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Resear ch progress on activation and modification strategy of biochar
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Abstract: The complexity of industrial wastewater and the diversity of emerging pollutants have imposed
higher demands on adsorption materials. Biochar has been widely used in pollutants adsorption due to its
renewability and modifiability. However, it is difficult for biochar with only the basic properties to meet
practical requirements, with modification becoming the breakthrough strategy. Herein, the activation
modification approaches for biochar (including chemical modification, metal/non-metal doping, surfactant
modification, and plasma modification) and the regulatory mechanisms on pollutant adsorption
performance were systematically reviewed. The adsorption efficiencies of modified and activated biochar
toward novel pollutants in industrial wastewater, such as dyes, heavy metals, fluoride, antibiotics,
microplastics, and phenolic compounds was specifically analyzed, followed by clarification on the
synergistic effects between pore structure optimization and surface chemical modification. Furthermore,
technological bottlenecks in regeneration processes and green solutions were discussed. Finally, the future
development directions of biochar in pollutant adsorption application were prospected and should be
focused on implementing collaborative modification strategies to achieve targeted pollutant removal,
developing coupled systems to achieve adsorption enrichment and in-situ pollutant degradation, and
developing green and low-carbon preparation technology to reduce carbon emissions.
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Fig. 1 Schematic diagram of preparation of magnetic iron-supported biochar by hydrothermal carbonization and SEM image of
Fe/C (a)Y; Schematic diagram of adsorption mechanism of Cr(VI) by nitrogen sulfur-doped biochar (b)**); Schematic
diagram of adsorption mechanism of anionic dyes by CTAB surface modification (c)*); Schematic diagram of principle
of plasma modification and adsorption mechanism of Cu( Il ) (d)P**
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Fig. 2 Schematic diagram of adsorption mechanism of dyes on biochar (a)®*; Schematic diagram of effect of pH on
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modified a biochar and its selective adsorption of MB (B!
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Fig. 3 Schematic diagram of reaction mechanism between biochar surface functional groups and heavy metal ions (a)>®; Effects
of pH and biochar dosage on adsorption of Cd(Il') and Pb(Il') by biochar (b); Schematic diagram of adsorption and

removal of Cd( Il ) and Pb( Il ) by biochar (c)[*”

— R, AR W N B 4 i T R N e R
P e AT R R R B RE Y IRINZE T, &
G R B 1V TR H AT SRR fr 1Y R A A
1, MAEYIRERIEISE P Iy, AR Tt
ERE LA, 41 KOKAB ZEPIfE58 & B, 4 pH=5.5
B, Azt Cr(VD) W R 25 5 sk 94.5 mg/g; H
W& pH B THE, WP A ERE T (OH ) Mk
e, AW e A GG, AR EYIRS Cr(VI)
Z BRI AR, SEOWFTRE ) 2R, B
4h, DHAHRI ZE 55 01, i ] HyPO, 36 1k

il 5 B AEBURF A= M 3 T Cd( DAY IR 25 % pH
AR R (F 3b) o AR
ﬁﬂﬁ$ﬁiﬂ%ﬁ$c«h%%%ﬂ%%ﬁ%%
FRRMEASE, HOR B WA 3. I, P85 FEm kit
TRV pH AT & i A i W B RE T o

T B K A AN [ R Y P S R
BB+, XA BRI S R B SE T, S5
He Wy o i e B BE S ARG . n BANSAL %511 i
H,SO, b FEFE ok, HIE T h— K24 @ AT
PR ZXT Cr(VDIR AT R g i, 855 %W, 7€ Cr(VI)



55 M

W, S5 MBS AR SR B Tl R K r T S R R ) B 5 R * 967

R Ui v BE A R PSR et Cr(VI Y 25 B
RIGF . B (85% ) >0l (65%) >
=IJCH s (18%) o XZEH T ZH KR T A
EJREF, W Ccu(ll), Ni(ll), cd(Il). Cr(V)
S5 I FL B0 AR I T S A ) — 2 AR A A A
—OH. —NH,. —COOH %G Ltk 2 &+
3P RIS AL HAK, R Cr(VD7EMR pH T LA
Cr,07 JE il 1o # L Bt 5 A4 o Rl 45 4, H 3L
7 F ] el e 26 A i S R FLBR,, [Tt
Cr(VDIme s . B, S5 —E 4 )ms T IRRMLT,
EEAPRSR L& T (S TFSAET) 1)
R, TREAY R, TOhES S TR
T W AL o R i — 20w AR W e o) B 4 S S
TFHIWLBERE 7, 1T 38 A Tl T B o A Wk SR T Y
AW A 5 41 BURAKOV 50215 F Ak 22 SR UT
R 7 2R AL ) e e T DURUR AN K & (CNTs ) . H
F NI Fl Co* A 45# CNTs b 3E/KF g Z 1]
KAESA, GM MR AT NiCIDHAT Co(11HY
W R e T4 T 30% 25 o

