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ABSTRACT

Systematic Review Article

Background: Water contamination with the herbicide 2,4-Dichlorophenoxyacetic acid (2,4-
D) poses a serious environmental challenge, as its residues not only degrade drinking water
quality but also threaten aquatic ecosystems and the food chain. The aim of this systematic
review was to summarize and critically evaluate existing research on the performance of
various biochars in removing this persistent compound from aqueous environments.
Materials and Methods: A systematic literature review was conducted following the
PRISMA guidelines by searching major scientific databases including Web of Science, Scopus,
ScienceDirect, and Google Scholar. The search covered studies published between 2008 and
2025 that investigated the adsorption of 2,4-D onto biochars. Articles were analyzed based on
feedstock type, pyrolysis conditions, chemical or physical activation methods, and operational
parameters affecting adsorption efficiency.

Results: Reported adsorption capacities of biochars varied widely (from below 10 mg g™ to
over 300 mg g™), mainly depending on the feedstock source, pyrolysis temperature, and
surface modification technique. The Langmuir isotherm and pseudo-second-order kinetic
models were most frequently identified as the best-fitting, indicating chemisorption and
monolayer adsorption behavior. Acidic conditions (pH = 2-3) consistently yielded the highest
removal efficiency. Nonetheless, several challenges remain, including limited data on
regeneration performance, real-water applications, and the influence of coexisting ions and
organic compounds.

Conclusion: This review highlights the potential of biochars derived from agricultural residues
as cost-cffective and sustainable adsorbents for 2,4-D removal. Improving surface chemistry
and structural properties through optimized activation methods could enhance adsorption
efficiency and facilitate large-scale and environmentally sound applications in water and
wastewater treatment.
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Copyright © 2026 The Authors.

Published by Alborz University of Medical Sciences
This work is licensed under a Creative Commons Attribution-Noncommercial 4.0 International License. (https://creativecommons.org/licenses/by-
nc/4.0/).Non-commercial uses of the work are permitted,provided the original work is properly cited.


http://doi.org/10.66224/jehe.13.4.412

3l b g 50 dlio FEP LYY Giladio AP ¥ Glicas) F o,leck ¥ 0 g0 dasas Sufilgs cusige dlas J I‘, I I I‘,

Alborz University of Medical Sciences

LSJ—\CJY JISJ.C« S L on:&L.w.l) )\ oMk}LL.A Lsujt-?.'ﬁb bf)leMva D30

8303138 Ll mbie 51 Aol Szl S 534 JS

\E-E/-/\0 1ob ey &L \E-E/-2/YY 1 8Ly &6
rw\.&b‘ Loee Y Ol aSS d_,i.ﬁ‘ A obb’ u‘; 0350
Ol Ol msb (i arl gt 2mis o851 O s pnidige 0 dSCSNS
Q\J;_‘ ‘)‘j"ﬂ ‘)|}¢| )ﬁudu\.‘} é“:ﬁ r}lﬁ aK.:,.'v‘b ‘%""’C"“*ﬁ) LSLQLS)JLJ QLS.:};J JSJ.A v

O‘ﬂ‘ g()l‘)@ ‘vﬂajb u—&"‘JlJ:““ 4;-\_,}- S NESHN co‘ﬁﬁ kg oSl ¥

RVLCY 8 g
il 1 s o oS S Coni

S s 4 a5 G Al Fege S 3T iSile L O e S dTian 5w | afshin ir@yahoo.com
LA 1 2l o s 2l Sl ST S (sl Of ciS o 5l esdhe OF bl 15
v.:sjl' u._v_l [N BE) _)\;;ﬁ\; le‘ u.;l)lS ajb.)é a.l._..irl:ul LSLAU’:‘A}}:“ Mru 03 cax)lae U’l‘ da "\’SLSA

| PR ORI R Y 2

3 Keramatzadeh M, Takdastan A,
2ol gl slalae 5l eslie | Ehteshami M. Systematic Review

. - .. . . on the Application of Biomass-
Sl o el Sl ealiid e 53 o i als s tuaplls Lot 5 i L allas ool ila Gy g slge | i PP

Google ; ScienceDirect Scopus Web of Science slasl L s ¢3-¥5¥ b oi | Of 2,4-Dichlorophenoxyacetic Acid
) ' from Agricultural Water Sources.

ERTY] YaYO LYoo A LsLAdLm B oame L}"L‘J a)'l.g S W fl;u‘ PRISMA J‘“"‘HJ}:—”": wL—N\ 2 SChOlar Journal of Environmental Health

e T fe gla il 5 g3l el S s il d sl i 78 el Y Engineering. 2026;13(4):412-36.

U

Ll o3 503 g5 8E S 5 303 aers wals Ll sl e o b sl 0L Slalllas 5 e ile 4Bl

slowl 15 o Oledily o VL (PH = 2-3) (s Jaul 1 omes o3 S 55158 003 4 0ac 5 a0V

OlS 5 il il Il s s Shee bl eotley sk sl sl e WJ ul bceul o3 S

el 3 Oleen

Gl S5 2 5 St Sluls 1 ol Glaslr sl axs o33 2 $os0 adllas onl 15 S womd

Shees¥ 5T o3sa e iSile Gl s laodle cpl Sl 5 ineo 3,00 wie) B sls AST Lol b o
' _ Sy palp s Sl ate oo

uLwJu 9 u‘ 45)}3%) ‘&]a.vn u.b— c)kaﬁ\; 4‘_;:—?)“ J:Sud& 'dw Lgl.a 03‘3 10-66224/jehe.13.4.412

FEF LYY Giladis AP ¥ Glics) F osladd ¥ 090 dasne Cudlign ouige alas


http://doi.org/10.66224/jehe.13.4.412

OKas g sul5 col )S 8050

S5 2 (WHO) Jler cuilig olsle s (EPA)
5 b s Llesls 13 SU et glaedoVT o b 53 1
S Sameias) g slazadsl L O G
A Kles S

slgy QT S Yu¥ Gl gl o sl by,
Ale) 4 iy O gel ST ladnl b fols &S Wl
(S5 Pem atal (LowbS 5 oms UV/PS
S e D 5 L slaiT 3
ol A&l Ll s 53 oYU Obeily b 3, ool 5l
g VU slaasa Ogmman slaCusgdoms bl (Llesls
2 Sl 5l S e Sl S s
hos oalinal oS ol 0dd e gmo (5 elde
Wl cnl 53 7T L5k elen i gla tlr L a0
308 Sl 5 S au g ((Sale s 4 (b Dl
3 DA O S Olssa i lalie
o_j,uou.)JTLSLM.,\;.LYTQ&&lﬁLAJKA\JJJS;JU[SJ_;
T sl odd - as s iSile

Gosle G Ol g Hlrmb OSUSS slacilr Obe )3
Celon S s |y ol a5 Ol 5 5w (0 S
SoLES 5 s Gty o Sl Sz sl T
s o gl e B Sy bl 5 Ll e cosw
ol 5 b Jale slaes 35525 cmlis Joulss L
Loobrsl ol Ol mmas Tl bt
5 (Ol L (oS () e sla s,
B s (bl sU SOl Sledled) (S5
DS 5 sl O ol s Ol S b Sl
&S Wlesls LS o Sladllae M ol o pslie T
5 okl oSl Olgsa Ll lral
dox 5l s iS5 ol plal Gl 3 g slaea 3
T g o e o alass 3l (oYY iSile
Sdle Gl ane s b s sl (058l s b
Oloman g ole LIS 5 bl (so-F Y

FAY @ VY liss ) F ojladi V¥ o) gu cdaaas Cudilige cusige dlas

LVRY-VY

SV gams A5 0 053055, b (Camar okl B A
oish (DBl s pga Sl 28 eslinal 5 (53l
Slas VT 51 g 55 M6 o 35,5 o se daiSile
24- iSle ol sad ol glblase 4 T
Olge & (2,4-D) dichlorophenoxyacetic acid
e Oler 3 e IS e iSile o S8 e 1 (S
DA ekl 5,50 (65H5LAS 5 4 Sl ans s
S oYY aSie oS bl )t 5L S
VLI 5 G ey ESCile s s op 3l 5T 5 o 5l
D3l e 55 5 It IS el 3 5 ol e
g\}»@@@?c@)g\)oidtﬁfﬁw.‘“ 3505
2 T S e S ils o e S S
Al eSS gbaokad s ehisa G O
kS olre 53 ESCile Ll s s Ol
plie gy Sl ol Ve ple s SUS
o b gl e 5 b iy w4 OF 5 g 55 LG
oS Sl Sa Gdr g b ol 7
5 2 St ST s gl oS Gl O b
ot S Sz 55 0 o pmme S e SO
o3 )l s s Liley (L lae 53 Al 0 LS 5
LTS (Slas 5315 anmnsi 5 o e 0l 315 ol
Dl e el O Sl 0T Gl gl

Oszean ala Siiy S A EAN - w1 v
3L S 0 s b3 oL ol 3 YL (g Dl

VP

335 ol ladass 305 Sk uts (S s
BT Ll o ml G Ble 53 o oS5 nl
e oWl des ) ol el 5 b0
20l e DA 5 (58 5 gAS OIS 50550
5 Sl B pmes TV SIS (Jle
Slp Coe 5 ) 55 SalS) & S s S|
TS sl e DA G (Sl Dl s
ol i sdae CBlim Olojlo (bl e 2 1



‘;JJJLJSLEIf&LLaJ/%M’_;@/WS}HJ‘)K&J—VGJVUJSJEJJAJ.J&.JJIQ&::_}J/O.LJ §id ‘;LAJéJj@:J‘)gJK_)::_L&IaLEJJJﬁ

il sy (St 5 o5l sadde ek
NI PR AR

W nl 025 5 b AES o pE s oinld
oS 3okl il wrn s Slp 52,08 ol (ale
sl el B s35liS Sluls al yay e

‘LMI@? ol e cpl S el ol
ool eddalil Sla sy ailble o 5 pas0lesl
ol 3nine gl )l il sl eslanal L (o5-F 57 iSlle ol
S amlie 5 55 505 L dllds ol il 03 S5 5
OLedily » Slles glo bl Sl (o) 2 Gl sl ool
sbdle b 5 Ll Gl Sl
53 apmge S XS e S e Sanl 5 St
e Ly el Gla tas s St 5 e S 1y Sl
gl (o3, 3Ll s addles ol Sosly XS
Slles 3l s s PRISMA feally s ol
Slasusld an 5 sl ade (ploe Ll Ul tie

-\-:.m‘ &._...'.'.a‘ J‘SPJAS L;.:—f_,\' UISALF djf“

(‘5:—YJY)
163 ¥ Y plend S5 sla (S gl

2,4-dichlorophenoxyacetic acid  :s il
)‘ u’ﬁl 5 4 LAJT‘M\L;WS)J L;o.}l_,.'vl} )‘ (2,4-D)
‘JUI J,:M‘ sl L k_».SJS U'i\ .byi&,a g ) QL€.>-
&JA) P e 4.5).&).9 Caliss 6[.&)1,..«‘ E) L;«:.&T 6LAL,<AJ
Solite e B, (il o S g 4w
& (CAS 94-75-T) :Sale cnl (gdonl p 3777 51
3508 p i M8 ol e 5 sl oL s
.b)\b \)
Soles,yl gail> G @a-Y5Y (olaws Sl L

