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ARTIGLE INFO ABETRACT

Handbing editor: Jazon Michas] Evans Arsenic (A=) 2nd cadmium {Cd} accumulation in fes grains is a giobal food safety issue, and varions methods and

materials have been uwsed o remove or reduce As and Cd in agriculturzl soils and rice grains. Despite the
Kaywords: availability of synthesized materials capable of zimmiEneon: As and Cd redoetion from gcil and rice grains, the
iy aedl contribusions, efficiency, and maim ingredient of the materisls for Az and Od immobilization remain wmelsar,
Armmic The present study first summarized the biogeochemiztry of Az and Cd in paddy moils and their transfer in the zodl-
Srrditis cathom food-human sontiroum. We also reviewsd 2 series of reportad inorganic and organic marerials for simulEnsoes
Bicavailabili immohilization of Az and Cd in paddy soils, and their reducdon efficiency of As and Cd bicavailability were liszad

and compared. Bazed on the sbovementioned materials, the smdy conducted 2 meta-anatysis of 38 articies with
2565 obeervations to quantify the impacts of materials on simultanecsus As and Cd redoeton foom zoil and rice

grainz. Meta-znalysis resnlts shewed that combining organic znd inorganic smendments corresponded to effect
sizez of —G2.3% and —67.8% on As and Cd accumulation o ries graine, while the effeet zizes on Az and Cd
reducton in paddy soils were —44.2% and —46.20%, recpectvely. Application of Fe based materiale pignificanty
(P = .05} reduced As (542050 and Cd {-74.9%%), zceounting for the highest immobilization efficiency of As
and Cd m dee grain among 2 the reviewed materiale, outweighing 5, Mp, P 5, and Ca based materisle.
Moreover, precipitation, urface complswation, iom exchangs and electrostatic atraction mechsnizms were
imvolved in the eo-immobilization @edes. The present study underiines the application of combined organic and
inorganic amendments n @multanecos As and Cd immobilization It alsg highlighted that emploving Fe-
meorporated bicchar materisl may be 2 potential strategy for co-midgating A= and Cd polludon m paddy soils
and acoumulation 1o rice graine.

1. InfroducHon mulbiple organ systems, including the neurologiesl respiratery, car-
diovazcular, sheletal, smd vnnary systems. Two examples are Ttea-Tead
dizesse and chromc arsemeoss [Baiah-Mood et sl 2021; Pelma-Lars
2020): As snd Cd enter the sgricultural system through vanous

pathways, mcluding ratural geochemics]l processes, muning achvities,

Arzemic (As) and cadmium (Cd) present sigmficent nzks to both the
environment and human health due to ther toxdc and carcinogemic et sl
properties {Twolsk 20207 What make: them parficnlsrly meidious 1=

their laek: of odor and taste which aliows them to enter the food chain,
primanly through nee, without Tmmedhate detecbon (Zhso snd Wang,
2020), Swallowing or mbaling substances, such a5 Cd in both orgamc
and incrganic forms, can rezolt in acute or chrome poisomng. Profonged
exposure can cense sdverse effecte such 2z canesr and dyshmenon of
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pesticide spplication, contamination of sroundwater and imgsHon
waters, sad ferhlizer (Alrngebawy et =1, 2023; Deat =t al, 2015
Agnieulifural =01l polloton by Az and Cd s now a buming problem on s
global enviroromental seale. threatening the yield quantity and guality of
farm produets a5 well a2 boman health Hoo et 2l [(2020) reparted thak
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FS Mibagedn et al
16.1% of agnoubioral =oils of the zmdied sampling sites exreeded
environmentsl guahty standards (GB15618-1993). Hou =t =l (Z020)

emphazsized the importance of the United Nations call to achon. In many
parts of Asia, zoil and rige grams have elevated levels of Az and Cd. In
some regrons of Ania, morgante As levels in nee grains exeeed the limits
eet by the World Health Organization (200 pg kg ¥) (Carey =tal | 2000,
Chen snd Theo, 20230, In Europe, rice tends to have lower levels of
morganic A= then in other regions, but some samples s8]l exeeed the
Eurcpean Union infant formula lmit of 100 fig kg-1. [n America, espe-
cially South Americs, morgame Az content 13 generslly elevated with
shight grographcsl vanation. Similardy, m some West African countres
such 2z Migeriz and Ghena, Ac snd Cd level= in riee grams may exessd
legal limists (Carey et 2l | 2020). Thi= highhghts the globsl prevalence
and seventy of Asand Cd aceurmalation I nes soile and grams, which
posss sgmficant nisks to food safety and humen health, particulardy
rice-consuming populattons.

Rice plants are conmdered sensitrve to As and Cd and, therefore, can
accumulste higher levels of As and Cd m ther grams and thus enter
buman food (3o =t al | 2020} The mereazed sensitiaty of rice plants to
Az and Cd iz stmbuted to their wnigoe charscteristies and growth
emvrronmment (M= =t 2l 2020; MNakanizin ot 2l 2008). The Aocded rice
firlds create an anserobic environment that mereazses the mobihty and
bioavailability of arsenic in the soil, making it sasily sccesnble for root
uptzke Rice plants have highly efficient nptslbe mechanizms snd 5 large
root surface sres with dense root hamrs, specifieslly mtended to man-
mize nutrient and water sheorpbon from the flooded sol (Fhanam et sl
2020, Unfortunately, this efficency also applies to Az and Cd, allowing
themn to be readily sbserbed and transported into the plant {Denz o =l
2019). Epecific proteins and transporters withm
the rice plant suppart the movement of thess metals within 1t femies,
further contobutmg to their accummiabion (Latowsla =t al 2018}
Despite being commonly fmmd m riee, Az and Cd do not provide any
advmntages to the plant and mst=ad impede its growth. When present m
hizgh concentrations, these metsl:s cause mignificant destructon oo the
biology of mee Arsenic mierferes with the funchoming of root cell
membranes, blocking the abzorption of water znd motrients.

Omn the other hand, Cd distorbs photosymthesiz and enzyme schvity,
severely impactng the plant’s ability to produce enerey. As & remult of
thiz chain of destrisetive effects, the growth of the riee plant iz stunbed,
leading to lower vields and m exireme cases, even crop death (L otal |
20225} Tresting agneultorsl land contsrmnsated with Cd and A= poses
particular difficulties becanse efficient tactics for addrezsing one metal
can occasionally affect the availsbiity of the other metal Safe soal
conditons requires 'z complex balsneing actk becanse, for exsmple
micreazmg 201l pH to reduces A= mobifity can madvertently mereass Cd
mobiity (Houw 20207 Vardhsn et sl 2009).

