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PN TR 2 BT rT AT Cd WREEAKSEF Y e rh ST AN B S e e R A g — A Akt 2>
IR SR EAN, R CAMIHGE T AW i 445 AN e VA 4 e 5 4 g i o] R
{8 AN B R L At anfar s L3 v i 4 B ATE SR AT 2
Rt AW UARME S YT B e, B RS, PRI A SRR R L ) - I D
AN E SRR, S HIRhE SRS SRR B CR, AR RAY
HhesE I E S R R UL R AR s S
1 #RERE
1.1 YRR AR
BAE (MX) . KGHFF (DI) FIERFEFE (YT) FHAKIERER KL, T 80 °C M TS,
JHIE 200, 400 F1 600 °C AP BAERE 4 h (L 10 °C-min”' AUERTHE R HFRIRE ) , BHIREER
o, BUhmAe T, I EOPRMHE S 100 Hifi. FBERSRIE, ISy m o ilbrich MX APk .
DI AW A YT Ak . AR AR B, PR AR AE ) A J Slid o MX200. MX400, MX600, DJ200.,
DJ400, DJ600, YJ200. YJ400. YJ600. A=#5ny pH Al SR (EC ) RAVKEFLENE (EIAFE S5
RARFZ I 1:10) o K5 (Ash) Sl SabhEiiiore (650 °C, 4h) B EEIE ., RAICR MY
(Vario EI ) JUEfk (C) . & (H) AR (N) mHEW&E, A (0) SEilid e PivkiE. A
FE R MR N,-BET FeR AT (ASAP-2020 %Y ) 7E 77 K 44 P S ai&U/<E . FARC Bl
HPRIE (°C CPMAS NMR ) 785} 100.36 MHz, B fjiEhs s N 8.0 kHz 5040 N M A=W s 4 i,
FEIE,
1.2 HEHSRESHH
FIZHIE (020 cm) R AWLTEE RFERRBXFAH, ARX A 10 Bf, /M. 85 (ks
Br) . pH A KIREEE (B 1:2.5) H pH iHUE; FHES F2cHeid (CEC ) R LIREASHRIEIIE 5
THEAHUR (SOM ) R IR 25 yk-AMInGEIRE 5 HHERAR A0 R BEOCRIE A ONE . AR
LR Tessier TALHELARBUIAEI, RIS S8 FIR RSP EIED: (ICP-OES, PerkinElmer Optima
7300V, EH) WERSE, JFIEHEEAYEYER . pH o~ 7.81, SOM K 47.1 g'kg™', CEC 4 31.1 cmolkg ™',
PUKCRSAE . R FVRD L & 43 A 1.78% . 13.5% F1 84.8%, & THEF#b+ ., HiHEhE 4 E SRR
(HCI:HNO,;:HF :H,0,=6:2:2:1 ) {44, ICP-OES MliE . JFlh 3 Cr. Cd. Mn Fl Zn il 5
S35 491, 0.27., 703 1206 mg-kg™', Hrf Cr St T ( HHEMEERRE) (GB15618-2018 ) f&H
Hio XU G B ( pH>7.5) o ¥ H Cr. Cd. Mn Fl Zn & 8306 Bl 2> 98 1.12~3.56. 0.001~0.063
6.72~45.70 Fll 4.22~38.10 mg-kg ', HJEH LML, EYkS HHERAER R SR BB RS LERZE
R
1.3 SELgigit
FREX 200 g 3, AN 1% (B %0) MAYse, ISR A KA IEEHER (IKEREA e e fh
PABG H3E MAE AFRB KAL) L T 25 ¢ fEIRERESRAARE TR 30 d, WHRRIFRE A 3 d ANEE Y
K EEFK, LKA 70% DK E ., B0 E 3 NER . BRai)s, —iomt
IS TR REA R s R TIEXCT, BT 100 Hf, A [EMEEE, 20 HIEEA AR
(pH. CEC 1 SOM ) | FE4 & Sm AR rikm 1.2 #8453
1.4 TIRMREHREARD NG E
34 MagPure soil DNA LQ Kit (D6356-03, | NIEFAWRHAFRAF] ) 5857 & Ui I B it 240
) DNA, 0.8% Zifis e i ik 2 DNA. SR AIE1 514 338F (5'-ACTCCTACGGGAGGCAGCA-3')
FR A5 806R ( 5-GGACTACHVGGGTWTCTAAT-3') #F{T V3-V4 [X 16S rRNA J:[H (1) PCR $1 ,
PCR 844514 WIHA7EE (98 °C. 30s) , fEFF (98 °C. 15s; 50 °C., 305s; 72 °C. 30s) 27K, 72 C {4
£ 5min, IBAH 4 C THEF 10 min, ] 2% HIEMEER L KA HY 34 R Be, VMR BE, F Axygen
DNAGel Extraction Kit #2177 & ( AP-GX-250, Axygen, [ ) [, Quant-iT PicoGreen dsDNA
Assay Kit {5fl & ( Thermo Fisher, 3&[# ) HF € & Microplate i240#% ( BioTek, FLx800, 3E[H ) Ay
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PCR /=¥y, MRHEEMES TR EEE IR AR . AL 1Y L R R R G, JFHIZEE [llumina A )
Y TruSeq Nano DNA LT Library Prep Kit #F 17 # % , i & SCJ% ] H Agilent High Sensitivity DNA
Kit ( Agilent, ZE[E ) #4T 2100 Fiks:, i Quant-iT PicoGreen dsDNA Assay Kit ( Thermo Fisher, ZE[E )
i) Promega QuantiFluor ( Promega, [ ) #17FEME R . XEEACE, 78 Nlumina “F- 5 _LFH MiSeq
Reagent Kit V3 (600 XfEFF ) (Illumina, [ ) #) MiSeq MLas#EA x0T (2x300 bp ) -
15 BEESEE

