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Abstract

With the rapid development of industries such as chemical engineering, mining and metallurgy, and
electronics, the discharge of wastewater containing heavy metal ions has become an increasingly se-
vere problem. Heavy metal ions are difficult to biodegrade and tend to accumulate through the food
chain, posing serious threats to the ecological environment and human health. Traditional physical
and chemical treatment methods have many limitations regarding cost, efficiency, and secondary pol-
lution; thus, developing novel green biosorbent materials has become a research hotspot. Chitosan,
anatural polymer characterized by abundant sources and environmental friendliness, possesses
active functional groups such as amino (-NH,) and hydroxyl (-OH) groups on its molecular chains. It
can efficiently adsorb heavy metal ions via electrostatic interactions and coordination complexation.
However, natural chitosan suffers from poor acid stability, low mechanical strength, and limited types
of functional groups, which restrict its practical application. To address these issues, this paper sys-
tematically reviews three major modification strategies for chitosan: cross-linking modification, graft-
ing modification, and composite modification. Cross-linking modification utilizes cross-linkers such
as glutaraldehyde and ethylene glycol diglycidyl ether to construct a three-dimensional network struc-
ture, thereby enhancing material stability and specific surface area. Grafting modification introduces
functional groups like thiourea and polyethyleneimine to broaden the applicable pH range and in-
crease adsorption capacity. Composite modification involves the synergistic assembly with functional
carriers such as magnetic Fe;0, nanoparticles, polyacrylonitrile, and biochar to achieve easy sepa-
ration and multifunctional integration. Furthermore, the paper elaborates on the adsorption mech-
anisms and treatment advantages of modified chitosan for three typical industrial heavy metal ions:
copper, chromium, and zinc. Comprehensive analysis indicates that modified chitosan exhibits broad
application prospects in the advanced treatment of industrial heavy metal wastewater due to its com-
prehensive advantages, including high adsorption capacity, fast response speed, strong selectivity,
recyclability, and the absence of secondary pollution. This aligns with the core concepts of a circular
economy and sustainable development.
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Table 1. Traditional methods for treating wastewater containing heavy metals and their advantages and disadvantages

=1 ABEEERBEKNERTEUREMRS

vics Tk R B
A% ESHRAE, RAFHARR, BEFED, O BRCREF FAFB %)
B M ﬁ%ﬁﬁyﬂﬁ?%?ﬁ,%%%%miﬁk, ﬁ%ﬁﬁ%ﬁﬁ@ﬂﬁ%
Yok ARPERCRYT, LA 3] TR IR R
JRTEEAR TEEW A, MENCRESS, 578D, REFRIK[4] [CAEE N O

BN NS AR, AEERACREE, RAMRAR, FTZZWIS] R RERRE I A, B

BB G AR 2E 5 R ks
VUMUK, e Loy B K RIGTAR A

Fer, FEHMEREX,
T S (UTHE AN 2 AE

WEEYTIETE JRAARRR,  Z5RIE) iz [6]

sk RRE AR R, SRR, EETIE, TR RN

PN, ABRRCRGE, AR,

b 22 B B % FEPEARTRRE 4118 HEe s ZW M, MR EZE
1B, Y == s :f:,—A = e P ALI\IEEH'I‘E—JK; i?‘)ﬁ:ﬂ%j{,
YR RS TR LE, WHEMRE, HEEERE9] K b R
Em&ﬁ%@ﬁ% R ST, TE RIS G BETERAMK, JRE
HE R B AR, FREE AT PAliNEZ S R A YN

