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Regulatory effects of Fe-Mg modified biochar on arsenic and cadmium
forms and microbial communities in tropical paddy soil

LIANG Jie, WU Yuejun, CHEN Hongyu, GE Chengjun, YANG Xing
(School of Environmental Science and Engineering, Hainan University, Haikou 570228, Hainan, China)

Abstract: [Objective] The objective is to investigate the passivation effects of Fe-Mg bimetallic modified
coconut shell biochar (FCBC) on arsenic (As) and cadmium (Cd) in tropical paddy soil under different moisture
conditions, as well as its impact on microbial community structure. [Method] A 30-day indoor soil incubation
experiment was performed from August to September 2025, with two moisture treatments: flooded and moist.
The effects of FCBC on the mobility of As and Cd, soil physicochemical properties, and microbial community

structure were systematically analyzed. [Result] Compared with the control and unmodified biochar, FCBC
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significantly (P<< 0.05) reduced the contents of available As (by 8.74%—12.5%) and available Cd (by
92.88%—93.50%) in soil under moist conditions. Under flooded conditions, it decreased the available Cd content
(by 76.92%—-86.2%), but significantly (P<<0.05) promoted the migration and transformation of As (by
24.95%-33.45%), thereby increasing its potential ecological risk. Mantel analysis revealed that the passivation
effect of FCBC on As was mainly regulated by Fe and S cycling driven by moisture changes, while its effect on
Cd was primarily achieved by altering soil pH and other physicochemical properties. The application of FCBC
overall reduced soil microbial a-diversity and significantly altered the bacterial community structure under
different moisture conditions. Compared with other treatments, FCBC significantly decreased the relative
abundance of taxa such as Thermodesulfobacteriota, and Clostridium, and increased that of Pseudomonadota,
Microvirga and Neobacillus, thereby affecting the migration and transformation of As and Cd. Moisture
conditions further affected bacterial community composition. Co-occurrence network analysis showed that
FCBC reduced the complexity and stability of the soil bacterial network, while the anaerobic environment
enhanced the synergistic relationships among bacterial species. The functional prediction results of PICRUSt2
revealed that the application of FCBC under aerobic conditions enhanced protein functions related to As and Cd
resistance, and promoted key metabolic processes such as amino acid metabolism and organic matter synthesis.
[Conclusion] The synergistic effect of moisture management and Fe-Mg modified coconut shell biochar
affects the migration and transformation of As and Cd in paddy soil by regulating the structure and function of
microbial communities.[Ch, 8 fig. 3 tab. 38 ref.]
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R AU AR i FH 5 R 2R A s e 0 G DR Vi 45 F4 RN D) E Y 728 Ak RT al J8 1 AR AR SRR N . JT R
I ROTVENE it — 20 52 i 82 4 8 W AR A e Y 78 XTAO 51 bt s v, i LB (MgO) B
AL [ e ISR, BRI JEAT & Methylobacillus . 578 & Cupriavidus %5 9 43 J@ it 52 258
B, AR SR i 5 3 A 2SN BE ;. ISLAM 503V W98 80 . ARBE MM 2K Zea mays FEFT A=
Yy FVER 76 7k BRI B2 v ¥ Y Ae TH - 58 rh IR S B 40 1R R Anaeromyxobacter 5525 1 4 )& fif v s bt 40 T s
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B T 2024 4F 8 AR [ WG A I 1T B0l X RO B SRR FH . 25k 3 b n] LAY shAE
ARG IR AT, IFad 2 mm G4 o 498 b iR R AR B T SR B A A0 B0 il o 197.1 AT 0.86 mg-kg !,
pH M 6.1, J& Ttk 5, I ahFIsa i /- 20T GB 15618—2018( - HEMIR i 4 F Hh + 1875 4
WA FEARIE (IRAT) )R AE 189 XU 7 1B 1R

