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sorption of Cd(II) and phosphate
on Al13 pillared montmorillonite†

Lingya Ma,abc Jianxi Zhu,ad Yunfei Xi,*b Runliang Zhu,ad Hongping He,*ad

Xiaoliang Liangad and Godwin A. Ayokob

Al13 pillared montmorillonites (AlPMts) prepared with different Al/clay ratios were used to remove Cd(II) and

phosphate from aqueous solution. The structure of AlPMts was characterized by X-ray diffraction (XRD),

Thermogravimetric analysis (TG), and N2 adsorption–desorption. The basal spacing, intercalated amount

of Al13 cations, and specific surface area of AlPMts increased with the increase of the Al/clay ratio. In the

single adsorption system, with the increase of the Al/clay ratio, the adsorption of phosphate on AlPMts

increased but that of Cd(II) decreased. Significantly enhanced adsorptions of Cd(II) and phosphate on

AlPMts were observed in a simultaneous system. For both contaminants, the adsorption of one

contaminant would increase with the increase of the initial concentration of the other one and increase

in the Al/clay ratio. The enhancement of the adsorption of Cd(II) was much higher than that of

phosphate on AlPMt. This suggests that the intercalated Al13 cations are the primary co-adsorption sites

for phosphate and Cd(II). X-ray photoelectron spectroscopy (XPS) indicated comparable binding energy

of P2p but a different binding energy of Cd3d in single and simultaneous systems. The adsorption and

XPS results suggested that the formation of P-bridge ternary surface complexes was the possible

adsorption mechanism for promoted uptake of Cd(II) and phosphate on AlPMt.
1. Introduction

Heavy metal cations (e.g. cadmium) and oxyanions (e.g. phos-
phate) are typical inorganic contaminants in the environment.
Heavy metals are released from industrial sites and ultimately
transported into water and soil, where they may become a
potential threat to human health via the food chain.1 For
example, being a carcinogenic chemical, Cd(II) is an extremely
toxic heavy metal in soil and wastewater and could accumulate
in plants, animals, and human beings.2 As an essential nutrient
for plants and crops, phosphate with high concentrations in
water also causes risks to the environment, and an example of
its adverse consequences is the accelerated eutrophication in
lakes and coastal waterways.3,4 In contrast to organic toxicants,
inorganic contaminants cannot be degraded. Therefore, an
immobilization technique through precipitation and
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adsorption to solids is the main approach to purify water and
soil contaminated by inorganic pollutants.

Montmorillonite, a kind of natural abundant clay mineral, is
able to efficiently adsorb heavy metal cations from water
through cation exchange of its original cations in the interlayer
space.5–8 But it has a very poor affinity for phosphate.9 Inter-
estingly, hydroxyl-aluminum (Al13) pillared montmorillonite
exhibits a strong affinity for both heavy metal cations and
phosphate due to the high reactivity of the surface hydroxyl
group.8,10–12 As a low-cost adsorbent, the adsorption capacities of
Al13 pillared montmorillonites (AlPMts) toward Cd(II) or phos-
phate have received a great deal of attention,10,12–14 whereas a
simultaneous adsorption of these two contaminants on AlPMts
has received much less attention.

In the environment, however, heavy metal cations and oxy-
anions oen coexist in soil and wastewater, thus their transport
and fate may be signicantly inuenced by each other.15 For
example, the simultaneous adsorption of heavy metal cations
and oxyanions on metal (oxyhydr) oxide can decrease by
competition for the adsorption sites, or formation of non-
adsorbing cation–oxyanion complex,16–18 or increase by the
formation of ternary surface complexes and surface precipita-
tion.18–21 Similar with metal (oxyhydr)oxide containing hydroxyl
group, hydroxy metal modied clay minerals might have similar
adsorption characteristics with metal (oxyhydr)oxide. Zhu
et al.15 have reported the enhanced co-adsorption of Cd(II) and
phosphate on hydroxyiron–montmorillonite complex. As
RSC Adv., 2015, 5, 77227–77234 | 77227
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AlPMts have a different structure from hydroxyiron–montmo-
rillonite complex, the simultaneous adsorption of Cd(II) and
phosphate on AlPMt is worth studying. According to previous
studies, the amount of Al content could affect not only the
structure of AlPMt but also the adsorption of Cd(II) or phosphate
on AlPMt.10,22,23 In this work, therefore, the effect of Al/clay ratio
on the structure of AlPMt and single/simultaneous adsorptions
of Cd(II) or/and phosphate on AlMts were investigated. Based on
the structural characteristics, adsorption and XPS spectra
results, the adsorption mechanism of Cd(II) and phosphate on
AlPMt was proposed. The results might provide novel infor-
mation for the adsorption of AlPMt towards heavy metal cations
and oxyanions.
2. Materials and methods
2.1 Materials

