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Ameliorative Effects and Mechanisms of Multi-Metal Cation Ball-Milled Biochar on Soda

Saline-Alkali Soils

SUN Kai'?, FANG Guodong>**, FAN Guangping®’, CHEN Ning?, ZHANG Xinyi'?

(1 School of Earth and Environment, Anhui University of Science and Technology, Huainan, Anhui 232001, China; 2 State Key
Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 211135, China;
3 University of Chinese Academy of Sciences, Nanjing, Nanjing 211135, China; 4 Institute of Agricultural Resources and
Environmental Sciences, Jiangsu Academy of Agricultural Sciences/Key Laboratory of Saline-Alkali Soil Improvement and
Utilization (Coastal Saline-Alkali Lands), Ministry of Agriculture and Rural Affairs, Nanjing 210014, China)

Abstract: Based on the mechanism whereby cations loaded onto modified biochar can displace Na" in saline-alkali soils via ion
exchange, this study used corn-stover biochar as the carrier and employed ball-milling to composite it with flue-gas
desulfurization gypsum (DG), single superphosphate (SSP), and poly-aluminum ferric sulfate (PAFC), thereby preparing three
modified biochars (BCDG, BCSSP, and BCPAFC) and systematically evaluating their amelioration effects and underlying
mechanisms in soda saline—alkali soil. The results showed that ball-milling modification markedly altered the physicochemical
properties of biochar; among the three, BCPAFC exhibited a highly porous structure, abundant amorphous metal hydroxyl
complexes, and higher polarity and hydrophilicity. Incubation experiments indicated that BCPAFC effectively regulated soil

alkalinity, stabilizing soil pH (initially 8.25) within a near-neutral range (6.49-6.88), while maintaining a relatively high electrical
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conductivity (0.50-0.55 mS/cm). Meanwhile, it increased Ca®>" and Mg®" concentrations in soil solution, promoted sustained Na*
release and leaching, and reduced sodium adsorption ratio (SAR) to 2.73—4.24. In addition, after 12 days of incubation, BCPAFC
decreased exchangeable sodium (ENa’) by 31.7%, increased cation exchange capacity (CEC) by 86.4%, and reduced
exchangeable sodium percentage (ESP) by 63.4%, demonstrating a pronounced advantage in reshaping soil exchangeable-ion
equilibrium. Microbial community analysis further revealed that BCPAFC enhanced bacterial o-diversity, enriched salt-tolerant
taxa such as Actinobacteriota and Pseudomonadota (Proteobacteria), and increased alkaline phosphatase and urease activities.
Correlation analysis suggested that soil pH, base cations, and carbon—nitrogen nutrients were the primary environmental drivers
governing microbial community succession. Overall, BCPAFC enables rapid amelioration and ecological function recovery of
soda saline—alkali soil through the synergistic action of multiple mechanisms, including ion exchange, specific adsorption,

structural regulation, and microbial activation, providing important theoretical and technical support for the development of

biochar-based soil remediation materials.

Key words: Saline—alkali soil amelioration; Modified biochar; Cation exchange; Mechanical ball milling
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1 #RE7EZE

1.1 ks

M 1R AR KL KF £ (123°
85'E, 45°60'N)fR#kH 0~20 cm FZ M TRITERTR 1.
SRR DX b AN BT JEUIE M, 22285 - SR iR 4R )

SIRY 45 °C, AEMIKERY) 380 mm, AR BER
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Tablel Basic physicochemical properties of tested soil

pH EC K Na* Ca** Mg** Cr

SO  COY HCO; CEC  ENa'  ESP SAR

(mS/cm) (mg/kg) (mgkg) (mgkg) (mgkg) (mgkg) (mgkg) (mgkg) (mgkg) (cmolkg) (cmolkg) (%)

8.25 0.090 7 14.5 865 68.5 71.0 168

396 192 2220.4 11.8 2.39 20.4 12.0

fE kAl 22 R B Rk . = SRS & A A
([Co(NH;)s]Clsy, 4L 99%)5 Z %% (CH;COONH,,
4 98%) I H L BT Hr T AE W R R A BR A
Al ERATE (DG) H LA AR 2 BRA R I
BIRFAERAR, K 30~60 pm, FB I A K
R45(CaS042H,0), pH K 5.33; fWil245(SSP, 4fi
JE 85%)I A KT ARBR AL AR A BRA F, 2L
22400y MWL — A 55 (Ca(H,PO,),) S ER 45 (CaS0y),
WS EN 16%, pH N 5.83; BAHMRESE(PAFC)
ST AR BRA AL, ALO; FHE N
16.5%, Fe &M 0.57%, pH A 2.82,

1.2 KMHEEYRRNG &SR

T E A 0 I R R KA A 40 o o (et R i ¢
BHEARA D FHfl s R UTF o FORFE ALK
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F ARV 30 2 = S WO AR R TR AR W ok
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5 Bl A ) I Ak (BC'SSP) TSR A5 47 R B ek el P 2 9
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ZREME BT 3 T 36 7 = F 15 58 il (https://v.majorbio.
com/project-center/data/origin).
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RIHHEL, 3 WEE M TIMERR. KA Excel
2019 % UK , { FH OriginPro 2024 2281, 371 ] SPSS
27.0 PEAT RN B )5 2253 M7 (one-way ANOVA), il 3%
HIEHIT 2 E IR, BEMKEEE R P<0.05,

