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Abstract

Introduction Iron deficiency is a major nutritional problem in calcareous soils because high pH
and carbonate content reduce Fe solubility and limit its uptake by plants. Although synthetic
chelates such as Fe-EDDHA are effective in improving Fe deficiency, their high cost and limited
sustainability have encouraged the search for alternative Fe sources. Iron-loaded biochar has
attracted attention as a slow-release amendment due to its porous structure, high surface area, and
reactive functional groups. In addition, converting agricultural wastes into biochar provides an
environmentally sound strategy for recycling residues and improving soil fertility. Therefore, this
study was conducted to identify a suitable biomass for preparing Fe-loaded biochar and to
compare its effect with Fe-EDDHA on soil Fe availability and Fe concentration in sorghum
grown in calcareous soil.

Materials and Methods Tea waste was collected from Lahijan, Guilan Province, and citrus
residues including lemon, orange, and bitter orange were collected from Babol, Mazandaran
Province, Iran. The biomasses were washed, oven-dried, ground, and sieved to less than 2 mm.
Biochar was produced by slow pyrolysis at 450°C for 2 h with a heating rate of 10°C min™'. The
biochars were then crushed and sieved to obtain particles of 0.5-1 mm. Iron loading was
performed by wetness impregnation method using FeSO4.7H20 solution containing 1000 mg L!
Fe(Il) at a solid-to-solution ratio of 1:50 and pH 6. The suspension was stirred for 8 h, filtered,
dried, and calcined at 600°C for 1 h. To select the best biochar, total Fe and DTPA-extractable Fe
were measured, and tea-waste biochar was selected for further study. An incubation experiment
was carried out as a factorial in a completely randomized design with three replications.
Treatments included control, Fe-loaded biochar at 10 mg Fe kg soil, and Fe-EDDHA at 10 mg
Fe kg! soil, sampled after 3, 360, and 720 h. DTPA-extractable Fe was measured at each time. A
greenhouse experiment was also conducted in a completely randomized factorial design with
three replications. The first factor was foliar application at two levels: distilled water and Fe-
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EDTA at 3%. The second factor was soil Fe application including 0, 5, and 10 mg Fe kg! from
Fe-loaded biochar or Fe-EDDHA. Sorghum was grown in 5 kg soil pots under greenhouse
conditions. After four months, shoot Fe concentration and post-harvest soil DTPA-extractable Fe
were determined. Data were analyzed using SAS software, and means were compared by LSD at
the 5% level.

Results and Discussion Among the tested feedstocks, tea-waste biochar had the highest total Fe
content, about 373 mg kg ™!, and was therefore selected as the superior biochar. The results also
showed that pyrolysis reduced DTPA-extractable Fe compared with the original biomasses,
indicating transformation of Fe into more stable and less soluble forms during biochar
production. In the incubation experiment, soil Fe treatment, incubation time, and their interaction
had significant effects on DTPA-extractable Fe at the 1% probability level. Both Fe-loaded
biochar and Fe-EDDHA increased soil Fe availability compared with the control. In the Fe-
loaded biochar treatment, DTPA-extractable Fe increased by about 3.1%, 13%, and 30% over the
control after 3, 360, and 720 h, respectively. In the Fe-EDDHA treatment, the corresponding
increases were about 12.5%, 58%, and 86%. These results indicate that Fe-EDDHA was more
effective in maintaining Fe in a readily available form in the short term, whereas Fe-loaded
biochar showed a slower but progressive release pattern. In the greenhouse experiment, foliar
application, soil Fe source, and their interaction significantly affected shoot Fe concentration and
soil DTPA-extractable Fe. The lowest shoot Fe concentration was observed in the untreated
control 126 mg kg'. Soil application of Fe-loaded biochar increased shoot Fe concentration to
169.39 and 280 mg kg ! at 5 and 10 mg Fe kg !, respectively. The corresponding values for Fe-
EDDHA were 205 and 270 mg kg!. Foliar Fe-EDTA further improved plant Fe status in all
treatments. The highest shoot Fe concentration, 321 mg kg!, was recorded in the treatment
receiving 10 mg Fe kg as Fe-loaded biochar plus foliar Fe-EDTA. Soil DTPA-extractable Fe
after harvest ranged from 3.18 to 5.49 mg kg ™!, with the highest value also observed in the same
treatment. These findings suggest that Fe-loaded biochar can act as a slow-release Fe source and
that its combined use with foliar Fe application enhances both soil Fe availability and plant Fe
nutrition

