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Abstract: [ Objectives ] Studying the effect of Chinese milk vetch (CMV) on phosphate (P) adsorption on soil
particles could provide a theoretical basis for efficient green manure usage. [ Methods ] Paddy soil was collected
from Anhui Province, and CMV was added at the rate of 0, 15000, 22500 and 30000 kg/hm’*, and denoted as
CMV0, CMV1, CMV2, and CMV3. The mixture was incubated for 30 days under anaerobic conditions. Each
soil sample was divided into sand (48-250 pum), silt (2—48 um), and clay (<2 um) particles for the isothermal
and kinetics adsorption experiment. [ Results ] Compared with CMV0, CMV (P<0.05) increased the content of
organic matter (SOM), total nitrogen (TN), total phosphorus (TP) and available phosphorus (AP) in all the three
soil particle sizes. The highest increase of 33.42%—81.04%, 4.83%—15.17%, 45.45%—51.52%, and 40.76%—
60.70% was recorded in sand particles. CMV reduced the specific surface area of sandy and clay particles but
increased those of silt particles. The Langmuir model described well the P adsorption of soil particles. The
maximum adsorption capacity (Q,), native adsorbed exchangeable phosphorus (NAP), zero-equilibrium P
concentration values (EPC,), adsorption constant (X,), and soil affinity to phosphorus (X,) in all soil particles
increased under CMV. Sandy particles recorded the highest increase, with the O, reaching 4.02%—-46.81%. In silt
particles, the NAP, K,, EPC,, and X, increased by 116.77%-210.78%, 29.55%—-69.05%, 93.62%-141.28%, and
11.97%-28.87%, respectively. The kinetic P adsorption was well fitted with the Pseudo-second-order kinetics.
The fitting results showed that the adsorption rate (k,) and the initial sorption rate (H) of the different soil
particles increased with CMV application. The highest H and £, increases were recorded for clay particles,
increasing by 25.77%-98.20% and 25.74%—111.15%, respectively. Notably, CMV2 recorded higher H and £,
values than CMV1 and CMV3 in all soil particles. The Q,, and EPC, were correlated with AP in sandy particles
(P<0.01) . The NAP, EPC,, and K, were correlated with SOM and TP (P<0.05) ; K, was correlated with TP in silt
particles (P<0.01) . In clay particles, O, was correlated with TP and AP (P<0.01) ; EPC, was correlated with
SOM, TN, TP, and SSA; K, was correlate with SOM, TN, and SSA (P<0.05) . [ Conclusions ] The adsorption of
phosphate on the soil particles was enhanced by improving TP and AP mainly with the application of CMV,
especially on the sandy and silt particles. The highest values of O, and K; in CMV2 were recorded for sandy and
clay particles. In CMV3, the silt particles had the highest O, and K. Therefore, rational application of CMV to
paddy soil combined with soil texture could help achieve scientific management of P.

Key words: Chinese milk vetch; soil particles; soil nutrients; isothermal adsorption; kinetic adsorption

PR RSBV E KRR B TR = REFRTRZ
—, Y R B S BEAL AR T
S X B A R 2 ) W RS [ R AT, M A
Ja s ARER 5 W A SBUR 3 T l  h  BRAR AL
S5 N R P U X AR A O M P R IR £, X
WAL 25 2 AR B AR, AT ey £ i i A 24 20
FRN A el AT N — B RO R BER
F%) SR T S AR — RS B2 W A R s kA AT R
FILEZS R G A A, HAE L 3ER™ 49y 362 1T A 1 Ff
fifp e A DLIE 25 S S D R I E B BRAE S . 1T
MU KA, 244 pH, AP, AHLK . i
AEKF o R S ) ST A R R A
ST

B R EIE R E RN ERSRIE,
HABBRER . W50 i+ 8eG PLs

3 BRI AR T, xR KR R dERKAE
AHFEE A AN OR AP AC T A= W) Z R B E 2
LR B ZR 2 I8 REAS e v b HERE A AL
fe AL A OO PERERRER RO RE I © . BIFTEIN
L A 52 i - S 2 AE RS — e A2 = ey 2 A 0 G A
FEA BRI PEAT DL T R, SRAE A TS A A
AR 2y 1] R R ML S BB T, SR S RER
TP B, AR B R A [ [R5 59
AR WA I A BILIR X - M A P 8 3R 03 A AT AR B
MfeHEVE I, SR TR A R Y — T AL
PR 1l 547y 2 i 1) P o7 A A S S, T
SIS I B IR BRI A S, S —T7 T, A
AL S0 1o 1 T R 5 5 4 R R Ao AT AR - S T
W B IR RS T 7, P 4 AR I Tl B0 A 28RS 56
YL T A 4R R 2 S R AL RO RS A L B



