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Abstract: [ Objective] Soil components serve as the material basis determining soil properties and heavy metal behaviors.

However, the effects and mechanisms of different soil components on cadmium (Cd) adsorption performance, speciation, and
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bioavailability in purple soil remains elusive. [ Methods ]This study employed selective removal and exogenous addition methods,
combined with adsorption-desorption experiments, sequential chemical extraction, and pot bioassays, to investigate the effects of
core components of OM (humic acid, HA and fulvic acid, FA), iron oxides, and manganese oxides on Cd adsorption performance,
speciation, and bioavailability in purple soil.[ Results ] The results showed that there were significant differences in the effects of
the various components of purple soil on soil properties: the removal of organic matter (ROM) and iron oxides (RFe) significantly
increased soil pH and specific surface area (SSA), while the removal of manganese oxides (RMn) had the opposite effect; the
removal of each component significantly reduced soil cation exchange capacity (CEC), charge quantity (SCN), and density (o),
with the effects of RFe and RMn being the greatest; the addition of exogenous components had a significantly weaker effect on
soil properties than component removal, and only the addition of organic matter-containing components (AHA and AFA) could
increase soil pH and CEC, but significantly reduce SSA; the addition of manganese oxides (AMn) significantly increased SSA.
The changes in soil components and properties regulated the environmental behaviors of Cd: ROM and RFe significantly
enhanced the adsorption capacity and strength of soil Cd, while RMn had no significant effect; in the component addition
treatments, only AHA and AMn could enhance the Cd adsorption capacity by soils. The availability of Cd (Avail-Cd) in purple
soil was constrained by its occurrence form and had no significant correlation with adsorption capacity; among the various forms
of Cd in the soil, only exchangeable Cd(EX-Cd) positively contributed to Avail-Cd, while carbonate-bound (CA-Cd),
organic-bound (OM-Cd), and iron-manganese-bound (FeMn-Cd) all showed negative contributions. ROM and RFe, as well as
AHA, promoted the transformation of EX-Cd to above less labile forms, thereby reducing soil Avail-Cd contents by 39.30% to
96.80%; while RMn, RFe-Mn, and AFA treatments acted the opposite, significantly increasing Avail-Cd contents by 2.38 times to
2.91 times.[ Conclusion ] The pot experiment confirmed that the accumulation of Cd in pakchoi (Brassica chinensis L.) is mainly
regulated by the availability of soil Cd. Changes in soil components altered the biological availability of Cd mainly by adjusting
soil pH, CEC, OM, SSA and thereby the distribution of Cd forms in soils. This study clarifies the regulatory effects and
mechanisms of soil key components on Cd bioactivity, providing a theoretical bases for soil pollution remediation and
management.

Key words: Adsorption; Cadmium; Availability; Organic matter; Iron and manganese oxides
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Table 1 Chemical properties of soil tested

+ A CEC oM AP AK ALN AVCd TCd
Soil type / ( cmolkg™) / (gkg™) / (mgkg™) / (mgkg™) / (mgkg™) / (mgkg) / (mgkg™)
2647 6.8 23.0 23.8 0.70 218.0 90.6 0.086 0.11

H: CEC, B FacHt; OM, AHLE; AP, AXHE; AK, HAH; ALN, Bfi#%A; AVCd, 753 Cd; TCd, K& Cd. Note:
CEC, Cation exchange capacity; OM, Organic matter; AP, Available phosphorus; AK, Available potassium; ALN, Alkaline hydrolyzable

nitrogen; AVCd, Avail-Cd; TCd, Total Cd. @Purple soil.
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WINE 1 h, B0, EAE L FBE=W, A FEAR
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fims o $ BRI, A ndin)E S 3R
A1, AT KRR 200 gkg ', FEAMRA), T 25 C
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Table 2 Different processing groups and their corresponding codes