Conclusion The results showed that tea waste is a suitable feedstock for producing Fe-loaded
biochar. Although Fe-EDDHA was more effective in rapidly increasing DTPA-extractable Fe in
calcareous soil, Fe-loaded tea-waste biochar significantly improved both soil Fe availability and
Fe concentration in sorghum, especially at the higher application rate. The combined use of Fe-
loaded biochar and foliar Fe-EDTA produced the best overall response. Therefore, Fe-loaded tea-
waste biochar can be considered a promising and sustainable amendment for improving Fe
nutrition in calcareous soils and reducing dependence on synthetic Fe chelates.
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3550 ST 53 T el (sl (57 mlin e Olsies il 5 oo Sl lor s 4 s oo DL T YL Slie ) Lo
O ek C 50 59 AT 3 a8 515 LS Hlm g 5 03§l 3 &Td\jzau b el @\:3 .sﬁf)b.«;a:u.:#:!
CLL s a8 il 5 sl o sa e 0 o Caliee (Sl gai 53 T Sl g 5 kB, 4 g 5 BB
AT (ol Giae SUS 5 4 O Jodd 5 (8T alacd b ol 1 (B0 Ll L) (] 7 A8 odalie aT
LS 5 L Sl SKan aT dhax 51 Sdae oolie Gdg s VL lales 55 &8 Wlosls Ol Slallas il 55,0
el dslitze sla s b 0T ol el &7 Lph Jds 5ol Gdme ol 4 g osls STy Slid 5 SIS
S5l 5 505 b 2uST1 Lol jes Gl (Ko Gibas oolis I idu waman (Pituello et al., 2015) Sl 5l i
> (Tomezyk et al., 2020) dil ails 22 ole & cble fals )5 Llg g3e 50 o) S L T e
a3 es 5o SalS 51 A6 Gdae pobie Bl 1L Ol 1y I s sl 53 (AT o gmome (213 ¢ Jlis
45 13 JT LS 55 Jsban ke Sl lodas 23w g pm T3 (b s ls b5 13 JT 5lse 5
Wang et al., ) Ll o (20530 skile BU Gdae jole o Chle 5 aBl 2ol esle lg 059 42 53 5 Lsd o0
Sl sly gl 5 adsl e gl f 5 4 5 0dd FIF A Gl s Sl ok 53 Ls) ol (2020
S, b JWE 5 wged 53 O il g bdiged 5 5 oaT 2als Olejpa sdalive ol by (Ippolito et al., 2020)
bl 5w 53 DTPA Ggse ol Sal L6 AT a5 b6 2l oyl Calae g by Sdae ol sddasll
Pl 03 ] 53 as Al AT ) ol p Ll a5 e 0T 3 a8 s o Ol ad gl 05 5 & S
Jele b o5t S 5l pdm Joous bd Slapp 5 JT Gl SIS B 55 (aT I g 5 BB 2
FOLL Gome glap b a oaT 5 eds o JT SLS 5 ol o (b Ll lsd e 2l AeeDTPA oS oS
0SS 2 oS e OV lie b Gl 03503 55 ol slaesls s (Houben et al., 2013) 558 o0 Joks
SNl ol 4 A S 1 B s 5 ped gl 0353 O I w5 515 0L 1y gl sl BB 08T o 2t
4 03 5 Cms f 3 e ¢ Bl 53 3L sl 3lse (e 5K Sl 5 S S 5 53 sl 1 AL TS e
b Sl Dl 03 gl Al BB T Hluie 7 (g ba 6L RS e smims jsbar ol el BB e T e la e
VY VP AN sl 4 e aed 5 B sl bl 03 5 p SIS p 8 e VIR 55
e slae b T ) e S S s T8 (b 8T e 0L el ) b p SAST 5 S e
Pituello et al., )l 4Bl 2ol oS OIS lad slows Lo 55 OT gl el bl 50l L5 5 sloeneS 5 55000
o (b gne Gl a8 maz 13 sl s PH 21531 el Sl B oo [2alS” LY o g 51 (S (2015
355 ouanS a8 5 bS5 IS8 & OT gy sl 5 3l SIS 1) oaT o W5 oo oS
St S gt a4 ol San 8T G m 5YL slales 53 opl s 0 sdle .(Mukherjee and Zimmerman, 2013)
Jlse 5l imeas Col 3 5does DTPA Lo 5 0T ol il CoblB 487 555 s e 5 slon wle sl
das SRl Lo 53 1) LOT &5 o 5 o (36 (slalp S 5 e o WP e Sl gw YL oy elaw

