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Abstract

Low nutrient and organic matter (OM) contents in reclaimed agricultural soils can hinder crop
growth, making it essential to improve the chemical characteristics of reclaimed agricultural
soil to maintain crop productivity. Poultry manure (PM) can effectively supply nutrient con-
tent by its high nitrogen (N) and phosphorus (P) concentrations, while leads to environmental
issues, including odor and greenhouse gas emissions, by improper pre-treatment. This study
aimed to evaluate the effect of PM-based biochar containing the varying rate of rice husk on
soil improvement in reclaimed agricultural land. Soil samples were collected from the Sae-
mangeum reclaimed land, and biochars were produced using PM as the primary ingreidient,
with different proportions (i.e., 0, 10, 30, 50, 70, 90, and 100%) of rice husk. All biochar samples
were pyrolyzed at 350°C for 1 h. Chemical characteristics of biochar showed that increasing
the proportion of rice husk decreased the pH electrical conductivity, and nutrient (N, K0,
Ca0, and Mg0) contents, while carbon and OM contents increased. Regarding soil improve-
ment, the nutrient and OM contents significantly increased when biochar was applied at a rate
of 5.0 Mg- ha™ or more. Lettuce yield increased as the biochar application rate increased and
the rice husk ratio in the PM-based biochar decreased, with the highest yield (33.52 Mg-ha™)
observed in reclaimed soil treated with 10.0 Mg- ha™ of PM-based biochar without rice husk.
Therefore, to improve soil nutrient content, minimizing the rice husk proportion in the PM-
based biochar was most effective, while OM improvement was enhanced with increasing rice
husk ratios.
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| 7]& A =7k 7H5A](F 32,000 ha)Q] 2F 29.5%E XFA|SHE AjRtE 7F7<4in = 57Fke
23U FE2AFES =o7] Aol & AE2S Aot e & o Hk Qlov, W2 i, f71E, 1 7
O & Ql5|| W ZHE 0] AYAkA B 7} o] 2|2 Al o|CH Wijeysingha et al., 2023). EPEW = #gﬂﬂg?} 22
A= itz ol 7Hs e AT TH e 2] 9] W i R {715 ST R BRE S 7iAds ] fIg Aot
st
74E AR Al EAShE 7R e AAN), AKP.0s), 1] 3L BHAC)7} oA EAfisto] A R-ollM=
]

Kang etal., 2024b). UM = 5U& 52| 02 Z/JH Meka 75217} ofofl &5, Ajrtg: 7H 52 132023
A
/\

F2 E|-Hu| 2 Z8 5|71 QITHLee et al.,, 2024b). 53|, A2 Th2 7IE B R B} 52 FEIFS HRstal 9lo]
FE I THo| il A A ATh(Lee et al., 2024a). SHA|RE 52 HA] ZhAsof of 3 9l R A7EAO] B 5

02 9l5f| X3 AL, 7142 o83 7t E L v} T Q5 H(Kang et al., 2022; Jeon et al., 2024). HFo] 2%}
(biochar)= 77178 2He& X184 0 2 &8 4= Q= 71& F shUE, 5 Hulet e 124 QFg o] Holut
EF oM &AE HE 718 0 2 A2 A]Z 4= QITHChun et al., 2022a; Kang et al., 2023a, 2023b, 2023c; Lee et al.,
2024a). EYol| 22| Hjo] 22 }= =2 ﬁ@?ﬁ,;} 0| M| 228 0] 85t0] RS TATE 4 9lom EQF U ol
2t 83K (cation exchange capacity, CEC)Zt 42 H-5-8& 7]A510] 5AYAI-S FHAIZ 4= JthKang et al.,
2023d; Lee et al., 2023). EF U} Hlo] 22} 243101] w2 EoF A J|A ke o Maioito| X B v 9o,
Hlo] @x}o] Az A7, Bs) 274, i Sof e} a7 2% th2 A ZAFE] JQTHChun et al., 2022b; Park et al.,
2022). B3, 7152 Hio] @2} A2 2Hg F 24 0 = AMRE= Al AR, &7, i HE 5)9 2ol 7ks
St & H| 5372 o] 1ol wla} 7hE-2 Hho] 3} Uof] Al &4 Y 5.9] E3HH| g0l uhE Hio] @xte] EqF 4
N &1+E H7Fsh= Zo] sttt

ufebA, & Aol A= AlRe] x| Eo] SVl et B Ul i HIS =7 S7tsto] A= ASo] 4E
Zlolgtal 7P S A5t o, o] S 9|5 AlE-S o]-&5to] Hlo| a} A F A, YA 0] £t 8-S Te] A5
o}, &5k A A 7Hd & Elstr] Qlolf &712] EqtH]Eo] thE Al Hio] @x}e] 31814 E4 ’ighE RIsIgle
o, o] & 7|Rko = AjThg- 7He 5 A Eofol x{2jate] wet EqFe] i R f7]= 74 aahE H7kskqith

Materials and Methods
NP

9J710] B8-S Dejsto] A3t AR Hlol 2.3 )7k 1HA] E e EAo vl x| Je Felstr] s Al

B 7121 5801 =R Astol AL Al Eo) AFg ATk Fig. 1), S A1 ] =4
(soil texture)S AFYF E(sandy loam) 2 E-F5| 1 O U Halj(sand) T&Fo] ot & B-f2jo] Y2 Zlo] EXJoltt &
T2 AEZ(5-20 cm)= Vo2 AFH I o, |72 o] 24 oll, 271 A7), HlEetAE 5)2 25 A7 st

o] 25 g Qlof| oJgt wekg x| Asloloitt. AF st B St 5 A H et F4 f2] =24 WollA] 3
F7h A125t0] $8-2 B AASIGOM, 2 mm of3h2 M B3] A AuAFol o) g3ic,
Hio| @ 2b= Al RS F Y EE AREoto] Axslon, AR S s FolA] 2] ElH] AR HoA dE
e = 7 5t0] ARSI S 2 ALol|A= Al o] 4 W] 2] S3H]E(0 - 100%)2 Yol = 275t
7] S1ll B2 AlBAl 22 Hu)aolx] fA7E GAE ARESIT 24H2te] A8 52 v dohe2of A 2327t
Z2B35] 228 2|45t &, Hlo|2x}o] A= YF Z 0] 2519t Hlo] 22 = Al W) A7} E5HE H| 8-S Talsio]
stainless steel barrel (@ 280 x 120 mm)} electrical furnace (Lindberg/Blue M™ 1,100°C Lab Box Furnace, Thermo
Fisher Scientific Inc., USA)2 A| 25} 0, & 25 2= o} AJ7H2 712+ 350°Ce} 1.0A]7He. 2 25 5USHA| X
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STk AR U] 979] 23 1| goj wle} vio| o 42 B& 2 st A= Table 101 UERAZITE

35.834233,126.698501

L ] " ¢

35.817871,126.718972
35.820527,126.687753 2

Fig. 1. Overview of the soil samping points in Seamangeum reclaimed soils of South Korea. Locations of the
sampling points are shown as yellow dots.

