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Extended Abstract

Background and Objectives

Pesticides are extensively used in the modern agricultural systems. The inefficient and extensive use of pesticides
during the last 5 to 6 decades inadvertently led to serious deterioration of environmental quality with health risk to
living organisms, including humans. It is important to use some environmentally friendly and sustainable approaches
to remediate, restore and maintain soil quality. Biochar, with its high specific surface area and porosity, offers

numerous adsorption sites. Its stability, eco-friendliness, and superior adsorption capabilities render it an excellent
choice. As a versatile material, biochar finds use in agriculture, environmental management, industry, energy, and
medicine. Added to soil, biochar helps adsorption or degradation of pesticides in contaminated areas, enhancing soil
microbial activity. Current research primarily focuses on biochar produced via direct pyrolysis for pesticide
adsorption. Studies on functionalized biochar for this purpose are relatively scarce. This review examines biochar’s
pesticide absorption properties, its characteristics, formation mechanisms, environmental impact, and delves into
adsorption mechanisms, functionalization methods, and their prospects and limitations.

Review methodology

ResearchGate, Scopus, Google Scholar, Web of Science, and ScienceDirect.com were used as sources to gather
information for this study. These database sites were preferred because these sites are the most complete and contain
the most prominent and important research publications. The major search term was "effect of biochar amendment on
the bioavailability of pesticide™. In this strategy, 40 articles published between 2012 and 2024were chosen.
Furthermore, the relevant studies cited in the above publications were examined.

Conclusion

The current review highlighted the implications of biochar application in soils to control pesticides fate. Application
of biochar to soil greatly affects pesticides sorption/desorption, biodegradation, leaching in soil. The
sorption/desorption of pesticides on biochar surfaces depends on the physicochemical characteristics of biochar: (i)
chemical structure and composition, (ii) porosity, surface area, (iii) pH and elemental ratios, and (iv) surface functional
groups. It has been also observed that all these physicochemical characteristics of biochar rely on the feedstock type
and production conditions. Moreover, the sorption capacity of biochar also varies with the type of pesticides. The
degradation of pesticides in soil occurs via various reactions such as hydrolysis, photolysis, oxidation, and
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biodegradation. To advance biochar’s application, mitigate environmental risks from pesticides, and enhance pesticide
efficiency, in-depth research on biochar’s adsorption mechanisms is crucial. Factors affecting biochar bioavailability,
development of functional products and field production applications should be addressed to provide effective
scientific evidence for the safe and rational use of biochar. In the management of pesticide pollution, it may be
necessary to combine other technical approaches, such as loading degrading bacteria into biochar to enhance
degradation capabilities and using biochar to prepare slow-release formulations to reduce the amount of pesticide
used. Although there are still many challenges at present, with the continuous progress of technology and the
expansion of applications, it is believed that biochar materials will play a more important role in the future.

Future perspectives

The available literature provides ample justification for some key knowledge gaps regarding the use of biochar to
control pesticides fate in soil and could be considered to advance our understanding of biochar use for remediation of
pesticides in soil. Research is needed on the capacity of modified biochar for sustainable management of land
productivity. Moreover, it can be of great importance to classify biochars (including modified biochars) based on their
capacity to bind/hold pesticides over time. It is important to explore if the pyrolytic conditions and the type of
feedstock affect the efficacy of biochars in degradation of pesticides. Furthermore, the effect of feedstock type and
pyrolytic conditions on soil microbial activity is not well-understood and research is warranted to examine these
fundamental aspects. The available literature data show that the interactions of biochar, pesticides and soil microbial
activity are poorly understood. There is no clear trend of biochar application on soil microbial activity and the role of
soil fauna and flora towards pesticide mineralization under biochar application. There exists very limited data
regarding the effects of biochars on the mode of action and chemistry of pesticides and how the sorption of pesticides
on biochar vary with soil types. Similarly, the data about the role of different organic matter fractions on pesticide
sorption are very limited.

Keywords: Adsorption, Biochar, Environmental fate, Functionalization, Pesticide.

Conflict of interest
The authors declare no conflict of interest.

Ethical considerations
The authors avoided data fabrication, falsification, plagiarism, and misconduct.

Data Availability Statement
Data is available on reasonable request from the authors.

Acknowledgements

The authors would like to sincerely thank the anonymous reviewers for their valuable comments and constructive
suggestions, which greatly contributed to improving the quality of this manuscript. The authors also wish to express
their gratitude to the editor for their guidance and support throughout the review process.

Cite this article: Sefidgar Shakolaie, S. & Taheri Shahrestani, A. (2025). Effects of biochar on pesticides

sorption in soils. Journal of Soil and Plant Science, 35(2), 93-113.
https://doi.org/10.22034/sps.2025.68824.1016

This work is licensed under a Creative Commons Attribution-
NonCommercial 4.0 International License.

. Copyright © 2025 The Authors. OPE
Publisher: The University of Tabriz eare



https://doi.org/10.22034/sps.2025.68824.1016
https://creativecommons.org/licenses/by/4.0/

: g alEoAs ot Lol

.,ﬂv 0

o Y

A e 2 ozl T
T

jas pre

e 1P F bl Y GAY sldvamio ¢F o lows VO W oS g S yiils 4 g

https://doi.org/10.22034/sps.2025.68824.1016

Online ISSN: 3092-6106 et
LV PN 1
- () E\Z*
= https://sps.tabrizu.ac.ir s L}
S1950 Ao

" (i 30 (5 b st {0V UL 5 s o
s.sefidgar16@gmail.com sl .l sl ey (IS sl&mily (55, 5LaS sulails (SIA putige 5 asle 85,8 (J e suiens 9
azamtaheri98@gmail.com :4sbll, .oyl ol ey (WS ol&iils (g5, 5liS suiils « S jaals 65 < -V

VEF BN g S5k gyl VFF/ B bl ya gy
VECF/FIVA LR B V¥ BV i el gy

oS

Lo ST 51 s 530 5 ol HISL suliiond .o g oo soliioal (555128 (slaallis 5o 00508 sl LaiSmal 31855 5l
Lag ! dlaa 51 ol lala el 5 o0 crw ylasns ©d S (gaa (BAK Can Gl AL G was P B O Job o
Lia 5 oLl ol sl sluly 5 cwdlaane b HEG L slaa Sy, (Ao Ol suliia) ol Gl Hlaa 4
ola usa L Sl s Gl pha oo SBSSal S pliet Sl g ol age Hls S s
S dadlas ool Lo oyl S Lo 1y LagiSesl caaldoiw) ol Jilia € 5 oda oUIs |s) ol s S
Sledbl slpen 1 bl Glsieds oS Gl 5 Y Sl K o sSnl oS s, slaculon
calllns oyl iR 53 s dase 5 AT Y0 BY- VY gladlo 3 sk pdiie dlie Fr (opinan ok suliie
wile gufS sladsia 5 aas oo B 1 Hlagn st LoiSedl Cia o pal gbacd piy 3 pla (2S5
5 b (S5 iludla Jols lhTs sl slaghys o oia sl ol Olhsw wls sla,lS sl
' olasm Juily a0 5o Seusief slagiin Sl Bua b dalllas (ol (Oaigan WS o Gadig) 1) (55050
slagia s slagoSos 5 (ASa © GlSua s, slBus ol ol sud alai) LagiSesdl (Sogll e nals
83 ge Gl 30 1y s B, LIS cuanl 5 55055 o o 5 S e S LaESedT (So sl ol diney 5o s
obadlad (ol ioin ) (al Cla Glasn (Sl igads slaejlg

et LS o b piSedT a5l LSEL(VFF) Sl el goalh 5w SISLE Sude e ¢yl dy ol
AYSVY (Y)FO (LS 5 SIS il

https://doi.org/10.22034/sps.2025.68824.1016



https://doi.org/10.22034/sps.2025.68824.1016
https://portal.issn.org/resource/ISSN/3092-6106
https://sps.tabrizu.ac.ir/
https://doi.org/10.22034/sps.2025.68824.1016
https://orcid.org/0000-0002-6122-8303
https://orcid.org/0000-0001-9732-2695

LS 19 LS Wiz » jlem b S 9 SWU Sodw 47

YPRVY
3obalie V/0 3 olea cnnan sias o (BalDE 1 (2132 0l se ual 5 oS wiia (55,5LES (o 0s slasalys LagiS sl
MY LYY Jla B osd o S 5 ol 8L (200381 V- Y0 Jla SLaT Hu 55 o,Lba A4 VA - Jla o L
Ol 3l 4 sae ansla slagias (p Spsiie 5o Arie (IS cures wad ad; (FAO, 2016) s 535 55k
[(Bruckmann et al., 2022) coaul sads S ulilie o (132 olge a3 5 Sareld] OT el (gl Lslis aa 5 15
$300lES oliand ol ge ) soliio) il 5 sTa s golaidl Sl 51 &S adans 59 (5598580 Ol sl (Ol
.(Bruckmann et al., 2022) el 438, 155 suliial a) 90 joa slacile 5 @lT L s),le glys su,inl | sbas
ke il (b S Sl (s505LaS L 51 S ola, S o (ST SluS 5 5l as Bl Gl suliia) slac sl
soliieal (rol 8 oS la o g oo o g ol Olga sl o EMe GRS S 0 38558 51 (Ko S b
s sdle (Pereiraetal., 2023) ol su g Lasi 5o Y- ANY G Y-+ + slagdln G ol pon Gaud 33 (il 380 L LajiSeal )
Gl g 5 wols Lol 5 LSl wule Alids slabuas 5o i) pead 4 bila (iSedl glad <se o