.(Pituello et al., 2015)
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Table 2. Total iron and DTPA-extractable Fe contents in the biomasses and their derived biochars

DTPA extractable Fe Total Fe (mg kg™?) Treatment
mg kg H
59.7 398 Tea biomass
195 130 Bitter orange biomass
3.27 21.8 Orange biomass
7.30 48.7 Lemon biomass
11.19 373 Tea biochar
1.37 45.6 Bitter orange bhiochar
1.65 55 Orange biochar
0.41 13.7 Lemon biochar
Srgw godgcm ) S S 29

Cd 355 OS5 Aoy YA 5 O5g5ded Lo ys O/FY ¢ 0 S Ao ys FEFY 6lls sl s sl Ol o]
Sl b sl s gy polhe (45735 /0¥ 9 VOY Ll o e (p ST 4 005 ee 5 S 4 Dok
5 JeeS 5,5 i w5t als slaos B g 5 0Jsseen SYU B lie el S5l BB s (55 s 55
Leng etal,, ) ol &I 5 5 ghoo cop ¢ Jsbon dile oliml 55 ST (gla st b 033 50 LI 0lias Ol oS 5 5 en
Ao 31l A 53 5 g0 oack 513055 25 DS 5 s 31 36 i or 055 5 GV B Jlkie s (2019
Ao 3 IV (p S dos 4V slyls Jeol Sl gu ¢ blie 5 (Wang et al, 2020) dil b JISIT 5 b s
s o0l Lip,y cpl (B 2alST /Y 4 0T (S 4 05t S 5 5 0355 Aops VAR 5 055
ol ol ST glajbstle JSK85 5 3 (b Ol 5les)T 5 0D 90 875 (0ol ptns sl 28T
23 Sl s i oML s atsles )T il 4 Y pone S % O5syka Cawd ialS” (Weber and Quicker, 2018)
OS5 Ldss 51 L0 Wlg e 5 S 4 059 Cand S sl 3l (Leng et al., 2019) 545 s 0305 Cos &S
cdzdls SUlLuw 5de,e 5 e EC 5 pH uslas (Wang et al,, 2020) A3l b g Hbsle 55 il S92
03 Jglomn Ol I b oS das o OB s opl (3L 2alSTV/PA 4 WYY SIEC 5 O/A8 4 0/3Y 5IPH &8s, sbe
Ippolito et al., 2020) sl 03,53 slowl esle IS (6 pdy 28Ty 55 GUdd ok 55,0 5 Blodd Sl o S ksl
o i 51 36 Yoz o755 0L Sl 5K o S s (il AT (Sl ie 5 el pslie iman
S Al Al 55 e 5 65, (Zhang et al, 2013) Sl Sl T3 b JTesle 2alS 51 ay Gdes ol
L ol 5 21T i A3 by o sl g 03 polie ol Syl il LB Sl 5 (s S i o L5 o
S J 5o b oo u.;b.jz.du);;l:w el (w55, b ele ol Dglate Hlb; edias Ol &5 Lile  SL ol
358 Bl S b iames (Wang et al., 2024) 555 o S eSSl s Sl (Sas Jaud I i3
35 e ol il 5 b ol glaes 8 LSCis 31 6 Lilg e 45T 3L 555 VO/VF 4 VF/FF I(CEC)
5oy YAF Oslre oYL B 5 Shee (6lyls (sl s 1 ol b 5y .(Blanco-Canqui, 2021) A&l [l 4 kLo
LT3 (b e jole S50 5 oS L 53 035 ol conlin GUl5 e lias0li o 55 Ao s WA ST
A5 6t sl s 3, ae Ygene Joaa 3lgn 5 K 1 (5 Slaes gl ) o Llesls D& Slalllas .l 35