Table 1. Summary of brief description and abbreviation of poultry manure-based biochar containing the var-
ying rate of rice husk.

Mixing ratio of (w-w)

Abbreviation Full name
Chicken manure Rice husk

PM;oRH, 100.0 0.0 Poultry manure (100%)-based biochar containing 0% of rice husk
PMyRH, 90.0 10.0 Poultry manure (90%)-based biochar containing 10% of rice husk
PM7RH; 70.0 30.0 Poultry manure (70%)-based biochar containing 30% of rice husk
PM;sRH;s 50.0 50.0 Poultry manure (50%)-based biochar containing 50% of rice husk
PM;RH; 30.0 70.0 Poultry manure (30%)-based biochar containing 70% of rice husk
PM,RHy 10.0 90.0 Poultry manure (10%)-based biochar containing 90% of rice husk
PMoRH; 0.0 100.0 Poultry manure (0%)-based biochar containing 100% of rice husk

PMxxRHyy, poultry manure (XX%)-based biochar containing YY% of rice husk.

AE S R A

ANAdF(Lactuca sativa L. ssp. Jeogchima) B H-S SHHsty A g 2Fetcist U H4 f-2]-240 4
2024 08 03YHE] 09 07L7HA] & 3597 AAIGI 01, ZHE-2 1-5,000 a” =7]2] Wagner pot (Kenis, Japan)
£ o853l & Aol A= AL Hlg-S Dot Al vio] @xe] JFFS AT o = vw Y HAESL] 9|5 A
PATSoNM F2 AYH AAGFE ol &olieh 7] 3t go| e EG U = B/ Y et A axt
zto| & B7kst7] {18l A2l = F 9702 F/d5k 2™, Hio] @ xk2] X 2] (1.0 Mg-ha™, 5.0 Mg-ha, 10.0 Mg-ha'')
of] whe} Table 22} Zo] Al 235l ct. 77| 8H| 5 5S35l AR AJAdF20] AlH| A7 |E(N-P,Os-
K50 =200-59-128 kg-ha™)°ll F5}o] 2] 2J5FATHNAAS, 2022). K3, H| 8 Aol whg 2H22] g5 oS A5t
7] sl A5 713 F 5 280l AAH BAISHR o, el o|F o] P 7| Tsto] = Al 717t 5
23] AA5HI
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Table 2. Summary of experimental setup for evaluating the effect of poultry manure-based biochar on recla-
imed soil properties.

Biochar application rate

Biochar type

1.0 Mg-ha™! 5.0 Mg-ha 10.0 Mg-ha™
PM,oRHp PM;oRHy-1 PM,0RHp-5 PM;oRHy-10
PMoRH; PMyRH;-1 PMoRH;-5 PMyRH;-10
PM;RH; PM;RH;-1 PM;RH3-5 PM;RH;-10
PM;sRH;s PM;sRHs-1 PM;sRHs-5 PM;sRH;s-10
PM;RH; PM;RH7-1 PM;RH7-5 PM;RH7-10
PM,;RH,¢ PM;RH,-1 PM,RHo-5 PM;RHy-10
PMRH;o PMoRH;o-1 PMoRH;¢-5 PMoRH;(-10

PMxxRHyy, poultry manure (XX%)-based biochar containing YY% of rice husk.

ENPTENEREL

Al o] B2 HISA|(hydrometer)H S 0|85 E&l(sand), B]AKGsilt), 123 A E(clay) S 2H2 Al
Abslgl o Zbzko] stk EA BERE 7|20 2 soil texture S Z2A5H T EFS] pHE} electrical conductivity
(EC)= 42 Al A ES 7L distilled water (DW) S 1: 5 (w-v)2] B &2 &35 & AFZolS t)/2 2 Benchtop
Meter with pH and EC (ORION™ Versa Star Pro™, Thermo Fisher Scientific Inc., USA)Z 2135} th £ W total
carbon (T-C) ! total nitrogen (T-N) 2 elemental analyzer (CHNS828, Leco Corporation, USA)= ©]-&5}0] H7F
5t o, T-C B4 Zhol] A 4(1.724) 5 35+ organic matter (OM) S-S AlASHA T EF U available nitro-
gen (avall N) T2 240 27]elf JEfQ! NH, "2 NO5 ] $FS- Indophenol blueH T} BrucineHH 0 2 Z}z} A4k
3 gtalo] AlAksE o H, A ol+= UV/Vis-spectrophotometer (GENESYS 50, Thermo Fisher Scientific Inc., USA)
= 0]35 2tt. E%F available phosphorus (avail. P) -2 Lancastert]& ©|- 85t EFS At 8io 2 &35S,
UV/Vis-spectrophotometer 2 %51 th EYF U] 2|8 Fol-2(exchangeable cations, Ca>’, K, Mg*", Na") &2
1.0 N ammonium acetate (NH;OA)Z H &39S, 215319 inductively coupled plasma-optical emission spectrometer
(ICP-OES, iCAP Pro, Thermo Fisher Scientific Inc., USA)Z 2451t}

Hfo] @ 2}0] pHO}F ECE= Al522F DWE 1: 10 (w-v) 2] HIEZ BA5191 o, vlo] 22} W & 5= (salt concent-
ration, Salt Con.)=Na'2} CI' g2 2+ ICP-OES e} AR R 0 2 BA5to] 71y W2 3FE ARSIt Hio| 2
ZF2e] OM $HF2 35S 0]85}9] electrical furnace® A5 0.1, 7+ AA(C, H, N, 0)2] T=F2 elemental
analyzer2 &5t 1.5, T-C, total hydrogen (T-H), 12| total oxygen (T-0) gFFs £A1$H A3}=H : C ratio,
O : C ratio, 1831 (O+N) : C ratioS Z2735}7] I8l ARE-E Stk Hio] @2} U] B7]24(K,0, Ca0, MgO, Na,0)1}
F24 8%(As, Cd, He, Pb, Cr, Cu, Ni, Zn)2] 922 AL THI4A, 210 A4S o] B3fo] AR S ol ohg
402 [CP-OES 2} 42 £417](DMA-80, Milestone, Italy) 2 7511t

