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Abstract

This study addresses the issue of traditional chitosan-based flocculants being prone to deactivation
under alkaline conditions. Using carboxymethyl chitosan (CMCS) as the backbone, a novel flocculant
CMCS-g-PDA with a three-dimensional network structure was successfully prepared via free-radical
graft polymerization by introducing the cationic monomer methacryloxyethyltrimethyl ammonium
chloride (DMC) and acrylic acid (AA). Through single-factor and orthogonal experiments, the opti-
mal synthesis conditions were determined as follows: temperature 50°C, time 3.5 h, and mass ratio
CMCS:DMC:AA = 1:2:2. Characterization results confirmed the successful grafting of DMC and AA,
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and the product exhibited a sponge-like hierarchical porous structure. Flocculation performance
tests demonstrated that the flocculant maintains high removal efficiency (>99%) for Congo red, am-
aranth red, and acid orange G over a wide pH range (3~11), with significantly better performance
under alkaline conditions compared to CS-g-PDA. Moreover, it showed promising potential in treat-
ing mixed-dye wastewater. This research provides a new approach for developing natural polymer-
based flocculants with broad pH applicability, high efficiency, and good stability.

Keywords

Chitosan, High-Efficiency Flocculant, Graft Copolymerization, Natural Polymer

Copyright © 2026 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 5|8

R, KBRSk O™ E L) o E A S TR R E B R R (1], ik, BATALEATLHIK,
B EINE T /K BE R E R M DOK BHR K M (2] Bk, TR @R FARI GO K AL B 45 A TR
PURME . SCHLATFREE A e A B2 3
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EE AL PEIE (B LA S AL A AL ) RN AE D A B i . o, BRBED BRI . AR
Wb PR R 25 T 25 52 R TE 4] AR GERI LR BN (UntaEh . BRER) AN & A L 203 22 B0 (U0 R PO I )
BITZ N, BAAERGERE R B E TG R IS TR A EE AR (5], TR, RIRE T 2k
FIEHERIE 2 FTHEA . IR S R OB T

FEEREE N R IRA N7 7 B LG AT IOT o 5, LRI T ERKILS 6], 7B
PR, HPT T (0 2 R (-NH) FERR TR 2 AF N A B 1~ ( N ), AT I r Ay e A Y e 0B A
B RS (I FeRh s BLAA), (B AR S AF N 00 2 UTiE 2R3, R 1 B AIVE (7]

£ CS-g-PDA IIBTFEH , CLTEIREIE e i ERECE 1), CAERRIE A PRI AL 1k RE
RS AERRNE ST T ZRBERCR AR EAR o BRI 72 SR R 58 TR I 1 3R Ak S N 51 N BT FR IR 2 141 (-COOH)
[8], CS A1 CMCS &I 1 Fron. RIRFERIK T CMCS PItERFE, SINRIREE [ A 7R 352 /A
A TRRIEZ AL AT (pH 1H 3~8). (Hl TR F AL R M FE BB IO ZIE ,  FRARPH & 7 i &
i BB B T B AR A 29 o

OH CH,OCOOH
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Figure 1. Structures of CS and CMCS
[ 1. CS #1 CMCS B

BT, ARWUCAETHRI UL AL SE SMEE N F 88, DMC ARSI 7R ], AA BRI
T KA LE R AR AR B RE 70 ARl T AEBRE 25 1 T SEANAR RE 1) = 4 32K IR 45 44 2257 CMCS-g-
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PDA, UGN T HRTEAR, RN 5 1 B3 7 SRR K MR B RCR -