(Pereiraetal., 2023) & s o o suns Gl cuadlw
olsiews (Aldas-Vargas et al., 2022) ol (Sicws wijls L8 o Jo € Jasns 4 La i€l ok g un
o oo gl Jie OT LG wpd Gla s S ol 5 S wiile laluas o bl oo L iSedl (Jls
Lans o aiil g3 e Lag] Gl JSa 5uis oY gans b la i€l ol aias JS& 5uas aiil g3 o LaiSes] A «S
S Saselal OT wl s 5 Waa sy luly slacud ssbie L LaiScal (Aldas-Vargas et al., 2022) sules 30
da i€l 51 ol (Susll (inea (Aldas-Vargas et al., 2022) wiS oo wsags 1) o)) 5 b of plbie
SIS o e 53T T 0l ge w0323 sl 5 (2 0See slacullas 5y 5 usu e uiS 1) S plias 5 (S5 alsa
Slaags anl S e oS Wlsad S sale olagbsy s 2 2lagiasss slaas s, «(l by (Losacco et al., 2024)

(Caraetal., 2022) wiil s Ji<lan 0 1y Jgnns 9 Slae (puinas g oals GualK S 5 ST o1, L aSes]

osae oMl 5 e Shune 5 o L3 5 (oliand HEALL Gl da s el 5 LaiSes] gundih
SK o lagl oida 506, aallle wie)ls crwdlaune o Lo iSesl cud gy Guas .ol sud 80,51 Y Jgaa o
22 5% Jolse Gnsiage O 5 wdlbioe SIA (M alge 5 Guy @3 L ST g 6510850 b bLSSI 5o S oug
ot . (Rigi and Farahbakhsh, 2018) el S o laiSedl o gain] cubil 5 daaad «3a3 « anl o)
cowdlans 5 gl pae sl aal 5 olulis gl aulie 51 S 5 GISed] et gy 5 SHas
2o de rwibans o lagiSed] b gy 5 SHa3 Suohe sl (Rigi and Farahbakhsh, 2018) wil "
o3 Godada Jlo S5 S i gliand 5 (S5 sl (S e lagT Claly 5 ois sla S cabis
.(Rigi and Farahbakhsh, 2018) s,ls Cda olyse so age (28 PKa Hlaie 5 OT —J ST Coyus O]

" Volatility



1FeF Ll o o ko (F'O W (olS g S il a pid (5 2 9 SIS JFouiw Yy

o 9es ot g o jlans g oo SLa S g (abandd HEALL Glad da ju pulesd g3 LIS ST (suiadiab ) Jgaa

(Bruckmann et al., 2022)

(sandiib

il gola NS el wias

sl

Goba cul was (sule soldinl o
oS sl

Sb,la Sl

Kb Gacs

Sboba Sl

Stk o

C,\.‘Ll*‘ BE) s C\’J—u—hﬁ) (s ‘)L*u.u_.\
(Lo 5 K rel sanie

Jhliyl gladialy cu,as

2N s salK slad s s

b

(‘}iJQJ‘)JJJ..LaJllSJ&A
elagal cuyas o1 Gl
oS G sl Yo Jllisy)
oere

oluid ( Sea slagolaial
o9 ola Cuas 5 (Sseosa
Lasulass,

S2oLSs 58 LS (e cuaw
St 98555

&iels 4 55 Gaos sak L LA
09 G Gl yes sladialy wi,
Lot se (88 L8 s oo ol
el ol s (2 ne
i sl 5 olksl
el salie 5 5 99l gn (S ped]
05 s S5 glacaly 55

:_};&)QJ)JJJ..C.AALSJ:A.A

A gl gl

b oSl
0
s, diie g, slics 53 N A ﬁ F
| FF
EESX N
cl
NA\N
;)-‘..Jl-‘...):’ /\N/QNA\N/\
H
[ e
cl
[)_J_’)l:, " CH; N”™N

H H
0ol
cl 2 C (
\ 5.0
i & cI” N7 o ‘OL
sl
e 0 H 2o
D908 93 HO ~ \OH
SEETS
o
_N
o* s
clis gl ) +©\ i
o i o”
"0
085k e
OH
O,N
Jsi8 s
NO,

Sosu




bSG ;9 bASET win 3 g Wl S AL g SWL S A

6l Sis ol ias e Gl usa 3l Ghaas Jhaswl 5wl ol pKa e iScale a3 4 dagiSesl A
e b b lacT € lagT JEB 5 SIS 50 g T ab) by cue Lol conal wado oL i g JUEBI 5 Qs
slass S ol Tom B 5 G wile eS8 slagiSaile obaad glabale (Jbe sl wsd oo
Sl oo el 5 el Ga S a3l 51 368188 5 I C=0 W 5a 50 O30S a5 s g S Gl 5o aiiius (goaais S g S
Ssdiee JSES (5SS (555 (SO (e HL Sy et o el Blale () 5anS &S] e 4 S5 g slag )
e S o lagT alis o 5B Gl 5 OT slad Sige b (555508 Lo s JiSa5 (il 33 4 aie oS
ol 5 Sl w5 e Tan a8 T o i K wile ol iSesT oS oty (518 el olallas (aines
OBl 3 b st 5a3 (Sun 3 slagiga ot 1 5 ek (ains slasai¥T 51 e b ¢ (S8 g BT o slie slag3
Lo iSedl Jlaial glasha o ge 5o SIS Gial38l b ot o (You et al., 2021) was (i3l o5 (&) JEs)
Lo iSedl & susll lasSla ol gl wolLS glag, sl aaw s (Glas) cods 5 ciwdlasne el (5l
(Youetal., 2021) el (55905

Sl S dlasne b 5Ll 5 s 4 Gt 5 ol (@b ol 5 Jle 0da IS sl Hlase
sad GBS 50 lasla s € oda Gk o) LagaSesl o sanl (2alK (Wahla et al., 2019; Khalid et al., 2020)
Lol i gs (g0l an B lajls oo oliand o (SO5u8 AL 5 sl (olsa (Garcia et al., 2014) ol
aacl Oda 3 Slase o T slagiSesl Liaa (Garcia et al., 2014) w gt o Jo5S 4l gl 80 sy 5 a5
2 iie o3 aa 5 e 58T ea WiB e Slan b S bl e Lol Sl S T sl 5 Ko sun
G o2Say O (Kol sha 5 wbe il ogdnl b po (lnil Gia € oKia aal il laiSesl s,
a5 b8 b Bl S e wed Galdh pliaad 5 So5ad Gelsa Julods e s (Garciaetal., 2014) ww oo JSlas
() JSa Garcia et al., 2014) wal cisls (18 S o laiSes] aile I slasain¥T lulua 5 i o

Jola slaslasa w0 oy P53 LISl win s 15 Llass 5al Garcia et al. (2014)
gl PH Galsom glos b (oS53 oo Gl aiidls JooMSamn(s 58 GBSEolB L (0¥ sl (oS53 Jao cangpaS )
slass 53l s 5s Lo Abdollahi et al. (2019) .cils cule (Siwan Gass Ssleg,T Gloe 5 Lajlass o3y
cullad S 5a3 5 iz ol e Gral 38 o Hla s w8 € W S Gle S e b sme e ol 2 el oS
< a5l daa 51 S3el,l uaia sla 3l Zheng et al. (2010) .o (o) sm(soie wiad Giul 8 cuw ollula s,
saaliio 5 ouus 5 gsla Ll sl 5V 03I 5T G 5o dslaa PH 5 Joslas € asla e ula Glol lg s
s S5 e ol 35 il Joled & sy 5he 53 Gle @ Sa S 313 03l b lg s oS 5 S
YOV Ol o e Gdlass 5 dlaT satoia soolie il (ialdl Jslae € s o (22K L (BT 5o sl

' Mesotrione

2 Tembotrione
3 Chlorpyrifos
4 Carbendazim
5 Tricyclazole

6 Metribuzin

7 Atrazine

8 Simazine



1P F ol oF oyl (PO Wl (ol g S il argii 50 o WL S W

Jslae 4 dola s € 8lo)y il Glidl a SlS o0 S lie Vo £2 G YFY ) 5 a SlS 5o a S Le VVOA @
il kS (Sl 2 €)1 e V0 )