Various materialz, inclnding biochar, Mn cxmdes, Fe oxdes, mano-
particles, Tn candes; 81 and even some clays, show promase in the field of
Cd and As remedisfion, buat their effectivensss varnes grestly (Husne
r24; Suds and 2015). How As and Cd occur, the prop-
erties of the contaminstad =o0il and the particulsr type of matenisl playa
role mn thes diversence. Thiz vanabibity malkes it challenging to creste =n
wnderstandsble solution, prevenbing these msterials from bemg widely
used I practice. Numerous studies have explored the simultancous
momechilization of A= and Cd using different phyzicsl and chemiesl
methods (Bather o &l 2019 Lim etal | 2024) Becent mets-analyses
have extensively exsmined the removal of A= and Cd indreidusily by
wverous: smendment materials. These studies have shown smigmificant
progres: in understanding the mechanizms and effectivencss of speeific
changes m reducing Az and Cd bioavalability. However, there iz a
notable g2p m rezesrch addressing simmltsnecus reducton of both
pollutsnts, perticulariy in paddy soils. While many studies examine the
zimnultaneonrs removal of Az and Cd in paddy zo1ls, thers i= 5 lack of more
comprehensive meta-analvees snd systematic reviews that explicitiy
focns on thiz topic. Such anabyms will help develop novel matenal: to
nmobilize Az snd Cd m paddy soil=.
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Therefore, the present sdy mimed to (1) summsen=e the biogeo-
cheristry of As and Cd n paddy soils and thewr trancfer mito the zol-
food-human contimmm; {2} resview the currently reported amendment
materials spplied in Az and Cd mitigation in paddy zoilz (3] analyze and
compare the A= and Cd co-mibzation eficeney of different amendment
matenals and their spplicetion stratemies baced on mets-analveiz and (4}
digeuszing the fubare fooos on the co-immobibzation of As and Cd mn
sgricultural =oilzs. The mstenals and methods =pphed to this study are
attached a= supplementsry matenal (81) submitted along with ths
mEnuscHpt.

2. Biogeochemistry of A= and Cd in paddy soils and their
transfer in the soil-food-human contnuum

Paddy soils wndergo fluctoating flopding and drenage cycles,
resulting in alternating acrobic and anserobic conditions {(Wang =t =l
0023, Thiz dynamic emarorsment mfluences the mobabity and
bioasvailsbility of Az and Cd, wath Cd memtsmmg ngh broavaidshibty
due to it strong affinity for soil paracles (Fosz =t =1 Flooding
mereases pH, favorng the releass of bound A= from soal pﬂ.l'tll"_-lﬂ while
drymg introduces oxyeen, comverims mobile Az to less broavailable
forms {Fiz 1) Converzely, Cd'z mobility mereasss during drving becauss
of competiton with elements like Fe, but subseqguent floodms can rap it
sgain in lezs available forms Under low redox potenbsl (Eh), As (V)=
reduced to more mobile As (IT) through macrobisl activity or rescbon
with Fef, facihtsting plant uptake However, under igh Eh condibons,
Az (1) 1= cxadized to less mobile As (V]), reducing plant uptake. Redox
fluchnation: sleo affect As sorpbion/desorption behavior, with A= (V)
extubiting stronger sorption to Pe oxides and clavs under codizng
conditions. Af the same tme, As (1T dezorbs under redueing condibons,

Under flooded soil conditions, the pH shiftz to 2n siksline range
increasing the mobility of As bt reducing mobility of Cd. NO= redicbon
proceszes FieldNOS and Fe? !, which facilitates the reduction of Az{V] to
1tz more mobile and tomc form As(ID} (Fang et al, 20271). Dissolved
organic matter forms complexes with As snd Cd, meressing mobality.
The microbizl reduction of 0% to 57 /HS leads to lesz mobile CdS
molecules precipitation. As the =01l dnez out, pH decreased to a more
aadic value, reducing the mobihity of As but imereasme mobality of Cd.
Fe ramsformsbions sre croeial in this phase, wath oxadation of Fe(ll) to
FPe(IIT) allowing co-precipitstion with Az to form :I:I:I.'iII.ﬂBlS such as Fe-Az
oades and As effectively ummbﬁ:znd [‘u; ot =l 24)

Arccording to Thao and Wang (2020 tb:uptslcmAsand Cd from
ﬂ:csm]m.h::ﬂl:mﬂtcdlmsmmly viz membrane bramsporters
[(Fiz 2} A=zand Cd elements hrtchhile o these transporters and =nter
the cell becanse their physicochenmes] properiies. are kke those of the
eszential aspects, and membrane transporters often have mmcomplets
gubsirate sélechvity. Tt mamly oceurs in the gram m the form of mor-
game Az and dimethylarsmic seid (Thao et 2t 2000), while Cd also
occurs in inorganic forme such s Cd°' and C4S {Ts et =l 201 7). Genetic
factors and mechameme are the critical parameters for sbecepbon and
disribubon in nee that regulste transpeoet An tmportant player, OsN-
BAMPS, 1= a crucial factor for Az infloe through the root plasma mem-
brane. Thi= transporter, which has & higher affimiy for A= than Cd, 1=
pivotal m determining A= scoumulabion in Oce grains (Chenz =t =]
5 i k)

Interestingly, its expression 12 modulated by both As exposure and Fe
deficienicy, mdicating complex regulatory networks (Zhao and ¥
203} In contrast O=zABCC], an ATP-hindmg cassette transporter,
artively zecretes Cd from root cells, aching a2 a first hine of defense
agamst Cd toogesty (Upadhyaye =t sl 2023} G et al. (2024) reported
that OsABCCE, OsPCS1, and OsHMAS genes play a crucial role in Cd
detoxification in roots by converting them into less toxic forms and
sequestening them i vacuoles. Notsbly, differenices 1in the expression
and achvity of thess transporters and penes contnbute to the observed
vanation: In As and Cd accumulstion bebtween nce cultvars,
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Flg. 1. A syztematic tlu=tration showeasing the biogeochemical proceszes that govern the solubility of A= and Cd in soil. a5 well a= their subsequant scoummiation in

tice, throughout the flooding and drving phases.

kughlightimg the potentis]l for breeding or gemebic enginestng ap-
proaches (Chandhery of sl | 2024 Bashuvanshs =t =1 | 2023} Purther
research to myestigate the reguistory networks that comtrol these kev
players and therr mteracoon with environrmental fectors 1= cruoal for
developing effechve shrategies to mimimize Az and Cd transfer in rice
and ultmately protect loman health. Ahad =t 21 (2022) identified
O=NIP3 1, = sibcon tremsposter thst plays 2 role in Cd wptske snd
manslocatom, highhghting potentizl oppormumitizs for breeding or ge-
netie modificstion.

3. Performance of the reported materials in Az and Cd co-
immobilization in paddy soils

3.1 Inorpoue materials

3.1.1  Zero-valens Fe marertals

Stodies showed that zero-valent Fe materials (ZVI) have remerkshly
mifluerced the simultsneons rmmobihzation of A= and €d 1n rice grains
(fods end Mekine, 20168). Accordimg to-g shudy by Mlenzem et al

(2020}, applving ZVI decreased 32% and 51% in both As and Cd con-

tents, respechvely, I riee graine In the study by Sun =t al (2004)
sepiolite-based nsncecale ZVI (5-0ZVI) was used to mibgate the acen-
mmlstion of Az and Cd m riee grams and sofl. The study revealed =
substaniial reduction in Az =nd Cd concentrations nrice grains, ranging
from 45.18% to 65.13% for As and 24 26%-57.16% for Cd after appli-
catton. The apphcation of S-nZVI resulted m & sigmificant decr=ass in the
coneenirations of Cd and As 1n the zoil pore water, with reducions m Cd
rangmg from 5.23% to 86.70% and m As between 5.60% and 82.03%5
[Table 1}

