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Abstract: [ Objective] Reactive oxygen species (ROS) at the soil-water interface play a crucial role in

carbon/nitrogen cycling and pollutant transformation. However, it is still unclear how biochar influences the
formation of ROS at the soil-water interface. Thus, this study aims to explore the formation behaviors and factors

influencing ROS generation at the soil-water interface containing biochar. [Method] Under simulated solar

illumination conditions, the probe capture method was used to quantitatively analyze the generation kinetics and
mechanisms of three typical ROS (hydroxyl radical *OH, hydrogen peroxide H202, and superoxide radical (O2™) at
the 10 g-kg™* biochar-amended soil-water interface. The effects of biochar pyrolysis temperature, dissolved biochar
carbon (DBC), clay minerals (kaolinite), and dissolved organic matter (fulvic acid) on ROS formation were also

examined at such interfaces. [Result] The results showed that under light, substantial «OH and H202 were generated

at the biochar-containing soil-water interface, with concentration ranges of 0.43-0.83 umol-L* and 21.12-30.93
umol-L, respectively, which were 1.39-2.65 times and 1.31-1.91 times higher than those at the biochar-free interface
(control group). In contrast, O2™ concentration was low (< 0.2 umol-L%), significantly lower than that in the control.
DBC played an important role in the formation of ROS, and after removing DBC, the generation of H20: in the
water-soil interface containing biochar was significantly inhibited, but the generation of *OH was not affected. Also,
kaolinite significantly inhibited the capacity of biochar to mediate ROS generation at the soil-water interface under
light (except for high-temperature biochar) and reduced the conversion efficiency of H202 to *OH. Fulvic acid
significantly enhanced H202 generation at the light-irradiated, biochar-containing soil-water interface but decreased

*OH concentration. [Conclusion] Light plays a critical role in mediating ROS formation at the biochar-amended

interface: it not only promotes H202 generation and transformation, but also facilitates *OH production and Oz"~
conversion. However, biochar-mediated ROS generation at the interface is not entirely dependent on light. The
generation of ROS at the light-irradiated, biochar-amended soil-water interface is collectively determined by biochar
surface persistent free radicals, oxygen-containing functional groups, as well as dissolved organic carbon and Fe?*
contents at the interface. These findings provide an important reference for understanding the formation and
distribution of ROS in biochar-amended soils.

Key words: Biochar; Reactive oxygen species; Hydroxyl radicals; Hydrogen peroxide; Superoxide radicals; Soil-
water interface
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AMEEBEE BB L0 Y LL OGRS A SRS T 6 3% ROS BT p™ AF E L e L5
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&I DBC. &itw ¥ (A FAIVEMEAHUR o B R XKEF i+ ROS K
M2 . WSS R L ROS T /5 oo A 28T IO AR, DV IRAE Do 5 T A 58
HhERA A REAR BT AR AL AT, HERE R TR - HEIA RN A ) A Jee o

1 MRS 57k

1.1 E¥avtsy

FHEE (COU, = 98%) . 7-HFEF TR (7-hCOU, 98%) . Bt &Ll (= 150
Umg®) . 2, 3-X(2-F 4 Jk-4-fif L -5- i A L )-2H- DU ZUme-5- k2R eyl (XTT, > 90%)
FI9IELLHRE (> 98%) M LRl 437 T 7 2 ] o ml A7 (100 HD LK BB ek (= 99%) .
BHER (= 90%) MERE (iral) W T AR . SANS (OrdD) T Eilguzigit
AR AE] o SEE A 4K (HYJID-1-40L/H, Ml kG5 ik @b RHEE R AR , HHEH
54 18.25 MQ-cm.

1.2 YRS ZFILIERE

AW T A (R K RS AT SR BV E = . 7E 45 CRE/KRERSFT T 24 h, WHEE S,
FEIE A 10 mL-mint i) N 58 2 (GSL-1100X-S, & R 7)) o 24 4 AL W i 7%
L 10 “C:min't JhifF B A 3 25 iR 300 C. 500 ‘Cal 700 °C, fHIEMNZLSE 6 h, HRIHAY
JRUR 53 Al 4 9 BC300. BC500 Fil BC700. #4474 & J A= 40 of e FH B3 WA 17 25 35 100
H i, EAE TR MRS Ui L& JF S stiR i A .