2 HERE4SWH

2.1 BUMEAYIRARAS R

ANTR) A Wy e A BRARAE B DL 26 2 5 LA A ) T
H(BCYFH b, 2 AN ) Bl R 7 1R 8 A B A 119 A 30 R R 7
pH. EC FITCR4Iy H4 kA B AR, stk)EE
Ykt pH i FEAIC, Hrh BCPAFC fYRR M feit
(pH=3.82), % BC F[% 4.18 /~¥.{i ; BCDG £ BCSSP
() pH 43 I 2 6.93 I 6.32, [l , Ay skt A= 9k
# ) EC W THE, BCDG. BCSSP #il BCPAFC [
EC 4371k BC 19 12.89 £, 8.34 {1 19.93 15,
WP S R T AR R B AT A R

TERRA N, SEAEY FORE) C Fra i
T F%, BCDG ., BCSSP #il BCPAFC /3l A% 33.87%.
33.64% H141.71%;0 &= & 2 75, K BCPAFC
1O &y BCHY 4915 HE N SRR E.
JRF LAt s, ek EY ke H/IC. O/C K
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Table 2 Physicochemical properties of different biochars
H Wy I pH EC(mS/cm) C(%) H(%) 0(%) N(%) H/C o/C (O+N)/C
BC 8.00 0.44 43.4 1.33 9.35 0.760 0.031 0.22 0.23
BCDG 6.93 5.67 28.7 1.50 18.4 0.398 0.052 0.64 0.66
BCSSP 6.32 3.67 28.8 2.57 25.7 0.629 0.089 0.89 0.91
BCPAFC 3.82 8.77 253 4.98 45.8 0.971 0.197 1.81 1.85

1 : BC. BCDG. BCSSP, BCPAFC 35l #7R 300 ‘C il & T RAEFF ALY Bk MO IR 4 8 . W BERES . RA il ek iy Bk ok

R, TR

FIH T BB (SEM)EE R & 1 ik, BC %
AR X8, FLBRZE ) R B AR AN POR R 4
T H R AU, WSS AR BCDG £ 23
KRG RIRE -GS, BARBUR T3, PR 8 280

WEWEAIURL . BCSSP M B R AR AN A IR 454,
JR MR, FLBR BRI N, 2 DRDRE B S T
BCPAFC 2528t h 35, 2w 240, 34
TR, I B 2 R o BRI SR AR 5 24 B, B AR ZE R B A
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Fig. 1 Scanning electron micrographs of different biochar samples (2 000 X)
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20°~30° i il N 2 e fb kg, R HEE N T
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g, 5 CaSO42H,0 brdfil—3, FIAL MR
BCSSP AT I BEFL 5SS, 7F 20=26°, 29°~31° J¢
34°~35°4b AT R Ca(H,POL), HoO Ko/ i 5% B8 A1 85
W W TR e T Ul I HL S A A AR IR A L 4 R AR
BCPAFC 7E 26=20°~30° {5 [l PN 5L 56 ZE sk B AE
% UL S it AR | SR SR B P TG A TR S AR A ) 4
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Jy BEAR AL, WEHEAS R, 7 Na© BiftS
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Fig. 2 X-ray diffraction patterns of different biochars
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(CK F/R X i BC R IR IR G 5 i< ; DG SSP. PAFC 3 Bl 3R TR I AR A1 8 . R B IR ES . A HiE2 fR %k ; BCDG. BCSSP ., BCPAFC
Sy PIFRTRIRIMBEHE A B i BERR S | SR A IR FR ARk A BRI i VE AL W T o . PR iR 25 4 AR HE 22 (SD, n=3), /NG FHRER R F R 22 571K P<0.05
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Fig. 3 Effects of different amendments on solution pH and electrical conductivity (EC)
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TERA BRSNS 1Y Na™ e, RILhFF
2210 Na™ BEHHFE .

Ca”" e e b 52 BV 8 A b B 2% 55 (1%] 4B)., CK
) Ca™" MR FFAERAR K- (1.21~6.16 mg/L), BC
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Jii/R. CKAbHRAY SAR 7E58 3 Kik % =i {E(18.06),
2 B TR, (BARAERFTER S KT, B AR
SRR . BCAHL EMK T SAR, B ET
Sl R ) Ak 3 B — i R ) e A A o Ak B
— IR T SAR, HAEA T 1.91~5.23, Hrr, BCDG
A3 SAR H{k, BCPAFC 5 BCSSP AbFH SAR
TEREA B SR N AR R AS AL TR, s A
SRR Na™ JE¥ERE ).

