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A B S T R A C T

Apart from surface complexation, precipitation of minerals also plays an important role in reducing the mobility
and transport of heavy metals in the environment. In this study, Cd(II) sorption species on surfaces of γ-Al2O3 at
pH 7.5 were characterized using multiple techniques. Results show that in addition to adsorption complexes, Cd
hydroxide phases (Cd(OH)2 precipitates and Cdx(OH)y polynuclear complexes) were formed at the initial stages
of Cd(II) sorption and gradually transformed to CdCO3 with time. In addition, Cd(II) formed CdeAl layered
double hydroxide (LDH) on γ-Al2O3 under various conditions, independent of temperature and Cd loadings. The
formation of Cd hydroxide phases and CdeAl LDH could be ascribed to surface-induced precipitation because
the bulk solution was undersaturated with respect to hydroxides. CdeAl LDH formation on the Al-bearing mi-
neral here is rather surprising because typically this occurs with elements of ionic radii similar to that of Al3+;
this formation is unknown for metals such as Cd(II) with a much larger ionic radius. The thermodynamic fea-
sibility of CdeAl LDH formation was further confirmed by laboratory synthesis of CdeAl LDH and density
function theory (DFT) calculations. These results suggest that Cd precipitation on Al-bearing minerals can be an
important mechanism for Cd immobilization in the natural environment. Additionally, the finding of CdeAl LDH
formation on Al-bearing minerals and the thermodynamic stability of CdeAl LDH provides new insights into the
remediation of Cd-polluted soils and aquatic systems.

1. Introduction

Mobility and transport of heavy metals in the environment is greatly
affected by chemical processes such as sorption-desorption, oxidation-
reduction, and precipitation-dissolution. Among them, the formation of
carbonates and hydroxides strongly immobilize heavy metals. In alka-
line pH, carbonates can act as a sink for metals such as Zn(II), Cd(II), Fe
(II) and Mn(II) (Buekers et al., 2007; Pan et al., 2014). Multinuclear
metal hydroxide complexes and precipitates can form upon heavy metal
sorption onto metal oxides, soil clays and soils, even at metal loadings
below a theoretical monolayer coverage, arising from the nucleation
process at the solution-solid interface (Sparks, 2002). In comparison

with single metal hydroxides, layered double hydroxides (LDHs) are
more resistant to proton dissolution and thermodynamically more
stable (Nachtegaal and Sparks, 2003; Siebecker et al., 2018). LDH has
brucite-like metal-hydroxide layers with permanent positive charges
arising from trivalent metal cations (e.g., Al3+) in the layer. The posi-
tive charges are compensated by the formation of a layered structure
where positive sheets are separated by a disordered layer of water
molecules and counter anions such as Cl−, NO3

−, CO3
2– (Vichi and

Alves, 1997; Yan et al., 2009). Formation of Me-Al LDHs is identified as
a steady and important sink for some trace metals in the environment
(Peltier et al., 2006). Me-Al LDHs can form upon sorption of Zn2+,
Ni2+, or Co2+ on the surfaces of Al-bearing minerals (Siebecker et al.,
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2018; Towle et al., 1997; Thompson et al., 1999; Ford and Sparks,
2000; Delacaillerie et al., 1995; Scheidegger et al., 1997) through the
coprecipitation of metal ions with Al3+ or the replacement of metal
ions in the metal hydroxides by Al3+ migrating from Al-bearing mi-
nerals (Siebecker et al., 2018; Yamaguchi et al., 2001). It has been
shown that metal ions (Zn2+, Ni2+ and Co2+), with ionic radii close to
that of Al3+ (0.54 Å), but not for those (e.g. Pb2+) with much larger
radii, can form Me-Al LDHs (Sparks, 2002).

Cadmium (Cd) is one of the most toxic metals in the environment
and more mobile than other metals, which pose threats to human health
(Tapia et al., 2010; Wu et al., 2012). Industrial and agricultural activ-
ities such as mining, smelting, fertilizers, and sewage sludge lead to
serious Cd pollution in many areas of the world (Rehman et al., 2015).
Al-bearing minerals are common minerals in the environment and
could immobilize Cd(II) effectively (Vasconcelos et al., 2008; Gräfe
et al., 2007; Papelis, 1995) Vasconcelos et al. (2008) reported that Cd
(II) sorbed on kaolinite formed outer-sphere and inner-sphere surface
complexes at pH 7 and 9, respectively. Gräfe et al. (2007) conducted Cd
(II) sorption experiment on gibbsite and kaolinite, and reached the
conclusion that Cd(II) sorption on kaolinite was mainly attributed to
outer-sphere complexation while the bidentate-binuclear complex and
hydrated dimer (Cd2(OH)3·4H2O) or small polynuclear Cdx(OH)y com-
plexes were the major species formed on gibbsite. According to Papelis
(1995), Cd(II) was sorbed on Al oxides as mononuclear surface com-
plexes. However, these investigations focused significantly on Cd(II)
adsorption complexes, whereas surface precipitation could also be oc-
curring. The radius of Cd2+ (0.97 Å) is much larger than that of Al3+,
and it has not been shown to form LDH via surface sorption on Al-
bearing minerals (Vasconcelos et al., 2008; Gräfe et al., 2007; Papelis,
1995).

