6 B AL R

I R 77 A BT CRPM ISR TSRS A2, Wil 4-5 %8, CRPM
) Ra 1 Rq 4374 3.08 nm A1 3.97 nm. %5 3RE M CRPM #il4 BAEIE I,
JEE S THI PRI RE RN, B R TS0 Pi5 %4 BT CRPM HAESEAI A AL-KAL
SERI UL S RIF SR AP AAE 21, Fivh FE AL BRI A AR K R A ) T 50 %
IR GRL o R B AN i 75 1 A o

(a) (©)

' Cross-section

Surface-section

500nm W0

] 4-4 CRPM L [f 5 Wil SEM [&]
Fig. 4-4 CRPM surface and cross-section SEM image
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15.2 nm 15.2 nm
“15:1 o -15.1 nm
Height Sensor TOoum Height Sensor
I 4-5 CRPM ] AFM [
Fig. 4-5 AFM image for CRPM
4.5.3 CRPM Ky#FaEM
100 0.1
Weight curve
— DTG curve
90
4 0.0 g
~ S
X 80 =
: =
< 1-0.1 .%”
= 70+ %
=
=*]
4-02 R
60
50 1 1 1 1 1 1 1 1 1

-0.3
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Kl 4-6 CRPM 1E N2 25 #F T TG M DTG Hii £k
Fig. 4-6 TG and DTG curves of CRPM in N conditions
CRPM H#EE i 2 4N &1 4-6 Frzrs, £E No s T, J83d TGA WEF I CRPM ()
PAEENE. CRPM £E 300 °CLA R RILH AR ENE, DTG Lk s tH AN
RAEMEL, RKHLE 300 °CZ 600 °CHIINHAIE FEHFAEEPA PRI B 1£ 350 °C
2550 °CIIFRMRIEFE R, FEREELBII M, e Bk E £ 2R

TEBENI I
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4.5.4 CRPM RIFLIREEH

W 7] 1D L 2 T AR 2 A O B s e e R R . B 47 ()RR T
CRPM 7E 77 K R Ny W BRI SR 26, AR [ Praike 5 R AL 22 A 4
(IUPAC) HJ7r3, iZ5FiRL BB BAAUGRIER IV BUHhEL . IXU4 R0,
CRPM [f] BET K H A1 Langmuir F 778 142.81 m? g! 1 137.75 m* g
. S fL#&FF Dubinin-Radushkevich flfLAAFR 43 5124 0.41 em?® ¢! 1 0.09 cm?
g'le AN, TEFIXHE J1 P/PO BT (~0.01), CRPM 7E P/PO AL 1 /b &)
Ny, XERHBEHAETZ AL, X &R TR AR A e RS G Z R
P00, #E P/PO AT 0.65-0.80 < [H]IS H B4 5 [=1 i BR AT P/PO > 0.9 I H B ) &
JE W AT 38 58 5 B A AE — PO R A FL- R AL RSN, X 8 K A5 ) T
S AR I HE R R P Y B2, LA A WL 4-7 (b). MR ¥ H-K B
A BIH A, SRR IILE 0.7 nm & 1.6 nm Y A AEAEMAL, TSRk
TFI R A B = LI E (97.45%), 3441444 3-20nm. I H NLDFT #57Y
Wz BT M & A WAL R FL A kL. NLDFT BER TS 45 SRR,
CRPM RHLH 7 ZEZ LG, B3 ERALEARSETAE 1.48 nm M 1.59 nm /&
i, RYPEEA 3 EAL- RIS . R4E SEM K EE#E4T #) Imagel 5
278, CRPM HJZRTH FLIRZAN-F 1R M FLA2 70l N 24.19%F1 36.239 nm.

a b
450 (@) . 0.040 (b) —
_doo | —~ 0035} —— BJH
& E H-K
@ 3501 &0 0.030 o
o 3
g £ oosst &,
5 250 E 0020}
= —_
g200¢ £ 0.015 i&?
= @ §~,
r 5 0010 ) 3
2 oos| | | [ e
< O = 0. R ath e §
Zs0p 97> > v S
(=4 g” —@— Adsorption| T g 000 |-cx ,l éim(mm;@m
ol —C— Desorption
1 1 L 1 1 1 ~0.005 1 1 Il
00 02 04 06 08 1.0 1 10 100
Relative Pressure (P/P,) Pore Width (nm)
0

Il 4-7 CRPM H No W Fff-lii B S50 28 (a), FLARZMAT (b)
Fig. 4-7 N, adsorption-desorption isotherms of CRPM (a), pore size distribution (b)