Sos(F 57 Sl glacaadse 53 JS W51 L lut

Ll ey o Ollas ziy aSOT s a)ls 3525
Loplls) aglin & 2aS 5 035 3dome AL LT ol
Slobrnl gyl ene ke gbaosl LS
Sl 333 (Sla il oSl 3 ilantls i Dol
e NS RN RN URPISSP NS
3 (G dols 5 Sl i1 Glag o (S50 Ly
@B s el Jls mlr b Ollllee S gl
A ST g s 2l Bl 2 s s
5l omlie sl ssam o PH ki) e Julse
Bl oo pie ol Ol (R T oSy
or s Bl s S s ey e AL
8 es (oIl Wile cage Do gy piman ol 0l
Ol 5 bl slaayza (bl B Gl sl
SR adlas 5y50 LS ke Sya ms 6l el
Kla S

YoV ascdle Gl w5y Sladllas Aul58l s L
S Saa aS A o LS s pw )y ‘u‘fT sl 5l 63
5 e sl sl plsil 5 Slas o daplll 5 wolr 5,0
L Y el & P MR RS
clr Gl 5 Slhes la bl (goledld
Oy SR 55 2l 53 el 0 dls LI ST S
Glamlis 5o (o8 aKilosl Ll i ulud 5 =k
s alin Lylpd s Lol oL Ols eeis
Selisse s Gl el ol @S
Lodlr ok Sl 5 (Savw 5 o500 clds
lodd o) 5 3 9dee O poas Dlallle 31 (g5l 2
Cenl 5 b iSile G pme 0538055, 5 peS war s L
5l (ol e 3 T 51 20 gla So T J zs
xSl sy Gloty Coys o 3l ol Leplls
G 3 b Sl eslial olos godane gla e
Shedlas ST Ll wnl sl plail o2-¥5Y Sl
ol Gl anslie a4 dapllal D) p0n & el

e Ll 5 sl or (slaemdlSe o b il

VEF licas) F oladdi V¥ 0,90 cdasne Cudlags usige dlae ¢ 10



BE L;?b “ &D—Y}Y S Xl s LAL;}i} U‘i‘
s St b gl Sl edd > ol slalass

@‘,ﬁ@@@\ﬁj&qiqu‘)b)scﬁ

OKas g sul5 col )S 8050

Ulsea oS 5 ol da iS5 sl 53 oS ol s

e e VL Jal Sy by SU ks JT etV

st\c-ls @W}giﬁ QL:.»&_,& NG I W L;"j""’ LFJ
& CL‘ J‘ Laosls . Wledls aodD ) J)Jo- 3 LS’“Y}Y O mb -
¥ Geit s551s,5 FAO ; ATSDR (PPDB s

Lru.b—g_,.l

fv-ff

Tl 3 (S0 s & e (homsd ShenS 50 S 03 8
D5d e 25 G S sl cxge sl ol T
5 e ol el sbannT b s 5s el ol e

5

t.

o e S (PKar3.4) zx pH 55 VU Osnlyoy o

.b‘,...f:dn uT 3 C;.:b*:— u:'-.’.b-”‘

o Jd 4 S b VLS e

(Koc<100) Ji - 5

(i o s (LOgKOW=2.8) oz 4 bawje ilos o

S op el B ) Sk

MAARUIPINE I TS TP IR A3 S P S0 C“"ﬂ RIIPRTS

JsSde 55

CAS o,lois
Fde 0>
<gd alad
@325 | Shee abd
pKa (25 °C)

(20 °C) )l ,Lud
(20-25 °C)| 50 >
(PHAT) <! 2 el
LogKow
LogD (pH~7)

(o]

oo
cu/C[m

CsHeCL20s
94-75-7
221.04 g/mol
137-141 °C
Sl o0 ayde 273 °C o
3.40
1.4x107 mmHg
(gowm! o>e)540-677 mg/L
~900 g/L

(o 4555)2.81
-0.82

FAF @AY liss ) F o ladi VY o) gu caaas Cudifige cusige dlas




5_)")_;“5‘_‘74]&:&4Jl_&u/éﬁu/u_“.fjﬁj‘)ffgd—fjruzs_ikJJAJ.JAJJJ'C;H::JJ/AM&L&A(;LAJ[?J:'@JJ:UK#.J.i.afa(EJJJ‘).a

UNW&)‘}“‘]‘%“F‘;"?NW‘@‘]"‘LSL“UTJJ ° w}k?ujgdb_f"fww";ﬁ
Silsae Rl 5 &8 b s wns ane anis LTS SCIVE S SRS 2 B (U PRCICJg
e 5o WV S e Ll e Lo S3AS1 bl it 5 O bt 058 G S

bl &L:a.;...:: L;LA.L..JJ;& L;i}]’ )‘ JS'JJ.\N Jjb.n BEEE)

oUJSV,w J.a&d\.o.:; ‘d‘}:ﬂ&"sxcnms“}:ﬁ JJJM;M" R

el 555 G5l S ]
64.3')>J cu‘ 9 S L RS ;JLF B el J}J

&

Aol el 02 TN S e B B ST s 4 e Y S Sl s S

S s LSJ"\iL% (LS)"}'“& Lol oo dile) cf)T J'.' s ks .»;w oy Cﬁ;—‘ﬁt‘ O‘_ji-“"‘-_'

(Y Jgd=) b ol o8l _¥A. 0o . .
(¥ sr) Bl l58 PITT0 s 02 555 S Sl S (g pestd b S 5
ZQM‘WJL.‘."‘“" .b.ou” L 65-*}“ JQ.FAA.:J
wf‘)‘d.:.vUd_,w-k{“ﬁjﬁ)))\/uv)‘“-gb'jé

el ol U’:‘)‘Jf 6.‘.;.«:‘ 6“6[}- BEl

D=0 s s TR AN CRUR-JWIR JIPRES

(s5l52) Gmli.iu"l.oﬂ S ,0 e 4o 395 7Y dg0>
S S 0 s Ao 5, VF LY o
Silor ol o yes dass 395 10 o8>
Jelorde 50 yoe e 39 T o908

b dsisd )0 es deld 39, WV Squ>
&5l32 (o w9y 9 2l )3 pes Ao 59, VYT 5 F)
7 . . . m
(Ko) JI S-S5 o i 2 9/ VIV-01
SB S o3 b Lagio

. /kg

AFo¥ Qlicua) oF o ladi < V¥ 0, 90 Joune Cudilags ceudigo dlas ¢ ¥V



OKas g sul5 col )S 8050

w33l ol glac bl 5 e iS5 G b 5l Jlasl -Y
5 AU wile b gaT 4 S 5 5505 o ge &S
S::dea laasl=s gy

03 oot o2l JUl 5 s 5ok sl e s LAY
Bl s sVl ples bl o

5l alse U ot e e 0l 5SS
adlaie (Bl 5 ALS Ay b Ol (Sl il
lrlr S e 5 Olgs oIS s Jolse ol 5 251 13
AT (Y IS2) g ksl Lases 53 (65— F Y

o

&

&

W

£

J= oY S5 e sl e
sbes ssmg/Lase Loi) O s YU il
Sl S ol cde el YT (C Y0
(S slasSb iy i3V er 5l 28 Yiane KoO)
Slo s ol P el s 53 YL S 5 sl
oy 5l o s S lle (pl WS 35S s
Lo win slacl sl 5 008 e S e
ol g i (IS sk a5 5555LS e

Dl Ak Sy lamee 55 (63 5T Jlil
L ool Jses S ¢ (S il 55 as 3545 )
Jebsn 3 st VT (3 5me oS > 4y 5 03l S ol

f)yﬁ:@ﬁdﬂ Sk

s gy

“.'Vi-
(&Y

RN NPT &P P B

L Sl 5 K981 Sewy 2l 5 e 2L
S

sl s 5 55 F ¥ iSils _zdligs ol 51
Sladely Ll r 53T 5Y S le (5 me 13 6513
5535 ol 5Ua s LEL 42315 DLl sy (S3uAne

faf))‘f))j&c&wﬁww&ud'bbvﬁsf@‘

FIA @ VY lins ) F o laddi VY o) gu cdaaas Cudifige cusige dlas

55 GF 5T L sl o Llosls OLES siaie Solallae
Ll ot D e (ST 5o de s b
Sl 3 mexd 5d oS 0 e o O1 JUas) s
Ghla 55 ehsa 5 oekd IS Obpl 5 sl
S5 ol JE ks G ol B s osliS



GJJJLA:S‘,_ITCJLIAJ/J:IM/;{_I}M/&MS}ISJ}K&J_rJrUzSA_ﬁlC JJAJJOJJ—?@.AEJJ/&M §id (;MJ%&@J%JK)HM[;[A?JJ)‘?

Loz pa Lles S ke o5 Sl e SOl 5 S a8
bl sl by GAile s e S S
o) «(TARC) 0l oo Sl Malliyer (3151 2015
&l 150 o Yzl slae & 2B 65 8 5 iScile
Soled gl )y K0 s gl e luarb Ol
ol =¥ 57 iscile G cos Ll Gus glaglal

.ﬂ' AR (Y K.&) Sl 0l 03l

Aigys

G35 9y A pd JWid] e
Jols pac 9 99 5,8
-390 (990)

GBI yial LSy sl

g b 4ulS 3)Slae 3 a5
33840 gl bl Ly

e ek ey ol Ols il 53 oS ez Gl

=¥ Y &S Llesls 0L ldlas s,ls 1, (4+ 550)
(has Cins dax 3l wae OV Corgo Ll g5 o
It (0 iS5l oo Sl ol 5 (gl o i
(gmior GO 558 5 Lo, olsn ) 5200505 348 )3
e 258 SHak Sl 5 $alS 5 GAS Lo
o5t 55p b1 OF Byl S5 dsmedyl Slallae 5

80

(Mas Rl Cagaw Casly
ko 1970 8 (6)18) lyauts
S35 gl

=

23l Gialdl (g8 Carem
guilaaans| el g (5..\.}5 13
dguiae

i 2adg5 @i
Symd g slaad Ghols acls

2 gyl 310y GlaliEl oyl
.\,‘Jy w3 Cerom 9&:"“}7

233,540 Lo

TN 6 oY iSile 5 cou Sldl Dua Sl Slad (sles Y IS5

Waad Olge 4 sl |y a5 ol slacys gl
U U VR R 0k SRR U0 K WK { B o
Wy L osesg panss Ypems bl ciea JT laot Y
P G TP Ll s e il SV e
iy Js Bl aeS 5 L Jasecan b

5 omb S W w5 Kol e Ll 54 3L

> Fo¥ SSdle B gl Sy, gl
S TsY ehsa pslie e isile Gl ol
S Ll anwg SSUS Gl iy ol slalass
¢ (AOPS)ad iy O splbenS|  ladlp Lol
Sl s el gbanl (S3dam slaada
5 bl o SKoss cnl 51 S e 7T il e e

VECF licas ) F o ylac VW o, 90 cdasas Caclags eodige alas ¢ F14



OKas g sul5 col )S 8050

e sl Gl SIS el o dir Lol a5
Jlail 5z A 5o 358 (3l w4 Jgle 50
IS 25l 5 o mhan b O 4 ol
(o325 g el 3 31 ile Jlelps 4 e o
s PH) llee Lol b 5 mbow ot s S