SEG A A R ) 3R R B WL RN R 2 T A 2 7 e b, SRARVR S N
0~10 cm. W IR A TR B A0 2 S5, ) 100 H 107 W0 73 LA o 1520 338k
BJEF KRG L, HIEARBEME B S ARSI = 2R R OSCERIA—3, pH N 7.1, SRS EN 8.93
gkgte NT EBRTERRCEDIRI, O IR SO R AAVER T4 (DHG-9076A, L
MR SLSEIAERA TR AFD) A, 78 120 “CR KB 2 hiS, 25 BRUAE Y 1) 358 FE i 3\ 55 4
"R, LSS .

1.3 EYIFIRMK TR E M RFIESE

FIFHICE S HTAX (Vario EL cube, 1AW, fEED e TAEMFR RS T C. H
AN JSTRMFERE, HEdmEPEA S E 7Y O iRk &R, M RIS
HrA (ASAP 2020 Plus HD88, ZZidRXZs A F]) ME AW FUk I LL R THIAR o Af FH A8 HL AR
W HMETEIL (Tensor 27, FEER CRHSE A D 8T TAEYIFUR R E RER . I X G268
THEWE (Thermo Scientific K-Alpha, JA/REBRMA D KAV TR RS C B Be I FHXT
B R R R (E500-10/12, A& e AW, #E) lE T AR R K PFRs
WRE. A pH i1 CE#E PHS-3C, b)) ME AR P pH, [EEL A 20mg: 20mL (5
KR S AR T R IR — ) o BhAh, B EANR (TOC) i (TOC-L, &
AT, HAD WE 7KL A el AR S . RIS REN e K LSt Fe?
/E\,l\i[w]0
1.4 kX REH ROS FRRENHF LI

FREL 29 H35 20 mg AEPR R AE 50 mL Bedh BLIR A, I\ 20 mL B 4liK, HEekissl,
SAIINANE ROS #HEREN, #: FIEREE (0.1 mol-L™D) & A LAN (0.1 mol-LH T pH
27 KA, BE 30 min B 1 mm KEEFR 15 om FIKE OKERED)  [FHEST AM
1.5G BEHERE A AT 248 (Mirosolar 300) #4ULBH G IE 57K £ F41HT, 8 B 58 100 mW-cmr
2, MHIAFEINTE (0. 20, 40, 60. 80. 100. 120 min) SRAEFLHEIFEN:, FERII R ROS &
B, RIRESEHTSCERI, ZEBGRE 5 s BTSE K b SRR R R, HUE R 1 mL BT
Je, KGFESEE 022 pm K RJEME (BB, Mg , Wil ROS MIKEE . K RIS INEY)
JHR AR B 7K = ST B B, AN A AR TR [ K A S H A . Ak, ARSI R 15
BTG CREE XFHEZH, BRI B G840 7 o Al /K b S i DS S SR g 25 1, ZEAN R ]
THUFEN ROS . AT A SLIRIEE =K.

1.5 KA MEREYRR /K ERES ROS RN HFE LR
I R AR R VERRYERR (DBC) » & N RIANETEEAH SR 9 “ LR VAR
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MeRRAEY R 7 (Biochar removed dissolved carbon, BCRD) . HAKME WS N, #F 100
mL FAETEI S, % 10 g IIZEMB RN 50 mL 47K 3987 0.5 h. SR)5, H 0.45 um JE
FESIE P8 AE W TR VT, R TR AR I AE P TR E AR BRI 50 mL B4k . BRI
Ty 6~8 YK, AR AJ g 2<% DBC.BC300.BC500 £1 BC700 it BCRD 434l 44 & BCRD300.
BCRD500 £ BCRD700. ¥ =7f BCRD 7£ 45 CHLAVHIRE T4 24 h, #1181 BCRD 174
TH R R DA A SEBR A

