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Bioremediation of Phenol by SP-1 Immobilized with Sodium

Alginate/Chitosan@Biochar Microspheres
CHEN Lutong, FAN Chenchen, JIANG Chen, HOU Dongmei®, ZOU Jianping"
(Key Laboratory of Jiangxi Province for Persistent Pollutants Prevention Control and Resource Reuse,
Nanchang Hangkong University, Nanchang 330063, China)
Abstract: Immobilized microbial technology has advantages such as strong toxicity resistance, higher
stability, and superior degradation performance. This study developed an innovative embedding-
crosslinking co-immobilization strategy using sodium alginate (SA), chitosan (CS), and biochar (BC) to
construct SA/CS@BC composite microspheres for encapsulating the deep-sea phenol-degrading
bacterial consortium SP-1. Key parameters were optimized through single-factor experiments: SA
concentration (1.0%, 2.0%, 3.0%, 4.0%, 5.0%), CS concentration (0.25%, 0.5%, 0.75%, 1.0%, 1.25%),
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CaCl, crosslinker concentration (1.0%, 2.0%, 3.0%, 4.0%, 5.0%), and BC dosage (0.25%, 0.5%, 0.75%,
1.0%, 1.25%). Following degradation screening at 800 mg/L phenol, the performance of free bacteria,
SA/CS microspheres, and SA/CS@BC microspheres was comparatively analyzed at phenol
concentrations of 200, 400, 600, 800, 1 000, and 1 200 mg/L. The mechanisms were investigated via
SEM for microstructural morphology, FTIR for functional group analysis, the BET method for specific
surface area measurement, LC-MS for metabolic intermediate identification, TOC analysis for
mineralization quantification, and 5-cycle reuse tests for operational stability assessment. The optimized
SA/CS@BC microspheres at 3.0% SA, 0.75% CS, 4.0% CaCl,, and 1.0% BC achieved 94.6%
degradation at 1 200 mg/L phenol, which was 3.3-fold higher than that of free bacteria and 76.2%
higher than that of SA/CS microspheres. At 1 000 mg/L, SA/CS@BC maintained 95.2% efficiency,
significantly exceeding that of SA/CS microspheres and free bacteria. BC incorporation increased the
specific surface area from 4.936 m’/g to 32.829 m’/g; SEM confirmed the dense colonization of SP-1
within the BC porous architecture, whereas SA/CS microspheres exhibited a compact structure with
sparse microbial loading. FTIR spectra revealed intensified absorption peaks at 3 335 cm | (—OHn),
1 590 cm ' (—COOH), and 1 004 cm ' (C—O—C) for SA/CS@BC, with blue shifts compared to
SA/CS (3 420 cm', 1 622 cm''

Elevated functional group abundance and strengthened hydrogen bonds jointly promoted phenol

, 1024 cm_l), indicating enhanced hydrogen-bonding networks.

adsorption. LC-MS detected key intermediates including catechol, muconic acid, and succinic acid.
Phenol was first hydroxylated to catechol, followed by ortho-cleavage of catechol to form muconic acid,
which was further oxidized to succinic acid entering the tricarboxylic acid cycle, and ultimately
mineralized to CO, and H,O. TOC analysis demonstrated 93.9% removal after 9 days treatment at 1 200
mg/L phenol, with the IC/TC ratio increasing from 5.8% to 68.5%, verifying complete mineralization to
CO, and H,0. SA/CS@BC microspheres retained 90.5% degradation efficiency after 5 reuse cycles at
1 200 mg/L phenol. This work establishes that SA/CS@BC microspheres enhance phenol degradation:
the SA/CS hydrogel shields microbes from acute phenol toxicity; BC rapidly concentrates phenol, while
SA/CS gel controls the gradual release to maintain sub-inhibitory concentrations. BC's pores increase
microbial loading density, and surface oxygen groups facilitate microbe-pollutant interactions. This
technology provides an efficient, stable, and engineerable solution for bioaugmentation of high-
concentration phenol-laden wastewater. This research presents an innovative immobilization technique
for the biological treatment of high phenol wastewater, demonstrating high degradation efficiency and
stable operational reliability.

