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Abstract; Taking five typical halophytes, namely pseudohalophytes Phragmites australis ( Cav.) Trin. ex
Steud. and Sesbania cannabina (Retz.) Pers., salt-secreting halophytes Spartina alterniflora Loisel. and
Tamarix chinensis Lour., and euhalophyte Suaeda glauca (Bunge) Bunge, as raw materials, biochars
were prepared under oxygen-limited pyrolysis at a heating rate of 10 °C + min™" to 500 °C and holding for
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2 h. Biochars with saline-alkali soil amelioration potential were screened by characterizing the surface
morphology and physical and chemical properties via scanning electron microscopy (SEM) and Fourier
transform infrared spectroscopy ( FTIR), etc., and the ameliorative effect was verified by using a pot
experiment with Medicago sativa Linn. The results show that pH value (pH 9.40 to pH 10.54) , electric
conductivity (3.51-7.59 mS - em™") , ash content (19.55%-29.58% ) , and soluble Na" content (8.83-
23.73 g - kg™") of biochars derived from S. glauca, T. chinensis, and S. alterniflora are relatively high
their surfaces are attached with abundant particulate matter, showing relatively small specific surface
areas (2.93-4.05 m” - ¢”'), and are mainly macropores (59.32%-73.45%) . Biochars derived from P.
australis and S. cannabina exhibit relatively low electric conductivity, ash content, and soluble Na®
content, along with relatively high C content and stability. Among which, P. australis biochar exhibits the
most outstanding characteristics: the pH value (pH 8.55) and electric conductivity (0.78 mS + em™)
are the lowest, the specific surface area (41.95 m® + ¢7') is the largest, and it has a hierarchical pore
structure ( coexistence of micropores, mesopores, and macropores ). The pot experiment result
demonstrates that single application of P. australis biochar at mass fraction of 0.5% effectively reduces
bulk density and pH value of saline-alkali soil, significantly (p<0.05) increases available potassium
content and urease activity of soil, and enhances soil carbon sequestration. Combined application of P.
australis biochar and compound fertilizer shows an evident synergistic effect on promoting the growth of M.
sativa seedlings in saline-alkali soil, with plant height, root length, and total dry mass increasing by
28.82%, 40.28% , and 86.84% respectively compared with the control. In conclusion, P. australis
biochar shows excellent potential for saline-alkali soil amelioration.

Key words: halophyte; biochar; physical and chemical property; saline-alkali soil amelioration;
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Medicago sativa Linn.
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Table 1 The yield, ash content, and element composition of five halophyte biochars

JLE & /% Element content

EER7/P/ i VUi e ) H/C Ik 0/C 1
Biochar Yield Ash content C H N S 0 H/C ratio  0/C ratio
F5 35 Phragmites australis 34.30 15.29 66.13 3.07 1.39 —D 14.13 0.56 0.16
HAEKFEL Spartina alterniflora 33.53 29.58 56.54 2.45 1.90 0.90 8.63 0.52 0.11
# Sesbania cannabina 33.26 15.93 67.35 2.44 3.20 0.55 10.53 0.44 0.12
3% Suaeda glauca 34.17 28.61 63.90 2.24 2.08 0.75 2.41 0.42 0.03
FEMI Tamarix chinensis 41.17 19.55 65.72 2.18 2.35 2.63 7.57 0.40 0.08

AR T AR Below the detection limit.
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A 73 Phragmites australis (Cav.) Trin. ex Steud.; B: H.46 K%L Spartina alterniflora Loisel.; C: W3 Sesbania cannabina (Retz.) Pers.; D. Bl

Suaeda glauca (Bunge) Bunge; E: £Mll Tamarix chinensis Lour.