The calcium montmorillonite (Ca–Mt; purity > 95%) was
obtained from Inner Mongolia, China. The cation exchange
capacity (CEC) is 110.5 meq. 100 g�1. AlCl3$6H2O, Na2CO3,
Cd(NO3)2, and KH2PO4 were purchased from Guangzhou
Chemical Reagent Factory. All chemicals were analytical grades
and used without further purication.
2.2 Preparation of Al13-pillared montmorillonite

A hydroxyl-aluminum solution, containing Al13 cations, was
prepared by slowly adding a 0.5 M Na2CO3 solution to a 1.0 M
solution of AlCl3 at a rate of 1 mL min�1 with vigorous stirring
in a water bath at 60 �C to give a nal OH�/Al3+ ratio of 2.4. The
mixture was continuously stirred for 12 h, aer which it was
allowed to ‘age’ for 24 h at 60 �C. Montmorillonite was then
added to the mixture to give Al/clay ratios of 1.0, 2.0, and
4.0 mmol g�1. The dispersion was stirred for 24 h, and then
aged for 24 h at 60 �C. The product was collected by centrifu-
gation, washed with distilled water, and then freeze-dried for
48 h. Depending on the Al/clay ratio, the Al13-pillared mont-
morillonites were denoted as AlPMt-1.0, AlPMt-2.0 and AlPMt-
4.0, respectively.
2.3 Characterization of adsorbents

Powder X-ray diffraction (XRD) patterns were recorded on a
Bruker D8 Advance diffractometer with Ni-ltered CuKa radia-
tion (l ¼ 0.154 nm, 40 kV and 40 mA) with 2.3� Soller slits,
1.0 mm divergence slit and 0.1 mm receiving slit. Patterns were
collected between 1� and 20� (2q) at a scanning speed of 1� (2q)
min�1 with a 0.01 2q step size and a 0.65 s counting time.

Thermogravimetric analysis (TG) was performed on a
Netzsch STA 409PC instrument. The samples were heated from
30 to 1000 �C at a rate of 10 �Cmin�1 under a ow of high-purity
nitrogen (60 mL min�1).

Nitrogen adsorption–desorption isotherms were determined
on samples that had been outgassed under vacuum for 12 h at
120 �C, using a Micromeritics ASAP 2020M instrument. The
multiple-point Brunauer–Emmett–Teller (BET) method was
used to calculate the specic surface area (SSA) of the materials.
77228 | RSC Adv., 2015, 5, 77227–77234
X-ray photoelectron spectroscopy (XPS) analyses were carried
out on a Thermo Scientic K-Alpha spectrometer equipped with
Al Ka source (1486.8 eV). The spectra were collected with pass
energy of 30 eV and an analysis area of 400 mm2. The C1s peak at
284.8 eV was used as reference to correct the charging effect. All
spectra were performed with smart background correction. The
samples, collected from the adsorption system with 90 mg L�1

Cd and/or 80 mg L�1 phosphate, were freeze-dried for 24 h
before analysis.

Zeta potentials, determined on Malvern MPT-2/Zetasizer
Nano ZS instrument, were used to analyze the isoelectric
point. The analysis pH was adjusted using 0.1 M HCl or 0.1 M
NaOH solutions. Zeta potentials were determined at least
5 times in each pH setting; the value recorded each time was the
average of 15 measurements.
2.4 Adsorption experiments

The adsorption experiments included two different systems: (1)
adsorption of a single contaminant; (2) simultaneous adsorp-
tion of two contaminants. For system #1, the adsorption of
phosphate or Cd(II) was measured with an initial concentration
of 20–140 mg L�1 and 30–240 mg L�1 for phosphate and Cd(II),
respectively. For system #2, adsorption of both phosphate and
Cd(II) was investigated simultaneously. The initial concentra-
tion of one contaminant was the same as that in system #1 while
the concentration of the other was kept constant at 80 mg L�1

for phosphate or 90 mg L�1 for Cd(II).
Batch experiments were performed to investigate the

adsorption capacities of AlPMts from aqueous solutions. The
initial pH was adjusted to �5.0 (�0.05) using HCl and KOH. In
both systems, 0.1 g of the prepared adsorbents were combined
with 20 mL solutions containing different concentrations of
phosphate and Cd(II) in a 25 mL glass centrifuge tube with
Teon cover. The tubes were continuously agitated on a shaker
for 24 h at 160 rpm and 25 �C, and then ltered. The concen-
tration of phosphate in the supernatant was analyzed using the
ascorbic acid method24 on a UV-Vis spectrophotometer (Perkin
Elmer LAMBDA 850) at a wavelength of 880 nm, and that of
Cd(II) was determined by atomic absorption spectrometry (Per-
kin Elmer AAnalyst 400). All the adsorption experiments were, at
least, conducted in duplicate.
3. Results and discussion
3.1 Structure of adsorbents