2. RRBEAXRRE T TFHRBSERE

FEIEME (Chitosan, 5N CS) MMM LMH TR, RAHTRM N-ABE 5G], 2 M 21T
T e RS 7 R BRI R BE T R M2 0, BRI S EIOR TR, ffEsE =,
W AR P REBE Y AR I B T 20 T AL B 1 R o s RBERIAL 22 450 . RO RAR S0 178 5%
PRV E . M AL TR BER SRk, PTCLSTE 7 34T Sl i 2 ki, e £ dh
i Al SRIREU BB S AEE 2 U BUE, SERME CA ROV E AR R dEER. T
Jis BRI Z G NMAFT RSN KA B E . 2015 4, Baran Z5[10]fiid X —RKEZ RS, AW RG5>
THE R R TR ES TARKHIRERE o BT AU, A0 E & E A (-NHo) A F2 3L (-OH) 5 5 VE B REHT
Hom eI RN A K5 220 -NHy A -OH S845 17 IE HUGT K B REH, T < Ja B 8 i R 45 5 2 AT I
BI(11], FEBRBEAZIET K A BHUER, ERMEERT BT, U EER IR AR R B 77 £
FH o FH T WS PR 25 <5 JR 14 7 SR ) 8 CRRCIR BB FEIR 5 22 FLESURAR R 8 Fg A FL L AT L R B R e 355
XA GE R AT DASE R T2 RME A 5 5 e I B IR i AR, (8 A B R R T ) B R T L S e S5
X R S SR B IR ROCR  (E R AR 5 PR AR B SR 52 21 B SR AR e TE 22 L A @ PRI

DOI: 10.12677/aep.2026.169147 1460 N RI R Y


https://doi.org/10.12677/aep.2026.169147

HOCHE %

PFUBRPEREZE . B RERBIAN S PRSE R AGIR K], IREAERURE R pH. SIERIRAL N EM[12]. WIFRAES T
T AT TORRM AR, HRETRI SRR E N TRERYEMIR M RE 1, T 7e SBEA & 5 T itk
HIPE NI IR AN 73X —xd, Rl SR Bt S Aol BATESE DR R A Bk ek k4 7
PR AL E RS E IS5 K, X pH HIERIREST, LRI HIE RN BE 7T

OH OH OH
0 Q
HO Q o O%HO
HO HO NH, HO NH,

NH, n

Figure 1. Structure formula of chitosan
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Table 2. Comparison of three types of modification: cross-linking, grafting, and composite

2. HK B EASMERTEE

X LA AR ER pRErE i
oL o TR, SCEE TR S MR B AL A A
- P = 4ERIR 2 FL 28 SE 7 5| N B R KL 2 A ThRE P )

DOI: 10.12677/aep.2026.169147 1462 N RI R Y


https://doi.org/10.12677/aep.2026.169147

HOCHE %

o e (T R 3 R b T AR PR T i

Ml SURCRGRR, T 28 I B ML) R AR T)

) e s e R e ST BEE 43 e 2
P A A 1&(%%m7k{ﬁﬂ§fiﬁ’ %ﬁ:/mﬂﬁ]) /ﬂfﬁ&ﬁ%’fm%iﬁ) ﬁﬁéﬁ‘é\ltﬂi@)
gy BRI, (BT 2 R e e B R (e 4
et ke S BU R ) pH & ) SO S KA

e PERBL TR, e g RS 5 B U FL
ngﬁﬁ'i {j)ﬁi&%ﬂi%) *&IEJ(%I)\IE miﬁ%’“ﬁﬁﬁ@ﬂu%@) %ﬂﬁﬁ{%’ffbﬁi}ﬁ’ﬂ;)ﬂ)

S e SEREE PEbL g ot

g —RCEERS AR, W T AR L b T e (T A AT 1L

5B T T4 “E bl RLfIER) S 5P

FAEPERE R, BRI o GRI A A e A R 5 g T EECUREREP R RTE SR 85

EHRFark)

s o A R TR Wit (5 4 B i,

LALALTE Sy F (LR, 5RO B T KR ) 1 2 TR )