AT S BT FH AR 9 i R W) ) 2 AR ) TR PR /) AR ST A Wk (CBC, 650 °C 34 ). BBk el el sT
AW (FCBC) Wil s i FR AN R - ¥ 20 g BR7e A= 5351 43 #0F 300 mL 7% 0.15 mol- L™ b5k (MgCl,)
F10.15 mol- L™ i i2 £ [Fe(NOy);] IR G W, BB+ FIRA 1 he BEJ5 8 A Z A L4 (NaOH)
W, BRR pHIE R 10,5, 16 95 C &M FHEMFER Y 1 h, ZJEHEE 90 C /KB HEER X
N 6he N EERE, HRABETRREVEITHELGLNE, U85 RS E T 60 C MR h T E a5
1.2 HIEEFIAWIZIT

2025 4F 8—9 H, AW 5 K - 4 2% i e iR A S B TR RS P AT R R . R
5 15 KRNI 2 AR B X KA B A 25 oK, UK B AR R R L
1~2 cm; P b 30 o AR K, B8 oK A T )R K 1Y 609%0~70% . XS 2L & 6 Fib B .
DYS-ck, ANhaA: Y KEE; @SR-ck, AHtEYRFIRIEARE; GYS-CBC, jfiA 2% CBC ¥
KAbEE; @DSR-CBC, Jiti A 2% CBC HZiEALEE; BYS-FCBC, Jifi A 2% FCBC [ /KAbH; (©SR-FCBC,
i 2% FCBC MIRIEACEE . RERhAC BRI B 4 NEE , AR ER 24+1) C KT, 5
FRJ R 30 d.

1.3 TEMEYRERBLEROUE

i R AL (BET) A B HZLAM IS (FTIR), X ST 70 (XRD) A4l i 7 B il
(SEM) Xf AW e K B REAT . H R AU E SUARESE T 00 . ARG R3O0 | SR S (R I Eh R - R -
SRR AR 5 o R P YA XT I S S F A2 (Eh) SFAT B 705 o 4% W BT o LE 1210 K fif £
H5REFKIRA, Wi 02 00 I 3 A HLIK (DOC) AUKIESHRIRER (SOT) il i g, &%
FH 0.5 mol- L™ R R EE B -SBFEM bk Lt (750 % + 3 TCE TP Fe( 1),

HAABACIEARTE H AR A F I IFad 2 mm Je e i J5 19 AR e o SR 1 mol- L7 @ iR — &4
(KH,PO,) 1 0.01 mol- L™" S fb55 (CaCl,) iz 4 T I A RS MAA ZES R, 2 BG4 55 8 A s
X (ICP-MS) 5 FL it 4345, 464 MLk (SOC) K E KRR -FMMBGE I 5 464 240 (AP) >Rk
fig SR PR A DT TR E 5 38 pH R HLAITEIIE 5 I (AK) SR R B0 12 42 - K e g
PIE .

1.4 TEEAE 16S rRNA B EENF

Kig% 30 d 5 RS 80, I TIUE R 451 8. R E. Z. N. A. ® soil DNA kit (Omega
Bio-tek) % 18 15 B - #2 Bt £33 & DNA. #]H] NanoDrop 2000 4376 31 (Thermo) il &2 DNA K B A1 4L
B, Zaifb AT A A DNA RS TS 260 59 500 40

PIGHEA 16S rRNA K VA~V SR XY 1 Hbx, BEH54%) 338F (5~ACTCCTACGGGAGGCAGCAG
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-3') Fil 806R (5'-GGACTACHVGGGTWTCTAAT-3") A7 R £ Wi s i (PCR) 473 . 4li4k /= 9 PCR 7
P)>k I NEXTFLEX Rapid DNA-Seq Kit #8073, SC% i &4 5 15 lumina MiSeq *F- & (LR
AW BR A W) $HEA T e 3 5 DU 43T o
1.5 RSB 5SS

B AL IR 5 G5 143 B3 i Excel 2010, Origin 2024 1 SPSS 27 5¢ K. 5% HI 8K 2597 2243 HT (one-way
ANOVA) K6 36 A [ &b 3 8] (1) 22 Sk, 97454 Duncan £ 8 WAL #EAT B BT, WBEMAKFRE N
P<0.05, >k Hl mothur ZX 4 X} o Z #£ P (Ace 75 %1 . Chaol #§ (. Shannon-Wiener 3§ %{ #1 Simpson $§
B TR, T R RS R R B AR . SR R SR Y “vegan” Ak
7 Mantel 7347, 2T Spearman HIZCHEL (r>0.5, P<<0.05) t HIRANGR LB LS, M4y nl AL 53
FNEEFY 53T R F] Gephi ZXF5E AL
2 BXR5w
2.1 HEFEBEEYRKIERRIE