Keywords: Phenol degradation; Microbial immobilization; Sodium alginate; Chitosan; Biochar
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Fig. 1 Preparation of SA/CS and SA/CS@BC Microspheres
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Fig.2 (a) Tolerance of SP-1 consortium under different initial phenol concentrations. (b) Growth and degradation curve

during phenol degradation
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Fig. 4 (a) Macrograph of SA/CS@BC microspheres. (b) Size distribution of SA/CS@BC microspheres. (¢) SEM image of BC.

(d) SEM image of microbial immobilization inside SA/CS@BC microspheres. (e¢) N, adsorption-desorption isotherms of

different components. (f) FTIR spectra of different components
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Fig. 5 Effects of microsphere component concentrations on phenol degradation efficiency

CS &M Bk Fa e tE i o5 — M EZH K,
W 5(b) ian, 24 CS ¥ 0.25% 18 & 0.75%
IF, 2K W [ A% % 83.1% T & 91.7%, Bl 2 Tt
CS e B2 (1.25%) 25 B B i 2 AN T+ B (69.4%)
CS & & I ( <0.5%) , Bk o AE 4 5 Fe A 2%
P, AE AU 15 I R I, B A e i o A v i 24
T S EH BRI 0 CS 138 (50.75% ) W 2 (i fcek
PN B2 AL Ao B SO, A% AR T B, DT o £
AR IHE PES . AR ITSE R S Lu 25 gt
— 3, CS W i & S BURY oy F kY R
(e INTIRG X €N 3 & =S 1 S
TE I 2 ORFRE M 5 18 BTSRRI ET 4 T, A<
WS SRR I £ 19 CS FefER it 0.75%.

CaCl, 1 A 3 15 55 X 58 15 225 4 1) 3850 1 ke %)
KRR o 5 MO CaCl, BB L, A5
RILE 5(c) ) R PR 2x bl CaCl, 05 Y
0T 2 4 T, 24 CaCL, B 5 N 4.0% I

I AR A= 90.3%. R, BEHL SA/CS@BC
TR 5 1Y CaCl, #ANHH 4.0%.
BC /& SA/CS@BC & & ikl & i e rh iy
B 4y, HE B B T A Y
Rt YW (0 i 3% . el 5(d) i, 38 i BC
0 b7 RT3 AR TS e B R R R, 24 BC %
TN 1.0% B, 281 R At 23 A 151 (90.1% ) , = 4%
SEAE R BC B LG A, 2R 1 R i R o R R B 4
Tt AL RS WANG 058 3, %8N
Sk BC 3 Jiin e ok [ 52 A BBk (%) 9% it v BE A7 FH i
IR A5, BRI ] BC AT IR FE 1.00%~1.25%
B, FROR X 5 G ) 1) B i AR AT 3R 31 96.3% LA I
B BC Mk B M3 1.5% J, 25 B [ A 3 00 s 20087
L TFRE(11.45%) 57, BC 1y 1 2 fb 1) T 2 204,
FLrm L SRR R B AL BRES F A R T i A i
Tk, A A LR TE 5 0 EUE e AT AT i — 20 R
THMaAh e A% 5 0%, TG HE 3 A 9 0 AR
7



P SR, BC & ibidd = W) 2 330 SA/CS HERE LR
(3% 2, DT BELAG 2R ) 45 s i SR RS R ) B 1Y)
Tk, 5 BB TE ME R B, ST BB R T
W 1) e ik R B, e, AR BIRSE P BC G B A
B R 1.0%. %5 I, SA/CS@BC TR il 4% 1 Fe A
Bik K 3.0% SA . 0.75% CS . 4.0% CaCl, F11.0% BC.
2.4.2 SA/CS@BC 3k M4k o 41

B A S BB L 5 Y SA/CS@BC i BR 7K
PN T A A [ vl B 2 B P S 4DL 1% 7K, PR ER
FE IR T R K B Ab BRAE g, HEE AN 6(a)
JiR o QAT ETIR, X TR B R (<600 mg/L),
SA/CS@BC T3 1) 3 it 28R 5 107 25 T F A SA/CS
TERAH L BT SV T, I E R K2R . SA/
CS@BC T BR A9 P 3 1 B AR I AE X T i ok B