4. WHEREXE. & B THRMZERSEZANS
4.1. HERRENERETRRMHER

MM RS T PR E RS SR, Rl I A BRG] DL AR R % 2
B, SEI0X 4 R BT 1 s R B o BTN [ E bris e, HAE & A2 %A 8. X1 FH & -4 Cu(1l)
N Zn(1L), MRL I AR EE B RE FIHE BEIION fL 7 R A A 2B A SBAG I — 80 ) 28 s et T B 257 Cr(VD),
VUL TE BRI 2% A T S il i P E B i s 9| LB 4R, FHIRALE FOMAREE ) Cr(1ID)Hn LA &
X 2 B SRR AR R T 1 S 5 SR AE 4 P /K AL B b B SR S R AR S . e, FEMLPH RLER
SPrtee iorm, SRS R R S A B SR, 10, EDTA StMEe RpETE SRR 1%
(pH = 3)FR35 N AN 2 40 Bf B AT 3k 21 P45 B 1 95%, S Cu(ID) A KM AL it B35 84.6 mg/g [28]; 7
R PR X Zn(T0) R R B 75 5t 1 8 243.90 mg/gs T 5 SR A/ 58 HR 6 TR B P T/ 5 0% S0 e 4 oK 1 4 g
X Cr(VI) AT AR B 75 5 B /2 TR & 226.5 mg/g.

42. IEERENERETHEANS

X LA RLLE S bR 5 2 K A R I AR R T S22, EIETE Na'y Ca> %5 WILAF B FIFH N, Hxt
U br e 0 R BR AR ARORAEE , HGH ) 2 R K &5 B IR T BOK FIREIE I [29] 0 Hoii, fE TR RAES
DEIAFFAETT I, SO 52 SROBE Se R A% Gk ACIR IS PR 70 3 LA 18 B AR 30] o W1 S TAER 5 AN 7S
W ARG, HADRL R L5 i B AR M RE—— R R A B S I 2 S IROK, 2l 2 R
B - MRS i, LR AR R B BR R A RE CRAFAE B R BEAh, B APR T 7R R AR I TAR R B W) B
PP TR EZ B R OK TR BE AL [3 1], KB fRIAL THRAERAE . e, SR Se SRE I N T R S S R 242
FrE RS R E R . AU & T2 AT %, AT 7« POKAREE - SR B 1Rtk
¥R DB T HOAR BN, WA G (R FEARE T — 20 He A o B F GRS D REVE BT, SeBl
BEEIEAIAT: RIS, fEACER Cr(VDIN [P SE s i i, AT bR 1 s Jeba . I eepi gt A
BASL T SO T SR AE T R KR FE -5 BRI A FH ) e T

DOI: 10.12677/aep.2026.169147 1463 N RI R Y


https://doi.org/10.12677/aep.2026.169147

HOCHE %

5. R4

X T B YR PR T PRGH R B 5 R B 4 8 TR KIS el 8, VR 22 IR M HE R A 1) 5
SEFEGON A, BRI RN A R BRI . TG IR G A Y AR R B A R B RO AT L SR
TR FEAR T R SERBEAE N H AR T ME— KR AL IE 2 0, 2 78 BE & 2 E(NH) AR (-OH)
LT RER, Ml P HES SRS T RAER B GRA S, IS T 2 FLERIR B
RIOM RIS 1 LR ARG 5, 76 T 48 PR /K A B TSR I RAR IR 3. (ER e i S AR 2
., DROR R AR () 70 SR 52 TR R 1 22 RS e AR S WLMRIE B8 55 01 HOE A B e A 2 PR S R Z 44,
HBETER AR 10 pH AR E Y6 9 AT (6 RN o O T R R e SRBE I IX Fh 534, F 7838411 Rl e 2 I e
PERG N A B = KSR R T K TAE S 5000 Bt e — 1 . £ - RE 4 /K H i ka5 48
T AR e I = 4E IR EE M), A AR T T AR R P A L R TR Bel etidnd 5| AR, 3R 20
WSS D) ReHE ], BEI0 T R BAL R SR SR, T T MOEE A pH YR B A SRR e R S
WiE FesOa KR RINMENE . /KPR Re M E AT &(32], MM T RS 085, 5 B Tolk Ak
B EEST I DR . BRI T ES R B o0, st SRR I AL 2 A F I
= B JE R DA 5728 3055 22 Ju AL 5 i SO B 4R B T IR iR A B s EDTA B S SR BEXT Cu(IDTE 2
BRI EDATIA R 95% M TR P B s e RME B G YUK L4EREXT Cr(VD IR P 75 & =ik 226.5 mg/g: 745
T SO 3 SRR S 0T Zn(ID) AR B 25 B3k 243.90 mg/g, B BH IS BOARN AT U FE A Je 35 8 87, Sal 7
CPEAKARER - IR TESE . LA RE, SR A 1 B S R A R M A K IR R
M 3 R AT AR IR AR FLJE RIS A AR 3, B S it S A ) S b TR R 1 B R K
W, IRIR AR LTS5 W RS R IO B, & iR BT R ) S & 8 K AL B Rl 2 —