(Leeetal., 2019) & ,ls s YL 5, > ol 5 LS o
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Table 3. Selected properties of tea biomass and biochar

value Unit Property value Unit Property
Biochar Tea Biomass
60.79 % C 44.37 % C
2.67 % H 5.67 % H
2.99 % N 2.08 % N
34.71 % oC 38.61 % oC
142 % N 1.306 % N
0.1 % P 0.17 % P
0.325 % K 0.33 % K
0.69 % Ca 0.77 % Ca
0.09 % Mg 0.093 % Mg
33.1 mg kg * Zn 40.6 mg kg * Zn
584 mg kg * Mn 518 mg kg * Mn
26 mg kg * Cu 26.8 mg kg * Cu
15.74  Cmolc kg? CEC 14.99 Cmolc kg? CEC
5.89 - pH 5.92 - pH
1.68 dS/m EC 171 dS/m EC
384 % s Sls
18 % s

AT 6105756 51 U8 (FESEM) (g (59 A1 2959 50 295w3 a0 LT (o) 5

Lg Q‘J.} c»:d )‘ &S ol L;‘°'>}; E'..Lq& 9 r.ld.ﬂb ‘_;)L'}Lﬂ skasOlic ) J§."~ B (A) L;l? ob}i'sl‘w.‘ij L,;.»:L.Jml.:;g_)
slaad b jod,s Slyd s s (Lehmann and Joseph, 2015) ol oid 1S5 Colo Gans T 5 plitel I
A Gl T o g 6 el 03 5 e s Sl Sy 55 D3 LS s el
LS":'L &S Loen Lg‘c)'bg'),:f FESEC %Aa& J’i}"‘; BE) oldodalin CJ.B 9 Jl> .(Yang et al., 2007) Sl wji )‘J.; JAK
Downie et al., ) -b}.&gu ) L;‘cJSQ))J @5‘} J:r.l:r.'f E) ..\.vau.a cl.:f L?‘}'L“ Ls‘)"‘ 9 g)l:.“ éﬂs &‘)T J‘
o525 gl (613 b 03 5§ & a0 OLES aBliann 5 Jouluze i 555 5 Sly3 o300 0555 S (2009
9 aid (65 gdoee  pelaw Lo Clab /\I}w sl & cp! (Mukherjee and Zimmerman, 2013) Col oS /L,w
B L}Q../ (Keiluweit et al., 2010) 5,05 1 3 Jsho con 5 Fobo Lo HILLL JT OS5 b s iy 0T s,
4 S o) il FUW (b 5 50ST|e (65lle (Glls oSl (gl 035 a5 3l 0k o Sl 4 Lo g e
(Libra et al.,, 2011) Coul Lo o 5l gy pebas 2 51305871 Jule Glros § 0Ll 3L 5 Sy, T glajlis e LS5
3 o b RS a6l Sl s VU Jeily ¢ SEM slai s sdbodalie S5l sn sKeal 5 o (55
5 JonS 95 (S syds Lh lsle (glaes § .(Zhao et al., 2013) das o Oli5 |y Caltbes juolie 5 Laiy ool
S b 5 (e S ST I (oepr B Sleon Bl s e Ol S TR (b S JS S
eldodalie é_}}]ﬁ)}n 9 b=l 6“;}1) ez 3 .(Funke and Ziegler, 2010) "L"SLSA Wlosle oyl u.o\>
5 &S POl a1 g5yslST 5 (damean ) s )5 (sl clin (slosle Wil el gy S s e Ol
(Libraetal, 2011) asb Sl3b 5 olie wle o,lugS bl il
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Figure 1- FESEM image of tea biomass samples (A), tea biochar (B) before iron loading.