In the present study, Cd(II) sorption experiments on γ-Al2O3 were
conducted for 18 h and 70 d to examine whether Cd-rich minerals
would be formed on γ-Al2O3 in addition to common Cd(II) adsorption
complexes. γ-Al2O3 is widely used in environmental chemistry research
as a model compound for the investigation of the immobilization me-
chanisms of heavy metals by Al-bearing minerals (Li et al., 2011). It is a
model for natural Al-hydroxide phases (e.g., gibbsite) and Al oxide
layers in 1:1 clay minerals (e.g., kaolinite) (Ren et al., 2015). The effect
of temperature (25 °C–55 °C) on Cd(II) immobilization by γ-Al2O3 was
also investigated because the uptake capacity and the sorbed species
can be affected by temperature (Ren et al., 2013; Roth et al., 2012;
Dong et al., 2012). Additionally, the thermodynamic feasibility of
CdeAl LDH formation was evaluated by laboratory synthesis of CdeAl
LDH and DFT calculations. This study provides insights into the surface
precipitation mechanism for Cd(II) on Al-bearing minerals, which can
contribute to Cd immobilization in the environment.

2. Materials and methods

All chemicals used here including Cd(NO3)2, Al(NO3)3, CdCO3, Cd
(OH)2, NaNO3 and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) were of analytical grade or purer. γ-Al2O3 (99.99%) was
purchased from Aladdin Chemistry Co. Ltd. (Shanghai, China). The
mean particle size of γ-Al2O3 determined by TEM (JEM-2100F, JEOL,
Japan) was ca. 30 nm (Fig. S1). The specific surface area of γ-Al2O3

obtained from BET measurement (3H-2000PM, Beishide, China) was
165.7 m2g−1. Ultrapure deionized water (> 18 MΩ·cm) was used for
preparation of solutions and for rinsing.

2.1. Cd(II) sorption experiments on γ-Al2O3

Cd(II) sorption experiments on γ-Al2O3 were carried out under 25,
40 and 55 °C at pH 7.5 using 50 mM HEPES buffer and 50 mM NaNO3

as the background electrolyte in 50-mL polypropylene centrifuge tubes.
HEPES exhibits nearly no complexing properties and thus the inter-
ference of HEPES with Cd(II) sorption could be neglected (Nowack and

Sigg, 1996; Good et al., 1966). Various aliquots of 50 mM Cd(NO3)2
were added to 40 mL of electrolyte solution (50 mM HEPES and 50 mM
NaNO3) to acquire a series of Cd(II) concentrations (0.022, 0.048,
0.097, 0.23, 0.48, 0.98, 1.4, 2.9, 5.6, 9.4, 12.2, 21.6 mM), followed by
addition of 0.1 g γ-Al2O3. The upper concentration limit was selected to
avoid the formation of Cd(OH)2 precipitation in the bulk solution. The
bulk solution is undersaturated with respect to Cd(OH)2. After shaking
for 18 h, 20 mL of suspension was taken out from each tube, centrifuged
at 9000 rpm, filtered by 0.22-μm cellulose membrane filters and then
the filtrate was analyzed for Al(III) concentration by an inductively
coupled plasma-optical emission spectrometer (ICP-OES, iCAP7400,
ThermoFisher, America), and for Cd(II) concentration by a flame
atomic absorption spectrophotometer (AAS, Z-2000, Hitachi, Japan).
Tubes containing the remaining 20 mL of reaction suspension were
placed in water baths for prolonged aging at 25, 40 and 55 °C, re-
spectively. After 70 d, the reaction suspensions were centrifuged and
filtered prior to analysis of Al(III), Cd(II) and NO3

− concentrations. The
solid phase acquired by centrifuging was rinsed with deionized water
twice and freeze-dried for further analysis.

2.2. Characterization of cd-γ-Al2O3 sorption samples

The solid phases of Cd-γ-Al2O3 sorption samples were characterized
by powder X-ray diffraction (XRD) (Ultima IV, Rigaku, Japan), trans-
mission electron microscopy (TEM) and selected-area electron diffrac-
tion (SAED), and extended X-ray absorption fine structure (EXAFS)
spectroscopy. The detailed characterization methods are given in the
Supporting Information.

2.3. Synthesis and characterization of CdeAl LDH

CdeAl LDH was synthesized based on a previously published pro-
cedure (Vichi and Alves, 1997) as described in the Supporting In-
formation. The synthesis conditions varied, including pH (7.5–10.0),
temperature (25–55 °C), and reaction time (0–12 d). The synthesized
CdeAl LDHs were characterized by XRD. One representative LDH
(synthesized at pH 8, 55 °C, aged for 22 h) was selected for the mor-
phology and elementary composition analysis by scanning electron
microscopy and energy dispersive spectroscopy (SEM-EDS, Se3400N II,
HITACHI, Japan). The suspension was drop-cast onto copper tape and
then coated with gold for the analyses.

2.4. DFT calculations of MgeAl LDH substituted by Zn2+, Cd2+ or Pb2+

DFT calculations were carried out for stepwise substitution of Mg2+

by Zn2+, Cd2+ or Pb2+ in bulk MgeAl LDH (Mg2Al-CO3-LDH) to ac-
quire the free energy of substitution. Details of DFT calculations were
described in the Supporting Information.

3. Results and discussion

3.1. Sorption experiments

Cd(II) sorption experiments on γ-Al2O3 were carried out at 25, 40
and 55 °C at pH 7.5. Aqueous Cd(II) concentrations before and after γ-
Al2O3 sorption for 18 h and 70 d at various temperatures are shown in
Table S1. Corresponding Cd(II) sorption amounts are depicted in Fig. 1,
which shows that the total amounts of Cd(II) sorbed for 70 d were much
higher than those for 18 h. The increase in the sorption of Cd(II) with
time was probably due to the high sorption affinity of γ-Al2O3 for Cd(II)
which caused accumulation of Cd(II) on the mineral surface and the
increase in Cd(II) precipitation on γ-Al2O3 surface over time.