[ e
140 - i i

ns ns * kkk N —
120k } A
ns ns nS‘ « Hokk P
m \
100 o= L v I P R =
& L

80

R/ %

60

40

20

200 400 600 800 1000 1200
IRV UG /(mg- L)
(a)
6 (a)SA/CS@BC &M MILBIEXERERRE; (b) XEEM T RPHREEHNTL

Fig. 6 (a) Phenol removal efficiency of SA/CS@BC microspheres before and after optimization. (b) Dynamic changes of

1 (=1 000 mg/L) & /K HAbFHRE /7, HXT 1200 mg/L
T B P AR 2 5 35 94.6%, 1 i SA/CS TR 12.7%
PLE, R R BEAY 3.3 %5 A T S AER R
SA/CS@BC T BR Xt A% iy 11%) B fige R0 R, AS BF 9 46
1 200 mg/L 7 [ 48 % 7K H TOC, TC A1 1C sh 7
AR AT B, AR E 6(b) iR, AR
HIC T o GG AR X AT, b Bk AR IC B
TR, A IR . TOC F1 TC #9748
TR R — 30, MARFRES 3 KU 208 T B, 5
TR TV, HAEENE, SA/CS@BC ¥k
X TOC 12 235 93.9%, H IC/TC HAE NI G
(1) 5.8% $ET+ % 68.5%, UtEH SA/CS@BC Bk ] ¢
R R AU AR CO, A HLO, T SE LTS YL 1Y
RET k.

IC
TOC

4 I TC

carbon content during phenol degradation

2.5 WEKEE RS

I 2 T AR A (8 FH AT B I 0 A B AR I i 2>
T YR RO, X SR I A 2 v e
AL SA/CS@BC fER BIEER L RE, K5 FLHEA S
1 200 mg/L < B A BLIDLR /K HR b A7 14 2k 5 IR R
SCEG . A RAE 7 R, 5 KIEE, SA/CS@BC
02 A5 IR U M iR X S iy 114 B i M RE A HE BB (2
B, R R A A AR A A R KT (90.5%) o i
PRI AR rP R I i sk 3 B Bl R 114 i PR T i
JEAER Z2 YR A8 3 A v i A Y BRARRE . % 4G
L UIE SA/CS@BC THER FLA %5 55 10 45 1 k&
ik BE A R FH PR BE o 181 AL 28R A il 2 AN
Sk Dy RE A W I X6 5 R B AR AL T AR B
R TG Y W TE R G0 A AR R, N R
TET e B R i AR IR R . O Tk R K b PR
8

U b R R RS ELATHRSE I 15 A BEER K i
S T ) S, B R BIR S SN, 1R
Zp AL SR S A AT AR P R B

2nd 3rd 4th Sth

0 8 16 24 32 40
I} [fil/d

B7 WEKMESERAERE
Fig. 7 Reusability of SA/CS@BC microspheres



FEROE S5 R 0 N AT .
2.6 FEPPEMARIE =R EEBEREST
AHIE 5 7 B figt 3k R 00 R[] B B b 2 R (5
1.3, 5.7, 9 K)BURE, 2876 Bk 45 )5 38 o Vi AH
- T (LC-MS) Rl v 18] 7= 4, LA BA 12 2 o Ak
F R 0 R A B A o A SN e AR A
4 Fo S v ) 7= 4 SRR B (CHO,) « Z B IR
(CeHsO,) . FHEMR MR (CHs0,) . BEFIRR (C,HO,) -
45 AT IABESE AT AL, SA/CS@BC 33 i 4 oK —
Y 1,2 XU AR AR 0 5 B I 1 v sk i, L
ff AR R 8 7R o AR B Se 4 R A A iR AR
T, Bl SRR T 25 F A AR AR A T IR A
LB TF I R R IR 5 A IR Bk 110 TR L RE AR R Y
B, HF— D BEARIE R HARR s f o BEFAIRIE A =R
FRAE PRI RISkl CO, F1 H,O.