Qb FRZEAY Treatment

WY R S ihnE X 4t Add/remove substances and add amount and ttreatment code

type

¥R Single

10 g'kg "THA ( AHA); 10 gkg 'FA ( AFA); 10 gkg 41488 (AFe); 1 g'kg'MnO, AMn)

addition

10 gkg '"HA+1 g'kg ' MnO, ( AHA-Mn ); 10 g'kg 'HA+10 g-kg ' 418" ( AHA-Fe)

RSN Mixed

additions

10 g'kg 'FA+1 g'kg ' MnOS AFA-Mn ); 10 g-kg 'FA+10 g-kg ' #1805 ( AFA-Fe ); 10 g-kg ' 4140 +1 g'kg ' MnO,

( AFe-Mn );

10 g'kg 'THA+10 g-kg 'Fe+1 g'kg 'Mn ( AHA-Fe-Mn ); 10 g'kg 'FA+10 g-kg 'Fe+1 g-kg '"Mn ( AFA-Fe-Mn )

£ BEALPE Removal

treatments

FEBRAHLR (ROM); REREEMY (RFe); ZBREGALY (RMn);
KB, HA Y (RFe-Mn); ERA DL ALY (ROM-Mn )
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pH W% 4.0, FHE5E THIERK T, 78 25 €&
R LA 220 rmin ' $73% 24 h, BEJE T 4 000 rmin’
B0 10 min, BCRVEWINE Cd RE, Wi A
FRTE DiEW T Cd Ak AR LT b i, fA
AEE R 3K,

AT S B BHAES E, EEPIES Cd W
JE R 50 mg- L' A AR SR A TR IR 00 0 2 i A
AT FVEW, A 10 mL £ 8 T KRR+
HERIZ, BEJE A 20 mL 0.01 mol-L™" NaNO; ¥ i /E

R, (EAE S F PR 24 h, 4 000 r-min'
B0 10 mine WE _LVEW A Cd WK E, 1A Cd fif
WA,

W BE Bl T3 2% BREC AR R [ A B A AR O A%
1.000 g F 50 mL ¥R ELLEH, L 0.01 molL
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[E [ BE (0. 1.5, 10, 15, 30, 60, 120, 360 min )
HEATHORE , R sl Cd WREE, TR
ik, FAlRmei 3 AT, SRR e
FEXTEAE AT IS
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AR EEF 45 100.00 g, BEA 500 mL ¥RMRERR 1, 1A]
HAmA CdCL i, 218 GB 15618—2018 JXUK; iifi
VA A HIE, WE T ESNE Cd IminEh 2
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AbFE] Y 25 55 ( P<0.05), G FRAH A Origin 2021
A2

2 R 5N
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BRI YA Jy B R A, Ho
44 pH . CEC K fb2a M i 45 5 4 8 3R 1 7
R FREY . ME laml 0L, 5RUAEA 5 H CK H
B, HrBRd4d, ROM, RFe AbRifdi +3% pH 4>
B ERE T 4.0, 3.4 DAL, 1 RMn WU 445
pH B EFEATT 2.0 NEf7, BRFVER A AP IRl i) 2 Bk
(RFe-Mn ) fifi pH #— &L, {H ROM-Mn kb3 +
H pH H5XIREZES . dirmmdlh, ran
T A LSS HA 85 FA RYALFEEEA SR TF T 44
pH, 1fii AFe Al AMn 4bBEXT 4 pH R0 JF A 3 .
TCI RN 2 bk H A HLT F80 pH T, X[
Al 5 A HUTTAS AN 25 B B R HE pH (92 AL
25549 3¢ : ROM 1] BRI/ AT AL 73 i BE ik CO, FIAT
BURR, fR3F T BB S Eh 5L B R, IRl 3 ] AR
FRZE P AE 1, M2 pH THiEr s ANEER NG HA
FlFA YERRAFAALT, w4 m R mRZE e
J1, #EA R R S 0 5T AN T T R