1 5 FEEEYEY RN/ EREE

Fig. 1 Scanning electron microscope images of five halophyte biochars
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Fig. 2 N, adsorption-desorption curves (A) and pore diameter distribution (B) of five halophyte biochars
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Table 2 The specific surface area and pore structure indexes of five halophyte biochars

B HATTBY (m? - g ) BALE/ (o - ) PELE/m BALEEY (- ) BELEBY (- g
Biochar Specific surface area Total pore volume  Average pore diameter Micropore area Micropore volume
IEES Phragmites australis 41.95 24.10 2.30 36.61 14.59

H ALK Spartina alterniflora 2.93 7.82 10.70 1.98 0.77

% Sesbania cannabina 2.70 9.20 13.64 1.85 0.81

8% Suaeda glauca 4.05 9.59 9.46 2.20 0.90

M Tamarix chinensis 3.17 6.58 8.30 3.01 1.15

5 iR Az Al W AR W 1 A B AR 2T A S ]
DLP 3, 25 R . ZEPE 3 421 em™ BT ) T I
J& TR AR IR 30 7EE 1 595 Fl 1 434 em™' Y
I P W S0 Sy B RS 1 55 AL S I AL TR TS
C H BRSNS R i C=C MZEPRzh eI % 1 112
em” BT BRI S ELH T C-0 B RE AT R 4 iR

AL 1120 11595 3421
-0 1e=C 1O-H

Lo il M 1 1 1 1 M
400 800 1200 1600 2000 2400 2800 3200 3600 4000
PeH/em' Wave number

Pa. M3 Phragmites australis ( Cav.) Trin. ex Steud.; Sa: H ALK E
Spartina alterniflora Loisel.; Sc: M Sesbania cannabina (Retz.) Pers. ;
Sg: B8 3% Suaeda glauca (Bunge) Bunge; Tc: M Tamarix chinensis

Lour.
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Fig. 3 Fourier transform infrared spectrum of five halophyte
biochars
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ORI LA B LR A R e 5 1 A e, B
KIS, A A 0 2 AR ok B nT i Na* 5 i
A, WA KT A 3 FpER A ) A W 0% s Bl A
BRI Na™ 2 didie 5, 43 0 A T 355 26 0 e A =5
I HRY 27.92 FN21.57 45, 7 35 A9 ¢ 19 AT 3 1k
K" Ca® Mg & B AL, 5 HAb 4 kA9 L)

WRFES A HAEK B A W) R A ) o 1Y) T i
P KSR, W e T 3 Rl Eh AR AR M
MR 0 (AT P Ca™ & i, B 3 i T A
4 FhERAER Y AR o, WG AR W) i R A ) 5 Y
AR Mg A R R, W TR 3 R A A
=W,

£33 SHEEEYEYRY pHE BSERTAMBES T2 (X2SD)Y B
Table 3 The pH value, electric conductivity, and soluble base cation content of five halophyte biochars (X=SD) !

, R b N R VN KO AR VK Cat AR AT Mg TR
YR pH fH (mS +em™) (k") (g-ke) (mg - kg!) (mg - ke™")
Biochar pH value Electric ° % g ° °© 2% 8 2%

onductivi Soluble Na*content ~ Soluble K" content Soluble Ca”" content  Soluble Mg~ content
conductivity
P35 Phragmites australis 8.55x0.11e  0.78+0.01e 1.10+£0.01d 1.47+0.05¢ 29.98+3.00d 7.55+0.77e
HAEKE Spartina alterniflora 9.75£0.11c ~ 3.51%0.10c 19.19+1.95b 12.38+1.05a 122.48+8.49¢ 255.99+17.25¢
H ¥ Sesbania cannabina 10.05+0.11b  1.14+0.02d 0.85+0.02d 8.75+0.45b 128.60+8.72¢ 48.82+0.62d
3% Suaeda glauca 10.54+0.16a  7.24+0.05b 23.73+2.47a 11.49+0.23a 176.39+3.55b 779.47£19.58a
KM Tamarix chinensis 9.40+0.13d  7.59+0.08a 8.83+0.53¢ 8.46+0.19b 744.90+29.74a 693.33+£31.74b

D[] 51 Hp S ) /NG B 36 78 AN Ti) b B ) 22 53 3 (p<0.05) Different lowercases in the same column indicate the significant differences (p<0.05)

between different treatments.