3 S slapH 5o € s las 5l s abin gt GBSl o S 5 (Vo B Y 31) Jolae PH 58T ey
i g Cdlase 5 o)l 3T Glda was e Glis 4S @8l Gil38I PH (alS b (iSesT o (Kd) Gia o Hlate
wresl b olas Al glos 5o 5l som Baob O Bl e slasm O asdi oo aladl g by GlaPH Lo Hlass
sl 4 S Ll e SIA (ol Shd il JBlus 4 5 Lasain¥T (osA% el 6l 5 s Lgb s, b 5 5L
olsiews (Khalid et al., 2020) s S Alal (T Gia s Slae 55343 6153 Ol 1o lasn liasd 5 (308 palsa
oo o153 5 o30Sl (sgla flole lasy S lafe Wil 53 oo Hlasn gual (sodind 5 obasd ludlas (Jbe
S 55 callls oyl (Dong etal., 2024) i o g 1 o a0 Slae 4o o g aas Gilal 1 o) sl Gda
LS gole wile uilS sladia 5 wasoe Gl Sla g iy LGISEST Qia Lo sadl slacd i 5 wls
s 1y (Si3slen 5 ebaad slas S, Jobs lslss dlal slagiss 5 oin Gl ole oly s wls
Sl 55 (IS gl Slasm Jasly wse 5o Seu il slagiin Gl Bua b (i sss ol (Onges WS o
Obol ey 5o suil lagia sy slagoSaa 5 A0S 4 SIS 55 suu ol cal s alail LaiSeal
A8 o SRl 1 s 1,1 LIS caal 5 5009 oD 5o g 0 o S Sl (Kol

SLaLsS 5 a3
S8 GLALS 25l 5o paas S o phsedT 5
el 3 palions 5 (cacw L€ ay M oshye 35
okighad SRR ETER R L
22 (538 Ase e (i
Jlaga

M9 e

olf 2 1-AD+ °C)

Sl—‘h ).I JL?J* -‘le

O (535488 s

Gola SLUSS 5 LaaSae

Laylasm 5o phensl

(Khalid et al.,2020) SLa u LapisesT eud gy o gas 99,18 sl 5l Jsdd

s s 9



LS ;3 LLSET wio p b gw Wil S22 § SWU Foiw oo

o 3 8 S e 53l LSl ia 5o 0T GBI e 55 Hsbes Hlasn pland 5 (Si3ab alsa
slas s S 5 PH (Jalas o35 mlas dhan 51T Galsd Wb lasw s LagiSesl Qs 5o oSka sla,lS 5l

Sl edide psa 4 Jlle

Jo g 033 daw

Alide lale slass S 5 olia o)l o3 s el wile (JS5lie (ol calite oo S 5 sad w8 Hle ou
o5kt Dlasn sad (S (A 5 s3ay e s b Oda cubol e e oL 1) (T slass¥T Gds sl
3lie S5 4 5ot sla s Salsom Jsb 03 (G Glhwas) Y (s T ailis Jla ol bl o Gl 3l g 536
Yo A& S) Lo, s Sae ol 5 ol oplite [l Lol s ol o3lal (Khalid et al., 2020) s g oo
Jalas (Lietal, 2017 «v Kui) il o (Sl 0B 0+ 51 5E8,5) Las s s Ske 5 (Lie 3B 0 BY) Lo 53950 o sie 53U
saie Lo gac Wb (slos 4 s o Lt clalllas K o 5033 Sl s slos b (g 5B sl sla s o35 s
comspelis a0 PYe G FY Sl Lea Gralal b osd e 38000 3 s dau® o 5 S0 obia o3l 4
8305 phs S o 5o emdly Gl 38 6 S 5y ae STe (Blew /0 ) o/ AV 51 o slS Sl snd 4gs Hla s JalAS
G 1 Los aal3dl b slasms shus pho Gl3il ade BT .8l GRlbil oS 5 g sie A/F50 € O/Y-A 3
.(Sefidgar Shahkolaie et al., 2020) axiils sy 5 bowsio olyda b g BALL
il (55368 JAAS 5 85 el Fb slen Lo sud 4 Hlasn wOlse A S b e S wb Jls Gl b
sac a5 Hla s o3y i Gusadis dapu Ve Ve 5 Salgsn (slea Gl 381 b S ad saaliie o S o
»ede (Khaefietal, 2022) wabs e s 5o olpda ok 4«60 L SilSIA 368 Jlods el (Sae oS @bl Suals
B/¥)T Femss aela 5 (pals 058 la s 0305 s (JBio ()l sie s ol age 5 Sla s 4l sl su s Gl gom sles
sl Gpn 0 i€ ol wile (a0 s pre STe AFY BAVY) (alE Lls s 31 53 s (n S 2 e S0 AF/Y BO/Y)
asu Ve BOr e glos 5o e sela Sl ead 4 Hla s olde Hsbdas ol S5 (S S 5 @) Gla
S o5 glS O ead g Hlass © S (pUS oy xS Sie (Bl /AL /- 0F) (55368 AT G saeales
83 ey « IS sbats aa o GLES |, (S s 2o ST Tl VA B+ /- VF) (o gaealis da 5a Ve - B0- - (sloa o
S Hla oo i€ o ulanls Sle aliia b Bl b solasm (ASOU Gy 5 saels JBe plsiets) (il 51 52
Li) S o a5 5 Sen Buaae oliia b g5labe b shlasm (003 Gy Jls olsieds) sk 51 A8 o S
(etal., 2017

! Dehydration process
2 Biosolid



1FeF bl Y o los VO W (olF g S ilo 4 gid (530 9 SWTLY Sl 10|

SEN MAG. 150 % WD. 13,56 mm e ] VEGANTESCAN
SEM HV. 15.00 3 Det SE 200um {
Oate[méclyi 062817 Vac: HVac mﬂ

SEMMAG 100 bx WD 13.30 mm
SEM HY. 15.00 8 Det SE
Dateméaryy 06287 Vac: Hivac

Sefidgar ) (y3e g Sae Yo+ 51 a8 38l ylo8 (1uS5lse) P¥ e (sloa ju gy 018 ) ousdi dugl Lo 933 SEM ys el (&1 =Y s
Sefidgar ) (yie g Sse Yo 3 y3aS 33lss Hlod (a&3Luo) ¥Y+ (slou yu g 43 oS 3 oucdi dags Lo 933 (< (Shahkolaie et al., 2020
(Anetal,, 2021) (30 9 ySu0 ¥ 31 yiaS 3lio yhod (aSilas) daiy olS 3 ouddi dugl Lo 93 (z 9 (Shahkolaie et al., 2020

s pH
SBLERL (A b sl (Ll Hla g o K by 08 o 5ua3 sl eu o 5 Salsom sbes b sl PH
352 gl Gugralis dasu Fee 5T00 slos o bl Gsn Sl sad w8 Hla g ol (S alslsu S ©
Slead a8 Hlasn gl salsom sles 5 slasu PH G iide 4lal, Khaefi et al. (2022) .(Nguyen et al., 2010)
PH il s gl oo o (5L cmala Lssle S 0 (8 sule S lasn € ol Bas b -39 S sualiie 0]
Lo sSIso T 5o oS caal plaasd GRISI S5 & el raay) "0 smealasanly b GBolpeas sLaghSy cileds w153 o0
JsSse 5ol Cntin (JsSse ana b K500 (JsSlse 5 008 85 wism SSu b e sise Glaa Lol 5 S5 <

! Polymerization
2 Aliphatic compounds



LS 33 LSS Wi syl gn il GAL g WL Fads 1Y

il Lea ol 531 s AT sube 31 388 slackas (sylulan 31 3l lasu 5o S sa so Suae ol go wlile o Syl
ol 4 et T el Eels Hla g 59 S gl e Glgieds (Sare ol 5 (5B sLannsS] suile 3L (inea
odida U 2 e 9SOl il Jold Al s glass e e S o (Khaefi et al., 2022) o gt o
Azimzadeh ) s 5 oLl Ll su callas PH 4S st sualidie 5 Joass Hla s 4 cow G olauls 5 au€ oS a8

(etal., 2020

hole 5loog F
Sl aom slos i ,ls LIS ST Qs Hu cage OB e 5 om 5 el (Sl 5 S slas g S wiils ale slas S
Wl ol b aiis Hla o o (555 Glole slas s S Hlate suii€ )5S il Jale 5o Hle s sl o0 S
Baae oS aslpo (ualS Los Gaal38l b slasn 5o Slale slass S Sslos PH 5 JAIAS (el L (a3 (33A
(b o 2K N/C 5 O/C HIC &) slacias doo (il 38 b ol Gads o5 LY sacl 30 S 3WG da 0 Jalods

(Lietal, 2017) col ol 5 Subif o S JoeaS 5 ouan slas g, Slglys (ualS suiasyLis «

Jem gl ,g 5
L Salsom Gk 31 0T G b oS o 5ansh bl 5o oS el JAASe 5 0 S 5l A8 K sl sole S g s
Ssdise L sopd LAl 5 cur (Pl oYt (i) glasels (s5usliS oY pans Ll wils
k) a8 (558 oS DB mn 5 (5350 s YL lewily Jaloas su gy Sul g o 5,5l (Khalid et al., 2020)
ol oY gone pla o Fen) S8 GRooss olass Odson SV Gaipee ol 80 S Gla sd 4
Slye 0 sl Sl ) Jsane S bl 5o S Kok 005 S L G Dl dagT Gl Lo S wiis
(S lele slasy S o35 4 obiasd HEALL «S 0k o 5 sead (Zhang et al., 2022) wils o 5 (S s s
Gaae (s Oaloalis s age sl Launld ol 5 o0alBIS callad Gla s oluly dasai¥T Qs o
sLasaliioal (g ¢ T lole (slas s S dau i 5 JiSai o305 0 ol g wil s Jsb 5o Dla s (b JlALL JaISS
(Zhang et al., 2022) el ags sliss Hla s ) (g2