1390 R R R L S 28 &

A B G RIERE R SRR, R
Th A S R, R IR EA RURE S, 1E
NERIEAH, WMl Em . BB, W TR
A&, TIESESERE, F R RS W R
fiti, REfEAEHE + O ERE AR YL, BT+
e iR ORI O 20, AT T T B
W BRI 207, I ELTE 48 2 DRl 30 ) e RS 2
BT, A T RN SR B 5 S BT M A A, AT
A FITFBER R,

FRATMAS IR G A S ABORE X 71 I A R B 2R 1Y)
W RRERE T R, RS 5E 25 SR N T S M 2 A AR
fEMIE AT, BEERNE S EMELH EERE
R LB IR
1 BRSO
1.1 iR

PR R F LB M IR T AR PR A 5 2
FEH, %S AL 25.07 ghkg, A 127 gkg, &
W 0.37 g/kg. AR 19.50 mg/kg . HALHP 165 mg/kg .
pH 547, B R U RETREA W, HAam.
R 2. 2E s (THE) 400 462.60 g/kg .
27.18 g/kg. 3.28 g/kg. 18.75 g/kg,
1.2 R

KA AHHRL, W E 0. 15000, 22500 F1 30000
kg/hm? £ 4 M EZTHFNE, 55758 CMVO,
CMV1, CMV2 fil CMV3, ¥ RA4E Y 38 X T i
Je, FREL 1400 g 5 A5 (1) 58 = S B AR AT 0 4018
A, RIEHEAE 20 cm, FAR 15 cm FIE B RHTETT
TG, HAf R N 1~2 om KB, +
B g AR ACRE, WAKERELA N 1 em, 5
B 3 K AR AN T K i . 7E B E] 30 KOR4E
TR, BAMCERE R 3 R, IS AHUE B 4
RS, KT, — #4345 0.85 mm A 0.15
mm i, HFE ARS8 5
0.25 mm ¥iii, FHT HHERURHEE
1.3 TEFASRSMRNE
1.3.1 3k 9% 3 o Y O oK - M Uk A T
O, BARIT . pdeid 48 pm FLARIRGH, 43 B8
PiAE R 48~250 um AR ARL, 48 pm Rifs LT #F55
KUY, WG Stokes BB IR R, T
WA I W B S o B SRR AR <2 um BK R, A
A 0.5 mol/L CaCl, X Kb ifi 172886, SRIG L8+
TN 95% WAEHEATIEVE, EH & AgNO, kil It Cl 47

TE o KBERR RS i TR Uk A R AR 2~ 48 pm A9 H)
Ko DAL 3 Fh e RUR Ve i E T 40°C BEARHE T,
RIS 2 kL (48~250 um) . HHRL (2~48 um) Flk:
Ki (<2 um),
1.3.2 BHERURME I R AR AR
PRI 2 SR FH B R ATT vk, - SR LY 2R i BUR
AU B — Eb e TR (S A T A
1.4 ORFHRI6
1.4.1 R0 78 50 mL B0 A 10 mL ¥
R 8 g/L HHERIFI, FHJS I — & BEIRER
W (KH,PO,), (BRI RLWEENSIHR 0. 2. 5.
10, 20, 50, 80. 100, 200 umol/L, &) W AF>
20 mL, AEFRSHE SR BUAAN TS, RONK 1
41, 3 REMEWEERN0.01 mol/L KNO;, H
0.01 mol/L KOH F1 0.01 mol/L KNO, {35 iz i & £
pH 4 5.50, ZIKRTE 25°C fHIRFE K 2T 24 h,
B 180 r/min, IV 25 5 7 8000 r/min S5 T &5
> 10 min, H 0.45 pm SALUEREHHNE,, RIS,
KRBT EE B (A=880 nm) M & - 175 ¥
VR o R A W R I A VR B v 25, TR
AP O
1.4.2 3 J72# W fft B 50 umol/L AY B K
(KH,PO,) 400 mL, ffiffH Kkt 41, BFEREK
J£ 0.01 mol/L KNO,, 4357 10, 20, 30, 60. 90,
120, 150, 180, 240, 360, 540, 720, 1440 min, W%
B 10 mL iR & T 50 mL #0045, 7 EI7E 8000 min
M2 T .0 10 mine, F 0.01 mol/L KOH #10.01
mol/L KNO, #755 WiA& Z pH 7 5.50, J] 0.45 pm fil
FLUE BRI IR AR FVEW, RAHBR B/ OO (0=
880 nm) M IR B . BRI TN 1
1.5 HIELIE
1.5.1 SFRmeRtt Bl O R B IR S
A% Langmuir /7% :