SAEA

£ A= 38E 3y AaE AAskl e, 7 X211t A1
Statistics version 26, IBM, USA)E- o]-8-5}o] 2A5}itt /-2]4d ol
95% A1 2|40l A AAI5H 21, Duncan®] multiple range testS ©]-&5H0] A S-S AAS }oﬂq
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Results and Discussion
AR L 27o| TEH|E H Hlo|2XIe| EM W}

Al Ul g7 2] £ 82 22sto] Al 25 Hio| 2x}e] 518H4] E/4d 5 413 A= Table 30| YEFUATE BE
o] x| pHE= Y7 2] £ &o] F71etol wet Haf fashs A2 Uil o, §AS B=2 2 o] g3t v}
0] @ XHPM,RH,0)2] pH7}pH 8.392 714 Wkt TESE PMRHy= pH 10,282 714 -2 pHE E-{3F1L Q1oL
PMoRH, (pH 10.23)2} &4 f-o|xh= Hol ] 99kt Hho] 2 4}9] EC= pHE}F F-ARE 332 UE]o PMRH,,
oA 2.82 dS'm™ 2 7P Wkon, o= EC7} 7Hd 52 PM,RH, (81.67 dSm™) 2T} 2F 20H] W 20| Qi) v}
0] 22} U Salt Con.2] 73, &712] &0l k2 {25k 2ol & UehiiA] gitou, AR W 47171 70% o1/
3] 912 woll= 71&:] B THnot detected, N.D.) 2.2 FAFE] AT, Hlo] 2 212] OM T2 PMRH; (1A 83.20%
2 7P =A 2=l o H, g9 Eqtulgo] 7hAagol whet xt F7kshe S eI Bho] @ & W T-C
2 T-H T2 OM T FAHA PMRH, 014 242} 53.62%%} 3.36% 2 71 w4 ZAFE| Q1o vo] @2} Ly
FA7F 2 B8] 10% S7 el Wt T-C2F T-HO 32 2F2.05%2H0.16%7F 576k i ek ol ek ¥t &2, T-N
T T-0 TFS B9 ZFHI ST 2(-) 9] JUUAIE Uetdio] PMRH 0114 242} 3.58%2F 21.95% 2 71 =7
ZAFE ek, £7]1 24 FHHK,0, Ca0, MgO, Na,0)2] 73-2, Hio] @ 2} U &7 2] E35H]g0] 2715t ula} A} 7+
43 S YeRHSl e, PM,RH 2 PMRH,, W K,0, CaO, MgO, Na,02] xto]= 212} 6.59HH, 16.25HH,
20.734H, 1) 31 33,5080 ATk

Table 3. Chemical characteristics of poultry manure-based biochar containing the varying rate of rice husk.

PH EC Salt con. oM T-C T-N T-H T-0 K.0 Ca0 MgO Na,0
(1:10,CaCly)  (dS'm™) (Wt%)

Biochar

PMjRHy 10.23+0.12a 81.67+1.88a 0.01 +£0.00a 50.22+0.83f 32.37+0.54¢ 3.58+0.23a 1.81+0.07f 21.95+0.42a 4.68+0.14a 585+0.03a 3.11+0.03a 0.67+0.03a
PMyRH;, 10.28+0.00a 76.93+1.93b 0.01 +£0.00a 52.60 +0.87f 33.90+0.56e 3.27+0.14b 1.92+0.07f 20.45+1.35a 3.86+0.44b 5.67+0.10b 2.72+0.34b 0.55+0.06ab
PM;RH;  10.07+0.01b  63.86+2.12¢ 0.01 £0.00a 56.97+1.0le 36.72+£0.65d 2.97+0.10c 2.11+0.04e 16.35+0.52b 3.64 +0.39bc 5.39+0.22bc 2.26 £ 0.37c 0.50 + 0.05b
PM;sRHs 9.78 £0.07c 47.45+1.43d 0.01+0.00a 65.34£0.19d 42.11+0.12¢ 2.59+0.04d 2.53+0.02d 14.19+0.76c 3.22+0.17c 528 +0.07c 2.15+0.10cd 0.45+ 0.04c
PM;RH; 9.65+0.03d 3594+2.11e N.D. 75.47+0.85c 48.64+0.54b 1.82+0.08¢ 2.96+0.03¢c 12.60+0.41d 1.83+0.18d 3.63+0.32d 0.96+0.08¢ 0.24 +0.04d
PM;RHy 9.27+0.02¢ 14.23 + 0.54f N.D. 80.34+0.70b 51.78 +0.45a 1.15+0.01f 3.16+0.04b 12.48+0.15d 1.01 £0.12¢ 2.48+0.7le 0.39+0.11f 0.03+0.03¢
PMRHjo  8.39+0.03f 2.82+0.04g N.D. 83.20+0.28a 53.62+0.18a 0.76+0.00g 3.36+0.0la 10.69+0.18¢ 0.71 £0.03f 0.36+0.04f 0.15+0.02f 0.02+0.02¢

p-value Hok ok ok ok sk * * ok sk Hokok * sk

PMxxRHyy. poultry manure (XX%)-based biochar containing YY% of rice husk.

EC, electrical conductivity; Salt con., salt concentration; OM, organic matter; T-C, total carbon; T-N, total nitrogen; T-H, total hydrogen; T-O, total oxygen, N.D., not detected.
a - g: Within each column values followed by the same small letters are not significantly different at p < 0.05, using Duncan’s multiple range test (n = 3).

*, ** and *** were denote the statistically significant differences at significant level p <0.05, p <0.01, and p < 0.001, respectively, based on Duncan’s multiple range test.

