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Study on the adsorption of cadmium by vernadite-kaolinite composites

Guo Caicai, Zhao Fan, Chen Xiaofan, Wang Qingyun, Ren Wenzhang, Zhao Huaiyan
(School of Resources and Environment, Anhui Agricultural University, Anhui Province Key Lab of Farmland Ecological Conservation
and Pulltion Prevention, Key Laboratory of JiangHuai Arable Land Resources Protection and Eco-restoration, Hefei 230036, China)

Abstract: [Objective] Cadmium (Cd) is a highly toxic heavy-metal pollutant that poses serious risks to aquatic
environments. This study aimed to elucidate the effects of vernadite loading, solution pH, and humic acid (HA) con-
centration on Cd(II) adsorption behavior. [Method] Three vernadite—kaolinite composites with different vernadite
loadings were synthesized via redox coprecipitation, using pure vernadite (V) and kaolinite (K) as controls. Their
structural and surface properties were characterized by X-ray diffraction (XRD), Fourier-transform infrared spec-
troscopy (FTIR), transmission electron microscopy (TEM), specific surface area analysis, and point-of-zero-charge
determination. Adsorption isotherm experiments and experiments evaluating the effects of pH and HA were con-
ducted, and the adsorption data were fitted using the Langmuir and Freundlich models. [Result] The composites
maintained a stable internal structure and exhibited a substantial increase in surface functional groups and specific
surface area, thereby providing abundant active adsorption sites. The adsorption capacity of the composites was
1.5-2 times higher than that of kaolinite. The Cd adsorption process conformed to the Langmuir isotherm model,
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indicating monolayer chemisorption. Solution pH significantly influenced adsorption behavior, with neutral to alka-
line conditions favoring Cd removal. This enhancement is attributed to increased surface negative charge under neu-
tral and alkaline conditions, which effectively reduces electrostatic repulsion toward Cd(Il). Humic acid (HA) exert-
ed a regulatory effect on adsorption: the Cd adsorption capacity of the test composites was approximately twofold
that of the HA-free control; However, adsorption decreased with increasing HA concentration. Upon HA addition,
mineral adsorption of Cd exhibited a slight enhancement at low Cd concentrations, whereas at elevated Cd concen-
trations, adsorption performance improved markedly, with kaolinite demonstrating the most pronounced increase.
This enhancement is primarily attributed to strengthened hydrophobic interactions mediated by HA. Further investi-
gation demonstrated that HA promoted adsorption under acidic conditions but inhibited it under neutral to alkaline
conditions. [Conclusion] Vernadite—kaolinite composites enhanced Cd adsorption, and their adsorption performance
was jointly regulated by the vernadite loading ratio, solution pH, and humic acid concentration. These findings pro-
vide an experimental basis for the design of adsorption materials for the treatment of Cd-contaminated wastewater.

Keywords: cadmium; vernadite; kaolinite; humic acid; adsorption
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Table 2 Specific surface area, pore volume, and pore size of the minerals

FF i R/ (m?gh) FLERY (em3-g D) P45 FL4% /nm £ g HL A
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Figure 3  Adsorption isotherm of Cd on minerals
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Figure 4 Effect of adsorption solution pH on Cd adsorption
capacity
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Table 3  Sorption isotherm parameters for Langmuir and Freundlich isotherm models of Cd sorption capacity on minerals

B Langmuir Freundlich
o On/(mg-g ) Ki/(L'mg™) Ri2 1/n K/ (L'mg ') R
\' 115.681 8 0.9772 0.9815 0.2307 50.078 7 0.907 9
V3K 103.043 9 0.147 6 0.992 9 0.3299 24.661 2 0.938 8
ViKi 86.245 1 0.161 8 0.982 3 0.3169 21.773 0 0.9352
VosKi 85.323 4 0.060 2 0.998 1 0.398 6 12.644 4 0.947 8
K 57.741 8 0.041 6 0.996 6 0.4180 7.004 3 0.9279
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Figure 5 Effect of humic acid concentration on Cd adsorption
capacity
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Figure 6 Effect of initial cadmium concentration (a) and pH (b) on Cd adsorption in humic acid system

FEA Cd R FEE R4 Langmuir 5
A, ST Cd MR AR S 85 T2
WeBft. 7& Langmuir B84H, B EEN B KT
R FR MR B AR, A, RoITE 0~1
JEEE A, RETYRT Cd I A R . ot
4F, Freundlich &5 26 T AW B 4L 1/n 33/8NT 0.5,
K S WX Cd RN PEREEEF, HZ A
BREATL 1) 1 2. 35 52 201
3.2 A[E pH ME ST Cd FIF20T