0.=0,C,/K, +C.,—NAP

K, = NAP/EPC,

K, O, FEAE LA 8 1 1P B B i (umol/g) s
Q. J i e At e WURL 22 1 A% P IS B K I B
(umol/g); C,, F~FAHWE B L5 W OBk FE (umol/L);
NAP y + A KW B i (nmol/g); K, A Ak 11
Xof Tl 0 W R 0 R R, R S A AR K/, EPC,
RZMAE RS X R, o hR S A
AL, A i) 85 YR i WO ST 7K R T 0% I A R
K, AW R 3 B R A, R RHEXS BRI R A



8 1 T, S USINEE ST RS H - S5 R I R R R S 1391

RN
1.5.2 ghyeme bt AR s ) e AL
WG . TR

0 =0.(1-¢™)
X, 0, ¢ 20 13X BRI K (pmol/g); ¢4
SNBSS TE] (min); Q. AP B & (umol/g); &, A
WRERE R H = k0.7, AR MR
1.5.3 Aot A I K F Microsoft Office
2003 FOEHEATAREE, FH SPSS 26.0 #EfT 22 5 W
BT K% [Ducan (D), P<0.05] il Pearson #H 3¢ 43
¥r, M Origin 2017 FX{FHEATEAR LA IFAER

2 ZER550T

2.1 AREZEARMET LIEFRERABRNEZR
MR B

AT TR 8 A AN TR A% - 1 J0UR 2% 1T 174) S5 1 % o
Mk (B 1) ATLAE Y, W R ER A I B 2k il 25 - A
WV B Y B I e PR N fE 2208 o, & L A,
HH Langmuir J5 XTI HEATIIG , YA ELF AU
AHER (R>0.89, P<0.01), IESHLE 1,

MR VAT, TERPRLT, U2 = kb 2
(e KRB (Q,) 1A . THIEA R (NAP) 1.
W B0 B (K,) B BIG SEHk BE (EPC,) (L FI143 B9 &
BO(K,) AT HIHE CMV, 5 T 4.02%~46.81% .
18.82%~40.91%. 3.15%~58.71%. 1.86%~
26.03% Fl 2.74%~38.36%., FH:H CMV2 ABEAY O, .
K,. EPC,. NAP 735t CMVO AL FHHLE T 46.81%.
45.86% . 26.03% F128.27%., CMV2 At HE O, il
EPC, fHix K, H CMV0, CMVI1 Fil CMV3 4b B4 5]
PEET 8.99%~46.81% Fil 8.58%~26.03%; CMV1
RO K, ek, R 2.02, fERRIH, BRINEE = diAb
Ry O, 1. NAP{H. K, {. EPC, {HA K, {655
CMVO #2755 1.24%~52.81%. 116.77%~210.78% .
29.55%~69.05% . 93.62%~141.28% F1 11.97%~
28.87%. HH CMV3 4bFEAY O, K,. EPC,. NAP
3B CMVO A FIHR 5 T 33.61%. 69.05% . 124.68%
M1171.26%, 1AL, CMV2 4bFE EPC,. NAP #1 K, (&
PR, TERRLT, I eb3 1 O, 5. NAP
fH. K, {HF EPC, {H43 Lt CMVO $2£5 4.04%~9.63% .
1.86%~18.85% . 24.45%~91.78% H1 32.92%~
52.17%, H:H CMV2 48R O, K,. EPC,. NAP {&
43 CMVO Kb HREE T 9.48% . 51.95% . 44.10%
1 18.85%, Ht CMV2 4B NAP fie ks K, B

