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Abstract: Recent revisions to Korea's Fertilizer Process Standards (2024) have allowed
a wider variety of agricultural by-products to be used as biochar feedstocks, reflecting
the growing emphasis on resource recycling in agriculture. Along with this expansion,
interest in the agronomic use of crop by-product-derived biochars has increased. This
study aimed to characterize biochars from peach, grape, red pepper, melon, and aspar-
agus by-products and evaluate their effects on crop growth. By-products were pyrolyzed
(500°C), analyzed for C, nutrients, and heavy metals, and applied at 500 kg/10a to
soil for Chinese cabbage cultivation (60 days). Carbon contents ranged 53.9~65.0%.
Asparagus biochar had highest N (3.09%) and K (3.54%), melon biochar highest P
(1.52%), and all heavy metals were below RDA’s guideline. Red pepper biochar yielded
the greatest crop performance, with fresh weight (1.74 kg) showing a 28% increase
over the control (1.36 kg). Crop by-product biochars differ in nutrient composition.
Red pepper biochar enhanced Chinese cabbage yield most. Guidelines are needed to
optimize safe and sustainable biochar use.
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A 7le FEEA Q. fEUTel AR 202449 49 MRIYFALG7IE HES S0 Hielexte] e= Wt 71E A
=04 s2E AL BA, T AR, 7SR HE| 52 FiEoH, ARk 7|ERE 1,000°C oA 350°C o] g o=
dot=|o] A3} 7hsAdol A FEEUT. 1Y w2 IFoIM BAshE thiFe] FAES o35 tifs B w7 EHAY
Eu|otEs AR, AY o she Akedd &8 Aol 87dH:. Holexte] avtes Az ¥, 488 2k, EY
22, =2 A4 dkgol uE EEikinh F8A| vlo] 2= vBH A 7]E Fuvh A i gAeE FE A wElskaLs),
7HEE HolAe G Aol wob 4ot 1 S5 EY HSEE FIAXIT4]. d=ERE pH, EC, CEC, BB &
olsfets] E/o] Aolstalls,6], B4t 20 wEh B e AoE 9¥E F= Aoz BIAFHATT]. wEhA Hio] 3}
G Al A1 B4 A=) At dR AlEe] Hasith FUASEAA EE BE, ofAmEAL, A, A, B5oh 5 EopE
Aui7E 8Es] o] FoA4L 9lom oo e &7]-9-AAA 5 Fake DT B Hout deea B-82 ARkl Aol
olg TS T A2shes diAl Hielealz Heste] E-81tttd, B N 22 A R ofdet A1 w9 AHde
& AAG SHolE 71992 4= S Aol WA 2 AFolde = U £ AE e YR s A23 Hio] Ak oot
543 &A= AS W3S v -HUReRH, A oo Aot Hioleal &8 WebE AAstAl it

213 &
HIO| X & 24

FAE f=d Ho] A9 FEA(T-C), pH, H/C &1, &, d&= B4 A¥= Table 1°] AAISHATE. E5oH Prunus
persica), = (Vitis vinifera), 15=(Capsicum annuum), BE2(Cucumis melo), OFAIFEFA X (Asparagus officinalis) HFO] @ 2F0] FEHA
= ZFZF 70.1%, 70.4%, 61.8%, 49.6%, 59.6% % UEIF O W H|RZHHE 7|E(240%)S S0t Ippolito et al.[8]<} Tomczyk
et al[3]]] =W F4A due g0 gEo] w1 AEs Al $1E4 Aol ol 11y At wol JARRttal HAlsk=t
2 AOE B9 Q29 Baol, TR RAE ol 0xje] Fea Beo] T Uehth GRS B0l Br, olinieAs
FAbE "o &7 ZEZ) 0.06%, 0.04%, 0.56%F 1% T|RHo|lom W23 115 FARE HEo| Q2= 0.98%, 0.90%= Ao s
B2 AES B AEAE MY dFeE JAT DR Al Alash) FES] 7719 55 5 EAAQI 8210 % dio] &4
Uehd Aow 24EH, M2 MR AR R0t 4RO, Bl TEER A8T A 27] EC 4502 oIt
9% Aglo] LA AW 9 W L AHEF A2 S| Belh WAy A0= WAHl FF oloF A8 T
EY 2 4= W Na' 5 HIE FrIsto] dF 40 UE A4 dF2 et 2art ot ddEn Bgof 2k,
13, WE, ofAEAA BAME Blo| Q2}9] FF<: 8%(Cu, Zn, Ni, Cr, Hg, As, Pb, Cd)2 H|EZHFE 7&S BT =319
Ch(Table 2). ol 93 A2 A YR LEA EOLASS B34 B YFLS FLEA BT iy 1A] BEE0] F71e]
mizof & Aol 2-83t 500°C Qo= 2kof WE S5 rgHstol et 7177 28 o' ALgETH10]. European
Biochar Certificate — Guidelines (EBC, 2023)°] 2™ H/C ZEH]+&= Hlo] Q2}9] QP AL wtohs X HE, <079 wf oA Q]
Ho] @2t HrhE T Ao AFEH FARE HEo] 2219] H/C EHl= B50f 0.65, Ik 0.65 115 0.55, WE 0.52, ofATEAA