The thickness of montmorillonite individual layer is 0.96 nm.25

The d001-value for Ca–Mt was 1.48 nm because of the presence
of hydrated calcium ions (exchangeable) in the interlayer space
(Fig. 1). The basal spacing of AlPMt samples clearly depended
on the Al/clay ratios (Fig. 1). The d001-value of 1.89 nm for AlPMt-
4.0 corresponded to interlayer separations (distance) of
0.93 nm. This value was close to the size of the Keggin-like
(Al13)

7+ cation (0.9 nm), indicating the successful intercalation
of Al13 into Mt.26 The d001-value of AlPMt-2.0 at 1.88 nm was
similar to that of AlPMt-4.0, but the 001 reection of AlPMt-2.0
was slightly broader than that of AlPMt-4.0, indicating less
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 The X-ray diffraction patterns of raw montmorillonite and Al13
pillared montmorillonites.
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uniformity of basal spacing in AlPMt-2.0.27 For the AlPMt-1.0,
the broad (001) reection was at the 2q range of 5–6�, which
was between the expansion of the Keggin-containing AlPMt and
the d001-value of the parent Ca–Mt. The width of this reection
indicated that variations in the basal spacing occurred.27

Expansion of the interlayer spaces of AlPMt-1.0 by Al13 cations
occurred some, while expansion of the interlayer spaces were
not observed in some.

The TG curves for the samples were depicted in Fig. 2. In the
curve for Ca–Mt, twomajor mass losses were obtained; the mass
loss below 200 �C was due to the removal of water molecules
associated with interparticle and interlayer surfaces while that
at 500–700 �C was ascribed to layer dehydroxylation. Like that of
Ca–Mt, the TG curves for AlPMts showed a large loss of mass
below 200 �C from the evaporation of adsorbed water, and a
mass loss in the range of 200–700 �C due to the dehydroxylation
of interlayer Al13 cations and the layer structure.28–30 The mass
losses of AlPMts in the temperature range of 200–500 �C mainly
corresponded to the dehydroxylation of interlayer Al13 cation
because of the absence of evidence for mass loss on TG curve of
Ca–Mt in this range.29 The mass losses in the range of
200–500 �C increased with increase in Al dose from 3.54% for
Fig. 2 TG curves of raw montmorillonite and Al13 pillared
montmorillonites.

This journal is © The Royal Society of Chemistry 2015
AlPMt-1.0 to 6.33% for AlPMt-4.0 (Table 1), indicating the
increase of Al13 cation content with increase in Al dose.

Consistent with the results of XRD and TG, the SSA values of
AlPMts also increased with increase in Al/clay ratio (Table 1).
The SSA values of AlPMts shapely increased from 111.86 m2 g�1

for AlPMt-1.0 to 254.72 for AlPMt-2.0 m2 g�1 and 304.94 m2 g�1

for AlPMt-4.0. The type IV N2 adsorption–desorption isotherms
of AlPMt were indicative of their microporosity (Fig. 3). The
steep increase at low relative pressures corresponded to the
lling of interpillar micropores in the interlayer space, and the
hysteresis loop implied the interparticle mesopores space. With
increase in the Al/clay ratio, the adsorbed quantities of N2 at low
relative pressures sharply increased (Fig. 3), indicating increase
in micropores aer the intercalation of Al13 cations.

The zeta potentials of montmorillonite particles were also
affected by the intercalation of Al13 cation (Fig. 4). The isoelec-
tric point (pHzpc) increased with increase in the loading amount
of Al13 cations.
3.2 Single contaminant adsorption

In the single contaminant adsorption system, the adsorption of
phosphate and Cd(II) on AlPMts signicantly depended on the
intercalated amount of Al13 cations (Fig. 5). The adsorption
capacities of AlPMts towards phosphate increased with increase
in intercalated Al13 cations (Fig. 5a). On the contrary, for the
removal of Cd(II), the adsorption capacities of AlPMts decreased
with increase in intercalated Al13 cations (Fig. 5b).