Il (S (o 5 sl Sl
Tl 6ol g5 ol adaal (sl eslizal 3550 sla3l
S (Lo Slao)l w55 ooy St aile) das
Sl OS5 Gl e b Js Sk 5 0l

.J.;)lb

0348 (ousles Oluls Wle S wole) b 5 e

.JJ)‘J éjias

W‘J@‘ybe}jcb*ﬁﬂs(dww;v\gu)d)l}uw;
oA Lflj cJu.)‘é Lﬁe.,\.\.;}ﬂ bl BE ij} )‘w..._: f\)ksj
39dome |y 0T s 5 2,18 1350 (ol p8s 5 5 VL

g;.-w\ OJJS

2555 5 e 23 S Olpea Sl el sladle s
Ao 3 esle nl il 35 I3 eny ax g sy
Oped 2S5 S5 Lo 2sde W5 a5
oml W5 s s e Jele glaes S AL Jolss
Al pslie ST slaede VT G 3 il 1l
YAV (as e ) g¥ Y S ile

Szt

Sl a3l cnl b S ele S b sl
Gs ) O3S 35 Ll o Co T (glaes s
s b Jold b A5 el sbe 55l e A5
T w g akem 5D (6355lS Dlals Wil pl sl
o I Sl o 5 S5 oS olS e s
@b- 23 Es gl ol (e sladly o s OB
el y DA Sl b G (S 555 o e e

C.,&J.w c.bLA QLA) gLA)) _}':‘.}jj.‘.'.'. ‘bﬂlj‘;’ B} 4.:))‘ cJLA C}J

FYO @AY liss ) F o laddi VY o) gu cdoaas Cudifige cusige dlas

Lgls (@35 5,8 GlLL SLS 5l s el
5 S sl WS s plis sl s 7
Osman SUSis Ll cbas &Ll oYL 6 s ol
3l Slles glaan a5 VL (55 & sl e S S
TV XS o 3 gdoes 1y WOT 503,28 osliz

b Sale s @ b o an B Obe ol
023b 5 bodlr 155k Sl aS apa (415 e 40
A s Sl 5l S Olgea = VL
L iScile o3sa 5 I glaedo¥T Gl gl baag S
(A3l s 3 s 6 By cpl sd e atlis
Hod B> Sas 55 Gl 5 o glas )8 s oS
VeIl esls Ol 395 3l

s e 0L (gadane Dlallls s oS el S5 0L
Sl Sae &3 ey ) gl denS | 55 G Olekily a S
opp a ey bl all b gy, ple 5l SN0 S
3 ol ol gl ke 033k 5 (g dy s ol
S ponls e 5 Rl Slau S paeme 53 o
gl u‘fT slow 3l oYY iSide Gl (ol
e S5y

Olge a0 ombae Codr dol bl aslsl 5 o pwlad pran
e 3 03 e Ol ksl S B cn S 5 2
orb s o3l K Olsen Sl b slac B 5 s Sk
S B e s

W SR

Clahas sl b, on S 5SS ol Sl T3
o el O3l S b Lol VT 0T b oS ol
T FH e 9 4 Llg5 o osly ol Aol e

Coly pdllils slas,s O o3 8 Sipd ol
Pl i8S s Vgmme 5 5 on Lad S0 pe il
sobal s Fs 8 sbadisg O (b S et o
Sl b by 3,8 e S8 etV 5 O3l e Ol
LS e sbml 5 5V



oslaS o palio 5 el Ktia] oS 5384 50 (o 5 JESCile Cidan o su ginien; 51 said Gt slala gl oS disallis g

bl Ll S el (S CudS s s
XS g Al

S sl Jbs S asle Jsltze slacssls b aslis s
Ll el anils 5ol ohns o ool See 4 ]
5 Ml Skl 5 b (5 s o fws (ol b s
S ke 0 onis ke Sl Olsea (giledled
Llosls OL&S (glos S Sl | sladles b .ol
(Shel) pland i, Gk Ol sl Pl &
S5 (G glhanst 5 ol 8L (LS
bk Ll e (bbb sl A5 b 5ol 5ledled)
B Ans I pSay sbe | 0T Sl
LS 5 spebs Ol SO Olpea sl nl b
A pslie S gleeaNl Gis gl oYL ekt
5 Sy Sle sled X UK s s jls g3 ¥ Y iScale
Ol Loz ates 1 ol Sl b C I SEM s
el il sla s silas Sio 3 el e o0l

Pl el s Slral s Ses s

el g5 15 s 3550 3 ol Ja i I (slae ¥

b S

Glos il ed gere 5 sba a2l (5 Les 5 2le S
OB O5 s 5 O5emSt (Glyime JalS C e 55
o5 e 5 bt (GOG34 53 5 00 S Ao
sk e sl sl

wx g JBoeny maew L Sl ool i )
T 65 2 W ale glaey S 5 Joddsu sl
—COOH —OH 1 55l slass S ol 555
s bV L S en s s suls i —C=0
Sl et oS5 pl pedle LS o0 L) Sdee
5 iS5 O3t OS] Osed oS
(o b ki pH) pHPZE  §gmnen olo 2=l 2
NS e s L 0T Sl Sl 5 el b S
./\ﬁ

3 e 23 G Olped b howean s b
Sluls Sl esliul (ol a3 S 13 a5 5,0 b
s & ol W5 Gl pdibides sle 5 550ls
AL JalS Corse a8 s o RalS ) A 5 e 5a
5o sl a8 Lasl 5 Wlewy Co e 31 LU
Sl s 3 5l VL (I aman 50

55 a8k ol 5 Of wiad 55 g & esle opl 45 355

STols 5 Gl s olesw bl ol bedo¥T 4l
du-»a Lfiyb LS’“-)LS °J\N LAJSA_LLS« .«L.:Lo r)l}»

Ve 2L SEM g 5 o Sy Sbo sled ¥ IS

B o LI Fp P
s FHE ol S bl il glaes S

VEF licas) F oladdi V¥ o, 90 cdasns Cudlags ouusige dlas ¢ FYN



OKas g sul5 col )S 8050

Gl ol diSanS] Jols b okl e
Sl glaes S a5 e O3 LH202 KMnOs
il Sl 5 S Bl b b e 4 ) e
ens U1 ) bens sl S G b
SAIELL 1 St 5 I (5,108,
LZn Mn  Feasl ) 3 <lsib L oy
Sy oo Glrgl mae (O] Glads)
LS 3] B oot W5 e ol o b
Slanlp gy cadbls=—Oilr o 1) S sl s
L ol gn o sludled ile) ai iy O semldnS]

les s (O35 AnS]

S e

Sleslinal b &S el sla 3y Jals (S5 25kl
spe L olrab Sl (B L ol Sl
6\:5[.»3 BE )l?;j;t.v b)‘é CJ)‘JP- :J)‘J"" dj\nﬂdw
ol o 5 CO2 wile o385 5 L YL
St oy e 1Bl RS e s o e
5ot U038 ol 1 SO led e
<3 eslul Ll 5 e ball milling wile LS
L;L“{ﬁ)f 9 oals u:"‘.’.\f‘ b 38 cﬁw oals ULAS b
LS 0Ll Ty el Jled

ol b by ol taag b C‘-’A‘ L LS

LA Jles éba}ﬁ Jbﬁ\jf&"a@ﬂ C)‘J:.:;J

(S 7)) ploond 55 58 2
S s aleed Gl i, S S el S
Slp ol Wl (Shs di Olpes b o) 00 SS0

FYV @ VY Gl F o lad V¥ o) gu cdouas Cudiluga oeusige dlas

A sadle s 0 SKiass (s aes 4 das oo
s (modification) Mol . (loyys S,
U Llasls - ub (activation)  gjledles
ol il sl 01 slard 5 b sla S
fam 5 031y e Gl Ode b Ygeme lr sl
Jb el (slaey S 05531 ¢ oo JL i Jodos
Pl Lol VT b polianstl gl S (on 2 al 8l 5
s Sl s Dol l (JS sk 4 sl e
R TP TS I RS SER T MR
S50 Tl 5 alerd 5 58 P! (S
./\‘\—/\V AR

o Lo C)LM

35505 ol el Sl b GBS s o S sl
LoodeSunSt Jalse dasl dasnl 5l eslazal ol

PSS L P W IPRCH It RN L

CHCLl bt 5 el gl 3ol @
ides fSLE G oo HNOs U HaSOs
Sl Ghle Glaes S B 5 b
s et s 23l ol 352 OH) (-COOH
Lo shootes Lam 5 SOl Sl gla S s
238 olad LS 5

—or 3+ KOH L NaOH 3 slizal : ol5 #3As!
U ) eins gl SRl 5 Jobss Ll ann s
anl ssie (S ome S e A
PR (PR CSCH N R P W
Sl esdhe g el 5 SOl JI glaeao Vi
OBl s e e L4 gL ke (mhe
s g e Slial s SN gla S s



oslaS o palio 5 el Ktia] oS 5384 50 (o 5 JESCile Cidan o su ginien; 51 said Gt slala gl oS disallis g

Sl ek w38 pluil Google Scholar
Asas S L s YeYO U Yo oA e

25 slaS 5 Jaldeslanal 5,50 ol glac]lslds
LY

(“2,4-D” OR “2,4-
dichlorophenoxyacetic acid”) AND
(“biochar” OR “activated carbon” OR
“carbonaceous adsorbent”) AND
(“adsorption” OR “removal” OR
“herbicide” OR “organic pollutant™)

Activated “ wle eSS glaolly 51 Cpoean
Sldles slulis ¢l "Adsorbent ; "carbon
Al eslaial (lans lis

S IST ome EMoms 53 o e SVl 40 gte
A3 S 5 gdme oSS OLS @

Oldlas 79,5 5 59,9 sbajles

:45 S )J‘j 29 &.1' BL dwl.hﬁ

Slalasws 5l 63-F,7 iScale Ol L G a e
oslaiul u:b— d\}&s\.s QMCBLA L.’. rl}- )L};ﬁb sl
Lsges S

6LAJJ.A ‘uJ\} &_,.:BJE Jﬂl.w 69[5 LF’J’” 6[.6%53\5 °
03,5 &l ol Gl b (St 5 0555
.,\ij.’

o L oesls VL?L” S8 Golwdds B, o Sladlks
Yls clJb)j)A ‘Jjbﬁ 4.25—‘3)3 jfﬁb LgLﬁoJAiYI
Slalas bzl 5 o S5

Loglae oVie o S 5 obal aylp
e 5 235 ¢l PRISMA 2020 sl s

3_5)_5 9 LSJQL’JP cé‘)‘j.{: .})‘jﬂ kJ.l;- G&L«AL\.«;

o AlS e ol Jls Sl e sl Jle
Jbd glaes S an b 5,8 15 50 5ol gsledl
TS e Ak e g e b 5 glend
L oolrnl (ol el Lol )lis L
LS o bl (LU= i) L1 55 ol
ST e

O o 3 iy Jald Sl b (S5 5w 0!
oS s ol el ba 5T L LS 515 SCa L
St a5l sl L1 e el el Jglone
Jlasl Jle gl 53 Dbl Bl
Sl e biSCle siSa  slag SL
Sl a3 525 5 e AT ) oS 5 Wl e
LS