OH
. OH  pgyy COOH
© FelkAL @ IR [ coon
OH =
K

A2 Bk
| 7
Wi ~COOH
SHEMEHS e OH oy == | AT
(0]
PEHIR R

B8 FENFERRERE
Fig. 8 Proposed pathway of phenol degradation

3 & it

AW 5% 38 o A 8- 22 I A T A T
SA/CS il SA/CS@BC 2 /K & i i Bk, HFiF 5%
[E] 7 AT A X R B R SR AU RE 25 5 o S R
FHH, SA/CS@BC ik i) Ab 3P e A%, LR AR
b 414K 3.0% SA. 0.75% CS. 4.0% CaCl,. 1.0%
BC. flfbJ5, SA/CS@BC fER X} 1 200 mg/L Z [}
1) B iR R IR 94.6%, 2 Ui I TR BRI 3.3 % TG A
SR, SA/CS@BC 7EHE & 5 G 154k ¢
90.5% 1 Bk fiff 25, TR B0 L AR S5 1 66 ik 1 8 0 906 245
FIHYE . RAEHIEN] BC AL 45 S2 30 1 % #E
A R, HOH SR RS 0 5 EUE e (—OH.,
—COOH, C—O0—C) it — L5 Ak 1 kXt 2 19 1Y
R AR AR o b TR ™= B W ] R, Ry 2R
SRR 1,2 BUN R i S 2 KA, H TOC KBk
F ik 93.9%, 15 L YR BE W4k CO, A1 H,0.
AT 5T Sy i e O W R K A A BEAR AL T — Rl s

B & H Al soRIr %

2 Z X #f ( References ) :

(1]

[10]

[11]

VILLEGAS L G C, MASHHADI N, CHEN Miao, et al.
A short review of techniques for phenol removal from
wastewater[J]. Current Pollution Reports, 2016, 2(3) :
157-167.

KURZBAUM E, RAIZNER Y, COHEN O, et al. Encap-
sulated Pseudomonas putida for phenol biodegradation: Use
of a structural membrane for construction of a well-organized
confined particle[J]. Water Research, 2017, 121: 37-45.
RS, TEG, Vg E, 55 TSR B R A Staphylo-
coccus sp. M4 B B W i e vk (0], SRR MR 2%, 2020,
39(7): 1985-1995.

MU Xianjie, DING Shuxin, XU lJifei, et al. Isolation and
biodegradation characteristics of a halophilic phenol-degrad-
ing strain Staphylococcus sp.[J]. Environmental Chemistry,
2020, 39(7): 1985-1995.

BUmAL, JRmA, WKEK, S MREZEEKARAE YA
LR 7T BOIR B LGk (7] BREE TRE, 2014, 32(3):
6-9+52.

HE Qiangli, GUAN Xiangjie, HUANG Shuie, et al.
Research actualities and development on microbial treatment
of typical phenolic wastewater[J]. Environmental Engineer-
ing, 2014, 32(3): 6-9+52.

DAS B, MANDAL T K, PATRA S. Biodegradation of
phenol by a novel diatom BD1IITG-kinetics and biochemical
studies[J]. International Journal of Environmental Science and
Technology, 2016, 13(2): 529-542.

MIRAE K, JAEHO S, SEUNG Y S. Cultivation of deep-sea
bacteria from the Northwest Pacific Ocean and characteriza-
tion of Limnobacter profundi sp. nov., a phenol-degrading
bacterium[J]. Frontiers in Marine Science, 2024, 11:
1449548.

KANG Dingyu, LIN Hai, LI Qiang, et al. Enhanced oil
recovery in a co-culture system of Pseudomonas aeruginosa
and Bacillus subtilis[J]. Microorganisms, 2024, 12(11):
2343,

CHEN lJianwei, JIA Yangyang, SUN Ying, et al. Global
marine  microbial
bioprospecting[J]. Nature, 2024, 633(8029): 371-379.