3.2. Transmission electron microscopy

One sorption sample (0.23 mM Cd, 40 °C, 70 d) was selected as the
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representative for the TEM analysis (Fig. 2). The flake-like material
with morphology different from γ-Al2O3 was observed (Fig. 2a). The
SAED pattern for the flake-like material shows multiple diffraction rings
(Fig. 2b). The d-spacing is the inverse of the radius of the diffraction
ring. The rings at 4.10, 2.84, 2.30, 1.96 and 1.39 Å correspond to (004),
(110), (202), (116), and (222) reflection peaks of CdeAl LDH respec-
tively, verifying the formation of CdeAl LDH in this sorption sample.
This is the first experimental observation of CdeAl LDH formation on
Al-bearing materials. EXAFS and XRD analyses were further conducted
to identify CdeAl LDH and other possible Cd species in sorption sam-
ples.

3.3. EXAFS spectroscopy

CdCO3, Cd(OH)2, CdeAl LDH, and Cd_pH 6 were chosen as re-
ference standards for linear combination fitting (LCF) analysis of Cd(II)
sorption samples with initial Cd(II) concentration at 0.23–5.6 mM
(Fig. 3, Table 1). Cd_pH 6 represents adsorption complexes Cd formed
on γ-Al2O3 (including both inner-sphere complexes and outer-sphere
complexes) considering that no Cd precipitates (CdCO3, Cd(OH)2,
CdeAl LDH) could be generated at pH 6. Cd(OH)2 represents Cd

hydroxide phases (Cd(OH)2 precipitates and Cdx(OH)y polynuclear
complexes). Based on LCF, Cd_pH 6 accounted for 38–80% of total
sorbed Cd(II) in sorption samples, indicating that a large proportion of
Cd(II) was adsorbed on γ-Al2O3 as surface complexes. CdCO3 (23–43%)
was present only in samples reacted for 70 d at initial Cd(II) con-
centrations of 1.39 mM and 5.63 mM. The Cd(OH)2 fraction accounted
for 31–51% in samples where no CdCO3 was found and accounted for
0–14% in samples with CdCO3 formed. Similarly, Cd hydroxide phases

Fig. 1. Cd(II) sorption on γ-Al2O3 for 18 h and 70 d at 25, 40 and 55 °C. The
yellow arrow indicates the sharp increase of the plot of the sorption amounts vs.
aqueous Cd(II) concentrations for 18 h at initial Cd(II) concentration higher
than 5.6 mM. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)

Fig. 2. (a) TEM images of selected Cd-loaded γ-Al2O3 (0.23 mM Cd, 40 °C, 70 d). (b) SAED pattern of the selected area in (a).

Fig. 3. LCF analysis of Cd K-edge EXAFS spectra for sorption samples. The blue
shaded area is used to highlight the characteristic patterns of the reference
compounds. The results of LCF analysis are listed in Table 1. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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were reported to be formed on kaolinite (Gräfe et al., 2007), and red
mud (Luo et al., 2011), as verified by EXAFS spectroscopy. The negative
relationship between the amounts of Cd hydroxide phases and CdCO3

could be interpreted by the gradual transformation of Cd hydroxide
phases to CdCO3 that has a higher thermodynamic stability.

CdeAl LDH (7–28%) emerged in all samples except for those where
the fraction of CdCO3 was high. A beat pattern of the k-edge EXAFS
spectrum for LDH appeared at 6.5 Å−1 and 9.3 Å−1, close to that for
CdCO3 (6.3 Å−1, 9.5 Å−1) (Fig. 3). The characteristic peaks of LDH
might be masked by the contribution of CdCO3, especially when the
concentration of LDH was low, leading to no LDH fraction predicted by
LCF results when the CdCO3 fraction was high. The F-test was used to
examine if the inclusion of LDH in these samples could significantly
improve the goodness of fit. The highest confidence level (75.0%) was
found in the sorption sample (0.23 mM Cd, 55 °C, 70 d) which had the
highest proportion of LDH (28%), demonstrating that the LDH pro-
portion would affect the confidence level. Unfortunately, the con-
fidence level (α) was lower than the required 95% for the examined
samples (Table S2), demonstrating that the inclusion of LDH in these
samples could not significantly improve the goodness of fit, likely due
to the relatively small percentage of LDH. Shell-by-shell fitting of Cd K-
edge EXAFS spectra was further performed (Fig. S2, Table S3), which
indicated that CdeAl LDH and CdCO3 were generated in sorption
samples reacted for 70 d with initial Cd concentrations of 1.4 and 5.6
mM. In addition, shell fitting results confirmed the formation of inner-
sphere complexes (i.e. chemisorption) in sorption samples. However, it
is still difficult to know whether the outer-sphere complexes were also
included in the 38–80% surface complexes based on the existing results.
The detailed discussion on shell-by-shell fitting results are shown in the
Supporting Information.

For CdeAl LDH, the EXAFS spectrum has a distinctive beat pattern
at 9.3 Å−1 (Fig. 3). However, the EXAFS spectrum of CdCO3 also has a
beat pattern near this position, making it hard to detect the char-
acteristic pattern of CdeAl LDH when a large amount of CdCO3 pre-
cipitates are formed. Cd(OH)2 has a beat pattern at 8.8 Å−1, which
could also mask the splitting and dampening of the beat pattern at 8.8
Å−1 of CdeAl LDH. Thus, the distinctive beat pattern of CdeAl LDH
was nearly undetectable in our experiments because of the small
amount of LDH and the coexistence of a relatively high amount of Cd
hydroxide phases or CdCO3.