H}o| @ 2}2] H : C ratio= HFo] 22}2] QYA (aromaticity)= LFEF M, O : C ratio & (O+N) : C ratio+= H}o] 22}
9] 24 (polarity) S LFEFU= A E &2 AR EITHKang et al., 2024a). ZU] B] 22472 Aol A= H : Cratio?t O : C
ratioE ZF2+0.70+0.40 P]RHO. 2 AASHE S WA 0f QITHKLIC, 2024). & Aol A 23k HRo] 221= 9742
E3H|go] Z7Fgol whet H: € Bl&o] S7F5t3lom, 47 9] E3H]&0] 50% o4 ul, H : C ratio”} 0.70 °]/
© 2 ZAME]ITK Table 4). B| 234 H2 AFHFo] 2219] H : C ratio= 0.70 B|THO 2 34511 9lo] A& o] 2.2}
W L= 50% n|gho 2 5519w, ARgo] 753t 2 0 & whekEct uio] 2k0] O : C ratio A 23} 0: C
ratio= H : C ratio2} /HHe B2 et oW, FAE 30% oS3t W, 7]5%1(0.40 B Thol| F2tetad
q Ho] @2} U] 9] T3] 8o o2 224 31ef W32 2 A} A= Table 50] LFERA ve} 2T}, 2 ¢dtojl A

34 8% 5 Cd, Hg, Cr, 13 Ni g2 25 AE5H n|Rhe 2 AR Qlom, AsetPb 32 Y50 23]
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£of| ik [F-2J3t 2ol & et A] 2UTt Hio] 22} Ul Cugl zn T2 71 2] &g &ol et Hx} daste 4
S e o, FA7H100% S8 PMRH; 0914 ZH2F0.02 mg-kg' 2t 0.62 mg kg &2 A= Q{t,

Table 4. Aromaticity and polarity indices of poultry manure-based biochar containing the varying rate of rice

husk.

Biochar H: C ratio O : Cratio (O+N) : C ratio
PM,,RH, 0.67 +£0.02b 0.51 +0.02a 0.60+0.01a
PMgRH;, 0.68 +0.01b 0.45+0.04a 0.54 +0.04b
PM;RH; 0.68 + 0.00b 0.33+0.01b 0.40+0.01c
PM;sRHs 0.72+0.01a 0.25+0.01¢ 0.31+0.01d
PM;RH; 0.73 £ 0.00a 0.19+ 0.00d 0.23 +0.00e
PM,RHy 0.73 £ 0.00a 0.18 £ 0.00d 0.20 +0.00e
PMyRH;, 0.75 +0.00a 0.15+0.00d 0.16 + 0.00e
p-Value kokck ks ok

PMxxRHyy, poultry manure (XX%)-based biochar containing Y'Y% of rice husk.

H : C ratio, amotic ratio of hydrogen and carbon; O : C ratio, atomic ratio of oxygen and carbon; (O+N) : C ratio, atomic ratio of
nitrogen, oxygen, and carbon.

a - e: Within each column values followed by the same small letters are not significantly different at p < 0.05, using Duncan’s
multiple range test (n = 3).

** and *** were denote the statistically significant differences at significant level p <0.01 and p <0.001, respectively, based on
Duncan’s multiple range test.

Table 5. Heavy metal concentrations of poultry manure-based biochar containing the varying rate of rice

husk.

. As Cd Hg Pb Cr Cu Ni Zn
Biochar

(mgkg")

PM;)RHy, 0.02+0.01a N.D. N.D. 0.02 £0.00a N.D. 1.09 £ 0.05a N.D. 9.67+0.39a
PMyRH; 0.02 +0.00a N.D. N.D. 0.02+0.01a N.D. 0.90 £ 0.16ab N.D. 8.11+1.21ab
PM;RH; 0.01 +£0.00a N.D. N.D. 0.02 £0.00a N.D. 0.82 +0.03b N.D. 7.25+0.53b
PM;sRH;5 0.01 +£0.00a N.D. N.D. 0.01 £0.00a N.D. 0.68 = 0.06¢ N.D. 6.15+0.37c
PM;RHj5 0.02+0.01a N.D. N.D. 0.01 £0.00a N.D. 0.29+0.02d N.D. 2.98 +0.32d
PM;RH, 0.01 +£0.00a N.D. N.D. 0.01 £0.00a N.D. 0.08 £0.03¢ N.D. 1.23+0.28e
PM(RH;, 0.01 £0.01a N.D. N.D. 0.01 £0.00a N.D. 0.02+0.01e N.D. 0.62 £+ 0.05f
p—Value &k k - - ksksk - k% - kk

PMxxRHyy, poultry manure (XX%)-based biochar containing YY% of rice husk.

N.D., not detected.

a - f: Within each column values followed by the same small letters are not significantly different at p < 0.05, using Duncan’s
multiple range test (n = 3).

** and *** were denote the statistically significant differences at significant level p < 0.01 and p <0.001, respectively, based on
Duncan’s multiple range test.

2| ol M= B34 AS 7S 7158k Bio] @ ake] WA 7E2 Ao H, = AdERl Ha
o] A4 e, RN EEESH) Y H 0, 5T P8 =, 2|31 ©8F 9P =(H : C ratio, O : C ratio)
= 7SI th(Table 6). & Aol A A2k Hio] @ 2h= ©40) 24 - fal/d 2] A SFE 7I1E2

0
N
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% HEESI oLy PMGRH; (H : C ratio, 0.68; O : C ratio, 0.33)5 #|2] ¢t th2 vHlo| @ ap= B9} MY = 7|2 S &
Z517] Fohs A0 & XA Q) o] St At AlRS THE O & 0] 85t0] 71E-E 1k Hio] @ af A 253 S w,
A 7|52 S5 ol A B4 Y Bt E5to] o dhS AJAFSHTE TS 2 A AutolM = A B Y98 F 9
S AHESH S molli=30%E E3ohe Aol 71E= e Hlo] @ xko] WA 71E-S SEAIA 4= S A 0 2 YEt]
Lee 5(2024a)2 F7 e} Al o]-8-5t0] Hio| @& ZH2t A| 2613 01, Al Ho] @ &p= ¥ 1] 71221 T-C
o] 30% B|TEC & FAFE| o] AA| F7 oA ARE-o] of ]2 HHH, &7 HEo] @ X b= =2 H : C ratio= Q15 HHA
7120 ESE3I3Y. o2t A8 A ks & Aol A ARG AR LAE 73 (ww ) H[ &R S35t
Azt WAl o] H oS YERRI

B

S

Table 6. Fertilizer process specification standard for livestock manure biochar.