25 b, B AW P T R T g K i
B, R A L B pH RGN
FROW AL S T2, AT RO AR R R 4 R
B e
2.1.3 AWM A

P EEREHRE T (F) KHALGY, H
SREFRIREG . X R . WIRARGEY . B
T AN R RE ), A W i T A e L R T S
A BRI K R AL Y, in SADHU 21
21 VG e A e 3 A T Y BT A R RE A
HL I B A, (R B AR D3GR A SR
9.5 mg/g. AR ED ALY W R RE T, 8 R AL
SR S KAE Y e LR, IR A SR
B B R 3 5 B e W [ . 41 JAYASHREE Z59°%
H3PO, 1L 5 IR I & T Ao, B T LBk
ALY . HsPO, Bk Z0 i e I 7E 2R W o 22 1
TE R T WU FLEER , HH R AL 124.82 mY/g, 42
AR AT 1.7 £5, H H;POL IGIEE | AR
FH 5 —OH M FH G 15 F 45 G %AW mRA F
BB 2 /R 15.74 mg/g. AN, &J@BazeitEm
2 1V P 00 SO P ol A o SR Tl I LA, (AR
ekt PRI B RE ) 4R = . A0 REN 575R A B-
WHIHE (B-CD) 5 Ce(NOs); EAUIREILEE T
B, HAEYRIED CPt S F TR A, I
285 R L I B AR T Bk T ) B, IR A
37.93 mg/g. WL BRAT G UHE QB i, KW
W B3k A DA AR W B 3 R 4R A 4B Ak el ]

FEAE R WL RS e Je a4 B I, B RAT
(s e MERPE R A PERE . W BAGBI &L T
ML, SRR ILDTTE TR 45 T W] R o3 B M
WP, MEMmEY AR 0.02 gL, F
WA TR R 4 mg/L B i AR ST B 2R
F1i5 99.6%. 11 NaOH fE MWL IS, o %08
RERR TSR Ze A W e, AT 3 R - IO 3 )
EERFAIHN 49.8%.

gi b, T AW RAT HEALY W LR, T
AR TR AL . A 5 2 e R 3 v M T el A
TR A= ) e 3 T 3 1) IE H Aar LA RCRR IR 1 S T
M 3 o ) R R B R B A, AR R IR
K AR
2.2 ITHETELT e IR Bt

B T g LR, TRk PERYeR . &
&R BT MANELGE TG, BEEIEER .
TR RN S A B TS ey, B HR I 25 3t ™
R AARTE Y, R A e iR 4 T B A 2
221 BWHRAE

PUAE R B BS ey, T ReE R MR A
PUAE R 2GR, Jf il B Y REAL R, BT Ak
i BRE B A 285 2R 0 0 R A S 0L J O, T e A
PEOL A A P 7 3 1T ) A2 R, DI S B AN [] e
KB E W RO, 0 AZIZ S UO5E i e kh e
il 28 T AN R EERE R Wy e, A T R B BTy A R
FAPTUD R, W B2 i Bl A TR EE ) s ini g m, HL
FEAWE s J1 2R 2 R el R e DA A 2% W f
R ERRR R, S, W MR R RS
FF AT 2 o7 e A s R, AR R
1) 25 S0 E RE S P04 ik 5 P 3 o U AR 25
Brs WAh, D58 M 2L S A ORISR 1 L - [a]
e rem MUEAER . AR BT &R R . AN R K
IR AR Z M d5cm R BR T 233k 87.8% . 91.3% 5
84.0%. FIRA W m B AR 2R HAT B R B
BEZRNIERE RS, biER S5AEYR kA
P FAE 0 I =) o 3 FE LR, R R TE A A
SHOR I ERERERUY BRI M i T A A
515 YRR, T TT KRR SIS YL ) i S
HCPE SR I i SHI 25 U205 5o — 25 Wofg e ME A4 R FeCly
Y5 KOH iFfb&h &, wilss TREMEA YR, SC T msk
MR B ] B PR 5 PR 5 % B 5 PG AR ) e R R
ik 485.4 mg/g, TEMMEHIMERERRGE, SBINAY)
K 55 mg | BRI BE PG AR 4 B VR B A 400 mg/L B,
G4y B >95%, 6 UK T4 i ) B 7 AR 1) 25 B AT
ik 92.4%,

PiAE RAEP K AL B A IE AT, v



. 968 - ¥ m 4 T FINE CHEMICALS 543 %
T 7 A ) i 3% T IN 6 H AT ) TR AR B AR W R S 4 0 3o U R — A R TR EE T, iAW T

A F Z RN R AE T, O3 A Ak 2 T Ak ke 3
YRR, ARG IEA A, DHREAE
Yy R AR 2 W
222 BB EBH

SRR 7 it DR AT B 190 A7) s R A 118 4 B T
LA R, YRR S T AR IREE AT,
SN R S A XA 4 S B0 S8 R R W T B
TN RST BB R Aot e 3 i e R R
EREEESE . AWM REE YRS
LR HEm, JFH, MBREAYERNEESTHN
O3 U ZR 58 FIH AL 8 s A W R v R H B, A BUE s
AR KR, 3 g A s R B 25 B, T WU
SR 3T Fe BARMUMER % T Ra7c A W 5 o i L Wk
HAT 327.65 m¥/g AYK LAV 3 B A2 1fH RE
A1, Hh Fe—O B it F1 5 S 08 )3 i 7 e far (1)
AH B AE P2 2 2R W B AL, nT R B K e ik
99.96% ) I AL o X2 A Wy i AT 3 ok Tk B A T
A, HA IR 90% M KBR#%., XING 4574 T ZnCl,
B 5e A= W e, R W B 2R R 20 oK 9 R
(PSNPs ) o 4 1E HLfar 9 AE P ik 547 f LAY PSNPs
Z [0 % A Fr B Wl , PSNPs HYZEIR 5 A=Wy 22 [H] 47
TE - AEAEF, iR PR LR AL (911.22 m*/g)
PEUE T Z A90EHEAL, WNAT G Langmuir 55 75K
BRHASEAD , Ze] PSNPs 76494k | Je B0 )22 36 T W Ff
MW AT 2 S8R I, Wik A8 A e i 3K 2l 1Y
& 4 E 0 B A AR

kR R o, P RSPRR (<Smm) ,
SECIG o = AR e i W B S LRI T k2R T
e FB 22t 3, A A R 1 L 2R T AR DA
LT 2 E P A5 TR, ek AT A R A T
2 pH YOI PHFIE R, DT 38 5 SO R A R
W, B I RE T o
223 EMEEASY