LI Lingtong, ZHANG Ming, JIANG Wenqin, et al. Study

diversity and its potential in

on the efficacy of sodium alginate gel particles immobilized
microorganism SBBR for wastewater treatment[J]. Journal of
Environmental Chemical Engineering, 2022, 10( 2) :
107134.
YAMASAKI H, NAGASAWA Y Y, FUKUNAGA K.
Preparation of photocrosslinked spherical hydrogels bearing
B-cyclodextrin and application in immobilizing microbes to
decompose organic pollutants[J]. Polymer Journal, 2022,
54(7): 863-873.
T, MR, WHE, . YRk S e e Pk
9


https://doi.org/10.1007/s40726-016-0035-3
https://doi.org/10.1016/j.watres.2017.04.079
https://doi.org/10.1007/s13762-015-0857-3
https://doi.org/10.1007/s13762-015-0857-3
https://doi.org/10.3389/fmars.2024.1449548
https://doi.org/10.3390/microorganisms12112343
https://doi.org/10.1038/s41586-024-07891-2
https://doi.org/10.1016/j.jece.2022.107134
https://doi.org/10.1016/j.jece.2022.107134
https://doi.org/10.1038/s41428-022-00633-z

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]
10

FERK (7] $LImE A 4 (A SRR R
44(1): 44-50.
WANG Juan, SHI Chenyang, XIE Chaoya, et al. Study on

2021,

the treatment of phenolic wastewater by carbonaceous hydro-
gels immobilized microorganisms[J]. Journal of Zhejiang
Normal University ( Natural Sciences) , 2021, 44( 1) :
44-50.

GONZALEZ MORALES E, PEULA RUIZ E, NEWMAN
PORTELA A M, et al. Enhancing Se( IV) bioremediation
efficiency via immobilization of filamentous fungi and yeasts
in eco-friendly alginate bead hydrogels[J]. Chemosphere,
2025, 370: 144020.

DEBNATH P, RAY S K. Synthesis of sodium alginate
grafted and silver nanoparticles filled anionic copolymer
polyelectrolytes for adsorption and photocatalytic degrada-
tion of a cationic dye from water[J]. International Journal of
Biological Macromolecules, 2025, 285: 138228.
VASILIEVA S, LOBAKOVA E, GRIGORIEV T, et al.
Bio-inspired materials for nutrient biocapture from wastewa-
ter: Microalgal cells immobilized on chitosan-based
carriers[J]. Journal of Water Process Engineering, 2021,
40: 101774.

LI Jian, JIA Yinjuan, ZHONG lJiaochan, et al. Use of
calcium alginate/biochar microsphere immobilized bacteria
Bacillus sp. for removal of phenol in water[J]. Environmental
Challenges, 2022, 9: 100599.

XIANG Xuezhu, YI Xiaohui, ZHENG Wanbing, et al.
Enhanced biodegradation of thiamethoxam with a novel
polyvinyl alcohol ( PVA) /sodium alginate ( SA) /biochar
sp. HS5[J].
Hazardous Materials, 2023, 443: 130247.
SHI Xiongying, ZHOU Gaoting, LIAO Shuijiao, et al.

immobilized Chryseobacterium Journal of

Immobilization of cadmium by immobilized Alishewanella
sp. WH16-1 with alginate-lotus seed pods in pot experiments
of Cd-contaminated paddy soil[J]. Journal of Hazardous
Materials, 2018, 357: 431-439.

WU Ping, WANG Zeyu, BHATNAGAR A,

Microorganisms-carbonaceous materials

et al.
immobilized
complexes:

Synthesis, adaptability and environmental

applications[J]. Journal of Hazardous Materials, 2021,
416: 125915.

ZHANG Peng, SUN Hongwen, REN Chao, et al. Sorp-
tion mechanisms of neonicotinoids on biochars and the
impact of deashing treatments on biochar structure and neoni-
cotinoids  sorption[J]. Environmental Pollution, 2018,
234: 812-820.

ZHAO Ling, XIAO Donglin, LIU Yang, et al. Biochar as
simultaneous shelter, adsorbent, pH buffer, and substrate
of Pseudomonas citronellolis to promote biodegradation of
high concentrations of phenol in wastewater[J]. Water
Research, 2020, 172: 115494.