LAORE, MY FURTEMESE Na® B, 42
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<
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=
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Fig. 4 Effects of different amendments on Na®, Ca®’, Mg*'and SAR in solution

i Ca™" 5 Mg™ W LUK AR SAR J5 A T 5 —
R A SRS AW BTk . Horf, BCPAFC A FHERI
BN ZEE T R AN . FORE 38 pH FRve e Hz i
JEF(6.49~6.88) , AEFFAL R Y HL F:%2(0.50~0.55 mS/cm),,
FERE SR AR P AR R R s A0 Na™ BRCRE i ca™* .
Mg>" B, RIS SAR #5 I TE ALK - (2.73~4.24).,
XLELE LW, BCPAFC AEMS D[] Bl 3% + HE R il 27
e ARHEER S B TR RS I R B T R E 1, fEER
Bl 18 P B 5 B SV T
23 HEEMRRITERFE LT ENa', CEC 5 ESP

g4

5 MEFERIGLE AR (12 d)AS [F) 4b B 5
ENa'. CEC 5 ESP (5N, £ b P R8T 1
HE ENa™ 5 ESP, [Aif &4 m 1 13 CEC(P<0.05),
7E ENa" (& 5A), 5 CK(2.40 cmol/kg)H I, FF
A7 AL BES) i 2R T ENa” & L, BCPAFC
ARFRAY ENa® A fR(1.64 cmol/kg), 5 CK FEMIK T
31.7%, HBFAMLTF BC. ¥i— PAFC K 53 4N Fhek
P42 W 5 56 (BCDG . BCSSP)AR B, 3% % B BCPAFC
TERRAR T sz e Na™ BB T AR RN B3
CEC W25 &l SB fi7R . CK Ab#EAY CEC f 1K,

k1 11.88 cmol/kg , BC ZbF {2 4 T} 5 13.88 cmol/kg;
H—p R FIANEES BC AbHRE] 25 5N B35 5 ket
JBT 1 b PRS2 B e B P — 0 R SR A B I 4
f, HoH  BCPAFC 4bHHI) CEC fi, 47 22.15 emol/kg,
B OCK #57T 86.4%, [FAF &% T BCDG
(17.57 cmol/kg) 1 BCSSP(16.59 cmol/kg)ib B, jx — &%
W], BCPAFC Ab RGBT 18 B 2 7 2e 4 75 1 1A
A o€ . ESP AL k%45 ENa™— 2 (&l 50).
CK 1y ESP &, A 20.24%; BC AbH i &%
14.55%; 1fii BCPAFC 4b#iift—25 2 7.41%, % CK
FEAK 63.4%, H B EACFH AR,

ZE LTk, TR FRES AT, BCPAFC A3 [R50
LT J Ak ENa'™ 5 ESP LA Kt i CEC, FRIHAE
fEif Na" B FRARSS I Ah L DA S 3 o -+ 18 FH
B AR ) )y TR T A RCR
24 BMEAEYRANERELTERSATAEEIR

op-A|

AN [] b 0 4 43 B (TC) 5 AT IE A HLA(DON)
TEMEMME 6 Ui, FERIFEWIM(4 h), BCPAFC
AEFRA TC & fie i, N 269 mg/L, # CK(218.45 mg/L)
PER 23.3%(P<0.05); HL—t R4 H(DG. SSP
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Fig. 5 Effects of different amendments on soil ENa", CEC and ESP
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Fig. 6 Total carbon and dissolved organic nitrogen contents before and after reactions of different treatments

PAFC)HJ TC & #¢i(161.73~176.08 mg/L),{¥ }y CK
i) 74%~81%; BCDG 5 BCSSP 43 TC S 84T
P R AL EE S BCPAFC AbFEZZ ], 55 250 12
K, ZHEMHE) TC FEit—2#T. BC A FHE R
%276 mg/L, % 4 h BN 26.4%, FIAFFLE R
FEHCRRE ; BCPAFC A FIEAT N [4(256.57 mg/L),
{BA7 5 TR CK 4bFH(242.78 mg/L); #HILZ T, CK
5 PAFC Ab3AY TC 38 IEA R, B6HIFHmTE PEm Rk
FWARE] (R

DON 28 fkita$ 5 TC M (E 6B). 3% 4 h
i, CK Y DON & it fie1(45.19 mg/L), 3 & TH:
fils b B (P<0.05); BC . PAFC F1 BCPAFC 4t () DON
TN 29.15~36.35 mg/L, MM T CK K 64.5%~
80.4%; DG. SSP. BCDG # BCSSP 4bFf# DON
B REE 27~32 mg/L, HHERE 12 K, B
PAFC ZbFEAL, HAbALHERY DON # % FiE, Hrp
CK R IR % 40.6% , BCPAFC [#0E K 33.26%. LT,
BCDG 5 BCPAFC ) DON & ik (%) 24 mg/L),

A CK A 11.36%.

iK%, BC 5 BCPAFC &b BH7E 1% 37 47 51 B
B TC &, e R AR R s T i
PERR K, TR 2% Ik DON # . X RIAH &
PR 1 4 e fe B B 5 U 1 R R e Ak T EBAT P IR
TEH 1.

2.5 BUMAEY R IR AR

AT A B X - S R 1 ) B AN R 7 R L 45 Ak
Mt A AL S B (CAT) I A T 44.2~49.6 pmol/(g-d)
(B 7A), Horr, SSP ALBHAY CAT Ji PR 25(49.6 pmol/(g-d))
I 225 T CK(45.52 pmol/(g-d)), FiAAb 3 5 CK TE i
EER.