Table 1. Chemical characteristics of biochars derived from various agricultural by-products

Biochar T-C ) ) Moisture content NaCl?
feedstock” T pH H/C molar ratio O/C molar ratio %)

PC 70.1 8.5 0.65 0.17 43 0.06

GR 70.4 9.0 0.65 0.17 58 0.04

PP 61.8 9.1 0.55 0.31 5.6 0.90

ML 49.6 9.0 0.52 0.49 25 0.98

AS 59.6 8.9 049 0.34 3.6 0.56
Optimum range > 40% - H/C < 0.7 H/C < 04 < 30% < 2%

Y PC: peach branch, GR: grape branch., PP: pepper stem., ML: melon stem, AS: asparagus stem
2 NaCl content of biochar was analyzed on a dry weight basis.
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Table 2. Heavy metal concentrations in biochars derived from agricultural by-products

Biochar feedstock” cu al N o o As Pb cd
(mg/kg)

PC 10.3 341 6.7 N.D2 N.D. N.D. N.D. N.D.

GR 174 60.8 N.D. N.D. N.D. N.D. N.D. N.D.

PP 9.1 107.0 N.D. 33 N.D. N.D. N.D. N.D.

ML 63.7 108.2 N.D. N.D. N.D. N.D. N.D. N.D.

AS 16.0 92.8 N.D. N.D. N.D. N.D. N.D. N.D.

RDA's guideline < 360 < 900 < 45 < 200 <2 < 45 < 130 <5

Y PC: peach branch biochar, GR: grape branch biochar, PP: pepper stem biochar, ML: melon stem biochar, AS: asparagus stem biochar
2 N.D.: Not detected
Heavy metals content of biochar was analyzed on a dry weight basis.

Table 3. Contents of major nutrients (T-N, T-P, K,0O, CaO, and MgO) in biochars derived from different agricultural by-products

T-N T-P K;O Cao MgO
Biochar feedstock”
(%)

PC 0.81 0.19 0.62 0.29 0.26
GR 1.49 0.45 1.77 0.51 0.45
PP 1.93 0.42 2.90 2.74 0.87
ML 2.24 1.51 2.95 3.03 0.91
AS 3.09 0.83 3.54 0.92 0.49

Y PC: peach branch biochar, GR: grape branch biochar, PP: pepper stem biochar, ML: melon stem biochar, AS: asparagus stem biochar