2. SER{UER R
2.1. SEHRFH

ARSI AR A EAL ARG AR 1 R

Table 1. Experimental reagents and chemicals

E WS DS BT

24 i B A7) Fonsabae 5 AR
FIGETR(AA) C5HiO2 AR AR A TR A
FH L TR s T A 3 = R R S AL B (DMIC) CsH18CINO2 AR BT T AR R A R A
R L7 R RE(CMCS) C20H37N3014 AR iR T AR R A R A A
IR (NH4)2S208 AR g AR A R 2 ]
TS C20HI11N2Na3010S3 AR iR MR R A F
RIERE G C16HION2Na207S2 AR iR MR TR A F]
NI SR 4T C32H22N6Na206S2 AR iR TR TR A F]
PIER CH3COCH3 AR ZINFER R TRARA A
#hR HCI AR I 244 L 2R R BR A
A NaOH AR I 244 FA 25 3R BR A
L7 CH3COOH AR PR ECRE)E LA R A F
TK Z B C2H50H AR FlfEAECREE A AR A
2.2. SCIG{Y3E
ASEBGAE FH ) S WA UK 2 R .
Table 2. Instruments and equipment
2. LW
SLAGAN B A4 iR AR
ER TR AR R DF-101S HE M TURS
AR SR 78-1 I TRERA A
R YP10002 iR
L IE IR A DHG-9036A R
HATIRAE DZF-6020 iR
IR GL2004B iR
B0 TG16G W ElIE
A - TG E T UV-2600 H A By
AR DI VERTEX70 i LA E
X- SR ERATAX BRUKER DSADVANCE B E A&
GKRLFE N Zeta BLAL 73 BTAX Malvern Zetasizer Nano ZS90 PH DR
FRi T B ZEISS Gemini SEM 500 T R /R 8]
TR R A 19003570 [ 2w,
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2.3. CMCS-g-PDA K%l

4 1.00 g 32 AL IRPE(CMCS)¥E T 200 mL LB 7/KF, B TRA NI Z RS 250 mL
SR . SEREMRIE, AR 15 min BREL IO 1.00 g EERERE(APS), 4ESHEA 10 min. B IE
R RN S F 2RI AA 5 DMC SRR, (B ERE NHHE RN . RN R EAHNEER, H
200 mL Jo7K ZEESeEE =R, SRR AMIEAS R . M T DL S - TR (3:2, v/v) RIS R IREEI 7h, %
B A S B BRI 8 TE W o B2 72T 60°C R4S TR B H H, 534461 CMCS-g-PDA R ILEY) . &k
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Figure 2. Synthesis mechanism of CMCS-g-PDA
[# 2. CMCS-g-PDA B9 R =,

2.4. SCIS/KEEFNERIIA 777K

2.4.1. SEIGKEE

() WFEEAE RN AR BT, FUARREEL): FREX 25 mg FITESRZLH 1 L 2 8 FKIGR, %
25 mg/L IR FE DAL Gk} o

(2) TRICLBEFNA I YRt L BRF M : 23 0.25 g FINIRAL, DS MR GV T 1L 1Y)
ZETKT, FEWKREN 0.25 /L MW &H. 25 HBCE 1 mol/LHCI #1 1 mol/LNaOH ¥, f## HACE
T RO VA LR 5 TR IR BE B340 . WIS FIRR RS G ¥ pH & 7

(3) BRITLELTN) pH XUk 22 BRACIIF M . 435 HL 0.25 g HINISRAL, WIRAFEER GIET 1L 1
ZE PR, BLEIRE N 0.25 ¢/L MIEHAH . B S50 ml BLE L7 0.25 /L M =FPVEW 9 1, 43 3% pH
HIHZE 3. 4. 5. 6. 7. 8. 9. 10, 11,

(4) TRFTYRIPIGEHR BEXT 2507 2R R M. 5 BIFREL 0.2 g« 0.33g. 0.5g. 1.25g. 1.5g. 2g
NISRLL, TiSELLAERIMER G 2 mliE T 1 L ML E 7K, #4602 g/L. 033 g/L. 0.5¢g/L. 1.25g/L. 1.5
g/ 2 g /L BI=FPGeRl A, 0 C B4 A T 00 5 TR B NSRS SE 4D RIS G 5T pH
% 6,

(5) AR EEW R LENERE: A E 0.5 g/L MIRIRL . WSRO MERER G IEHI%ZIE 1:1:1 (1)
EFALLIRE, T pH £ 6.