B 1 2 it (AL P) R DR P (UR B )17 M AE AN [R] 4k 31
(BRI 2% (B 7B, 7C). 5 CK MLk, Fify
R AW R A B = T ALP W, Ho,
SSP 5 PAFC AbFEAY ALP M , 43K 18.48 FiI
19.47 pumol/(g-d), % CK(11.35 pumol/(g-d)) '@ E4
62.8%~71.5%(P<0.05); BC. BCSSP 5 BCPAFC b
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Fig. 7 Effects of different amendments on the activities of soil catalase (A), alkaline phosphatase (B), and urease (C)

PR TR IR 22 (P<0.05); 1 DG 5 BCDG 4T+
IRER/N, 5 CK ZRARE.

50K J A W S R A BRI URE T6PE34) 0 3%
T CK(P<0.05), H&lE Ky 27.78%~64.90%. H i,
BCPAFC (¥ URE {&PEfcis, 1A% 1425 pg/(gd), %
CK(864.2 ng/(g-d))#E =4 64.90%.

25 TR AN R B R R  REAS R R B b 4 43
ALP 5 URE 4, SSP 5 PAFC X| ALP &M #E 7+
W BE 8K, T BCPAFC % URE AU/ FH B N 3%
2.6 BMMEEYFRX TEMEDHELZEMR S

4 B 22 M

FETHTA A T S RS SR AR

HU CK. BC. PAFC ‘5 BCPAFC 4 MUFMEAL B, %t

HA SRR, o 2T T 5000 .2 3 Ui,
AN ) Ak B A0 B R 1) T R S 2R e A
0, 5 CKAHEL, BC il BCPAFC AbFE7E WL 4 Ff
(Sobs), Chaol F & EFH . Shannon ZHEMEFEEL
S Simpson It # B 45 £y T ¥ 2 9 B R T (P<
0.05). FLrt, BCPAFC ZbHHTE 4 Wifats ¥ W2 & T
HAAbFE(P<0.05), FUIHXT HIEATE o LML
HEAE Ik 3

BC AbFEAE 5 B 5 2y b I W
PIHEN, HREBIYRE ST CK 5 PAFC 403, A
BZF, PAFC 4bH{YAE Simpson #5854 #: CK 5 —
EkEE T Sobs 5 Shannon ¥4 5 CK L2 H,
Ul BT 20 DA 28540 Z2 AR B TV R ARG A R

R3 IRARFEEMS FIEES

Table 3  Soil bacterial richness and diversity indices

Ab 3 Sobs Chaol #5%K Shannon 5% Simpson 5 %%
CK 2 143+142.37¢ 2 539+147.63¢ 5.02+0.13¢ 0.009 5+£0.005b
BC 2 759+50.52b 3 117+65.05b 5.75+0.33b 0.029 7+£0.003a

PAFC 2 300+121.56¢ 2 713+126.24c¢ 5.10+0.27¢ 0.026 2+0.010a

BCPAFC 3070+198.71a 3399+208.99a 6.40+0.30a 0.036 8+0.011a

e FFIER /NG TR 7] 27 A 21 H] 22 53 35 (P<0.05) ..

25 I, BCPAFC AbFRAE4R T + A I Vs i 1
FE G A R TR R M T R L
SRR T, W TR e i 1 i AR A 3R
D7 R AR .

K 8A s T 457 12 d J5 £ A0 LAY 41 B A o 26
HIG(OTUs) M ARG L. 2L 5 4 130 4~ OTUs,
1 213 RS A (5 29.37%). CK ) OTUs
B f/b, 1 BCPAFC. PAFC 5 BC #¥iAY OTUs
B CK 35 T 30.05%. 32.04% Fil 6.76%,
Horfr BC A3 R fe /)N

TETTKE b, MR T 2 B i 1)

(Pseudomonadota, 45.76%) . JiltZ& | J(Actinobacteriota,
9.98%) . MRFT [ J(Acidobacteriota, 19.57%)FIHUAT I
I"J(Bacteroidota, 10.04%)2H (%] 8B). £5 2k K AbHy
PR TR AR SRR, Hsh BCPAFC 4k
P AR 2 B R 55 (23.65%) , .35 5 T PAFC(15.13%)
1 BC(11.47%)4b3H , #t4), PAFC #1 BCPAFC 4b3f
58 T T 4425 5 1] (Chloroflexi) (AR 8, 2
T CK il BC 4b#i,

Circos Zr#ritE— 4R TR AL 5 2R ]
Z ] B 3 K 2 (18] 8C) . BCPAFC b3 i FiR T T £
ANTETTRAD 2B CHAER BT T S e i ] 55
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Fig. 8 Venn diagram of soil bacterial OTUs sequences (A), community bar chart (B), and Circos diagram (C) at phylum level, and heatmap at
genus level (D) under different amendments treatments

FRE PR BL BE S AS A S AR s T CK AL FRRYHETS
YLBUAHRS 51 H 350 BC 5 PAFC Ab3H B ARG 4
P TR, H AR/ 55 T BCPAFC AL 3,
FeT B AKTARXS B2 IR 434 (B 8D) o,
FEATT S A WA 2R 2 : BCPAFC Ak B SRy —
J%, M BC. PAFC 5 CK Ab#Z N5, %W
BCPAFC Ab3# i 35 0 T RN A REVE 450 . 7E CK
AbFR e Pt H s A4 2B L PR (Sphingomonas) |
VB & (Lysobacter) F73 A JC & (Qipengyuania) ;
M7E BCPAFC AbBrf, X Sb)m iy -F R EAR, BOFF
J& (Arthrobacter) 5 55 /)N ¥l 1 J& (Brevundimonas) i,
B FERFIEHE, [FE, B E (Pseudomonas) |
BT IAJR(Flavobacterium) . S R E(Hydrogenophaga)