BT (6105 5L 31 8 (FTIR) 30 8 398k gow iub sJGT
oS sl a FRFem T Al s el sdalin g b sl Gl 03 5w 4 by e S (A) Y JSKE a5 L
Sl 4 by e YAYs 5 YAD: om el g5 53 edd edalie ¢S e 3405 Gl S 5ok sle glaes §
il e sl Jble 53 3 e &K 5 0 S gk Slae o odins Ol 5 03 SGLIT C-H gladki g 528
Gl o5 8 5 sim oS diea C-H 5 COO™ sle slaos 5 a0 Ly o 1P+ -V FOrom™ b ok odaline (slactil
23 ok 3ol G S o a3 g I3l b b (s sl 5 das e O 1) gk 5 2SS Sl slaes S 5 T
3388 das e Ol 1y b, L s bl da SN p2 C-0-C 5 C-0 (sladise byl Veoe=V Ve vom ™ as
33 ShnS gydn sle slaoy S 2iS” bl (Lehmann and Joseph, 2015) &,ls g b Jii T oodo
5 me JeeS s glros S Lais odias OLis &7 ol oalice LB 5 gia YPYY om™! o5 5ues 45 (B) & il Sl s
55 C-H e, (ppolito et al., 2020) L ls wlul [25 b0y 5 T woda s ey 8 pl ol 35,0 ol
oy Sl )5 STIT slaog 5o Kby & ol 4Bl 28l 0T Sodd 5 0dd bl oS YAYO-YABD 03 5ous
Sl 4 by IV em! s s g8 ¢S (Keiluweit et al., 2010) wab o 55 5 S0 &Sy, T Sl
Cad b )3 1) e LB 5 Sl s 2l 5 ¢SS 50 S ladn] LS5 oiins 0lis & ol (o S) C=H _iis
Verr—om! 5 VP -V FO om! slatl (Coates, 2006) 5,05 o T sl odd 18 HL Sl36 L ol 5 55518 dals
J Sn s glie ule Ol aw SAS o Aol 1 COO- usle oebaun Sl5 35S Slaog S 5 guim V)00
9355 on odalive 58T O 0S| Wsy | s L O —Frrem T 4t 53 Cams AL (Tan et al, 2015) 545

(Xuetal,2013)ML:&LS:TC‘JLU‘J:I))M.auWJlg-ﬂéjJ&T&jﬁéJ‘ng.Jilf
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Figure 2. FTIR spectra of tea biomass samples (A) and biochar (B), before iron loading.
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S5 (S 3 LS (0l 55T 0L s (Jool SIS (P gutor) Waosls uills 42 ml @ 4 5 b ool 0 aT Y
N3sine deoy3 ) o 3DTPA 1 (6,8 e jluae b aT Gl las S (ST 5 )18 55 0 gl oS3 Ol lice
JoB T Cble ol 58) o5, T 095 Jsb 5o iuleiT sbasles O S8 e 50 Jodor a4 5 b din g
¥ Sl 3 Sl kS gy e 50 Jgda 53 ST O sl SIS Jol> il male Jow 6 DTPA L | el
Dl e 533005 )5 0l ST OLes Sode 5 5Lt 5 53U St ) Szl LB T (gl o8 das o 0L
23 oy ¥/) sl el ¥ Olej s dals 4 S DTPA L 2l szl LS 2T il ¢ (BI10) (o T et 5L
33 el 3l ol ol il s 3 ¥ Ol e 4 (Sl VY ) (35l 5S5H 0553 OLL )3 5 Ao 3 WY 5 5u sl ¥E
e (5 2 30w o3 AY 5OA AY/D 5 VY s ¥8e O gla Oloj s dals 4 i (Seql0) o i s e
S s5wen (Lucena., 2003) Lo laasil Lo s BB o3 53 0T Lo s jlul ONS &S Olsie 4 o 2 5S
Q_lll_z..\_:J\.su.ajjj_lf:a_gwl.“a-6\.&5\:‘-JJ&Té)\dig&lﬁljgjjﬂjwéj\ﬂ Iy &y SIS &S 5505
YL s eSS L e 3ol o o s e 0L (BIT0) (aT b outs 85k Sl s 5Tt po 5 Shes ol
Joseph et ) LS o (5,8 ol OT oo gy 3l 5038 Lo 0i y313T (slag 3 55 15 oo T ¢ oeba ale Sy S
2T L Wlansl g cdals Ll 5 CoMst ¢ 53953l 310 45 Sl OT Sl bayles 3 ol 31 Ly op ! (al, 2021
S35 5 0L 5 (Demirkaya et al., 2021) LIS e .dias W)l O saul 5551 0593 Jsb 55 1) STl Jgloa o
wns ol als b deslin )3 (6ol e ssbas 1y | el LB 8T Ol L5 oo 8T Lo 28 5l 50 o7 Liles S
5 dled ok 835 )1 Jsas aT Lo oo gl 50 45 5 S 0L (Hu et al., 2023) 0,8 5 58 ¢ pwoman
oTﬁméﬂfkuj@,ﬂ%z;\,numx5\5);\,6}5,&\;9@\.%”\;;).u\,:g‘vw;\.;gtp@
3y 53 AT ol s §5 GALT B 53 i ol g 3,08 45 L3 S ST (Yuan et al., 2024) o) Kes
s el 2 b g o 300 (bl g0 25 kil 53 E Sl (6 1y g s chmS 3 5 0l
das o OLE Y JSCo ¢p sazmn 53 il (ST (slacSTlr 55 aT 5508 o pite 6l DIl (K1) Ol e la T
EMS YU (gl i ol Il s Jos ol ds, Seql0 jlast Sl Sslite lej Jsb 55 Hles aw by o5
=S5 O30T s &8 ol al il 53 0l ) dsb s ataaT &) 50 40 55 BII0 jles .(Lucena, 2003) 15 OLii |
595 adax 3l alie Slallas U baassl ool (Joseph et al., 2021) ol oa8T ow 55 5lesl3T 5 Sl s olosds
(Lucena, 2003) lw ) Slalllas opimman s oL (oS 55 oaT b oddpmdls (slaslo g 515 05k 53 (V) o,