Sl @S 62,555 sarsl Plal (IS b 4
o529 sl JI slaed VT Gl 3 0T LS s
Slomen el Slacs iy g b el (55-F Y
glsl Loplld aslie gl molr Dlalllae oy 5L
Srsl @Ik s ol s el sla i)

L;”\.xl..p wl.:.a» 9 65[..,4_15‘ WQKA‘ 9 ce.k..icﬁu\

Qe AV VY SV

315 342 ol
L g 9 Slge

Joslly sz ulel o (Systematic Review)
PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses)
R Ghwny 3 oMC\}u‘ LSLAJM)}i (I (=L>u|
sl s sl 5l esliad Loes-FoY Sl
Lpd Jde 5 sl 8 S sl

B e JJ,:A‘)

JAL:: gree 60)\) L;LMK.:L_, BE Jmﬂfl.b S o=

s ScienceDirect Scopus Web of Science

VEF licas) F oladdi V¥ 0,90 cdasne Cudlags oeusige dlae & FYY



OKas g sul5 col )S 8050

Cll g s sl Jals Aty dlie V)Y

R TR

05 el el enls QLAY Jadr 5y Ol ol
R )‘ o ceM&Lﬂu Jlae Yoo QL:.O )‘ CM

(oS e 5 el S Wl sz s GOS0

PRISMA X sl oldlas ‘5J§)Laf J>l e s ¥ Jga

Web of ools oL ;! cMgsaL.:L....u Yo

Y-+ Google 5 ScienceDirect Scopus Science

Scholar
alizes sloolol jo LS 5l i a5 (6,55 SYlas
T Q09 63l w).@‘_e
\PY 615 9)le Bl 5l Ly oaile 8L DY
. L so-Fo¥ Bio L puitens bl )l a5 Sldllas

sl el

\- Adgs 39,9 Lyl b S slaosls w3l 4 Slelllas

ARR

2l o s e ol i, kS b s s

LLs bl

L 4xdb
S s o 0L F U s et sls S Sldllas )
Cod Ol (637 iScile Gl s 5l LS
5 el sl 5 o lls el g
o3 IS e slacd b wals ol 4 gsledl
Yoo 5l e B emg/g 5l xS 5l 5 e s 3 1S b
sl Coasl Sl 55 nl & (el iz MY/E
T R S W P R A P
Sl Wl Olpea Al XL glaoil
adlae 45L) 55 3l ol ool
Llosls 0Lz N VME/G s> 5 e b Y2014

Kearns et al.,

LKOH 05 3l0 b pland iledles & Jb= 55

FYF @ VY liss ) F o ladi V¥ o) g0 cdoaas Cudifiga cusige dlas

@l Jelos gl Ll aaly e Dlilas

wlolis

SIS 3,190 B3>

s,

9 Olpe (o p a0 p3 Bd>
oSy

J.olfu.mw)); 4.1>).c)~> Bi>

ol g0 43 0 0)15 ol Slalllas .

L 0313 Jakxs 9 1 pcinsl

350w ae Jold glaesls sme gdllde a
Gl e Shs Gyl iledld Ll s 5 i)
Slkes la bl (il slaos ¢ Jodos o3y 5 mla)
e cob b (ol chle (Ol s s PH) a g
o el o Sl 5 (St sladde (Qmax)
38 s ik LS

B o 5 a0l sl gl lio Joltr LB s Laesls
Shasn SO 5 b seKe dadiy; U
L gl

Sl waas (L)Y

ol s oS sasls Slasl 5 033 5l Dbl o,
Ayl sl b el il obalas el
oo 5 (J S b alie s s (ol gl mell Sl

A oL baesls (gl



ngJLﬁfwi&LlaJl%u/é}u/uu.fjﬁ_y_)ffgd—fjruzf‘_ikJJA_).JA.ijda.ug_}_j/ém §id 5MJ1?J:'LIJ_)~JJ[SJ.J_L;Aﬁl£JJJ‘)A

BE QJ“.:MSVUJJS Q)Li‘lﬁ LELACM.W.: K] c(COOH OV\JLN) V"mg/g )‘&-"\"‘) uv\> g;:.é)]éjom 38
SlodiS yoad A r\.lS A S Cadls Lol gl sl SNl
Al dr sl s Sl s Sl 31 B0 Ol oo 1y 5 Shae G

—jOH— a}u&:) Jled JLALG Lgl.hej; S99 cJ:'rJ:'r.Za

w:.,b u:b- }| salaiu! b ‘5:—7"\' AT sy 4> e.\.ﬁflqﬂ Oldlae ¥ J"J.’-

K tzadeh 5 2 -
o cramarzace s 55y Y YooY s yvskey NaOH loy> ain
etal., 2025 oo
9 Binh & Neuyen e gy vV Y v/- 5 Yan/-y HF S
(2020) 9o
Ma et al. 5 :
5 (2024) M:;:H JRaY YAVA ¥ Ve Yoy ovs/ ZnCl RIS -
Georgin et al. General- e N y Sy
94 (2021) order 2 Y VD Yeo-V- - H2SO4 JERSHEN
Kearns et al. . o
91 (2014) - @:J“\"B)s /e N /- \ Foele e EON
7 WaIE§082L4I;IOU T aNs V/AS P2 v/ Be-y- FA/AY J e ol
P sl
o Mact al. hldhn JeN Yvsh Yo A ¥V S 0348 Slayls
(2022) oo
o Mandal et al. Ay d FRUY NV 3 Yo Beorte- OYEN EXYIEN sz oluls
(2017) oy
Bahrami et al. A5 je ach Sl e
¢ ¢ Logs . .. ./ 7y gy
o7 (2018) " by YYhg £ \/ \ vy-./ (800°C, N2) Tr Ly -
Khan et al. Ay Al ] " sl LwlsT
98 (2021) oo RSN, sl ¥ - VA H>SOs (Acacia
nilotica)
Knani et al. HDL g
% (2025) - MLE YEEAY ¥ v/e o - H:S0s ERAT .
Vinayam et al. A peach . " ‘s L ly 090
100 (2024) oo Hill WA Y HCL -
Salman et al. Ay s . b )~ s KOH 5
’ GARY Vagky Yoo e - iy e 43
. ot oo e COeos 700°C
0 Ham;(e)((l) etal., A ye dly N, AR v ~ f.. vsve | B~ 3 KOH b s
(2009) Js Nacos 700°C

VP oY Qlicus) oF o ladi « V¥ 0, 90 Joune Cudilags cudigo dlas ¢ YYO



102

103

105

106

107

108

7

109

110

110

110

110

111

111

111

Essandoh, M.,
etal., (2017)

Sellaoui, L., et
al., (2023)

Zhu et al.,
(2018)

Evy etal.,
(2019)

Tang et al.,
(2025)

Wang et al.,
(2022)

Amiri et al.,
(2020)

Samanth et al.,
(2025)

Hernandes et
al., (2022)

Zhu et al.,
(2018)

Zhu et al.,
(2018)

Zhu et al.,
(2018)

Zhu et al.,
(2018)

Brito et al.,
(2020)

Brito et al.,
(2020)

Brito et al.,
(2020)

"), ol PG e 4 VF sy s (Sl ol 51 MGG o (Grax) Sl b slie ples
» Brito et al. (2020) axdlas 4 by e Yo B YA glaciss, ;s ¢535 Jde .l Lol & o3 03l Sl pole oliasOlis

Al o dds

£9°

Al o dds

Jsl

Al o dds
P93
Ao Al

£3°

A o A

£3°

Particle
Diffusion
Model

Al o Al

£9°

Linear
Driving
Force
(LDF)

A o A
Py

A o A
Py

A o dds
Py

A o dds
£y

Ao Al

£9°

A o dds

£3°

A yo Al

£9°

RS

RS

&

Koble

Corrigan

295y

Redlich

Peterson

Redlich

Peterson

Redlich

Peterson

OKas g sul5 col )S 8050

\YF

ne/g

Va/A

a-/4

AO/NY

\YO/A

Yov/ss

kol
Y£f
L s

ZnClz:
A4

Aot

Va/A-

YY/AY

\Y/AY

Vor/A

YYY/-

YO/

Yot

54

[

A

<o

2%

/2%

/2%

2%

-/f

S

S

feov

AT

\'E

YO--0

ATAREA

YO--0

A

AR A1

FA-

-\ oY

\Y-9

INSZAZY

VVEYAY

—FY/N
LVVANS

FA-

41

.

OfY

V-FA

& elem

sled ;5 55 m

Oisrs by oC

Sl S pemliy

(K-CO5)
HCI

S e S|
Sligal s

KOH

Sl b b il ]ls

(600°C)

H;PO.

5 S bl
ZnCl

sled 55 555
Foe °C
L ssleld
K2COs
Lo jloaisl
(3955 sleog 5
b o 3L
HNOs
(Osaliannst)
Sd gl ]l
( A-°C )|_,'q )

Se3d bl
(A' -°C )59 )

Sexd sle]ld
(A' -°C )

ks

Switchgrass

el osx

Q)S o5

Ty Mgy

5ol

cetyltrimeth
ylammonium

bromide

1515 el

s B

Pterocarpus

)0 gy

Cedrela
fissilis

&y sl

&y asle

&y asle

&y asle

S WL

BEgpLwY

bl oS5l

(ol ools OLad plin 3515 500 0 5aSOY Jie) ol 0ls 55158 550 o 2 L Redlich—Peterson Jus L

YYF @AY liss ) F ojladi VY o) gu caaas Cudifiga cusige dlas




‘;J\;JL&S&[‘&LL@J’Jj‘u’u{n@/ws};jJ‘)K(;J_erufSJk&JJAJJOJJ:Q“.H_}J/OM §id ‘;LAJéJj@:J‘)gJK_)::_L&IaLEJJJﬁ

Oleily 53 AY0 5l 2aS 2alS L1y sdsme eslizud ol
Cb b3 s B 2l OF 5l e bl S o Lo
el b il pss) i nl 2500 ol Sl

s e 0L 1) O3l (giledlisl 5 sdand
Ol sl sl A 55 sl eolinal 5550 Slaesle iy oo 2
e b sy Sl 5l ey ib &S L 6
S @ gl 50 s Sluls e 4Bl TR A Hges
wpa GalS pedle e cpl 5l eslial Lol w8 S
Ml k) (B0l S (sl 3l ge a4 (Sl s 5 A5
L S0 1l 5 (6555L5S Sladilony o e )
ol Wl (Sns cpl AS e ealp o
ks a5 il laej s 5o a5 o3
Slog »oedle ol e B Sl ol w3 S
T sl iSan (Gl 5 cpbodn) b
S Y G slaail 5 bl Sles)T bkl
Sleos S o Siaodes Sladkisy S iaes 5 (62
ks sbaes 5 5 (COOH= 5 OH-) b Ll
S 53 il ) S o Ul e 2 (- Y
B ekS s (Gl Ll ol 5 s pl b L