W% pH THE, B 9%F Cd W0, S
NIFFREER—8. K RimbmED, RiI%kF4s
N SR TH-OH AR B IRTS, Wb T % Cd Bt v
A ViK FH MnO, HEE 5 H.0 #HEAER,
TEREXME TR A ST (-MnO + H-OH —
Mn-OH,"), 7 1E Hafuf (28 A 85 7 7= A= IR i LT 7198
55 76 Cd MR BRET. S — 5T, BRTESAE T HOK
FERN, HYS Cd [ sadERH 7% Cd
PR B, LEPE 261, W3R I-OH fif
BIFEROR, SN, ek 7K IH-OH 5 Cd
FIVER, 858 7 %t Cd BBt AZ e, ff Cd 1)
W e 1 0, 3 7 BH AR A P i P B A R T
HEYXT Cd . pH AHIFEIRS, BE/KBZRERN 3k
EEA 3G, X Cd I PR B K, X2 BT KL VIKG s

V = W LR TR AT R, 3R W Az 55 B 2 3
Iy [EIES AT 2 OB RS, ZEARIR] pH R AR A
L far 3K, BERIT Cd IR B2,
3.3 ARMBHERXE AR M Cd IR

I HA GRAREER 0% Cd IR HA & &R
B (-COOH) izt (-OH) ZmtEERelHl, 7#£
T R A T A B I A, TR R L) )
W B A IE FEL R CdU, AT HA 2 TR,
S FRMETKIER-CH; &R Z . fEH/KIEAT,
KT HA $HFEZE R,  HA 50 Y%E 5
ghé, DRI HA WP Cd 2B HA TR0 I 25~
Wb, AN Cd B B3, 5—J5TH, HA
Sumadas, vRnREERIEEYE 2, &
T 67 FLAF LR 0, AT IEBEXT Cd IR Bt fE 134,
SR, Wit & HA RIASFI T 9% Cd 1,
XARg R Tl E HA 55 Y EAERH S8 &
TR B AL p 9, T FAEAIR Cd AR PR R ST,

pH A 4.0~6.0 B, 0 HA 2ZEHRTHH x0T
Cd W RPERE. X /2 T HA TRV T L,
i[5 Cd 456 24 HA WA REN, EE20
Cd a4 186, [FR, ¥ pH i 4.0
T 6.0, BRI AR 2, W E 2K
Cd. pH A 7.0~8.0 i}, HA [AINEIES 71 Y%f



534 4 3

R KERERN - =0 B SV R AT i 7t

763

Cd R YERE . 1X2 H TIEBE 2640 T, HA W
FERIR, 5 Cd RAESEGIEH, 3 Cd fREERR
T ME LA IR R BT, S — 5T, FEBRME SR T,
V. VIK f K 5 #)3R H¥-OH R 25358, f il
% HA P B far S50 43 i 4 A 2 8] 72 AR
B 7, 308 TR0 HA B, S8 %t Cd
1) TR B B P O85BS 2 &% Cd Rt
kB8,
4 ZEig

(D KBEEN SmAEEE, miAarawniE
SERIIRFESERE, (H45 S BRI, RIMEERFE
W2, SEMIEI A NRRK R 58
BT R AR, S5 IR T &R,
AT SR AL 22 AT A

(7KEERN -mI A EAYIXT Cd TR RE
BE S A R KR AR LA B T . W P I AR
74 Langmuir W PSSR, R Cd fE0 PR 1H
XSRS TEWR M. 75 pH 3~8 UK, &Y
XF Cd [ B &b pH T ey 1T 14 00

(3) pH 7 5 B, 0 HA B dt = &49%) Cd
BB, 4 HA BTEIKEHN 10 mg L7, {2dEfE
Bl fE Cd IRER SRS, I HA XF 3 F4m)
W o 208 RS2 M AR« T U A R o B 2 R ) 3 A%
SEWFUKFRERA 5 0 25k 1 2 580 1.5 fix.
X HA #INEN 10 mg- L' i, pH A 4~6 i, HA
it 7 V. VIK F K 6 Cd s pH 2 7 A1 8
I, HA WSS 7205 Cd IR .

BE Rk

[1] 73hl, E5, FMEMS, 5% BiVE-EDTA #i)Z-Mg. Mn JZ
MRS @ E B D BE AT B ) 2% S Ho BR K T 4
IR0 Bk 2%, 2025, 44(11): 4435-4451.