@\WWK&T&MG{B))UAT&F}Q5)\.44.3_0)[.:)3

Table 4. Analysis of variance (ANOVA) for the effects of treatments on DTPA -extractable iron

Mean squares of DTPA extractable F df SAY
4.5%* 2 Incubation time

0.7** 2 soil Fe application

4.2%* 4 Incubation time x soil Fe application

18 Error

7.43 Ccv

** Indicates significance at the 1% probability level.
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Table 5. Comparison of treatment means for DTPA-extractable Fe

DTPA extractable Fe (mg kg?) Soil application Abbreviation of treatments  (Time)
3.2¢ef Control c -
3.3e Fe- Bl (10 mg kg?) BI10
3.6d Sequstrin(10 mg kg-1) Seq10
3.1f Control C °
3.5de Fe- Bl (10 mg kg™?) BI10 e
4.9b Sequstrin(10 mg kg-1) Seq10

3f Control C o
3.9c Fe- Bl (10 mg kg™?) Bllo N
5.9a Sequstrin(10 mg kg-1) Seqio

BI: Biochar Injection, Seq: Sequestrine. C: Control
— C
6.0 1
5da BI10
S 1
T 50 43" Sq10
£ T
8
c 39¢
8 40 T
g 3.6 T3.5 de L
= 3. 1
e)
% 3.0 1 %_2ef 3.Jif —_LT 3f
s
%
C 20
I 3 360 720
= Time
)

Figure 3. Changes in DTPA-extractable iron during the 30-day incubation period
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S8 55 e b eyl ol (sl 5 Sole duslie 5 il s 4w 4 by e b L5 (5o WIDTPA s e &S
Wl 0l oy 91 V
2198 Pl g5 oal