Purthermore, 5-nZVI facihitated the conversion of chemical speria-
tion of Cd and As into Immobile fracbons, thereby reducing their
avalsbality to rice plantz. Adding 5-nZVI caused soil pH to mmprove and

redox potentizl (Eh) to decresse Inm the study of zeclite-supported
nanozcale ZVI [Z-nZVI) for rmmobibization of Cd and As in sgriend-
taral aoils (He ot al 202213 ep sl 202070, 1t wae demonstrated that
remarkabls Cd and As remowal :Eci.mt[c.g were achieved o both
sgueous zolutions and soil samples, with the svailsble metsl (load)
concentrations decressme by 10.2-96.8% via addibon of ZmZVI
amendment at 30 g kg *. In the actual application, the sggregation of
nZVI restricts 1= efficiency of mmobilizing A=/Cd when dosed to sodl;
therefore. encapenlation of nZVI in natursl zeolite can effectively reduce
agpreration and meresse remediation efficieney (L2 =t &l 20207 The
apphication of sulfids-ZVI (5-ZVI) showed a sigmificent reduchon of 79%
in: the phytoavalability of As and Cd after the 5-ZVI amendment (Liu
=t =l 233} ZVI was = vizhle and effective way to reduce A= snd Cd
contaminston with relatively high remediation efficency.

3.1.2 Fe oades

Fe gondes are standard componentz in soil ezpecially in tropicsl or
subbropicsl aress (Farsten et gl | 2021). Pe 15°an effective sol condiboner
that reduees Az and Cd's presence throwgh sdsorpbon. Soal parbicles
enriched with Fr ooodes exhibit sbrong sbtrachon bo As and Cd 1oms,
reducing ‘their solubility and bicavsilability for plant uptake The
chemical mtrrachons between Fe and As/Cd culmmate in their romo-
bilization, thus reducing their sveilabihty in the zo1l matrx As reported
by Suds and Makomo (2018, the sppheation of Fe materialz at 10and 30
ths *rerulted in reduced As uptske by rice plants and lower total and
inprganic As concentrabions o sics grains. Yang =t al (2023) showed n
their study that the introduction of modified fernhydrite resulted m two
benefits: the stalalication rates reached 94.66% and 95.52%% for
water-soluble Az and €d respectively, and the mmohilhization efficieney
sigmficantly meressed by 7222 % or 25.30% for As and Cd, respee-
tively. Smmitarly, smother study reported that fermhydrte reduced =o1l°=
total Az content by 8994, meinly related to Pes/Al coodes {Zhang et al |
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Flg. 2. Diagrammaticz! poroayal of {2} A=s(IID and As(V} upzke and As vacuolar sequestranon in mee oot As(IT) and As(V) are @hen up by moe roots via
aguaporin: (AQP} and phosphate tranzportsrs (Fhe), reepectively: As(V] iz redoced to As{TI) by arzenats reductase HACL A=(TIT) influx mansporter Lail and A=)
effhy ransporter Laid are crites]l in Az uptake and ranspoert 0o the root xylem for ranslecadon. As(IIT) can be chelated by phytochelarins (PC), and ABCC] i= an Az
(I}PC complex mansporter that loealizes o the vacvuolar membrane and oranspors As into root vacuoles for sequesoation. Leil and other nnlmown oanspormers
mediate Az(IIT} efffux. An unlmown oansporter iz imvelved in As{TITj xvlem Ioading. (h)Schematds diagram of Cd uptake. effliux. vacoolar sequestration. and loading
moe xyiem in rice the roct through Cd varuolar sequestratnon. Cd is abeorbed by root cellz from the soil, which OsCdl, Q=NAAMP1, O=HWAS, and OzHMAZ mediste.
After entering root cells, (Cd can be transported into the varvole by 0sHMAS for sequestration. Thers are unknown mansporters involved in Cdl xylem loading. There
are unknown directions for DeCdl and O=HMAZ Based om {Thao and Wang, 10000 improvements.

20273,
3.1.3 Boy metal oxdes

Min and Fe omdes can adsorb cattomic elements, and As, depending
on pH and redox conditions, has different adsorption capecities and
behaviors. Thess ouades ezn omdize Az to lezs zoluble As, thereby
affecting the solubibiy of Az. The intersction betwesn Min /Fe coodes and
trace clements mn =01l systems enhances the ability of theze coodes to sct
as crucial components for the fate and transporz of As, Cd, and other
trace clements m the environment (Sods and balano, 2115). In ancther
srudy by Lin =t 21 [2020], Fe-Nn bmary oxndes were mveshigated a2 201l
amendments. The study. conchades that Fe-IVin application sigraficantly
reduces the total concentrations of As and Cd mn fee grains, husks,
straws, and roots. In particulsr, 060 widt Fe-MMn treatment shows the
minst effecove reduchon, with As and Cd content m rice grains
decreasing by 42.42% and 36.49%; respecOvely. Researchers invests-
gated Fe/Fe-Mn modified sepiclite materials to reduce Az and €4, and
notzbly, these matenisls reduced both Cd (by 57% and 57%. respee-
tively) and A= content [by 309 and 25%, respectively) in brown rice.
The mechanizm was probably due to the Fe and Mn cmdes m the zep-
olite stiracting =nd binding the Cd and As n the soil, preventing the nee
from takimg them wp (Zhou et=l | 20007

3.1.4 5 materials
51 mmersls are sseential in mmobilizing heavy metals o the sodl
mizatrix. The results of & mets-anslvss stody sugeest that spphang S1

sigmficantly positively mmpacts the reduction of tooocty and sccorm-
lation of As and Cd m ecres] evops. 81 supplementzbon reduced shoot Az
snd Cd accummalstion by 24 1% and 31 996, respectvely (Husng ek 2l
24} Smlarky, vanous S1 feribrers mgmficantly reduced Cd from mee
grains compeared to Az and inereaszed crop yield (Son et 2l 2021 Ae-
cording to Wei =t 2l (3021 ), neing Si-nch matenals, especially m cam-
bmetion with hmestone, hass a synermstc effect on reducing Cd
accumualaton nrice grams. Usmg S1-nch matenzlz in the sdy resnlted
1 & 16-68% reducton In grain As content snd a 30-58% reduction In
grem Cd content

Furthermore, combinmg Si-rich material: with sypsom was maore
efficient m reducine the accummlstion of srsemc in rice grams. The use
of bentonite materials was demonstrated to reduce the concentrations of
Az and Cd in the shoots of Brasnea chinensiz L by 4.05% and 32 5% of
exchengeshle Az and Cd, by 36.29¢ and 64.6%, respectvely. The main
mechamsms nvolved were lon exchange snd sdsorpbon, whils As was
made mmobile by the precipitation of Ca and Mg {He st el 20201 In
another eaze. Wang =t sl (2021 =) used 51 oxde nanoparticles (5102 NPz}
to reduees the uptzke of Az and Cd in nes fizsoe, observing a sigmficant
decreaze in the sccumulation of these heavy metals compared &0 the
control group. Specifically, st a concentration of 500 me kg * 5i0: NPx,
there was a 209 redocbon in As uptake and = 68% reduchon 1n Cd
uptale in res sprouts, highhghting the potentisl of 510, NPs to rmbieste
beavy metal contarmination mm nee plantz. The underlving mechamizm
involves the formstion of siica bodies m the cell walls of mece roots
through the addiion of 5305 NPz (Rizs et 2l | 2003), whach mhibat the
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The reported inorganic materials capabie of simuilEnecus Immobilization of Az and Cd in zoiflz and rice grains.

