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Table 1 The selected physical and chemical properties and the surface
acid-base properties of the paddy soil

24U KFE+
pH 4.62
HHLUE (g kg ™) 46.10
BeRA5 (g ke ™) 0.80
FRi(%) 39.94
R (g ke ) 7.87
FEMREMS (g kg ™) 1.03
e Ak (g ke ) 20.52
B Ak (g ke ) 1.37
FH 2522 it (cmol kg ™) 18.00
LRI (%) 53.34
LR m g 22.83
B TR 5 € JEE (mol kg ') 0.145
S TR B 5 % B (site nm ™) 3.82
F45-pH,,,. 5.91+0.11
PKai 4.69
PKa 7.51
BA-pH, . 6.10
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H20 s7'6 pL, [N [ S spH. R E S b, S5
T Bk H g (mol L™ A1 T B A7 35 i o(Coul m™)
SR FQR) R,

Hads = (CHCI - CNaOH) - (Ca - Cb): (1)

K, Cyct M Cnaon 3 01 A 2 2 H A B HC LA
NaOH. Ve B (mol L™, C,MIC, o s R4 A

BT RV E SRR (mol L), i pHAiAS.

— ><[—Iads
0 X ()

i, PR 4096490 Coul mol™), ¢ M+
SERIVEE (g L"), Sppr HIERI LRI (m® g7). 24
o=0IF, I A pHFR A HLAT 2 5 (pH,,,e), pH NBEESF
SRS Ak, 4% BT R A ik i as T — 5 PO

(v) Fdlordr.  BdE R HSPSS(22.0) 8 ik
11, MM R FPearsoni 4T, BRpHAMNITA BUH
TEFPE TR AT X B () e Ak, A3 e S IR Ki g
FH1-site/2-pK R T 45 AR AL AT, &0 IR B 25 Bk (A,
mol kg™ )R F GranpR AL FA5, 2N T- 55 B (pK,) R
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ST LAE A o 3, AR T Cd™ BT, B pH T
H VR T [, 3 1E s gD, M Cd o
Btz 1 B4b, 7E +HEpH<5 20t S F, Cd™ i
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o O Cd=0.07 mmol L

B Cd=0.17 mmol L

0.10 -

BRRASFIRMSCHBRE (mmol L)
g

0.00

Bl 1 R[EpH /KRS + RIS CIRIRHACIR /0 Ah. S8 ]
FHRMGHEREIE, PHH £ Visual MINTEQH4 57455
logKsoca YE40.322. Cd=0.07 mmol L™, logKso,=0.360, HH: 2%
(R)=0.997, 95%&{5[X []=0.138; Cd=0.17 mmol L™, logKsoci=0.283,
MR FL(R)=0.997, 95% 15 X [1]=0.125

Figure 1 Dissolved Cd and adsorbed Cd on the surface of the paddy
soil as a function of pH. Solid lines were calculated with the SCM, using
intrinsic equilibrium constants (average log Kgocq=0.322) calculated by
Visual MINTEQ. Cd=0.07 mmol L, logKsocq=0.360, correlation
coefficient (R)=0.997, 95% confidence interval=0.138; Cd=
0.17 mmol Lfl, logKsocq=0.283, correlation coefficient (R)=0.997,
95% confidence interval=0.125
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Figure 2 The method for obtaining surface acid-base parameters of

thepaddy soil. (a) Potentiometric titration curves; (b) gran plot; (c)
surface net charge Q vs. pK,
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= SOH +Cd*" ©=S0Cd" +H", K gocq» (13)
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NaCl, iz HVisual MINTEQ#{H 14 1] LIAFEI/K RS 1
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{14 BH 1 5 4t R B 75 8 7T DA R IR Cd A
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W B, PRI Y R A AL R R A5 7 R A OLR,
pHIE 52 M kA AL R E 1 HL AT, AATTSZ M Cdir)
W R, 3 AT B PH S 28 e i AN ML S5 AR Cd 5 i
AHIFE A,