V5 S LA say et Jalads oI5 T SlaJISoul, algpm w8 Jsb o oS wlos,S wSh jual elallas
Sl o LIl lsieds 5 axiua Hluly Laske B alT gladlSisly Gl s s oo JiSES Sla om0 ((obaad
it e € w3 sels cal (Kae Sl o357 GladISul, &€ wlso S col GlSua 55 s oo GALL
callas (Tao et al, 2020) o5 ol IS0, 5wy o JS0l, Gl (o5soma wasl,y aule
rollaals slasi) el (K Jla (e o Lol ity i (T (glaoui¥T 035 (5 el (Kan Slanly 5T sladISel,
sl clale o< wilsals olis 4l ol slaaa g3 (Tao et al., 2020) wals ciils ey lains 5 ¢ lus) coedlw s
Tao et ) wb oo (2alS Sulsom slos GRal3l b Gupen 5 438L (Ral38) 5l g slos (D81 b Slasm Lo Sl ol
allg g il 8 i g4 S oo ame 3aS g oda 5a 1, T sl S oS Hly g alsd S el sl (@l 2020
23300 daom w3 b susSen) Sl 5 LBl Sy € st (adidie S8 (Jla Gl b s ge (s

I Carbonization



1P Olusli ¥ o ko (FD Al (ol 9 S i i pid (5 2 9 SIS i \o¥

5 S palsa b daily Lo sa o) Slson 389 ooy Ais Lo saslosds [lass palsd el
(Taoetal., 2020) el (s, 9 1 oliass

Gees ssbe Aline glales Hu Slsle 5algsm Jsb 5a 1) Jle) (ol HBALL <23 Xin et al. (2015)
OGS e Lou Gl 33 cntls J) sbasd oS5 5 o Slac s ol Ll Les € wu S saalie 5 ooy
OBl 53 b eilaidls JLe s 5o (oS DhBe aas oo 5 Jle) bl BB L wly) wdas e o S wl J&5 o Sl
s Ve O S Les € olKia il (ralS msaie 5aus) 5 G3goma Hhie oS s o il Gl 33l Lo
Mool s oped o ssdiee JoSlse Gm s Guos PIooms slasisy cuSa Hles Sl Wil o gl
(IS ge s S5 sLas sy aas e 15 SsKse 559 (SIous LAt sy o Baae o ol e (1
39008 slasig T Yoo & 5 wad ks 1l -CH (C5HBO) sy aals 5 (JsSIge G0 (550008 slasi s
E5o4 (0adll . 530) (C=C) (o sS =00 S G g 5 33 5 3L (2alS Glite a2 (o ad Gt (S g0 G900
G850 S5 (U5525) (C=0) (308 S WIS 53 0 53 o saealen 4250 ¥+ (YL Los (B 08 S o
235 @8l GBl3E ubs Gl & Sle g, T SLS 5 5 (53) (-0 =) 30uST w5 s ¢ (il B 52) (C=C) S0 S
Gl (palS swilassl Jlas o «S (-OH) JauS 5 ma slasy S 5 ((CH) Glon dila (o5 SGK (laws gy (52
S s W Gaob Ol LSl T 5 SSLT slags S oua daw KL Kl (ol sasgdle iy G 3l o g
Sbeg,T sladd sa (38 oS (o greulis da 50 PO+ BT glos 5o aioly S5 sl gumsdin (s oy S
dla slaaiann w38 K 513 ga B3l Tl 5 (Sla305mS) wulpd Hu Ol 3aes) slasy S L sad Wy
s puspealis da 0 P00 51 Y0 Lo a0 olKia il il 38l 50l 5 Slaie s 5 ey s (il 331 b Sl g,
obd 31 Gl g 9 gs Slo g, Sl Ly (dla faaa 5o o8l iS50 35008 © (@h)05S) 5 Qe il
(Xinetal, 2015) wu s sus0a Ghsa ad 4 Silo )l dila

oo sad AL Hla s 9 Ll slaswi¥T 51 by (JsSlge 55 b sl win Sile sl slagn S soua
ousad olulias Lol gl win Sl )T o S oma (alliss (Mengesha et al., 2024) wo s 500b slales
G gl sy Sobes,l slags Sooma Ol 5L lales o 5 s Gugaedis 4a,0 0+ ssas Lo slass
slos 5oL g e Hlacs Slas cna JUES 50 Sl sles wad Jaas Sdsk Siles,l slajliale
slaslasn € s gl sy Saley,T GaSsoma V8O Ghn b olaslssn (ool 4050 VO4) Salgom
Silo 5,7 (5L gy S 5 puien LSS« dallian ol gl S el 55 o senlis o pu B B0+ s slabes Lo sut il
S5 L slran (Gospenlis da 0 Ve 51 Gh) 58 Salsom lagisSly Juos 15 YL (JsSlge 005 b sldla win
(Mengesha et al., 2024) sl ;L Hla su (555 LS 5 ol

3B 9w dlw gy BAS ST Wi 459
ol s LS 5o Jlads LgiSedl @ supll S o Hlasn s g (il glad SIgo G SIS 550
OLESY S 5o a8 [ shilen gl oo JOES IS 5l iy ahis s Sy g AliSs #l il (s, 2 LSl Qs
9 uS;G‘S.A.u‘J)ZS—" Gﬁd&bxadfmgudgwulf‘é)fﬁ .__;._\9 4_\&‘\936.0 ‘)L&JKJJL&: &CZA-A-u‘ s éJ‘J

\

claad JSES (g guie # dBla S G550 050eS) 031 o g 2 S 0310 5 oS el (I (s pume (1 5 SilagoToak JSasia 0S5 S
2 Condensation


https://fa.wikipedia.org/wiki/%D8%AA%D8%B1%DA%A9%DB%8C%D8%A8%D8%A7%D8%AA_%D9%87%D8%AA%D8%B1%D9%88%D8%B3%DB%8C%DA%A9%D9%84%DB%8C%DA%A9
https://fa.wikipedia.org/wiki/%D8%AA%D8%B1%DA%A9%DB%8C%D8%A8%D8%A7%D8%AA_%D9%87%D8%AA%D8%B1%D9%88%D8%B3%DB%8C%DA%A9%D9%84%DB%8C%DA%A9
https://fa.wikipedia.org/wiki/%D8%A2%D8%B1%D9%88%D9%85%D8%A7%D8%AA%DB%8C%DA%A9
https://fa.wikipedia.org/wiki/%D8%A2%D8%B1%D9%88%D9%85%D8%A7%D8%AA%DB%8C%DA%A9
https://fa.wikipedia.org/wiki/%D8%AA%D8%B1%DA%A9%DB%8C%D8%A8_%D8%A2%D9%84%DB%8C
https://fa.wikipedia.org/wiki/%D8%AA%D8%B1%DA%A9%DB%8C%D8%A8_%D8%A2%D9%84%DB%8C
https://fa.wikipedia.org/wiki/%D8%A7%D8%AA%D9%85
https://fa.wikipedia.org/wiki/%D8%A7%D8%AA%D9%85
https://fa.wikipedia.org/wiki/%DA%A9%D8%B1%D8%A8%D9%86
https://fa.wikipedia.org/wiki/%DA%A9%D8%B1%D8%A8%D9%86
https://fa.wikipedia.org/wiki/%D8%A7%DA%A9%D8%B3%DB%8C%DA%98%D9%86
https://fa.wikipedia.org/wiki/%D8%A7%DA%A9%D8%B3%DB%8C%DA%98%D9%86

LS 49 LLSCET wis w g Wl S22 ¢ WU Fosiw \+¥

2L VS pliead glagiian 5 4 GuSLS JSES Ly ooV p oS S Goob O Qle) € pland Qis
Eissaetal.,) wias olas (23<1y ol58lan o) o 4 b JBiws by w55 oo LalS g5l ()l 0 S guudib s
slasr @had 5 (Kb sla S, ¢ sudo slasn suo LUSET Cis glaKyle 5 S e (2023
il lole slass S sty (Siow Sa Galsa s (Shia JEalu 5 650y phs i Sane ol s sl (lole slass )
LA s e 5L b gl (sLAGISEST b citens sl oua S 5 J 528 (0 5uS! Jolid oS la s o (555
Jageas (53 90m8 (1A gy ey el (San Sla g 590 (b8 lagSEd] Gia S o L35 558 (S35o0a
6S creal s Gadiie Tyn ) cral ei¥15 58 (5o s 51 538 Lol Gl sl s slas s 51 sidos LasT &ous oS 0 5t
29 olasm st Sl st et (I OLSS Qia o age G U)8 L seenie (S55oma B S
(Caraetal., 2022) &< o Wl 550 slalins