E&WE

2025 4E RN 2 e K2 AR G B I ZR TR H (2025exx1147); 2026 4 M 22 B K224 603 6
YIZki-RII H (2026cxx1146)

SE 3k
[1] BR3E, R, =\, % SERENEIEKFEE N REL S B R T 2] Tk R, 2021, 41(11): 120-
124.

[2] Z=EmerE, YA, 5KHH, %5 Mextral V10-Mextral 973H & R BIBRERMER 1L JK FF B 4@ IR R[], 12 T2
%, 2021, 21(4): 488-494.

[31 #E, ¥OHn, RT3, & B sk e E )R KB Lt R[] B4R T, 2019, 48(7): 1675-1680.
[4] JHZRAE, §iERC, 2R, % AT E SR R OKE S B HE AR A T ESKHEK, 2022, 38(13): 90-

96.
(5] RXRH, FKAKHI, AR, &5 B-PARIDREHETE SR S ROk il A S O Cro MR B[], AL TR R ASEL, 2022, 50(4): 303-
306.

[6] Kim,]J., Yoon, S., Choi, M., Min, K.J., Park, K.Y., Chon, K., ef al. (2022) Metal Ion Recovery from Electrodialysis-Concen-
trated Plating Wastewater via Pilot-Scale Sequential Electrowinning/Chemical Precipitation. Journal of Cleaner Production,
330, Article ID: 129879. https://doi.org/10.1016/j.jclepro.2021.129879

(7] BR&S, B, SRAKIR. BRBRU AR B MIRE AR G ph Cus Zo® BOKIBEAL]. APRHRT, 2020, 53(2):
144-147, 166.

[8] FkME, THEEk, HEMHE, & SERE M AR KR CAADAT Ni(I)F 2% Bk ag ZLHI[T]. FRIER 2,
2023, 44(6): 3278-3287.
[91 Z=Efh, K&ER, EWH, & MAEMREFEAEG KA TR R KAAEEHAR, 2023, 49(2): 25-29, 34.

[10] Baran, T., Mentes, A. and Arslan, H. (2015) Synthesis and Characterization of Water Soluble O-Carboxymethyl Chitosan
Schiff Bases and Cu(Il) Complexes. International Journal of Biological Macromolecules, 72, 94-103.

DOI: 10.12677/aep.2026.169147 1464 N RI R Y


https://doi.org/10.12677/aep.2026.169147
https://doi.org/10.1016/j.jclepro.2021.129879

HOCHE %

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]
[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]
[32]

https://doi.org/10.1016/j.ijbiomac.2014.07.029

MG, R, WL, S AR I A B A 2 R PR K BT T RE RE (D). AT, 2019, 48(11):
2703-2707.

