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Effects of polyaspartic acid on cadmium availability and adsorption—desorption behavior in Cd—-gradient soils
LI Yanmei"?, WANG Wei', LIN Xiaobing®, LIU Changzheng', LIU Shiyu'", XU Zhentang’, ZHANG Qin', HU Benliu®

(1. College of Land Resources and Environment, Key Laboratory of Agricultural Resources and Ecology in Poyang Lake Watershed of
Ministry of Agriculture and Rural Affairs in China, Jiangxi Agricultural University, Nanchang 330045, China; 2. Jiangxi Huagan
Environmental Technology R&D Co., Ltd., Nanchang 330096, China; 3. National Red Soil Improvement Engineering Technology Research
Center, Jiangxi Institute of Red Soil and Germplasm Resources, Nanchang 331717, China)

Abstract: To investigate the regulatory mechanism of polyaspartic acid (PASP) on cadmium bioavailability in contaminated soils, and to
determine its optimal operational conditions and the response patterns under varying cadmium concentration gradients. In this study, two
typical Cd—contaminated agricultural soils were investigated using BCR sequential extraction, batch adsorption —desorption experiments,
and kinetic modeling to assess the effects of PASP (molecular weight: 4 000—5 000 Da) on Cd speciation and adsorption—desorption
behavior. The results demonstrated that the addition of PASP at 10 mg- kg™ significantly increased the content of bioavailable Cd (P<0.05)
by facilitating the transformation of less active Cd fractions into the acid—soluble form, without inducing significant changes in soil pH.
Freundlich isotherm analysis revealed that PASP reduced the Cd adsorption capacity of the soil, increased the desorption rate, and lowered
the hysteresis index, collectively indicating that PASP inhibits Cd adsorption and promotes its desorption. According to the Elovich model,
Cd adsorption proceeded through three distinct phases: rapid (0—1 h), slow (1-10 h), and equilibrium ( >10 h). The most effective Cd
activation occurred at pH 6 and temperatures between 15-25 °C, with background Cd levels exerting minimal influence. This study offers
theoretical insights essential for advancing PASP-enhanced phytoremediation strategies for Cd—contaminated soils.
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Figure 1 Molecular structure of polyaspartic acid™
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Table 1 Basic physical and chemical properties of test soil

COESEE S U =i GRS

Bzt TIEGFES) TG4
Index High—Cd soil Low—-Cd soil
(Pingxiang City) (Xinyu City)
pH 6.44+0.02 7.13+0.01
RS &/ (mg-kg ™) 3.16+0.14 0.12+0.03
SRR/ (mg-kg™) 19.66+0.18 0.90+0.16
FH 2§ 24 dit/ (emol - kg ™) 10.40+0.12 11.21+0.19
UL &/ (gokg") 43.00+0.24 36.61+0.33
S LR L% 1.81+0.12 2.73+0.14
it it/ % 23.4+0.2 22.3+0.3
I Mm@ R L B () R -

1.2.2 W BT 2 A

A A2 it AT A 3 G 0 VR o/ R o 4 6 )
(GB/T 21851—2008) J5 i , BL il LA 0.01 mol - L™ fil§ iR
BNV VR R T RV VT A TR R VS M [Cd (NOs)2 - 4HL0,
AR, H Cd* AR K 5.10,20,30,40,50,60 mg-
L7 (W pH B R 22 184K B pH A ) o HEBA BRI F
AN TRV 5 75 YK 344 1.000 g, T2 MR £ 5 7K
VET 119 50 mL BUENES.OAE R A& A5 PASP Y
20 mL ARV BE Cd* (1 R AN W, 1 48 v PASP &
WS — N 10mg kg, B35, B EL 3K, HE
A Cd™ e i 2 A0 ZEAOG IR, AR AR BT 25 C
TE IR 7 %% P 18] B PR %7 (200 remin™)24 h, 4 5 000 r+
min™ #5030 min, B 0.45 wm 8IS 12 8 AR AT
FFIN o e BEA S (D) 1158 4 i ) R o 4

Q.=(C,-C)VIm (1)
A2 QR W A B U B C™ B i, mg - kg™ s CORIR
WP CA* IR TR , mg - L5 oMV R Cd> 1Y~ 4
WP mg - L7 VN i 5 W AR B mLy m by 4 3 i
i, g