LA B MR 1 & (Rhizobium) 55 7%. BCPAFC AbBErf1y3k
IR A v B ARG =

SARKRE SRR R AR BT, L HE BCPAFC,
AU T OB ]S TR AR, T EL e T
TIEANTRRE P& BRI | AR S M S e, R
B T VR SRl 2 25 0 T A B s I
M.
27 TEMEVABEHRSEAEFRHXES R

- HE A B 5 A TR SR 2 TR A DG )
Fregs S 9 s . 3 pH 5 2440w T 12 A X
FREAERFEMCH. b, pH SiLIRIer ]
(Nitrospirota, r=—0.91, P<0.01). ;=#ifFE ]
(Thermodesulfobacteriota, = —0.99, P<0.01)F1#IfT
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Fig. 9 Correlation heatmap between dominant soil microbial taxa and physicochemical properties

[ ](Bacteroidota, =—0.96, P<0.01)% & & fiAHK,
1M 5 4¢ 25 5 1 ] (Chloroflexota, r=0.93, P<0.01)FJEkE
Hil J(Bacillota, r=0.77, P <0.05)% W& 1EAMH%,

TEEL LB T W, Ca¥ WE S5 MATH I
(Acidobacteriota, r=0.99, P<0.001) JEEER ] T
FIEAE, Mg™ Ve BN 528 | ] (Actinomycetota)
K AR P 1] (Pseudomonadota) 5 2 35 IEAH G .

B B 53 (TC . DON) B 3% PEFE A7 (CAT |
ALP. URE)S ZH M 2B m EEA DG, Hrp
SR T VRIBRAT BT T B AR DG f ik, 28 W 3K SE A
FSRERT HEFR M IR | B A QI R S AR A T AL
A A A

3 itig
3.1 KMEVMRREHSREXFEREFE
R ERYLE

BRES 52 G bt Bl 2 OUE T AR W B k) PR A
R A2 T, X2 LR T ER O 1 2 IR e g1
il ARPFRAYRMELTIRERY], S5 AW BUR R H
FURERERG N, fLBRGS M S ik, &R EREMIIS N,
MRS . %280 Gao SFIAFE —3k, 3L
i BR S i A AT Th LR ) TR AL BB R AR )
FM AT 2 B FA AL, DT db 2 B v 2 T S T
P, HEERNZE, THLEHERI(DG. SSP. PAFC)H
MRS EE, Wb G BRI S, P
TR BT S 1 S K R 3R AT AL AT 4 X LB R

b7 H5 W T (A AR T, R i 5
PH B S8 480 R S O AR 81 42 R o 5 2 Al 3K —
BLHIS Tomezyk A5P0I56F A 49 5 s 3 T 1 o e e
IEAT R S5 I RE M 25 R s — 5

AT ER B0 ok R S A, A Ak RA R
[ s L s R e M 5 A0 e e A W o e A sk
SeE AR R, PR RS I S A, T
AR 3R A TCHLA F3 W) =2 2 AR HH e - SR 5 b
W AIRE T(n Ca?t . Mg IIRUEIAE, WS
X pH. ESP Hl SAR 45 SR ARINER G EER,
Mao ZEP2IHLT Z M X [ (AR 56 A0 25 28 40 M i — 25 F
52, AW st e o B2 = 4 CEC JEBEINENEE
TR G , (O Z AR F SR R+ 58 dn 4k
IR AR A SE RS o AHFSE o, BCPAFC AbFHAE[%
fik ENa", ESP, DIKARTFt CEC Jyifids R Bl fe i)
CEARUR SO T B — R (PAFC) SR B AR )
Fime(BOWIAVER, TRIL T 484K ™R . 45 8+ E 4t
5 5k 2 AL ER AR R e 28 T — 3 3 o R it 5
NSN7INCIE b Gl
32 BRUFEELESTHREMNELFERINS K

ERNH

INFTER AR 4 B = pH 3 B P B R4 IR IR S A
RYEFF IL, R AOAZ O A S W A 55388 i 1
BRI A S 10 N PHE IR, ABR Bl [ AR 5
etk Na™ VARG SER . TERMNE, &
WIS AR LR 2.5 0 1 B9 RRammisse, B
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RV T4 5 8 T A B AR (R i R AE , FH A )
HUEE ) B 5 A BRI X L, A BT P SR AR S AL R
LA PERR bR . AFSE Y, BCPAFC AbHERE 3% HLEF
LRI AR W pH, X EEIHAET PAFC
KT B R M EIE AL, FHRig A
Yyt IR R ER B R FIERT , 5 Guan SFPU5CF
P AP A 0 T AR R B = pHL RO R LI — 20
Elmeknassi 5P e P BARIE H, BRALP A1 S545
B BT AN BRI RO B (ESP) I B0t 45 4 B
SR A 22 AR

