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Mechanisms of soil minerals enhance biochar stability : A review

CHEN Quan, CHEN Lifang, WU Danping, WU Min’, PAN Bo

(Yunnan Provincial Key Lab of Soil Carbon Sequestration and Pollution Control, Faculty of Environmental Science and Engineering,
Kunming University of Science and Technology, Kunming 650500, China)

Abstract : Biochar has received much attention due to its high stability in the environment, which makes it suitable for carbon sequestration
and emission reduction. However, biochar is not completely inert. Its stability is determined by its chemical structure and the surrounding
ecological system. To explore the stability of biochar and its carbon fixation potential under the action of soil minerals, this study elaborated
on the mechanism of the interaction between biochar and mineral inorganic ions, the aggregation process of biochar and mineral particles,
and systematically analyzed the influence of minerals on the biological stability of biochar. Mineral inorganic ions might interact with
biochar through complexation, cation bridging, precipitation, and electrostatic attraction to form an organic —mineral complex, and mineral
particles may aggregate with soil organic matter and biochar. These two forms might provide physical protection for biochar, thus improving
its chemical stability. The distribution of biochar in aggregates changed over time. It mainly existed in silt and clay aggregates, and then
distributed in micro—aggregates and macro—aggregates. The formation of aggregates limited the number and diversity of microorganisms,
reduced the probability of contact between biochar and microorganisms, and slowed down the microbial degradation of biochar, thereby
enhancing its biological stability. This paper discussed challenges to biochar stability and carbon fixation ability and provided a theoretical
basis for future research.
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Figure 2 Aggregation process of biochar, soil mineral particle, and organic matter




W4, 55« TS B o A ) A g PE R BILIRN 2554 495

HLTLE S AT SR AR rp 7 A 1 DL R, v 4% 1A
RUH) G RBAMAr— BTz, AR
TEEE Y B IR AT SO SR A, IR 235 0y ot A e 1
TGS S Ml BTG 3 TR 2 R
P SR A 73 T TR, 2 78 g Bl T SR AR, S 2000 + 26k AT 3R
PR IR, 3870 A= 5 AT RE AT SR TR rh v o
fifp MUHE ST HS , B AR A T T —Fe R 4%

AW AN SR ) A LSO A AR R I £
SR VAT SR A A e F L S AL M B ORAP AE FH E
SR I UE L B AR W A b k4
fFE S 05 A Z b A IS SR
FELE DA VR (19 70 A3 DL, (EURAR DR P 3R A
AW BN A HLUBAEA T X 08, I 2w il A ) e A
TP R B & L, T O AR e e AL
R VA TR BE 0 07 TG PEAG o BEAb , Liu SR A
FER LW 5 AN A2 52 W) 98 P SR AR ) S A
HRULSY o FEARD; A W e Xk 1 3 1A SR 1) 53 v 12
W o AT DU I T LAZE R . SR SRR, B o0
IFEARAR S A W AR A BE T B AR I ] 30K Gk 18
ERAEY AL TR R R B S8 . R, it —
AT heAE SRR R T I o AT DU LB
A 1] AR AR T O
2.3 BREHIREX E W RIEE MR 00

A=W I RS RE M T 2 s AL AR MRS E
PE 2 AT S SORORE AN JCHIL A A
G B A2 B AR AR RS E P H g i . Ao
AR E TR 3 SR 2 T T AR W) e R AT DL S5
S ST R SR PR — 3R 23 A e 5 e v
SRR MR A W R T, BIVE B PRLRR B Bl
Yy AT — 7 W SV L, PSR SR A B RS B IR
A P O S 2 AR AR W 15 AR W it R
A, DRI PSR A v BE R A A1) P A= 00 o B TR e W e A
PR, AR i A AR E VR 2 . SR AT 3R
A H B FLBE 70t 2 52 0 fole A 0 0 P SR AR PN A 0
{14 B i o Killham S5 A 55 A B4 %) B AE fL 12 <6
o S8 R AR A A8 T ALAR 6~30 wm A1 ]
SR B /INFLBRE rb A 0 it ) P A 0 i A D 2
LA, FLBR/IN 4 -3 P SR A A K RS P v T AL B R 1Y
PIRAR . DRI, (kTSR A v R i 14 A R e s
THAbA P o L, FEREE A P AE L SR Y
AR E NI A b BT R ST SR Z (8]
T 1P SR L B A 15 D0 -5 A 0 0 A P SRR A 114
I AL o