W 6328 36 KX 98 R FH Freundlich #5558 [ 24 2 (2) 11
Langmuir BRI 232 (3) X W B S8R e b A7 4005

Q.=K:C" (2)

Q.=(Q.K.C)/(1+K.C.) (3)
s Q. Ry W B A8 IS R B Cd™ Y 3, mg kg5 Qu
e KW, me kg™ s K Ko on W3 %

RS . IR AR 2 R e O E R+
e A 20 mL & 45 PASP 49 0.01 mol - L™ fil§ i 4 1%
WAE R, 25 CHE R IR 24 h, 8500 085
B WA . RO IR AT 3 K, B9 3 Ik iR
W 0 T 4 A e BRI A fogf R 8 ) o

P 1%) WHARTY

1.2.3 W3l 7121

BL il 30 mg- L™ CA™ A&, LA 0.01 mol - L fi§ iz £
VWA S MERR AR I R AN [ 55 75 YooK F 1Y
RIS 5K 5.000 g, BT — F 51 250 mLAEIE R, W)
BN AT 30 mg -« Ll B2 57 75 Y FC ) 1Y PASP
VW, (-3 h PASP 5 48— N 10 mg-kg ' ¥ |
IRHEIE IS T 25 CHE AR 7 A H L L 200 v+ min™ i
SE4R Y, 43 1E 10.30,60,120,240,360.600 ., 1 440,
2 880 min I [A] S H 10 mL. #£44LA S 000 1+ min™ B0
30 min, 76 FIEROE 1 0.45 wm JEE T IE L (A E
TP T PASP (% BRGRIS o OR FHME— G sl ) 2 il
[0 (4)] 1 =2 gh Jy 2 BRI 20 (5) ] Elovich 15
RIACO) | N BRI 2820 (7) TRUOBUR BB R 2

2 (8) A M B it 7
In(1-Q/Q..)=A-Bt (4)
Q=t/(At+B) (5)
Q.=A+Bln 1 (6)
0/0.=A+B\/1 (7)
InQ=A+BIn ¢ (8)

U e FRARB ], ming QA ¢ BF 20 W B Cd* ) i, mg -
ke™; Qu NI KW M, mg-kg™ ;A B IR TIZEL
1.2.4 A[A] pH (5200

He il L 0.01 mol « L™ filf 2 £ 1 W Ry 75 5% V5 TR 1Y)
PASPA# . FH0.1 mol-L™" HNO;#10.1 mol-L"' NaOH
VS WK VW pH B 23 IR 1 22 3.4.5.6.7.8.9 (45 =
0.01) (Cd7Efm pHAE T &) KA KA s 45 5L ) o e
PRI Fob AN [ 4 75 KT 1912056 345 1.000 ¢ it A
50 mL B0 Y, 43 5 1) B0 A oA 3R PASP %
W25 20 mL, X1 43 f PASP & 48— 4 10 mg -
kg, B85 KRR E T 25 ClHE IR #8 T a8 R
(200 r-min")24 h, X5 000 r- min™ &> 30 min, |
TS 0.45 pom U8 B 0 2 B8R B AR A
1.2.5 JN[w) 3 8 52

fic i L 0.01 mol - L™ il PR 4N V5 W 0 75 5t WY
PASP AW o HERAFRICE BE 4% BE WA R 15 e oKkF 1y
IR 134 1.000 g A 50 mL B5.04 20 51 1 850
BRI A PASP I A 20 mL, X1 £ 3 H PASP
TSN 10 mg kg, B AR BIE T 15,
25.35.45 CHYTE IR IR 7 & [ 8k 327 (200 ©+ min™)
24 h, A5 000 r-min™ &0 30 min, b 3§ 0.45 pm
UBIE S ORAF R
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ALK E — 25 =M T 2 BRIZ 1 — i A
B TR BHEIE ) (H) 804—2016) , 5K Fl DTPA-
CaCL-TEA #4031 5, F| H ICP-OES[iCAP PRO,
FEIR G R B () A BRI T 2

- KT S A R Ak () BCR % 2212 41 74k
B, 205 8 A 88 R T W 0RO % Y (PinAAcle
900T, Hr N3k PerkinElmer 23 &) #E4 7 22 &

R A R v, b3 R P e R R R
WSO IL (SP-3530A A, iR GIEIN AR A BN W) 1k
AT

+ 35 pHAEA# F pH i1 (913, B 1 J7 18 Metrohm) ,
Z: B8 pHAE A9 2 L0735 ) (HT 962—2018) i
AriE .