Minimum amount of Maximum amount of . .
.. . Other specification
main ingredients hazardous substances
1. Carbon content > 30.0% 1. Arsenic (As) 45.0 mg-kg’ 1. Moisture content < 30.0%

2. Cadmium (Cd) 5.0 mg-kg™! 2. Salinity < 2.0%
3. Mercury (Hg) 2.0 mg-kg™! 3. Hydrochloric acid insoluble matter < 25.0%
4. Lead (Pb) 130.0 mg-kg 4. Carbonization stability (select one)
5. Chromium (Cr) 200.0 mg-kg - H/C molar ratio less than 0.7
6. Copper (Cu) 360.0 mg-kg! - O/C molar ratio less than 0.4

7. Nickel (Ni) 45.0 mg-kg!
8. Zinc (Zn) 900.0 mg-kg!

AiE L EAH2| gt E Hlo| 2} x{2]of| (2 £ 2feh tHa}

A3 Al & EqFe] skshA E4d HStE 2493 Z 3= Table 701 LFEFH AT A1E & EFC] pH= control
2}2] 7, only-urea ] 2] 7%, 18] 31 PMyRH, g2 #] 2] 2 2] 7HPMyRH;,-1, PMRHo-5, PMoRHo-10)0| A 25 Zh4s
319l om, 271 -8 S7F X 2]t only-urea <] 2] 7ol A pH 5.98 2 714 WA 7451t E G2 Hio] @ X} 2] 2] o]
a2} 2b7) o2 A3S LRIl o1, Hlo] @ 3FE 1.0 Mg-ha™! 423 EQFe] pHE= %717} 50% o] 6HE E3HE Hio]
Q215 gt wke} Z7151Qit) Hio] 2 2k2] 2] 2]ZFo] 5.0 Mg-ha '@} 10.0 Mg-ha™' Q1 73--0f|&= A E-0] 90% o] 4}
S o] 2415 2 E]5tele W, Al X EF(pH 6.51) T {2l 5HA] =0t AA/GS Al &, 2 A2t
A EFECE =7 371512, o]+ Hio] @x1e] A 2|5 F7te]l 7916k A o 2 YEpTh A2 W A9 &3t
H|&of| k2 EY EC HSHE Q15191 u), HFo] 242 1.0 Mg-ha 2 2] 23t EYollA= 2]2] 7 7+ -3-2J 5t 2}
& UERA] 29k, 5.0 Mg-ha' 2} 10.0 Mg-ha' & %] 2] 3t E oA = AR Wl F7A ] &0l 3715kl w2t
EGECE Za Zadhe A Ut ESF W T-C 3 ¥3F 2A} AL control %] 2], only-urea ]2, 1
231 HFo] @ ZFE- 1.0 Mg-ha™ ] 2|3t %] 2] Lol A= Al 7 EH(0.28%) 1} -2 $H 2Fo| & LFEFA] 2t O LY, Hlo]
QA5 5.0 Mg-ha'! o)/ 2] 2|$t EFol| A= 2] E3tu|go| F71ol| uet EY T-C e S7Fsi3ict 7H
=0 T.C T2 Bl X 2]7= PMRH, - 102 1.06%°] .21, o] = A|& A EUT} control 2] 7R} 2H2}3.79
vl e} 3,938 A ZARE ATt AAAAFE 2l 3 E9F U T-NTFOM $HF T-C SFFat GARH 432 Uehle
L, EFO T-N 2 Al W G 9] 3| &0l b2 |25k 20| & UEFNA] 2ttt E W Avail. N o] 73
9, Al 7 EU(54.48 mg-kg )T} control *] 2], only-urea 2] 2|7, HFO] 22HS- 1.0 Mg-ha! 2] 2]8H 2] 2] FLol|A] &
AR FAXFE UFERUIA] koLt HEo] 22HE 5.0 Mg-ha™ €} 10.0 Mg-ha' & 2| 2] 3t EFolA= fofstA| S7Fst
Aot B Ul Avail. P 32 ASS Al & BLE X 2| ol| A F716ll o, vho] @ 2} X 2| gt f(+) 2] Akt
AE U RATE T3, ESF Avail. P @2 A2 W 97 9] Zh]go] F715tol| uhet 7hAshe 43Fe UEtdof
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PM;(RH-10 #] 2|70l 4] 360.24 mg kg 2 7P =] A =]}, 218 Ca”' 1} K9] 2 Eoll X2t Ho]
L} A 2)gfo] w11, Al W G 9] ] go] FZ4E =%, PMiRH,-10 & 2] 7ol A 22} 3.94 cmol. kg
7} 1.13 emolo kg ! Q& 7P A ZAFEIUTE. T2uh, X2 Mg 2 Na™ SR A1E H EYFS X oto] BE A
2] tof| A SAIA fofgt xpo| & HolA] ettt

Hjo] @ 2} x{2jof| whE EF pH % T-C, OM T 74l ks B2 Aol A Hux|glom, ojz{gt 7iMd &
H= o] @ x1o] =2 pH U T-C Fego]] 7|Q15H= 21 0 2 22| QITHChun et al., 2022a; Kang et al., 2023a, 2024a;
Lee etal., 2023, 2024a). AA| 2, 2 Ao M EF 3512 Hio| @ x}o] E/Jo] w9 = o, YA &3
H|-go] ol iz o 2 Yo pHE H-{3FPMRH, (pH 8.39)5 2|23t EF-2 A g H EGEC AsH= HATS
YERQITE B3 T2 A3 Aol A= Ho] @ 312 & 2|l w2t ESF7iA a7t defrintal Basiglom, 2
Ao A= 2] 2]7Fo] 5.0 Mg-ha! 05191 ZZollA EF T-C, T-N, 18] 1L OM Tk Hlo| @3} 2] 2] -G-Fof w2
F-ol5t 2}o] E Ho|A] OFTH Chun et al., 2022b; Park et al., 2022, 2024; Kang et al., 2023b). 2 915Loj|A{=H}o| @
x} 2 2lof| whet EF W) (N, P,0s, Ca™*, K') &&Fo] 7HA =] %l om, o]2{gt Hsh= Hio] @ 2to] o] & g2+ EA4Jatt
pH 7iA1 g 3to]] 7]Q1gH K Kang et al., 2023a, 2023¢; Lee et al., 2023). Kang 5(2023a)2 ‘574 A] E Yol |2 ¥ H}o]
Qx}= EHO] E(-) Aots Boll 2445 ol 22 1T = oM, EF WK E Ca* TS SXAE STt B