4.5.5 CRPM RN MiZ B4k

W By 55 il 22 A2 1 AP B 2B AR VB AE R I AL B B S R 3R o AR T
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Langmuir ! Freundlich BEALHF S SRR, FRo0 AT T 5 25 B S 0146 G Bk
FEZ TR AH R . CRPM MR Gkt 40L& i 22 WL 1] 4-8,  FTA S5 IR 25 BRI %
RENAR 4-1. G5RRH, CRPM X YA 5 P52 b A) ek 4 JE2 1) 18 Do v S 3
BEAN, X AT R AL TR B AT R B g N T A T SR BRI AR U Gkt
£ CRPM E @)W Pt i 2 B M of LB B, 5 Langmuir £ 8 AH L,
Freundlich #%4 () R2{E % 5. [At, Freundlich #4758 47 A 7 CRPM _Ef ¥
BHR PRS2 . X A RE A2 BT Freundlich #5784 B 8 AMUAER Bt 71 EAETE 2 2P
i HAEW B 537 B AAEAE S S AR TR R . (RItk, AT LAHERT CRPM B
Wi B 3k 2 R G S L A A T R AT S 5 22 2 B PR o FE T AL 4 )= 2 LA R
SRR 7RISR, AR RBS 25 BB A B RE 054,
Freundlich ¥ & K Ml n 7} HI RN 2 )2 10 RE JJFI58EE . 4ekHE Freundlich 457
(¥ 1/n fH7E 0.2033 3] 0.4260 2[5, FKHIGLRMLSER BT E CRPM _EIL, pi4h, A
FIERI, SBHE T 4RAI L, CRPM Xt FHES 7Ykl LA S PR, X
2B H T AR HL I SO I R TR TGS PR S Gk i ST g 1153 156,
7£298K T, RhB. MB. CVHI MO [ KW & 737l 9 253.09 mg g ' 171.15
mg g'. 369.13 mg g F1112.49 mg g'. 3£ 4-2 5 T CRIE A2 FLIR R XS i
TURH 274k RhB [ KBt 75 8. 5 PPLLA/CLCS fiX (86.43 mg g'). EDA-
g-PAN YKEF4EE (138.69 mg gD FIAW/PVDF (187.35 mg g') Lk,
CRPM X} RhB % it & 7 52 54
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350
@ MB
300 - LA © RHB
A CV
250 - MO
- Langmuir
"e0200 | - = = Freundlich
o0
E
o 150 |
o
100 |
50 |
0
0 20 40 60 80 100
C.(mgL")

4] 4-8 CRPM X Gkt 1 Bt S A &
Fig. 4-8 Adsorption isotherm fitting for CRPM adsorption of different dyes
R 4-1 CRPM XA R Gk I SR 20 P 250
Table 4-1 Model constants for the removal of dyes over CRPM

S Y 24 RhB MB cv MO
Langmuir Kr (L mg'l) 2.8194 0.1539 0.0819 0.2708

Qm(mgg')  253.0892 171.1535 369.1258 112.4887
R? 0.9075 0.8736 0.9754 0.8978

Freundlich  Kr(Lmg')  138.8292 50.0334 58.6528 39.7397
I/n 0.2033 0.2768 0.4260 0.2626
R? 0.9532 0.9807 0.9848 0.9931
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TR 4-2 2 LI PR PR PR FE 1) L A

Table 4-2 Comparison of adsorption capacity by porous adsorption membrane

MR B Jekl BN AERE (mgg!)  ZHIIR
CRPM RhB 253.09 This work
PPLLA/CLCS membrane RhB 86.43 [157]
PCC membrane RhB 4.16 [158]
GO-PDA/PES-SPES membrane RhB 87.03 [159]
AgTNTTePES-2 membrane RhB 138.89 [160]
CNT based membrane RhB 181.79 [161]
Nanofiller-TPU porous membrane RhB 16.80 [162]
CQDs-decorated
BiOCl/carbonized eggshell RhB 11.21 [163]
membrane
QCS/PS-G8-2-8 membrane RhB 17.04 [164]
PAN-MoS; membrane RhB 77.70 [165]
ZnO-deposited PTFE membrane RhB 8.40 [166]
PVA/CMC/GEL membrane RhB 4.85 [167]
ZIF-8/PES membrane RhB 193.40 [168]
EDA-g-PAN membrane RhB 138.69 [169]
Biochar/PVDF membrane RhB 187.35 [170]
4.5.6 I FIEn11%

Bt PR 20 7 2 2 0 IR PR B S I B 2 B R SR AR R FE B2 T4 13 5
AFEE, EORET R R AN HOESR, LT RS R 8 AR Sl
J1%, TRAERON T MBI R ATLEE R HL BB IS 18] AR A D 17 1 M T e AR B PR AL A AT
MR A, FRATTE A — ORI — R B 7 CRPM X Gk I B s .
4-9 or, WM FEAERAIA 200 min AARFIRGEE, SR)EIZHEIE, HAEXFIHR
BT 435 T T SIS B R R . HE—ZAniE — 4zl /g A 7
FIFHR R (R #R M, (EHE—HB 2R R*EHKT 0.99. B, %
2 11 AR AR A T CRPM XGRS o W PR 2h 0 2240 & 45 R AR B,
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TE W P I 2 A i 1] TP BRI B o 3 2 SR H T e AN SR A ELAE A PR A
HORYE T EEA/ER . R Weber-Morris o HUS AL /34T T W IR 3 F1 22 504, IF
WEFL TR AR B &P ER . K BB, 2R WY IR B 77 IR B AR A 9 B0 7T e
VEBROR . 24 1=0 I, U0 N3 HOZ W R i — e AP BRI, T
ERER, B F 2 X W BRI R R e ek B 2, RS BN RN IR PR AR 1 s i
K. B 4-10 €7 T Weber-Morris BB UG K], HoA B G9RHE CRPM L)
BB o AN B WM BRARLR Ky BRI T2 RN, 7558 i BR et oy
THHEREAL R GRIZE K T, 280 q 5 2 X R 4R T y i,
HIE 5N 267.23 mg g 103.25mg g 198.39 mg g™ A1 87.09 mg g'. IX A Y
b AR T 23 52 380 28 1T R B ARRURSASE PAY 47 P PR X R
* 4-3 CRPM X ANF BB B ) A4l & 24
Table 4-3 Model constants for the adsorption of dyes on the CRPM