1.4 iR

i 56 B4 R I SPSS 29.0.1.0 % v (% B[R 2%
ANOVA F 35 A5 B E 47 T 22 43 7 RS 25 PR 36, R
A &5 J5 Duncan 2 5 L, B & 1K F N «=0.05,
Freundlich , Langmuir , Elovich | PJ 4 8 F1 S0 B0 7l
2R F OriginPro 2024 B E1 132 BB HUR L

2 GHRESW

2.1 PASPAMEX T EBUSHES EMH

F2 BT AN F I PASP AR B AR AR TS Y
TIETEST 15 K 55 45 RN RES R & i sh 21k
THOL . TEHT 15 K AECT X BRE, PASP (Y U5 Iin fek 25
$e w7 PR S Gk o A RS R (P<
0.05). FfRIY LI, 2 PASP it &4 5,10 mg-

2 KREFEPASP B AMIRTRKFELIBEBFTRS
BAEENHEM(ng-kg")
Table 2 Effects of different concentrations of PASP on available
Cd content in the two Cd—gradient soils(mg-kg™)

il PASP ¥ i ﬁjﬁté\fﬁag DTPA—C:{ _
Time Amount of F’ASP e 4 P4 4
(mg-kg™) High—Cd soil Low—Cd soil
§15K 0 3.156+0.091¢ 0.121:£0.004c
Day 15 5 3.378+0.055h 0.128+0.002
10 5.298+0.120a 0.185£0.011a
20 3.372+0.084b 0.1350.008b
H45F 0 3.293+0.065b 0.1240.003a
Day 45 5 3.327+0.113b 0.122+0.004a
10 3.949+0.047a 0.136+0.012a
20 3.214+0.066b 0.1220.004a

T [ BIAN ) /NG T B R A0 B ] 22 53 35 P<0.05.
Note: Different lowercase letters in a column indicate significant
differences among treatments at P<0.05.

kg™ F1 20 mg - kg™ B, A7 850 ER 5 f B0 REAH 43 ) i
FHEANT 7.03% .67.87% K1 6.84% ; IR 4715 Y + 3,
AH L Ak 38 AH R 3 R ) S B R 5.79% . 52.89% F
11.57%., 25545 K0, @55 g 3P L 10 mg- kg™
PASP 4b #1947 RO B AT J 25 o 0 B A (3
W5 24 20% , P<0.05) , I # 75 Y 138 b & b BRAL 5 %
HRZH ) 24 0 B 35 25 5 (P>0.05) o JE T4 08 & it
A B RACSR TR AW 50K 10 mg - kg i 22 - PASP
T A - SRR 1 e DL it P A R 1
2.2 PASP & IEXY LIBRA S pH B0

Kk ) BCR & 2248 UL 43 1 7855 15 Kt
PRI TS Yo KPR R TR S 0 A . A5 R (E2)
T TEREI (CK) I m ARAR TS g 38| 55 R 46
BUES (F) 5T 52 (F) 6 b E AR . Htom
10 mg kg™ PASPJ& , F\ i F @ 1 . Horp e 1
R AR 1 B 7 He A SE CK 4138 in T 29.38 4>
A5 FAN18.06 4> F1 23 a5 Fa FLER I 285 (Fa) o5 T g 2
FeAlk. Emis e L3 o SRR T 22.39 4 H 4>
B F R IERE 2 CK 19 14.29% ; KA T5 Y 158
Fo 5 HRFE T 14384 43 50 Fa i LU IR 29 B 22 CK
1) 14.29% . AIEALZS (Fs) b7 FE7EAKHR 8 2 /N iE
TR

B3I T AES 15 KNGS 45 K, CK 415 10
mg - kg™ 5 () PASP AL PR & KA TS e 4 pH Y
SR, AT LA TS Y 3R PASP AN B A
A 45 d Y pH (H 5 CK 1M 6 8 3% 22 5% (P>
0.05) . TEARSETS e L4 b, PASP 2L HEZH (%) pH {H 2
FART CKYL, (HZE S WA /NT 0.2, X Fh 2 R fg 5
PASP ¥ A B pH S 55 B YE (pH 6~7)F X,