15T Jeon 5(2024)0A = ES Ul i 3a= FH2E |7 /NFAE Aelohe B¢ ES W & Y

Table 7. Chemical properties of experimental soils affected by chicken manure-based biochar containing the

varying rate of rice husk.
Exchangeable cations

pH EC T-C T-N OM Avail. N Avail. P m - - -

Treatments (1:5,10) (@s-m) Ca K Mg? Na
(%) (mg-kg") (emolokg™)

Initial soil ~ 6.51+0.03g 0.28+0.02g 0.28+0.02h 0.09+0.00b 0.48+0.03h  54.48+3.83f  28.33+1.49j 1.86+£0.09i 0.91+0.04b 3.71+0.18a 0.18+0.00a
Control 6.11+0.02h 026+0.01g 0.27+0.02h 0.09+0.00b 0.47+0.03h 51.73 £2.37f 33.21+0.44j 1.87+£0.061 0.74+0.0lcd 3.10£0.10b 0.18 £ 0.00a
Only-urea  5.98+0.00i 0.31+0.01f 0.27+0.0lh 0.09+0.00b 0.46+0.01h  50.69+1.66f  47.26+2.01j 2.03+£0.0lh  0.75+0.02cd 3.07+0.16b 0.18 +0.00a

PMjQRHo-1  6.92+0.03f 0.33+0.01f 0.28+0.02h 0.09+0.00b 0.49 +0.03h 51.65+£2.22f 9582+ 0.33h 2.03+0.0th  0.73£0.0lcd 3.00+0.07b  0.18 £ 0.00a
PMoRH;-1  6.82+0.04f 0.35+0.02f 0.31+0.02h 0.09+0.01b 0.53+0.03h  52.77+3.64f  87.90+ 1.81h 2.06+0.00h 0.73+0.00cd 2.98+0.03b 0.18+0.00a
PM;RH;-1  6.82+0.03f 0.32+0.02f 0.31+0.0lh  0.09£0.00b 0.53+0.01h 5149+ 1.51f  79.25+2.15h 2.09+0.0th  0.70£0.01d  2.90+0.04b 0.18 £ 0.00a

PM:;RHs-1 ~ 6.71£0.03f 0.33+0.01f 0.28+0.0lh 0.08+0.00b 0.48+0.02h  50.18=1.81f  6227+5.11i 2.03+£0.0lh  0.73+0.0lcd 3.20+0.06b 0.18+0.00a
PM;RH7-1  6.42+0.02g 0.34+0.03f 0.30+0.03h 0.08:+0.00b 0.51+0.05h 53.10+£4.26f  54.72+6.44j 2.03+0.0th  0.73£0.01dc 3.12+0.03b  0.18 £ 0.00a
PMRHo-1  623+0.03h 0.35+0.02f 0.30+0.00h 0.09+0.00b 0.52+0.0lh  53.69+3.70f  47.56+2.55) 2.04+0.02h 0.70+0.01d 3.01£0.09b 0.18+0.00a
PMRHjo-1 ~ 6.11£0.04h 0.33+0.06f 0.30+0.0lh 0.09+0.00b 0.51+0.0lh  51.24+2.76f  34.92+0.91j 2.04+0.09h 0.73+0.03cd 3.06+0.17b 0.18+0.00a

PMigRHy-5  7.88+0.02b 0.64+0.04c  0.40+0.04g 0.09+0.00b 0.70 £ 0.06g 80.60+1.95b  163.92+3.87b 3.03£0.05cd 0.90+0.02b 2.93+0.04b 0.18=0.00a
PMyRH;-5  7.73+£0.02c 0.54+0.01d 0.48+0.03f 0.11£0.01b 0.83 +0.06f 7558 £5.40c 127.75+8.12d 2.98+0.04cd 0.83+0.02c 2.96+0.03b 0.18+0.00a
PM;RH;-5  7.55+£0.00d 0.53+0.01d 0.53+0.04f 0.11£0.00b 0.92+0.06f 7376 £4.37c  110.61 £ 11.66ef  2.59+0.18¢ 0.80+0.02c 2.95+0.10b 0.18+0.00a
PMs;RHs-5  7.30+£0.02e 044+0.0le 0.53+0.04f 0.10£0.01b 0.91 = 0.06f 7149+£531c  98.56+3.79f 248+0.01f 0.79+0.02c  3.00+0.02b 0.18+ 0.00a
PM;RH7-5  6.68+0.02g 0.42+0.0le 0.61+0.07¢ 0.10+0.00b 1.04=0.12¢ 68.63£3.98cd 86.36=+2.65g 233+0.05g 0.78+0.0lc  2.95+0.07b 0.18=0.00a
PMRHy-5  6.61£0.04g 0.36+0.01f 0.73+0.04d 0.10£0.01b 1.26 +0.06d 66.24+3.59d  72.04+0.99h 2.22+0.06g 0.75+0.0lcd 2.98+0.06b 0.18+0.00a
PMRHjo-5  6.56+0.01g 0.33+0.02f 0.73+0.01d 0.09+0.00b 1.26 +0.02d 60.23£3.93¢  62.01 +2.71i 221+0.04g 0.70£0.00d 2.89+0.13b 0.18+0.00a
PM(RH;-10 8.01+£0.0la 0.78+0.02a 0.73+0.02d 0.12+0.01a 1.26+0.03d 89.65+0.6la 260.24=10.07a 3.94+0.15a 1.13+0.02a 2.94+0.07b 0.18+0.00a
PMyRH;-10  7.82+0.01b 0.76+0.01a  0.74+0.05d 0.12£0.00a 1.28 +0.09d 85.87+2.20a 176.90 +9.10b 3.55+0.04b  1.05£0.00a 2.95+0.01b 0.18+0.00a
PM;RH;-10  7.61+£0.01d 0.70+0.03b  0.82+0.02¢c 0.11£0.00a 1.41+0.03¢ 76.04 £3.45¢c  157.67 + 1.44b 320+0.13¢  1.00£0.01b  3.00+0.06b 0.18+ 0.00a
PM:;RHs-10  7.42+£0.00e 0.69+0.01b  0.84+0.03c 0.11£0.01a 1.45+0.05¢ 75.97+0.95¢ 101.92+1.81c 2.89+0.09d 0.95+0.04b 2.97+0.15b 0.18+0.00a
PM;RH7-10  7.39+0.03e 0.69+0.02b  0.97+0.03b 0.12+0.00a 1.68 +0.06b 7249+2.60c  98.32=2.76d 2.83+0.03d 0.88+0.01b 2.96+0.05b 0.18+0.00a
PMRHy-10  6.87+0.05f 0.67+0.01bc 1.04+0.02a 0.11£0.00a 1.79+0.04a 68.08+£2.55d  84.52+1.27h 2.58+0.06e  0.83+0.02c  2.95+0.09p 0.18+0.00a
PMRH}¢-10 6.68 +0.04g 0.66+0.02bc 1.06+0.04a 0.11£0.00a 1.82+0.08a 65.62+3.57d  49.91+3.48j 229+0.03g 0.82+0.0lc 296+0.04b 0.18+0.00a

p-value * ok *k sk ok * * Hokok sk sk Hokok

PMxxRHyy, poultry manure (XX%)-based biochar containing YY% of rice husk.