Tk K b & B B 250 A 0 2Ok A fb A
AT, AR MEUETE, L5 s
Yl IR RHAT Y, KUl e At
AT FH AR 4 %k LR A7 g oAk B R gy R HL AT A 3
WA AR H—OH, AWk W o 5 L
7 TR N, -n AH BRI R AR By, ARk i
H J5iF 578 —OH I (M e i AU 22 0] = A=
SR O BRI, 3 T DA 3E A A A W e A
PEE RE A 7 U4 S L BfFiE 77 . DEHMANT 45078
PL HiPO, RIS ALFI G & TR EY e, Higw Ki
TR (790.4 m*/g ) F AWy B BHE AL T 5 1
WEPED 5 o K 5 AR il oo MEAE ARG s
AN, Ky —OH 5 4: % e 3% % U E R A 2 (7]

TR B W B 5 e M 250 mg/g. B T FLBREEL A .
SR r-r MIEAER, T8I0 A Y5 5 K B 2 (8]
F1R) i FEL O ok 2 LR BAFRE . 4 PATIL 4517 5 1%
fhph S 58 22 B K B A 2,4- — S5 ( 2,4-DCP ).,
ZAEY R LT A 1146 m*/g, Langmuir 25 i %
PRSI, A Wk XA T AN 2,4-DCP 14 W B 25
Hr 918 183.79 Fil 374.4 mg/g; I S1# N,
AW 2,4-DCP 1Y AH ¥9<0, & B B Ay il 78 5
WE G ) )1 2R R AN 2,4-DCP A ILA FE 14 5
T — G ol Sy 3 B R 3 3R b 2 g o
il ; KW 2,4-DCP G 1ERE (E,) 20508 35.62
1 8.50 kJ/mol, #4714k T4 BRI B i FEl( 5~40 kJ/mol ),
Ui A A2 W B R R P 3R, R AR BT
DLWy BRI R R . FERRMESRE T, BT EA,
7 IE R A A e 4 S 2R A 2,4-DCP 43+ 2 [
FEAE L . A, LB AR oo A EAE
AR T AW 6 R A1 2,4-DCP 43 B9 W o 76
Wy (WA R 25 mg/L . AWy 4% 1.6 g/L)
H12,4-DCP (4R BT R 50 mg/L . A= A% fin
0.6 g/L I A R, 4 WHEI G , 2K Al 2,4-DCP
F BB R WA T 80%A1 93% > W FFEE 74%7H
86%, AThFEIN S KA A W B R o

13 266 W 4 AR R 285 4 ol FL 5 3 o VSR -
AH AR 9k 2 W e W o 3 o o Al el b S T B
W T A= Wy e G PR L A, JF s O bR E A, aE
5 5 75 YL ) 2 1] A e L O BT RN AL BRI A O K,
TR A R B Al B 1 I

Zi b, YIBAE R SRR W BB, 7EIR
PR K 2 2205 G W ik & b R B B R oL T
F1o AR E A BT Tl R K AL Be 5 e i) R %
YL RE T, PRI Ffb 2RI AL B AR SR
AT S S8 T VR A W e V) 2 T L i P 5 (O B FRL
B4 ) SMEEHRRIE (FLBR K R AR E ) | i3
IR B . FLBRIAE . m VR FH B U S W BRI
e 0 ) 0 o A B8 T4 24 90 e Xt ¥ 4 0 ) O o e

3 H¥MRHNBESEEMNA

AW T IR K R B e I B A
LW B RE A2 2 E PR, TR SR 2 R
P, A=W 5 0 1A 5 52 M) T AR A Tl K
Ak B P g 2 TR P TR A ) 5 P A A e o
IR 9 5 5 Qe Z 1Rl g W BRE A P O, s plste s |
feor it F L RR AR, TS SRR s i, AT
WA YR LIRSS A A B RE DS (1 4) o
B FRA T A AR T Ok L AR
W AL AR R R A2 A R



555 1

WA, AR AW AT A S SRR S OGS T K v T e e B R B * 969 -

54

P (T8 GRS
A

Pl 4 R AR AN A i Y A A R R ] )
Fig. 4 Schematic diagram of adsorption saturated biochar
regeneration processt™"’

PP vk 32 3 e in ks A 4 o W R A LA
EAT IR A0 o3, T 2 52 i) P 2 W e I 2
W) a2, 41 MOHD NASIR 25821 4 T WG 1L
FIHBUN 651 m/g WEYR, IFXF EL 0T 1 W R
My EY e (PG R ) 7ERIE (350 °C) i
HFER (700 °C) FEIPVE A E . IR E R
FAE AR B H R A0 R 768 A 730 m/g, P
Fp A 7 S BT RE A 8800k 52 O35 R AR W i i) b 3R T
AR A AR W BT MBI B 25 I 324 )
A ERTE T 1.7 A%, ULBAARTE A SR TR AR R AR
Yy FLBR ZE M e e P R [, W R v T L R
g T S AR R W B N T PER R, AL
SERIYRE | BB R R AR AT . H, R
P R AR A W) i B AR T o . AR, HE
Yrox B FLBREE ¥4 5 76 i il Il B BN, 7 ok —Fh
XiF LB E5 F4 5 B/ NI A T