FREL 29 135 20 mg BCRD 7F 50 mL Bedf VRS, IO 20 mL #B4iK, Hiskds5], 4
FIAIIAARE] ROS KailREr, % I (0.1 mol-L1) si&EELa (0.1 mol-LY) 75 pH &
7 A, #E 30 min JEEE 1 mm 1HZER 1.5 cm KR OKERED o 44 BCRD 17K
LT S AR A (RRIESREE 100 mW-cm2) FHESS, ZEAR[EmHA] (0. 20, 40. 60.
80. 100. 120 min) RAEFHIAKNE, WIE =M ROS & &E. ALy EE =X,

1.6 SIAA-KAE S ROS FRENHF LI

FREL 2 g & A5 20 mg AW BiRAE 50 mL BeAr VRS, AN\ 20 mL #E4liK, $idk
51, A RIIMAARTE ROS KMl R4Er, 3 HARER (0.1 mol-L'Y) sR&ALa (0.1 mol-L™) iff
T pH £ 7 4, HE 30 min 5 1 mm SR A EER 15 em FIKE GEIRA-K 5
M) o B2 & AT -/K ST HCE AR AR B (R IEBRT 100 mW-cm2) R IESE, 76 [H i a]

(0. 20, 40. 60. 80. 100. 120min) RAEFHKFE, WE =F ROS & & . HIN S EIEA
FZKTE R R T T B HR AL, BT SE36 3 R =K.
1.7 EEEEXKT R E S ROS IR ENHF RIS SLIE

FREX 2 g 1335 20 mg ZEMIFRAE 50 mL BEAR PR A, AN\ 20 mL ¥Ry 25 mg-L-2 )
BRI, BERESAL, ISR ROS Al #REr, 5 FARER (0.1 mol-L'Y) si&E &b
By 0.1 mol-L™Y) HF pH £ 7 A4, #E 30 min % 1 mm K ZEM 1.5cm KIKE OKE
FHHD o BRI K T SR E R ABURBE Y (BRI SRE 100 mW-cm2) RS, TEANERT
[E (0. 20, 40. 60. 80. 100. 120 min) REEF MK, WiE —=F ROS F&E. KASEE
BRI 7K - R SR IR, ia SEIR B =K.

1.8 ROS BIMEF5 74

ASZIR A E 2 (COU) 715 «OH Ik BEL, 7E SI06 Y S M AR &R s in COU i
BAIRER 1.5 mmol-Lt, /K5 =4 f«OH 5 COU &M= 7-hCOU, 650
J6FETH (Japan Hitachi F-4700, HILRPAES AR, HA) FEBURMAGIHREE ) 5nm. UK
B 350 nm. KRG 460 nm RIS Z& A R R 7-hCOU R EE .

K B E AL A BN 240 CAmpliflu Red) TU5E HoO; RS, 78S i 4 B
ININBAR T A B AR L Gk, (S H LR 58 1 U-mLt AT 10 pmol-Lt. A%
He o Fe N FETHEBOR TR S 524% 58 5 nm. R 3K 563 nm AR ST K N 587 nm 2444 1
Frl HaOo PRI o

K XTT 8hEh (2, 3-X0(2- F 48 k-4~ T FE -5 -t 2 3k )-2H - DY S50 M -5- FF I 2 i 26 ) 3l <
O WRFE, TSI SRR T, NI XTT ANEE 1 Ham &R A B 5 mmol-L L, A4k
YR (DR6000, FAA AR, 2EE) 7E 475 nm KNS Oy 5 XTT Bk R SF=9) XTT
R WG S *E?EFﬁuz\fciJrﬁ?%isu Oy IR FED,