53 el 0T (g5ldle 5 (g 5laeslal 6 o0 c(los s 3
cebl.w}:.)jﬁi Lole &JJL:;» LS\A&)) ue.l..:uw)ﬂ Sldles
Lol slse b ol (Sladled 5 (Kb gsledle
b}.ijﬂu 4NaOH L' &w LSJLMJJ[J!J .Lv\w) )lsM LS'\'.I"""
Conlanadlss o b ates wile (63,508 Ll ¢l s
sl Jele slaes S 5l s e e ol
DI P S s | Y 5Y Sl b b oS as
ZnCl b giladlbes o ola by, oS J= o3 . das s
wgza s a4 Ll lesls OLaS pwle pdor 5> Shes 50
J.EJ Bl NaOH 51 eslaal c‘_;atmgl,w,.l) L}jl.wﬂ E) JSYL

Lawl.: CM Sl ol osls C:}J; L;»& B L;bh,a.‘él

ol Gl Oleily 53 (5l oo 3 Jslme Dlasiia
Olseas Iy, PH =2-3) uoul e300 Sladllas S
S il ol 53 s bles S GBS wege el
T RO T R -CaN L PRI R WERPI,
Slas o (FIaodes ladisyg (s Gla A es
s PH (nll b blis 55 pd 0 s Wlsuuls
andls ol sl el e DL (JSse DA oo s
Al 8l Gl Oleily 5 33,8 e Sl Sl
35 wa VT sl clale asle szl b pH 0553
S s oSl 2B 55 eled Ol 5 il
Gy tds) Cale 2l L S Wlesls 0L Slalllas S|
gldl A B odor b B g ol il o o LA oS e
23 Al e SRl e Gl Aoy Lal b o Aol 58
Glaule 31 [l 3l o ge O3l 553 il 3l s
Vsame 35 olad Olo 555 oo Bl Olail 3 5o 5 Jla
LS dy o dols Gl s ad3s VY U Fr s gime 5o
Sl sl £33 45y Jo

OOl i S 5 e Aen) oledde RS
o s 558 p a3 4 eand Jho 5 5aSOY Je b Laesls
wY S5 s plend Sl 0o i S S e
WJ= ol bl e O3 Cla“ PR BARS RGP
L @JJ_}))_E sladdle b xe a5l Oldlles &0 s
s Kanl ins Ol o el ok 35158 55 ey
el o QU Sy 5 3Lr

e Olallls 5y Slysge 5 glaasl (ol e sdle
G 2 @YY i iy« ol Of 5l S
e sl Gastan gt 5 Skl bl sl
Ol bl ool biledd 518 i "AG 5 ot "AH
6= Y 358 5 Js50 oS > s (2ol oS s o
S o g 55e 5 5 S Ll )3

sl 5l S al sl ol B
Slolbrsl S Ans e 0L sl el ol
& 4w b Yyome Z0Clo | NaOH U ssimdlol

VEF licas) F oladdi V¥ o, 90 cdasne Cudlags usige dlas & YV



OKas g sul5 col )S 8050

oxe= Gy s 95w sl Wl (O3l slesd
£l 0 VT L S el 5 ¢ oo Jale (slaes S
b b aS das e Ol Y Jads laesls s o
eSS e Slalllas s edd SIS ol
») Toomg/g 5l he b (b e 53 mg/g
g5 ol el e (U3 slse b odddled (sladd o
Fow ras 5 sl osle s Sl il 28 Sl
/\Y‘AMQY.M[{JQ Gl Al sjﬂw IR

3 e ule

Slas gazme Jold lrnl 655 oY Gl sl
A o Sl ol 5 (S5 e S s 2
5 ol 5 3l pe 4 Ol o ol s e

5ol b Syl sladils (T Gla 1S 0 -
b oo S sl YU 5 0 slales 53 a8 (oY Y
s34>-) pKa 5l s pH s SOkl S Gl -
53 Pl gl iSea n CapE Lol oS (Y
3550 SSCile syl

COOH— 5 OH— (slacs 8 o S5500n sladisy -
—F5T kb glaey S 5 edadle la)lr sl 55 2
T

53 0l 3l (555 L0538 Ols ShoS Sladk s
T VT Glad iS00 5 Sl sl bl

IR 9 S sl b
£33 48 mad Jle &8 Lles S 5018 Slallas iy
Ol (St gloosls gl 1 2510 cp e (PSO)
Jde 3l plawd Ol O35 JIle o Vs &S s
oS Sl m sk 5 Sl S ladles 3 Jl 4 ead
Jie 233 olge Ll s Ll il s ol e
Elovich Jus Keal slakeses 55 .ol 220 PSO

el azls 3 S 5
PR B seSY de (aisnl slade L
L Gldal o iy (O3l cx eSS Tl 5 035 LN

FYA @AY liss ) F o ladi VY o) 9u cdoaas Cudifiga ousige dlas

O3l b 2 b e o) bl &Sl Sl
ameian s Bl 5 anls aupe (ol bkl
‘:ﬂf s

Lol opl Comal 58 S laassy laaily
OLE M (Y \A) 0l 5 Lt (Jle Ol e . ls AST
¥ 5T o Ll g5 o SISl ol 035331 45 Ksls
oL, 5 Ying e Aas als fals oS Gl ol
L oedds S50 Llral o L35 5,8 T (Y10)
53 1y 6= ¥ Y S AAY 51 i ol 3B Fe® o34t
2B ol A8 Gl el VY b sla bl S
ey o8l S 50 )l sl s Shas oS el O SUL
03 5 o5 Q.J Sl w3 guoes /b_).p s s ile
Sldlas copl oy 5l page S8 50 S gla s S
| eliw 6uwt§ﬁ,xﬁ4§ﬁw5u}giﬁ
ke e dter

Olman  age latllr dacd iyl 25y L
el AT ilde 3 Slallas Ll Ll
Ll s 5o srsl 2B Sl oo glaesls 5 Lileds
B Slessa onl nosdle sl sy ol e a3l
S JTOlS 5 5 erlie sy B6 Gl sl 215k
oelede 53 2,8 sliman s 5 el lad e )2
Gy onl Sl Ll S 5 g s geS o
ol sla it dpllas eyl L sduT (sla ta s,
Lok ol S5 5 (Al Lls s b))
wils S 05 (AOPS) O penlinnsSt ab iy lannl 3
Sl 5o bl Il 5 e 506 Sl Bl
Sluls Sl Jeol 5l sl a8 5l 0L dapllas 550 S
Sheslaial s Hn e S At o3sa Slod Sl
s NaOH wile bt 3ladles 5 Slol sla i,
“¥uY iscile Gl ol YU pde e b KOH

S s S5y a slas oS ol VAT 1 oo



‘;JJJLJSLEIf&LLaJ/%M’_;@/WS}HJ‘)K&J—VGJVUJSJEJJAJ.J&.JJIQ&::_}J/O.LJ §id ‘;LAJéJj@:J‘)gJK_)::_L&IaLEJJJﬁ

Sl S sl G5l e i e *AG
el Glhes Byl 3 s Sl AnT3 Do (535545
Sl ga s 5l b il 5 we "AG s 4 e
el S sllas

035 Sl S sdasolis Jl e jlaie roie °AH
S e Lod Nl oS Le ol 4 sl O 18
Sl lSa b Ysoms S cnl 3550 ol Ol
el ol pen gl

23 e RIB Sl sl o °AS
bl ol el Dl b s e VT 5 3 e
5 T glad S50 G2 ST L ol oS s e 0L
el ol pen 3l e il

Sl AT S s OF Wje ggerme 53 S5 ol
bl v odd ol plecd coale LI sba
(ol pesdhe sl aily O3l e S35 5 Lo wile
S s slas )18 534S das e 0L Les 40 Sl
3 Sl (gleng 53 Sl S8 Llg e Sl Ll 2
VTATYA s anils oo

el ol g 255t

sl Gl bobae n Sees abor 52550 kB
ol 9,0 Slalllas el Culailr ps SOl
L NaOH U caddles glajlr sl oS sias e OLES
S L Gl a2 0 6T 6 bses ZnCla
3l Olgieas S o Jasws Yoo 51 S Ol
Srpl Gl e b ol IS Y1 ey Dl
FE Ll Sy ol nl 6 23l JEalS V04— L
el O3l Sl J 3

S lad gowe Sleslinal Jold 21550 b slafss
L st st JT sladd> (NaOH wl) ke
ol albaad e bl 5 (S 5 L5 (ke
A oDl (S o Sl e 2r 8B o 0
! 5 Jole glaos S 2als  ombaw b glacale
el Ble S S

wﬁ J}}d.: quax j'l.ablf:jd&,j:‘.) JJ’J 6&03‘.3[;.
Qiuab’ ch.wl{&u)lgﬁb,); Sy pl bl e S

a4y

sl 03 4 )g)Lw S @j.h_gfe Jde 44{)1.1.«?; li

Slhkes sla bl
25 Slkes o el (come Slalllas Jos bl
Sl ey (63-F 57 Gl Ol ey b s
llacils

FeS) Gkl (03 5mn 55 S i il pH
I s YT s el Soles (pKa=y/y sl
che b A Sern s S e U et
Sl S YUY ol ane PH Cllas 150 5l b
.‘\Y"/\D ..L;‘e.);

Olaily Eal5l 4 o O3l 55 il ol 5o
Sl ons b el Vsens Ll g Sl
b glacslu sl cand |5 els Jlise |, (Mg/g)
e g gLl 5 el Sl eV chle w4
.\~~ AY VA Jj,s@ Q)}-‘-ﬁ

Sl e adsl cdale sl eaVT Wyl chle
B b ol S b s e JUEl &S e (55
oS Jld glacsle cosgdee s 4 Gl as s
AR Ak e

05 oder sl a8 Wlesls Olis ldllas ST il Oles
Sy Jeol a3 NY B Y Sl sl

AL sl el s Sl T e sl
ol Bl g les il cpl b ol sds 1S

e Salys go 5
Sy eode il Sl glaubl s
Sl T3 03 @epans 5 Caale Sl G SGee
Cd a5 eld Cul el H5 50 Oldlas ST s das e

sl 23 (5Lau§5” shls Sl sl .]asz Y47

VEF licas) F oladdi V¥ o, 90 cdasas Cudilags ouosige dlas ¢ FY4



OKas g sul5 col )S 8050

ALl VT LAl W Jasecn Bl
AL Bl

Slsbrs 4az g L s edd e Sladllas s ulad
L s Olgew NaOH L ol gsledles (G4
otle ol Y Clr w by Cllas sl
T R N s
VL 0Lkl oS 5 sl iy e Sl el Ol
NaOH (¢l =1 054 03l 5 (g3lasl gLl as e 45
sloil W gl cwbe Gl S o 1 O
Sl 035 s Jsd JB s Ses b Gles i
.‘\ YVA OFXD

slaslgldy 5 edd g e Oldlas Cins 5 O bW
oyl a g

gl sssn Olral o das e Ol Slllas o
S Y isile Gl s VL ey O seldm ol
Slaiasy s b 51l ol Gk s
03 5y adsl slpe VL g5 4 Ol e eddplan]
(b Pl 5 (gledlad Cilie sla B ¢S 84
e Sl B85 (St 5 S0l gladie Sl eslinad
“ 0Pl s imer oS ol ol el
wlbe i Olpsan 3ulis gbadilawy 51 eslindd
Gt Sldlas b (g Scer gekiasils
Lol @y pa0S 5 Sl sl

e g BB XGNP GV S (EE R B
Slad gloe b 5o 28 AT Lyl 15 53 bajta s
s Sy Wlg e & Lhdd el o 5ia
slaisy s Ol pa |y Gouslis glacley
Laesls a3l 8 (o g 5 (5 S o3l slad s el
B @L:} J;,arUé.E Stmslds 5055 glate Doladllas Ole
Sl 4 SKSllas (ol esdhe ol 03 S 15
Jes 5 2ol et x5 ol (Sealusse s

sbosy ‘OLU'V-“ OLS 5 oomen  Llastls 5y (g5la3l

T @ VY Gl F ojladdi VY o) g caaas Cudifige cusige dlas

Dl ASke ae cpl 5o ol gla s

SR 2 o5 ol 033l S 5 b e s 59
(2ot

el S 5 pland slpe 4 21550 (Sals
Of 5 a6

5 Bl Bl s S5k ool melr Dlllae 550
e

Syhe ey il lLl Coeal 4 g L
i sl Gl aaes s e tul sla e
L oam,in OpeltnS] slagosls 51 eslizl asle)
2 oal e a5 (s sladal
AT L5k S pene gails glas )8