B P A 3 2 R P A e e A 2 ) e TR R T
T, BRI BT A R TS e s IR, R XA
) 97 AL B 485 ) 1 TR e /0N g [ o G A 100
OLADEJO 2547 CO, A4 % W B 70 1) 2 4 J
BTN, IS T A Wk B R . B T
W IINFAGE 0% 388 1k B B2 2 A0 8 A T s 1 B 40 1)
ARG, (R E XF A B4) FLBR 245 P R SRR B /)N
PR MB B FFRE J1R T 90%, HIK
W25 ik ) T 122 mg/g. W AR e EA 4 fh
PEANBER | 328 5) KA IR S A, S G
ML, ZEASE WA YIRS, B1E
TG R, HLA T I P BE 1Y TS Y e i
Az R FR R PR Ak 2 o P TR PR, RS R AR A R
HIERRFEE CALISKAN 80058 T A= ¥y e x5 18
W WG BRFORL RIS B4 BRI P, TRl s R S T R A T
ST K A ok, Ay IR TR 2E T AR LR,
SECT HEAE S B RE T Y TR R

EEXT Ff R PR AL, A A el e R e

TSYLIREIR N CO,. HoO 25 EWT, MARJE 1Y
BRE] =Pt o R AR Y0 F AR T AT A AR ) i 1)
FRARE A 80%L b, HFA A B B RCR
YA SCR A B e RO S A
HHEE, AW p A AR ROR L AR, %2
BEURRR B H /L, AR SR Z IR A W i R S A
Wk, BRI AR A LA PTRERHLAS R E e A, HL
AT, XERADC S Tl 3 Ak A B A 3% ST R
A2 P A 3 ol R P S 1) A 2 ) TR fi
W, B 43 fiff A W) i 3% TR A9 TS G 0 T AS 7R A B G
FE , T AR 40 IR P 52 2R BT GAO 28R J HNO;
ST HRRS AT W A HEAT 8 h f R A S, I B
Po( 1), Z5RERW], A RENEH 1 /L. Pb(Il)
WA R ] 100 mg/L B, 7EE A AW,
Pb( ) EBRFH 100.0%FF % 95.2%, £ 3 AW Fft-
AW, ABRFRERE] 85.1%, AN, ]
3 A HLIE X5 e AT AR, A R 5 5 g
BRI, SEEUAEY R A A AR (L F A e
EAR R PR SR, R TE A R T R
ARG Qe 2B 3, (HAE Tl R KR R, AW
B TS U o R 2%, T Ak 5 e 28 R e PR b2
AR, X515 Y e R R RE I AR,
ME DL STER IR A B . PR AR A R R i A 2
) (5 P i A PR 5 ) AT, b B T A AR ) i
FL b2 A 0 0 A 0 o T e L AR 1) F
fif RV TR, R Al SR S BRTS Y id 5
BF o AR 9 A 4 i S 7 7 B T 40 R BH R P A 5 PH R
A e BB X A 3 D 7 A T e, PR DX 03 ot
AL RS e 244 o TRlBst, Bk fE T o] ekt
V5 YLy 2B W ok FLIBR L BB GAZIGIL 250 Fi
NaBr /R IR, 6B 50 mA/em?®, A5
13 g IEE R, 3545 T AE MB 555, 2l 98.78%,
27 6 MR, RBRRIE 68.55%, S5H
A A L, Ak SE R AR RIS 1T, RZTE
YPGB, REASAE AR REFE T SCBLA: W A 11
A o TR, AR AR S A B A R /N
HAL i SO VA TR AL BN R, 8 T RIS G
N A YA B 7 b Ma B 1B = S M DU AR E L 1o

4 FEREHFRE

FE XU R HARBY S 14T, A Tk e
T R O Y, A W W BB AR A D Tl A Ak P
USRS S, BRI BORHLE , SRR AR B
o AN S I 24 i A A B B O Tk % K TS
Wy ) W BOEFIREAR HEAT SRR A, R v AR R
FARTHE W FHAL AT, (E T BE A Bl AL 254 B9 88 23



* 970 -

A% 4m 4 T FINE CHEMICALS

543 %

SRR LR AR A9, IS5 TS Qe A W R S
T b f4 0 A~ IR R I BT BIL R 5 A e e e e
BEE T R ERTS U, AL BRI

Xt EE E BRI FERTHT , WRSE 2 E T A i F 3V -
WAL — IR s, SEBLA: W B3 By R A i o U A ol
#, T0E AHOB RERE R R A U T TR AR
BRI, FEANCHE Rl AR BOR IR AERE
{E [ 2 DA R B 2

BER LRI, AR AR W 5 B R R BIE 5 T A
TILITHIFE: (1) St 2 21 0 e 550 ) g ) el
WM, ARG FT A5 2 3R 0 E RE A RO L
H, LB EPERYRE R LR (2) BEEZHOR
W E R GE, WHs A= W 0 e B 0 R S A A I, S B
19 UL 4 0 B 5 SR A, 4R THAR BRI s (3)
TF R AR B AR, AR PR T BA e 1375 A 1Bk
MTZ, WAL

SE

[1] SELVARAJ V, SWARNA K T, MANSIYA C, et al. An over review
on recently developed techniques, mechanisms and intermediate
involved in the advanced azo dye degradation for industrial
applications[J]. Journal of Molecular Structure, 2021, 1224: 129195.

[2]  SAHU A, POLER J C. Removal and degradation of dyes from textile
industry wastewater: Benchmarking recent advancements, toxicity
assessment and cost analysis of treatment processes[J]. Journal of
Environmental Chemical Engineering, 2024, 12(5): 113754.

[3] ISLAM T, REPON M R, ISLAM T, et al. Impact of textile dyes on
health and ecosystem: A review of structure, causes, and potential
solutions[J]. Environmental Science and Pollution Research, 2023,
30(4): 9207-9242.