Combining the LCF and shell-by-shell fitting results, the Cd phases
formed on γ-Al2O3 are summarized as follows: In addition to the for-
mation of adsorption complexes, LDH was formed under all conditions

studied, regardless of temperature, reaction time and Cd loadings used
in the present study. Cd hydroxide phases were formed within 18 h and
then decreased sharply at initial Cd(II) concentrations of 1.4 and 5.6
mM for 70 d, which was presumably due to the transformation to
CdCO3.

3.4. X-ray diffraction

The characteristic peaks of CdCO3 at 3.77 Å (23.6°), 2.94 Å (30.4°),
2.46 Å (36.4°), 2.07 Å (43.6°) and 1.84 Å (49.5°) were found in samples
reacted for 18 h with initial Cd(II) concentration higher than 5.6 mM
and for 70 d with initial Cd(II) concentration higher than 0.23 mM
(Fig. 4a, b), consistent with EXAFS results. The sharp increase of the
plot of the sorption amounts vs. aqueous Cd(II) concentrations for 18 h
at initial Cd(II) concentration higher than 5.6 mM (Fig. 1) presumably
resulted from the much higher amount of CdCO3 formed than other
precipitates under these conditions. At 70 d, the formation of CdCO3 did
not induce the sharp step of the plot of the sorption amounts vs. aqu-
eous Cd(II) concentrations, which might be due to that a higher amount
of adsorption complexes were formed than CdCO3, as indicated by LCF
analysis.

A subtle peak at 7.7 Å (11.5°) appeared for five of the sorption
samples (Fig. 4c). Previous studies showed that the d-spacings in the
layer stacking direction of synthetic Cd-Al-CO3 LDH and Cd-Al-NO3

LDH were 7.54 Å and 8.24 Å, respectively (Vichi and Alves, 1997).
Considering that all other possible precipitate phases generated in the
system (CdCO3, Al(OH)3, Al2O3, Cd(OH)2) have no characteristic peak
at this position and EXAFS results confirmed the formation of CdeAl
LDH in sorption samples, the peak at 7.7 Å could be ascribed to the
mixture of Cd-Al-CO3 LDH and Cd-Al-NO3 LDH. Because the area de-
termined using SAED was very small (about 100 nm) where only Cd-Al-
NO3 LDH was found while the bulk material was determined by XRD
where Cd-Al-CO3 LDH and Cd-Al-NO3 LDH coexisted, the value of (002)
reflection of LDH determined by SAED and XRD was slightly different.
Cd-Al-CO3 LDH and Cd-Al-NO3 LDH exhibit similar polytypes, where
anions locate at the interlayer space (Vichi and Alves, 1997; Yan et al.,
2009). Although the concentration of NO3

− in the reaction solution was
much higher than CO3

2−, bivalent CO3
2– has a stronger anion exchange

ability than monovalent NO3
− and the CO3

2−-interlayered LDH is more
thermodynamically stable than NO3

−-interlayered LDH (Peltier et al.,
2006), which would lead to the formation of the mixture of Cd-Al-CO3

LDH and Cd-Al-NO3 LDH. Four of the five sorption samples with the
characteristic peak of LDH were reacted for 70 d, presumably because

Table 1
Results of linear combination fits of k2-weighted Cd K-edge EXAFS spectra. Fit range was 2–10 Å−1.

Experimental conditions Components (%) R-factor

Cd_pH 6 CdCO3 Cd(OH)2 LDH

Reacted for 18 h
25 °C 0.23 mM Cd(II) 44 0 44 12 0.129

1.4 mM Cd(II) 44 0 48 8 0.101
5.6 mM Cd(II) 46 0 44 10 0.089

40 °C 0.23 mM Cd(II) 37 0 41 22 0.124
1.4 mM Cd(II) 44 0 42 15 0.100
5.6 mM Cd(II) 41 0 42 18 0.100

55 °C 0.23 mM Cd(II) 42 0 51 7 0.136
1.4 mM Cd(II) 38 0 45 17 0.109

Reacted for 70 d
25 °C 0.23 mM Cd(II) 51 0 38 11 0.083

1.4 mM Cd(II) 55 31 7 7 0.014
5.6 mM Cd(II) 80 23 1 0 0.032

40 °C 0.23 mM Cd(II) 58 0 31 11 0.042
1.4 mM Cd(II) 70 30 0 0 0.034
5.6 mM Cd(II) 43 43 14 0 0.019

55 °C 0.23 mM Cd(II) 41 0 31 28 0.072
1.4 mM Cd(II) 59 38 3 0 0.014
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the degree of crystallinity of LDH increased with the prolonged reaction
time. The lack of LDH peaks visible by XRD in other sorption samples
was likely due to the poor crystallinity of LDH. No obvious effects of
temperature and Cd loadings on the formation of LDH were found
under the conditions studied.

In addition to the precipitation of CdCO3 and LDH in sorption
samples, β-Al(OH)3 (JCPDS No. 20-0011) was formed in sorption
samples reacted for 70 d, indicated by the XRD peaks at 4.79 Å (18.5°)
and 4.37 Å (20.3°) (Fig. 4b). Similarly, Lefèvre et al. (2002) reported
that γ-Al2O3 was progressively transformed to β-Al(OH)3. The forma-
tion of β-Al(OH)3 can be attributed to the dissolution of γ-Al2O3 and
reprecipitation as β-Al(OH)3. It was reported that Al-bearing minerals
have the following dissolution trend: γ-Al2O3 > corundum (α-
Al2O3) > β-Al(OH)3 > boehmite (γ-AlOOH) > gibbsite (α-Al(OH)3)
and Al dissolution was critical in the LDH formation (Siebecker et al.,
2018; Li et al., 2012). The high Al dissolution capacity of γ-Al2O3 fa-
vored CdeAl LDH formation in this study.