YIN Hang, XIONG Qiuqiu, ZHANG Miao, et al. Multi-

(22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

[31]

[32]

principles analysis of Cu( Il ) adsorption in water on magnetic
microspheres and modified Chitosan[J]. Journal of Environ-
mental Chemical Engineering, 2023, 11(6): 111285.
ROUSTAEI F, BAGHDADI M, MARJANI A,

Spectrophotometric determination of phenol impurity in

et al.

phenoxyethanol and phenol index of drinking water and
municipal wastewater effluent after salting-out assisted liquid
phase microextraction ( SA-LPME) [J]. Heliyon, 2024,
10(5): €27143.

R TH PR M I ot JR BT A LB IS AP kTR
SRS . HI/S01—2009[S]. dbat: FREEIRPHR}
HibriknEl, 2009.

Dalian  Environmental =~ Monitoring  Center. ~ Water
Quality—Determination of Total Organic Carbon—Nondis-
persive Infrared Absorption Method: HJ/T 501—2001[S].
Beijing: Ministry of Environmental Protection, 2009.
GLASSMAN PM, MYERSONJW, FERGUSONLT, et
al. Targeting drug delivery in the vascular system: Focus on
endothelium[J]. Advanced Drug Delivery Reviews, 2020,
157: 96-117.

DONG Jing, XU Lingli, LIU Yuxiang, et al. Biochar
enhances microbial degradation of phenol in water:
Response surface optimization[J]. Biochemical Engineering
Journal, 2024, 201: 109145.

HUANG Leye, JIA Fang, SONG Keji, et al. The mecha-
nism of survival and degradation of phenol by Acinetobacter
pittii in an extremely acidic environment[J]. Environmental
Research, 2024, 260: 119596.

ZHU Hui, AN Qing, SYAFIKA MOHD NASIR A, et al.
Emerging applications of biochar: A review on techno-envi-
ronmental-economic aspects[J]. Bioresource Technology,
2023, 388: 129745.

ATANGANA E, AJIBOYE T O, MAFOLASIRE A A, et
al. Adsorption of organic pollutants from wastewater using
chitosan-based adsorbents[J]. Polymers, 2025, 17( 4) :
502.

WAHI R. Biochar[M]. IMRAN SHAUKAT M. Singapore:
Springer Nature Singapore, 2024: 19-36.

WANG Shuai, REN Zhaohui, LI Helin, et al. Preparation
and sustained-release of chitosan-alginate bilayer microcap-
sules containing aromatic compounds with different func-
tional groups[J]. International Journal of Biological Macro-
molecules, 2024, 271: 132663.

SINAWANG G, KOBAYASHI Y, ZHENG Yongtai, et
al. Preparation of supramolecular ionic liquid gels based on
host-guest interactions and their swelling and ionic conduc-
tive properties[J]. Macromolecules, 2019, 52( 8)
2932-2938.

WANG Yanjie, ZHANG Xinning, SONG Yihu, et al
Ultrastiff and tough supramolecular hydrogels with a dense
and robust hydrogen bond network[J]. Chemistry of Materi-

als, 2019, 31(4): 1430-1440.


https://doi.org/10.1016/j.chemosphere.2024.144020
https://doi.org/10.1016/j.ijbiomac.2024.138228
https://doi.org/10.1016/j.ijbiomac.2024.138228
https://doi.org/10.1016/j.jwpe.2020.101774
https://doi.org/10.1016/j.envc.2022.100599
https://doi.org/10.1016/j.envc.2022.100599
https://doi.org/10.1016/j.jhazmat.2022.130247
https://doi.org/10.1016/j.jhazmat.2022.130247
https://doi.org/10.1016/j.jhazmat.2018.06.027
https://doi.org/10.1016/j.jhazmat.2018.06.027
https://doi.org/10.1016/j.jhazmat.2021.125915
https://doi.org/10.1016/j.envpol.2017.12.013
https://doi.org/10.1016/j.watres.2020.115494
https://doi.org/10.1016/j.watres.2020.115494
https://doi.org/10.1016/j.jece.2023.111285
https://doi.org/10.1016/j.jece.2023.111285
https://doi.org/10.1016/j.jece.2023.111285
https://doi.org/10.1016/j.heliyon.2024.e27143
https://doi.org/10.1016/j.addr.2020.06.013
https://doi.org/10.1016/j.bej.2023.109145
https://doi.org/10.1016/j.bej.2023.109145
https://doi.org/10.1016/j.envres.2024.119596
https://doi.org/10.1016/j.envres.2024.119596
https://doi.org/10.1016/j.biortech.2023.129745
https://doi.org/10.3390/polym17040502
https://doi.org/10.1016/j.ijbiomac.2024.132663
https://doi.org/10.1016/j.ijbiomac.2024.132663
https://doi.org/10.1016/j.ijbiomac.2024.132663
https://doi.org/10.1021/acs.macromol.8b02395
https://doi.org/10.1021/acs.chemmater.8b05262
https://doi.org/10.1021/acs.chemmater.8b05262
https://doi.org/10.1021/acs.chemmater.8b05262