0.49% LT <0.70] oL} Eofe} 0] H/C &EH|7F ol Ao g e Bgl S Bt Spokas et al.[11]2 FE A
w2}t H/C SH]7F RIZsHA ¥ststs o] Hio] @21o] 4714 EoF oMy d¥ WAs] ATl K5t ow, Gai et al.[12]3}
Paiva et al.[13]%= A=} FE 2= Zol7} H/C EH|o| YIS vIXTIL AARE Bf Qlo] b2 F4 9| FAks Hiol 4}
AZE Aol A= 24 &3} 24 gt 50| asirty wtEoh HfF= AExHY AEE A0} SndEE A HE
o] &1 FId ohgo] W2 Ao g AHA o, o|et 24 EAZ AALE Rodths TR HS0| 22 rlstRE
[14,15] O/C EH]o| & o] U2 Aer FEHH & AFoA= B FA=R QA8 O/C EHl= *AsHA] Z3sti et 0/C
SHE Y 2O EH, Hio]@2to] §a} Fwot A7]F MY Kot AEsHA B7kd TRt Stk Hio] &H9] HIA(T-N,
T-P, KO, CaO, MgO) $HFS 243t ZI(Table 3), ofATEAA HARE Hl0] Q219] T-N9} K,07} 0.83%, 3.54%%2 714 =94t
it GRe) o)A P40l ot £AH7] 4 B4l glont A Hlolexje] Fo s &A AEHA Godi et
al.[16]% ofAuteRAL £7] RAREO] 3]E0](ash) 4.87 g/100 g, ZECI(K) 501 g/100 g& " w2 F7]/d7E2 Ztrial
HUsk=t ol2et e 7714w Eis] BN E JEshe 542 7HAH o]of we} ofAnEA A Bio] @AY &2
T-N9} K0 § B R4HE0] 98 E47} IRe] F4oH9) R/4% 5% ai} BgHos 48 A7 aa
HE vHRo] Q3= T-P $FFo] 151%% 7P A et 2w Hlo| @A} AJgo] QU 35 BIE 9 B8-S AT Bagt
Kang et al.[17]9] Ai}of| we} 20 A5 Z7|u AlE AuiA|ollA] QU 14 ZAIE Hestr] 919t A9A] ARgo] 7Fsd Zos
HtE 315 BARE HEo]Q219] T-CE} T-N+= 61.8%, 1.93% 2 EA %=1 Park et al.[18]7} =33t 1=t H}o] @%}9] T-C
(66.56%), T-N(2.21%)3} -2 $29] AWE KAt} FolL F Ca0F} MgO T=F2 712 0.29~3.03%, 0.26~0.91%2] HMAE Hof
H= b Zpol7F FHSHA UEHHAL, 53], MgO o Hlo| 219] Fetar oy} Wh|E|oh= AF2 A=, g4 ol
2 vlol9AU4E 1] ghgol AriHoR WA EAE Yuan et al19]9] A9 22 ATE moth

RS M HID W Y FSh

AujAEof ARE3E EQF2 pH 6.3, A7 E T (electrical conductivity, EC) 2.2dS/m, 7-7]& &% (organic matter, OM) 20
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g/kgC 2 F7]&E0] F£313 Cat: 6.8 cmol/kgl 2 A HWHE TSt EFo| A (Table 4). B]S:(Brassica rapa subsp. peki-
nensis) A8 A] H}O] Q2AHS A 2| gt ZAXH(Table 5), 115 FAHE H}O| QAHNPK+PP) & 2]-Lof| 4] vjF=Q] A|F0] 1.74 kg/plant=
M =2 o9 At 9549 SPADFLE ofAE AL FANE HEO] Q X(NPK+AS) A2l 2tz 25.0m), 4228 7 =%
o, i, AE FAbE vio] @A} A2|Fo|l M= o] do], yH|, J4= 5 ARkl B A7 FYHUS viF &7 F59
WASZ 2 kg/plant Q= dA o & Ao e A5 HE W AN EFO F 5 EEQ| AjtE Aol wE
FFo=E thar W2 AFS HArh B 3oy B4 A3 (Table 6), pHE e AZ|FoA 6.2~6.3 HA= 24 HLolA FA1=
AL, AP 7T Apol= )l eH ECe A A2FHNPK, NPK+PC, NPK+PP)oA S716l= A= EAoH A& A4
Frofet FFS BEEA Lotk fF71=(0M) T FA T 20 glkg HH] H5OHNPK+PC) 91 & (NPK+GR) F4ihs Hiol 2
2} Aol Al 22} 25, 26 g/lkg® A UENEOH HEo| @210] {7]E SHadtol tiste] R AFEH T2 AAE Hlt
[6,20]. ol TF F K WAL v|wAd ZA Uetgon, 2E, ofAanebAA AR vio| A5 A g EF9 K Tgo|
717} 0.87, 0.86 cmol/kgC = =7 WEFETE Yuan et al[19]0] =W K Ho| QAo A 48/ & o] 2n ey FEjz A5t
EQo] vHlE ZFel 2 4 Utk st & AldolAE WED ofATAA FEARE Hlo]| 39| K dhFo] A UEhd
A7t EF Ao FIFS & Ao 2 FE2HT} Fa04Havailable phosphate, Av. P,05)2 & HALE Hlo] @2} AL
EFolA 500 mg/kgC = 71 EQtow 115 RARE HIo| A} A2HE A 2Rt B AE|Fo|A T2 giv] S7ste BEE
HRA=Tl Cho et al.[20]7 Lee et al[21]9] AFof|A] "] A} A2|7} BE<F T Q4] 7HEA S3lof| JF2 Xtk Eargh
Hke} o] 2 AldolA e Blol At A2|7t BF W 4t FEiY] Baxo] HSE fESH¥E 7ol A Alr FAH.