47
[0:71= € jll X 2 )
A, [0 PNEBEM S FIREE, mol-L™; AF75 N 475nm 4k XTT HEIROLE; el XTT H
BETHE R A (23 800 MYem) 5 DB, 1om; 28 O 5 XTT Mk R4
1.9 HIESH
FIH SPSS 26 1 Origin 2021 ¥ AFi# AT HLKIZ U7 2408 (one-way ANOVA) , 217K
S E N P<0.05, 7K S H20[2 gil-]OH AT A KR
«OH
Ry,0, = —[-OH] T [H,0,] 2
K, Ry,0, N H202 [7]*OH IELALZE, %; [H20o] /K LS H OGS 120 min J5 H20, 1 R
R, umol-L™Y; [«OHA/K I 6l 120 min f5+0H B EFBUKSE, pumol-L 2.
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2 ZR 51

2.1 £ FIRHIME R

VTR pH. Koy & JuERA . TURBE/RIAFFAEA 2 (PFRs) 15 B 15k
1 fizn. BC300. BC500 1 BC700 —F A4 7% () pH 43514 7.20. 8.40 F19.90, Ko &
434 315.2, 398.1 F1413.0g-kg?t. T MR K E & Can Mg K S8 4 S iR £h
R, HErEA (o 700 CO RIRRE AR BT 5 A 9 AR e 1 TR R AR A
1y, X AAE KRG RIS ARE B OH-, BT AR pHISL, [Kt, BEE A4
VISR R B, e pH AR 4> B [FD R . AWk i) 4% U B2 A 300 “CFE & 700 °C
B, CILERAEMANM, O mETEEZEFIL, H/IC. O/CFl (O+N) /C ¥ EE /K LU AE #H &
FEAI o X 10 BH I 55 26 0 I ) 4 WL B () T v L5 B PESRN, Th Si /K P FAR 2 I 1291, BC300
A1 BC500 far il 2|52 241 PFRs 155, HAUE 5 774 3.84 x 108 spins-g™ 1 18.29 x 108 spins-g-
L H IR LR G 2 (- #3/hF 2.0030, X3 BC300 fl BC500 A F
B I LABR A 0 ) PFRs. i BC700 HRARAL I PFRs (55 . 1X5 2 RUMIAF AL 45 F2R L, 78
HHAE IR (400 °C~500 'C) RAEMIF A 1K) PFRs WK fie i, 24 & IR 8L 650 ‘O, 4
I R I PFRs 327 78 191,

AW R IR B e B AE R AL LL A GE AT XPS Cls A& 1 Fiox. 20406 (K 1a)
R, BC300 ka3 1 B BRI COOH (1695cm™ Al 1447 cm) | Myt (1314cmr
1) | #Fk C=0 AIfiE A C=C/C=0 (1608cm™) F1 C-O-C (1093cm?) ZEE f[]20-2, BC500
FRER LG IRy R FL I O, BikFE C=0 AIfi%L C=C/C=0 &/, 1fii C-O-C 15k .. BC700
HRIRIE . Myiedt. BiFE C=0. FFL C=C/C=0 Al C-O-C ¥y K &Ek/b. Sl 7cig . #l&iR
FE T 650 O, AW iUk & U E BE AW &, I 2 05 B IR v I A SR g i, =
FhAEP5 R XPS Cls el an & 1~ 1d s, @ g & 504, Cls ikt CLHE T&
FE C-CIC-H, Co X Bkt 5 ¥4 3 C-O, Cs At gl C=0, C, R I 5EHE 0-C=0[1,
ER TR Co fRn ke 5#25E C-0 S &K N: BC300>BC500>BC700; Csfh
NHIBESE C=0 & &7F BC700 i, 40724 BC300 f 2.5 fi%. BC500 ) 8.5 fi5; CaFE7IT
0-C=0 & & 1E BC500 F ¢, HKZ BC300 Al BC700. _FiR4EH#/R: BC300 £ OFGs
PLEILBEEE C-O NTME, &/0E C=0 5 0-C=0; BC500 [ & &L/ C-0 5HRIL/
figdt O-C=0; BC700 i OFGs L. C=0 NES, BRIEGHRILSEIFHE TR, %485 1t
—PUESE: AR PRI T, ARV UR R A -AR AN LR S B SR T, RS T
OFGs [Fl &l FMK . BRI R B ED, mifdt. BRI IES OFGs Nid it 77 &
) BEA ST RA U E &£ AWFRRAIMEE (K 1a) Al XPS fEit FiE st & (& 1b~
1d) 5RMTER GR D —3, MEWSEERM, LR EEE R, 75
B 1EE .