T AT R AR R W T R AR W R A S
RE LSRR, a0 4 38 LR AR B 9k JT T (Fusarium oxyspo-
rum )", 2% LG BH R T A4 TR RE DA AR Wk O
WA S WA R B IR ARTETET ] AU BT S5 20 T8 1Y
FEBEA Y AT I, AR AT R B X
L2 T 1T R A ERE RONR WAL B 4 B 3 AT E 1Y
95 B ARG W) AR R 05 AL S T A L
J5 AR R ) SR LA A AE TR+ b 2R
PRI AT R A T 2 o3 v o R, AR 0 ) A 0 e
FOBE T IR a5 e i HL, PSR A Hh BR AR ER A 2 4
WA LB 0 o 05 SR A W ) A R BB, 2L A5 BELAS
WA R A5 i T (A5 AT SR A rh R A A 1 e i T
Wy ) Bt AN 2R EAR P RE IS I T A g . R T AT 3R
IRITE 2 A= Y e M AE R e M . Zimmermann
SR I 2 A YRR 1 a5, TSR W 0 WA 1 Tl
S W S AL i A o S A Pl S T A AL R
11 a Ji, 73 W5 A T ) 3 802 @40 260 1 g S 2R e
oty o T A [R) B OR A A A B 2L 0 FUARLAE W0 % i
IR I A 7 i MR A 9T S SR AR b A=
Wy (4 30 A e e AR AL

BR LSRR P A1, L S S o T AR A=,
o 4R Hony DUR T ) € N S8 52437, U1 i
SR A AR Yy AT AL ER 23 A= W, B Bk R i
I FH A5 Wy 5 e 200 7 AR L T I 0 AR ™. TSR
AR/ INFL TR 24 R 232 s R s A= ST R T, el
Xof A ) J ) B AR ) S0, ERIESE AR W) R AE 3 P Y
T s PRI, AN ZALAE W) ¢ 55 0 40 B ORI B 141 2R 1
(9 FL B 53 A e ke (R P o e 51 A2 - 3 v S 3l ) T
FBRAG P B O Sy, (H H i ol = iz d51-55% £ B e e A1)
AR IIRESE o MeAb, — S8 R Py et 38 s HAT
BEFAEHI™. DR 0 0 2 A ) o ] 4 A2 ) o, SEE G
5 7 I TR 5 - 3 v #) fol A 0 /0 2l ke A 0 o 4 e
F A, A 2B I - 39 PR SR A v A ) 0 1) o
M

3 RESRE

AR N LI 5 SR ) S L Tk
A — RGN AR RS A IL-0 B 2 5 R kA
SR, 8 -5 A A PUST R 5 S 0 ) JBUB
Rk Az AT ST AE b 3 v R A SR A . AT SR M v g A
Yy RE A 2 W LG, DT A2 S AL R AR )
AR A T o AR B o GBI B AT ) S UL AR ]
AR AR E MR B 5 X 1 P s TURR AR B A R

WWW.QEs.0r9.CN




m@g 496

VRETR Rt Y FEFE3H

XHER,

JUEHH W R B 1 Bk R, (L Sk B T L
W) O A W e R M B 52 ) 4TS A VT 22 [n) AR
fiff e«

(DAY A s JoAIL 8+ = 6] A AH ELAE AL
PALH . 2 HI B9 RESE 28 3 A CaCl, NaCl #l Na-
C1-NaH.PO, 55 15 S WO IR T A W e ) i 125+
FAH EAE FAILER B Bt 55 i 40 Joa 8 - 28 e Lk -
B Y B — SRR EAE RS R A A
Yy H BRI SN SO SR AT AN T T . ARk id
T IRATH SRR OB S T S HO A= Wy e b
A2 I Ak, TS AR R A Y R S A Y A
G3FUET ) JoT 15— B AH ELAE T DA 7 16 28 4 Jo A ] 2
TR SEIAN [A] g AR M B R R