The characteristic peaks of γ-Al2O3 existed in every sorption sam-
ples. The radius of Cd(II) (0.97 Å) is much larger than Al(III) (0.54 Å). If
Al(III) in γ-Al2O3 was substituted by Cd(II), the lattice cell of γ-Al2O3

would become larger. However, no left-shift of the XRD peaks of γ-
Al2O3 was observed after Cd(II) sorption, indicating that substitution
was unlikely responsible for Cd(II) immobilization. Comparing to the
radius of Cd(II), the radii of Zn(II) (0.74 Å) and Ni(II) (0.69 Å) are more
close to that of Al(III). The substitution of Al(III) by Zn(II) or Ni(II) has
never been found in the abundant investigations on Zn(II) and Ni(II)
sorption on Al-bearing minerals (Li et al., 2012; Yamaguchi et al., 2001;
Nachtegaal and Sparks, 2003; Ren et al., 2015; Tan et al., 2014).
Therefore, it is reasonable to speculate that Cd(II) was unable to replace
Al(III) in the process of the sorption on γ-Al2O3.

The lack of the characteristic peaks of Cd(OH)2 is likely due to the
poor crystallinity of generated Cd(OH)2 or the much higher amount of
Cdx(OH)y polynuclear complexes formation than Cd(OH)2.

3.5. Thermodynamic analysis of the aqueous solutions in the sorption
reactions and the driving forces for Cd(II) precipitation

Solution pH was measured after the reaction because pH was an
important factor in precipitation. Solution pH was well buffered at ca.
7.5 at initial Cd(II) concentrations of 0.022–1.4 mM, but decreased to

ca. 7.2 at initial Cd(II) concentrations of equal or higher than 2.9 mM.
CO3

2– in the solution was derived from atmospheric CO2. The saturation
index of the aqueous solution with respect to CdCO3 could be calculated
assuming that aqueous CO3

2– was equilibrated with atmospheric CO2.
Although the saturation index for CdCO3 was higher than 0 even at the
lowest initial Cd(II) concentration (Table S6), CdCO3 was only detected
in sorption samples reacted for 18 h with initial Cd(II) concentration
higher than 5.6 mM and for 70 d with initial Cd(II) concentration
higher than 0.23 mM. The lack of CdCO3 formation under other con-
ditions was presumably due to the slow dissolution rate of CO2 to the
solution, the slow kinetics of CdCO3 precipitation, and the removal of
CO3

2– from solution as it incorporated into the LDH structure. XRD and
EXAFS analyses demonstrated that a large amount of CdCO3 was
formed in some sorption samples, although the concentration of CO3

2–

at pH 7.2–7.5 was very low (no more than 2.8×10−7 M). This large
amount of CdCO3 was attributed to the gradual precipitation of CO3

2–

with Cd(II) and its continuous supply by the atmospheric CO2.
The solution pH was below the pH where the formation of Cd(OH)2

would be expected to form via homogeneous precipitation according to
the thermodynamic solubility product. Nevertheless, Cd hydroxide
phases were detected by EXAFS analysis. Co(II), Ni(II), Cu(II) and Cr
(III) have been reported to form metal hydroxide phases on phyllosili-
cates and oxides, in solutions undersaturated with respect to those
hydroxides, which was referred to as surface-induced precipitation
(Yamaguchi et al., 2001; O'Day et al., 1994; Scheidegger et al., 1996;
O'Day, 1994; Charlet and Manceau, 1992; Xia et al., 1997) These metal
hydroxide phases could form at metal loadings well below the mono-
layer coverage (Sparks, 2002). The reasons for the surface-induced
precipitation where the solution is undersaturated with respect to the
solid phase could be (Sparks, 2002): (1) the activity of the surface
precipitate is< 1; (2) the dielectric constant of the solution near the
solid surface is less than that of the solution, which lowers the solubility
of the surface precipitate; (3) the solid surface could lower the nu-
cleation energy by offering sterically similar sites. Cd hydroxide phases
gradually transformed to CdCO3 at high initial Cd(II) concentrations
within 70 d, which could be explained by the gradual CO2 con-
centrating in the solution and the higher thermodynamic stability of
CdCO3 than that of Cd(OH)2.

The saturation index (25 °C) of the solution with respect to Cd-Al-

Fig. 4. XRD patterns of Cd-γ-Al2O3 sorption samples for 18 h (a) and 70 d (b). The blue and red diamonds denote the peaks of CdCO3 and Al(OH)3, respectively. (c)
XRD patterns of selected samples are amplified at the range from 5° to 21° 2θ. Red arrows indicate the characteristic peaks of CdeAl LDH. The XRD pattern of γ-Al2O3