2.4.2. £ S5*

(1) PA 25 mg/L 3L GBS0 mL) WAL BT G, PPANAS[F & Ok AR OROBIN 8] JREE . FARTCED)

NS ZEGRI TR . B 0.05 g 2B SR, BiFE 15 min [FERE 720, B0 EER, RH
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ELHh - A WA R E OGRS BT - PR AT R R, DA T Sk A R A
G2 B Rk LUR A 35
A=abc (1)
R=(C-C,)/C,*100% 2

KA 4 RROEE, a ABOCHRE, b NHLEMAEETRE, o ARENREE, R NPRIERRE, Co &R
BHOVIGHIRE, CoNEEE G RO RHRIE .

(2) IEACHRIE: LA 50 mL. 25 mg/L WSELLIEBOAAIERT B, #0010 0.05 g %IR58 %A (1~16) T il & 1)
2GR, BiEE 15 min J5ERE 72 h, B0 EER, 4 UV-Vis WG E# A1) Q)R EBRE,
DASSIE e A 2 A

(3) pH M HUAS[E] pH [ = FhYebbaw, 0518000 0.0125 g 0.05 g F10.075 g 2L (0 fE 2% 14l
#%), BE 72h EEG, WE EIERTOCE IR AR @)UFES pH FIERE.

(4) VIR EEREME : BRI BE () = Fh GURbA M, 43 mlBEhn 0.0125 g 0.05 g F10.075 g Lk (Bt
FAFHIE), FE 72 FEEC, WEBOCEIHFE AR Q)UFESIKE FHRER%E.

(5) IRAWEMERE: B S50 mL VR & G BN, BOE s 2RI, ¥ 8 72h FEL, W
€ _EIEWROEE I AR QIR G YR £ R,

3. XWHERS5THE
3.1. RESREHNRR

V] ) S SRS« SONEISS [B AN AR B o A fI AR B, Al A B — RT3, ORI E & [N
SR B

R BE(E] 3(a)): 40°C~50°CYaRE A, 2B A i in, 50°C R IAWEE 95.49%; &
50°CJa, BREFEATRE KRR, BT,

SN TEI(F] 3(b)): 72 S0C R, S 3.5 h B 25k 3 55 5(98.48%); B [ 6 U fHEEAN R, i KU
HEREGSBUARF R, MK,

BB LA 3(c)): £E 50°C . 3.5h 26444 T, m(CMCS):m(AA):m(DMC) = 1:2:2 It} 22 b % 5% 51(98.84%);
BRI D NE A SR AN A2, Bk 22 WU BEAS B H 898k 2% b, e 2648 S0°C 3.5 h BRI & L 1:2:2.
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90 - . \\\

—m— KRR

ERRE/%

85 L L L L T L L
40 45 50 55 60 65 170
B/ C

(@

DOI: 10.12677/amc.2026.142015 130 MRMEZERTHT


https://doi.org/10.12677/amc.2026.142015

WERUK &

102

100 1

98 1

96

EERE/%

92

90 1

88

86

94 4 —

—— IRE

EBRER/%

2.0

Figure 3. Optimization of the synthesis conditions
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3. REEARFHIRR

3.2. IE3TSLLG

4.5 5.0
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1: 1: 11: 1: 21: 2: 11: 2: 21: 2: 31: 3: 21: 3: 1

KH L16 (4% IEAZ 250 BEtt, DA ]« 3 b BupA ot i b o A i,
febw, b CMCS-g-PDA A sk SR R/KFRE W 3 Fix.

Table 3. Orthogonal design matrix (factors and levels) for CMCS-g-PDA synthesis
%2 3. CMCS-g-PDA & RIEXEZKFER

LR AN
(©)

B L(25 mg/L) it 6 R N VAN

}“?