[4] BHATT P, JOSHI S, BAYRAM G M U, et al. Developments and
application of chitosan-based adsorbents for wastewater treatments[J].
Environment Research, 2023, 226: 115530.

[S]  YEAMIN M B, ISLAM M M, CHOWDHURY A N, et al. Efficient
encapsulation of toxic dyes from wastewater using several
biodegradable natural polymers and their composites[J]. Journal of
Cleaner Production, 2021, 291: 125920.

[6] BAYUO J, RWIZA M J, MTEI K M. Modeling and optimization of
trivalent arsenic removal from wastewater using activated carbon
produced from maize plant biomass: A multivariate experimental
design approach[J]. Biomass Conversion and Biorefinery, 2024,
14(19): 24809-24832.

[77 KUMAR P S, JOSHIBA G J, FEMINA C C, et al. A critical review
on recent developments in the low-cost adsorption of dyes from
wastewater[J]. Desalination and Water Treatment, 2019, 172: 395-
416.

[8] MOOSAVI S, LAI C W, GAN S, et al. Application of efficient
magnetic particles and activated carbon for dye removal from
wastewater[J]. ACS Omega, 2020, 5(33): 20684-20697.

[9] AHMAD M A, EUSOFF M A, OLADOYE P O, et al. Optimization
and batch studies on adsorption of methylene blue dye using
pomegranate fruit peel based adsorbent[J]. Chemical Data Collections,
2021, 32: 100676.

[10] ZHANG S P, CAO J Y, YANG P, et al. Adsorption and aggregation
of Cu** on carboxymethylated sugarcane bagasse: Adsorption

behavior and mechanism[J]. Journal of Hazardous Materials, 2024,

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

465: 133297.

MKILIMA T, ZHARKENOV Y, ABDUOVA A, et al. Investigating
the potential of wheat straw and pistachio shell as a bio-
functionalized agricultural waste biomass for enhanced biosorption
of pollutants from wastewater[J]. Case Studies in Chemical and
Environmental Engineering, 2024, 9: 100662.

RASHIDI N A, CHAI Y H, ISMAIL 1 S, et al. Biomass as activated
carbon precursor and potential in supercapacitor applications[J/OL].
Biomass Conversion and Biorefinery, 2022. https://doi.org/10.1007/
$13399-022-02351-1.

ANUAR N F, ISKANDAR S D R S, RAMLI F F, et al. The removal
of antibiotics in water by chemically modified carbonaceous
adsorbents from biomass: A systematic review[J]. Journal of Cleaner
Production, 2023, 401: 136725.

HOANG A T, KUMAR S, LICHTFOUSE E, et al. Remediation
of heavy metal polluted waters using activated carbon from
lignocellulosic biomass: An update of recent trends[J]. Chemosphere,
2022, 302: 134825.

GAYATHIRI M, PULINGAM T, LEE K, et al. Activated carbon
from biomass waste precursors: Factors affecting production and
adsorption mechanism[J]. Chemosphere, 2022, 294: 133764.

NIAZI L, LASHANIZADEGAN A, SHARIFIFARD H. Chestnut
oak shells activated carbon: Preparation, characterization and
application for Cr(Vl) removal from dilute aqueous solutions[J].
Journal of Cleaner Production, 2018, 185: 554-561.

HOU J H, LIU Y J, WEN S K, ef al. Sorghum-waste-derived high-
surface area KOH-activated porous carbon for highly efficient
Methylene Blue and Pb(Il) removal[J]. ACS Omega, 2020, 5(23):
13548-13556.

MARYAM K, NAHID G, BABAK M, et al. Removal of Methylene
Blue from wastewater by adsorption onto ZnCl, activated corn husk
carbon equilibrium studies[J]. Journal of Chemistry, 2013, 2013(1):
383985.

HUANG X L, HUANG Y, PAN Z, et al. Tailored high mesoporous
activated carbons derived from lotus seed shell using one-step
ZnCly-activated method with its high Pb(1l) capturing capacity[J].
Environmental Science and Pollution Research, 2019, 26(26):
26517-26528.

JAWAD A H, SABER S E M, ABDULHAMEED A S, et al.
Mesoporous activated carbon from mangosteen (Garcinia mangostana)
peels by H3PO, assisted microwave: Optimization, characterization,
and adsorption mechanism for Methylene Blue dye removal[J].
Diamond and Related Materials, 2022, 129: 109389.

YANG J, WEI Q, TIAN C G, et al. Preparation of biomass carbon
composites MgO@ZnO@BC and its adsorption and removal of
Cu(Il) and Pb( I ) in wastewater[J]. Molecules, 2023, 28(19): 6982.
WANG H, ZHUANG M, SHAN L, et al. Bimetallic feni nanoparticles
immobilized by biomass-derived hierarchically porous carbon for
efficient removal of Cr(Vl) from aqueous solution[J]. Journal of
Hazardous Materials, 2022, 423: 127098.

QU J H, SHIJJ, WANG Y H, et al. Applications of functionalized
magnetic biochar in environmental remediation: A review[J]. Journal
of Hazardous Materials, 2022, 434: 128841.

DAVIES G, MCGREGOR J. Hydrothermal synthesis of biomass-
derived magnetic carbon composites for adsorption and catalysis[J].
ACS Omega, 2021, 6(48): 33000-33009.

GUEL-NAJAR N A, RIOS-HURTADO J C, MUZQUIZ-RAMOS E
M, et al. Magnetic biochar obtained by chemical coprecipitation and
pyrolysis of corn cob residues: Characterization and Methylene Blue
adsorption[J]. Materials, 2023, 16(8): 3127.