Nizterial types Main mecheniszm Pollutamt Az removal effidency €4 remowal efficency  Reference
58 {3
From From cc= From Prom rce
Irom axide (Fez0s) is coated. Adeorpdon (fungal hyphas and nano- Az and &7 a1 Lol 46 Ulkzh el {2020
with modified hairs bydmayepatiees atrect Az and Cd, cd 10,3390, 2gronormy 1 030353
[B\ﬂ'i:],whhf_'am_u:hn :Dmplﬂ:un'.-uu.{“imlmfnu:iﬂ:
base amendmen: accelerates the formetion of iron plague
o rednrs Az and Cd)
Sepinlitesuppormed Cambined sffacts of adsorpdan, As=nd 4355 4071 4746 575 Zom es al {2004) org 10, 10165,
nznascals cero-valens reduction; chemical tersformeton, and  Cd =d 2024 103540
Czlciwm silicate fertlizer Swrface compleation. adsception, Ag ard a3 551 Sur eg 2l (M)
precipittion, =nd oxidestion od arg10. 1007 &1 1365-020-027 255
Pa-Aln binery oxide Adeorption, precipitarion, coddation, Az and B5.63  65.63 Soes 5198 Lim et al £2630)
end reducton 4 -u.rg-".iD.]S‘lE ‘dﬂnﬂﬂ.’lﬂ'ﬂm—!
Fly ash and steed clag Foomation of compleres and precipitarms Az 2nd I1.B5 454 ETTFE 374 Chn 27 org  TOLID1GT,
with Ca, 5, Mn, 2nd Inwith Asmd 0d 4 g'mdﬂ:ma.iﬂ‘llllﬁE’?
Nammral iron-based Compleration and co-precipitadon {Cd Az and 539 33.3 4.7 EE85 264-5186 Feng ex & (20277 org/1OL0E6GS-
desulforization mamwrial (0H), 25 a product), fon exchange (P! Od scitocemy 2021152603
fram C&° ':l machmiors
rony ironmanganess Adeorption, Co-precipitation, Cxdation Az and ar 75 = 72 Thou =t ol (2027 oop/ 10,1006,
modified sepickis= of A=(IIT) to A=(V], and S=muectradion in c4 scitoremy 2021 152189
the iron plagqus
Cad | PegO0y M=zl c=n bind vo che sueface of che Az ard 26.19 143 Tong =t al {2021} org/ 30 L0OL6-
Cal | FegO0g 'ﬂnm.g'h rurfars cd J‘hm?ﬂﬂ.lﬂ-EBﬂ-T
complexarion znd fon exchange
TErminm gypeum (TG In icm exchemse. the poditively charged Az and 350 352 B2 3B Tnae et ol C3HST arg 10100 655,
foms I TG {rach 25 calcium and od empol. 2019113790
Tzno irem codide (Pas0] Increazed Pe in ivon plagues oo the root Az and 31T 14 S09s 4 Lieral | (3027} org/ 1003390 nann 12,
suxfare zided in Jowerdng Az and Cd co- 4 081,311
precipimtion, adsorption, 2nd codidation
ZEaro-valent iron Through ion exchange axidarion, and Az and a5 Diecreased Mioking = 2l, {2016) org/10.1080,/D0,
‘orecipimrion machanioms o cd 320,765, 2016.1205731
Zarm valent iros Throogh ion exrhange axidarion, and Az and hir 51 Mismge=en = 2] (2030 crg/10.L0L6-
precipitation mechsnioms cd scitoteny. 2010, 1346596

paz=mve uptake of As and Cd.

3.1.5 Indusrisl by-producs

When cozl dost s barmed m thermal power plants, fly ash = pro-
doeed, anindustrs] by-produet Usmig fliy ash and steel slag sigraficantly
reduces the broavailable concentrations of A= and Cd m the soil and thewr
accumulahion inree grains {(Sineh o2 2l 201 5). Obeervations show that
steel zlap mumimizes the scoommlation of As snd Cd in nee grams by
35.5%_ 30.3%, 43.4%. and 51.5%, respectively. Simulardy, fly ash
reduced As by 34.2%, 19.3%, and Cd by 31.4% and 30.0%4, respectively,
n two variches {TY908 and HYS3E). Consequently, spphing steel slag
and subsequent fly ash reduess the accormiation of Cd, A=, and 1A= m
nce grams [(Chnoet al | 2022] After usmg the Fe-based desulfunzation
matenizal, an industrial by-product that adzorbed S0y from the sintering
fhie gas, the resuliz indicated a reducton in nee graim Cd by 51-80% and
a dechne 1n 1A= by 375409 Likewise, the application decreased zodl
avalable Cd by 89-00%% and A= by 35-70% (Fong ez al | 20277 In the
study of Koot 2l (2027 ], the spphication of modified fiy ash sigraficantiy
redueed the Cd content, and the content of bicavailsble fractons m
Guanzhong snd Hunsn soils decreassd by 40.5% and 53.2%, respec:
owvely. The reuse of slag matenale bas pontive effects on metal ITmmo-
bilization m acidic sols. The use of powdered slag 1n both smounts
rezulterd in significantly lower Cd concentration m nee fizsue
£2 602 00 compared fo the control (Nings 20147, According to
Heetal (20200, steel zlag ngnificently decreased soluble concentrations
of Cd in pore water for remediziing co-contaminated paddy sodls.
Apphving steel zlag reduced total plant Cd concentrations in ree Hesues
by 48-78% st both stages According to Chen =t =l [2022), adding
won-modified fy azh considerably affects the 201l tmmobihzstion of A=
and Cd. The resulte showed that fly a=sb-n7VI was the most effectve

etEl

supplement for the smmultansovns oomobibizstion of As =nd Cd
Iron-modified fly ash reduced the concentrabon of availsble As by
30.02-38.09%6 and Cd by 37.74-52.18%, Thiz mdicstes that steel slag
and fy ash represent fmsorable potentisl for remedisbmg As and
Cd-contaminsted paddy soilz. Mg slag sigmficantly mereased zoil pHIn
the feld study conducted om paddy soils. Az & result of the changes
mduced by 507VI addibon the z0il became lesz conducive to the
biosvailsbility of Az and Cd. Consequentiy, the Cd confent of rice grains
mereagsed by 77%, while the A= content decreassd by 219 Mg can
directly mieract with As and Cd 1onz on the slag surface to form:stable
complexes. Mg-contsining matenals generally reduce the inldop of Az

snd Cd in rice plantz (Thang et =1, 20226).