S350 B Jalats Bl 55 LaGISEsT (gl Hlasn (YL Cia cuioh €l sad adidis (rines
SN slaean¥T €ha3 5 Lida €5l (Caraetal,, 2022) wab la il 5 5l sn o30St (s sla slagias oo
51 3l b 5 olass 4 sl sl 5yse alsl su S & lpsy iy LipiSedl daa 31 5K
sad g3 Sl sm © Bl S o Sa g bl slagiSesl (ala gl (Sarkeretal., 2023) cuzls (S Los dlea
slos Dalsom 3 ead g3 Slasn © Wl (Saint lagESedl € s o gl Jeale Guly sles Salsom O
seolie glola 4 S A 0 S 5l swd s slasla s 55 Zhang etal. (2013) (Sarker etal., 2023) s s Juaio YU
=S5 S Glal Hlasm 503,58 S5, (03151 5 JaobolS) (ST gu el By 1) s S3aSA 5)sub)
e csln 51 (P) Jliussl o9 ot Soa3) T slaghiSen 5 dilio Gud 5y g (Sure S 5 T olge 3
3 S350ma Ban s oSN e yS-snian slaguien 5 wile Gald slahiSan g (3 g g (1) L) St
sLaouian 5 3ok 5 1, LuiSedl Bl e SuSA wisls ol o LuiSedl Cia 5o (3,50 piken 5
ST slagian is slaglSe 1) @il (2alS s s 4wy LagiS sl Lia (lbdl Jla ol b S 0S5 Gald
a5 Slass 5 ol Gl a5l S abds Cda o s EeSIE 3 a0 s sad swilidsy S3uSIA i g
slagsaeilys o 50 JHLOIS Sdgomea ols olis 1) Cda cudb a3 VL el das0 Ve los Ho s
o ol bl (a3l Pare whas 5 Jslae (5588 slag s Gad ol3T FLPH (55551618 slajil Jabsts la s
Lo Sl ot gy s Slasms 535 ol il Gil3a) Jume s 5 YU PH s s Baae 03157 5l 5n
aal o slite [l la iSeal Galine olas glasbBale 5 ol ol 5 Judats Wl e

!carbaryl



1Fef Ll oY o low (VD W olS g S 0 W g 5 2 o SIS JFowiw 1+d

PH > pHzpc

o= :
B @ 5 ket sla iisan
393038 St 5 X gals

? 3

o .‘fﬂ "

/ "‘S' X e o
v | @ Sl g <8
. -
@ oisodl Jssise PH < pHzec

3 el gl yiisan o

gl

(Caraal., 2022) l> ¢33 s 9, Lais el oda slals gyl —¥ IS

ol THO! 51 g gt B AT CET Wi 459 jlw g Lo g THe!
ol G108 ST g, 58U el 4 wilies Gda wulhd 5 S5 leal delse B Hlaan shasd 5 (S palsa
S ol (Suo et al, 2019) (s,bale ol 5 (5l S ol da e g0 Jold Hlasn wls (K b
i 545 00t 433 lan sas lauS suliical LaiSedl Cada (sl Llasss a3 (gl shla oSS slagt s, 51 lallias
(eSS goan slas s S wile pame alans Slole slass S alan 31 gulee s Ysane T Suly5m wld
ol Cia cudnh 4 et LA LIS (pl il LS a5 olia GBALL 5 aS o5 s (oS 5 S 5 JB s S
olal (Zhu etal., 2018) s s o alasl s Slae o sags (sl ol L ol ¥ gans ol alis s o Sla s ol
s 3ldlad .l st sols Las ¥ S 5o oS el Kaal slaasl GalT 5 s3ludlas Joli Slssm oAl
S weeS) 0 Jolid (a5l lad oS las Jolse ol ploant 5 (K58 sileudlas ol Buae 5ly s
Saffari, 2023, Chen et al., ¢ J<&) coal Lag] 51 bslae b 5 (02) o30S0 d 5o (NHs) SLigal s (CO2)
(2017

Soois el ((H2504) 558 g waal ((HsPOs) Ssdisd wasl) Lasassl Jolt plians slasniiSlas
35K piiie (ZNCl2) 53518 5 55) Laas ((NAOH) s 55058 paesliy (KOH) a5 5008 s ) Lalils ((HNOs)

' Doping heteroatoms



BT 33 LUESCOT Wi st ylogn il G WG Fade 1P

(F USa) el (03) o) s (H202) 3001 OT ((KMNO4) paeully U5 5y (K2COs) el S anuliy (MQCl2)
c.l:u.u X8 u:}f“s‘ (_SJLA u_Lcl.c GLAAJJg ._\_._\.!\93 6‘)4 L;‘:'JJ uf‘):sd‘).‘a)‘s)g uAqu.u JA&L—AS‘ .(Chen etal., 2017)
Lo, cPare S 5 5 (S pusile HUALL Jsasd Gaines 5 0 5auS] sola slass S S5 L oS el Hlasn
L1, olese Wuetal. (2017) (Bianetal., 2021) wi< oo anlyd 1) g site 50ALL b slasly sn s 5158 930S
855 Llaie oS oy plas U1 b wis S Jlad (NHz) Stosels (HNOs) S5a0 asel (H202) a50us) LT
Sl ot oo ola Qe S5l ) sl s el (550 SabieaS 535S wael b e Gad ol (S GRSI LT
S wl b Gialis) 51 Guy Hla s (CEC) 5aal Juls casjbh oS wiols Las Wu et al. (2016) .aslasasls
slas g S Hlaie 5 €55 w3 o LaglaseS) dan als olas obT =B e sads Jlas Hla s w4 (HNOs)
s 55 1 lasy gl oo lele
Juign S lole (slas 58 € 058 IR 5 ey 1y sadpdlal slasw ik sla S35 Yakout (2015)
Sl 5 w8l Gl e S DB sk (KMNOs) macaly oliis 5y 5 (HNOs) S 5a sl s gty s s
‘):sLa.u L 4.....‘:'\3.9 BY) (Zhu et al., 2018) cdlas dga g ‘A‘A )\%‘5:9 9 H20> L| sl _)LA:G sladi gt Y ololias
S35 5868 Sadal S o giets Sl s i SallE 5 gas (5Ton 1 (558 42 pamaia 3a HEO2 g ssus)
Ol Goob 31 slass b 5 (K58 palsa 150 H02 (aaluS) ¥ yare aas o LS o Shuae b
EBX ST u.AS CJLC)L]Q‘ ‘dlA Qﬁ‘ L (Blan et al., 2021) A.al-&.) do u:;:u.hSl L;JlA L;LA&J; J‘Aﬂ‘ Lf c_'a.a.u J‘:\&La.u
UAQAAJJAAUTW@‘6‘.&)&\9\}[&4\9JJ‘JJPJLASB‘)JLAUZSQST%#J&L)JJLQfé:u.uc)b.a‘):ﬁt
L S lagiSedl ias wilyd 5o lagT (i85 s 2 5 ola s e sl S35 slagi s, 4am s (Ol ol .o
slass ss1Zhuetal. (2018) ool ago A i€l (535 slasiue s SA pliond (ol s 5o lagT slass) o5
Ol GUT s w08 s 5 sla s alsd 52 15 (MHIO) al w5 suua (paSI 5l LISOL 5 (NZVI) sk
el (05auS) (sla ol slasy S 5 5 Sae Blie 8305 40 3l HEALw 5y g BB Hsbt phaw Plal S ul
233 Slam s 555 52 15 (DY) el Sl (e 385 5 (93T F 355 Ol o8l 581 ¢ a3l
DY Lia 3unl ssla lole slae 8 51 38 b s Cia bl syt Jole L5 o3 s b ol
S lrard ola T (ESan 5 Jolid Lajla s alies 50 D=V Gda SIS 55k 0 S a5 S e s s

e 520 e B Dla e LIS 5 ad SLyolsadE sl Sy s Galsa u e (S50
NKBC > OKBC > KBC > BC > nHIOKBC > nzZVIKB



1PeF bl ¥ o lods (O > (ol g SB Siito rpid 5 2 9 S St 1o

- Doping N

-~
=
£
T
£
=
=
2 H
=
g
e
&

Doping B

| S5 st | BCIs, HiBOs, B20s, B-organics

DI | g g oo
—— " e

H.PO. HyS0: HNO. H3POy, (NH POy, P-organics
| LaLts | | e |

-
KOH MNaOH e e o .
Hys, 50y, C85 S-organics,
I

K250, and NapS:0s

ZnCly MeCl. K.CO,

Doping metal oxides

MnOs, CuQ), CesOy, Feal,
Aga0 and V205

.(Chen et al., 2017) (Kaals slaasl (YT g s jleudlad Gig,y 4 Hla gas (5 LA Lw Mol -F Jsit