is depicted at the bottom of the graphs for comparison. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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CO3 LDH, of the formulation Cd2Al(OH)60.5CO3, was estimated (Table
S7). The calculation process is detailed in the Supporting Information.
The saturation index at 25 °C was<0 throughout Cd(II) concentration
range examined, demonstrating that bulk solutions were under-
saturated with respect to Cd-Al-CO3 LDH at 25 °C. Considering the
larger amount of Cd-Al-CO3 LDH formed than Cd-Al-NO3 LDH, as im-
plied by XRD, it was reasonable to speculate that the bulk solutions
were also undersaturated with respect to Cd-Al-NO3 LDH. For samples
reacted at 40 and 55 °C, a greater amount of LDH at higher tempera-
tures was not detected by XRD and EXAFS. Thus, bulk solutions at 40
and 55 °C were unlikely saturated with respect to Cd-Al-CO3 LDH.
Based on these considerations, we propose that CdeAl LDH in the
sorption experiments was formed via the interfacial mechanisms, rather
than homogeneous precipitation in the bulk solution. Similarly, NieAl
LDH formation on pyrophyllite and gibbsite was reported to be gener-
ated in solution undersaturated with respect to NieAl LDH, which was
attributed to surface-induced precipitation (Yamaguchi et al., 2001).
Mechanisms of surface-induced precipitation have been discussed
above. Two possible processes could describe CdeAl LDH formation on
γ-Al2O3 surface: (1) Cd(II) ions and Al(III) ions were concentrated on γ-
Al2O3 surface via sorption and then precipitated as CdeAl LDH; (2) Al
(III) ions were released from γ-Al2O3 and replaced Cd(II) in Cd hydro-
xide phases, promoting the formation of CdeAl LDH. Although dis-
solved Al(III) concentration in the solution was low (no more than
6× 10−7, detailed in the Supporting Information), the precipitation of
CdeAl LDH was surface-induced, which does not require ion activity
product in the bulk solution to meet the solubility product. γ-Al2O3 acts
as a source of dissolved Al(III) and continuously provides Al(III) for the
formation of CdeAl LDH. Compared to the adsorption to γ-Al2O3, the
precipitation as LDH would be a more stable sink for Cd(II) because
adsorbed Cd(II) could be desorbed by other cations, while Cd(II) in the
crystal lattice of LDH is difficult to release. In addition, CdeAl LDH
precipitate in the natural environment could become more stable over
time due to the diffusion of Si originating from the weathering into the
interlayer space of the LDH, replacing the anions such as CO3

2– or
NO3

− and forming a precursor CdeAl phyllosilicate. Scheckel and
Sparks (2001) reported that the replacement of Si for NO3

− in the in-
terlayer of LDH led to an obviously increasing stability. Besides, the
Ostwald ripening of the LDH precipitate could result in increased
crystallization (Scheckel and Sparks, 2001), which was more stable.

In summary, Cd(II) immobilization mechanism on γ-Al2O3 could be
described as follows: Firstly, Cd(II) was adsorbed to the surface of γ-
Al2O3, forming adsorption complexes (38–80%). Meanwhile, Al(III)
was gradually released from γ-Al2O3. Then, the local accumulation of
Cd(II) and Al(III) on the mineral surface would result in the formation
of Cd hydroxide phases (31–51%) and CdeAl LDH (7–28%). The for-
mation of Cd hydroxide phases and CdeAl LDH could be ascribed to
surface-induced precipitation because the bulk solution was under-
saturated with respect to the two phases. In addition, Cd hydroxide
phases would gradually transform to CdCO3 (23–43%) with time when
initial Cd(II) concentration was high, which could be explained by the
gradual CO2 concentrating in the solution and the higher thermo-
dynamic stability of CdCO3 than that of Cd hydroxide phases.

The similarity and difference of Cd(II) immobilization mechanisms
between γ-Al2O3 and other types of Al-bearing minerals could be ac-
quired by comparing Cd(II) sorption mechanism on γ-Al2O3 in the
present study with those on other Al-bearing minerals reported by
previous investigators (Vasconcelos et al., 2008; Gräfe et al., 2007;
Papelis, 1995). Vasconcelos et al. (2008) reported that Cd(II) sorbed on
kaolinite for 4 h formed outer-sphere and inner-sphere surface com-
plexes at pH 7 and 9, respectively. Gräfe et al. (2007) conducted Cd(II)
sorption experiment on gibbsite and kaolinite for 12 h, and reached the
conclusion that Cd(II) sorption on kaolinite was mainly attributed to
outer-sphere complexation while the bidentate-binuclear complex and
hydrated dimer (Cd2(OH)3·4H2O) or small polynuclear Cdx(OH)y com-
plexes were the major species formed on gibbsite. According to Papelis

(1995), Cd(II) was sorbed on Al oxides after 24 h as mononuclear sur-
face complexes. In our studies, Cd(II) adsorption complexes and Cd
hydroxide phases were also found to form on γ-Al2O3, similar to the
results reported by previous studies. Thus, we could conclude that the
formation of Cd(II) adsorption complexes and Cd hydroxide phases are
the common Cd(II) immobilization mechanisms by Al-bearing minerals,
independent of the type of adsorbents. The formation of adsorption
complexes could be ascribed to the sufficient sorption sites on Al-
bearing minerals while the formation of Cd hydroxide phases could be
explained by the local accumulation of adsorbed Cd(II) on the mineral
surface. Notably, in our studies, when the initial Cd(II) concentration
was high, the formed Cd hydroxide phases would gradually transform
to CdCO3 with time. Besides, Cd(II) formed CdeAl layered double hy-
droxide (LDH) on γ-Al2O3 under various conditions, independent of
temperature and Cd loadings. In contrast, the formation of CdCO3 and
CdeAl LDH was not observed in previous studies (Vasconcelos et al.,
2008; Gräfe et al., 2007; Papelis, 1995). The lack of CdCO3 formation in
previous studies could be attributed to that CO2 was not sufficiently
concentrated in the solution in the short period of time (no more than
24 h) and the applied Cd(II) concentration was low (no more than 1
mM). CdCO3 formation is expected to be favorable when dissolved Cd
(II) concentration is high or the reaction time is long enough. Generally,
LDH formation was considered to be most limited by the rate of Al
dissolution of minerals (Sparks, 2002) because LDHs were thermo-
dynamically unstable if Al substitution was<20% (Tan et al., 2014).
For example, the formation of ZneAl LDH and NieAl LDH has been
shown to be highly related to mineral surface dissolution (Li et al.,
2012; Yamaguchi et al., 2001). The formation of LDHs was found to be
more favorable on Al-bearing minerals with higher Al dissolution. Thus,
in previous studies, the inability of CdeAl LDH formation could be
attributed to the limited Al dissolution amount of the sorbents such as
gibbsite and kaolinite in the short reaction time (no more than 24 h). In
contrast, γ-Al2O3 has a high Al dissolution capacity, which would favor
CdeAl LDH formation even within a short time. It was reasonable to
speculate that if the reaction time is long enough, sufficient Al(III)
would release from Al-bearing minerals such as gibbsite and kaolinite,
and then produce CdeAl LDH.