In the case of adsorption of phosphate, the higher adsorp-
tion capacities of AlPMts were attributed to the presence of
Al–OH functional group on interlayer Al13 cations.12,22,31–33

Adsorption of phosphate on Al13 pillared montmorillonites was
mainly controlled by ligand exchange mechanism. The hydroxyl
group on Al13 cations can be replaced by phosphate, and thus
phosphate was adsorbed on the adsorbent while hydroxyl was
released to the solution.32,33 The increase in the pH values of the
solution aer phosphate adsorption was an important evidence
for the ligand exchange mechanism (Fig. S1†).32

The adsorption capacities of AlPMts towards Cd(II) decreased
in the order: AlPMt-4.0 < AlPMt-2.0 < AlPMt-1.0 (Fig. 5b).
Although AlPMt-4.0 and AlPMt-2.0 had much larger SSA values,
their adsorption capacities toward Cd(II) were lower than that of
AlPMt-1.0. Montmorillonite is naturally able to efficiently
adsorb heavy metal cations from water through cation
exchange.5–7 The intercalation of Al13 cations, however, resulted
in decrease in the adsorption capacities towards Cd(II). Cations
Table 1 Characterization results of original montmorillonite and Al13
pillared montmorillonites

Samples
d001
(nm)

Mass loss
(200–500 �C, wt%)

Specic surface area
(m2 g�1)

Ca–Mt 1.49 1.93 65.64
AlPMt-1.0 1.53 3.54 111.86
AlPMt-2.0 1.88 5.01 254.72
AlPMt-4.0 1.89 6.33 304.94

RSC Adv., 2015, 5, 77227–77234 | 77229
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Fig. 3 N2 adsorption–desorption isotherms of raw montmorillonite
and Al13 pillared montmorillonites.

Fig. 4 The zeta potential of raw montmorillonite and Al13 pillared
montmorillonites.
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with higher charge always have better capability to exchange
with the original cation of clay minerals and have stronger
electric interaction with the charge sites.34 The high charge of
Al13 (7+) cations boosted the electric interaction of the charge
Fig. 5 Adsorption isotherms of phosphate (a) and Cd(II) (b) on AlPMts in

77230 | RSC Adv., 2015, 5, 77227–77234
sites on montmorillonite. As a result, the intercalated Al13
cations were not readily exchangeable in the adsorption of
Cd(II). According to the XRD and TG result, intercalated Al13
cations did not completely occupy the charge sites on AlPMt-1.0
and AlPMt-2.0. Therefore, the exchangeable cations in the
interlayer space of AlPMt-1.0 and AlPMt-2.0 were of benet to
the adsorption of Cd(II).

Besides the cation exchange adsorption, Cd(II) could also be
adsorbed on the variable charge on the surface of montmoril-
lonites. Aer treatment with Al13, the pHzpc of AlPMt-2.0 and
AlPMt-4.0 increased to 6.81 and 7.56, respectively. When the
solution pH (pH 5 in this study) was lower than their pHzpc, the
variable charges on the surface of AlPMt-2.0 and AlPMt-4.0 were
positive, which may adversely affect the adsorption of Cd(II).
3.3 Simultaneous adsorption of phosphate and Cd(II)

According to the adsorption isotherms of phosphate and Cd(II)
in simultaneous adsorption system (Fig. 6), more of the
contaminants were adsorbed by AlPMts in the simultaneous
adsorption system than in the single adsorption system.

The adsorption quantities of phosphate on all three AlPMts
evidently increased with increase in the initial concentration of
Cd(II) (Fig. 6b). When the initial concentration of Cd(II) exceeded
90 mg L�1, the adsorption of phosphate gradually reached its
maximum (Fig. 6b). Similar to that the observation in the single
adsorption system, AlPMt-4.0 with larger amount of Al13 cations
showed higher adsorption capacity towards phosphate in the
simultaneous adsorption system (Fig. 6a and b). With the
existence of Cd(II), removals of phosphate by AlPMt-4.0 and
AlPMt-2.0 increased by 19.48% and 17.35%, respectively, which
were much higher than that by AlPMt-1.0 (3.75%) (Fig. 7a). This
observation implies that the additional adsorption sites for
phosphate provided by the adsorption of Cd(II) mainly exist on
the surface of Al13 cations on AlPMts.