ZE b AT HoAth 4 FpER AR AR Wk, AR A
Yooty C & e, B Bom i R s HOL R
B LR ETBUR , R 2 A L A FLRRALEZ HALER
SER AN, PTG pH E AT SRR, iTE
PEERIL B T AR, 7R AR O 4 e B b B R HE T
PR, e 35 AR W e A T 1 — 25T
2.4 AR T K R AT

AN b $ER B+ SRR AL bR LR 4, SRR
P —Jifi FH 3SR W o A K SR A e BN A IR
Jite FE Ak LR B - 398 1) 75 T A0 R T RIS (1 25 S AN
W2, 5 REAR L, B FH S S A ke SR — it
S M LA B 25 H Wy i RN A2 S K it P Ak 34+ 38
pH A 2 (p<0.05) BEAR, 73 B FEAR T 0.89% ,1.91%
M2.42%, B HERFREES S, 40T
18.42% 39.47% 1 44.74% , 5k - 35 BH 25 F 2 e i i
T, AL BRI TG 3 25 e H R — i FH S S A g
Ab P11 A 398 BH B A8 B R BT, S AR R A
245 NI HK G it FH A 348 B — it FH &2 5 B A 355
5% HEA EE 3 FRAR RIS HE & T 4T i M Na®  Ca™
A Mg™ Fr i, Horph s — it FH &2 A IR Ad 313k 31 B8 35 K
i3 PR HREAR T T M K A i, 5 X A
Fb B — it ™ 25 A 0 e A P U 2 R - S s
it (T - S RN A ARl 1 TG B R B —
Jite FH A2 A5 MO A B 6 S v T e 2 B i, X -4

A A5 AR AR B T W 2 R 5 T AR R IR
NI it FH Ah PR - e w2 2 e 0 Ty, R
AR R U B PRI, ST REAR L, B it FH
MR B it A2 A BB L R 25 A e A A2 A A Tk
At AL B A A HLT & i T 139.22% |
10.71%F1 111.16% , T 3FE0RA MUK &% 520 53 m 1
176.38% .7.64% 1 110.42% , + 37" ¥ 45 & 54 Pk
BRI T 153.30% .21.70% F1 133.96% ., 3 F
b3 A SRR A W A e ik B RO IR R
3 FofrAob 3 ) - S ORI e v T X R v B it
AR VLR 3 A W e RN AR MBI A5 it P A B Gk
B FAKF, 4R T 14.08 F1 17.36 175, 5%t E
AL, B — it FH P 35 A e LA S =5 A e RN 2 6 B
15 G it AL BB vy 1 A P e TR il i A A L
T, BEAR T RERE B TS M (2 R B VA
BBt B A LR 3 AR R AR A R
Bt AL SRR T LIS E M pH E, WER S T
HIEAA VRS & WO A VUK & & 0 E A S
MLt B 6 AR A W e 5 kR BRI 1, HLAE T
i 32 A IEAL 3L
2.5 AEAEMBRTEREFEKNZN

AN TR A BT ER B A 8 rp i A i A K AR AR UL AR
5. SRR Bl FH 3 A ) i A BN AE 4
AR HA — 2 B HEVE T HBRARC AN bR oA
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Table 4 Physical and chemical indexes of the saline-alkali soil under different treatments (X+SD)"