R F Excel Al SPSS22.0 A it A AGE 115341, KA Origin 2021 Z:ilFIRIE] . AbFHALZ [A] )25
S MR SPSS22.0 AV K 224081 (ANOVA ) |, k(T Tukey FEKIRAT (BB BN
p<0.05) o RAEFHRAERI = TRMOTR T (RDA) K,

2 HR5TH

2.1 EYIRHERIBUMRFLES

MFE 1 AJLIE T, PRI 200 C FHEE] 600 °C, EYmT C S8M 63.7%~71.9% 543 83.9%~
89.5%, H &M 4.56%~5.69% FEKF 1.45%~1.69%, O EHM 20.8%~30.3% [E(KF] 4.64%~7.69% ., X5
DIFERIFFE A R —8 T, PR TR, bR EEHRE (H/C T ) FbetEdE%k (O/C Rtk ) &R
1%, 3BT T A RERE BB AN Al PR B e AL . SRR e A ) R E il R rp, BRIDGIR . £F
HF | CPARERMARRR SR ANA AR, KEEEADWA, TSI, FEPEREE DK v,
XL R R AR C/N T EEBHE R (BRT YJ400) o MX AR C/N JEF HUEBFSATAE Mok
B, X SR N S RERAE N, A G R AR Y e R L £, BER T AWk
TR, PHREETHR, AWK pH il EC B K, X 5KaH K. Na, Mg, Ca F& @AWl 5
FED SO

=1 EVRIOBEARIBUIME R

Table 1 Basic physicochemical properties of biochars

EEL bR C H N 0 HC Oo/C CN pH EC/ (dsm™) K4y  HRER (m>g')
MX200 63.7% 5.69%  0.326% 30.30% 1.070 0.357 225 6.12 1.01 1.11% 1.52
MX400 79.6% 3.22% 0335% 1520% 0485 0.143 273 9.23 1.04 1.57% 10.20
MX600 89.5% 1.69%  0.307% 6.78% 0.227 0.057 337 10.10 1.66 1.71% 318.00
DJ200 71.9% 532% 0.776%  20.80% 0.888 0.217 108 7.40 1.31 1.19% 1.65

DJ400 84.3% 2.61% 0.752% 10.60% 0372 0.094 131 9.89 4.10 1.75% 59.20
DJ600 88.4% 1.45%  0.690% 7.69% 0.197  0.065 149  10.10 6.23 1.79% 292.00
YJ200 63.5% 4.56% 0.708%  2630% 0862 0311 104 7.15 1.33 4.88% 1.98

Y1400 70.9%  2.74% 1.110% 18.30% 0.464 0.194 74 8.91 1.41 6.96% 7.86

YJ600 83.9% 1.57%  0.751% 4.64% 0.225  0.041 130  11.00 6.24 9.17% 310.00

A PC NMR 4087 (3 2) 2545 TARRIBRA AL A0 R (8, oA ) , fh: bidlik
(8 0~45) . N-HUCheRE o A S LU e 3L mk (5 45~63) . O-HUC LR (5 63~108) . J5 Ak
(8 108~148) . EpFERR (8 148~165) . FRELFIHIELDR (8 165~220) U1 iR BE T iz L Wy b g it
(80~45. 3 45~63 18 63~108 ) FNEKERR (& 148~165) Wi/l TMiFFahk (8 108~148 ) H%, FKUAY)%
HRACEEEE T =Y, X 5 H/C JRF FURRAR A 45 SR — B0, RIEERARIEEOR LU EBR 4L 7 (8 45~63
8 63~108 F1 5 148~165 ) FrimfliFiHREE TR MR, X SRR fbas—2e. EPWT 200 € &L
TR T R L KRR R B R 3 200~500 °C FERLTYE R FR 4 Rt 2w, KT 500 C
FERAFR A E A AA UMY X — AR R RS T AR W e AR B RIS M2 oy BE A L
AR AT AERIL R IR (8 165~220 ) F EBEAFREE TR L, JEF Tl &4 Yt ferp