3,08 5 Hudslove plise D1 imen 5 (ST 3,87 (3 e ST dgkr) (lls 425 Do gl ol
b st sbnn 5 AT (ST 5,08 (Y ptr) bl amglle Jpdr 40 5 b lin g Ll sime oy &S5 o 53 ST
35 Sl |y gy ot ol 53 ol S5 5 il o8 ol gn phl s oaT S B 5 (5 2B 53 AEDTA
e 3 gidous 0 in30LE & b staliie p S AS 0 8 e VP L 1 SIBIWF [l s gls ol 0aT jlie oy 28
ool ol ESE Jgloes 13 Fe? 05 Slad o ST (glacSTl 553l 5 2 5u,>wT;ycu4§~;d|6@l;,ng
4 2lo ol AT Jtis SSBIWF 5l 5> (Abbaszadeh et al,, 2020) 555 o 4orlsn AT 3508 b ol a3 5 ol
3al3T 3 36 Pl 2130l s O3S 2131 o3 WF/F e dals g S 55 0 S8 0 5 Lo 159/
3ot 5 05 o SR L LIS o Sl ol pie al 4 alyy (g ped (51 ki (L Sl ) AT (08
Calg 03 4 das R 5 ) adsy Lo e diS NS LS 5 5 5 ST (lapdl s Son Sleb (5 sz il
A fo‘:?ﬂ D? koo YA & ol g2 ol aT Jltie SBIWF jles > (Joseph et al., 2021) 45" o Joged 15 (8T -

roki (S5 AT e [l oS das e Ol a5 BB il ol ol OLES 2l Aoy VYY/Y ltie s 4 S oS
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(Yuan etal., 2024) Wb o 2153 T (glaks ) Codom don 53 50l ST Jglone 53 T B w36 2l 31 sl o 50
s SSSCAWF s 53 15 ol (AT Jltde s adalice olgm ol aT )3 g 5 BB (2l 55 2 e S0 slasled
WE) 0 S8 505 ko YV+ 4 S10SAWF Lo 53 5 (ks 4 o iyl 3l oy PYY slaa) p S AS 10 8 e Y10
30l &5 ST s QU B 5 Jgloe 3 3 1y AT 15 on (AT SIS o ol OT L2l 31 ol e 3 (Ll 31 Ao s
(Alvarez-Fernandez et al., 2021) Wb o 2ol 3l o T (glads ) o ames 53 S (6,8 gl I slonsl LS 5 4 OT o5
ol AT Jlie SBIEF jlog s s odalie lsn pldl 08T 55 (6 2 o3 FEEDTA (5bd sloue sl)ls slasles 53
AT 3550 ol AT (3L gl 15l OLE I3 o3 FO/Y e dald 4 Comi 457 50 p S AS 50 8 (o VAW s
AT (b5 o b (ST (SlaSTl 55 (slady ) oo Sy s g 5 358 Sl &5y slasi gy 5 JST S b Lo
& S o LS odaliin p SULS 10 8 La WYY il SIOBIEF Sl 53 glsm o) 58T jlde oy 2 (Sun etal, 2022) b
Fe-EDTA ol gous 5 AT Lokt (658, Jor s o (o led S5 adins il dongts oyl 313 LS Ao y3 \OF/A e dals
‘e@‘ﬂ(‘v\i‘ﬁ&TC«W%ﬁjéﬁﬁ@@Eﬁ&T&‘fj.&kj‘&ﬁ@,)éikJ‘ﬁ°L:?Jﬂi‘ﬂ¢::‘)>‘xj‘~l~—~‘
53 ki stalie g g BB BBl 55 abd e Lol r o e S (gla e 55 (Joseph et al, 2021) vy o ST
crl 313 0L 31 o3 VPP/A ke dals 4 S 48 3 0 S AST 50 8 (Lo ¥VY glsm ol 8T e S10SeQEF Lo
frome 53 & Ll sl Gy b 51 AT e Sl 5 NS a5 ST s b 8T Olejen el Haw 2131
& L35 b)) F(Abbaszadeh et al, 2020) O,5an 5 o> o3l ole (355 » ol Glaodis Coriy 55 sl
5O o SAT S 53085 olgm ol aT Kt 231 Eoly g5 slasle Lol yon FEEDTA 34 slove
A0 b aT Se3 )L oS 5L (S &y pon FEDTA 5465, o8 Wisls 0l 55 (Joseph et al,, 2021) o )8ea
35T 3 o sy laphl 53 OT o 5 2131 5 8T Gl 5 5 o g0 8T b o)1l Sl g 5 3L 2l 3
255 s ikl AT bk 5 S el S 5 S s ST U s (Alvarez-Fernandez., 2021) .t
Sl ST S Lyl 5 53 (gl dis 0 g0
& 93 DTPA b -l sl BB -yaT