2= e
| L ks BRI e Nl TR KR TR e
Kb R 3 pH & (mS+cem™) (cmol - kg™) 1 1 .
T (g+em™) . . (mg - L) (mg - L71) (mg - L)
Treatment . pH value Electric Cation exchange . . 2
Bulk density ductivi . Soluble Na*content  Soluble K*content ~ Soluble Ca”" content
conductivity capacity
CK 1.42+0.07a  7.84+0.04a 0.38+0.01¢ 28.41+1.09a 33.35+2.44b 1.57+0.31a 11.41+0.54b
BC 1.35£0.08a  7.77+0.04b 0.45+0.03b 30.22+2.35a 37.18+1.14ab 1.34+0.03ab 12.24+0.58b
F 1.41£0.06a  7.69+0.05¢ 0.53+0.06a 27.54+1.57a 39.38+3.60a 1.15+0.06bc 15.94+1.16a
BC+F 1.35+0.15a  7.65+0.02¢ 0.55+0.02a 27.97+1.97a 33.75+0.91b 0.93+0.23¢ 12.27+0.66b
) 24 i TR R U AL ABLBTE URLA LR & e/
, AT Mg™ S i/ o O o o i
b3 (mg - L) (mg - kg™") (mg - kg™') (mg - kg™') (g-kg™h) (g-kg)
Treatment i ” Alkali-hydrolyzable Available Available Organic matter Particulate organic
Soluble Mg=" content : . . o . . y i
nitrogen content phosphorus content  potassium content content carbon content
CK 2.36+0.31c 38.27+5.30b 7.80+0.41ab 94.67+1.15b 6.63+0.08¢ 1.44+0.18b
BC 2.83+0.11b 38.73+7.71b 7.64+0.80ab 104.00+3.46a 15.86x1.16a 3.98+0.98a
F 3.53+0.14a 42.00+3.70a 9.08+1.74a 95.33+1.15b 7.34+0.25¢ 1.55+0.33b
BC+F 2.72+0.06b 40.60+7.41a 6.72+0.89h 81.00+0.00¢ 14.00+0.60b 3.03+1.10a
YIRS e R, SR e Ve . WP T R 0 . e RN
VOEESHIRER, BENENERETR  ppgnge,  BERRBE g raamimie
b T (g-kg) (mg - kg™) ( 4 —]) (pmol - d™" + g77) (m 47 —]) ( mol + d7' - —l)
Treatment Mineral-associated Microbial biomass M8 8 Alkaline phosphatase 8 B v &
. Urease activity .. Sucrase activity Catalase activity
organic carbon content carbon content activity
CK 2.12+£0.25b 25.68+2.23¢ 7.52+1.22¢ 5.93+0.57a 7.69+0.31a 63.22+0.95a
BC 5.37+0.69a 51.77+1.07b 113.40+24.43b 6.30+0.37a 6.81+0.61a 63.49+1.42a
F 2.58+0.12b 69.58+4.90a 12.38+2.88¢ 6.20+0.58a 5.25+1.16a 61.52+4.12a
BC+F 4.96x1.13a 63.87+4.83a 138.07+6.51a 6.45+0.65a 5.98+1.93a 64.33+0.02a

D CK: %t 18 The control; BC: Hi—Jifi JH % 35 4 ¥ 5¢ Single application of Phragmites australis ( Cav.) Trin. ex Steud. biochar; F. H—jifi [ & & IE
Single application of compound fertilizer; BC+F; P A W N A B0t ] Combined application of P. australis biochar and compound fertilizer.
[R1Z Fp AN TRl NG b 32 7 S [] b B JA] 22 57 1 3% (p<0.05) Different lowercases in the same column indicate the significant differences ( p<0.05)

between different treatments.

K5 TR R EEDHEKIBRAZIM(XSD) Y B
Table 5 The effects of different treatments on growth indexes of Medicago sativa Linn. seedlings in saline-alkali soil (X+SD)")
- " b |7 iy . [
a5 HRi2S/em H/om e o LT RE T BT R g
Treatment Plant height Root length Branching number R Dry mass of root Total dry mass
above-ground part

CK 32.81+1.67b 7.92+0.74b 2.7+0.3b 1.20+0.14b 0.67+0.17b 1.87+0.37¢c
BC 34.38+1.79b 9.80+1.06a 2.9+0.2b 1.22+0.07b 0.86+0.19b 2.08+0.25hc
F 34.96+2.36b 9.33+0.52ab 2.6+0.2b 1.29+0.05b 0.98+0.06b 2.27+0.08b
BC+F 42.27+2.54a 11.11£1.29a 3.7£0.3a 2.21+0.22a 1.34+0.19a 3.55+0.08a

D CK: Xt The control; BC: BA it FH Y A Wk Single application of Phragmites australis ( Cav.) Trin. ex Steud. biochar; F. P —jiti 2 AR
Single application of compound fertilizer; BC+F : 7 251k FI & 45 JEIK G i Combined application of P. australis biochar and compound fertilizer.
[FFH AR /NE B 7R N [A) 4b 3 ] 25 5 i 35 (p<0.05) Different lowercases in the same column indicate the significant differences (p<0.05)

between different treatments.