Ao BB EIR (8 1A, B) 7R : CBC RETAXEH, fLBR/ AR, 1 FCBC BB Ny
A%, YRR R EBUE T A R R T A, TEAER S FL IR R P O SR 1Y 0 8000k, BT 4
BTUE S B oA B BB o A HL 2L AP EIEAL S T 25 R (K] 1C) 7R : FCBC 7E 576 em™ Ak 3 IR g i
Fe/Mg—OU", X SRS M % (K 1D) B R 7 11.03°F0 22.15°4b b 4R E 16 4 551 XeF 17 S 700 4 2ok
W4 S A AL (Fe/Mg-LDH) 1) (003) F1 (006) fifii . ¢ 1 7~ : AT CBC, FCBC [k T2 it 7
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Figure I Morphology and characterization of biochar before and after modification
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R, 1 CBC #ifbBCRA T E . ZINE TR T x1 EVMBRNEREBELER
@CBC i‘%ﬁﬁk’/ﬁ L:j EEF Igﬂ %%ﬁﬁﬁi ;ﬁ %Hjj E’J %%L\‘—L Table 1  Selected physicochemical properties of the used biochars
A Fe—O0), 3% 5 GRS 0 B 48 B — 5, A W/ A A/ A/ HEmEY fLERY
N (gkg") (grkg) (grkg) (grkg) (m*g™) (em’g)
> 3+ = A &
@FCBC ﬁ@/)\iﬁ%)ﬁ %I }:T E ﬁ]Fe ’ 7{ %L’Hﬁ/ﬁ ﬁ: CBC 744.0 3.0 204.0 34.0 1017.36 0.46
T ML Fe-As LUTHEY ™. Jehh, FCBCR  pope ago0 230 2720 290 26657 014

I 1) Fe—OH 1 M B At M1 5 AsO;~ 45 BT 78 1A

FE M) Fe—O—As 255, MREIEA RS R 8 E /D) A -
RSy i) < Vizy | A Y (G SR-FCBC d SR hbe

5 YS-ck 1 YS-CBC #bHfHI, YS-FCBC AbHE SR-CBC ol -
T RS R BUE 2 (P<0.05) TH ) 24.95%~ SRk be - -

33.45%, FKWITEIRAFLIET FCBC Mt A S 1M i vs-FcaC 2 - ho
TR YA RS . HIRH AR A VS.CBC Em 1
U 24\*7‘?@:L®FCBC Jili A - 5 HT 4 e £ vsck b b
pH, I 73G9 AU % 1T A B R far, o A ELHE EEEE— ' ' !
A 2 i 2 T 0 250090 (R 4SO ) O R
Y (D) A BV AR A LK 5 LA 5 Y SR AN RIENE SR 2 AR AL EE )25 5 B 2 (P<0.05).
J1, BB As-DOC 854, 1 FCBC [1YJiti A 42 5 B2 REAIET LA % AR RS 05
T g A MUK A BT 080, DR AR Figure 2 Concentrations of available arsenic and cadmium in soil under
it W A R 20, BFCBC Jifi A 32 J5 vl /8 A B T it different treatments
PRAR FE L FHE AL, DT i s K K e b b 2k SR AR 1 1 3 DR MR A A, R TS B SR I 4 A S R
59 G

