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Five natroalunite samples with different morphologies were synthesized.
EG: water ratio controls the morphology and adsorption performance of natroalunite.
NMs show the best performance in Cd(II) and phosphate co-uptake.
Phosphate bridges NMs and Cd(II) in co–removal process and enhances Cd(II) uptake.
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a b s t r a c t
Treatment of wastewater containing several kinds of contaminants poses great challenges, because heavy
metal and inorganic anion contaminants possess different fate and transport mechanisms. Individual
adsorption of Cd(II)/phosphate on clay or metallic oxides has been extensively investigated, but the
mutual effects of these two species in co–existing systems have received little attention. In this study, ﬁve
natroalunite samples with different morphologies were synthesized by a simple hydrothermal method
with appropriate volume ratio of ethylene glycol (EG) to water. The volume ratio of EG to water plays a
key role in the formation of natroalunite samples, and dramatically affects their adsorption capacities.
The mutual effects of Cd(II) and phosphate on their interaction with natroalunite microtubes (NMs) were
investigated by varying experimental conditions, such as pH, temperature and addition sequences. The
results demonstrate that highly efﬁcient co–removal of Cd(II) and phosphate can be accomplished using
NMs, and the process is strongly dependent on solution pH and temperature via the formation of ternary
surface complexes. This study implies that the hydrothermally synthesized NMs can be regarded as a
potential promising material for the co–removal of Cd(II) and phosphate from large volumes of aqueous
solutions in pollution management.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Phases of the alunite supergroup are exceedingly common
in nature, some of which exhibit good stability under a wide
range of environmental conditions and break down only in
strong acid or alkaline media [1,2]. Their general formula is
given by AB3 (TO4 )2 (OH, H2 O)6 , consisting of AO6 (OH)6 icosahedra, BO2 (OH)4 octahedra, and TO4 tetrahedra [3,4]. The A (alkali)
site is occupied by either a monovalent element (Na, K, H, etc.) or
a large divalent or trivalent element (Ca, Ba, Pb, Bi, rare earth, etc.).
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The B site is usually occupied by Fe(III) or Al(III), and TO4 is most
often SO4 2− , AsO4 3− or PO4 3− . Multiple substitutions of different
sites are possible because the charge balance can be compensated
by coupled substitutions at different binding sites, cationic vacancies and/or protonation of OH/TO4 groups [1,5]. The combination
of these properties makes it is possible that these structures have
been proposed for long–time storage of a variety of toxic heavy metals [1]. Along similar lines, these structures are widely employed
to immobilize toxic oxyanions especially arsenate [5,6]. However,
these studies barely focus on the degradation of single contaminant in aqueous solutions rather than those of co–contaminants.
Research on investigating the capacity of these structures to simultaneously remove co–existing contaminants is still scarce.
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With the extensive utilization of chemical regents during production, transport and disposal processes, nowadays heavy metal
pollution has become one of the most serious environmental problems [7–9]. Over the past few decades, the toxicological effects of
aqueous heavy metals on humans and animals have been well recognized [10]. Cadmium (Cd(II)) is a non–essential and toxic heavy
metal contaminant, which widely exists in wastewater, soils, and
sediments due to its excessive release from industrial processes
including mining, metal smelting, alloy manufacturing, and pigment, plastic, battery production [10]. Phosphate is ubiquitous in
the environment, and is an essential macro nutrient for the growth
of organisms in most ecosystems [11]. The concentration of phosphate in surface water can be further increased by the extensive
use of phosphate in industry, agriculture and households. Therefore, Cd(II) and phosphate usually co–exist in many contaminated
areas due to their disposals, which causes a series of environmental
problems. It is well known that phosphate can readily form complex with many heavy metal ions [12]. Besides, phosphate can also
interact with scavengers, and affect their surface charge and overall
reactivity. Both of these may potentially affect the efﬁcient removal
of Cd(II). Therefore, studies that incorporate phosphate into the
co–removal process may have more realistic implications for Cd(II)
treatment and risk assessment than those without co–adsorbing
anions.
In this study, Cd(II) was chosen as a representative of heavy
metal ions due to its extensive negative environmental impacts.
Natroalunite (NaAl3 (SO4 )2 (OH)6 ), a common member of the alunite
group, was synthesized with different volume ratios of ethylene
glycol (EG) to water by a simple hydrothermal method. The volume
ratio of EG to water plays a key role in the formation of natroalunite
microtubes (NMs). An improved understanding of Cd(II) transport
in subsurface media in the presence of phosphate was studied by
adopting batch techniques. This study provides new insights of
Cd(II) and phosphate co–removal on controlled synthesized NMs,
which can broaden the applicability of aluminum materials in
simultaneous heavy metal and oxyanion pollution cleanup.
2. Experimental
2.1. Chemicals and adsorbent preparation
The obtained NMs samples were synthesized in pure EG on
the basis of the previous study [13]. Natroalunite samples with
different morphologies were synthesized with different volume
ratios of EG to water. The chemicals Al2 (SO4 )3 ·18H2 O, EG, absolute ethanol and sodium acetate anhydrous (SAAs) were obtained
from Sinopharm Chemical Reagent Co., Ltd. All chemicals used in
the experiments were of analytical grade and used as received without further puriﬁcation. Milli–Q water (18.2 M/cm) was used to
prepare the solutions throughout the experiments.
Typically, 9.99 g of Al2 (SO4 )3 ·18H2 O was dissolved in 100 mL EG.
Under vigorous stirring, 3.69 g of SAAs was added into the above
solution, and the mixture was kept stirring for 20 min. After that,
the above solution was transferred into a Teﬂon–lined stainless
steel autoclave, sealed and heated to 180 ◦ C for 12 h, then cooled
naturally to room temperature. The obtained white precipitates
were centrifuged and thoroughly washed with Milli–Q water and
absolute ethanol for several times, and ﬁnally dried in an oven at
60 ◦ C.
2.2. Adsorbent characterization
The morphologies of the obtained natroalunite samples were
characterized by scanning electron microscopy (SEM) (JSM–6700F)
and transmission electron microscopy (TEM) (JEOL–2010, Tokyo,