[33]

[34]

[33]

[36]

HAN Zilong, WANG Peng, LU Yuchen, et al. A versatile
hydrogel network-repairing strategy achieved by the covalent-
like hydrogen bond interaction[J]. Science Advances,
2022, 8(8): eabl5066.

ZHANG Bing, ZHANG Xu, WAN Kening, et al. Dense
hydrogen-bonding network boosts ionic conductive hydro-
gels with extremely high toughness, rapid self-recovery,
and autonomous adhesion for human-motion detection[J].
Research, 2021, 2021: 2021/9761625.

PAWEOWSKI L, MANIA S, BANACH KOPEC A, etal.
The influence of chitosan’s molecular weight, concentra-
tion, and dissolution method on the properties of elec-
trophoretically deposited coatings on the Ti;;Nb;;Zr alloy
surface[J]. Materials Chemistry and Physics, 2025, 331:
130174.

LIU Yanwei, et al.

ZHOU Ying, HUANG Guoqing,

[37]

[38]

[39]

Fabrication of lipase-loaded particles by coacervation with
chitosan[J]. Food Chemistry, 2022, 385: 132689.

WANG Kangpeng, HUANG Anping, LUO Xianxin, et al.
The dual role of biochar in boosting phenol biodegradation
and  anti-inhibition  performance against hazardous
substrate[J]. Journal of Environmental Chemical Engineer-
ing, 2024, 12(5): 113747.

AN Xuejiao, WANG Yanlin, YU Chenglong,

Biochar-bacteria coupling system enhanced the bioremedia-

et al.

tion of phenol wastewater-based on life cycle assessment and
environmental safety analysis[J]. Journal of Hazardous Mate-
rials, 2024, 480: 136414.

LI Hao, MENG Fanping, DUAN Weiyan, et al. Biodegra-
dation of phenol in saline or hypersaline environments by
bacteria: A review[J]. Ecotoxicology and Environmental

Safety, 2019, 184: 109658.

11


https://doi.org/10.1126/sciadv.abl5066
https://doi.org/10.34133/2021/9761625
https://doi.org/10.1016/j.matchemphys.2024.130174
https://doi.org/10.1016/j.foodchem.2022.132689
https://doi.org/10.1016/j.jece.2024.113747
https://doi.org/10.1016/j.jece.2024.113747
https://doi.org/10.1016/j.jece.2024.113747
https://doi.org/10.1016/j.jhazmat.2024.136414
https://doi.org/10.1016/j.jhazmat.2024.136414
https://doi.org/10.1016/j.jhazmat.2024.136414
https://doi.org/10.1016/j.ecoenv.2019.109658
https://doi.org/10.1016/j.ecoenv.2019.109658

	0 引　　言
	1 材料与方法
	1.1 微生物的富集培养
	1.2 菌群降解苯酚性能探究
	1.3 固定化微球的制备
	1.4 固定化微球的性能验证与优化
	1.5 分析方法

	2 结果与讨论
	2.1 功能菌的获得及其苯酚降解性能初探
	2.2 游离菌群与固定化微球降解性能比较分析
	2.3 固定化微球表征分析
	2.4 微球制备条件优化
	2.4.1 单因素实验
	2.4.2 SA/CS@BC微球性能分析

	2.5 微球重复使用性能分析
	2.6 苯酚降解代谢产物及其降解路径分析

	3 结　　论
	参考文献