X

E

£ ATolAE Bgol, B, 1%, WE, opAvtebAL B Ot 59 B4R URE AR vloloxte] ostskd E43}
A% Y 9 £ YF o] VA ST BIASIITE Bok70.1%)9 EE(70.4%) FAHE vho] @4 Fehd Pagol
9rou], ofATkebAL FAME Blol 9 AWA(IN, 3.09%) B ZE(KO, 3.54%) ol YT BE FAE vlo] o7
P, 151%) Wgo] o, B i EAolt 4B 70w AgHoz F8Y 4 UL O oL ¥F

ofk
)
3

Table 4. Chemical properties of soil used in this experiment

pH" EC oM K Ca Mg Av. P,0s
(1:5) (dS/m) (9/kg) (cmol/kg) (mg/kg)
6.3 2.2 20 0.80 6.8 1.2 443

Y pH: potential of hydrogen, EC: electrical conductivity, OM: organic matter, Av. P,Os: available phosphorus.

Table 5. Chinese cabbage growth in response to biochars derived from different agricultural by-products

. Fresh weight Leaf length Leaf width Leaf number SPAD
Treatment”
(kg/plant) (cm) (ea/plant) (value)
NF 1.36 b? 26.34 ¢ 1246 b 186 ¢ 318 d
NPK 154 b 3044 b 17.28 a 21.2 bc 392 ¢
NPK+PC 1.57 ab 29.98 b 18.00 a 21.8 bc 378 ¢
NPK+GR 1.58 ab 29.90 b 1792 a 21.6 bc 43.1 ab
NPK+PP 1.74 a 3192 ab 1844 a 236 b 420 b
NPK+ML 1.50 b 30.18 b 18.60 a 222 b 377 c
NPK+AS 148 b 3230 ab 18.80 a 250 a 422 ab

Y NF: no fertilizer applied, NPK: treatment with NPK fertilizer, PC: peach branch biochar treatment, GR: grape branch biochar treatment, PP: pepper
stem biochar treatment, ML: melon stem biochar treatment, AS: asparagus stem biochar treatment.
2 Means by the same letter within a column are not significantly different at 0.05 probability level according to DMRT.
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Table 6. Soil chemical properties after lettuce cultivation under different biochar and fertilizer treatments

pH? EC oM K Ca Mg Av. P,0s
Treatment”

(1:5) (dS/m) (9/kg) (cmol/kg) (mg/kg)

NF 6.2 ac) 21 c 20 ¢ 079 b 81b 13 ab 447 ¢
NPK 6.2 a 23 a 22 b 0.83 ab 79 b 13 a 451 ¢
NPK+PC 6.2 a 23 a 25 a 0.81 ab 80 b 13 a 491 bc
NPK+GR 6.3 a 22 b 26 a 0.82 ab 79 b 12 b 476 b
NPK+PP 6.3 a 2.3 bc 22 bc 0.85 ab 90 a 13 a 455 ¢
NPK+ML 6.2 a 2.3 bc 22 bc 0.87 a 82 b 1.2 ab 500 a
NPK+AS 6.3 a 23 a 22 b 0.86 ab 82 b 14 a 474 b
Optimum range 6.0-6.5 <2 25-35 0.65-0.80 5.0-6.0 1.5-2.0 350-450

Y NF: no fertilizer applied, NPK: treatment with NPK fertilizer, PC: peach branch biochar treatment, GR: grape branch biochar treatment, PP: pepper
stem biochar treatment, ML: melon stem biochar treatment, AS: asparagus stem biochar treatment.

2 pH: potential of hydrogen, EC: electrical conductivity, OM: organic matter, Av. P,Os: available phosphorus.

% Means by the same letter within a column are not significantly different at 0.05 probability level according to DMRT.