103§ s Bl s5leeslel (gla by, amslin
S e Bl b

Slos iy Slailr gilueslel il sla s,
ZnCl> HsPOs NaOH L) leos siledle fols
A sess osle 5o 5 SG5d giledles (KOH
s s ol glacus gdee 5 Llse slls S
S Ll S o g WS 5 iy 3l ezeens Sladlas
el ot et 3 S 5 Wl i 4
5 e b 30 4 5l AT S J ol L
Shbes elie 53 1 b i, ol Gl YL 4
LS e 3 gdos

iols o on e PRI Lol sl

G gl el b b L O3 ol ol el
Al anils Lasa Vi

sdaie glaas = 5 L O3 sl il le ol
By B Sl oder

5 bl I 51l anl b Slles Sz 5
AL plasl BB ]

5 SO 3 S eslinal b slge 5 (G5 e

g 0313 e 5 Skt slard sl



‘;JJJLJSLEIf&LLaJ/%M/_;@/WS}HJ‘)K&J—V‘JVUJSJEJJAJ.J&.JJJQ&::_}J/O.LJ §id ‘;LA‘)%JE@:.J‘)._UK_)::_L&I:LEJJJﬁ

wloa—o Glaslis 5 (555, anlllas ol plal 6l

Syh o Slo,a3

23l o lss

sl il (5l & S dlis

o walea

.L'..do]é;. Lﬁeli_@.ob lt'. LﬁbL@J ‘Laub)l_w 6)_w )l ‘;LA
L ledlss

GOVAL Uaa Mo

2 Sl 5 6o andllae g5 5l adllas
Loldl p asle JAL.:) Sl i sla a3
oSS s 5l sl slaesls o505 5 5 Slil
OIS Snuags c2a5 Lo

Ol s uy.l.‘b\ m\)'c,.a\; 0350 Zd’&.&‘g}; aJ..ﬂ 43|J|
OLsdSS bl cosl sl S 0330 1N ‘_;,,T@.?
o33l S 0550 1llie ikt sladsend Solweslel
el i Cilises laasens Sl pg s S

Ol s

JAL\;:}‘ .,\:.>=A jnﬁj}i 6‘ﬁ'| DL BJJL:-& 4S|J‘

il dos talie g aens (ilweslel ol

oo J;L»S d’jb kgl.h.]a.:;w BE pH Q‘J:':"" 9 v;—l}a
ol 0
3590 g okl (Slaia s 3 pb s Slgidey bl cpl

Sl s S T )

OLSal gl A zulesl sla s, (g3l ltlzul-
fliis lalllas ol o 5585 Salie
ool mhe s s s sl s Sles e
(F s Gl glra 65,5US glacle
Ot Sl b ke ol TS S
tbd oS Gl sk s b a i
Gl & GloSa ol S clabs, sana -
50 bix sdate glaas 2 55 5l sl
LCA) jos a5 1 S 5 (solasl gla b5l plsil-
Soskd sy 5 gms § g OBl o) 5 S
BIETT

8 Saams 4 Alg e Dlegbse pl 4 sy
Olpea osliS il 5l Job- gl sl
ST e 53 i5e 5 5L b ponls e plailr
S Ll S b isile @ es )T T b

Sl Sl

2 dSCESNs SulS piomen 5 R g5 S Sl ks
Jdsas slaal s slasnar Siy psle olSmils cslag:

VEF licas) F oladdi V¥ o, 90 cdasns Cudlags uusige dlas ¢ FF



Ol&as g 60l cuol)S 8050

References

1.

12.

14.

FEY @ VFF Gl F o laddi VY o) g caaas Cudifige cusige dlas

Islam F, Wang J, Farooq MA, Khan MS, Xu L, Zhu J,
Zhao M, Muios S, Li QX, Zhou W. Potential impact of
the herbicide 2, 4-dichlorophenoxyacetic acid on human
and ecosystems. Environment international.
2018;111:332-351 .

Benbrook CM. Trends in glyphosate herbicide use in the
United States and globally. Environmental Sciences
Europe. 2016;28:3 .

Gervais J, Luukinen B, Buhl K, Stone D. 2, 4-D technical
fact sheet. National Pesticide Information Center,
Oregon State University Extension Services. 2008 .

Ambrus A, Hamilton DJ. Food safety assessment of
pesticide residues. World Scientific; 2017.

Ehteshami M, Keramatzadeh M, Takdastan A. Analysis
and Monitoring of the Herbicide 2, 4-D in Agricultural
Drainage Systems and Karun River Using HPLC
Method. Pollution. 2025;11:889-900 .

Orooji N, Takdastan A, Jalilzadeh Yengejeh R, Jorfi S,
Davami AH. Monitoring of 2, 4-dichlorophenoxyacetic
acid concentration in Karun River and effluents of water
treatment plants. Toxin Reviews. 2022;41:785-794 .

Jorfi S, Almasi H, Takdastan A, Jaafarzadeh N,
Tahmasebi Y, Babaei A. Spatiotemporal variations of 2,
4-dichlorophenoxy acetic acid with the role of sugarcane
industry and related human health risk assessments in the
Shadegan International Wetland. Environmental
Geochemistry and Health. 2023;45:5279-5291 .

Shahsavari AA, Khodaei K, Asadian F, Ahmadi F,
Zamanzadeh SM. Groundwater pesticides residue in the
southwest of Iran-Shushtar plain. Environmental Earth
Sciences. 2012;65:231-239 .

Organization WH. Guidelines for drinking-water
quality: incorporating the first and second addenda.
World Health Organization; 2022.

. Jorfi S, Poormohammadi A, Maraghi E, Almasi H.

Monitoring and health risk assessment of organochlorine
pesticides in Karun River and drinking water Ahvaz city,
South West of Iran. Toxin Reviews. 2022;41:361-369 .

. Rezaeigolestani M, Hashemi M. A review of pesticide

residues in agricultural and food products of Iran.
Journal of nutrition, fasting and health. 2018;6:1-6 .

Samarghandi MR, Jaafarzadeh Haghighi Fard N, Jorfi S,
Yari AR, Panahi Fard M. Pollution status of pesticide
residues in food products in Iran: A mini-review within
2008-2018. Archives of Hygiene Sciences. 2020;9:214-
223 .

Meftaul IM, Venkateswarlu K, Dharmarajan R,
Annamalai P, Megharaj M. Movement and fate of 2, 4-
D in urban soils: A potential environmental health
concern. ACS omega. 2020;5:13287-13295 .

Buerge 1J, Pavlova P, Hanke I, Béchli A, Poiger T.
Degradation and sorption of the herbicides 2, 4-D and
quizalofop-P-ethyl and their metabolites in soils from

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

railway tracks. Environmental Sciences

2020;32:150 .

Europe.

Parven A, Md Meftaul I, Venkateswarlu K, Gopalan S,
Megharaj M. Pre-emergence herbicides widely used in
urban and farmland soils: fate, and potential human and
environmental health risks. Environmental
Geochemistry and Health. 2024;46:132 .

Wozniak-Karczewska M, Parus A, Ciesielski T, Trzebny
A, Szumski R, Wilms W, Homa J, Framski G,
Baranowski D, Frankowski R. Effect of cation sorption
on 2, 4-D mobility of herbicidal ionic liquids in
agricultural soil combined with diversity of the bacterial
community. ACS Sustainable Chemistry & Engineering.
2022;10:12559-12568 .

Freisthler MS, Robbins CR, Benbrook CM, Young HA,
Haas DM, 17- Winchester PD, Perry MJ. Association
between increasing agricultural use of 2, 4-D and
population biomarkers of exposure: findings from the
National Health and Nutrition Examination Survey,
2001-2014. Environmental Health. 2022;21:23 .

Parven A, Meftaul IM, Venkateswarlu K, Megharaj M.
Herbicides in modern sustainable agriculture:
environmental fate, ecological implications, and human
health concerns. International Journal of Environmental
Science and Technology. 2025;22:1181-1202 .

Mekonen S, Argaw R, Simanesew A, Houbraken M,
Senaeve D, Ambelu A, Spanoghe P. Pesticide residues
in drinking water and associated risk to consumers in
Ethiopia. Chemosphere. 2016;162:252-260 .

Burns C, Bodner K, Swaen G, Collins J, Beard K, Lee
M. Cancer incidence of 2, 4-D production workers.
International Journal of Environmental Research and
Public Health. 2011;8:3579-3590 .

Burns CJ, Swaen GM. Review of 2, 4-
dichlorophenoxyacetic acid (2, 4-D) biomonitoring and
epidemiology. Critical Reviews in Toxicology.
2012;768:42-786.

Dann AB. The effects of triclosan, 2, 4-D, and their by-
products on the adrenocortical cells of rainbow trout. In:
Lethbridge, Alta.: University of Lethbridge, Dept. of
Biological Sciences, c2011; 2011.

Curi LM, Peltzer P, Sandoval MT, Lajmanovich RC.
Acute toxicity and sublethal effects caused by a
commercial herbicide formulated with 2, 4-D on
Physalaemus albonotatus tadpoles. Water, Air, & Soil
Pollution. 2019;230:22 .

Gaaied S, Oliveira M, Domingues I, Banni M. 2, 4-
Dichlorophenoxyacetic acid herbicide effects on
zebrafish larvae: development, neurotransmission and
behavior as sensitive endpoints. Environmental Science
and Pollution Research. 2020;27:3686-3696 .

Viriato C, Franca FM, Santos DS, Marcantonio AS,
Badaro-Pedroso C, Ferreira CM. Evaluation of the
potential teratogenic and toxic effect of the herbicide
2,4-D (DMA® 806) in bullfrog embryos and tadpoles
(Lithobates catesbeianus). Chemosphere.
2021;266:129018 .



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

‘;JJJLJSLEIf&LLaJ/Jju/_;@/wf}ﬁJjﬁgd—eruﬁSJkJJAJ.JO.JJJ‘Q&_U_}J/O.LJ §id ‘;LA‘)B_:JE@:J‘)gJK_):I_L&IaLEJJJﬁ

Organization WH. Pesticide residues in food—Evaluation
2019: Part II, Toxicological. Food & Agriculture Org.;
2021.

Pest HTIY, Pesticides L-R, Poisonings H, Land 10T. 2,
4-D Fact Sheet .