1

2
3
4

=

=

SR I [ (h)

25
3.0
3.5
4.0

LR (C)

50
55
60
65

AT L
1:2:1
1:2:2
1:2:3
1:3:2

R 3 BOTHI AR B G A TP R, BB N ISR R, SKRgi Rk 4 Por.

Table 4. Orthogonal experimental design matrix

4. [EAXELHR

Fe SR [E] (h) LR E(CC) BABLEL(CMCS:DMC:AA)  JuBl LR (%)
SEES 1 2.5 50 1:2:1 92.23
S ) 2.5 55 1:2:2 96.75
K] 25 60 1:2:3 92.57
SEE 4 2.5 65 1:3:2 93.58
SEH 5 3 50 1:2:2 98.745
S5 6 3 55 1:2:1 93.67
SEE 7 3 60 1:3:2 91.47
SEH 8 3 65 1:2:3 90.75
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gk

SE5E 9
S 10
S 11
S 12
S 13
S 14
A 15
LI 16
BifE 1
¥ 2
BME 3
HE 4
W%

~ B B~ b

93.79
93.66
96.78
95.50
3.11

50
55
60
65
50
55
60
65
96.37
95.35
94.66
93.34
3.03

1:2:3
1:3:2
1:2:1
1:2:2
1:3:2
1:2:3
1:2:2
1:2:1
93.99
97.27
94.10
94.36
3.29

97.75
95.65
97.34
96.34
96.73
95.32
97.23
92.68

IEAZ SIS S5 Rk 4 R, ekl LB R PR R ERIUT A : BARECEE > ROBET R > [SIEE
BA AN RMNEE 3.5h #®E 50°C. HAR & L(CMCS:DMC:AA) 1:2:2, TEILZRAF Tl &1 =
L= DS AL I LB 2 = T 98%, SRS R —8, RUIEZ LI I 16 sk

4. CMCS-g-PDA BYFRAE
4.1. CMCS-g-PDA BI4I ML

LN HT (] 4): CMCS 7E 3400 em ™' (O-H/N-H 45 9R3h L A 8E) . 1663 em™ (RERFIEF]). 1621
cm ! (C-0). 1598/1321 cm™! (N-H/C-N). 1523 em™! (fffi% N-H #&3)) 22 897 em™ (7N ToIMH AR IR Ak 2.7
FHIEWE[10]. CMCS-g-PDA BB H 1523 em ! A& N-H R3NGE R EW TS, RHBEURAETE-NH, 2 H];

[E I B 1730 em™ (DMC

CMCS F#E.

4000 3500 3

Figure 4. FT-IR spectra of CMCS-g-PDA
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4.2. CMCS-g-PDA B XRD 43#f

Wi 5 firon CMCS 1E 26 24 20781 20.75° AL B T AN R RBIBIATHTIE, 7£ 20 4 27 /I 7 —4
HRAER TSI 11], IR F L ST SRR U RFIE V[ 12], CMCS-g-PDA 7E 20° Ff} I IR 06 3 A3 2%
1E 10°~60° 6 [H N TC B AT g, REAH L RERERIK, ET0CHE . SR AR D H 3
CMCS 4 &, WR T A RS, Sa/Meitss RILFNESE T DMC 5 AA 1R RN

—— CMCS
—— CMCS-g-PDA

TR

10 20 30 40 50 60
20/°

Figure 5. XRD pattern of CMCS-g-PDA
5. CMCS-g-PDA & XRD [Elf&

4.3. CMCS-g-PDA BYFREFE ST

SEM JEF#r (14 6)R7n: CMCS RiE% . LB PDA 2B fLEE L5 BCT 1 5
CMCS-g-PDA JUJTE W S ) = 2 sRIR A K, B Em i fLR R S HaR AR . i ai et 720
PEOL AL, AR TGRSR, TSIt £ R, R R Bl ik 285 rp th R I S 4 A A e 1