A A A DD A R SR ) S 2R I AR S
WEF|, FHOAMTTIY Ca®t. Mg® WRIE BT,
[FE, [E4H ENa® F1 ESP [RI2E FFE, WM T &
TR VAF ) Na® ff I A% sh iy fe . b e
GrPEBHE e BE RO N, BRZH Na® M IR se
P R Tk, HE AR X — LA K FH ]
WS R0 UE . Mao S5 WE IR IME VR 95 4T b A 1
kg R, B4 (DG)RE T RERS ESP 2
6% AT, pH BEE 7.0 2247, F R =55
Tl Na', HCO/CO; KR4 Ca', SO; 1K Z.
RGP R I, AR ] R
15 CEC AR A A4k BH 25— 21 R KA+ S R i ik
AR . AHIFFEH BCPAFC kbR S B CEC KRR
FHAI ESP W M, 5 LR H AL A HLEE L
W4

SRIMT, bZdE i, AR (FREE77) 5 B R 52 bR
W FRAEER TR PAFTERRAR 5 TEAR B ARG TR R
o, ANFEAE B A Na© 7EA REIEwR T 2, &
HEC {H AR Na™ Wk 2[R 20 T, ik e e 7 A4k
fEdE Na* {EIL S AEE S . mE HIE AT, R
T el B 2045 A HEAR PR it , R 0 HH ) Na©
HEARIZE , MTITZEREAR ESP BYRINE, LA 3%
W OEC MUEFRAr . JARIE 5T G HE KR 56 S
Gharaibeh 2584 K0 H [R) UL AERT , /K53 UK
Sl ER SRS FH )R 0 KUBS BRI A OGP, AR
W75 B EAE T8 /R It Ak TR RHIR B i 7 2e e 5
BTE A ARV g, A ] PRI BRSO
FE LA IR 25 1 ) A Ak ik FH )36 v st — 25 BIE
3.3 BREMEIF SR EETE 00 R A9 IR shH

WA W e S IR T B R A R
AHFFE T BCPAFC AEAb PR & 1 +HEEBR(TC), A
I REAR T AT PR A HLA(DON), X787 — A 1Y
A At B AW o B L A B . TEHLAL S i
A, BEINT Sy R IR, R T R e

S AT SR, T [ A IR R A R
DON), FEILHRE TR, X — “BRA R &
N, A B ARG B ERE Y T, kR
KU, $E T+ RO R FERE 1P Zhang SECOEER B
Hb g ARG R AR Y, YR b0 2 A EL AT R B A
e, AN SRR R L SRR, IR T
AR SR OE 7 gL

- R P R P A 1 B R e,
FRAM RIS BE B 45 4R . BCPAFC &b B 5 35 48 i 1w
WERR A (ALP) IR (URE) TGP, 601 3 b A HLuk
WAk PR Z K ff 8 R . 308 8 5 A aa
RO AR YA R R A 5. Jin PRI
WS, A= 5 e oA B o 3 ek oA b il - R B R
PETFSCARBRIG M 5 S22, v R TN 25 5 Z400 ) Wt 1
UNER A A SR R BT IRGE . ARSI, BEETERY
$2TH5 pH F#AIK (ESP A5 fb 2 el R AR [R5 B,
TR T A2 B3 0t — T A W 400 ) e s — Il P 3
SR—FE G ANE " A R AEE RN

BCPAFC AbFEXITAEY) o ZREMEFBEE S5
BERF SR, W AF RS RN I EAE
ILEAEE R 1o, BEA Y ok &k B 2 9 FLER &S
L AR T R Rz e R R ST, Hn T
SRRSO ST, DA S e A A A
HIK, BCPAFC AR p T L€ pH, H 40K
BT WRBPA X G M R . IR, Catt 5
Mg™" Xif Na™ (14 B4 o] B se e Na® i He K A HIUR
B, PR b MR R B T IR, NI Sk A SR A
B S LB BB B S h B Ak 2R 45 B R TR
5P O 0 1 B B AR AR — 2,
TC N A BRI AL 10, 5o 5 3
THEALFRER, Bk THEY ARG, e
HE TR S SR ANEEN . Mo 2 25 Ak AR AY ISR
U] BB ) B & 420 Gu 2P
SR, A=) AR e D AR AR B2k 14 T ke W
W%, HAZOHURITE TGS M E ST R R4S . ILoh,
Y RO ) (AR TR L R ER) P RBE A 43
AN RE &R, PE—B e e SRR P AL,
B R AR PR M, X — i R AE I R A W 5T P ok
IERCATR N
34 WRBIRESHEEAESH

AHFFE R RIS TR0, A O L AE T ek
BHPEHI S50, S8R AR A S OK Bl + 48 B 1 2e 071
TR 0828 i B35 e i A e 7 1) P AE ML 5 e VR
R F G R4 T UK AT 3R A4 5 L B &5 4 4 L
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TREE, B, ABFGEARXTZE A e b (P SR AR
PE . ABREWEEIZITN, S5HWcEREL145M
FAE KB/ W RIS T E— 280k, 54, IR
= H A OCEE R K S RS i A, TCVEPPAL 460 7F T4k
S R L R A R K BABURUES . IE o
Gharaibeh ZEPSEGHF5T TR iR, FH B) A 1 2 KA i
SOGIROUHIE EC FUEER A RFAR ) o AR T 10k
HEK SE7K o 45 SRS e 5 el R PR DR RIVE R . Rt
ARG I 4518 A FH T AL ) R FIRA R4 7 -