160

[ #h4i Sand
140
120
100
80 i
60 |
40 |
20 * CMV0
o0t a CMV2
e CMV1
—20 v CMV3
740 1 1 1

0 20 40 60 80 100120 140 160 180200

[ Bk Silt

WS BB Adsorption (umol/g)
IS
3

(I) 2I0 4IO 6IO 8IO I(I)O 1&0 1;10 léO 1;302(I)O
300" rgiki Clay
400 }
300
200

100

0 20 40 60 80 100 120
SPHTBEAR)E (umol/L)
The equilibrium P concentration
1 RMERR (CMV) TIRBRI S 8580 R IR B 2k

Fig. 1 Isothermal adsorption curves of phosphorus on soil
particles with the addition of CMV

B VUL T R A . DR 5 s S 4
e IR R A X 18 W A R B AR L R T
E SRR ST 5 BT R X i %) W R e A R R
B, BT BERY 53 B8 R 5

ARV R A% O Z B AH S, 0,0 NAP,
K, ¥7e R b ik B i KAR, $% /NS KR > 1D
Ri>Hrki, K, Fl EPC, TERV R iR K, #K/NHESI
L% YR T 1Y YA



1392 R R R L S 28 &

x1 AMEZR (CMV) THIRFR B FERMUESE
Table 1 The Langmuir fitting parameters of phosphate adsorption on soil particles with the addition of CMV

LA phEL] 0, EPC, NAP
Soil particle Treatment (umol/g) t (umol/g) (umol/g) v e P
kL CMV0 141.92 89.57 7.53 11.00 1.46 0.8926 <0.01
Sand CMV1 147.62 92.39 7.67 15.50 2.02 0.9402 <0.01
CMV2 208.35 130.65 9.49 14.11 1.49 0.9363 <0.01
CMV3 191.16 142.16 8.74 13.07 1.50 0.9030 <0.01
Hyki CMV0 104.16 55.67 2.35 3.34 1.42 0.9502 <0.01
Silt CMV1 105.45 72.12 455 7.24 1.59 0.9634 <0.01
CMV2 116.29 74.74 5.67 10.38 1.83 0.9208 <0.01
CMV3 139.17 94.11 5.8 9.06 1.72 0.9355 <0.01
HPRL CMVO0 529.72 27.12 1.61 37.09 23.04 0.9936 <0.01
Clay CMV1 580.71 52.01 2.14 4401 20.57 0.9866 <0.01
CMV2 579.96 4121 232 44.08 19.82 0.9865 <0.01
CMV3 551.10 33.75 2.45 37.78 14.82 0.9896 <0.01
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Table 2 The secondary Kinetic adsorption parameters of phosphorus on soil particles under different CMV addition

+- 3R, bE 0. H k, . »
Soil particle Treatment (umol/g) (umol/min) [mg/(umol-min)]
kL CMV0 78.74 10.64 1.583 0.9998 <0.01
Sand CMV1 81.97 11.20 1.667 0.9997 <0.01
CMV2 82.69 18.80 3.032 0.9999 <0.01
CMV3 80.65 13.66 2.101 0.9998 <0.01
b Ap A CMV0 68.13 10.86 1.779 0.9999 <0.01
Sit CMV1 69.76 11.03 1.921 0.9995 <0.01
CMV2 78.13 13.51 2414 0.9998 <0.01
CMV3 72.46 12.38 2357 0.9998 <0.01
HPRL CMVO0 107.53 9.43 0.816 0.9997 <0.01
Clay CMV1 108.70 13.05 1.105 0.9998 <0.01
CMV2 114.17 18.69 1.723 0.9999 <0.01
CMV3 117.53 11.86 1.026 0.9997 <0.01