(2) A= 1o v T s Pk 2 PR R Pk A S B
TE TIPS, AR b K AT R A AR
Yy 1 ] VPR 2H 23 AN M 2H 3 (AR ) i JBORE ) 5+
Hew 1) Z [l AR FH AL SR AN TR] , TR 5 0 A= ) e B AR
PER DTRREAS I — 20 X 3o BUAh, AW T s R 4 4y
5 gz ) WA BAE AR E AR T T
Wy o R Xk A ) e U AR AT ML R S AR e
RE T A 400 Jo1 8 - X 3k S8 R s AT B oy O[] 2
IR A3 AT AR ) VR FIPLEE, DL AT PR Tl
2H 3 WA AE Q0T 52 00 A2 ) i 5 0 ) Joe AR AR AR PR B
AR — 5T -

) HERIRIE 5 A A e PE A8 k. 29
RN I ey DA S 22 A A 554 40 Joa UKL 4601 1t
SR, 4y S A R 245 ) 1 XS ] SR AT i
farsz i 7 SR AA b B A Py g e B AR A A 1
B VL R i f R R AR e, LR AR 2 A S 45 e A Sl
e, L) A W o R RS PR AR AL B AL R B A
Wil A= W) IR AE PR Al AR ) B RS e P

(4) o it ) A6 0 o ) - 398 A 0 L R o R o f
ML o XF Eb A= W ¢ J8] 1] 7% B8] (charosphere ) ” F1ECAth
b S A ) e FE AR TS AR ) e TR A AE 1
AW R RIS S BRI A2E HH 78 A= 1 1)
R i v B DG BEAE FH Y 38 2 W 5 ik S 1A W Y
AR AR IR RN A S I VR A BT TR A Y A
Y e ¥R 1 RN R A AL o B HTT 2 26 1 e 1 R At Bsp
KESUA L IEGEY A 3, 20 T TS R YR &
SE R o A AT AR A5 e B D AR 1 A A Ar
AT HIL I B9 2 ) e B AR LI, PPAG A (] AR 0 A 52
Wi 2 40 e e Mk v R R AVE

1% WHART]

S 3

[1] LIU M Y, ZHU J, YANG X, et al. Biochar produced from the straw of
common crops simultaneously stabilizes soil organic matter and heavy
metals[J]. Science of the Total Environment, 2022, 828 : 154494.

[2] X3, ANAT, 3 2205 . A W pe X 3 o B 35 M A WA v R
RO T R R ()], S BE1kaE, 2021, 40(6) : 1643-1658.  LIU J, SUN K,
HAN L F. Effect of biochar on soil heavy metal speciation and bioavail-
ability: A review[]]. Environmental Chemistry, 2021, 40 (6) : 1643 -
1658.

[3] TOMCZYK A, SOKOLOWSKA Z, BOGUTA P. Biochar physicochemi-
cal properties: Pyrolysis temperature and feedstock kind effects[]J]. Re-
views in Environmental Science and Biol/Technology, 2020, 19(1) : 191-
215.

[4] EFOLE, BRoeas, 2586, 5 TR B K FA B A RESE PERRIE K% [ e v g
[J]. AL PREERL 222412, 2022, 41(3) :639-647.  WANG Y T, CHEN
G Y, LI L, et al. Stability and carbon sequestration potential of hydro-
char derived from Cyperus alternifolius[]]. Journal of Agro—Environ-
ment Science, 2022, 41(3) :639-647.

[S]BIRD M I, WYNN W J, SAIZ G, et al. The pyrogenic carbon cycle[]].
Annual Review of Earth and Planetary Sciences, 2015, 43(1) :273-298.