Shil et ity s 15 sl ool 55 e alacs (LSl 5 alace & sacolive] s ,la L 2oal ol sl
slos 59 (KOH) pocaliy wacaS g b st Jlad Hla g alca s 1) (505 535 S0 65 (slaaSesT Liaa al. (2022)
5550 T 50 LS 5 Tal byt T 8 510 (515 i b oS ol L GBT gl w30 S (a5 salg ey BliAe
olasm aas o Las S a5l 53 a S s 8 S e YYO 5 il 5o a8 5 a S e VAD G s a S s a S e V0O
(S5 535 5K 05 slagiSedl s sl iy b Gussales 4a 50 VO (slos 5o KOH alis g st Jlas
S ass Olold O5as) sola Jlole (slasy S 5 835 s 51Ol (5558 Gl b sadiangs Hlasm (Y Jsan) il
Buae wlsh cnl S0 Oaadd e oS 8550 (o Al S0 58 iSasl @l 1) o by wia ol
Y1558 W g (S5 50008 Wisn) lole slae s S (sla iiSan 5 5 T-T (slaiian 5 (g Sae 38l a5y aliuges
.(Sarker etal., 2023) wi o JiS (55T slasiien 5
olasr oo (FOH) JauaS gouea (553 Gals cass 51 4 o) sl s 58S (5s0me o3 oty sas lass
Slilas adl Gals HE 5 035558 (OsiI GBS 4 Bilad) 5885 0 50uSI b (B555008 S5 815300
Slial g i Jailly € da 8 b odias JiSE5 535508 Sisn olass b bl S (s 5i8 S g8 slagiSesl
2 woslSLE < B < Al cose 4 Sisous sladisy JSES QLIS (SSome Say Siu
a0 VO sles o s g Jl%& c_lcu.u xR -OH £=0 .C-O 5 64‘:':} O5as) (sl u“"’Lc (_;LAQJ;

! Neonicotinoid
2 Dinotefuran

3 Nitenpyram
*Thiacloprid

5 Electrophilicity



NETPTNEUS | PR Gl s WL Sads VoA

oL 5 alpuis gl iSedl S Jae T 558 658 5 swias ol sieds w3l 55 o 4S WHls usa s G sreale
J;L_.}A.u 6‘9;53 G‘J‘J._\f‘)g".‘s‘f: :Oﬁ‘):ib\sh.d‘)‘.\:\‘Jﬁl&bﬂ‘b‘)ﬂ&du‘cm(C5H5Nl) Q:a._\:a)&d.\atsbld
8 S Sl 5o &SI e S ol sie s pladl a wad ge (sl Jalads il 05 5 s ks 0l e 55
Lol b 50 ST (slagiiSan sy ooV 35S (slaws gy JSa3 50 stk (LU1S W KIS 5o silew 05 S bu

So3slsm el wise slase o olasoss POl b Laeni¥T sS4 5a3 oy Sue @il LS5
.(Mukherjee et al., 2022) sas o Gl,1 S Alol gl suiS Hloasel b, 4S was Giul3dl 1 LiSeasl
sLapSedl fin) 43a3 5 a s iKe sl bosad Pl Hla g sla 3l s 4 Isakovski et al. (2024)
5 olod L iSedl b sl a s 58 Guslisls bsad el Hla s il sy 3850 Al S 0 skl 518
5 wela clla i panbliae Gl 51 soliiad b obT uls Giul3dl g S5UsB 5 sbas 1 Lo, callas
AJJJJT Coeud O L&_)i;)b.a‘ u:'.‘ ‘5JJS.LA£J Ls)u;l.‘.u ual\,& doyse o 6d.\.A.a.:l_)‘)‘ GLAUT"";‘"Y@""""UJJL"; 33.“.»]‘
1 ey 435 slasilyd Jyged 5 ol o 530St (lale glasy S 5 Sbog,T slajliale Sha slagi®
(Y Jsaa) wols ol

55 g0 4 el pliant (3ladlas slags s, 5 (So st 35S 5P NT aT Jolit (Kaals slagsl (a¥T
3 555 o Vs S plat 5 S3S P (558lK 5 KIS 5 PN a3l s 558 Glie o b s page |5 Dlasn 9 Slae
! (Suoetal, 2019) wiis s g (55550 soba |y Hla so cullas Wl g5 o Haeud (BT ol sl .l S 9 N
(F US2) Slosaead ST olge o ((NH4)sPOs) olius ‘;J::;yT (H3POs) 580wl wile (alins a6 gla i
Wu et al. (2015) (Suo et al., 2019) aiiua Haud 5l Lol Lle slasy £ -C-P=0O -C-P-O- -C-P-C-
(Lo b Y-A) oladilio s, Wl 55 oo 4L S slasl 1 Hid g sla lole (slas s S Wil 55 oo LS 5 H3PO4 oS wnsly 5o
Sliwd Wl oo LDH L sad 348 s s oS w0 S (3,58 Azimzadeh et al. (2021) .o slas! Hla sas 5o 500,
Sou gy S 59 oLl S 13 sulail Soee sl (5[.&%)“‘@.&.&3)4.}3“9366‘9%@%4;\.& u\,_ﬂt;l_a%j‘}ll_,
53 Jsrane w53 50 (so0d 0 Glsie © OlgS oo LDH- e s (555 sud (51800 olins o« wio S (5,18
(Azimzadeh et al., 2020) s < soliil

! Nuclear Magnetic Resonance
2 Thermogravimetric Analysis

3 Doping



1PeF bl ¥ oo O > ol g SB Jiito g pid 5 2 9 S St 144

oaut Tl )l g i gy LGS ST Maial sl S g5l —Y g

alson les 7
; €55 s NP SR Lo iSes]
e I=80 (u“ . 4%‘)4) e SN uus
oda - (wiSan 4
. Losads Jlas /e,a 6l
(Zhu et al., 2018) Ssm s b 5o 2 ot Jad /o,3 e s ¥
s K.CO3
oo
Sisns el il sla g
b i > J.; ; 3k iels
SLALES R 53 (55 5 . . T
(Suo et al., 2019) ) Yo @V ISENE A ol
O gy 9 Sl gyl
) sad bsund
oS Ale Hus o
o . Olosss s
. S TT slaiSan 5 [poskse a S oY g B
slaos S sl man s KOH L st Jlas ’
Lk eSS
Looad Jlad /a8 jian
(Isakovski et al., 3 Sslesol slastiale Ao iS55 (b Sk slagiSed)
2024) S 05l ke (slass S sla S esl sy )
Sl slaguan 5 e 203 b la S sl
(Rad;vdazn;)at o 29 TN (slASa A-- o silIS) N 6; WS K
(S5 5483 oSl o
L gew S ga oIS
; (BN La,Ba Ly N ) ) -\
(Lindhardt et al., &9 ‘.&’m-“ is 8 Yo oA e ile (i€ 818
2025) Ohais COp L st Jlui Ol a9 59
2Le

OiS el (Bia 5 sl ielin 5 MU Csa woud olS 3 sad s slasla s ) slee sane 31 SuO et al. (2019)
4 31 Gtas ol S 23 oS 5 saed b sad Jlas sl s 4 ol olis BT mli 0,8 ey 1 o Lo o3l
e slslhen Ko ml oils dw 3 S Bla gl K GBia 1y O s ssase Gedbss ISl B s o
So3 sl Lind b st Jlad Hla s (bt 5 (Sonad palpd ST g o0 Gulis 5 I Cun @3 oIS lsus
S e aalys 1y Cia slaglSe sud Jlad la s (555 (PeO18) olicudlio 5 s 5o ,S 4 50,8 sualiie 5 a0 |
L ESan 5 (S3aoma San oudlonly sl deld 5551 @ln sk Jad slhen oia LS5
DS Hlasu b g V# s3I Radwan et al. (2025) (Suo et al., 2019 ¥ J gaa) 950 38lie a5y 5 Suslicl 5 I
09 (55 58 S5 o8 slagES T Qia 5o 1) Wo g sud w5 e 5 Dl (G SRS QSN e w53 P
ou el da 5080+ glos Ko GBI s sis 5l sad 4agS Hla o S0 € Wia; el (ol 4 5 W0 S s S

s Lo gt Sla s 50 (pbiard 5 ([5ad palpd ST ool a0 50 535550 (55 533 5S0 90 slagiSesdl Cia oo

" Triazine



B 33 LAFCHT Wi 3 yloge pi Gl WL Fahs NN

35T aSas n Gk O ub s Ko g Qia Glesily Guad s 1) selie SlS5 5 alia Lk ek
CO2 L sucs Jlad ,la s 3 Lindhardt et al. (2025). (Y Jsas) aitels diua 5 38l a5y 9 T slajtiSan 5
oo OBlge s\ Y (ISl Gia 5 1) s sad a5 alele Cile (@uiS oIS b gus IS (g 8IS 51 S
VY GiSesdl Gia oo Lo UaS 5l sud 465 CO2 L oswd Jlad Slasn oS Sas; o ol 4 wa S
s Ol 53l g 305 o Gl 4 saie CO2 sy Ly s dlaiS o s sl ol 5 55 535350 (Ul 505506