[2] El-Gendy M M A A, El-Bondkly A A M, Mohamed ST A,
et al. Enhancement of heavy metals removal from real
electroplating effluent by protoplast fusion technology
between different indigenous fungi[J]. Int J Environ Sci
Technol, 2025, 22(14): 14185-14211.

[3] Liu H J, Xie J, Cheng Z F, et al. Characteristics, chemical
speciation and health risk assessment of heavy metals in
paddy soil and rice around an abandoned high-arsenic coal
mine area, southwest China[J]. Minerals, 2023, 13(5):
629.

[4] Al Mamun S, Saha S, Ferdush J, et al. Cadmium contam-
ination in agricultural soils of Bangladesh and manage-
ment by application of organic amendments: evaluation of
field assessment and pot experiments[J]. Environ Geo-
chem Health, 2021, 43(9): 3557-3582.

[5] RenJ L, Zheng C L, Yong Y Y, et al. Effect and mecha-

[6]

(7]

[9]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

nism of kaolinite loading amorphous zero-valent iron to
stabilize cadmium in soil[J]. Sci Total Environ, 2023, 904:
166319.

K&, ZHEAE TRE, & SO EE AL
FEHITFCHERR[T]. 577 ORI, 2021, 41(6): 57-65.
Song X, Jin J P, Li HY, et al. Kaolinite reduced Cd accu-
mulation in peanut and remediate soil contaminated with
both microplastics and cadmium[J]. Ecotoxicol Environ
Saf, 2023, 266: 115580.

W, X, TR, S AE ALK BT AR B
FRWAT NI FTT]. PR R 22 22 4R (SRR AR,
2017, 37(1): 60-66.

BhR, REM, RIS, 5. MGV EE &R A
X CA() I PR B L)), B A oAk &, 2017,
36(6): 865-872.

BRI, ZAHAN, EAL . 5-MnO2 FEFREE AL &
K54 EE T 1M L AE Rt I, %, 2023,
55(5): 935-942.

THHED, AN, OO, F. JUMEACER T I A R
T HGXof B < R R B A AR I (D). B AT 2R A
2005, 24(6): 531-538.

F, SO, BEEN, S KNG LM E 4R R
T IR B e 3G 5 5 A A FEE R B 7 A PR OG R [T].
Bl 2011, 32(10): 3128-3136.

Barlokova D, Ilavsky J, Sedlakova J, et al. Removal of
humic substances from water with granular activated car-
bons[J]. Eng Proc, 2023, 57(1): 22.

JIUE. BRI B O B R — SR ORI 4 11
AL FT[D]. S PU)IREE, 2021.

Villalobos M, Toner B, Bargar J, et al. Characterization of
the manganese oxide produced by Pseudomonas putida
strain MnB1[J]. Geochim Cosmochim Acta, 2003, 67(14):
2649-2662.

Vermeer A W P, Van Riemsdijk W H, Koopal L K. Adsorp-
tion of humic acid to mineral particles. 1. Specific and elec-
trostatic interactions[J]. Langmuir, 1998, 14(10): 2810-2819.
FkIUE, B SCUEE, S0P, A, — et A i E I E A
PCERH IR D] IR, 2006, 43(5): 756-763.
Cheng H F, Liu Q F, Yang J, et al. Thermogravimetric
analysis of selected coal-bearing strata kaolinite[J].
Thermochim Acta, 2010, 507: 84-90.

Khan T A, Khan E A, Shahjahan. Removal of basic dyes
from aqueous solution by adsorption onto binary
iron-manganese oxide coated kaolinite: non-linear isotherm
and kinetics modeling[J]. Appl Clay Sci, 2015, 107: 70-77.
Zong P F, Wang S F, He C H. Synthesis of kaolinite/iron
oxide magnetic composites and their use in the removal of
Cd(II) from aqueous solutions[J]. Water Sci Technol, 2013,
67(7): 1642-1649.

ZUPH, XIERET, ALWHE, . SR A -E IR E R A
YU & 5 RAE[T]. TEER #2354, 2015, 43(4): 511-518.
Zhang S, Chen S F, Liu F, et al. Effects of Mn average oxi-
dation state on the oxidation behaviors of As(III) and Cr(III)
by vernadite[J]. Appl Geochem, 2018, 94: 35-45.