[6] SUN Z C, ZHANG Z C, ZHU K, et al. Biochar altered native soil organ-
ic carbon by changing soil aggregate size distribution and native SOC
in aggregates based on an 8—year field experiment[J]. Science of the To-
tal Environment, 2020, 708 : 134829.

(70 Fhvia B . e M. 55 2 B, bt op B MOl L, 2021 64
SUN X Y. Agrology[M]. Second edition, Beijing: China Forestry Press,
2021:64.

[8] REN X H, WANG F, ZHANG P, et al. Aging effect of minerals on bio-
char properties and sorption capacities for atrazine and phenanthrene
[J]. Chemosphere, 2018, 206:51-58.

(9] PNEEIE, JIPHPE, £ 3, S5 AW el B HOx s e b S WA T
Sy T 5 Sk R (D], BR B B4, 2021, 40(5) : 1503-1513. SUN J C,
ZHOU D D, WANG W, et al. Research progress on modification of bio-
char and its adsorption and degradation behavior[]]. Environmental
Chemistry, 2021, 40(5) : 1503-1513.

[10] CHEN C M, DYNES J J, WANG J, et al. Soft X-ray spectromicrosco-
py study of mineral-organic matter associations in pasture soil clay
fractions[J]. Environment Science and Technology, 2014, 48 (12) :
6678-6686.

[11] CHANG J L, LEI Z, YUAN G, et al. Facile synthesis of nano Zn0/ZnS
modified biochar by directly pyrolyzing of zinc contaminated corn sto-
ver for Pb( I ), Cu( Il ) and Cr( V) removals[J]. Waste Management,
2018, 79:625-637.

[12] XU X Y, ZHAO Y H, SIMA J K, et al. Indispensable role of biochar—
inherent mineral constituents in its environmental applications: A re-
view[J]. Bioresource Technology, 2017, 241 :887-899.

[13] YUN L, MUNROE P, JOSEPH S, et al. Nanoscale organo—mineral re-
actions of biochars in ferrosol: An investigation using microscopy[J].
Plant and Soil, 2012, 357(1) :369-380.

[14] POSSINGER A R, ZACHMAN M J, ENDERS A, et al. Organo—organ-



W4, 55« TS B o A ) A g PE R BILIRN 2554 497

ic and organo—mineral interfaces in soil at the nanometer scale[J]. Na-
ture Communications, 2020, 11(1) :6103.

[15] HAGEMANN N, JOSEPH S, SCHMIDT H P, et al. Organic coating on
biochar explains its nutrient retention and stimulation of soil fertility
[J]. Nature Communications, 2017, 8(1) : 1089.

[16] CHENG C H, LEHMANN J, THIES J E, et al. Oxidation of black car-
bon by biotic and abiotic processes|J]. Organic Geochemistry, 2006, 37
(11):1477-1488.

[17] KAISER K, GUGGENBERGER G. Sorptive stabilization of organic
matter by microporous goethite : Sorption into small pores vs. surface
complexation[]]. European Journal of Soil Science, 2007, 58 (1) : 45—
59.

[18] GU B H, SCHMITT J, CHEN Z H, et al. Adsorption and desorption of
natural organic matter on iron oxide : Mechanisms and models[J]. Envi-
ronmental Science and Technology, 1994, 28(1 ) :38-46.

[19] KAISER M, ZEDERER D P, ELLERBROCK R H, et al. Effects of
mineral characteristics on content, composition, and stability of organ-
ic matter fractions separated from seven forest topsoils of different
pedogenesis[]]. Geoderma, 2016, 263 :1-7.

[20] LUO X W, SHEN M X, HUANG Z J, et al. Efficient removal of Pb( II )
through recycled biochar-mineral composite from the coagulation
sludge of swine wastewater[J]. Environmental Research, 2020, 190:
142-148.

[21] HAN L F, YANG Y, SUN K, et al. Different mechanisms driving the
preferential adsorption of dissolved organic matter by goethite and
montmorillonite[J]. Chemical Geology, 2021, 585:120560.