ROCHA L S, PEREIRA D, SOUSA E, ef al. Recent advances on the

development and application of magnetic activated carbon and char



55 M

W, S5 MBS AR SR B Tl R K r T S R R ) B 5 R

* 971 -

[27]

(28]

(29]

[30]

(311

(32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

for the removal of pharmaceutical compounds from waters: A
review[J]. Science of the Total Environment, 2020, 718: 137272.
WANG B (E£1#), AI D (3}), MENG Y (#[H), et al. Application
advances of ball milling modified biochar in environmental
remediation[J]. Fine Chemicals (f§4ll{£.T.), 2022, 39(2): 217-224, 301.
LI Y F, ZIMMERMAN A R, HE F, et al. Solvent-free synthesis of
magnetic biochar and activated carbon through ball-mill extrusion
with Fe;O4 nanoparticles for enhancing adsorption of Methylene
Blue[J]. Science of the Total Environment, 2020, 722: 137972.
CHEN F, ZHANG M, MA L L, et al. Nitrogen and sulfur codoped
micro-mesoporous carbon sheets derived from natural biomass for
synergistic removal of chromium( VI): Adsorption behavior and
computing mechanism([J]. Science of the Total Environment, 2020,
730: 138930.

SAKA C, TEGIN i, KAHVECIOGLU K, ef al. Nitrogen- and
oxygen-doped carbon particles produced from almond shells by
hydrothermal method for efficient Cu(Il') and Cd(1l) adsorption[J].
Biomass Conversion and Biorefinery, 2024, 14(15): 17467-17480.
MA X C, LI L Q, CHEN R F, et al. Porous carbon materials based on
biomass for acetone adsorption: Effect of surface chemistry and
porous structure[J]. Applied Surface Science, 2018, 459: 657-664.
LIJ,LYU F X, YANG R, e al. N-doped biochar from lignocellulosic
biomass for preparation of adsorbent: Characterization, kinetics and
application[J]. Polymers, 2022, 14(18): 3889.

YU M X (4x5i5), ZHANG Z (3K¥R), SHI W X (2 3CJI), er al.
Preparation and adsorption performance of N, S-co-doped biochar for
Ni*" and Co?"[J]. Fine Chemicals (K§£H4L T.), 2025, 42(1): 186-196.
JHA M K, JOSHI S, SHARMA R K, et al. Surface modified
activated carbons: Sustainable bio-based materials for environmental
remediation[J]. Nanomaterials, 2021, 11(11): 3140.

PATRA C, GUPTA R, BEDADEEP D, et al. Surface treated acid-
activated carbon for adsorption of anionic azo dyes from single and
binary adsorptive systems: A detail insight[J]. Environmental Pollution,
2020, 266: 115102.

ORAON A, PRAJAPATI A K, RAM M,

characterization, and application of microporous biochar prepared

et al. Synthesis,
from pterospermum acerifolium plant fruit shell waste for Methylene
Blue dye adsorption: The role of surface modification by SDS
surfactant[J]. Biomass Conversion and Biorefinery, 2024, 14(1):
931-953.

ZHANG W, LIU H Y, XIA Q B,

dibenzothiophene adsorption on activated carbons by surface

et al. Enhancement of

modification using low temperature oxygen plasma[J]. Chemical
Engineering Journal, 2012, 209: 597-600.

WU L, WAN W J, SHANG Z S, et al. Surface modification of
phosphoric acid activated carbon by using non-thermal plasma for
enhancement of Cu( Il ) adsorption from aqueous solutions[J].
Separation and Purification Technology, 2018, 197: 156-169.
ZHENG X G, ZHOU Y L, LIU X H, et al. Enhanced adsorption
capacity of MgO/N-doped active carbon derived from sugarcane
bagasse[J]. Bioresource Technology, 2020, 297: 122413.

WANG Q H, LAI Z Y, LUO C M, et al. Honeycomb-like activated
carbon with microporous nanosheets structure prepared from waste
biomass cork for highly efficient dye wastewater treatment[J].
Journal of Hazardous Materials, 2021, 416: 125896.

HASSAN M M, CARR C M. Biomass-derived porous carbonaceous
materials and their composites as adsorbents for cationic and anionic
dyes: A review[J]. Chemosphere, 2021, 265: 129087.

KUMAR N, PANDEY A, ROSY, SHARMA Y C. A review on
sustainable mesoporous activated carbon as adsorbent for efficient
removal of hazardous dyes from industrial wastewater[J]. Journal of
Water Process Engineering, 2023, 54: 104054.

[43]

[44]

[43]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[53]

[56]

[57]

[58]

[59]

HOU Y R, LIANG Y, HU H B, et al. Facile preparation of multi-
porous biochar from lotus biomass for methyl orange removal:
Kinetics, isotherms, and regeneration studies[J]. Bioresource Technology,
2021, 329: 124877.

JIANG D, LT H P, CHENG X X, et al. A mechanism study of
Methylene Blue adsorption on seaweed biomass derived carbon:
From macroscopic to microscopic scale[J]. Process Safety and
Environmental Protection, 2023, 172: 1132-1143.

LIU Y (X&), ZHANG N (5K#), LIU Q (XI#f), ef al. Review on
treatment technology for cationic dyes wastewater[J]. Water Purification
Technology (/K $R), 2023, 42(4): 39-51.