ST ARV I B S5 5, BCPAFC JR 3t i
FERIRITERIR - 52 A e R MR R4 J7 . BRE
T REDE . R CEW R S 2 M B ) R AR (TR S
A ) S 2RI RE A5 A Sh AR S CYEIE S 1Y 45
AIRHEY B ARG N 3 7 2 A A Ik k6 A
]/ XGRBG, S IAE . O7E TR &1 T,
BCPAFC Xl 45 70 R KRR ; @5 A
THE W /HE KA P IR0 i ek %8 5 XS AR
YKL i e R RS AR A K R e T K
AR AL R K A B S BRIR A S, A e
e Sz REE 10 SEPR R R R AT Eh e Y R AR
HRE A AT 5 ) AR I

4 it

1) BREE S IR AR A . RS R A
TRER AR B T A W B e 3R 1, b 35 AR LA 5 3%
I A 22 REPE o 0 R SR A R T 0 K e A g o
(BCPAFC), M T il Z LA+ 5 1 & Jm -
BRIG A, RIB I RS R, kg
e - Y AR BT ER A T A

2) TE A PERTAE J i, BCPAFC BRI %
AR 3 pH FE4ERE T30 h 415151 (6.49~6.88) , [F] Y
P R BC AN A ZUIEHE T Na™ AR AH
W, FHFRELRR Ca®t 5 Mg™, NI (SAR) S
AN 43 FL(ESP)RS A Ab F I AK -, R B il
LK fRRRAL | 240 BH S 2R B S A A 0 5 2 Bk A P
I 2l 2 1 B

3) BCPAFC b P 2 4 & 1 T30 TR o ZHEE,
B T TS DIREIERE DR R T e R il
JOR B 1 o B SR (TC)RE N5 AT i A UL (DON)
FEAR, REAILE S e | SRt SHEsE, %
T A YK 8 ik R A 7R

25 b, BREE A W B (JE LA BCPAFC HAU#)
Al Z 4 FEYE R R R TR RS A A A S
RS, BE HAE K ERIZ RS 21 R AR IIRICR .

S 30k

[1] Daliakopoulos I N, Tsanis I K, Koutroulis A, et al. The
threat of soil salinity: A European scale review[J]. Science
of the Total Environment, 2016, 573: 727-739.

[2] Zhao Y G, Zhang W C, Wang S J, et al. Effects of soil
moisture on the reclamation of sodic soil by flue gas
desulfurization gypsum[J]. Geoderma, 2020, 375: 114485.

[3] Toth T. Review of sodic soil reclamation with a snapshot of
current research activity[J]. Chinese Geographical Science,
2022, 32(6): 1099-1109.

[4] WEARIE, BEFW, FLEER, % R T=B RE MR e
TR 0 b B IR A AR [J]. RL TR 2 4R, 2022, 38(23):
247-257.

[5] Elmeknassi M, Elghali A, de Carvalho H W P, et al. A
review of organic and inorganic amendments to treat
saline-sodic soils: Emphasis on waste valorization for a
circular economy approach[J]. Science of the Total
Environment, 2024, 921: 171087.

[6] GuolJZ, LiuBY, Zhang K P, et al. Long-term effects of a
one-time application of flue gas desulfurization gypsum on
the soil pore structure in sodic paddy fields[J]. Agricultural
Water Management, 2025, 309: 109346.

[71 Dowling P M, Vimpany I A, Conyers M K, et al. Changes
in pasture and soil properties with liming and
superphosphate application on five soils in the Central
Tablelands of New South Wales over 12 years[J]. Crop &
Pasture Science, 2025, 76(5): CP24336.

[8] LuolJ Q, Wang L L, Li Q S, et al. Improvement of hard
saline—sodic soils using polymeric aluminum ferric sulfate
(PAFS)[J]. Soil and Tillage Research, 2015, 149: 12-20.

[9] LinY C, YuCL, Zhang Y B, et al. Biochar modification
methods and mechanisms for salt-affected soil and
saline-alkali soil improvement: A review[J]. Soil Use and
Management, 2024, 40: €12992.

[10] Wang X, Ding J L, Han L J, et al. Biochar addition reduces
salinity in salt-affected soils with no impact on soil pH: A
meta-analysis[J]. Geoderma, 2024, 443: 116845.

[11] Li T, Jiao Y, Liu T T, et al. Effects of biochar addition on
soil fauna communities—a meta-analysis[J]. Soil Use and
Management, 2024, 40(3): e13096.

[12] Lan W J, Zhao X X, Wang Y X, et al. Research progress of
biochar modification technology and its application in
environmental remediation[J]. Biomass and Bioenergy,
2024, 184: 107178.

[13] Fakhar A, Canatoy R C, Galgo S J C, et al. Advancements
in modified biochar production techniques and soil
application: A critical review[J]. Fuel, 2025, 400: 135745.

[14] Nan H Y, Huang R, Zhang X X, et al. How does
ball-milling  elevate biochar as a  value-added
peroxydisulfate activator for antibiotics removal [J].
Industrial Crops and Products, 2024, 214: 118569.