3.6. The evaluation of the influence of environmental factors on Cd(II)
immobilization by Al-bearing minerals

In the natural environment, the environmental factors (e.g., pH
condition, Cd level, competitive cations, organic matter) would greatly
affect Cd immobilization on Al-bearing minerals. Based on the experi-
mental results in this study, despite the low Cd concentration, Cd(II)
could still form adsorption complexes, Cd hydroxide phases, and CdeAl
LDH in the process of Cd(II) sorption to Al-bearing minerals. However,
Cd(II) would precipitate as CdCO3 at the low Cd concentration only if
the period of time is long enough. The immobilization mechanism
would vary with reaction pH. Both precipitation (formation of CdCO3,
Cd hydroxide phases, CdeAl LDH) and adsorption would contribute to
Cd(II) immobilization by Al-bearing minerals under natural and alka-
line conditions while only adsorption complexation would account for
Cd(II) immobilization under acidic pH. In addition, other metal cations
(e.g. Pb2+, Zn2+, Ni2+) would compete with Cd(II) for the adsorption
sites on Al-bearing minerals, and thus inhibiting Cd(II) adsorption.
Considering that both Cd hydroxide phases and CdeAl LDH are formed
via surface-induced precipitation, where the adsorption process is the
premise, the formation of Cd hydroxide phases and CdeAl LDH would
also be suppressed due to the competition of metal cations. Similarly,
the formation of CdCO3 would be hindered because of the precipitation
of CO3

2– by other metal cations. Moreover, the presence of organic
matter would interfere with Cd(II) immobilization on Al-bearing mi-
nerals. Organic matter could play a complex role in Cd(II) adsorption on
Al-bearing minerals. Organic matter might increase Cd(II) adsorption
via the formation of ternary complexes on the mineral surface or
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decrease Cd(II) adsorption via the complexation of Cd(II) to dissolved
organic matter (Benyahya and Garnier, 1999). The effect of organic
matter on Cd(II) adsorption is dependent on pH, the type and con-
centration of organic matter and the type of adsorbent. Yamaguchi et al.
(2001) and Nachtegaal and Sparks (2003) reported that humic acid,
citrate, and salicylate would suppress the formation of ZneAl LDH in
the immobilization of Zn by Al-bearing minerals, which could be in-
terpreted by the complexation of Zn(II) and Al(III) and the blockage of
the surface sites. We could therefore speculate that the existence of the
organic matter would also slow the formation of CdeAl LDH. Mean-
while, organic matter is expected to inhibit the formation of Cd hy-
droxide phases and CdCO3 precipitates via the complexation with Cd
(II).

3.7. XRD and SEM-EDS analyses of the synthesized CdeAl LDHs

Considering that CdeAl LDH formation on Al-bearing minerals is a
novel mechanism for Cd(II) sequestration, the stability of CdeAl LDH
from a thermodynamic perspective was further examined. CdeAl LDHs
were synthesized under various conditions, including varying pH
(7.5–10.0), temperature (25–55 °C) and reaction time (0–12 d). The
characteristic peaks of CdeAl LDH (JCPDS Card: NO. 43-0478) ap-
peared in the XRD patterns of the synthesized products under all con-
ditions (Fig. S4). A few investigations have reported the syntheses of
CdeAl LDHs, which were carried out under alkaline pH (pH 8–10) and
high temperature (70–90 °C) (Vichi and Alves, 1997; Pérez et al., 2007;
Hansen et al., 2009) The formation of CdeAl LDHs at mild pH (pH 7.5)
and ambient temperature (25 °C) within a short period of time in our
study suggested that the formation of CdeAl LDH is thermodynamically
feasible under environmentally relevant conditions.

The interlayer d-spacing of LDH (Vichi and Alves, 1997) i.e., the
peak position of 003 reflection (~8.20 Å), varied with pH and tem-
perature. With pH increasing from 8 to 10, the interlayer spacing
shifted from 8.20 to 8.00 Å (Fig. S4a). The interlayer spacings of LDHs
synthesized at 25, 40 and 55 °C were 8.08, 8.18 and 8.30 Å, respectively
(Fig. S4b). The observed smaller interlayer spacings of LDHs at higher
pH and lower temperature might be due to the larger proportion of Cd-
Al-CO3 LDH at higher pH and lower temperature resulting from the
higher concentration of CO3

2– introduced in the solution. The degree of
crystallinity for the sample aged for 12 d was significantly higher than
that without aging (Fig. S4c), consistent with XRD results for sorption
samples that four of the five sorption samples with the characteristic
peak of LDH were reacted for 70 d.

One of the synthesized CdeAl LDHs (synthesized at pH 8, 55 °C,
aged for 22 h) was selected as a representative LDH to examine the
morphology by SEM. Well-crystallized lamellar structure was observed
and the particle size ranged from 0.2 μm to 2 μm (Fig. S5a, b). EDS was
applied to examine the relative amounts of Cd and Al in the selected
areas. The calculated molar ratios of Cd/Al were 1.9:1 for area III and
2.0:1 for area IV, respectively (Fig. S5c, d), nearly equal to the 2:1 ratio
of Cd/Al in LDH (i.e., Al substitution in LDH at 0.33), indicating that in
those locations most added Cd(II) and Al3+ contributed to the forma-
tion of LDH instead of the formation of single metal hydroxides such as
Cd(OH)2 and Al(OH)3. Thus, it could be inferred that LDH was the
dominant species in the precipitates, suggesting the thermodynamic
stability of CdeAl LDH over Cd(OH)2 and Al(OH)3 phases.