YS-FCBC 4bH K + 38 7 20 5 50 20 BRI 88 YS-CBC 1.2 (P<<0.05) [k 86.20%, %S YS-ck &
ik 76.92%; [Fl B}, 5 SR-ck Fll SR-CBC #b B A ., SR-FCBC 4b ¥ T 4 3 A5 R0 38 5 i & 7 B0 o &
(P<<0.05) F% Ik 92.88%~93.50%. iR&5 Rz . FEARFK 24T, FCBC HIHE W& ML L1 b ny 4
WA, HECHCRET CBC, &5 TR LA N ALH] . (DFCBC nl 42 & 148 pH, Hmek ik
Yy m Y TR e o B, NI CAT B L T 22 R B AL s RIEE, pH B TR A R T Bk R ER 45 S SR
(CACOs3) M AE B, HESR AR Y [E 2 P, @FCBC 3 M 1Y Mg/Fe-LDH W [ i 53 5 Cd* R AL 2= b (4% 4 .
UUUE), MEIEA RS e ALY &5 A MU= sual, TR BB b 4 A RS T e A A
(P<<0.05) i THEKIAEE, HE TRAEKM T HRIRILEJE R AT/ SO ik Jrad 2, nl i i A o vs v iy
AL (FeS) [E 4@, sl HS/S™ 5 Cd™ R WIE s fb 4@ (CdS) TivE , M B4R 10 A= 0 A s bR
[, DRAE IS 2k A IR 5 A Bl A A PR R bR AR K . R B BE M & i o I kA fk
Yy, a3 X 1 R o R [ e
23 ARLEI HIENFERNBEIER

2 BN T AR AL HE T 4 e B R A AR AL ERAE . 5 2 Bhok 2048 B Ut A 1 ke Ab BEE (k) Al
CBC AbPEAHEL, FCBC RYJita % (P<<0.05) #8155 T 13 pH, IH PR FRREE et i B b e AR e e i 5 1A
T RIS E A, A RHEE R T pH, WK AL BEAY 3 pH ¥ B 3 (P<<0.05) = TR A4b
R, X ATRR S IR AR A BB TR AR 1) 3 D B I RS TH AR HOA EPY, IRE B T A
CBC 1 FCBC ¥{i + 398 480 {b ik J5i i v b PR 2-473.45~-498.51 mV (P<<0.05), X2 TAMmAIE b
JEME Y A S, I AR R R R, B R AR R A i R AR, AR e Ad B
(P<0.05) #2757 HIEA PR TR 08, WIEN 9.15%~28.47%, VAN T A mA B & & E A VURA
4y, WA TIEJE B INA PR . 5 ck. CBC AL, FCBC AbBEF 3847 S50l o i /0 B0R H B i 5 AR
fb, HEF 30 d % R g2 0 DL - ek Al oy A fk . 5 k. FCBCAHEL, CBC AL & 3%
(P<<0.05) #5517 L HEALER B i 2 5, R R G A Wk e AT S T - i

WE 3 iR, #KAEE T +HERR PRI Fe U0 % (P<0.05) i THBNEALH, RIAE M T &
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Table 2 Physicochemical properties of paddy soil under different treatments

Qb3 pH FALE LA /mV AU/ (g kg ™) R/ (mg-kg™) HR (mg-kg ™)
YS-ck 6.05+0.02 ¢ —204.13+4.50 b 28.69+1.01d 10.69+0.82 ¢ 67.31+4.05 ¢
YS-CBC 6.11+0.08 ¢ —473.45+6.68 ¢ 36.86£1.06 a 12.41£0.50 ab 162.47+15.49 a
YS-FCBC 7.38+0.05 a —498.51+48.42 ¢ 34.98+1.08 b 12.01+£0.75b 58.39+6.79 cd
SR-ck 5.69+0.09 e 275.65+32.66 a 31.80+1.27 ¢ 11.80+£0.99 b 46.87+1.53d
SR-CBC 5.87+0.05d 310.07+14.81 a 36.83£0.49 a 13.37+0.53 a 93.02+16.32 b
SR-FCBC 6.99+0.11 b 235.15422.93 a 34.71£0.51 b 12.25+0.55b 51.56£7.27 cd

LB RIFIARNG F B3R R AN R AL BRLA) 22 57 83 (P<<0.05).

v S_c\( SR-FCB C
C
&P

O AR LR
| WIRESN N
L )

B R Fe
(mg-kg™)