4 EZ0 A D S XX &

= 2 EF"C NMR DHFiREET MBI ER YRR

Table 2 Distribution of integral results of relative chemical shift for carbon analysis by solid state *C NMR

LGS LE) 50~45 5 45~63 5 63~108 5108~148 5 148~165 5 165~220 g3 TSR a4

MX200 28.20 16.90 32.1 15.9 8.05 5.00 72.7% 22.6% 58.5%
MX400 17.20 5.87 15.4 383 6.01 17.30 38.4% 44.3% 44.5%
MX600 7.01 2.00 11.8 50.3 4.12 24.70 20.8% 54.4% 42.6%
DJ200 29.30 8.94 28.2 224 9.02 9.65 61.8% 29.2% 51.9%
DJ400 10.30 4.78 17.3 45.1 3.94 20.00 31.9% 48.4% 45.4%
DJ600 6.12 3.02 14.8 50.0 231 24.70 23.7% 51.8% 44.4%
YJ200 32.40 14.40 26.9 144 6.03 8.35 71.6% 20.2% 54.5%
YJ400 19.80 7.35 20.4 29.7 4.88 10.10 51.6% 37.5% 46.3%
YJ600 8.33 3.21 16.7 42.1 3.04 17.90 30.9% 49.5% 44.8%
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Fig. 1 Effects of biochar application on basic chemical properties and bacterial community composition of soils
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TR BRI (<3% ) I, XF55metE 3 pH SR B2, AN, (Ui DI400 F1 DI600 ik
A4 pH W5 T DI200 403 (p<0.05) , HARAEY RN +48 pH T 52 (p>0.05) . 5
AR, DI200 F1 YJ400 B2 THE T 3R CEC (p<0.05) , HAEYIRILEICEN (p>0.05) . jXkibsk
L] DI A=Whckt 13 pH Al CEC BI5EMIS MX A=Wl YT A B AN, Ao & S a HLe)
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AW BT AN B REE LR BRI 5 A Y JFRR TR AR VI SE (K 1) o AIRAMUEE £
FUPERYZER, T HSAEERETRYR, AR @ MRS A KRB T RO B R, s
IJo DI I YT A=W i B RAR T T TRIAIRT=ERE (p<0.05, Bk YJ200) , WFFT 24Xt a1
FRIIREFRRSCREAR, XPERH BA DU RS 2180, MX AW T AT 1Te 352 m (p>0.05) , N
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B Z S REFRY T, o HIEPRRFTEETT (B DI400 AbBRZH ) A4S 1 1] Ao AR = 5 G 3 5

(p>0.05) .
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WARZ—, REBUEY AN TIPS SRR St E . ST Cr, BT IscsRwtit,
o 3 AR 4 BRI Cr S EICE M (p>0.05) o Cr 54 Cr(VI) Al Cr(IIT) B A Z 1]
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AR, I, X R LDERESAAER Cr, Y rRIf R B E IS
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Fig. 2 Effects of biochar on heavy metal forms in soil

FEEAR T P RIRER S 525 Zn (p<0.05) , BRI Hl 4 19 DI A1 YT AR5t G 2 (p>
0.05) o YJ600 & AT AFERIIKY, AT Zn EBAREMEMDEEYC . toh, II5EAL Zn BIEEEYS
TSN GE R AT K
2.4 EMMEMRENDREEBISHXBIEEET

Pl 3 Gt T A R EIAE . - SR 2R TR - SRR R 2L xR rh R RIS . R
pH FD5 ik & AT SRR R4S A BB A ZE B2 Cr IEAR. MR ERRIR IR SIRmREh el & S
AMEEEES Cr e, SIS Cr A—EIEME. —Jrii, FEMRIEERER, feldimalim. &
TAHA IR LS S A M o™ 55—, Jaiiason A sise b TRIRIRBRIR, A BT Cr BAR
E, XAEEETPRE] TUESE . AR BT ik & it SRR A AT & 2 Mn Al Zn IEARSG . AR
YERITS, AW B R DT A A A, AR TR AR e R B A A S SR
APLEEELS Cr. Mn Al Zn ARSGAEYIRIGHGRIBUEMDS, BN EGRAEYRRRALE THE . BT
et W AR AT EHISERA T M0 A=y C/N JEF H SRRIRER S 575 Cd il Mn IEARSC, BRA:
Prpdssi ) C/N JEU1 HURZ e B S U E RN R CO, YA AR AR MR A IR 23 55k
WS Zn A—EIEASNE . ORI AR B ARBTG5 et L3 o s G B[ e e OBV T, A B T
RF SRR MFIPER S AW i) K oy RERARAR AR BUZ IR, (et Zn R AEARRIADTER",