3.1.6. Lumng materigls

Liming has been reported to incresse As bicavalshibty dve to
inereased A:nmp-:l:lh.u.n from —OH for amion sorption sites on Fe (hydr)
omades (L1 et 2021} Lame 1= an sbundant and veloable material,
nexpensive and nataral, and easy to work with, making 1t an attractive
and cost-effective ophion for removing hesvy metals from s01l. For the
simultansons mubigaton of Az snd Cd scoumulshon m riee, Bme
sigmficently impacted the reduchon of As-and Cd In nee under contin-
uous flooding and slterneting homidification and drving conditions
{(Wez et 2l 2021). According to Yio et sl 1, the ability of lime to
imamobilize both As snd Cd m flooded paddz.- mﬂsde_nﬂbd_nnﬂ:tc
avalshility of pore water Fe. At ligher pH velues, dizzolved orgamc
carbon competes with Az for sorpton sites on Fe (hyvdrjosades, thereby
bmiting As immobilization. The resolts of this study provide better
inzight mto the sfechvensss of =0l brmng for Az and Cd
co-contarmnation i paddy zoils. In the survey conducted by Bi et al
(2020, the use of oyster shells. composed predomimently of caleium

Hl

2023
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carbonate [(CaCOy), showed sigmificant efechveness. The addibon of
oyeter shell calemed at 800 “C at & dosage of 2.0% to so1l contaminsted
with Cd and As resulted in-a conmderable reduchon of 5% in Cd content
mn the edible part of the vegetshle Bak Choi and, st the same time a 732
reduction In As corfent

3.].7. Phosphiaee and sulfate conoarmmg marerials

Matensle contsining anions such == phosphates and sulfstes can
monmobilize hesvy metsls. They can bind to the metals and form msol-
uble compomds, treppme them n the o1l and preventing them from
dizsolving and contarmination. Husng =z al (2015) found that phosphate
rock masterials, including phosphate rock activated with oxslic acid,
were most effechve m reducng exchangesbie Cd content in soal by 47%
Appiving phosphste materialz to contapinated soils efectvely Immo-
bilizes Cd by reducing 1t= mobihty and comverting 1tz chemucal specia-
tion from more Iabile fractions fto more sisble frachons Soifate
contaning addrtves have been reported to be a promesing technigue for
magsting heavy metal contarmmstion m rice becanse they can form
complexes with As and Cd  According to Yen =t zl (2022}, the mocrobial
malfate mnduced the formstheon of Az-sulfide mmerals, Cd-sulfide mon-
erals, and Fe-sulfide minersls, thereby imifing the transfer of Az and Cd
from the non-rhizosphere to the plant root. Using sulfate better sffected
contamunated sedls with high-concentretion Az and low-sulfste back-
grounds Cac ef =l (3020) demonstrated that with the apphication of
sulfzts contaming amendments, biosvalzble Cd and As were 1mmob:-
Lized by 85.0% and 50.1%. rezpectively, convertng the biosvailable Ph,
Cd, and As mto msolible mercaptometal compounds (C3S) and less
soluble FeAsOy The fndings revesled that the spplication of zuifate
contaiming wmaterisl significanty reduced As snd Cd level: m nee
seedhings becauase of reduced As and Cd beoavailability m the rhizo-
sphere sou rather than the ron plague.

3.2 1. Modified bipchar
Biochar hsr been widely used m the remedistion of As- or Cd-
contaminated water and sodl dus to 1ks high spemfic surface area with
abundant pore structure snd imcOonal groups. Biocher haz a great deal
of potentizl for remediating Cd-contaminated goils, 25 evidenced by the
02% reducton m Cd from the =01l when nzmg mmltiply medified biochar
(Wanp et-=l | 20216} Ren et 2l (2021 ) observed that applying biochar
reduced the effect of Cd stresz by decreasing the Cd content in plant
leaves by 45.05%4. In another study, amendmentz of hybod ash/hochar
biocompaozites decressed extractable Cd by 77.096-06.1% and 52 496
70.7% m two hybrid nes cultvarz [ZJZ217) and (HYS18), respectively
{Lev et =l 20207 The use of biochar in the remediation of contammnated
soils 15 an eszental topic of current research
In actus] practice, the spphication of biochsr 1z restricted by & linuted
amount of sfase functhonsl sroup or low eficiency m treatng both As
and Cd contermnants; therefore, biochar was modified to enhanee 15
performance in regulating Az/Cd accummlstion in nes gremn and paddy
sonl (fclsm =t 2l 503F). Nomeroos studics mvestigated the ze of ZV1
with biochar matenals and the resulis have demoristrated 2 signaficant
mmpact on reducing Az snd Cd from riee grams (Theo et sl 20109; Yans
ctzl | 2021} (Eso JiansTeo =t sl 2015 reduced the buildup of Cd and
As m niee by combiming biochar wath ZVL In the mechanism metsls are
adsorbed  onto the biochar surfacs At the some tme, ZVI formed
mzoluble complexes with them, thus decreasing therr osvailababity
nmng thiz synermistic spproack When applying 1% ZVi-biochar
amendment with a Pe loading ratio of 5% mio the paddy =01l = note-
worthy ©3% recuction in Cd concentration snd a 6]1% reducton In As
concentranon were achieved m mee grams. Similarly, Yang eo al
212 found that spplication of 136 nZVI-biochar reduced Cd and A=
acoummlsfion In riee grams by 15:85-69.16% =nd 23.06-59.45%,
respectively. It waz observed that ron plague acted az a barmer against
Az accummulation oo rice, with ligher Az concentration immobilized on
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the won plague when freated with nZVI-biochsr. According to Wang
=t al {2020, FeCl,modifisd bicchar made from com siraw demon-
strated exceptional efficacy m rendening Cd and As mert mosoil
FeCly-modified corn strave-derived biochar's surfare oxyveen-contaming
functonal proups; can exchange cabons through surfsee complexsbon.
Az and Cd were adeorbed by -000H and -OH, which reduced 63.2]1%
for As and 95.1% for Cd. A 109 FeCls-modified com strew brochar
dossge showed significant effectivensss in immobilization: Thess find-
ings demonstrate the potental of Fell.-modified corm straw biocharas s
matenal that holds preat prommeze for ssmultsneonsly remedistimg soils
contaminated with Az and Cd. An sdsorphon expenment In an agueous
solution showed that hydrosvapatite. zeclite. and biochsr materials
(HZE]} can adzorb and covalently bind Cd and As{V} via -OH, -COCH,
5i-0-5i and COF  groupe, thereby promoting the in sits immobilization
of Cd and Az m the soul solution. Gu=t ol (2019) apphed HZB matensls
in a mass ratio of 2:1-2 to peddy =01l with s dosage of 9000 kg ha ?,
redurmg concentrations of Cd and morgamic A=z m brown nes to 018
and 0.16 mg kg 1, respectively. Applying zoethite-modified biochar to
paddy mice concwrently lowers the sccommlation of Az and Cd. The
findings demonstrated that adding 2% of gocthite-modified biochar to
the 201l significantly reduced the smount of Cd and Az m ries grams by
83 and 77 %, respectively ([rzhad et al | 2022 Modifying Biochar with
chempcal elements has attracted conziderable atteniton due to its proven
effrctivensss in reducing both 4= and Cd contents in paddy soils. Among
the ‘materials studied, Si-based biochars (Yang =t =1 2023), biochar
supported nZVI (Yang ctal | 2021; Bong cbal | 2027, hochsr supported
sulfunzed nZVI (Xu et 2l | 3024}, Fe modified brochar (Pan et al | 20007,
Ca =nd Fe ennched bochar (fmlam =t = 1),
goethite-combined “modified biochar (Abdelrirnen =t 21 2022}, Me-aAl
modified bioehar (12 et =l | 2022s; Peng ot sl 2023}, succezafully
demonstrated omultaneous immobilization of A= and Cd from paddy
zoals. Tabl= 2 provides a comprehensive hst of both orgame and mor-
game materizlz whose ability o simultaneoushy mmckalize As sand Cdin
zoilz and noe sraims has been documeniad.