EC, electrical conductivity; T-C, total carbon; T-N, total nitrogen; OM, organic matter; Avail. N, available nitrogen; Avail. P, available phosphorus.

a - j: Within each column values followed by the same small letters are not significantly different at p < 0.05, using Duncan’s multiple range test (n = 3).

*, ** and *** were denote the statistically significant differences at significant level p <0.05, p <0.01, and p < 0.001, respectively, based on Duncan’s multiple range test.
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27 582 228 7] /Al U] o gl laigch 1 sk vl Qlek 3 Lee 5(2023)2 o] @30 o]
a7 %ovu 71840 AgEe Ao, B9 pH7E B4 W92 Zir o] wet elake] 718442 2.66
v S718Hh B Talglr BEH 02 ARITs e BE ulo] 93} 22l Eoke] kR Hgele AL 49
-2 LEo, 2 Qo)A = fo] 9 3}e] o] & Fxtela} mek A AR Qla) ki H2lo] Z7talirk whgh
shgict.

A2 LY ZHo| EEH|S H HIO| 2K} X{2]0]| [[}2 AJdAk3=e £ g}

A W F72] &S gElsto] Al

3t o] 93} %] lo] w2

d30] A5 E/J ¥i8k= Table 801 LFEF

Table 8. Growth characteristics of lettuce affected by poultry manure-based biochar containing the varying

rate of rice husk.

; Leaf
Treatments (l\/}{gl ij_]) Length Width Counts Chl((gr;)zlggazzz;ent

(ea-plant™)

Control 1.95+0.10j 6.21+0.12¢ 5.56+0.37g 7.00 +0.82¢ 19.58 £ 1.95a
Only-urea 10.61 £ 1.71i 10.89 + 1.35d 9.86 + 1.62g 10.33 £2.49f 20.02+2.27a
PM;RHy-1 25.58+1.23¢ 15.21 £ 0.70ab 13.48 £0.94d 16.33 +1.70c 20.00 £ 0.55a
PMyRH;-1 25.03 £2.40e 14.98 £ 0.23¢ 14.02 £0.10d 15.50 £ 0.41d 19.17£0.71a
PM;RH;-1 22.00 +£2.07f 14.97 £ 0.48c 13.64 £ 0.43d 15.33+0.47d 19.28 £0.99a
PM;sRH;s-1 18.12+ 1.11¢g 14.97 £ 0.77¢ 12.96 + 0.38¢ 15.00 £ 0.82d 18.34+£0.33a
PM;RH;-1 17.15+4.32¢ 14.96 + 1.03¢ 12.32+£0.71f 14.67 £ 1.70d 19.71 £ 1.48a
PM,RHo-1 15.88 = 3.89h 15.01 £ 1.04¢ 12.22 £ 0.96f 13.67 £ 1.25¢ 19.13+1.37a
PMoRH, (-1 11.11 £4.27i 14.67 £ 2.63¢c 11.76 £ 1.16f 11.00 £ 0.82f 19.18 £ 0.86a
PM,RHy-5 30.93 £+ 1.50ab 15.43 +£0.14b 14.37+£0.22¢ 18.67 £ 1.25a 21.19+2.13a
PMyRH;-5 28.08 +£2.87¢ 15.49 +1.30b 13.76 £0.97d 18.33+1.25a 19.96 £ 0.79a
PM;RH;3-5 27.38+5.44d 15.06 £ 0.87¢ 13.78 £ 0.58d 17.33 +£1.70b 19.13 +1.85a
PM;sRH;s-5 25.51+5.61e 14.81 £ 0.99¢ 13.11 £ 1.24¢ 17.00 + 1.63b 19.99 + 1.86a
PM;RH7-5 23.98 £+ 0.00f 14.73 £ 0.11c¢ 13.28 £ 1.18e 16.00 + 1.63¢ 19.68 £ 0.61a
PM,RHo-5 23.11 £ 0.49f 14.73 £ 0.57¢ 12.84 £ 0.32¢ 15.00 + 0.82d 19.09 £ 0.93a
PMyRH, (-5 21.72 £3.26f 14.93 + 0.80c 12.39 £ 0.66f 14.00 + 1.63de 21.73£4.19a
PM;(RHy-10 33.52+2.79a 16.56 + 0.94a 16.26 £ 0.78a 19.00 + 1.41a 22.03 £0.80a
PMyRH;-10 30.24 £2.13ab 16.72 £ 0.71a 15.84 £ 1.07ab 17.33 +1.25b 21.99 £6.30a
PM;RH3-10 30.11 £2.88ab 16.53 £0.93a 15.27 £0.26b 17.67 £ 0.47b 20.32+£2.23a
PM;sRHs-10 29.44 +3.19b 16.08 £ 0.10ab 15.14+0.19b 17.67 £ 1.25b 20.76 £0.70a
PM;RH7-10 28.35+3.88¢c 16.03 + 0.54ab 14.61 +0.36¢ 16.00+ 1.41¢c 20.36+2.37a
PM,RHy-10 27.55+4.27d 15.80 + 1.02ab 14.09 +0.74d 14.67 £2.05d 20.40 £ 1.34a
PMyRH,(-10 25.81 £3.22¢ 15.71 £ 0.53ab 13.97+£0.71d 14.67 £ 0.47d 20.14 £ 1.53a
p-Va]ue ksk skskosk * sksk kok

PMxxRHyy, poultry manure (XX%)-based biochar containing Y'Y% of rice husk.

a - j: Within each column values followed by the same small letters are not significantly different at p < 0.05, using Duncan’s
multiple range test (n = 3).