AL Lt 2 RhB MB Ccv MO
K, (min™) 0.0073 0.0114  0.9937  0.0240
HE— %5 1% Qe(mg g 310.5144 116.4059 264.5391 90.4431
R? 0.9994 0.9998  0.9992  0.9998
K> (gmg!'min)  0.00002  0.0002  0.00002  0.0005
HE 25 112 Qc(mg gt 363.3378  123.1476 314.7379 94.1839
R? 0.9956 0.9991  0.9989  0.9996
o Kai(g mg' min"?)  21.6561 8.5522 153197  3.3623
I ASEIN i
N I -59.9712  -8.2482  -30.5480 44.3828
e 1
R? 0.9949 0.9992  0.9984  0.9328
o Ka(g mg! min?)  1.3210 0.4314  2.1530  0.1393
ROV N 71
G 2 I 267.2295 103.2498 198.3935 87.0879
)|

R? 0.9222 0.6465 0.8467  0.9346
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3s0f(a) RhB
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] 4-9 CRPM XFAS[RIFYRH B 1 5406
Fig. 4-9 Kinetic fitting of CRPM adsorption of different dyes
350 130
(a) RhB 5l (b) 5 MB
300} 5 g8 1
R2=0.9221 1or R2=0.6465
T 250 ¢ Tp 100 -
g g 20
=200 2_ =
= R*=0.9949 = 80+ R2={].9992
o < ol
150} 70
60+
100 | L 1 1 1 1 L 1 50 L 1 L 1 1 L 1 1
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
T2 (min'?) T2 (min'?)
300 100
(©) . Vi sl @) MO
250} S ) G
_ R?=0.8767 _ o0t RBBSC sy
“en200 g [ ' ‘
o § 85f | R2=(.934¢
=150} R2=0.9984 =~ 307 R’=0.9328
o ) <
75+
100+
700 4
50

5 10 15 20 25 30 35 40 %5 10 15 20 25 30 35 40
Tlfz (minlﬂ) TII'Z (minln)
K 4-10 CRPM X A~ [Fl 4k} ] Weber-Morris 15 f &
Fig. 4-10 Weber-Morris model fitting for CRPM adsorption of different dyes
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4.5.7 WM/

T # ) 5 HT AT AIRON T AR B 3o 2 o i A T P R4k, AN T R
MR AR . XA R HESHOTT TR RS 1 RE E 3h AR AT AT 1
FEREE, E 4-11 JE/R T CRPM X BRI 7540 8, Heh ) AGO (3%
AN RR M B R, IR AHC (B R R R R A A HE— BT T
InKe 1 /T, f$H 7T AG’. AHO AT ASC f, VEW.R 4-4. BEA IR 298 K
£ 318 K, AG° MZXHMEZMIIE A, IG5 1 mif R B R . thst,
AS 1) TEAE 22 B W R 7003 8 57 T80 TR B o 2 o PR BT S8 A, 3 PP PR o —
H R P #s REHT2

# 4-4 CRPM X Be Bt 74 & 28

Table 4-4 Thermodynamics parameters of CRPM adsorption dyes

P AH? ) Aio ) AG® kJ mol™!
kJ'mol™  Jmol” K 298K 308K 318K
MB 133648  70.5082 -7.5652 -8.5256 -8.9641
RhB 79.7798  315.1998  -13.9500  -17.7282  -20.2263
Cv 157669  82.7720 -8.8281 9.8785  -10.4736

MO 13.3341 58.2926 -3.6230 -5.5047 -4.7314
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Fig. 4-11 Adsorption isotherm fitting of CRPM for adsorption of different dyes at

different temperatures
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Fig. 4-12 Effect of ionic strength on adsorption of different dyes by CRPM
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Fig. 4-13 Cycle diagram of CRPM dynamic adsorption of different dyes
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Fig. 4-16 CRPM and PVDF treatment of actual dyeing wastewater filtration

experiments
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Fig. 4-17 Infrared spectra of CRPM before and after dye adsorption
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Fig. 4-18 Electrostatic potential of CRPM with dye (a); RDG scatter plot of

adsorption (b); equilibrium configuration (c¢); mechanism of dye adsorption on CRPM
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