[22] OADES J M. An introduction to organic matter in mineral soils[J]. Soil
Science Society of America, 1989, 1:89-159.

[23] CLOUGH A, SKJEMSTAD J O. Physical and chemical protection of
soil organic carbon in three agricultural soils with different contents of
calcium carbonate[J]. Soil Research, 2000, 38(5):1005-1016.

[24] TAN X F, LIU Y G, ZENG G M, et al. Application of biochar for the
removal of pollutants from aqueous solutions[J]. Chemosphere, 2015,
125:70-85.

[25] MIKUTTA R, MIKUTTA C, KALBITZ K, et al. Biodegradation of for-
est floor organic matter bound to minerals via different binding mecha-
nisms[J]. Geochimica et Cosmochimica Acta, 2007, 71 (10) : 2569—
2590.

[26] SCHWESIG D, KALBITZ K, MATZNER E. Effects of aluminum on
the mineralization of dissolved organic carbon derived from forest
floors[J]. European Journal of Soil Science, 2010, 54(2):311-322.

[27] XU Z B, XU X Y, TSANG D C W, et al. Participation of soil active
components in the reduction of Cr( VI) by biochar: Differing effects of
iron mineral alone and its combination with organic acid[J]. Journal of
Hazardous Materials, 2020, 384 :121455.

[28] WANG L, OK Y S, TSANG D C W, et al. New trends in biochar pyrol-
ysis and modification strategies : Feedstock, pyrolysis conditions, sus-
tainability concerns and implications for soil amendment[]J]. Soil Use
and Management, 2020, 36(3):358-386.

[29] HASSAN M, LIU Y J, NAIDU R, et al. Influences of feedstock sourc-

es and pyrolysis temperature on the properties of biochar and function-

ality as adsorbents: A meta—analysis[J]. Science of the Total Environ-
ment, 2020, 744 :140714.

[30] Z& ffvifh, X R 2, TRIHT, 55 . 09 5 A4 Wy nl Vs P 4L 4 1 A8
T AR B AU Al 3R ETRE 242441, 2022, 41(7) : 1490-1500.
QIN JJ, LIU Y X, HE L L, et al. Mechanisms of interactions between
soil minerals and dissolvable biochar components[J]. Journal of Agro—
Environment Science, 2022, 41(7) : 1490-1500.

[31] YUAN P, WANG J J, PAN Y J, et al. Review of biochar for the man-
agement of contaminated soil: Preparation, application and prospect
[J]. Science of the Total Environment, 2019, 659 :473-490.

[32] PURAKAYASTHA T J, KUMARI S, PATHAK H. Characterisation,
stability, and microbial effects of four biochars produced from crop
residues|]J]. Geoderma, 2015, 239:293-303.

[33] YANG F, XU Z B, YU L, et al. Kaolinite enhances the stability of the
dissolvable and undissolvable fractions of biochar via different mecha-
nisms[J]. Environment Science and Technology, 2018, 52(15) : 8321-
8329.

[34] YANG F, ZHAO L, GAO B, et al. The interfacial behavior between
biochar and soil minerals and its effect on biochar stability[]]. Envi-
ronmental Science and Technology, 2016, 50(5) :2264-2271.

[35] YANG Y, SUN K, HAN L F, et al. Effect of minerals on the stability
of biochar(J]. Chemosphere, 2018, 204:310-317.

[36] WOO S H, ENDERS A, LEHMANN J. Microbial mineralization of py-
rogenic organic matter in different mineral systems[J]. Organic Geo-
chemistry, 2016, 98 :18-26.

[37] SOLOMON D, LEHMANN J, WANG ], et al. Micro— and nano—envi-
ronments of C sequestration in soil: A multi-~elemental STXM-NEX-
AFS assessment of black C and organomineral associations[J]. Science
of the Total Environment, 2012, 438:372-388.

[38] FERNANDEZ-UGALDE O, GARTZIA-BENGOETXEA N, ARO-
STEGI J, et al. Storage and stability of biochar—derived carbon and to-
tal organic carbon in relation to minerals in an acid forest soil of the
Spanish Atlantic areal]]. Science of the Total Environment, 2017, 587 :
204-213.