Mohammed, M.H., Williams, P.A. and Tverezovskaya, O. (2013) Extraction of Chitin from Prawn Shells and Conversion
to Low Molecular Mass Chitosan. Food Hydrocolloids, 31, 166-171. https://doi.org/10.1016/j.foodhyd.2012.10.021

Kim, I, Seo, S., Moon, H., Yoo, M., Park, L., Kim, B., et al. (2008) Chitosan and Its Derivatives for Tissue Engineering
Applications. Biotechnology Advances, 26, 1-21. https://doi.org/10.1016/j.biotechadv.2007.07.009

PIE, AN, 1RALEE, S5 SRR AL £ R OR R Rk i N TR FR (D], RIEIEAR, 2024, 46(2): 21-26,
43.

Torres-Badajoz, S.G., Rodriguez-Nufiez, J.R., Lopez-Ramirez, E., Pefia-Caballero, V., Villa-Lerma, A.G., Madera-Santana,
T.J., et al. (2022) Kinetic and Equilibrium Studies of Cr(VI) Adsorption Using Glutaraldehyde-Crosslinked Chitosan Beads.

Iranian Journal of Science and Technology, Transactions A: Science, 46, 147-160.
https://doi.org/10.1007/s40995-021-01255-5

Gomase, V., Jugade, R., Doondani, P., Saravanan, D. and Pandey, S. (2022) Sequential Modifications of Chitosan Biopoly-
mer for Enhanced Confiscation of Cr(VI). Inorganic Chemistry Communications, 145, Article ID: 110009.
https://doi.org/10.1016/j.inoche.2022.110009

Kong, D., He, L., Li, H., Zhang, F. and Song, Z. (2021) Preparation and Characterization of Graphene Oxide/Chitosan
Composite Aerogel with High Adsorption Performance for Cr(VI) by a New Crosslinking Route. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 625, Article ID: 126832. https://doi.org/10.1016/j.colsurfa.2021.126832

Zhang, Y., Lan, G., Liu, Y., Zhang, T., Qiu, H., Li, F., et al. (2020) Enhanced Adsorption of Cr(VI) from Aqueous Solution
by Zirconium Impregnated Chitosan Microspheres: Mechanism and Equilibrium. Separation Science and Technology, 56,
2532-2545. https://doi.org/10.1080/01496395.2020.1842451

Shi, P., Hu, X. and Duan, M. (2021) A Uio-66/Tannic Acid/Chitosan/Polyethersulfone Hybrid Membrane-Like Adsorbent
for the Dynamic Removal of Dye and Cr(VI) from Water. Journal of Cleaner Production, 290, Article ID: 125794.
https://doi.org/10.1016/j.jclepro.2021.125794

IRERE. Ze SRR S DD REAL e M R A AR ) 48 S 0 Cr(VDRIWRBR PR BEWE 7E[D]: [l 26030, HK:
PRI TR, 2023.

Guo, C., Huang, G., Zhang, X. and Guo, D. (2003) Catalysis of Chitosan-Supported Iron Tetraphenylporphyrin for Aerobic
Oxidation of Cyclohexane in Absence of Reductants and Solvents. Applied Catalysis A: General, 247, 261-267.
https://doi.org/10.1016/s0926-860x(03)00108-x

FIGH], FEHF, B ORI A BRI % SO0 B T R PR REL)]. AR, 2020, 34(S1): 535-538.
PR TC, BRI SO MR W R AR S B B R BE(T]. P E B EE, 2014, 43(19): 7-10.

Zeng, H., Hu, Z., Peng, C., Deng, L. and Liu, S. (2021) Effective Adsorption and Sensitive Detection of Cr(VI) by Chi-

tosan/Cellulose Nanocrystals Grafted with Carbon Dots Composite Hydrogel. Polymers, 13, Article 3788.
https://doi.org/10.3390/polym13213788

Chen, X., Song, Z., Yuan, B, Li, X., Li, S., Thang Nguyen, T., et al. (2022) Fluorescent Carbon Dots Crosslinked Cellulose
Nanofibril/Chitosan Interpenetrating Hydrogel System for Sensitive Detection and Efficient Adsorption of Cu(II) and
Cr(VI). Chemical Engineering Journal, 430, Article ID: 133154. https://doi.org/10.1016/j.cej.2021.133154