Similar to the adsorption of phosphate, the adsorptions of
Cd(II) on all three AlPMts were also apparently enhanced in the
simultaneous adsorption system (Fig. 6c and d). The removal of
Cd(II) on AlPMt-4.0, AlPMt-2.0, and AlMt-1.0 was enhanced from
3.33%, 21.42%, and 49.28% to 93.31%, 83.83%, and 70.42%,
single-solute adsorption system.

This journal is © The Royal Society of Chemistry 2015

http://dx.doi.org/10.1039/c5ra15744g


Fig. 6 Simultaneous adsorption results of phosphate and Cd(II) on AlPMts: (a) adsorption isotherms of phosphate on AlPMts (C0,Cd ¼ 90mg L�1);
(b) the effect of initial concentration of Cd(II) on the adsorption quantities of phosphate on AlPMts (C0,P ¼ 80mg L�1); (c) adsorption isotherms of
Cd(II) on AlPMts (C0,P ¼ 80 mg L�1); (d) the effect of initial concentration of phosphate on the adsorption quantities of Cd(II) on AlPMts (C0,Cd ¼
90 mg L�1).
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respectively, in the simultaneous adsorption system (Fig. 7b).
The adsorption of Cd(II), however, strongly depended on the
initial concentration of phosphate and the amount of Al13
cations on AlPMts in the simultaneous adsorption system
(Fig. 6c and d). When the initial concentration of phosphate was
less than 60 mg L�1, the adsorption capacities of AlPMt towards
Cd(II) were still in the order: AlPMt-4.0 < AlPMt-2.0 < AlPMt-1.0
(Fig. 6d). But with the increase of initial concentration of
phosphate, the adsorption quantities of Cd(II) on AlPMt-4.0 and
AlPMt-2.0 were dramatically promoted (Fig. 6d). Then, in a high
Fig. 7 Comparative adsorption of phosphate (a) and Cd(II) (b) on AlPMts i
80 mg L�1, C0, Cd ¼ 90 mg L�1).

This journal is © The Royal Society of Chemistry 2015
initial concentration of phosphate (>60 mg L�1) the adsorption
capacities of AlPMt towards Cd(II) were in the order: AlPMt-4.0 >
AlPMt-2.0 > AlPMt-1.0 (Fig. 6d). These observations indicated
that the adsorption of phosphate provided a lot of additional
sorption sites for the Cd(II) and the synergistic adsorption sites
mainly existed on the surface of Al13 cations on AlPMts.

Compared with the adsorption of phosphate, the adsorption
capacity of AlPMt-4.0 towards Cd(II) was more dependent on the
initial concentration of phosphate in the simultaneous
adsorption system of the present study. Thus, the adsorption
n single (P or Cd) and simultaneous (P + Cd) adsorption system (C0, P ¼

RSC Adv., 2015, 5, 77227–77234 | 77231

http://dx.doi.org/10.1039/c5ra15744g


RSC Advances Paper

Pu
bl

is
he

d 
on

 1
1 

Se
pt

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 Q
ue

en
sl

an
d 

U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
on

 1
4/

09
/2

01
5 

01
:0

8:
01

. 

View Article Online
sites of Cd(II) on AlPMt-4.0 were mainly provided by the adsor-
bed phosphate in the simultaneous adsorption system. In the
case of AlMt-1.0, the enhancement of adsorption of Cd(II) was
much larger than that of phosphate, indicating that Cd(II)
adsorbed by cation exchange might not provide adsorption sites
for phosphate. These ndings suggested that Cd(II) was bound
to the adsorbed phosphate in the simultaneous adsorption
system, with phosphate binding directly to the surface of Al13
cations on AlPMts. The Cd(II) adsorbed by binding to adsorbed
phosphate also could in turn provide some additional adsorp-
tion sites for phosphate.
3.4 Adsorption mechanism

In previous studies, three possible mechanisms have been
proposed to account for the synergistic adsorption of metal
cations and oxyanions to metal (oxyhydr) oxides, namely: the
formation of ternary complexes; surface precipitation; and
enhanced electrostatic interaction.15,18,20,21,35,36

In the present study, phosphate and Cd(II) might form
phosphate-bridge ternary complexes on the surface of Al13
cations on AlPMt. That is, the adsorbed phosphate primarily
occupied the surface of Al13 cations on AlPMt, while most of the
adsorbed Cd(II) were attached to the adsorbed phosphate rather
than directly to the surface of AlPMt. In order to obtain sup-
porting evidence for this hypothesis, XPS was used to examine
the samples aer adsorption of contaminants, since XPS has
been widely used to assess the interaction of inorganic ions with
solid surfaces.