§ 7122 vasle], A2 EoPE A A frde FE LRk ety werEy,

ulolete] U7 S4o e Wy o
& 2% AR 7k A7k Besl

B - 715 - Al A=

M= 5y

SAM=
2 Ao ARGE FARE Hlo] @ AF= E5O0HPC), ZE(GR), I5(PP), WE(ML), OFATIAA(AS)E A= s3loH, 74
ENAAE 29714 A EA|A BHASH B0 HANES Axsto] Beagit) BEaol Rl K| A1BS 9 xa] Ao
Ao A A G A] 20249 1~2¢ Jézﬁ“ﬁ O] FAES AMgSl o, 1%, WE, ofAntEtA Ak 2023 109 AES
AR aA9] HAIE AT AIFEGOA 8 F £7] HAE AR ARSI SHE 72 FARES 60Y o A Az
stolon, Fu] 28 274 U U7 H ofAS vsto] SHEst 9 vlEHA 9] Qg Ao] FREIQCHY B 13 Jang et al[22]9]
248 Agsto] 500°CoA 6087 QRN HolES AFAER ARSI

HiO| 2kt RIZ'H EM 2N

FAHE Hholeate] dmd E4S Hlwstala shobd 245 ¥stRon, &AL Mg olsleha] HARIH, I
wjeh RS o] @ A19] olSsH ZAPO] Wek pH 242 AlRS} 0.01M CaCl2 B9L 152 EHio] Wk 7, pH
meter (SevenDirect SD20, Mettler Toledo, Switzerland)2 ZA5}th EErA(total carbon, T-C), A& 4 (total nitrogen, T-N) =¥
T} H/C EY]&= YAREA7]|(UNICUBE, Elementar, Germany)S ©]-83F 17.2 A4 AAHOZ BA3ATE A|RE 100°CO| A 244
2 skl s F AR ASshos BT COS L0 Aol C 3 1 U e 31 Lh 2i
HIF O & H/C 8IS ARESIRTE P, K, Ca, Mg, 2 22 1A & atznt dga-gio] ofgt vlm ol wt
wAjstsich. w0l RS FHHNOMC = 19E R T, clohg FEATEAs: UHEILEICP-OES, Integr
Dual, GBC, Australia)= H-4o}0] GaFstF O™ Ca, Mg, K= CaO, MgO, K,09] At3E =2 Rttt 55<5(Cu, Zn,
Ni, Cr, As, Pb, Cd) ¥ G £42 95 A|2E FAHHNO:) T FAHHC)S ¥l SAEEAT} 22 H&(HNOxHCI = 1:3) Zget
Ato 2 uto]|3 Z YojH EJAFX|(ETHOS EASY, Milestone, Italy)E ©]-83l A%t F, ICP-OESZ 4519 0™, Na:= EX}F
HAFE A-8oto] FENaCl) TFOZ ARSIt 2(Hy) T FEofl4] 52 E417](DMA-80, Milestone, Italy)S AH&-
sto] Hestelct
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2 M H|w 9l EQF o1t
HALE "lo] @ 2} A 2o wkE 8 A WS- F71517] 95 Wagner pot (1/2,000 a 1) 0]-83t ZE AujA| ¢S S35}
Ak Al ZE2 iS00, AE EFY 35H EAL 52X EYSSREAH wEt £45190H éﬂrt Table 4]
AABFALE. AT HAH|(NE), A THNPK), B EZAH] 3 7 BAE Hlo] 9.3} 500 kg/10aS 33 4 TL(NPK+
biochar) 2 7/J3}0Tt. Jang et al.[23]9] A7 A 2§t HFo] A} A 2|72 100~500 kg/10a 0] 1L, 200 kg/10a =0 A
9015 AL xjol7t UEREA] grojtis AT A Tste] BAME gad 2T aitE Wik A=6l] 9sto] AjAoz ko
2:29] 500 kg/10a2 Z-83519cH EEA|(NPK)E 2254 0] 229 |7 AL o] AAE i3 FZ AH|Ee 28549
o, YAE(N-P,0s-K;0 = 11.0-7.8-11.0 kg/10a)2> 4] 15+ A, £AE(N-P,05-K,0 = 21.0-0.0-8.8 kg/10a)2> 4] 35+ &
o 7tA4 07 23] BAISIL $87]o= AASE, 9, =, 95, SPAD 2 RARIYE oW, L= 52353 At
71%& AL RA} BA7]Z0] whet 2351t Ha] 7F 9942 SPSS Statistics ver. 29.0 (IBM Corp., Armonk, NY, USA)S 0]-85
¥oH, Hayt HWE Duncan TS (p<0.05)S 83T

Data Availability: All data are available in the main text or in the Supplementary Information.
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