J T i BAESCM BN 4 75 i A Cd 5 /K Ak FRE
CARyHMIZENE, FIFHAHTZE KRS L 10 T 45 SR S50
(pK,=4.69, pK,,=7.51, D.=3.82 site nm ™", 1gKs0=0.322,
F K T G 1:20, BT8R EE0.1 mol L' NaCl), It
AE LA X pHAK T5.5 09 H -3 TessieriE 2L HEHU R
Wi, Bl mol L™ MgCly(pH 7)%t 13424 hig 34 Al
AEHASCA(F1), 1 mol L™ NaOAc/HOAc(pH 5)%f + 4655
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Figure 3 Linear correlation analysis between the Cd concentration in rice grain and soil properties. (a) pH; (b) cation exchange capacity (CEC); (c)

organic matter (OM)
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SCMEEFI-VAMRASCA; (d) SCMAELEL-TZ AR Cd

Figure 4 Linear correlation analysis between the Cd content in rice grain and the Cd concentration: (a) F1: extracted with 1 mol L™ MgCl,
(exchangeable fraction); (b) F2: extracted with 1 mol L™ NaOAc/HOAc (bound to carbonate fraction); (c) dissolved Cd concentration predicted by

SCM,; (d) adsorbed Cd concentration predicted by SCM

6 WG BB IREL 45 A S CA(F2) 0 BIVE A AR A RL
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(P > 0.05). R F15F22 MV R AT E A 5L
ACd, FIFHSCMAELALTEXT R pH I iS5 WA Cd
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In southern China, the paddy soils are mainly variable-charge soils, which have undergone high weathering processes and
leaching processes. Due to deficiencies of carbonate and base cations, the variable-charge soil pH is normally less than 6.5,
and decrease of soil pH can substantially enhance the mobility and bioavailability of heavy metals. Cadmium (Cd) is one of
the most important pollutant influencing human health and environmental safety. Cd contamination is a serious problem in
paddy soils, and the acidic condition could further aggravate the mobility and bioavailability of Cd. There is an urgent need
to establish a model to investigate the adsorption characteristics of Cd and accurately assess the bioavailability of Cd in
variable-charge paddy soils. In this study, the paddy soil was selected from agricultural regions in southern China. Batch
experiments were conducted to investigate the Cd adsorption characteristics of the soils from pH 3 to 10. The results
showed that Cd mainly existed in dissolved forms at pH < 4.0. With increasing pH, the concentration of dissolved Cd
decreased but the adsorbed Cd increased. At pH > 5.5, almost all Cd was adsorbed on the soil surface. Based on the
potentiometric titration, the point of zero charge (pH,,.) was obtained when the surface charge density (o) was equal to
zero. The pH,, of the paddy soil was 5.91. The 1-site/2-pK surface complexation model (SCM) was applied to further
examine the acid-base properties of the soils by assuming the acid-base buffering system as a protonation-deprotonation
process. The surface site concentration (H;) and the surface site density (D) were obtained by Gran plot. The two acid
equilibrium constants (pK,; and pK,,) were determined by extrapolation and the calculated pH,,. were obtained by the
average values of the pK,; and pK,,. The value of pH,,,. calculated from the model was 6.10, which was well matched with
those from the potentiometric titration, indicating that it is feasible for the application of SCM to the variable-charge soils.
The intrinsic equilibrium constants (1gKgocq) Was estimated from the Cd adsorption experimental data and acid-base
parameters (pK,;, pK,, and D;) using Visual MINTEQ software. The results showed that the adsorption of Cd on the paddy
soil could be successfully modeled by the SCM. Based on the previous study, the pH was significantly negatively
correlated with grain Cd content in paddy soil when pH was below 5.5 (P < 0.05), indicating that pH-dependent adsorption
equilibrium was the main factor influencing the Cd bioavailability. The Cd in soils was sequentially extracted with
1 mol L™ MgCl, (exchangeable fraction) and 1 mol L™ NaOAc/HOAc (bound to carbonate). Although the extracted Cd
was positively correlated with Cd content in grain, the P value was much higher than 0.05, indicating the insignificant
correlation. Compared with the extraction method, the dissolved Cd calculated from the SCM was significantly correlated
with the grain Cd content (P < 0.01), suggesting that the model-derived Cd species was much better than the extracted Cd
for reflecting the Cd bioavailability in paddy soil. Hence, this study provides a new approach to investigate the adsorption
characteristics of Cd in paddy soil which could be used to accurately predict the Cd bioavailability in variable-charge soils.

paddy soil, Cd, adsorption, bioavailability, surface complexation model
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