(Y Jsaa) ad (55088 sula ol sla)Bale s

S 25 4o
Slass 3l 0 S a1 LgiSedl cud By J53S 6l S o Hlass w508 slasely uala o
5 ol S e 5B S o lagT sl 5 S wia dagiSedl Glaly 5 oia s gul) aa B S e
5oL (V) Joblit aS )l (S Hlaon (bt 5 (38 s S5 4 slasn ok s LUISEST Lialy
b oo b Glole slae s S (¥) 5 oie glacus sPH (V) 03y pas 5 JAAS (V) Ola s (pbiasd oS53
a5 bl 5 sl su i) 055 4 olaun (abiead 5 (58 LA (S35 (ol 4ed S ol sud sualiie (g as
S Lo bagiSedl aiad el ool 5u Hle s ois caih LGISEST 95 G 4a 5 b ol segdle ol (S
Sovding (5ys SBIe T ey 435 5 LSl (@BIS ) 5 (Galgsua) SSISGT wle AlAe slaguSly ik
09 Brae sLagha 55 LS dl Glesly (aal3dl 5 LSl 51 b Sen Shaas glajka (alS Gly ga w58
9 S Y smas S Olass peal o) 5 S olse il age Sl Hla s Cla GLALS 55l o)
Sl G55 sale a8l B 58 S8 e w50 wl WIS o 58 ae) e 5o Jsans w3 5o 0T 3l saliiul
(SL&JJS::J)Jdil:\‘tbyCA-A-U‘Q&A.A;L&L):ISC.\;TV.)‘@i&édﬁi&f}iéﬁ)d-dﬂﬂ‘)‘)‘%ﬁ;‘u:ﬁ.‘a.:\.n\s&A..\.‘ solail
Slas O ealiinl 5 433 laculils (al38) sl sl oo suiS4 a3 lag L ISHL ke 5 S0 8
slagilly 558 yala Jla o dg S)s b Gudl esliinl 35 5o GESEST e (RIS () 5 La,aS slas S s (510
o8 sail Hu Hlagw 4S ol gl s alEiel das IS (EIAS 5 5oul8 ashie @y b Lol aisle wsa 6ol

DS aalsa ) (g Sage

oot & 90 Qalio

References

Abdollahi, K., Movahedi Naeini, S.A.R., Barani Motlagh, M., Ebrahimi, P. & Roshani G.A. (2019).
Evaluation the effect of organic amendments (manure and biochar) on Metribuzin herbicide
persistence in soil. Applied Soil Research, 8(1): 149-161. (in Persian with English abstract)

Aldas-Vargas, A., Poursat, B.A.J. & Sutton, N.B. (2022). Potential and limitations for monitoring of
pesticide biodegradation at trace concentrations in water and soil. World Journal of Microbiology and
Biotechnology, 38, 240. https://doi.org/10.1007/s11274-022-03426-x

An, X., Wu, Z., Shi, W., Qi, H., Zhang, L., Xu, X. & Yu, B. (2021). Biochar for simultaneously
enhancing the slow-release performance of fertilizers and minimizing the pollution of pesticides.
Journal of Hazardous Materials, 407, 124865. https://doi.org/10.1016/j.jhazmat.2020.124865

11,2-dibromoethane


https://doi.org/10.1007/s11274-022-03426-x
https://doi.org/10.1016/j.jhazmat.2020.124865

1FeF Ll ¢Y o lows O W (ol g S ild A g (590 o SWTL i "

Azimzadeh Y., Najafi N., Abdolmaleki E., & Amirloo B. (2020). Changes in some chemical properties of
various organic materials after converting in biochar and hydrochar. Applied Soil Research, 7(4), 1-
17. (in Persian with English abstract)

Azimzadeh Y., Najafi N., Reyhanitabar A., Oustan S. & Khataee A. (2020). Effects of phosphate loaded
LDH-biochar/hydrochar on maize dry matter and P uptake in a calcareous soil. Archives of Agronomy
and Soil Science, 67(12): 1649-1664. https://doi.org/10.1080/03650340.2020.1802012

Azimzadeh Y., Najafi N., Reyhanitabar A., Oustan S. & Khataee A. (2021). Modeling of phosphate
removal by Mg-Al layered double hydroxide functionalized biochar and hydrochar from aqueous
solutions. Iranian Journal of Chemistry and Chemical Engineering, 40(2): 565-579.
https://doi.org/10.30492/ijcce.2020.38042

Bian, S., Xu, S., Yin, Z,, Liu, S., Li, J., Xu, S. & Zhang, Y. (2021). An efficient strategy for enhancing the
adsorption capabilities of biochar via sequential KMnOs-promoted oxidative pyrolysis and H20:
oxidation. Sustainability, 13, 2641. https://doi.org/10.3390/su13052641

Bruckmann, F.S., Schnorr, C., Oviedo, L.R., Knani, S., Silva, L.F.O., Silva, W.L., Dotto, G.L. & Bohn
Rhoden, C.R. (2022). Adsorption and photocatalytic degradation of pesticides into nanocomposites: A
review. Molecules, 27, 6261. https://doi.org/10.3390/ molecules27196261

Cara, I.G., T, opa, D., Puiu, L. & Jitareanu, G. (2022). Biochar a promising strategy for pesticide-
contaminated soils. Agriculture, 12, 1579. https://doi.org/10.3390/agriculture12101579

Chen, Y., Zhang, X., Chen, W.,, Yang, H. & Chen, H. (2017). The structure evolution of biochar from
biomass pyrolysis and its correlation with gas pollutant adsorption performance. Bioresource
Technology, 246, 101-109. https://doi.org/10.1016/j.biortech.2017.08.138

Dong, X., Chu, Y., Tong, Z., Sun, M., Meng, D., Yi, X,, Gao, T. & Wang, M. D. (2024). Mechanisms of
adsorption and functionalization of biochar for pesticides: A review. Ecotoxicology and
Environmental Safety, 272, 116019. https://doi.org/10.1016/j.ecoenv.2024.116019.

Eissa, F., Alsherbeny, S., EI-Sawi, S., Slany, M., Lee, S.,Shaheen, S.M. & Jamil, T. (2023).Remediation
of pesticides contaminated water using biowastes-derived carbon rich biochar. Chemosphere, 340,
139819. https://doi.org/10.1016/j.chemosphere.2023.139819

FAO. (2016). Food and Agriculture: Key to Achieving the 2030 Agenda for Sustainable Development.
Job No. 15499, Food and Agriculture Organization of the United Nations, Rome, Italy.

Garcia, M., Lucia, J., Cox Heike, E., Juan, K., Cornejo Kurt, A. & MCarmen, S. (2014). Characterization
and selection of biochar for an efficient retention of tricyclazole in a flooded alluvial paddy soil.
Journal of Hazardous Materials, 286, 581-588. http://dx.doi.org/doi:10.1016/j.jhazmat.2014.10.052

Isakovski, M.K., Jevrosimov, I., Tamindzija, D., Apostolovi'c, T., Knicker, H., la Rosa, J., Ron"cevi'c,
S. & Maleti’c, S. (2024). Enhanced retention of hydrophobic pesticides in subsurface soils using
organic amendments. Journal of Hazardous Materials. 480, 135738.
https://doi.org/10.1016/j.jhazmat.2024.135738

Khaefi, F., Hosseinpur, A.R. & Motaghian, H.R. (2022). Sewage sludge biochar: Physicochemical
properties and fractionation of zinc and lead metals. JWSS - Journal of Water and Soil Science, 26(2),
61-73. (in Persian with English abstract) http://dx.doi.org/10.47176/jwss.26.2.5722

Khalid, S., Shahid, M., Murtaza, B., Bibi, I., Natasha Naeem, M.A. & Niazi N.K. (2020). A critical
review of different factors governing the fate of pesticides in soil under biochar application. Science of
the Total Environment, 711: 134645. https://doi.org/10.1016/j.scitotenv.2019.134645

Li, H., Dong, X., Silva, E. & Oliveira, L. (2017). Mechanisms of metal sorption by biochars: Biochar
characteristics and modifications. Chemosphere, 178, 466e478.
http://dx.doi.org/10.1016/j.chemosphere.2017.03.072

Lindhardt, J.H., Tobler, D.J., Holm, P.E., Li, H. Winter, N. & Hansen, H.C.B. (2025). Carbon dioxide
activated biochars as mediators for reductive debromination of 1,2-dibromoethane. International
Journal of Environmental Science and Technology, 22, 14661-14668. _https://doi.org/10.1007/s13762-
025-06576-1

Liu, N., Charrua, A.B., Weng, C.H., Yuan, X.L. Ding, F. (2015). Characterization of biochars derived
from agriculture wastes and their adsorptive removal of atrazine from aqueous solution: A



https://doi.org/10.1080/03650340.2020.1802012
https://doi.org/10.30492/ijcce.2020.38042
https://doi.org/10.3390/su13052641
https://doi.org/10.3390/agriculture12101579
https://doi.org/10.1016/j.biortech.2017.08.138
https://doi.org/10.1016/j.ecoenv.2024.116019
http://dx.doi.org/doi:10.1016/j.jhazmat.2014.10.052
https://doi.org/10.1016/j.jhazmat.2024.135738
http://dx.doi.org/10.47176/jwss.26.2.5722
https://doi.org/10.1016/j.scitotenv.2019.134645
http://dx.doi.org/10.1016/j.chemosphere.2017.03.072
https://doi.org/10.1007/s13762-025-06576-1
https://doi.org/10.1007/s13762-025-06576-1

BSE 1 LFCST wier 3 Jrgn il Gl s WL Fads Y

comparative study. Bioresource Technology, 198, 55-62.