[15] Singh B, Camps-Arbestain M, Lehmann J, eds. Biochar: A
guide to analytical methods[M]. Boca Raton, FL, USA:
CRC Press, 2017.

http://soils.issas.ac.cn



406 + i %5 58 &
[16] & tnip. Tl b=k M. deat: s ER R saline and moderate-SAR water using gypsum and calcium
2F 4 AR AL, 2000. chloride[J]. Journal of Plant Nutrition and Soil Science,

[17] &, BRE, M, & =8 EEHER- 2009, 172(5): 713-719.

GG EE I e - e P B T AS e [1]. AkE o, [29] WuL P, Zheng H N, Wang X J. Effects of soil amendments
2022, 31(4): 55-59. on fractions and stability of soil organic matter in

[18] Rietz D N, Haynes R J. Effects of irrigation-induced saline-alkaline paddy[J]. Journal of Environmental
salinity and sodicity on soil microbial activity[J]. Soil Management, 2021, 294: 112993.

Biology and Biochemistry, 2003, 35(6): 845-854. [30] Zhang G R, Zhang L, Shi Z Y, et al. Microbial nutrient

[19] Gao M, Wang ZY, Yuan Y R, et al. Ball-milled biochar for limitation and carbon use efficiency in saline-alkali soil
efficient neutral electrosynthesis of hydrogen peroxide[J]. amended with biochar: Insights from ecoenzymatic C: N: P
Chemical Engineering Journal, 2022, 434: 134788. stoichiometry[J]. Biochar, 2025, 7: 68.

[20] Tomczyk A, Kondracki B, Szewczuk-Karpisz K. Chemical [31] Jin F, Piao J L, Miao S H, et al. Long-term effects of biochar
modification of biochars as a method to improve its surface one-off application on soil physicochemical properties, salt
properties and efficiency in removing xenobiotics from concentration, nutrient availability, enzyme activity, and rice
aqueous media[J]. Chemosphere, 2023, 312: 137238. yield of highly saline-alkali paddy soils: Based on a 6-year

[21] Su Z J, Liu X Z, Wang Z J, et al. Biochar effects on field experiment[J]. Biochar, 2024, 6: 40.
salt-affected soil properties and plant productivity: A [32] BHBEEH, 4R, ERO 0 X A 4 v R bR - RS v
global meta-analysis[J]. Journal of Environmental RYSZIR[T]. 135, 2017, 49(4): 733-737.

Management, 2024, 366: 121653. [33] Lehmann J, Rillig M C, Thies J, et al. Biochar effects on

[22] Mao T T, Wang Y F, Ning S R, et al. Assessment of the soil biota—A review[J]. Soil Biology and Biochemistry,
effects of biochar on the physicochemical properties of 2011, 43(9): 1812-1836.
saline—alkali soil based on meta-analysis[J]. Agronomy, [34] Zhang M Y, Riaz M, Liu B, et al. Two-year study of
2024, 14(10): 2431. biochar: Achieving excellent capability of potassium

[23] JES, WMrE, X078, 2 24 REFIXT R R & supply via alter clay mineral composition and
YR P[], £3E, 2021, 53(5): 1033-1039. potassium-dissolving bacteria activity[J]. Science of the

[24] Guan R H, Li Y, Jia Y L, et al. Acidified biochar one-off Total Environment, 2020, 717: 137286.
application for saline-alkali soil improvement: A three-year [35] Li M, Chen C J, Zhang H Y, et al. Effects of biochar
field trial evaluating the persistence of effects[J]. Industrial amendment and organic fertilizer on microbial
Crops and Products, 2024, 222: 119972. communities in the rhizosphere soil of wheat in Yellow

[25] Mao Y M, Li X P, Dick W A, et al. Remediation of River Delta saline-alkaline soil[J]. Frontiers in
saline—sodic soil with flue gas desulfurization gypsum in a Microbiology, 2023, 14: 1250453.
reclaimed tidal flat of southeast China[J]. Journal of [36] GuY Y, Zhang H Y, Liang X Y, et al. Impact of biochar
Environmental Sciences, 2016, 45: 224-232. and bioorganic fertilizer on rhizosphere bacteria in saline—

[26] )R, HEorAE, XA, & BT Meta ShTIRTTER alkali soil[J]. Microorganisms, 2022, 10(12): 2310.
B8 B BERPEAG[I]. H 3R, 2025, 62(2): 388-399. [37] Bhagat N, Raghav M, Dubey S, et al. Bacterial

[271 FRIE, 28, WHPCE, 55, HEEh W45 [a) X)) & exopolysaccharides: Insight into their role in plant abiotic
X B R ol 4 R AR AR SR S g [J]. 88, 2021, stress  tolerance[J]. Journal of Microbiology and
53(3): 602-609. Biotechnology, 2021, 31(8): 1045-1059.

[28] Gharaibeh M A, Eltaif N I, Shunnar O F. Leaching and [38] #&hAn, WRIRIT, EARF, & HEINE LU DR,

reclamation of calcareous saline-sodic soil by moderately

PUR S REEE[]. 4254, 2022, 59(1): 10-27.

(REHE: L))

http://soils.issas.ac.cn