[39] KUZYAKOV Y, BOGOMOLOVA I, GLASER B. Biochar stability in
soil: Decomposition during eight years and transformation as assessed
by compound-specific *C analysis[J]. Soil Biology and Biochemistry,
2014, 70:229-236.

[40] NGUYEN B T, LEHMANN J, KINYANGI J, et al. Long—term black
carbon dynamics in cultivated soil[J]. Biogeochemistry, 2008, 89(3) :
295-308.

[41] SINGH N, ABIVEN S, MAESTRINI B, et al. Transformation and sta-
bilization of pyrogenic organic matter in a temperate forest field exper-
iment[]]. Global Change Biology, 2014, 20(5) : 1629-1642.

[42] BRUUN S, CLAUSON-KAAS S, BOBULSKA 1, et al. Carbon diox-
ide emissions from biochar in soil: Role of clay, microorganisms and
carbonates[J]. European Journal of Soil Science, 2014, 65(1) : 52-59.

[43] WANG J Y, XIONG Z Q, KUZYAKOV Y. Biochar stability in soil :
Meta—analysis of decomposition and priming effects[J]. Global
Change Biology Bioenergy, 2015, 8(3) :512-523.

[44] 11, AEE, WL, 55 . L HE W) B A A AR W e Y S AT T K

WWW.Qes.019.CN




m@g 498

VRETR Rt Y FEFE3H

T ik B 52 P B S 0 [0, PRI R 2 2R 4, 2017, 37 (11) 14329~
4335. XUZB,YUL, YANGF, et al. Interactions between soil min-
erals and dissolvable biochar and its influence on carbon stability[J].
Acta Scientiae Circumstantiae, 2017, 37(11) :4329-4335.

[45] YANG F, XU Z B, HUANG Y D, et al. Stabilization of dissolvable bio-
char by soil minerals: Release reduction and organo—mineral complex-
es formation[]]. Journal of Hazardous Materials, 2021, 412:125213.

[46] WU H, CHEN Z H, SHENG F, et al. Mechanisms for the dissolved
biochar promoted iron dissolution and consequential chromium re-
lease[]]. Science of the Total Environment, 2021, 796: 148923.

[47] ZHANG P, LIU A J, HUANG P, et al. Sorption and molecular fraction-
ation of biochar—derived dissolved organic matter on ferrihydrite[J].
Journal of Hazardous Materials, 2020, 392 :122260.

[48] SUN Y Q, XIONG X N, HE M ], et al. Roles of biochar—derived dis-
solved organic matter in soil amendment and environmental remedia-
tion: A critical review[J]. Chemical Engineering Journal, 2021, 424
130387.

[49] BT, X 5%, BRELZE, 55 . AW moxd L B LB Ak UL B0
L FCAU BB 5 JEE (). 130 FH A 2574, 2018, 29 (1) : 314-320.
CHEN Y, LIU Y X, CHEN C ], et al. Priming effect of biochar on the
mineralization of native soil organic carbon and the mechanisms : A re-
view[J]. Chinese Journal of Applied Ecology, 2018, 29(1) :314-320.

[50] SUN Q, MENG J, SARKAR B, et al. Long—term influence of maize
stover and its derived biochar on soil structure and organo—mineral
complexes in northeast Chinal]]. Environmental Science and Pollution
Research, 2020, 27(22) : 28374-28383.

[51] MAHBUB UL ISLAM, JIANG F H, GUO Z C, et al. Does biochar ap-
plication improve soil aggregation? A meta—analysis|J]. Soil and Till-
age Research, 2021, 209:104926.

[52] BRODOWSKI S, AMELUNG W, HAUMAIER L, et al. Morphological
and chemical properties of black carbon in physical soil fractions as
revealed by scanning electron microscopy and energy—dispersive X—
ray spectroscopylJ]. Geoderma, 2005, 128(1/2) :116—129.