322 Compoztand mamre

Organic matter such 25 mamore, Compost, and manure can reducs Ax
and Cd contemination in paddy soils. By ending to these metals, thess
materials mzke them lezs soluble and Izes scemsmible to fee plants io
uptalee. Observers noted that the spplication of chicken manare had
Iitte efferct on total Cd and shghily reduesd total A and inorgame Az of
rice gramns at an applicabon rate of 2.0%. Chicken manure 15 effectve
only when combined with other technigoes (Los =t =], 2010)

4. Common mechanisme of As and Cd co-mitizgation by materials

Az and Cd are simmultaneously immobilized by 2 complex method that
depends on several varnsbles, meluding the chemieal forms of the
metals, the composifion of the 1mmobib=ation matnx, snd the sur-
rounding sethng (Yuan = al 201 7). Fiost the metals are sdsorbed on
the zurface of the immobilizaticn mediom TUsaslly, this adsorption iz
folleaved by = series of chermes] proces=es, resulting 1n more ztable metal
compounds that sre l=sz prone to detach from the matrir (Gaokhore]
er al | 3020}, The tyvpe of immobilization matax can have a sigmficant
irmpact on how well co-mmeobilizstnon work=. Az and Cd can be 2dsor-
bed and mmmmobilized more successfully m some matrices; mehwding
clays and hvdrous omides (Yeng =t 21 20270 Envirommental Sactors
can also affect how well co-immobilization works: For example, the pH
of the solution can affect hove well the metalz adhere to the matrix (Yo
efal | 2023} As-detmled m Fip 3, seversl matenals esn smmltaneously
mamobilize A=z and Cd through different processesz.

4.]. Precipiration

The precipetation effect iz essential m As and Cd mmmobihizabon m
zoil When certamn kinds of amons (hydrosade, carbonate, phosphate,
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T=hble 2
The reported orgznic and inorganic materials capable of simultansous immobilization of Az and Cd in zoils and rice grains.
Nizterial types Mizin mechanizm Pollutame Az removal efficiency Cd remmoval efficiency Deference
{62 05}
Prom From rice From Prom wice
=ail SrEn ool grain
Zarpvalanr Imn and TheMGnmd.umﬂE]:lm'ﬂaHE:?uf Ac and (38 @3 Je 0 :x-"L L]
hiochar thewe merzls by forming imscluble . § u.rg]ﬂ.lnlﬁj
complexes, while the biccher can adaorh chemoephere. 7017 12 0E1
them oato it sorfece.
Calcivm enriched Adsorpdon: Under precipitation, calcinm Az and B0.75 i ES.ES Ietmn =t o (2021} DO-EOA6/
biochsr arcenzts (CaziAsDy )] and cadwminm od chemoephere 3021 131102
carbonace (CA00y) iz formed, and Ton
exchangs dus o the presencs of caldiom foms
o'y
Peric wichlaride Surface complexation and catdon exchange As and T457 o e § 50 a51 VWany =t =l (203
{FeCly) modified mechanizms where the anface coyeen- cd 10,3390 Derph 17030527
com-smras Binchar conmining fimcdonal groops of FCB, such as
{PCH]. 000H and 0OH, conld adearh Az and Cd
Perrows fon znd Biochar  Peroos jons form compleses dhrough Ag and i a3 BD Bonz =t =l {2018
oxidarion and aleo react with Asor Cd o cd 10,3350/ 2ppl 0L ESG0
form precipitaoes
Woodypear | PaNO::  Pormation of Pe plagues and poarly As and Az decomazed Cd decyeaged Viomy =t =l (2021
oystalline Froxdes thac bind o Asand &4 Cd arg/ 1050165,
scimoeeme 2015.05.357
Hrdronaparie | Complexston, whereby HIB could complex Az and T.25  Deceased by 5405 Diecreszad by Coe=al (2015 ors 10101675
ceolite | Hinchar withCdand Ax(V) via -OH, -COOH, -5:-0-5, Od 255 in che EE.5 in tha o 2019 01003
CHEs) and C0F FTOups to gen=rare carhomylates, ol woil

silicates, end carbomares; facilimeng Cd and
Az imrmabilization in sail soboion

eie.} exast m the 201l solution upon amendment additon cadminm can
form precipitetes, mchuoding CA{OHT 2. GdCOs, and Cda{POs)z. In
contrast, srsenic can be precipstated nto form= such a= AsS, Fes(A-
00y, FeAsDy ote (Ainnwasr stal | 3022 Feng ot al . J027). Seversl
substances, such az won oxdes (FeD, FeoOs, FesOy) hydrooades {Fe
(OH)., Fe[OH):), and sulfides {Fef, Feb2), can precipitate As and Cd out
of solution. Othey ioms; such a= caleivm: and magnesium are genersliy
present and mid o hasteming this process (L et al - 2022s2). A= Porter
et al (2004 demonstrated in arsenic, the precipitating agent, uch asFe
or alumimum (AL, iz added to the sel and the reaction wath A= =nd Cd
forms in=oluble precipristes, which are then trapped n the soil The
mechanism for achieving thiz mvolves the following processes: FeAsQy
and A{OH}; are two complexes of msoluble precipitates formed when
the precipatant combines with A= snd Cd Onee theze precipaitates are
frepped I the =oil, they become lecs availsble to plants (Cao =t =1

2020 It has also been obeerved by Srmeye-Fmol eral (20135) that}-'.sa:md
Cd cen be mmobilized by the development of metal sulfides m the
presence of sulfide-produsing microorganisms; on the other hand. A=
and Cd can alzo be mmobidized by forming metal coades s the presence
of oxyzen. As znd Cd can be effectively immobilized in sodl by the pre-
cipitaton process: It iz crucial to remember that the procedure = not
entirely sncecs=ful sinee it 1= 8 pH-dependent process [Wang =t =l
2039k} Iron omades such az FaO suriaces facihitate the direct coordina-
ton of Az and Cd through electrozstetic mteractions and ligand exchange
with surface bydroxyl groups (Fe—0H), forming inmer-sphere complexes
whers the metal 10n= are directly bound o the Fe atom (L =t sl | 2023}

42 Complexahon

Surface complexanon s aﬂ.uthn:r mmportant mechamzm for Cd and As
mmmichilization in seil (Yo =t 51 2073} It invelves the stable complex-
al.'u:n formation =58 r:-.m:b.on between funchonal surface groups and

F A=07 | and A=02  ionz W the surreamding solutions (Hu =t 21
201 "}. Surface complexation 15 characterized az & selective and mre-
werzible process and thus is defined =5 the inner-sphere complexation
(Bradl 2004). ron () cxode snd Fe Oy exhibnt more diverse mnface
complexstion mechamsms for Az and Cd than FeQ doe to their vansd
surface souctures and charse densioes, potenmally  mwolving

complexation pathwevs ke edge-sharng and corner-sharmg (Chowd-
hury, 201 2). Contrasting Fe{Il} and Pe({IIT} coades, Fo{OH|z and Fe{OH)z
interact with Az and Cd through both mner-sphere complexsbion via
covalent bonds snd amion exchange, offering diverse binding mecha-
mizms [Muostafs ot al, 2013). PeS and FeSs exhubnt distinet banding
behsvior towsards As snd Cd compsred to Fo omdes and hydrocades,
forming msoluble sulfides [As.5; and C45) through divect precipitstion
driven by covalent bonding between the metsl caton and sulfir anion
(Bostck and Fendorr, 20d03). All the hinding processes are pH.
compehng ions, and redox condifions dependents.