XIA'Y, ZUO H F, LYU J L, et al. Preparation of multi-layered
microcapsule-shaped activated biomass carbon with ultrahigh surface
area from bamboo parenchyma cells for energy storage and cationic
dyes removal[J]. Journal of Cleaner Production, 2023, 396: 136517.
NIZAM N U M, HANAFIAH M M, MAHMOUDI E, et al. The
removal of anionic and cationic dyes from an aqueous solution using
biomass-based activated carbon[J]. Scientific Reports, 2021, 11(1):
8623.

RAMARAIJ R, NAGARATHINAM B, PANDI M. Biomass-derived
activated porous carbon from Manilkara kauki L. bark as potential
adsorbent for the removal of congo red dye from aqueous solution[J].
Biomass Conversion and Biorefinery, 2023, 13(11): 9475-9485.
SHERUGAR P, PADAKI M, NAIK N S, et al. Biomass-derived
versatile activated carbon removes both heavy metals and dye
molecules from wastewater with near-unity efficiency: Mechanism
and kinetics[J]. Chemosphere, 2022, 287: 132085.

GOSWAMI M, PHUKAN P. Enhanced adsorption of cationic dyes
using sulfonic acid modified activated carbon[J]. Journal of
Environmental Chemical Engineering, 2017, 5(4): 3508-3517.

LI Z H, XING B, DING Y, et al. A high-performance biochar
produced from bamboo pyrolysis with in-sifu nitrogen doping and
activation for adsorption of phenol and Methylene Blue[J]. Chinese
Journal of Chemical Engineering, 2020, 28(11): 2872-2880.

WEI S Y, TAN Z F, LIU Z G, et al. Removal of Methyl Orange dye
by high surface area biomass activated carbon prepared from bamboo
fibers[J]. Industrial Crops and Products, 2024, 218: 118991.

WU L, ZHANG X T, SI Y. Polydopamine functionalized
superhydrophilic coconut shells biomass carbon for selective cationic
dye Methylene Blue adsorption[J]. Materials Chemistry and Physics,
2022, 279: 125767.

PAN X M, ZHAO N, SHI H, ef al. Biomass activated carbon derived
from golden needle mushroom root for the Methylene Blue and
Methyl Orange adsorption from wastewater[J]. Industrial Crops and
Products, 2025, 223: 120051.

MARIANA M, HPS A K, MISTAR E, et al. Recent advances in
activated carbon modification techniques for enhanced heavy metal
adsorption[J]. Journal of Water Process Engineering, 2021, 43:
102221.

MA H F, YANG J F, GAO X, et al. Removal of chromium(VI) from
water by porous carbon derived from corn straw: Influencing factors,
regeneration and mechanism[J]. Journal of Hazardous Materials,
2019, 369: 550-560.

CRUZ G J F, MONDAL D, RIMAYCUNA 1J, et al. Agrowaste
derived biochars impregnated with ZnO for removal of arsenic and
lead in water[J]. Journal of Environmental Chemical Engineering,
2020, 8(3): 103800.

GIRI A K, PATEL R, MANDAL S. Removal of Cr(VI) from aqueous
solution by FEichhornia crassipes root biomass-derived activated
carbon[J]. Chemical Engineering Journal, 2012, 185/186: 71-81.
KOKAB T, ASHRAF H S, SHAKOOR M B, et al. Effective removal

of Cr(Vl) from wastewater using biochar derived from walnut



* 972 -

A% 4m 4 T FINE CHEMICALS

543 %

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

(70]

(711

[72]

(73]

[74]

[75]

shell[J]. International Journal of Environmental Research and Public
Health, 2021, 18(18): 9670.

DHAHRI R, YILMAZ M, MECHI L, et al. Optimization of the
preparation of activated carbon from prickly pear seed cake for the
removal of lead and cadmium ions from aqueous solution[J].
Sustainability, 2022, 14(6): 3245.

BANSAL M, GARG R, GARG V K, et al. Sequestration of heavy
metal ions from multi-metal simulated wastewater systems using
processed agricultural biomass[J]. Chemosphere, 2022, 296: 133966.
BURAKOV A, ROMANTSOVA I, KUCHEROVA A, ef al. Removal
of heavy-metal ions from aqueous solutions using activated carbons:
Effect of adsorbent surface modification with carbon nanotubes[J].
Adsorption Science & Technology, 2014, 32(9): 737-747.
KIMAMBO V, BHATTACHARYA P, MTALO F, et al. Fluoride
occurrence in groundwater systems at global scale and status of
defluoridation-state of the art[J]. Groundwater for Sustainable
Development, 2019, 9: 100223.

HASSAN M, DU J H, LIU Y J, ef al. Magnetic biochar for removal
of perfluorooctane sulphonate (PFOS): Interfacial interaction and
adsorption mechanism[J]. Environmental Technology & Innovation,
2022, 28: 102593.

SADHU M, BHATTACHARYA P, VITHANAGE M, et al. Adsorptive
removal of fluoride using biochar-A potential application in drinking
water treatment[J]. Separation and Purification Technology, 2021,
278: 119106.

JAYASHREE D E, KUMAR P S, NGUEAGNI P T, et al. Effective
removal of excessive fluoride from aqueous environment using
activated pods of Bauhinia variegata: Batch and dynamic analysis[J].
Environmental Pollution, 2021, 272: 115969.

REN Y C, NING P, QU G F, et al. Nano biomass material
functionalized by f-CD@CE(NO); as a high performance adsorbent
to removal of fluorine from wastewater[J]. Chemosphere, 2023, 311:
136859.

BAGBI Y, YOMGAM P, LIBANG E, et al. Waste bamboo-derived
magnetically separable bamboo-activated carbon: From characterization
to effective remediation of fluoride (F) ions from water[J]. RSC
Advances, 2024, 14(34): 24952-24968.