BT BRI S R B 25, B —iEH
52 N 1 A RS CAR 5 m—it FH 2 =5 2R W e Ab BEAR AL
(HARE R RIS, P oE A YR AU A M A it A B I
F(p<0.05) R EE AR, SXFR L —ji
75 A W AR — it P 2 A AR AL B L, 2 =5 AR Wk
FIAE A NI A5 it FH Ak 31 7 40 7 P ke o8 2o S35 o 17
28.82% .22.95% 1 20.89% AR 43 B I T 40.28% .
13.38% 1 19.08% , 43 K¢ %0 43 7l 3 Jn 17 37.04% |
27.59% 1 43.30% , ‘& 5T 5t 43 0l 38 fin T 86.84% |

70.67% 1 56.39% , H 25 57 SR IK i E 7K
2.6 Pearson XS

Pearson FHOCHE AT 45 R R S S AR K
fabr S RIS B g i, AT ME Na® (KAl

Mg™ & i Bl U i, 0 WAl A DL 5 B, R

BT 1, oo ST SRS PR T 0 A G . AR 6 AT L
B BRO RSN, B 1S Y A A K AR AR S
pH A& BE (p<0.05) A, 5+ 1M TR 82 5 ¥
IEFASE, BT S BBk = A R A e bR S
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ATEEYE Ca® S R WA TG, BRARIRAL B A
Fof A AR bR L A 5 i W E ARG, BR
WA BN, BE A AR AR R AR b SR 1
SEREIEMSE , HAh, BAE 4l AR S e A

R 6 BHREYEEREBERSHS LIEELISIRER Pearson X RE

I TG, RS A L B R
A LR AU P A W R e R IR ARG AR
R 5 A AR W AR My e A T I
R TE 1Y P

Table 6 Pearson correlation coefficient between growth indexes of Medicago sativa Linn. seedlings and some soil physical and chemical indexes

A KARDR

Growth index

Pearson correlation coefficient with some soil physical and chemical indexes'

54y L B ALFE R ) Pearson A3 R %Y

)

pH EC Wea

¥R S Plant height

R4 Root length

434 %X Branching number -0.463 0.393
R B Dry mass of root
BT s Total dry mass

-0.656 * 0.578 * =0.721 * -0.636 * —0.668 *
-0.700 = 0.717 = -0.504
-0.442
o b B Dry mass of above-ground part —0.684 * 0.625* —0.586 % —0.434
-0.810 % 0.775 % -0.749 * -0.348
-0.772 % 0.717 * -0.688 * —0.429

Wap WAK Wom Wpoc WyBc Ayre Aprp
0.437 0.322 0.460 0.624 x  0.217
-0.254 -0.313 0.657 % 0.707 % 0.625* 0.684*  0.212
-0.562 -0.635=* 0.575 0.558 0.289 0.731 % 0.106
-0.810 % 0.422 0.390 0.456 0.626 =  0.215

-0.580 = 0.423 0.262 0.669 * 0.561 0.595 =
-0.772 %  0.440 0.356 0.556 0.633 %  0.364

1)pH; pH {8 pH value; EC: 1, 5 & Electric conductivity; wg,: AP Ca®t 71 Soluble Ca?* content; w,p : A B & Available phosphorus
content ; w i : WA & Available potassium content; wqy : A AL & Organic matter content ; wpq : WobL A LI 7% & Particulate organic carbon
content; wype: TAE WA= W) ik 7% i Microbial biomass carbon content; Aygpp: WREFTE £ Urease activity; Ap: B8P @ B2 B 15 1 Alkaline

phosphatase activity. * ; p<0.05.