10pm —
P(DMC-AA)

10pum +—
CMCS-g-PDA

10pm —

Figure 6. SEM images of CMCS-g-PDA
6. CMCS-g-PDA BN B E 1%
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4.4. CMCS-g-PDA By BET 7347

7B No WP - B2 IR 28 B8, CMCS 5 CMCS-g-PDA ¥108y IV #IZ5EH L, J& T M A i/ fLA
¥l BET 70#ra i, BG4 LR 0.5257 m¥g HINZE 1.2074 m¥g, LA 0.002604 cm®/g
B2 0.003965 cm’/g. BIH J5iEiHH(GE 5)FIIFLAE L) 10.095 nm K% 13.135 nm. AA 5 DMC f)
FER R 7RI BRI AR . FLAFRAIANFLER, $R4t 130 2 JuRli A7 a5, T3S 5E 1 250568 J1[13]. 1445
RY5 SEM MR =4E 2 LG5 — L, UESE 1 ot 5 R 25 AR A A )T GURhiR it o

2.0 3.0

©
©

0.0035

-
0.0030 ,/

0.0025 /
o

!\)
n
T

aV/diog(D) Pore Volume (cm/g)

& &
= =
wn %)
nin 2 5‘02.0 - 0.0020
E govms g‘ g 0.0015 i R /
= 1.0 Zooml * = 0.0010 FJ“”
2 e e i 215 I
'E Pore Diameter (om) e o008
8 g 0:0000 0 20 40 60 80 100 120 4
< 05F = 1.0 F Pore Diameter (nm) é
< e <
el _0-00—%% Z
=] _9-0-9-0—9"075=0 z =
§ 0.0 00’°'w ooto,o"ro(o g 0.5 -9~
5 9/0/0’ —o— Adsorption 5 09 —@— Absorption
—o— Desorption 0.0 F —— Desorption
_0.5 1 1 L 1 1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Po) Relative Pressure (P/Po)
(@ (b)

Figure 7. N2 adsorption-desorption isotherms of CMCS and CMCS-g-PDA
7. CMCS F1 CMCS-g-PDA #J N2 WM - BR iR 2k

Table 5. Specific surface area calculated by the BET method
5. f¥F BET HI2ItHER

B SeeT Pore volume Average poresize
" (m/g)° (em?/g)? (nm)°
CMCS 0.5257 0.002604 11.8124
CMCS-g-PDA 1.2074 0.003965 13.1350

4.5. CMCS-g-PDA R EDS &gt 9> 4h

CMCS-g-PDA [f] EDS BEREUE] 8 fliom. CMCS-g-PDA [TC R 4t Bl 6 fw, KA EDS fEi
X} CMCS-g-PDA #Ai LB AT m R A i SRR E B S E M R — 8k, XMAmEASF
BERAMPBEUES AA 5 DMC Fh Ol B A B 3R R N ) B 228 FR B e SR 1 4%

Table 6. EDS elemental analysis results of CMCS-g-PDA
# 6. CMCS-g-PDA HITTE DR

TOE Wt% Wt%
C 4091 0.81
N 5.85 1.25
0 36.64 0.67
Na 12.64 0.24
Cl 3.50 0.11

B 100.00
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20F
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Figure 8. Zeta potential as a function of pH
8. A pH T~ CMCS #1 CMCS-g-PDA KJ Zeta EE{iL

4.6. CMCS-g-PDA B Zeta BB 4F

BFEMATEEZE S um, FREL 0.05 g FFIEE S B 100 mL BEAR A, FFI0A 1 mM ) NaCl 30, =
W N 1%I1) HCL 0 NAOH A 1577 pH, B TR/ iPEes E3ERE 15 min, & 10 min J53HT
HL A&, B = YR BT I A 9 B & Bl . CMCS-g-PDA ] Zeta FLAZHIE 9 Fi7R, Zeta BLALINSE
B8, 5 CMCS MLk, CMCS-g-PDA (&S AR, 1E MR, %205 T DMC #2417k
AE R 24 I [ 5 pH U UL AR IE R FE FI1E F - DMC 151 N B35 358 1 R IE H B 7 0
pH IR