* %% and *** were denote the statistically significant differences at significant level p <0.05, p<0.01, and p <0.001, respectively,
based on Duncan’s multiple range test.
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W v} At H| 2.5 2] 2]51A] &2 control 212|710 EO] A|AE 32 1.95 Mg-ha'o]|3l o, 77| 2H| 2
2](only-urea %] 2], 10.61 Mg-ha™)ol| whe} A| A g30] 27F-2 5.448] Z7}51Q1Tt. Hio] @2} X 2|&Fo] 1.0 Mg ha
of|A] 5.0 Mg-ha! 2 & Z7F5tol whe} A A 0] £RFE F7 ok S UEFAA 2L, 5.0 Mg-ha 0]/42] | 2]%F
oA BAA foxts UEA] ottt Al W f742] S3H|gol mhE AA/dE0] 7R ] wstl S w), Al
£ U gAY Eg]go] Sl wh A A dEo] ik Al e AEE UM 7P =2 A
9] 7k PM,(RH,-5 2] 2]70llA4] 33.93 Mg-ha'0]%1.2™H, o]+ control & only-urea 2] 2] FE Tt 212} 17.40812t
3208 E2 £F0]Q} A gF0] AT HE-2 control}t only-urea 2] 2] -5 A| Q] et B E A 2] Lo A F-o]5H
2}o) & Kol x| ekgkom, control X2 FLOllA] 6.21 cm®} 5.56 cmZ 7HY @A ZAFE| AT A42] -2, PM RH S
2| gt EollA] FolotA| =t m, Hio] @&} U} A 2] E3tu|g o] 7ol wheh A} Zhashs 2 UERY
At 3L Hho] @ %k0] =2 X 2T A A gE0] JE SRIAIZ2H, PM iRH-10 %] 2|10l 4] 19.00 ea-plants™
2 7P B3I A Fe] AEA TR BE A oA SAIA fogh xto| & LA 9k

Hlo] @ 2} 2 2jo]| up2 2HE 45 Z-31-2 Hlo] @ 2po| o5t EQF /e §3ko 2 BE] 7|1, Hio] @ 2lof 2|3t B
FU F2 L R7NE SZ2 22 YAt G823 T7HIZ 4 Ath(Lee et al., 2024a; Park et al., 2024). T=3F Hlo]
2ol olst EF n| 8 &4 SV E AE0] PR o] 8 58 P Hio| 4} Ao oJgt 2HE 45k FXIAT=
9 Y10 2 A& A QIth(Kang et al., 2023d, 2024a). & Ao A= A|ADAFF0] ~5F2 Hlo] @ 2| 2] 2] & U AR
o] x}2|eh= Hl-&at ()2 FHBAIE UEPN oM, Al dF= ATl =2 Hlo] 225 10.0 Mg-ha *12]
519S i, 33.52 Mg-ha' 2 Z|of 882 Ueh ]I} o] st ZatE-2 Uut 54X EYHEL F2 FEI {7 E
e BRIl Q= A EYollA 22 82 SXIA717] YloiAl= v @ate] E-8o] W42 QS A
AFSITE, SEA|gF, A& Ato)|A] Hio] @ xko] def A 2] = 2HE 8- Aot 290S 283 ¢ T = AN E B
&}l ujet 7HY F x| ol A] Hlo] @ X5 G1HA 0 2 8517 el = 2 Al8FS A5k Aol Wast, =&
Ate] Aol A= 10.0 Mg-ha' 2 A 2okl S W, 2 AdS0] 7P 4 A o 2 b thKhan et al., 2024).

Conclusion
B A= FE Y 371 o] W2 AjThE 7HA 52| E Qo)A 2HE AljHl Al vlo] @ xpe] S5 9l Xj2]gFo] A
A% Joll 02| = JTFS F715IAth Hio| @ 3k= AlE-S F A5 2 A X5 o1, vio] 2 %}-9]

H ge]sto] LRSI T E Hio] @xte] EAZ BAISH A, vio]
Qx}o] 31514 B2 7o) S3t|gol wet jstsll on, A 0] S| o] 7ol uket vho] @ 2k9] pH,
EC, 77| 2%(K-0, Ca0, MgO, Na,0) T2 Zrash= 42 e RICH B, Hio] @ xfo] =9 E7JQl eha gl
F71E T2 719 S|S0l w2t F7lshs A Ul H, 4AE B5.0 2 0]-831 Hio] 2 &jof|A
53.62%2} 83.20% % 71 =] B = Ak, SFARE, Bl 5378 A0l A aLAJg Hho] @ 2te] &5} QP T (H : C ratio
2}0: C ratio) 5 H| WIS W), G E 30% =335 o] @ 2jgto] A 7| £-5 whEsto] AA| 5 P&l A&7
& A0 wtETh 9] 23| &S ga| gt vio] @ xto] EqF /g Gt SRIsl S wl, Al W g &
g ulgo] Z713tol nfet B pH 2 PR NG B2 gAsi o), eha W 4718 sk ol 7 718t
Ak P& ol =2 AlRe] dfo] E-2 Ho| o5 EYol AEjsh= A2 EY W A8 A, fa Qi 281
23H4 oFol L gtk Fukd o 2 2717 4= 9lglon, olol mket EFECE Z7FsIith AR U A o] B5tu)
&2} 37 o] @ ko] X 2jgk Hio] @ xjo] EQF 7N Fatol] P v on, Hio] @ 2= # 4 5.0 Mg-ha' § A
25l S uf, EF W eI 3718 TS /AT 4 Uit vio] @ W AlRC] v]-g3t vio] @ x}e] X 2]l F
7Ftol] ulet Al A e] £3Fe folahA I o, AlES TE0 2 0|83t o] @ XHE- 10.0 Mg ha! %]2]3}

ool

3
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A2 ], 33.52 Mg-ha' 2 7P =tch B ASLof| A AAISH EAHE 7| 22 g TR EG U FE 9 /U] E S
F SXE QJSh 2|2 o] AR ufo] @ 2f | 2] 2712 Hio] @xfe] WiA 7|E3}t EF W M2 A G0 n|x|= JFS
= 125tS w P71 30% ST AR HEo]| 2 2HE 10.0 Mg-ha! X 2lshe A0 2 Tk},
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