a, B st a bb) 20t ©
C =
10F || de cdofy 3 b
20l b & = cfefecrpefa™defl | g e ool . . de
8 def dc fel s o n . —~ h|lm s & ;
i ; hoi i g 2 s g o 80 ko "
%.6 K E § 60 0 n
S <
4 ' g 10 4
s x40
Q
2 5 20
O IIIIIIIIIIIIII O 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
M S PSS ST PSSP ELESS IS VST LILES S 58T 0SS LSLESSS
CSESSSSTESS85955S  SSSSSSTTSsISSssss SoESSTSTESSESSSSs
& ‘Z@STT T 8T T 8,0 7 @a)’g’vv AN R IR T & %og?’v Tbgvvvbo
55 “'tm%’« i é"o “27%%@5"‘" féo & Qé?%‘.“.‘
Qb¥E Treatment < % AbFR Treatment <Y AbFR Treatment N

TE: CK XA, HAK IS 1S SGE L 25 ARNG FRERR ) — B R AR AL BLE 22 53 8.3 (P<0.05). T . Note:

CK was the control group, for the meanings of the remaining treatment codes, please refer to Table 2; Different lowercase letters indicate

significant statistical differences among different treatments of the same factor ( P < 0.05) . The same below.

1
Fig. 1

KRB IMA TR L 32 %) 13 pH (a), PHEF2CHit (CEC, b) MILKE (SSA, ) KRN

Effects of removing or adding different soil components on soil pH (a ), cation exchange capacity ( CEC, b ), and specific surface areas

(SSA, ¢)
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Fig. 2 Electrochemical parameters of soil treated by removing or adding different components
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Fig. 3 Isothermal adsorption curve of Cd under the influence of different soil components ( Langmuir )
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#F3 ARAAELHEI Cd A9 Langmuir R M S BRIRE

Table 3 Langmuir adsorption parameters and desorption rate of Cd by different treatment groups

BRI B A4 fil
e
AL B Treatment Maximum adsorption Equilibrium constant, R’ Desorption quantity/
Desorption rate/%
capacity, On/(mgkg™") KL (mgkg” )
CK 1112 0.452 0.995 5 20.13 3.30
ROM 2 688 0.175 0.8529 10.06 1.57
RFe 2119 0.252 09139 8.53 1.27
RMn 1250 0.548 0.999 7 19.39 2.97
RFe-Mn 676 0.262 0.994 6 34.37 6.43
ROM-Mn 1225 0.680 0.998 8 18.45 2.81
AHA 1289 1.433 0.993 1 11.67 1.74
AFA 1207 0.209 0.984 2 18.5 3.05
AFe 1119 0.548 0.998 2 19.15 3.07
AMn 1152 0.485 0.996 5 18.21 2.93
AFe-Mn 1113 0.478 0.999 3 18.38 1.75
AHA-Fe 1253 1.217 0.967 2 11.75 1.55
AHA-Mn 1309 1.763 0.997 8 10.36 3.13
AFA-Fe 1223 0.226 0.9875 18.87 2.88
AFA-Mn 1202 0.214 0.993 4 17.41 2.95
AHA-Fe-Mn 1290 1.946 0.997 5 10.76 1.60
AFA-Fe-Mn 1200 0.223 0.995 1 17.58 291
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Fig. 4 Kinetic curve of the effect of different soil components on Cd adsorption
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Table 4 Relevant parameters of the quasi-second-order kinetic model of Cd in different treatment groups

A

A Bk 5

Ab ¥ Treatment Equilibrium adsorption capacity, q./ R’
Adsorption constant, Ky
(mgkg™)
CK 475.9 1.404 0.999 9
ROM 732.8 3.370 0.999 9
RFe 707.9 2.830 0.999 9
RMn 640.6 3.041 0.999 9
RFe-Mn 376.9 0.573 0.999 4
ROM-Mn 662.7 3.226 0.999 9
AHA 669.8 3.872 1.000 0
AFA 540.3 2.194 1.000 0
AFe 583.5 1.738 0.999 9
AMn 571.7 0.888 0.999 8
AFe-Mn 574.9 0.824 0.999 9
AHA-Fe 663.4 4.380 1.000 0
AHA-Mn 663.9 3.599 1.000 0
AFA-Fe 465.9 1.641 0.999 8
AFA-Mn 539.8 3.076 1.000 0
AHA-Fe-Mn 666.7 3.275 1.000 0
AFA-Fe-Mn 663.8 3.233 1.000 0