https://doi.org/10.1016/j.biortech.2015.08.129

Losacco, D., Campanale, C., Triozzi, M., Massarelli, C. & Uricchio, V.F. (2024). Application of wood
and vegetable waste-based biochars in sustainable agriculture: Evaluation on nitrate leaching, pesticide
fate, soil properties, and brassica oleracea growth. Environments, 11, 13.
https://doi.org/10.3390/environments11010013

Mengesha, T., Ancha, V.R., Sundar, S. & Pollex, A. (2024). Review on the influence of pyrolysis process
parameters for biochar production with minimized polycyclic aromatic hydrocarbon content. Journal
of Analytical and Applied Pyrolysis, 182, 106699. https://doi.org/10.1016/].jaap.2024.106699

Nguyen, B.T., Lehmann, J., Hockaday, W.C., Joseph, S. & Masiello, C.A. (2010). Temperature
sensitivity of black carbon decomposition and oxidation. Environmental Science & Technology, 44,
3324-3331. https://doi.org/10.1021/es903016y

Pereira, H.A., Martinello, K., Vieira, Y., Diel, J.C., S. Netto aM, Reske G.D., Lorenzett, E., Silva,
L.F.O., Burgo, T.A.L. & Dotto, G.L. (2023). Adsorptive behavior of multi-walled carbon nanotubes
immobilized magnetic nanoparticles for removing selected pesticides from agueous matrices.
Chemosphere, 325,138384. https://doi.org/10.1016/j.chemosphere.2023.13838

Rigi, M.R. & Farahbakhsh, M. (2018). Evaluation of leaching and degradation of metribuzin herbicide in
different soils. Iranian Soil and Water Research, 50(1), 1-12. (in Persian with English abstract)
https://ijswr.ut.ac.ir/article_70097.html

Sarker, A., Yoo, J. & Jeong, W.T. (2023). Environmental fate and metabolic transformation of two non-
ionic pesticides in soil: Effect of biochar, moisture, and soil sterilization. Chemosphere, 345, 140458.
https://doi.org/10.1016/j.chemosphere.2023.140458

Sefidgar Shahkolaie, S., Baranimotlagh, M., Dordipour, E. & Khormali, F. (2020). Effects of inorganic
and organic amendments on physiological parameters and antioxidant enzymes activities in Zea mays
L. from a cadmium-contaminated calcareous soil. South African Journal of Botany, 128, 132-140.
https://doi.org/10.1016/j.sajb.2019.10.007

Shi, Y., Wang, S., Xu, M., Yan, X., Huang, J. & Wang, H.W. (2022). Removal of neonicotinoid
pesticides by adsorption on modified Tenebrio molitor frass biochar: Kinetics and mechanism.
Separation and Purification Technology, 297,121506. https://doi.org/10.1016/j.seppur.2022.121506

Sorptive removal of neonicotinoid pesticides by nanobiochars: Efficiency, kinetics, and reusability
Radwan, 1., Wang, C., Kim, J.H., Wei, H. & Wang, D. (2025). Journal of Hazardous Materials,
493,138354. https://doi.org/10.1016/j.jhazmat.2025.138354

Suo, F., You, X,, Ma, Y. & Li, Y. (2019). Rapid removal of triazine pesticides by P doped biochar and the
adsorption mechanism. Chemosphere, 235, 918-925.
https://doi.org/10.1016/j.chemosphere.2019.06.158

Saffari, M. (2023) Optimization of nickel removal from aqueous solutions by physical-modified biochar.
Iranian Journal of Health and Environment. 16 (3), 445-58. (in Persian with English abstract)
http://ijhe.tums.ac.ir/article-1-6762-en.html

Tao, W., Duan, W., Liu, C., Zhu, D., Si, X,, Zhu, R., Oleszczuk, P. & Pan, B. (2020). Formation of
persistent free radicals in biochar derived from rice straw based on a detailed analysis of pyrolysis
Kinetics. Science of The Total Environment, 715, 136575.
https://doi.org/10.1016/j.scitotenv.2020.136575

Wahla, A.Q., Igbal, S., Mueller, J.A., Anwar, S., Arslan, M. (2019). Immobilization of metribuzin
degrading bacterial consortium MB3R on biochar enhances bioremediation of potato vegetated soil
and restores bacterial community structure. Journal of Hazardous Materials, 3894(19)31447-5.
https://doi.org/10.1016/j.jhazmat.2019.121493.

Wu, J., Jin, C., Yang, Z., Tian, J. & Yang, R. (2015). Synthesis of phosphorus-doped carbon hollow
spheres as efficient metal-free electrocatalysts for oxygen reduction. Carbon, 82, 562-571.
https://doi.org/10.1016/j.carbon.2014.11.008



https://doi.org/10.1016/j.biortech.2015.08.129
https://doi.org/10.3390/environments11010013
https://doi.org/10.1016/j.jaap.2024.106699
https://doi.org/10.1021/es903016y
https://doi.org/10.1016/j.chemosphere.2023.13838
https://ijswr.ut.ac.ir/article_70097.html
https://doi.org/10.1016/j.chemosphere.2023.140458
https://doi.org/10.1016/j.sajb.2019.10.007
https://doi.org/10.1016/j.seppur.2022.121506
https://doi.org/10.1016/j.jhazmat.2025.138354
https://doi.org/10.1016/j.chemosphere.2019.06.158
http://ijhe.tums.ac.ir/article-1-6762-en.html
https://doi.org/10.1016/j.scitotenv.2020.136575
https://doi.org/10.1016/j.jhazmat.2019.121493
https://doi.org/10.1016/j.carbon.2014.11.008

1PeF Gl o o lods O > iols g SB Jiito i 5 2 9 S St Ny

Wu, W., Li, J., Lan, T., Muller, K., Niazi, N.K. & Chen, X. (2017). Unraveling sorption of lead in
aqueous solutions by chemically modified biochar derived from coconut fiber: a microscopic and
spectroscopic investigation. Science of The Total Environment, 576, 766-774.
https://doi.org/10.1016/j.scitotenv.2016.10.163

Wu, W., Li, J., Niazi, N.K., Muller, K., Chu, Y. & Zhang, L. (2016). Influence of pyrolysis temperature
on lead immobilization by chemically modified coconut fiberderived biochars in aqueous
environments. Environmental Science and Pollution Research, 23, 22890-22896.
https://doi.org/10.1007/s11356-016-7428-0

Xin, S., Yang, H., Chen, Y., Yang, M., Chen, L., Wang, X. & Chen, H. (2015). Chemical structure
evolution of char during the pyrolysis of cellulose. Journal of Analytical and Applied Pyrolysis, 116,
263-271. http://dx.doi.org/doi:10.1016/].jaap.2015.09.002

Yakout, S.M. (2015). Monitoring the changes of chemical properties of rice strawederived biochars
modified by different oxidizing agents and their adsorptive performance for organics. Bioremediation
Journal, 19, 171e182. https://doi.org/10.1080/10889868.2015.1029115

You, X., Suo, F., Yin, S., Wang, X., Zheng, H., Fang, S., Zhang, C., Li, F. & Li, Y. (2021). Biochar
decreased enantioselective uptake of chiral pesticide metalaxyl by lettuce and shifted bacterial
community in agricultural soil. Journal of Hazardous Materials, 417,126047.
https://doi.org/10.1016/j.jhazmat.2021.126047

Zhang, H., Liu, M., Yang, H., Jiang, H., Chen, Y., Zhang, S. & Chen, H. (2022). Impact of biomass
constituent interactions on the evolution of char’s chemical structure: an organic functional group
perspective. Fuel, 319, 123772, https://doi.org/10.1016/].fuel.2022.123772

Zhang, P., Sun, H., Yu, L. & Sun, T. (2013). Adsorption and catalytic hydrolysis of carbaryl and atrazine
on pig manure-derived biochars: Impact of structural properties of biochars. Journal of Hazardous
Materials, 244— 245, 217— 224. http://dx.doi.org/10.1016/j.jhazmat.2012.11.046

Zheng, W., Guo, M., Chow, T., Bennett, D.N. & Rajagopalan, N. (2010). Sorption properties of
greenwaste biochar for two triazine pesticides. Journal of Hazardous Materials, 181, 121-126.
https://doi.org/10.1016/j.jhazmat.2010.04.103

Zhu L., Zhao, N., Tong, L., Lv, Y. & Li, G. (2018). Characterization and evaluation of surface modified
materials based on porous biochar and its adsorption properties for 2,4-dichlorophenoxyacetic acid.
Chemosphere 210, 734—744. https://doi.org/10.1016/j.chemosphere.2018.07.09



https://doi.org/10.1016/j.scitotenv.2016.10.163
https://doi.org/10.1007/s11356-016-7428-0
http://dx.doi.org/doi:10.1016/j.jaap.2015.09.002
https://doi.org/10.1080/10889868.2015.1029115
https://doi.org/10.1016/j.jhazmat.2021.126047
https://doi.org/10.1016/j.fuel.2022.123772
http://dx.doi.org/10.1016/j.jhazmat.2012.11.046
https://doi.org/10.1016/j.jhazmat.2010.04.103
https://doi.org/10.1016/j.jhazmat.2010.04.103
https://doi.org/10.1016/j.chemosphere.2018.07.09