R3I RMEZE (CMV) THEFRFSIESHERER
Table 3 The nutrient content and specific surface area (SSA) of soil particles as affected by CMV addition

e e A fﬂﬁﬁ Eoe) EX ﬁiﬁzﬁ%’é HeR A
Soil particle Treatment Organic matter Total N Total P Available P SSA
(g/kg) (g/kg) (gkg) (mg/kg) (m*/g)
[ CMV0 19.15+0.56 ¢ 1.45£0.01 b 0.33+0.00 b 22.5741.50 ¢ 7.51+0.35 a
Sand CMVI 29.61£1.32b 1.5240.01 a 0.50+0.00 a 31.774£0.50 b 6.22+0.42 ¢
CMV2 25.55+0.47 b 1.67+0.08 a 0.48+0.01 a 36.2740.25 a 6.03£0.19 ¢
CMV3 34.67+291 a 1.52+0.14 a 0.49+0.01 a 34.7340.50 a 6.84+0.23 b
Fyki CMV0 11.2440.05 b 0.50£0.01 a 0.38+0.01 b 16.38+0.25 ¢ 2.390.15 ¢
Silt CMV1 12.75:0.45 a 0.55+0.06 a 0.4040.00 b 20.63£1.75 b 437£024 2
CMV2 13.53+0.83 a 0.52+0.08 a 0.46+0.02 a 24.93+0.75 a 4.19£0.10 a
CMV3 12.8640.17 a 0.53£0.00 a 0.46+0.00 a 19.33+1.00 b 3312022 b
by CMV0 58.60+£0.45 ¢ 3.84+0.07 ¢ 2.11£0.02 b 37.39£0.14 b 35.07£1.32a
Clay CMV1 59.44+0.70 ¢ 3.90+0.01 b 2.28+0.02 a 40.01%1.10 ab 30.58+0.92 b
CMV2 61.81+0.02 b 3.98+0.01 b 2.32+0.00 a 42.14£0.10 a 31.23+0.85 b
CMV3 64.67+0.56 a 4.13+0.01 a 2.29+0.00 a 39.31+1.72 ab 27.11%2.55 b
J5 255391 ANOVA
=YL CMV amount P<0.01 P>0.05 P<0.01 P<0.01 P<0.01
Wik Particle type P<0.01 P<0.01 P<0.01 P<0.01 P<0.01

T RISV AR NG SRR R [ 0L N AN R Ab ] 22 5 B 3 (P<0.05).
Note: SSA—Specific surface area. Values followed by different lowercase letters in a column mean significant difference among treatments in the

same type of soil particle (P<0.05).

R WG R 3 3, B v SRR X B B E (Q,) . AR MLAE S 0 A A R B . RV N s
JEWS Wi (NAP) Fl SR XY SE A S (K)o Fan 4R RIEWOR oA AL S &, RIE i 1 15
A0 Pizzeghello %P ERG e AT b A KX BE R W IfHAE /7 .
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Table 4 Correlation between soil nutrient content and isothermal adsorption parameters

+- 3R e =4 AL EeA) BT AR e AR
Soil particle Parameter Organic matter Total N Total P Available P SSA
kL 0, 0.407 0.693 0.532 0.824* -0.491
Sand NAP 0.545 0.415 0.881%* 0.693 —0.852%*
EPC, 0.321 0.734* 0.503 0.805* —0.525
K, 0.346 0.401 0.210 0.540 —0.050
K, 0.291 —0.104 0.478 0.106 —0.435
Hki 0., 0.322 0.080 0.729* 0.007 0.079
Silt NAP 0.909%* 0.202 0.893%* 0.834% 0.713
EPC, 0.910%* 0.239 0.869%* 0.805* 0.751
K, 0.620 0.221 0.822% 0.318 0.350
K, 0.887%* 0.148 0.909%* 0.850%* 0.642
bz A 0. 0.356 0.355 0.932%* 0.859%* -0.519
Clay NAP ~0.102 -0.050 0.639 0.608 ~0.303
EPC, 0.840%* 0.843%* 0.939%* 0.489 —0.877**
K, —0.165 —0.146 0.643 0.710 —0.139
K —0.946** —0.956%* —0.623 0.001 0.886%*

P

e O TIHEIEERWM b NAP— AR BELL; EPC,— T 3EWRIn e s K, —HIEXTBERI T D %8G K— B 132 2

B, 3R 0.05 BEHIKT; —FTR 0.01 BEHKT,

Note: O,—The maximum adsorption capacity; NAP—The native adsorbed exchangeable phosphorus; EPC;—The zero-equilibrium P concentration;

K,—The adsorption constant; K,—The affinity of soil to phosphorus. *—Significant at the 0.05 level; **—Significant at the 0.01 level.