R1 EMBREREBEUMER
Table 1 The physical-chemical properties of biochar

_ w5 iy sl AT
W R oH Ashf Element content/(g-kg™) Molar ratio g7 PERS/
Biochar (kg  C H 0 N HIC  olc  (0+NyC  9fCor  qm g
BC300 7.2 3152  467.3 345 1740 85 089 028 0.29 2.0000 3.84
BC500 84 3981  457.2 184 1190 69 048 0.9 021 1.9995 18.29
BC700 99 4130 4854 131 8L1 7.8 032 0.2 013

##: BC300: 300 “C il #1445 5% s BC500: 500 C il % I AE4 5 3¢ ; BCT00: 700 C il & (K14 45 7% . Note: "~ [R]. BC300:
300 ‘Chiochar; BC500: 500 ‘Cbiochar; BC700: 700 ‘Cbiochar. The same below.
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COOII 2 930 C-0-C 5
a) : /1 093 b) BC300
C=C;C=0:1 608\: E 4 C145.30%
BC700 H A
: COOMT 1447 |, :
T~

COOH1695 , ! !
S~

BC300

CEOEANG
' Ph-OH 1314

4000 3500 3000 2500 2000 1500 1000 500 288 290 292 294 296 298
4% Wavenumber / cm” 4£¢+f% Binding energy / eV
¢) BC500 d) BC700
C1 55.70% C152.03%
C26.21%
C2 6.15%
! C318.19%
C35.45% o
C411.19% C40.35%

288 290 292 294 296 298 288 290 292 294 296 298
#E {7 fit Binding energy / eV £k £ fik Binding energy / eV

¥E: Cl: J&JE C-C/IC-H; C2: Bk 5¥dk C-O; C3: FiA:SEEA: C=0; C4: MHEEHEH O-C=0. Note: C1: hydrocarbon group

C-C/C-H; C2: ether bond and hydroxyl group C-O; C3: carbonyl group and quinonyl group C=0; C4: carboxyl group and ester group O-

c=0.
1 VORI AR AN RE R () AR5 BC300 (b) . BC500 (¢) . BC700 (d) ZEifi C JTLEMI X St
TRENE

Fig. 1 The Fourier transform infrared spectroscopy (FTIR) spectra of biochar (a) and X-ray photoelectron spectroscopy spectra of
surface C for BC300 (b), BC500 (c), and BC700 (d)

2.2 XBEHTHMEDFIKAIK L FEH ROS BN HF

W 2 s, &AL RPK A 24T RER-OH fl Ho0,, HHIRE T & T
ANEER TR K TS CRHBRADD o BEAE JEIEET T 3 0, 7K - S H-OH 1 H,0, SRR
WS IZE W N, B 120 min J5, & BC300. BC500 A1 BC700 7K+ i = A= i) «OH W< 7y
5l 083, 0.43 1 0.62 pmol-Lt, HoO2 MFE 4372 21.12, 30.93 #121.89 pmol-Lt. & A4
Ji R /K L FHHTHH «OH Fl Ho02 73 7l /e AN B AW i 7K - AT Y 1.39 £%5~2.65 £5F1 1.31 £%~1.91
5o AT SR R K L S AE G BSR4 T A 2 1) -OH 1 Ho02 94 FEBUH & T HoA A
TR RER . B, Zhao ZEUVEIUTE GRS iR L3RI /K LA heOH F= AR BEE
Z1°4 0.08~0.38 pmol-Lt. Wu 21 i 7K = A9 358 FE Al i /K = LT A2 YR IR 21 R P24
f1«OH Al Ha02 W EE 43 5120759 0.06 pmol-Lt £ 0.7 pmol-Lt (FrE G EED o XA R R