Wang B B, Ouyang N Q, Zhang Q, et al. Study on the re-
moval performance of phenol and lead by vernadite syn-



764 Z BRI oK ¥ ¥R 2026 4F

thesized via a new method[J]. Adsorpt Sci Technol, 2021, 1414-1425.

2021: 5902364. [32] Aigde, W, A8, % AR TEHABERS A
[24] HFHE, BN, ZkilE, S KRR BRI T K W Bf 8 ) B2 e B AR P LA [D]. CRE AR HEOR, 2021,

KW IR R 2 e HLER[T]. A8 AR 4R, 2017, 11(8): 53(5): 207-213.

4481-4488. [33] Zheng Y H, Zhang Z G, Chen Y C, et al. Adsorption and
[25] Li Z K, Sun X M, Li D F, et al. A model explaining the desorption of Cd in reclaimed soil under the influence of

anomalous enrichment of Pt in phosphatized crusts: The humic acid: characteristics and mechanisms[J]. Int J Coal

influence of phosphates and organic acids[J]. Chem Geol, Sci Technol, 2022, 9(1): 7.

2025, 678: 122673. [34] RV, RESF, Kgw, 5wk /HB0RE SRS
[26] Mako E, Doédony I, Pekker P, et al. Nanoscale structural BEE B E T W R RIS R [)]. W s k{2

and morphological features of kaolinite nanoscrolls[J]. R, 2008, 27(4): 356-362.

Appl Clay Sci, 2020, 198: 105800.

[27] Sidr, =EEED, SRR, S5 ERBROEA YRR AR
F5 KA IPERE[]. AR EER, 2025, 44(11):
2981-2993.

[28] Arai Y. Aqueous interfacial chemistry of kaolinite for the
removal of Cu(Il) in the presence of birnessite: Kinetic
and spectroscopic studies[J]. Appl Clay Sci, 2011, 53(4):
572-580.

[29] Sari A, Tuzen M. Cd(II) adsorption from aqueous solution
by raw and modified kaolinite[J]. Appl Clay Sci, 2014, 88: temperature, soil humic acid and fulvic acid[J]. Appl Clay

72 e o Sci, 2008, 38(3/4): 219-226.
[30] UMMM, BARUR, SR, 5. AOROVISE WIS [38) xu H, Hu X J, Chen Y H, et al. Cd(IT) and Pb(II) absorbed

[35] REHE, KKz, TR, 5 mils A RS-
X BRIV B SRR FE[T]. A 24 2k 3, 2003,
22(2): 173-176.

[36] Chen YL, MalJ, LI YT, et al. Enhanced cadmium immo-
bilization in saturated media by gradual stabilization of
goethite in the presence of humic acid with increasing
pH[J]. Sci Total Environ, 2019, 648: 358-366.

[37] YuS M, Chen CL, Chang P P, et al. Adsorption of Th(IV)
onto Al-pillared rectorite: Effect of pH, ionic strength,

KA Cu 1 CA* BT [J]. RERRERAR, 2016, 44(1): 43-49. on humic acid-iron-pillared bentonite: Kinetics, thermo-
[31] XIE, #RNys, 2], 5. BREBKA/E TS A dynamics and mechanism of adsorption[J]. Colloids Surf
B KHT CAZ IR A T[], RERR h 543, 2018, 46(10): A Physicochem Eng Aspects, 2021, 612: 126005.

OO OO OO OO COTCO OO OO CO OO OO OO OO0 COTCOO OO OO OO CO OO0 OO COCOOCOCOCOCO

AT B EREELBHBURTE Plant and Soil
T & X TFiAmMRIn ESUm AR AR

ERAR LK FHF ARSI LERHIA AR IFIF Plant and Soil (IF=4.1) LXRTHAA
“Phyllosphere-specific fungal phylotypes enhance drought resistance to maintain functional stability in Populus
euphratica” 835 718 Lo

AHRAMETMWBT T FMEFRE, STIRBAKS O ZAHAD— TG A (Populus eu-
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HEPE A B IR A 2o LIk, PHIRARLER Set f e E B4R X, Mbet R S oA 4G
H e, LiAEAERAIHANIM. B A REZRLTIRNEH AR ZAA i gERFREDI TR, Tk
HREAR R MG KB, JAANT WAV M AN BT T F a8 L Ea, AUETRTHRILAH
PR LB TR T IR A R W iEdE ARSI R A S R IR B A ) Ao AR R AR T AR IE, RIS
MRALR BB ER AL —RB A, LivdEBRMEk—FBir,
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