[S3]1 JIEN S H, WANG C S. Effects of biochar on soil properties and ero-
sion potential in a highly weathered soil[]]. Catena, 2013, 110: 225~
233.

[54] GUILLOU C L, ANGERS D A, MARON P A, et al. Linking microbial
community to soil water—stable aggregation during crop residue de-
composition[]]. Soil Biology and Biochemistry, 2012, 50:126-133.

[55] BURGEON V, FOUCHE J, LEIFELD J, et al. Organo—mineral associ-
ations largely contribute to the stabilization of century—old pyrogenic
organic matter in cropland soils[J]. Geoderma, 2020, 388(1/2):114841.

[56] SAFFARI N, HAJABBASI M A, SHIRANI H, et al. Biochar type and
pyrolysis temperature effects on soil quality indicators and structural
stability[J]. Journal of Environmental Management, 2020, 261:
110190.

[S7] YANG F, XU Z B, HUANG Y D, et al. Stabilization of dissolvable bio-
char by soil minerals : Release reduction and organo—mineral complex-
es formation[J]. Journal of Hazardous Materials, 2021, 412:125213.

[58] HILSCHER A, KNICKER H. Degradation of grass—derived pyrogenic

organic material, transport of the residues within a soil column and

1% WHART]

distribution in soil organic matter fractions during a 28 month micro-
cosm experiment[J]. Organic Geochemistry, 2011, 42(1) :42-54.

[59] CHANG Z F, TIAN L P, LI F F, et al. Organo—mineral complexes pro-
tect condensed organic matter as revealed by benzene—polycarboxylic
acids[J]. Environmental Pollution, 2020, 260:113977.

[60] HAN L F, ZHANG B, CHEN LY, et al. Impact of biochar amendment
on solil aggregation varied with incubation duration and biochar pyrol-
ysis temperature[]|. Biochar, 2021, 645:60-70.

[61] BRODOWSKI S, JOHN B, FLESSA H, et al. Aggregate—occluded
black carbon in soil[J]. European Journal of Soil Science, 2006, 57
(4):539-546.

[62] MUSTAFA A, XU M G, ALI SHAH S A, et al. Soil aggregation and
soil aggregate stability regulate organic carbon and nitrogen storage in
a red soil of southern China[J]. Journal of Environmental Manage-
ment, 2020, 270:110894.

[63] FEK, 47 J8AF, F i, &5 AFEJr s T 5 | o DX e B R 5
V] SR Ak 43 A1 B s P A5 el D). 0o AR 25 4 41, 2019, 30(10)
3463-3472. HUO L, YANG S C, WANG C B, et al. Effects of till-
age lypes on soil aggregate distribution and stability in irrigated siero-
zem of Gansu Yellow River irrigation area[J]. Chinese Journal of Ap-
plied Ecology, 2019, 30(10) : 3463-3472.

[64] T — I8¢ . it o A= 0 1 Xob 4 il +- 398 JAT SR A4 % K AR K g 52 [, 7K
LR BRI AR, 2022(5) : 11-13. XING Y B. Effect of biochar
on sloping soil aggregates and maize growth [J]. Technology of Soil
and Water Conservation, 2022(5) : 11-13.

[65] GAO M Y, YANG J F, LIU C M, et al. Effects of long—term biochar
and biochar—based fertilizer application on brown earth soil bacterial
communities|J]. Agriculture, Ecosystems and Environment, 2021, 309:
107285.

[66] LIU Z X, CHEN X M, JING Y, et al. Effects of biochar amendment on
rapeseed and sweet potato yields and water stable aggregate in upland
red soil[J]. Catena, 2014, 123:45-51.

[67] LENG L J, XU X W, WEI L, et al. Biochar stability assessment by in-
cubation and modeling: Methods, drawbacks and recommendations|[J].
Science of the Total Environment, 2019, 664 : 11-13.

[68] A7 WL . A= H5c — L ey S5t S TR AT kg B G0 B e A1 5% i AL
[D]. B VAR K, 2017:22-25. YANG F. The interfacial
behavior between biochar and soil minerals and its influencing mecha-
nism of carbon stability[D]. Shanghai: Shanghai Jiao Tong University,
2017:22-25.