4% 14 High—Cd soil P47 133 Low—Cd soil

100 \ :
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Figure 2 Effects of PASP on the distribution of cadmium

speciation in the two Cd—gradient soils
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FIRIE AT A AN pH B A W25 SRR, PASP 4b
FEC10 mg-ke™") B F 2 UE T 3 6 MR R T
AR B A F 0] i A2 W0 R B AL (EL T I
AN A pH = A KW sh . X — TS0 A
AR 2.1 45 A RS ER S  E EIN a R
0, R4 7~ T PASP {E Ak - 35 55 1 S BEAIL ] -

2.3 PASP 4bIEXS 1 3584 & iR WK PR 4 4E B9 52 i

PASP b X & AREE TS YooK - e W A 7R

R DLV 4o B S, PRI T S 0 4 N B o 2 B
YA R R R B T T e T I, 8 T
FLRAS s R AEAR R MR AR IR B A5 T, mdaTs g+
S8 114 W S 18 R IS T AR S e 0 A
WK AN IS AR e BE K- T, A3 F CK 41, PASP b 3
PIRAR T 8 AR 15 e 7K g 0 R e M L, R
PASP 0] 5 30 o) - 358 [ R X6 4 100 W R4 e KR
W3 5055 11.1% .17.0%

F BRI HT PASP Xt A 358 4 W BHRRAIE 1) 52 i AL
il , AR W52 % H Freundlich #1 Langmuir B TR Sk W o 5
PEEAT TG . PLEEEA (3R 3) R, BRI 1 BE
B 5 FHE W B i AR (R>0.9) . AHAL T 75 , Freundlich

85 4 High—Cd soil

8 15K o ASK
a a a
6
T4
2
0K PASP CK PASP
KT Treatment

REAY Je R 5 /N 3% 22 1 7 (MSE) A E =y (9 4851
JE (R?) , W3 JH 5 R AL PASP- 34 — o ik
AW Z)Z W MR . 3T Freundlich #5251 & S8
FR 3BT & 30« PASP A FH [] B ARG 17 e ARRA, - 92 1 4
XoF 4 ) W B 75 4 (K ), TIE S PASP RE A i 1 15 [ A
9 5 22 [0 -+ RO RO
2.4 PASP &bt 152 5 R IR 45 AIE K2 76 I 2R B9 22 M)

15 3 PASP AL T i ARSRTS YLK 30 5 A
W AR 2 o T L O Y A TR 2k 1 5 B R 2 R B
(Hysteresis loop) , BN B T W B — fiff Wi o F2 A7 AE AN
A R £5G Freundlich #5E7Y ft) MLARUARAE . 25K
B BRI, W e - B ) AR A i A 5
B (B TR K . 7E PASPAEAT T,
e AR 5 G X SR 1 A Y SRR I B, R
S AR L P S5 LA B T

R e PPN S R, 51 5 45 20 (Hysteresis
index, HD) JEA5 93 M o S5 2R (3 4) R < BEIRORH R A
T, W - B HI(E 38 52 0k BRI B T a3, ]
i WO et I R B 2, PR - 438 PP R R W B AR A —
FERIANAT I . HAEA RIB) AR5 2T ARG 1 451y

fIR4% 3% Low—Cd soil

] a EARPS N o HASK b
6
= 4
2
0 CK PASP CK PASP
AL Treatment

AN/ NG FRER R AL B R 22 5 5 25 (P<0.05) .
Different lowercase letters indicate significant differences among treatments at P<0.05.
3 PASP4bIEXE F 3R 15 Feok F LR pH ERI R
Figure 3 Effects of PASP on the pH value in the two Cd—gradient soils
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Figure 4 Effects of PASP on Cd adsorption isothermal curves in the two Cd—gradient soils
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Table 3 Adsorption isotherm parameters of Cd in the two Cd—gradient soils

A B Kb Freundlich Langmuir
Soil type Treatment R Ki/(mg ™" L" kg ™) 1/n MSE R Qu/(mg-kg™")  Ki/(L-mg™") MSE
154 13 High—Cd soil CK 0.998 4 20.538 1 0.995 1 53.35 0.994 9 4 664.76 0.003 8 1121.0
PASP 0.999 2 17.2549 0.8912 28.76 0.997 5 3196.30 0.002 8 346.2
%4 13 Low—Cd soil CK 0.997 6 31.0149 0.8333 59.60 0.993 5 544578 0.006 0 95.3
PASP 0.999 7 29.402 8 0.7503 38.90 0.993 2 3895.18 0.004 2 238.0