4.3 Ton exchange

Cd/As immobihization by 1on exchangs mechamem 1= the exchange
betveeen Cd /A= 1ons =nd the amons//cations sorbed ontoincluded mio
zoi1l components or amendments (Veivodovs =t =l 2021 ) Ion exchange
15 considered a reverzsible process and tends to be affected by competing
1ons 1 the soil sehitions (Serranc o al | 200587} Purthermore, = stor-
chiometric smount of exchangesble anions/esbons will be releazed to
the =01l solufion when Cd /4= jons are adsorbed onto the material (Thao
et al, 20231 A= and Cd-can al=o sorb onto the surfaces of several sub-
stances, such == metal coades, humic compounds; and clays. The mate-
rnal’s surfaer charge and the metal ons” affinity for the surface
frequently drrve this process. A material (the adzorbate) adheres to the
surtzce of ancther zobstance (the adsorbent) through the sorption pro-
cezs. For the adsorpbon of Az and Cd, 2 solid with = large surface area,
such a5 achvated carbon, clay, or charcoal i= usually used as the
adsorbent (Wang et 2l 20323}, This 1= possible by chamgmg the pH of
the zolubion, I:]:Lt.ml:tal comtent, and the type of adsorbent

4.4 FElertroshohr atracton

The principls of the alectroststic attracton mechanizm 1z as follows:
for the Inorgame materials such as clay mimerals or moetal oxode, the edge
and murfsce M-0-H group can be protonsted or deprotonsted with pH
wvariation of zoal zolubion, leadme to the vansble charges on the mate-
rials (Aimmwaer =t 2] | 2022 For orgame materials fimebonal groups,
wmcioding phencl. carboxylic, and amimes groups, can adsorb or desork
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Flg. 3. Thi= figure flu=trates the various common chemical proceszes that inorgamic {e. g, clay mineral iron oxide, indusmrial by-produects, and bidary metal ooddes],
aorganic (e_g., biochar, himic sobranee, and compoz), and organic-inorganic amendments (e g, lime + ireo cadds -+ humic substancs) immebilize A=/Cd in soil Red
anid dotted arrows indicate favorable and unfavorable conditons for As/Cd immobiliz=ation, respectively.

amions/cations at different solohon emvirerments (pH, co-existing ions,
eick, making the material’s surfece nesatve or posiive charged and thus
demonsirate clecirostatic repulsive or attractive fores toward Cd/As
sons I soul solubion (Les ctal 2020 Linetal | 2022} In the study oni Cd
adsorphion onto vermmenlite, reduction of surface negabive charge
denobed by zeta potential was revealed wath meressing Cd uptake on
wvermuculite, Indicating the vital role slecirostatic interaction plays I
enhancing Cd adsorphon capacity (Fadills-Oriezz =t 5l 20]4). Another
srudy carniad oot on As(V) removal by nZVI demonstrates that corrozsion
of the nZVI vaned wath the fluctuation of zolubon pH, mplymg the
change of material's surface charge with pH vanation and mfluence of
electrostahic interachon on As{V) immebilizshion capseity (1Wo =f =l

2017).

5. Meta-analysis

Twenty-four studies reported sigmificsnt deerezsesm As znd Cd from
rice grams u=ng differentmatensls. Both crgenic and combimed orgame
and mmorgesme materials showed negstive sffect sizes on Az snd Cd
concentratons of mos gramns. In our amalvsis, cogamic and morgamic

amendments semficantly negatively sffected Az and Cd n nce grams,
accoumbng for the oversll effect sizes of —62.3%and —67.5% for A=z and
Cd reduction, respectively. For morgsmic smendments, the overall sffect
zizes on Az snd Cd concentration decreasing in rice greins were —33.8%
snd —54.99 {Fiz 1), l=z= effiient than the combined apphcaton of
orgamc and inorgamic amendments. Compared ©0 Inorgamc materisls
alone, all materialz mn Fig 4(b) and (d}, representing combined crganic
and inorgame matenzls, exhibit an even more significent reducton m Az
snd Cd by 84.3% and 23 4%, respactively. Stmalarky, 5 Tizn =t sl (2021
mets-analyriz demonstrated that Fe-modified biochar ephanced the
mmmobihization of A= and Cd in peddy sotfls. This observation mndicates
that using 3 combinsbion of morgame and organic materisls o remove
Az and Cd smmaltaneonsly from rice graims mcresses the sfficency of the
materals:

Notably, Fe-contaimng materials are the main components that can
immobilize both Az and Cd from fee grains mm both mmorganic and
combined organic and morganic materials (Fiz 4). Thiz i= probably due
to siromg adsorpion caparity compared to other elements ((Thao e al
2012} Ferrous materials reduce As end Cd concentretions in rice grains.
including nZVI, Fe owides, and Fe-enmiched biochar. Silicate-based ma-
terialz generally show lower effectivensss in reducing A= and Cd content
in rce grains, except for won bochar snd sibea. Purthermore, m all
collection studies, Fe-contzining materisls significantly reduee Cd
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Fig. 4. Effect sizes of inorganic materials on changes in (2) A= and {¢} Cd coneentrations and combined organic and inorganic materials on changes in (b)) As and (d)
Cd concentrations in rice graine The red solid dotz mdicate the mean effect sizes (change percentages of the grain Az and Cd under 85% confidence intervals (=)
The 95% {1 not crozEing the zers line implies significant differences benveen the treamment and conool groups. The mumbers show the sampla sizes.

compared 10 AS 1IN 110 TSNS,

In addibon, the combination of crganic materials, mainly biochar,
with Inorgame msaterials {Fe oxmdes] reduces As and Cd concentrsbions
more effectively than using organic or morganic matensls slones. Several
mets-analysis studies have demomstrated that brochar 1= an effectve
amendment to remediate Az and Cd-contammated soils (Ho =t al | 2020,
Tizgm =t =i 2021). Our analysis shows the goantiasinve coninbobon of
morgamic-and combined organie snd morganic additives to mmobiliz-
mz Az and Cd from rics grams. Tt sugeests Fr 3z the mein component of
the mnorgemce ingredient for developing an effective addibve for ooi-
gabng Az and Cd from grams.

5.2 Effecr sivez of combined orgamic and trorgante muzterialz tn the 2oil

Various remediation techmigques have been investizated to reduce the
concentrations of these toxae elements in the zoil emvironment. Among
these techniques, organic snd morsanic maberials have gaimed attention
doeto their potential to reduce A= and Cd content m soil. Instalbng 1rom-
conteining meterizls has shown promismg rezults in remediation eforts
(Fanz =t a2l 2021} Thiz dizcnssion exmmimes the effechvencss of
different maternials  mnelvding morgame orgame, snd combimed ap-
proaches, In mitigating As and Cd contemnation in-soil emvironments.
Through = comperative anshyzis, the study sheds light on the superior
remediation potenbzl of combined organic and imorganic materials,
parbculsrly those contamng ron. The remilts m Fiz 5 laghlight the
effecovensss of both morgame and combimed cogsmc and morgamc
matenzis m mitigsting zoil Az and Cd concentrations.