2.2.3  WRRHAT NS R AR R O R 1] 1
A A AR Cd BT 5 3 R AR ik
ZIHPEFR, XFHHE Cd WA R (£3) 5FREH
B BHGHAT T Bz /R ( Pearson ) AH GRS BT (& 5).
ZERFRW], 14 Cd WIS pH. @o Al SSA 5 5%
IEAHDG, M5 oo Eo &2 3 MU DG, ATAR T B,
ROM ,RFe il RMn ¥ 1 Z 42 5 1 +3% Cd W #E T,
X B ik s b TS | A Y 13 pH R SSA T
. VAR o0 Bl Eo MYREAR . HLIRIBS 25 bRk ER 1L
( RFe-Mn )AE NG B2 , 5350 Cd W BRFRE 7 9655
XH5HSH0 pH B EREL . SSA Fil CEC W E W /b
oo (B EF G IN—3 . AR P IrARINT & HA
o, FA (AL, Y4 T 1 Cd i RtaE S, (HAR
KWk, 3 Cd WHRE SAVRFA RS
W1 AH OGP | 3X AT RE =G ML) 1 4% pH . CEC. SSA

T R b2 P 5 114 58 B 5 i T O A BILTR R AN AR
BEHEEBNERA (IRE, mE), i
24 o R T O A B SR XS Cd AR RFE, AN ek
B 1A LT 38 AT 4 R 48 pH, 340N o0 B2 B,
HANRANEESS Cd W%E 50, @nlfE
T 3 A A R AT S R T (R R ) Cd R A
il BRI, +3E o0 BOR/INE MR T
55 S E 22 8] AR LR S | RHE SR T, AT R
W B 43— - 198 3 1 %) A R R B R 5
I, AHLBTXT Cd W R 9 DT ERAEAR KRR B I 4 LR
Y pH. CEC. SSA FIHL{bA:SHA LT,

S BT 7 B S4BT PP oA S L S IR A G . R R T
¢ 0] AR AH SC A AT sk 2 T IRl A S5 5 v AR
b A% S Y e L i — 2B R s A ML Cd W B A ik
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Fig. 5 Pearson correlation analysis of soil Cd adsorption capacity treated with different components and soil properties ( #=9 )
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Fig. 6 Changes of Cd morphology and available Cd at the end of culture ( 60 days ) treated with different components
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R5 BAHCA (Avail-Cd) 5HIRMERN Cd MEFRZSE KIS LR A5
Table 5 Multiple linear regression analysis between available Cd (Avail-Cd) and and soil properties and Cd occurrence forms
L TSR
2tk P [ )9 5 #2 Multiple linear regression equations R? P
Influencing factors Durbin-Watson
1. JEAHE T Avail-Cd=2.627-0.122pH-0.0060M-0.050CEC -0.003SSA 0.852 1.906 <0.001
2. HLAbZEPE R Avail-Cd=0.396-0.017SCN+4.28E0-58.64560-32.584¢0 0.513 1.527 0.054
3. WRPEAY Avail-Cd=2.833+1.437EX-Cd-1.958 CA-Cd-1.202FeMn-Cd-1.5300M-Cd ~ 0.930 1.520 <0.001
(DBasic properties, @Electro-chemical characteristics, @)Cd fractionation.
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original quantity to a specific principal component; S-Cd, Cd
content in the shoot of pakchoi; R-Cd, Cd content in the
underground part of pakchoi; Avail-Cd, Available-Cd content.
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Fig. 8 Relationship between Cd accumulation in pakchoi and soil
properties and Cd occurrence forms
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