National Family Farm Coalition v. US EPA. In: F. 3d.
Court of Appeals, 9th Circuit; 2020:893.

Gir6n-Navarro R, Linares-Hernandez I, Teutli-Sequeira
EA, Martinez-Miranda V, Santoyo-Tepole F. Evaluation
and comparison of advanced oxidation processes for the
degradation of 2,4-dichlorophenoxyacetic acid (2,4-D):
a review. Environmental Science and Pollution
Research. 2021;28:26325-26358 .

Khader EH, Muslim SA, Saady NMC, Ali NS, Salih IK,
Mohammed TJ, Albayati TM, Zendehboudi S. Recent
advances in photocatalytic advanced oxidation processes
for organic compound degradation: A review.
Desalination and Water Treatment. 2024;318:100384 .

de Souza TF, Dias Ferreira GM. Biochars as Adsorbents
of Pesticides: Laboratory-Scale Performances and Real-
World Contexts, Challenges, and Prospects. ACS ES&T
Water. 2024;4:4264-4282 .

Satyam S, Patra S. Innovations and challenges in
adsorption-based =~ wastewater ~ remediation: A
comprehensive review. Heliyon. 2024;10 .

Ighalo JO, Ojukwu VE, Umeh CT, Aniagor CO,
Chinyelu CE, Ajala OJ, Dulta K, Adeola AO,
Rangabhashiyam S. Recent advances in the adsorptive
removal of 2, 4-dichlorophenoxyacetic acid from water.
Journal of Water Process Engineering. 2023;56:104514 .

Gao Y, Zhang Y, Li A, Zhang L. Facile synthesis of
high-surface area mesoporous biochar for energy storage
via in-situ template strategy. Materials Letters.
2018;230:183-186 .

Flafel HM, Rafatullah M, Lalung J, Kapoor RT, Siddiqui
MR, Qutob M. Enhancing the efficiency of
phytoremediation using water hyacinth (Eichhornia
crassipes) for 2,4-dichlorophenoxyacetic acid removal
with modified biochar as an assisted agent.
Chemosphere. 2024;367:143591. doi:
https://doi.org/10.1016/j.chemosphere.2024.143591

Zhong Y, Deng Q, Zhang P, Wang J, Wang R, Zeng Z,
Deng S. Sulfonic acid functionalized hydrophobic
mesoporous biochar: Design, preparation and acid-
catalytic properties. Fuel. 2019;240:270-277 .

Yang H, Chen P, Chen W, Li K, Xia M, Xiao H, Chen
X, Chen Y, Wang X, Chen H. Insight into the formation
mechanism of N, P co-doped mesoporous biochar from
H3PO4 activation and NH3 modification of biomass.
Fuel Processing Technology. 2022;230:107215 .

Reguyal F, Praneeth S, Sarmah AK. Modelling and
spectroscopic investigation of 2, 4-D adsorption in soil
amended with pine sawdust, paunch grass and sewage
sludge biochars. Water Emerging Contaminants &
Nanoplastics. 2023;2:N/A-N/A .

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Dong X, Chu 'Y, Tong Z, Sun M, Meng D, Yi X, Gao T,
Wang M, Duan J. Mechanisms of adsorption and
functionalization of biochar for pesticides: A review.
Ecotoxicology and Environmental Safety.
2024;272:116019 .

Fernandez ME, del Rosario Morel M, Clebot AC,
Zalazar CS, de los Milagros Ballari M. Effectiveness of
a simple biomixture for the adsorption and elimination
of 2, 4-dichlorophenoxyacetic acid (2, 4-D) herbicide
and its metabolite, 2, 4-dichlorophenol (2,4-DCP), for a
biobed system. Journal of Environmental Chemical
Engineering. 2022;10:106877 .

Tuzimski T. Pesticide Classification and Properties. In:
High Performance Liquid Chromatography in Pesticide
Residue Analysis. CRC Press; 2015:11-75.

Peterson MA, McMaster SA, Riechers DE, Skelton J,
Stahlman PW. 2, 4-D past, present, and future: a review.
Weed Technology. 2016;30:303-345 .

Qurratu A, Reehan A. A review of 2, 4-
Dichlorophenoxyacetic acid (2, 4-D) derivatives: 2,4-D
dimethylamine salt and 2, 4-D butyl ester. International
Journal of  Applied Engineering  Research.
2016;11:9946-9955 .

University of Hertfordshire AERUA. PPDB: Pesticide
Properties Database - 2,4-D.
https://sitem.herts.ac.uk/aeru/ppdb/en/Reports/4.htm?ut
m. 2025 .

(ATSDR) AfTSaDR. Toxicological profile for 2.,4-
Dichlorophenoxyacetic acid (2,4-D). In; 2020.

(FAO) FaAOotUN. Physico-chemical properties of pure
2,4-D. In; 2021.

Canada H. Guidelines for Canadian Drinking Water
Quality:  Guideline  Technical Document 2,4-
Dichlorophenoxyacetic acid (2,4-D). In; 2022.

Tayeb W, Chaieb I, Hammami M. Environmental fate
and effects of 2, 4-dichlorophenoxyacetic herbicide. In:
Nova Sciences Publisher: New York; 2011:161-187.

Magnoli K, Carranza CS, Aluffi ME, Magnoli CE,
Barberis CL. Herbicides based on 2,4-D: its behavior in
agricultural environments and microbial biodegradation
aspects. A review. Environmental Science and Pollution
Research. 2020;27:38501-38512 .

Wang Y, Tian Y-S, Gao J-J, Xu J, Li Z-J, Fu X-Y, Han
H-J, Wang L-J, Zhang W-H, Deng Y-D. Complete
biodegradation of the oldest organic herbicide 2,4-
Dichlorophenoxyacetic acid by engineering Escherichia
coli. Journal of Hazardous Materials. 2023;451:131099 .

Barros do Nascimento AC, Nhampossa NA, Félix TsP,
Itabaiana Jr I, Nascimento RPd. Exploring Fungal
Biodegradation Pathways of 2,4-D: Enzymatic
Mechanisms, Synergistic Actions, and Environmental
Applications. ACS Omega. 2025 .

Vazquez AEG, Chou MY, Hockemeyer KR, Vang M,
Koch PL. Seasonal Environmental Variation Impacts
2,4-D Fate and Metabolism in Urban Landscapes.
Environmental Toxicology and Chemistry.
2025:vgaf205 .

VEOF Glicus) o o lack V¥ o g0 doune Sufilags cudige dlae & FYY



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

FYY @ VYF Gl F o laddi VY o) gu caaas Cudifiga cusige dlas

Ol&as g 60l cuol)S 8050

Jote CA. A review of 2, 4-D environmental fate,
persistence and toxicity effects on living organisms. Org
Med Chem Int J. 2019;9:22-32 .

Authority EFS, Alvarez F, Arena M, Auteri D, Leite SB,
Binaglia M, Castoldi AF, Chiusolo A, Colagiorgi A,
Colas M. Updated peer review of the pesticide risk
assessment of the active substance dichlorprop-P and
variant dichlorprop-P-2-ethylhexyl. EFSA Journal.
2024;22:¢8658 .

Mount CRMR. Herbicide systemb .

Dehghani M, Nasseri S, Karamimanesh M. Removal of
2, 4-Dichlorophenolyxacetic acid (2, 4-D) herbicide in
the aqueous phase using modified granular activated
carbon. Journal of Environmental Health Science and
Engineering. 2014;12:28 .

Coelho ERC, Brito GMd, Frasson Loureiro L, Schettino
Jr MA, Freitas JCCd. 2, 4-dichlorophenoxyacetic acid
(2, 4-D) micropollutant herbicide removing from water
using granular and powdered activated carbons: a
comparison applied for water treatment and health
safety. Journal of Environmental Science and Health,
Part B. 2020;55:361-375 .

Sarker A, Kim D, Jeong W-T. Environmental fate and
sustainable management of pesticides in soils: a critical
review focusing on  sustainable agriculture.
Sustainability. 2024;16:10741 .

Ray S, Shaju ST. Bioaccumulation of pesticides in fish
resulting toxicities in humans through food chain and
forensic aspects. Environmental Analysis, Health and
Toxicology. 2023;38:¢2023017 .

Tyohemba RL, Pillay L, Humphries MS.
Bioaccumulation of current-use herbicides in fish from a
global biodiversity hotspot: Lake St Lucia, South Africa.
Chemosphere. 2021;284:131407 .

Banaee M. Toxicological interaction effects of
herbicides and the environmental pollutants on aquatic
organisms. In: New Insights in Herbicide Science.
IntechOpen; 2022.

Hongoeb J, Tantimongcolwat T, Ayimbila F, Ruankham
W, Phopin K. Herbicide-related health risks: key
mechanisms and a guide to mitigation strategies. Journal
of Occupational Medicine and Toxicology. 2025;20:6 .

(IARC) IAfRoC. IARC Monographs evaluate DDT,
lindane, and 2,4-D (Press Release No 236). In; 2015.

Mohd Ghazi R, Nik Yusoff NR, Abdul Halim NS,
Wahab IRA, Ab Latif N, Hasmoni SH, Ahmad Zaini
MA, Zakaria ZA. Health effects of herbicides and its
current removal strategies. Bioengineered.
2023;14:2259526 .

Gurav R, Mandal S, Smith LM, Shi SQ, Hwang S. The
potential of self-activated carbon for adsorptive removal
of toxic phenoxyacetic acid herbicide from water.
Chemosphere. 2023;339:139715 .

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

Chen S-F, Chen W-J, Song H, Liu M, Mishra S, Ghorab
MA, Chen S, Chang C. Microorganism-driven 2, 4-D
biodegradation: =~ Current status and emerging
opportunities. Molecules. 2024;29:3869 .

Wu X, Wang W, Liu J, Pan D, Tu X, Lv P, Wang Y, Cao
H, Wang Y, Hua R. Rapid biodegradation of the
herbicide 2, 4-dichlorophenoxyacetic acid by
Cupriavidus gilardii T-1. Journal of Agricultural and
Food Chemistry. 2017;65:3711-3720.

Hosseini N, Toosi MR. Removal of 2,4-D, glyphosate,
trifluralin, and butachlor herbicides from water by
polysulfone membranes mixed by graphene oxide/TiO2
nanocomposite: study of filtration and batch adsorption.
Journal of Environmental Health Science and
Engineering. 2019;17:247-258 .

Gong W, Bai L, Liang H. Membrane-based technologies
for removing emerging contaminants in urban water
systems:  Limitations,  successes, and future
improvements. Desalination. 2024;590:117974 .

Blachnio M, Kusmierek K, Swiatkowski A, Derylo-
Marczewska A. Adsorption of phenoxyacetic herbicides
from water on carbonaceous and non-carbonaceous
adsorbents. Molecules. 2023;28:5404 .

Gallego-Ramirez C, Chica E, Rubio-Clemente A.
Combination of Biochar and Advanced Oxidation
Processes for the Sustainable Elimination of
Pharmaceuticals in Water. Sustainability.
2024;16:10761 .

Ahmed MB, Zhou JL, Ngo HH, Guo W. Adsorptive
removal of antibiotics from water and wastewater:
progress and challenges. Science of the Total
Environment. 2015;532:112-126 .