[69] KILLHAM K, AMATO M, LADD J N. Effect of substrate location in
soil and soil pore—water regime on carbon turnover|J]. Soil Biology
and Biochemistry, 1993, 25(1) :57-62.

[70] MENONA M, MAWODZAA T, RABBANIB A, et al. Pore system
characteristics of soil aggregates and their relevance to aggregate sta-
bility[J]. Geoderma, 2020:114259.

[71] DE LA ROSA J M, MILLER A Z, KNICKER H. Soil-borne fungi
challenge the concept of long—term biochemical recalcitrance of pyro-
char{]]. Science Reports, 2018, 8(1):2896.

[72] DAL Z M, BARBERAN A, LI Y, et al. Bacterial community composi-

tion associated with pyrogenic organic matter(biochar) varies with py-



Wiz, 55« Lm0 S ok A ) e R E TR BIL R 25504 499

rolysis temperature and colonization environment[J]. Msphere, 2017, 2
(2):326-338.

(73] B 4=, XM SE, X I, 45 . 3% 5 4 4F it F A 0 0 0 R A s 6
A WU VE SR I R2 ], HP RO R S 4R 2021, 3(1) ¢ 176~
185. YIN Q Y, LIU J H, LIU G S, et al. Effects of biochar applica-
tion for four consecutive years on microbial community structure of to-
bacco cinnamon soil[J]. Journal of Agricultural Science and Technolo-
2y,2021,3(1):176-185.

[74] NGUYEN T T N, WALLACE H M, XU C Y, et al. The effects of short
term, long term and reapplication of biochar on soil bacteria[J]. Sci-
ence of the Total Environment, 2018, 636:142-151.

[75] FJiit, XK, mUAE, 55 . 80 SO KRR T A e e LS
WA (). Al BB Rl 22224, 2021, 40(9) 1 1954-1962.  WANG
R, LIU Y X, GAO C X, et al. Short—term degradation of vermiculite
modified rice straw biochar in soils[]J]. Journal of Agro—Environment
Science, 2021, 40(9) : 1954-1962.

[76] FANG Y Y, PAL SINGHA B, LUO Y, et al. Biochar carbon dynamics
in physically separated fractions and microbial use efficiency in con-
trasting soils under temperate pastures|J]. Soil Biology and Biochemis-

try, 2018, 116:399-409.

[77] ZIMMERMANN M, BIRD M I, WURSTER C, et al. Rapid degrada-
tion of pyrogenic carbon[J]. Global Change Biology, 2012, 18 (11) :
3306-3316.

[78] A7 VLD, AN, X —, 45 . A= W0 5 R A it P X A P 3 2 TR
L5 4 W SZ AT b E 35 R, 2020(4) :66-71. YANG B B,
ZHU X P, ZHAO Y, et al. Effect of biochar based application on soil
nematode community structure in cotton fields|J]. Soil and Fertilizer
Sciences in China, 2020(4) :66-71.

[79] EWTHT, J A A . AR5 4 13 ERIE RN K HALHRI B, BRI AL
2%,2013, 32(5):768-780. WANG M M, ZHOU Q X. Environmen-
tal effects and their mechanisms of biochar applied to soils[J]. Envi-
ronmental Chemistry, 2013, 32(5):768-780.

[80] LEHMANN J, RILLIG M C, THIES J, et al. Biochar effects on soil bi-
ola: A review[J]. Soil Biology and Biochemistry, 2011, 43(9) : 1812—
1836.

[817 3K 7 Uy . AR F A 49 1 1yt FH X6 4 FH - S ke s o A ) A 25 4007
[D]. JLPH - I PH K24, 2021:21-23. ZHANG F J. Ecological effects
of biochar application from corn straw on earthworm population in
farmland soil[D]. Shenyang: Shenyang University, 2021:21-23.

(TR - )

WWW.Qes.019.CN