ZANGO Z U, GARBA A, HARUNA A, et al. A systematic review on
applications of biochar and activated carbon derived from biomass as
adsorbents for sustainable remediation of antibiotics from
pharmaceutical wastewater[J]. Journal of Water Process Engineering,
2024, 67: 106186.

AZIZ S, ANBREEN S, IFTIKHAR 1, et al. Green technology:
Synthesis of iron-modified biochar derived from pine cones to
remove azithromycin and ciprofloxacin from water[J]. Frontiers in
Environmental Science, 2024, 12: 1353267.

CHANDRASEKARAN A, PATRA C, NARAYANASAMY S, et al.
Adsorptive removal of ciprofloxacin and amoxicillin from single and
binary aqueous systems using acid-activated carbon from Prosopis
Juliflora[J]. Environment Research, 2020, 188: 109825.

SHIP P, CHEN CJ, LU X Y, et al. Preparation, characterization and
adsorption potentiality of magnetic activated carbon from eucalyptus
sawdust for removal of amoxicillin: Adsorption behavior and
mechanism[J]. Industrial Crops and Products, 2023, 203: 117122.
EGESSA R, NANKABIRWA A, OCAYA H, et al. Microplastic
pollution in surface water of lake victoria[J]. Science of the Total
Environment, 2020, 741: 140201.

BELLASI A, BINDA G, POZZI A, et al. Microplastic contamination
in freshwater environments: A review, focusing on interactions with
sediments and benthic organisms[J]. Environments, 2020, 7(4): 30.
WU J J, YANG C, ZHAO H H, et al Efficient removal of

[76]

[77]

(78]

[79]

[80]

(81]

[82]

(83]

(84]

[85]

[86]

[87]

(88]

[89]

[90]

microplastics from aqueous solution by a novel magnetic biochar:
Performance, mechanism, and reusability[J]. Environmental Science
and Pollution Research, 2023, 30(10): 26914-26928.

XING X Y, ZHANG Y T, ZHOU G Y, et al. Mechanisms of
polystyrene nanoplastics adsorption onto activated carbon modified
by ZnCl,[J]. Science of the Total Environment, 2023, 876: 162763.
LIM P, WANG Y Y, LIU Y X, et al. Preparation of active carbon
through one-step NaOH activation of coconut shell biomass for
phenolic wastewater treatment[J]. Research on Chemical Intermediates,
2022, 48(4): 1665-1684.

DEHMANI Y, FRANCO D S P, GEORGIN 1], et al. Towards
experimental and theoretical understanding of the adsorption
behavior of phenol on a new activated carbon prepared from oak
wood[J]. Journal of Water Process Engineering, 2023, 54: 103936.
PATIL P, JEPPU G, VALLABHA M S, et al. Enhanced adsorption of
phenolic compounds using biomass-derived high surface area activated
carbon: Isotherms, kinetics and thermodynamics[J]. Environmental
Science and Pollution Research, 2024, 31(60): 67442-67460.

WANG Y K, WU G, ZHANG Y W, et al. The deactivation
mechanisms, regeneration methods and devices of activated carbon
in applications[J]. Journal of Cleaner Production, 2024, 476: 143751.
LOBATO-PERALTA D R, DUQUE-BRITO E, AYALA-CORTES A,
et al. Advances in activated carbon modification, surface heteroatom
configuration, reactor strategies, and regeneration methods for
enhanced wastewater treatment[J]. Journal of Environmental Chemical
Engineering, 2021, 9(4): 105626.

MOHD NASIR M Z, INDIRAN G, AHMAD ZAINI M A. Assessment
of thermal regeneration of spent commercial activated carbon for
Methylene Blue dye removal[J]. Particulate Science and Technology,
2021, 39(4): 504-510.

MU Y L (B2F#), SHI J W (i 30), WEL W W (BLEZE), et al.
Research progress of biomass activated carbon regeneration
technology[J]. Energy Environmental Protection (fEIFIfF3E{RY"),
2024, 38(6): 36-46.

OLADEJO J, SHI K Q, CHEN Y P, ef al. Closing the active carbon
cycle: Regeneration of spent activated carbon from a wastewater
treatment facility for resource optimization[J]. Chemical Engineering
and Processing-Process Intensification, 2020, 150: 107878.
CALISKAN E, BERMUDEZ J M, PARRA J B, er al. Low
temperature regeneration of activated carbons using microwaves:
Revising conventional wisdom[J]. Journal of Environmental
Management, 2012, 102: 134-140.

ZHANG T T (JKIEE), ZHANG A L (3ZH), ZHOU J T (JH4E1K).
Treatment of high salt aniline wastewater by activated carbon
adsorption separation-biological regeneration process[J]. Environmental
Protection of Chemical Industry (fb T3 #), 2006, 26(2): 107-110.
GAMAL M E, MOUSA H A, EL-NAAS M H, et al. Bio-
regeneration of activated carbon: A comprehensive review[J].
Separation and Purification Technology, 2018, 197: 345-359.

GAO L, LIZH, YI WM, et al. Impacts of pyrolysis temperature on
lead adsorption by cotton stalk-derived biochar and related
mechanisms[J]. Journal of Environmental Chemical Engineering,
2021, 9(4): 105602.

GARCIA-RODRIGUEZ O, VILLOT A, OLVERA-VARGAS H, et al.
Impact of the saturation level on the electrochemical regeneration of
activated carbon in a single sequential reactor[J]. Carbon, 2020, 163:
265-275.

GAZIGIL L, ER E, YONAR T. Determination of the optimum
conditions for electrochemical regeneration of exhausted activated
carbon[J]. Diamond and Related Materials, 2023, 133: 109741.