3 i Aesib

AW IR — T i A FELA AL RE, ZE AL A 7= il
WSS AR ZHAES R 05 B ik LA 3
ARG T, 7 T o R | 2 ik 4 3K <A 728 W2 55 )y T L
HEERE L OISR R, Y F R R
R Y R EENEERN T2 %,
HARKRL HHE o AR 5 Rk A A A Yk i)
C N 56.54% ~ 67.35% , Forp P 25 A Wy 5 Fl &5
VIR C EGREE, AR mNRE s, YK
1) H/C HFT O/C Fe2 PP AR W) i Ra o Pk Y i 22 4
B0 S FhERAE A AR W R B H/C /N T 0.6,
0/C E¥/NF 0.2, 4455 6 W A= P A IE (EBC) 1Y
AW PEE AR (H/C /N 0.7,0/C /T 0.4)
HEA®R®MREE, A BT 1000 a 25
W A R ) R L R T RN 2 3k A 2 LI R
W RSR[50 5 O A 3L 2 A ROK g
[ e B 4 e R R P A U 1R I OGS i B RE
PEN A W o SRR R R A 9 5 1) 2 TR SR LR
SERPRRIE R I R -, S5 AR W e R AR ) g 1)
FMHLRE B2, HAx 50 A i) A W o e TG I
FLBEE A K BRI , iX T e 5 kA G, fE 5 Fh
AP A b RS AR e bR TR R,

PIFLAR /N, BEWRBHAE S R K L 3 1w BRI AR /N
LRI AE D i 5 A SR A A4 b AR O, Wh 3k 7 2
TSR B BT B 7 3G i, DT RIS - S h o & i
PR ARy, B e R, BEAk, PR A
REA AL LR ALIEAF 19 2 AL BR S5 R RRAE
A=W e A L RT3 ek 5 TR W B o7 A B B2 AT 4R Na* 4%
BT LA K o3 SR 3 A% i |, BEAS K
2K J7 R, K AL AE 5 1S I R 6 1 18 008 X
PRSI A W IR 1) 2 A LR S5 R BE NS R T A 4
T R W 5 R BT, A B T 48 AR W B TR 2R
PENOT PSR A PR H AT B T LA R et
Ko RO

A=Wy i SRR, pH S AR AR B R
GRS PRI IK A SRR pH (AR,
M2 T oz 25 W i B AR K R AR ) e R A0 A= 4
B pH HS T , A) e AR o IR P R 77 2 R i K
AR, AR MY AV R A L, ER A A A )
i HELAT O A A PR AR B T A RS
PSR A H AR A W) e A AR A e AT
Na* & 35 TARER A A A R 0T B A= 0 3¢
FBEE LY L R SR 7.2 mS - em™ LB, 5 1
IROFFRAE R —3, 5 P B E YR h R R AR
TR LT R AIG, ARG T 75 6 2586 R0 T 4% sy 304 o 46
(A4 e 5 AT 155 T4 B ( Populus spp. ) %7
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RIS A B R 5 Fhdh A R A 0 e 1
AYETEER LB T L — M B Na® A Ko 3 B H 4
BAFHEZESE 528 A ok R 3 A 0 e 1 T s P 5
FEET LK N, WAL 3 Fhdh A R A B i AT
VPR LB A A LA Na® k32, e rP el A 9 ¢ vl
E Na* S fieis . A, T AE K A= ok 1 Rl s 1
Na* K* & B3 (p<0.05) & TEEMI A9 0%, 1AM
A T PE Ca® B Mg™ & i B T H A K BE
W, 5 FPER A W) A ) AR L RN R A M SR
BB TN 25 5 0] 58 5 AN [R) 2R 80 6 A A 4 1 it
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O SR KSR AR Nat i, Wk
AR AR AT IR I R E A A (AN R ) HE )
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WFoEt 5 L aRgh I R A R A W i 6 5 i
FIHL o0 R ELSZAN AN R, Bl ARk AL
KA ) i M AR 0 0 ) s 8 e R P il 2 T
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