- A O DA K AR AR A i IR R
FIPPAR Bl 22 0 2 XU A9 £ LR AR ZEARIR S0 + 3%
LHMAMHE S S 0,. NAP, EPC,, K, fl K, ¥
IRBIREACKR, Fle LA NS O,.
NAP LA K EPC, 22 1] 52 30 4 4 25 b 8 3 1) 1TE AR OGO
R (R4 IBINE Pl i5 0 13 PR S w0
LKA SR B b, 3G 0 2 B Y
PR BN, K5 I T AECI B AT it FH 51 1 SR KT
AsE i, RHERCRE R (0,) ZRERESADIT LR
FR o 3% 20T BE T AR I ES v b AR R 4
(<0.50 g/kg) S5H B (<36.27 mg/kg) HIHAK, ki
JEE Tl - A R XoT kP WA A [0 2 B 7 i, AT 3
TORE rh Al A A5l i, AR R R UKL I i
W CUR”  (AEE YR RO L EEAL, AL
DI S B R DT KU o IAER R, Q,, AUk
RGO W IEA DGR, NAP il K, RS
AR R IEAISCOCR, X AT A8 5 R R k4R 4 Ak
Y. EEE T SR AR R ARG

- S AEURE A Eb 2 T R R e 25 4 S R AT

Hy, WEE IERORCRAR N, LRI R, UL
FMBE LA ROM B S 2, 42 3Ok
W B 0, AR e R, R R AR
NAP {H 2% 8% AHG; 7Efikirh 5 EPC, H . K,
B30 2 AR 2 A OGO RIEAH GG R, X R
T R AE L S OR 3RH Y B, R B R R LRSI
i W E R, TERPRARR R, R
FEAIR T SR A - OB A LL R AR, X W] fig
Tl BRSNS = H R IR EIEA LR & &,
HE R 2 ] A BE R, B E X A ML) B A
TR Y, BRACT HIEEUR R, XS T
T B 4 b AT A R —EL
ORI RS I B R R, R
L X T P4 W B 5 R R R 22 e R R 027,
TEAAR IS FPAR 28 = D4 /o 1 R0 FIORY R0 X 2R 1Y
O, MK, fH, EXTRFLE O, F1 K, [EFEMH/N, A
TN TINEE 23 T DA v R MU ot i A W 4, o 1)
FE B DL FIRY 55 22 11 43 AR 58 22 T LA
IR B R . AR, NS Y
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W) E SR 50 R

28 4

FH R A T R, RS TR R R
LA Wl 0 W2 RS L O B0 R R R A B, (L
FERM S, TERPRLAK R, CMV3 b BE 3 & i
RIS O, EF NAP fH#E KT CMV2 4t
B, B CMV2 b B 4% 4 SRR R A% A 2R W o
FTWE B o BE SR B ey, MAEMT KL, CMV3 ZbFERY
B R B KBS M O, (A K, (6, RIbfEgR
A 7 v Bt A M A S SR TR
L5 1, RIS B ST DUR S R A A
M, T DA vy - 0 A R AR FURL N 5 1 I R e
1, JEREE R R R A AR

4 Z5ig

VN T 58 2 mT 2 A v A R A - HERSUR Y
FRor i, VIRDRLP i HE TR ok, Hp A L
B AR . 2. AR S RS IR R
81.04%. 15.17%. 51.52% #i1 60.70%.

TN TIN5 25 AT 54 v AS TR A% = SRR X 5 1Y)
RIS M (0,) . TIEAJKK B (NAP) FI
BSRBEE (K,), BRSNS O, AT g 46.81%, Mkirh
T () W o 5 88 (K,) . S I Sk B (EPC,) A1 3
AR (NAP), 743l $25 69.05% . 124.68%
M 171.26%, KRN, SFREHS5CS LA 5
BT A 0 U AR OCOC R

PN Gl 7 1= g N wt & UTE TR OR 7 P DA
W RS R B SR B T R, SRR T, TR
TIN5 2 3 R DA S8CHE v 0 e O o % () R
REE (k)o TERRLH, AHECTFAREINE 2 A3,
H Ak, 70 548 T 98.20% A1 111.15%.
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