RRVING PR R AR 2 53 5. (P<0.05).
B3 FRAET LRSI
Figure 3 Physicochemical properties of fresh soil under different treatments
g5 AR R AR IR RS R, TR TCE Y KR s R A5 R AR 0T, AT ok Al CBC A3,
KIFHEF FCBC 2 3 (P<0.05) & 7+ T MR 2 HX Fe(I1) B9 i & 20 B, 384 R B /= 15 25.00%, X & K
FCBC i) Fe/Mg—O %5 Fe/Mg-LDH Z54 & R Ui B 1L 58 ) 38 A A FAEUE H 8 7468, Jin
A KA T 145 Fe() AR IR, WU PV 55 R B AEYIRAE N B A IHA, Holi A$R 5 TKRE 1
iR o] $E IS Fe( 11 )/Fe(I) FifE 4k, 5 ck 1 CBC 4bBEAHEL, FCBC i A .35 (P<<0.05) #2551 + 3875
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PER LR TR /050, X T REJE T FCBC R T4k &5 A AU MR 5 43, DTG N T 398 v o i
PEA ML, WK ISR T KIS BRER T i 7 80 3 (P<<0.05) (IR TiBiE A bE, REIRASKM T
TR ER B B B ALY, eAh, 5 SR-ck I SR-CBC AbFEAH L, SR-FCBC AbFET S 6% R £h o £ 435
.3 (P<<0.05) JH&5, Ui FCBC #yjii F X + Emi g Eh i % B — E AR 7R

24 FELEX T IEMAEEELENSIEENIEREER

241 FRRAKAETIEMARZLEMS SRS HIEMEY SRV LRSS AL aT M N PR F 4
JET5 Y B G RO BB AR SE bR . WK 3 /R, 5 ck M CBC ZbHAH L, FCBC b T 4340 1
7511 Ace #5840 . Chaol $8%(F1 Shannon-Wiener $5 %8 #4 I8 & F#AIX (P<<0.05), T1fii Simpson 84Tt &, M
FCBC FJiti Fi f 28 A T A BRI B0 P 3 o FE N2 ek, (BRI SE Mt T il DB S e £ 50 R
ZHANG %P7 (958, pH REIR s HIRBUE MIBEE 2540 5 ZREPEAs (k. NItk FCBC b5 2 Y 1 4 pH 28
LRI e S RN R RETE ZREME R 5 R A B A

®3 AELETHEAFERRZHEEN

Table 3 Diversity indices of soil bacterial communities under different treatments

Kb T Acet8%1 Chao 13541 Shannon-Wienerf§ %% Simpsonf§ 4
YS-ck 2 410.5£105.8 a 2375.1£117.0a 5.86+0.17 a 0.009+0.002 be
YS-CBC 2500.7£122.4 a 2496.3t111.5a 5.90+£0.17 a 0.009+0.002 be
YS-FCBC 2 143.5£175.6 b 2126.4£172.9b 5.63+0.04 b 0.011£0.002 b
SR-ck 241744619 a 2402.7£58.3 a 5.96+0.10 a 0.007+0.001 c
SR-CBC 2558.8433.2 a 2 530.6+£60.6 a 6.05+0.04 a 0.007+0.001 ¢
SR-FCBC 2 113.5+131.7b 2079.4£193.0b 5.47+0.10 b 0.015+0.002 a

Bl B ENG T BERR AN ) b B ) 22 53 25 (P<<0.05).

FARFRIIHT (PCoA) £ 2R 7R (11 4): FCBC ALERYS ck Al CBC 4L BEAE PC1 il B 2B W R0 8, i
K5I 2 FhoK 48 BT N7E PC2 il b4y, B FCBC it FH K 20 45 (435060 A HH - 3R P RV 2
BT T R, H A AR IK SRR 22 5 07 T EA R STk 1
242 RFAAET XEmBAHFARFE EIKELE, FELENERE EEHERERET
Bacillota, ZFJZ 1] Pseudomonadota, JilZk &[] Actinomycetota, Z¢%5 (] Chloroflexota, FBLARAT B[]
Thermodesulfobacteriota 52 A% (€] 5A). TEJ@AKF L, AR IE EZECLIER IR Clostridium . 2 FF
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Figure 4 PCoA analysis of soil bacterial communities of species
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Figure 5 Relative abundance of soil bacterial communities and species difference analysis under different treatments.
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