TSN BT VR ZHL A A ) 4 TR R AT B B Y b R 4 TR IR S HOE A DA
Ko RDA &R (B 3) , SUNFET TSR ERR AR IR IEARSC . SURF T DR —Fp AR R
e, BRI FSCAARAY LA 2ERE, IRIIBR & Am B B s O HARBE T E s i 5 TR . 5358, A9
BTN E B BB K ES & rP IR UKEE™, AR T IR AR E TR Bl FUHIE . SURTT 1S5k
FRAZS S S MESR A A B8 Cr TS, JEFRIAZS Cr IEAHSE, SRW]LIErP DR A1 40 e A3 A B
T Cr WARE . T AR R ST R PRI BBRE Cr(VI) 38508 &) TIEADITE Cr(lD). i
LRI T SRRIRER AT A Cd A CN R HUIERISE ., ORI VAT ERIE R, LB C/N R
T HOHARME TS R AR EA TP, AR BORER R (0] NS RUBRIRER L, et T Cd 1 AMREIEAS
(RE7E . TRATRA TR ZF AT IR T THR SIRMRER S 528 Cd ARG, oty — Ttk B, b 2F T
WS AT Cd R SE, RUNZZENREIEZA BT Cd BRED . LR IR T 15l 5e s
Cd ARG, RUIPIZEAE R AF T Cd MERE. Hn, MX600 FER 1R A 5 (K1),
BT R S HeAs Cd E i (B 2) o RIASHAS Mn STRFTIET TAIZFEREGE T T TOAROE, AT TIEA G,
APTTEHGE R THE & Mn SN, fER Mn(ID) AL Mn(II) F1 Mn(1V), A B FIE AL Mn DL
P, KSR, SRR T AL Mn RURFE IR, M TFRATIE. BRAT R
). ZFEEBEFTRET IR (LIRNEE T TH0 S B A A G2 Zn IEARDC, ESBRIEZS Zn ARG, RIXPIZEAN
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Fig. 3 Redundancy analysis between basic physicochemical properties of biochar, basic chemical properties of soil,
phyla of bacteria, and heavy metal speciation
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(AL T )
Influences of biochar application on soil bacterial community composition and
heavy metal speciation

ZHANG Hongyu, ZHANG Guixiang’, PING Long, DOU Jingshui, FENG Miaozhuang, DUAN Xiang

School of Environment and Resources, Taiyuan University of Science and Technology, Taiyuan, 030024, China
*Corresponding author, E-mail: zhanggx@tyust.edu.cn

Abstract Wood chips, soybean straw and corn stalks were used to produce biochars by pyrolysis at 200, 400
and 600 °C under oxygen-limited condition. To probe into effects of biochars on bacterial community

composition and speciation of heavy metals (Cr. Cd. Mn and Zn) as well as their interactions, biochars at the
application rate of 1% (mass proportion) were added into soil to incubate for 30 days. The results showed that
biochar significantly increased the relative abundance of Proteobacteria in soil (»p<0.05). Soybean-derived and
corn straw-derived biochars significantly decreased the relative abundance of Actinobacteria (p<0.05), but
significantly increased the relative abundance of Nitrospira in soil (p<0.05). The relative abundances of
Gemmatimonadetes and Bacteroidetes were related to biochar feedstocks and pyrolysis temperatures. The
changes in heavy metal speciation in soil were affected by biochar feedstocks, pyrolysis temperatures, heavy
metal types, and bacterial community composition. Specifically, biochars prepared at 200 and 400 °C
significantly increased exchangeable Cd contents in soil (p<0.05), which was not conducive to the stability of
Cd. Effects of biochars on the speciation of Mn in soil were similar to those of Cd. Biochars had little influence
on the speciation of Cr, but had a complicated influence on the speciation of Zn in soil. The results of
redundancy analysis showed that polar functional groups on biochar surface and the specific surface areas of
biochars contributed to the stability of Cr, Mn and Zn in soil. High C/N atomic ratios of biochars were not
conducive to the stability of Cd in soil. Bacteroidetes had positive effects on the stability of Cr and Cd in soil.
Acidobacteria, Gemmatimonadetes, and Nitrospira had certain activation effects on Zn in soil. The results of this
study provide a guidance for scientifically and reasonably using biochars to remediate heavy metals-
contaminated soils.

Keywords soil; biochar; heavy metal; speciation; bacterial community composition
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