3,08 5 (Al hoe flite DI e 5 (ST 5,8 (2l slees DI ST F Jgd) s 4 dsder S bl
AT 31 013 b Sk dglie s ¢V il 4 4o 5 b iy )13 e 33 S o 53 DTPA L ol ezl L6 8T 5 ST
Ji\sz,\,uﬁ5;uow@u.af,‘;gTwKﬂ,)&T@U,_:‘\:@_n:;udu)ug,mfuuum&u
0SS 105 ke O/FAG YA 1y FEEDTA b gbons 5 o o sSn lrgy Cibne (sl 3 o STl oslic
Sl 45 odalie SBIWF s 53 oSS 1 05 e WA o Sb aslinal BB (T e o 28 55 ke
;p@d}wuéuwuuw,,Ma,y@&TGﬂg}wc&wng o5l SaT S )3 AT Cy s sulons
Oles o rf}kﬁj (Jf ks Y/OF & oS a5l 53 (Alvarez-Fernandez., 2021) 35k g0 3 gda | ol ol b b
g S 008 WS b SAS 50 8 e 0 CBIE L Sl sy aT IEL 4 5y I Ao )3 VY S SSBIWF
S 358 ST ST goea 3,15 e sy 5035 Lk Lol ST STy 51 s 1y AT 31 gty Sl il 5 ¢ 2y T
(Hu etal., 2023) 5 53 g0 OT o o gy o &7 ol Jlor g 5 5 JouS 557 (b0 § 40 8T oelans Sl sl o 5
2 P e S T odimsilss als 4 ol 131 o3 VWA Ly 55 S0SEOEF [las 43 p S S 10 8 e Y08 ke
S T Sl A8 o ST 5l 1y o WS e T (gsdand 1,5 s 50beS 1 5 0wl &S s o Ole 3L
YVIVUSEBIEF jlas ;3 0 S S 105 (o YA 5 (2l 31 Ao ys Y971 L SIOBIWF [lag 55 0 SAS 05 e ¥/ &
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2> S JoS 2B oman 5 3 0AT Sl 51 8T (S3lasliT S 330 GBI Kl dals 4 S 1
IS w1y T (T Leds g 8L (glajlr s &7 dias oo 0Lt Slalllas .l sitnd 3 b 5 STl w4 T 55,5 215
/¥ L SsSEqWF ile o s s (53l (slasles .(Yuan et al., 2024) LS o 3157 (6 jduns 35 daes 55 (55 J>= b6 5 5l
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Table 6. Analysis of variance (ANOVA) for the effects of treatments on iron concentration in plants

and soil
Mean squares of Soil available Fe Mean squares of Total aerial Fe df S.V
2.5%* 64108** 1 foliar spraying
3.04** 14708.8** 2 Soil application
006** 4586.6** 2 foliar spraying x soil application
12 Error
6.87 3.43 CcVv

** indicate significant at 1 probability levels respectivel.
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Table 7. Comparison of treatment means for iron concentration in plants and soil.

Soil available Fe (mg kg'soil) Aerial Fe (mg kg''dm) Soil application Abbreviation of treatments Foliar spraying
3.18; 126j BI (0 mg kg™") SoBIWF =
3.54gh 169.3%h BI (5 mg kg™) SsBIWF 2
4.01f 280c BI (10 mg kg™) S1oBIWF _E
3.215j 130ij Seq (0 mg kg™ SoSeqWF =
4.4de 205f Seq (5 mg kg™ SsSeqWF =
4.55¢d 270cd Seq (10 mg kg™) S10SeqWF A
3.251 131i BI (0 mg kg™) SoBIEF =4
4.38e 183¢g BI (5 mg kg™) SsBIEF é S
5.49a 321a BI (10 mg kg) S1oBIEF 2 =
3.59¢ 220e Seq (0 mg kg™ SoSeqEF E g
4.59¢ 231d Seq (5 mg kg™ SsSeqEF )
4.92b 311b Seq (10 mg kg™) S10SeqEF i

BI: Biochar Injection, Seq: Sequestrine, WF: Water Foliar application.EF: EDTA-Fe Foliar application
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