TE RFTR NG ML, Ke Ko on W R, MSE R 5% 223975

Note: R® represents the goodness of fit, Ky, Ky, and n are adsorption constants,and MSE represents the residual mean square.
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5, 1 AL B s PASP AL R B B R TR Y
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Table 4 Hysteretic index of Cd adsorption—desorption at various

equilibrium concentrations in two soils

WA [ i 1%
Initial Cd concentration/ High—Cd soil Low-Cd soil
(mg-L7") CK PASP CK PASP
5 0.8723 07667 12135  1.1995
10 1.0901  1.0025 13624 13173
20 1.1071 10681 13689 13936
30 11525  1.1247 14742 14259
40 13790 12693 15126 14326
50 14144 12966  2.1891  1.9426
60 1.6903  1.6557 24328 22901

B - HE G AR 13 |, Elovich #5550 24 2 B HS fe A1 i 401
AR (R e , MSE ie/N) o BTG BE L SeHE P an
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Figure 5 Relationship between Cd adsorption amount and desorption amount in the two Cd—gradient soils
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Table 5 Adsorption amount and desorption ratio of Cd in two soils

[t = High-Cd soil

G4 13 Low—Cd soil

O e
ki CK PASP CK PASP
Initial Cd
concentration/ % ik i 1 % W o ik i 1 % W o ik fiff % I o V&S
(mg-L™") Adsorption quantity/ Desorption Adsorption quantity/ Desorption Adsorption quantity/ Desorption Adsorption quantity/ Desorption
(mg-kg™) ratio/% (mg-kg™) ratio/% (mg-kg™) ratio/% (mg-kg™) ratio/%
5 81.85 3.59 78.72 4.70 100.01 0.05 97.84 0.08
10 166.27 4.97 140.33 5.45 200.86 0.08 197.40 0.16
20 313.60 6.18 295.27 6.65 380.00 1.15 341.40 1.75
30 445.87 7.56 402.20 7.93 557.00 1.22 512.80 1.86
40 586.80 14.27 528.23 15.55 737.20 1.56 592.17 2.32
50 730.41 27.65 654.84 29.23 855.00 2.00 697.20 2.37
60 866.93 29.60 775.42 32.88 975.00 2.14 833.50 5.52

Fo RSELEBMIH N FRBPASER

Table 6 Kinetics parameters of cadmium adsorption in high— and low—Cd soils

R &S0t ZH HE— 2T e AR Elovich #%! WORLN TSR U RO
Soil type Parameter Pseudo—first—order Pseudo—second—order  Elovich model  Intraparticle diffusion  Two—constant
{8 1 HE High—Cd soil A 16.8859 17.735 1 0.428 4 1.1650 0.170 5
B 0.009 9 0.000 8 03125 0.567 0 0.3589
r 0.964 3 0.976 3 0.988 6 0.956 1 0.940 5
R’ 0.9572 0.971 6 0.986 3 0.9415 0.928 6
MSE 527.8 350.1 107.2 133.6 0.215 1
AITHA 1% Low—Cd soil A 16.793 0 17.928 3 0.699 3 2.9537 0.986 8
B 0.007 6 0.000 6 0.3474 0.598 1 0.2519
r 0.941 4 09718 0.993 8 0.976 6 0.970 2
R 0.929 6 0.966 1 0.992'5 0.968 7 0.964 2
MSE 181.0 87.1 19.2 61.8 0.0515

TE R A, BIHIIIBLL, r FoR MR REL RN UG U MSE R 3R 22357

Note:A, B are model parameters , r represents the correlation coefficient , R” represents the goodness of fit,and MSE represents the residual mean square.
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Figure 6 Adsorption kinetic curves of Cd in the two Cd—gradient soils
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Figure 7 Effects of PASP on the adsorption of Cd in the two Cd-

gradient soils under different pH values
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Figure 8 Effects of PASP on the adsorption of Cd in the two Cd-

gradient soils under different temperatures
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