Alluhaybi AA, Alharbi A, Alshammari KF, El-Desouky
MG. Efficient adsorption and removal of the herbicide
2,4-dichlorophenylacetic acid from aqueous solutions
using MIL-88 (Fe)-NH2. ACS omega. 2023;8:40775-
40784.

Wang Y, Chen L, Zhu Y, Fang W, Tan Y, He Z, Liao H.
Research status, trends, and mechanisms of biochar
adsorption for wastewater treatment: a scientometric
review. Environmental Sciences Europe. 2024;36:25 .

Jha S, Gaur R, Shahabuddin S, Tyagi 1. Biochar as
sustainable alternative and green adsorbent for the
remediation of noxious pollutants: a comprehensive
review. Toxics. 2023;11:117 .

Al-Ghouti MA, Al-Absi RS. Mechanistic understanding
of the adsorption and thermodynamic aspects of cationic
methylene blue dye onto cellulosic olive stones biomass
from wastewater. Scientific Reports. 2020;10:15928 .

Jagadeesh N, Sundaram B. Adsorption of pollutants
from wastewater by biochar: a review. Journal of
Hazardous Materials Advances. 2023;9:100-226.

Samanth A, Chandrasekar R, Vinayagam R, Selvaraj R.
Density Functional Theory Insights into the Adsorption
of 2, 4-Dichlorophenoxyacetic Acid by Mesoporous



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

‘;JJJLJSLEIf&LLaJ/Jju/_;@/wf}ﬁJjﬁgd—eruﬁSJkJJAJ.JO.JJJ‘Q&_U_}J/O.LJ §id ‘;LA‘)B_:JE@:J‘)gJK_):I_L&IaLEJJJﬁ

Biochar. South African Journal of Chemical

Engineering. 2025 .

Lehmann J, Joseph S. Biochar for environmental
management: science and technology. Routledge; 2012.

Ahmad M, Rajapaksha AU, Lim JE, Zhang M, Bolan N,
Mohan D, Vithanage M, Lee SS, Ok YS. Biochar as a
sorbent for contaminant management in soil and water:
a review. Chemosphere. 2014;99:19-33 .

Braghiroli FL, Bouafif H, Neculita CM, Koubaa A.
Activated biochar as an effective sorbent for organic and
inorganic contaminants in water. Water, Air, & Soil
Pollution. 2018;229:230 .

LiuK,HeY,XuS,HuL, Luo K, Liu X, Liu M, Zhou X,
Bai L. Mechanism of the effect of pH and biochar on the
phytotoxicity of the weak acid herbicides imazethapyr
and 2,4-D in soil to rice (Oryza sativa) and estimation by
chemical methods. Ecotoxicology and Environmental
Safety. 2018;161:602-609.

Ma W, Song R, Wang Y, Cui X, Yan Y, Liu Z, Wang X,
Gao H, Lua R, Zhou W. Optimized Ginkgo leaf biochar:
An efficient adsorbent for 2,4-D herbicide removal from
wastewater. Water Environment Research.
2024;96:¢11124 .

QiuM, LiuL, Ling Q, Cai Y, Yu S, Wang S, Fu D, Hu
B, Wang X. Biochar for the removal of contaminants
from soil and water: a review. Biochar. 2022;4:19 .

Keramatzadeh M, Ehteshami M, Takdastan A. Removal
of 2,4-Dichlorophenoxyacetic Acid Using Activated
Dates Seed Biochar: Adsorption Characteristics and
Optimization. 2025.

Keramatzadeh M, Ehteshami M, Takdastan A. Efficient
removal of 2,4-D using NaOH-activated date seed
Biochar with adsorption behavior, kinetic and isotherm
modeling, and process optimization. Scientific Reports.
2025 .

Tan X, Liu Y, Zeng G, Wang X, Hu X, Gu Y, Yang Z.
Application of biochar for the removal of pollutants from
aqueous solutions. Chemosphere. 2015;125:70-85 .

Mia S, Dijkstra FA, Singh B. Aging induced changes in
biochar’s functionality and adsorption behavior for
phosphate and ammonium. Environmental science &
technology. 2017;51:8359-8367 .

Zhang H, Chen C, Gray EM, Boyd SE. Effect of
feedstock and pyrolysis temperature on properties of
biochar governing end use efficacy. Biomass and
Bioenergy. 2017;105:136-146 .

Ok YS, Palansooriya KN, Yuan X, Rinklebe J. Special
issue on biochar technologies, production, and
environmental applications in Critical Reviews in
Environmental Science & Technology during 2017—
2021. Critical Reviews in Environmental Science and
Technology. 2022;52:3375-3383 .

Kearns JP, Wellborn L, Summers R, Knappe D. 2,4-D
adsorption to biochars: Effect of preparation conditions
on equilibrium adsorption capacity and comparison with

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

commercial activated carbon literature data. Water
research. 2014;62:20-28 .

Hameed B, Salman J, Ahmad A. Adsorption isotherm
and kinetic modeling of 2, 4-D pesticide on activated
carbon derived from date stones. Journal of hazardous
materials. 2009;163:121-126 .

Binh QA, Nguyen H-H. Investigation the isotherm and
kinetics of adsorption mechanism of herbicide 2, 4-
dichlorophenoxyacetic acid (2, 4-D) on corn cob
biochar. Bioresource Technology Reports.
2020;11:100520 .

Georgin J, Franco DSP, Netto MS, Piccilli DGA, Foletto
EL, Dotto GL. Adsorption investigation of 2,4-D
herbicide on acid-treated peanut (Arachis hypogaea)
skins. Environ Sci Pollut Res Int. 2021;28:36453-36463.

Ma W, Fan J, Cui X, Wang Y, Yan Y, Meng Z, Gao H,
Lu R, Zhou W. Pyrolyzing spent coffee ground to
biochar treated with H3PO4 for the efficient removal of
2, 4-dichlorophenoxyacetic acid herbicide: adsorptive
behaviors and mechanism. Journal of Environmental
Chemical Engineering. 2023;11:109165 .

Mandal S, Sarkar B, Igalavithana AD, Ok YS, Yang X,
Lombi E, Bolan N. Mechanistic insights of 2, 4-D
sorption onto biochar: Influence of feedstock materials
and biochar properties. Bioresource technology.
2017;246:160-167 .

Bahrami M, Amiri MJ, Beigzadeh B. Adsorption of 2, 4-
dichlorophenoxyacetic acid using rice husk biochar,
granular activated carbon, and multi-walled carbon
nanotubes in a fixed bed column system. Water Science
and Technology. 2018;78:1812-1821 .

Khan MM, Khan A, Bhatti HN, Zahid M, Alissa S, El-
Badry YA, Hussein EE, Igbal M. Composite of
polypyrrole with sugarcane bagasse cellulosic biomass
and adsorption efficiency for 2, 4-dicholrophonxy acetic
acid in column mode. Journal of Materials Research and
Technology. 2021;15:2016-2025 .

Knani S, Khemis IB, Fuhr ACFP, Lefi N, Mahmoud SA,
Dotto GL, Alenazi A, Selmi R. Theoretical modeling of
2, 4-dichlorophenoxyacetic acid on acid-treated peanut
skin: microscopic analysis via statistical physics
treatment. Scientific Reports. 2025;15:14238.
Vinayagam R, Nagendran V, Goveas LC, Narasimhan
MK, Varadavenkatesan T, Samanth A, Selvaraj R.
Machine learning, conventional and statistical physics
modeling of 2, 4-Dichlorophenoxyacetic acid (2, 4-D)
herbicide removal using biochar prepared from Vateria
indica fruit biomass. Chemosphere. 2024;350:141130 .

Salman JM, Njoku V, Hameed BH. Adsorption of
pesticides from aqueous solution onto banana stalk
activated carbon. Chemical engineering journal.
2011;174:41-48 .

Essandoh M, Wolgemuth D, Pittman CU, Mohan D,
Misna T. Phenoxy herbicide removal from aqueous
solutions using fast pyrolysis switchgrass biochar.
Chemosphere. 2017;174:49-57. doi:
https://doi.org/10.1016/j.chemosphere.2017.01.105

VEOF Glicue o o lach V¥ 099 cdosne Culilags cusige dlas ¢ YO



103.

104.

105.

Ol&as g 60l cuol)S 8050

Sellaoui L, Dotto GL, Pereira HA, Vieira Y, dos Reis
GS, Oliveira ML, Silva LF, Khan MR, Manoharadas S,
Godinho M. Adsorptive properties of the pesticides 2, 4-
D, mecoprop, and dicamba on a pinus-based biochar:
conventional and statistical physics evaluation.
Chemical Engineering Journal. 2023;474:145564.

Zhu L, Zhao N, Tong L, Lv Y, Li G. Characterization
and evaluation of surface modified materials based on
porous biochar and its adsorption properties for 2,4-
dichlorophenoxyacetic acid. Chemosphere.
2018;210:734-744. doi:
https://doi.org/10.1016/j.chemosphere.2018.07.090

Evy Alice Abigail M. Biochar-based nanocarriers:
fabrication, characterization, and application as 2, 4-
dichlorophenoxyacetic acid nanoformulation for
sustained release. 3 Biotech. 2019;9:317

106. .

107.

108.

109.

YYF @ NYY liss ) F o laddi VY o) g caaas Cudifige cusige dlas

Tang L, Chen S, Wang N, Jiang X. Comparative study
of adsorption and slow-release performance and
mechanism of phosphoric acid and ammonia-modified
biochars on 2,4-dichlorophenoxyacetic acid. Separation
and Purification Technology. 2025;358:130470 .

Wang Z, Ren D, Wu J, Jiang S, Yu H, Cheng Y, Zhang
S, Zhang X. Study on adsorption-degradation of 2,4-
dichlorophenol by modified biochar immobilized
laccase. International Journal of Environmental Science
and Technology. 2022;19:1393-1406 .

Amiri MJ, Roohi R, Arshadi M, Abbaspourrad A. 2, 4-
D adsorption from agricultural subsurface drainage by

110.

111.

112.

113.

canola stalk-derived activated carbon: insight into the
adsorption kinetics models under batch and column
conditions. Environmental Science and Pollution
Research. 2020;27:16983-16997.

Hernandes PT, Franco DS, Georgin J, Salau NP, Dotto
GL. Adsorption of atrazine and 2, 4-D pesticides on
alternative biochars from cedar bark sawdust (Cedrella
fissilis). Environmental Science and Pollution Research.
2022;29:22566-22575.

Zhu L, Zhao N, Tong L, Lv Y, Li G. Characterization
and evaluation of surface modified materials based on
porous biochar and its adsorption properties for 2, 4-
dichlorophenoxyacetic acid. Chemosphere.
2018;210:734-744 .

Brito GM, Roldi LL, Schetino Jr MA, Checon Freitas JC,
Cabral Coelho ER. High-performance of activated
biocarbon based on agricultural biomass waste applied
for 2, 4-D herbicide removing from water: adsorption,
kinetic and thermodynamic assessments. Journal of
Environmental Science and Health, Part B. 2020;55:767-
782 .

Ying B, Lin G, Jin L, Zhao Y, Zhang T, Tang J.
Adsorption and degradation of 2, 4-
dichlorophenoxyacetic acid in spiked soil with Fe0
nanoparticles supported by biochar. Acta Agriculturae
Scandinavica, Section B—Soil & Plant Science.
2015;65:215-221 .



	4.412-436