The P2p binding energy of adsorbed phosphate on AlPMt-4.0
in the single adsorption system was slightly higher than that in
the simultaneous adsorption system (Fig. 8a). In the single
Fig. 8 P2p (a) and Cd3d (b) XPS spectra of AlPMt-4.0 after adsorption in

77232 | RSC Adv., 2015, 5, 77227–77234
adsorption system, all adsorbed phosphate was bound directly
to the surface of AlPMt-4.0 as an inner-sphere complex, giving
rise to the large P2p binding energy.15 In the case of the
simultaneous system, a little part of adsorbed phosphate bound
to the adsorbed Cd(II) not directly bound to the surface of
AlPMt-4.0, which resulted in the slightly decreased P2p binding
energy.15

As Zhu et al.15 reported, the Cd3d binding energies of
adsorbed Cd directly bound to surface of adsorbent were much
larger than that of adsorbed Cd bound to the adsorbed phos-
phate. Consistent with Zhu et al.,15 in the present study, Cd3d
binding energies, especially Cd3d5/2 (406.05 eV) of adsorbed Cd
on AlPMt-4.0 in simultaneous-adsorption system were much
lower than that in single-adsorption system (Fig. 8b). This
nding suggested that the chemical environment of adsorbed
Cd in the simultaneous adsorption system was different from
that in the single-adsorption system. As such, one would expect
that in the simultaneous-adsorption system, the Cd adsorbed
was bound to phosphate rather than directly to the surface of
AlPMt-4.0.

On the basis of adsorption and XPS results, the strong
interaction among intercalated Al13 cations, adsorbed phos-
phate, and Cd(II) in simultaneous system indicated that the
formation of ternary complexes might be primarily responsible
for the synergistic adsorption of phosphate and Cd(II) onto
AlPMt-4.0. That is, phosphate rstly binds to Al–OH surface of
intercalated Al13 cations directly via a ligand-exchange mecha-
nism, forming ^Al–P inner-sphere complex. Secondly, Cd(II)
binds to the adsorbed Phosphate to form ^Al–P–Cd ternary
surface complex. Thirdly, the bound Cd may further adsorb
phosphate, forming a ^Al–P–Cd–P complex. A similar bonding
single (P or Cd) and simultaneous (P + Cd) adsorption system.

This journal is © The Royal Society of Chemistry 2015
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mode was proposed by Zhu et al.15 for the adsorption of phos-
phate and Cd(II) on hydroxyiron–montmorillonite complex, and
Li et al.18 for the adsorption of Zn with glyphosate on g-alumina.

Besides, the contribution of electrostatic attraction for the
co-adsorption of phosphate and Cd(II) on AlPMts could not be
neglected. The possibility of other applicable adsorption model
to the co-adsorption of phosphate and Cd(II) on AlPMt also
cannot be ruled out. The models of a ternary adsorption system
might be inuenced by solution pH, physiochemical properties
of adsorbent, adsorption densities of contaminants.15,18,20,21,35,36

Therefore, the co-adsorption mechanism of phosphate and
Cd(II) on AlPMts need to be further studied to clarify the binding
model.
4. Conclusions

The adsorption of phosphate and Cd(II) in single and simulta-
neous adsorption systems was investigated by using Al13 pil-
lared montmorillonite with different Al/clay ratio. The basal
spacing, loaded amount of Al13 cations, and the specic surface
area of AlPMts increased with increase in Al/clay ratio. With
increase in the loaded amount of Al13 cations, the adsorption
capacities of AlPMts toward phosphate increased, but that
toward Cd(II) dramatically decreased in the single-adsorption
system. In the simultaneous-adsorption system, however, the
adsorption of both phosphate and Cd(II) on AlPMts increased
with the increase of loaded amount of Al13 cations, so did the
enhancement of adsorption capacities of AlPMts toward both
contaminants. The adsorption capacities of AlPMts with higher
loaded amount of Al13 cations toward Cd(II) were signicantly
promoted in the simultaneous-adsorption system, indicating
that the surface of intercalated Al13 cations were the
co-adsorption sites. Combined with XPS spectra, the formation
of phosphate-bridged ternary surface complexes might be
primarily responsible for the co-adsorption of phosphate and
Cd(II) onto AlPMt-4.0. Hence, the AlPMts could efficiently
remove both phosphate and Cd(II) from water, and might be a
novel adsorbent for sequestration of heavy metal cations and
oxyanions.
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