In compan=on, inorgamc materials showed a notable reducton with
an average of 32.6% for A= and 41.0% for Cd; the combined orgame and
morganic spproech showed even greater effectvensss with an Increass

of 35.3% for As and 10.3% for Cd. The combined approach demon-
sirated superior remediation potentizl with an average reducton of
44 3% for As and 46.25% for Cd. Farther analyzmis indicates that mon-
containing materials are centrsl to inorgame =nd combimed changes.
Among the iInorganic additoves, Fe-containms matenals, such as ferrous
sulfste, exogenous Fe, and Fe-based desulfurization meterials, signofi-
cantly reduced both As and Cd. Smmilsrly, Fe-contamms compounds
zuch az ferrons and biochar additives, ron-modified biochsr snd =ihiea
zol addifives, and irom phosphate snd sihicon-based biochar stgnificantly
reduced As =nd Cd concentrations. Stmlar to the sbovementicned re-
gultx by Pathy ot sl {20323 and Vians ot 21 (3024), the combined uh-
hzation of biochar and phosphate rocks highlizht= the Tmportanes of
sustaimzble sgnculture and soal remedistion practices. These results
highlight the mmportance of Incorporating organic and inorgamc mate-
nals, particulardy those contammg Fe, for efechve remediation of As
and Cd contsrmmation in soil environments.

5.3. Effect mizes of oy calcum, sthicon, manganese, and phosphortes
bazed materials on the rice grom

We determined the mflvence of different elements m the materials
used to remove As and Cd from nee grams by considering the material
composition with the highest concentration. The results shoved signif-
1cant adverse cffects of each clement on the reducbon of Az snd Cd
Based on the obiained datassts the As and Cd accumilation changes in
rice grains were notable vanations, s dlustrated mn Fiz. 6, and the meta-
anslyziz sszessed the mean effects. The spplicstion of Fe, 5, Mn P, 51,
and Casigmficantly {P < 0.05) reduced the accumnulafion of Az and Cdin
the rice grains, up bo overall 4249 [—54.29% —46.19% —43.89%;
_42.2%,_ —40.3%, snd —34.3%) and oversll 32.1% (-74.0%5.-51%,
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—45.0%, —45.9%, —45.59%, and —20.1%) for Fe, Ca, Mn, P, §i, and §
rezpectively. From meta-analyzis, Fe-based matenals negatively mflo-
enced Az and Cd. reducms Az conesnfrsbion by —54.2% snd Cd by
—74.0%. Fe 1= & crucial component of the materials nzed to remedizte
paddy soil with Az and Cd. Therefore, it can be concluded that Fe hasa
strong poteniial for stmultaneously removing thess pollutants. Accord-
g to thiz meta-anslysis, resesrchers find Fe an essenbisl compeonent of
matenals for remediating As and Cd-contammatad paddy soals.

The present study foomd that other elements present in the remeds-
ation materials contribute to the oversll effectivensss of reduemg Az and

10

Cd accumulation. Fe-contzimng matenals conmistently exiibit superior
effectivensss in reducing both Az and Cd despite variations in material
compozition. Silicste-bssed materials, exelnding ferrous biochar and
zibica, penerally demonstrate lower sffechvendss. The resilts mmply thae
Fe-bazed matenals could offer 2 viable sohiton for treating peddy soil
contamnated with As and Cd, especizlly when combined with crganic
clements ke biocher Thiz spprosch could sgnificantly mmpset agr-
cultursl prachces where soil health and food safety are thresfened by
heavy metsl comtaminston.
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6. The frture focus on A= and Cd eo-immobibzation in
agricultural soils

The present study zsnalyzed the comparstive cfficiency and mecha-
nismes of smultanecns reducton of As snd Cd availability in paddy soils
by applving vanous orgame snd morgamic matenals. Whle rezearch has
made progress m understanding the sffects of passivators, zome critical
aress still regrore sdditional mveztigation and improvement to estshlizh
concentration hizhbighted m thiz shudy melnde.

L Cuetrrrized nomomaterialz such as biochsr compozites, mets]l ox-
ides; snd zeohies, which have high surfsce srea and specific
properiies, should be reslized to mmprove the adsorption of Az and
cd

Functionalized biocharz sre designed to possess tzilored siface
properties. meluding pH, porosity, and fonctional sroup contents.
The=s changes atm to decrease Az and Cd while increasing their
zelectivity and sdzorption caparcity for specific zoil conditions.
Modelng and predichion tools: Develop models and prediction tools
to evaluats the long-term effectivensss of co-immobilizaton
techmques, consdenng factors such a= soil properties, chimate
conditions, end land use praciices.

Molecular dynarmcs simmdotions: Gam stomic-level msights mte
adsorpfion procsszes, ineluding iom zpeciation, diffasion, and
surface complexstion. mforming matenal desgn and
optimzation.

v Modify adrorbenr chorarterisacs Align adsorbent properties {such
as pH, pors size, snd surface charge) with individual soil atin-
butes and contarmnent compositions tooechieve the best co-
mmobilization cutcomes.

Formulare marerialr to evercome challenges posed by other zcal
constituents, such az phosphstes sand carbonates, which may
impede the adscrption of Az and Cd dus to compettion.

viL Exayane the tmvolverent of microorgantsms and mucrobial acmites
in immobilizing Az and Cd This may nclode explonng muerobial
changes such a2z suifzte redoction or metal sulfids formation that
lead to the formanon of insoluble compounds.
Fretegration with carbon sequestration: There iz a growng nterest in
nfegrabine contaminant Immobihzaton techmaues with carbon
sequestration prachess to address mmltiple environmental chal-
lenges smultaneously. Future research could focus on developing
matenials or strategies that mitigste As and €4 contsmnshon,
enhanee soil earbon storage, and promote long-ferm soil heslth.

v

L

7. Gonclusion and recommendation

Based on s meta-analveis, morgamic and combined orgsnic-anorgamic
materials Imposed adverse sgmficant offects; more specefically, com-
bined organic-inorgame matenalz had a more significant substantial
effect The stody highlights the effecbvenese of combined organic and
inorganic approaches, especially those meorporating iron-contaiming
materials, n mubgating Az snd Cd' contaminaton m-soil emvirom-
meniz. Both organic and morganic matenals mdividually showed re-
ductions In As =nd Cd concenfrations, bot the combined spproach
demonsirated even' grester effectiveness. Iron emerged &5 3 croomal
component, significantly reduemy Az snd Cd conesntrastons. Infegrated
strategies ublinmg orgamic and inorgamc matenals, mainly thoss con-
taiming iron, are sssenhzl for praches] remediation eforts targebng A=
and Cd-contammated zo1l. In general, the mmovatve method should
focus on combating the two pollutants together and restoring farmiland
for nce producton. Combiming inorgsmic matenals with biochar =
crocial m synthesizing matenialz capsble of reducing As and Cd and
miproving paddy soil qualioy.
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