3.8. DFT calculations of MgeAl LDH substituted by Zn2+, Cd2+ or Pb2+

Apart from the laboratory experiments, DFT calculations of MgeAl
LDH substituted by Zn2+, Cd2+ or Pb2+ were used to evaluate the
thermodynamic stability of LDH. The substitution of Mg2+ by Zn2+,
Cd2+ or Pb2+ causes a lattice relaxation due to the difference in ionic
radii. These plausible geometries were then characterized by first-
principle DFT calculations, from which the relative thermodynamic
stability of bulk ZneAl LDH, CdeAl LDH and PbeAl LDH compared to

MgeAl LDH was assessed.
After structural relaxation, the metal-O bond length increased

slightly to 2.11 Å and 2.26 Å for ZneAl LDH and CdeAl LDH, respec-
tively, but rather significantly to 2.53 Å for PbeAl LDH, compared with
the corresponding MgeO bond of 2.10 Å. Good agreement was found
between our periodic-structure-based DFT calculations of metal-O bond
lengths and the cluster DFT calculations as well as the experimental
values (Yan et al., 2009). While the cluster DFT calculated metal-O
bond lengths are slightly longer than the experimental ones due to
neglecting the interaction of the small cluster with neighboring atoms
in the lattice (2.191, 2.301 and 2.463 Å for MgeO, ZneO and CdeO,
respectively), the periodic DFT calculations predicted slightly shorter
bond lengths compared to the experimental values but within the sys-
tematic uncertainty of DFT methods. The substitution of larger cations
such as Pb and Cd caused lattice expansion with the lattice parameter
increased to a= b=11.32 Å, c= 8.03 Å, and a=b=11.64 Å,
c= 8.26 Å, respectively. The lattice expansion gives rise to an increase
in the bond strength and would influence on the relative stability of
different phases. Consequently, the estimated average energy of sub-
stitution of Zn2+, Cd2+ and Pb2+ for Mg2+ in MgeAl LDH per cation
site was −2.787, 0.098, 3.955 eV, respectively (Fig. 5), suggesting that
it was thermodynamically favorable for Zn2+ but unfavorable for Pb2+

to substitute for Mg2+ in MgeAl LDH. Interestingly, CdeAl LDH has a
similar energetic stability to MgeAl LDH although it was less stable
than ZneAl LDH in accordance with the binding energy trends calcu-
lated by the cluster DFT method (Yan et al., 2009). Considering that the
structure of MgeAl LDH is very stable, the substitution energy for Mg2+

indicating that ZneAl LDH is easy to form agrees well with the ex-
perimental findings that in addition to MgeAl LDH, ZneAl LDH was
one of the most commonly natural LDHs in soils (Tan et al., 2014;
Trainor et al., 2000; Aucour et al., 2015). Our calculation also predicts
that CdeAl LDH is relatively stable, in agreement with our experi-
mental findings. Furthermore, it could be inferred that PbeAl LDH is
unlikely to form, which has been previously reported (Sparks, 2002).
This thermodynamic assessment via isolated DFT clusters in a reduc-
tionist system is necessary to get a better understanding of CdeAl LDH
stability. Given the large cationic radius of Cd, the inclusion of the DFT
results provide convincing data for the CdeAl LDH stability. Im-
portantly, the stability of CdeAl LDH formation via theoretical calcu-
lations was consistent with the empirical experimental results of the
CdeAl LDH formation on γ-Al2O3, implying the potential formation of
CdeAl LDH in the environment.

Fig. 5. The free energy of substitution for Mg2+ in MgeAl LDH by Cd2+, Zn2+

and Pb2+ respectively. Mg2+ in the supercell was gradually substituted by
Cd2+, Zn2+ and Pb2+ until Mg2+ was completely displaced.
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4. Conclusions

Our results show that at pH 7.5, in addition to common adsorption
complexes, surface-induced Cd hydroxide phases were formed on γ-
Al2O3 within a short period of time and gradually transformed to
CdCO3. The long reaction time or high Cd(II) concentration is essential
for CdCO3 formation. Noteworthy, CdeAl LDH was formed on γ-Al2O3

via surface-induced precipitation, which has not been reported pre-
viously. CdeAl LDH formation was thermodynamically feasible under
environmentally relevant conditions, evidenced by laboratory synth-
eses and DFT calculations, consistent with the formation of CdeAl LDH
on γ-Al2O3.

In comparison to adsorption complexes, the formation of pre-
cipitates is a much more stable sink for heavy metals immobilized by
minerals in the environment and deserves attention. Although the Cd
content in soils is relatively low, our study shows that Cd precipitates
could form on the Al oxide over a wide concentration range of Cd(II).
Thus, it is necessary to consider Cd precipitates in the modeling and
prediction of Cd speciation as well as risk assessments for the migration
and transformation of Cd in the environment. In addition, the finding of
CdeAl LDH formation on Al-bearing minerals and the thermodynamic
stability of CdeAl LDH provides new insights into the remediation of Cd
at contaminated sites, since LDH is less prone to proton dissolution than
the pure metal hydroxides (Nachtegaal and Sparks, 2003). Further
studies are required to explore effects of other environmental factors
such as pH and organic matter on the formation of Cd precipitates.
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