Wang, Q., Tian, Y., Kong, L., Zhang, J., Zuo, W., Li, Y., et al. (2021) A Novel 3D Superelastic Polyethyleneimine Func-
tionalized Chitosan Aerogels for Selective Removal of Cr(VI) from Aqueous Solution: Performance and Mechanisms.
Chemical Engineering Journal, 425, Article ID: 131722. https://doi.org/10.1016/j.cej.2021.131722

Lin, X.,He, X., Lei, L., Zhao, Y., Cui, L. and Wu, G. (2022) Development of Tonic Liquid Filled Chitosan Capsules to Remove
Cr(VI) from Acidic Solution: Adsorption Properties and Mechanism. Journal of Environmental Chemical Engineering, 10,
Article ID: 108081. https://doi.org/10.1016/j.jece.2022.108081

Repo, E., Warchol, J.K., Kurniawan, T.A. and Sillanp&i, M.E.T. (2010) Adsorption of Co(IT) and Ni(Il) by EDTA- and/or
DTPA-Modified Chitosan: Kinetic and Equilibrium Modeling. Chemical Engineering Journal, 161, 73-82.
https://doi.org/10.1016/j.cej.2010.04.030

REE. DTPA-FRHE/GO A MR B 4 J8 4 FIBH B85 1 Uk W B 2 BR[D]: [ 244030, R Rk
K2, 20109.

KL, 2R, JEXR. IR A B 4w K IR A BUIR S R [)]. Bl g 4R & R R 44, 2016, 33(2):
207-213.

BRI, S S Te A B R BRI A R K], FRPE SIR1E, 2016, 35(20): 1087-1090.
EHWE, B, BRR. 5 RN S SRR B 70 o ) % R [T]. BhRe s 7 T4, 2003, 10(3): 327-331.

DOI: 10.12677/aep.2026.169147 1465 N RI R Y


https://doi.org/10.12677/aep.2026.169147
https://doi.org/10.1016/j.ijbiomac.2014.07.029
https://doi.org/10.1016/j.foodhyd.2012.10.021
https://doi.org/10.1016/j.biotechadv.2007.07.009
https://doi.org/10.1007/s40995-021-01255-5
https://doi.org/10.1016/j.inoche.2022.110009
https://doi.org/10.1016/j.colsurfa.2021.126832
https://doi.org/10.1080/01496395.2020.1842451
https://doi.org/10.1016/j.jclepro.2021.125794
https://doi.org/10.1016/s0926-860x(03)00108-x
https://doi.org/10.3390/polym13213788
https://doi.org/10.1016/j.cej.2021.133154
https://doi.org/10.1016/j.cej.2021.131722
https://doi.org/10.1016/j.jece.2022.108081
https://doi.org/10.1016/j.cej.2010.04.030

	改性壳聚糖对工业废水重金属离子的吸附处理和修复
	摘  要
	关键词
	Adsorption Treatment and Remediation of Heavy Metal Ions in Industrial Wastewater Using Modified Chitosan
	Abstract
	Keywords
	1. 引言
	2. 壳聚糖作为天然高分子的优势与缺陷
	3. 壳聚糖的改性方式与功能
	3.1. 交联改性
	3.2. 接枝改性
	3.3. 复合改性壳聚糖
	3.3.1. 有机材料复合改性壳聚糖的作用途径与优势
	3.3.2. 有机材料复合改性壳聚糖吸附Cr(VI)的研究进展


	4. 改性壳聚糖对铜、铬、锌离子的吸附途径与综合优势
	4.1. 改性壳聚糖对金属离子的吸附途径
	4.2. 改性壳聚糖对金属离子的综合优势

	5. 总结
	基金项目
	参考文献