TANRERE

0.0
0.0
0.0
0.0

FEEE Tu-Q®

slararala

0= = e
e R I R R R R T R TR R R T

Figure 9. Elemental mapping images of CMCS-g-PDA
9. CMCS-g-PDA K] EDS &EIZ& 5347

5. REFMN TR RERRIE
5.1. ARANEXFRRMERERI RN
BEEAIHAIRIE N 025 g/, pH=7, MHIRIRLL. SESCLARBRYERE G 4R S SUAE (R I X Sk 32 bk

DOI: 10.12677/amc.2026.142015 135 MRMEZERTHT


https://doi.org/10.12677/amc.2026.142015

WERUK &

R . HE 10@)FFR: XHFRERL, B 0.25 g/L B L5314 98.42%, k& NE>1.25¢g/L 5
FEFI>99%, LiEH e L/ N BN E N 0.25 g/L. XTI, EEBRREEHINE0.025~1 g/L)
M 85.39%F+ % 99.61%, JLMINAR R, RERIMEN 1 g/L. X TRIEE G, EBRFELAE 0.025 g/L b
9 70.66%, IREZE 1.5 g/L Wk 93.33%, ZkeRnstine kmié g,

M 10(b)HREFE EALHIE H CMCS-g-PDA X T =Fp Yk ) L R B R INE K, ZBEiE
WK, FER B ER, BEERINEIG R ERRRM AR GRS R R E R, 75 ZET
FEMEARR, T35 QP B AR IS B UF (08U, IR A BAH RO, B AT g (H 2B
BT RBGA I RIS 2, BB TS eV RORLBE A FEAAT PRI F O HEAT 2 52 A B B T R R o T,
1 B L RDIRZS [14] 0 SR PR AS 2 A5 A R0 B 25 1 2248 0 AH [ 9 g, BEL ok B 28 7 2288 50 R B 18 795 %

Yk B2 N o
B MR [ ] BEsRT ] Wetkeg
100 | o o 9 g §g =y
100 | " ¢
LWL NL 95 / e aAa

o / A
5 ast f /
% x
80 /
75} ‘/ —n— RIRL
/ o Bl
—a— LR
70F
0 ‘ ¢ 4 4 4! 4 %! 4| ‘ ‘- 1 L L L L L L L 1 1
0.0250.050.25 1 1.251.51.75 2 2.252.5 0.0250.050.25 1 1.25 1.5 1.75 2 2.25 2.5
wIng/g/L N /g/L
(a) (b)

Figure 10. Effect of dosage on the flocculation performance of CMCS-g-PDA
10. RANESTF CMCS-g-PDA R 5 RERIRNT

5.2. pH R L BRI R

=P GCRIIIRIR EE R 0.25 g/L, REFIRINE S AANIRA 0.25 /L, TSR 1 g/L, BRMHE G1.5
g/L, TE pH 1M 3~11 BIZME T HIIRE T CMCS-g-PDA S F =Fh ek £ . dE 1) HIRIR
O, BOSRAL. FRtErE G =M YLRIITE pH AN 3~7 (FRIEAIR M) 6 N R I B R 0 28, NISR A 5Bk
HIKF| 98%LA |, TSR EFREFIER] 97.63%LL |, BRI G EFRZFIAH] 91.11%LL . 1E pH {H4 8~11
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Figure 11. Effect of pH on the flocculation performance of CMCS-g-PDA
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Figure 12. Flocculation performance of CMCS-g-PDA as a function of initial dye concentration
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Figure 13. CMCS-g-PDA for the treatment of mixed dye wastewater
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