Al AE Sk ARG T K A eOH Al H0, I . 3T O, ABFREIDCIEEET
E AW R K S A I O R ERAR (< 0.2 umol-LD) , BHEAKT *OH F1 H,0, ¥
B, MR TASHEYFRESIRA (B 20) , X5CRR[AFFEE R 8. fla, JREtiE
H, O WREETE TN 0.6~25.96 pmolkg™, Ti«OH FI Ha02 # BE 43 7 I3k 2.33~462 pmol kg
111 31.8~509 pmol-kgt, Oy MR MKI E i OH Al H0, [ f ik FEAR L) 3 MM, Oy
MR AR, TR A e 2l i 72 (HO.+0, —Ho0,+0,+0H:, k=1x108 M-
Lsl) 5% (HOy+HO—H20,+0;,, k=8.5x105 M1-s1) itk e 4k N Ho0,122,

T BRI SRR CRED XS A R K LA H ROS TR TRk, A<
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WEFERTEL T RIS & ROS M lEoL (Kl 2d~K] 2f) . BmE&M4 T (& 2d) 7 BC300.

-OHIK &

-OHK )

-OH concentration / (umol-L™") -OH concentration / (umol-L™") -OH concentration / (umol-L™)

-OH#JE

BC500. BC700 7K+ L1 HH«OH & & 43 7 £1 N s 4%

T (& 2a) [ 40%. 97%. 16%, H.

JUTE H0 BUR (B 2e) o BEGZAMAT (K 26) B O iR Bt SRR T e &4,
FEE T BC300 /K - FETH o 3 18 B FEG B 2E P kK TR 5 1) ROS JE Al 2 A B 2
YER, SRR (Rt & AV TR K B 5T Ho02 FIAE RS 34k, I8 B T--OH A %
O At BRI Z) o (HEREEAAF IR EI-OH A1 O [1I477E, JUHAES BC500 [
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removed dissolved carbon; BC700: 700 ‘Cbiochar removed dissolved carbon. The same below.
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Fig. 2 The generation kinetic curves of *OH (a), H.O; (b), and O, (c) at the soil-water interface under light conditions (a-c),
dark conditions (d-f), and light conditions for biochar removed dissolved carbon (BCRD) (g-i)
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=2 KEREPAMBUBHE (DOC) MF"EE

Table 2 The content of dissolved organic carbon (DOC) and Fe?* in soil-water interfaces

. 7J<+?j%ﬁ%’éiﬂ IRV MUK Fe?*/(mg-LY)
Soil-water interface type DOC/(mg-L?)
KA 32.4 0.21
% BC300 /K- 5ifi® 47.3 0.23
4 BC500 /K - 7t 44.9 0.28
% BC700 /K- 5ifi® 36.1 0.38

@  Soil-water interface, @ Soil-water interface with BC300; 3 Soil-water interface with BC500; @ Soil-water
interface with BC700.
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file s Fe* &g e (A 0.38 mg-LY) 5 [AIR, HARTHIY HO-C=0 I E N4 &I e Fe?,
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Fig. 3 Conversion rate of H,O, to *OH in different soil-water interfaces (a. soil-water interfaces with and without fulvic acid, b.

kaolinite-water interfaces)
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E: Ka: &l&A7; W: 7K. Note: Ka: Kaolinite; W: Water.
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K4 EIcH (Ka) —KIMERAEDFR-/KHEF-0H (a, d) + HO; (b, ) F Oy~ (¢, ) MBSk
Fig.4 The generated kinetic curves of *OH(a, d),H,O- (b, €) and O, (c, f) on kaolinite (Ka)-water interfaces and biochar-water

interfaces
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Fig. 5 The generated kinetic curves of *OH (a), H.O, (b) and O."~ (c) on soil-water interfaces with fulvic acid (FA)
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