Japan) techniques. The powder X–ray diffraction (XRD) patterns of
the samples were obtained from a D/Max–rB equipped with a rotation anode using Cu K␣ radiation ( = 1.5418 Å). The 2–scanning
rate was 2 min−1 . Fourier transform infrared (FTIR) spectroscopy
measurements were accomplished on a Nicolet Magana–IR 750
spectrometer over a range of 400–4000 cm−1 . The zeta potential
(ZP) and point of zero charge (pHPZC ) of the samples were recorded
using a Zetasizer Nano–ZS90 Instrument (Malvern Co., U.K.) at
25 ◦ C. The pHPZC values of the samples were determined by measuring the ZP values of the adsorbents at various pH values. Nitrogen
adsorption–desorption measurements were taken by using an
ASAP 2020 accelerated surface area instrument (Micromeritics) at
77 K, and by Brunauer–Emmett–Teller (BET) calculations for the
surface areas and corresponding BJH pore size distributions of the
samples synthesized in pure EG and with different volume ratios
of EG to water (7:3 and 5:5).
2.3. Batch experiments
The adsorption experiments of Cd(II) and/or phosphate on
natroalunite samples were carried out in 10 mL polyethylene tubes
under ambient conditions by batch techniques. The adsorption
isotherms were carried out at T = 298, 308, and 318 K, respectively.
Analytical grade Cd(NO3 )2 ·4H2 O was employed to prepare Cd(II)
stock solution, and was further diluted with Milli–Q water to the
desired concentration (90 mg/L). Phosphate stock solution (90 mg
P/L) was prepared with analytical grade Na2 HPO4 ·12H2 O. In order
to achieve homogenization, the stock suspensions of natroalunite
samples (6 g/L) were sonicated for 15 min in an ultrasonic bath
before use. NaNO3 , Cd(II) and/or phosphate stock solutions and
the stock suspensions of natroalunite samples were added into the
polyethylene test tubes to achieve the desired concentrations of
different components. After the addition of the above components,
the ﬁnal concentrations of the natroalunite samples, NaNO3 , Cd(II),
and phosphate in the test tubes were 1 g/L, 0.01 mol/L, 22 mg/L,
and 6 mg/L, respectively. In ternary system containing Cd(II) and
phosphate, the molar ratio of Cd(II) to phosphate is 1: 1. The
desired pH values of the suspensions were adjusted by adding
negligible volumes of 0.1 or 0.01 mol/L HNO3 or NaOH solution.
After the suspensions were shaken for 24 h, the solid and liquid phases were separated by the centrifugation at 9500 rpm for
30 min, and then the supernatants were ﬁltered through 0.22 m
membrane ﬁlters. The concentrations of Cd(II) in the supernatants
were measured by monitoring the Cd(II)–xylenol orange complex
by spectrophotometry at a wavelength of 578.4 nm. The concentrations of phosphate in the supernatants were measured by the blue
phosphate–molybdate complex at 700 nm. The detection limit of
these two analysis methods is 0.10 mg/L.
The removal percentage (%), distribution coefﬁcient (Kd ), and
the adsorbed amount of Cd(II) and phosphate on natroalunite
samples (Cs ) were calculated from the following equations, respectively:
Removal percentage(%) =

C0 − Ce
× 100%
C0

(1)

Kd =

C0 − Ce
V
×
Ce
m

(2)

Cs =

C0 − Ce
×V
m

(3)

where C0 (mg/L) is the initial concentration of Cd(II)/phosphate in
suspension, and Ce (mg/L) is the equilibrium one in supernatant,
Cs (mg/g) is the concentration of ions adsorbed on solid phase, V
(L) is the volume of the suspension, and m (g) is the mass of the
adsorbent. All of the experimental data are the averages of triplicate
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determinations. The relative error values of the data are less than
5%.
The mutual effects of Cd(II)/phosphate concentrations and addition sequences on the interaction of Cd(II) and phosphate with
NMs were also studied in detail. The addition sequences are listed
as follows: (1) NMs, Cd(II), phosphate and NaNO3 were added
simultaneously (denoted as (NMs + Cd(II) + phosphate)); (2) NMs,
phosphate and NaNO3 were pre–equilibrated for 24 h before the
addition of Cd(II) (denoted as (NMs + phosphate) + Cd(II)); and (3)
Cd(II), phosphate and NaNO3 were pre–equilibrated for 24 h before
the addition of NMs (denoted as (Cd(II) + phosphate) + NMs). These
addition sequence experiments were performed to investigate the
effects of the aqueous phosphate and the adsorbed phosphate
on the adsorption of aqueous Cd(II), and to deﬁne the important
impact of the aqueous Cd(II)–phosphate complex on Cd(II) adsorption.

3. Results and discussion
3.1. Effect of the volume ratio of EG to water on natroalunite’s
morphology and adsorption capacity
As the previous study has reported, the volume ratio of EG to
water plays a key role in the formation of NMs [13]. Natroalunite
samples synthesized with different volume ratios of EG to water
(i.e., 9:1, 7:3, 6:4, and 5:5) were characterized by SEM technique
and the relevant morphology results were shown in Fig. 1. At a
volume ratio of 9:1, the natroalunite microtubes form, but large
numbers of spheres are also obtained (Fig. 1a). When gradually
increase the volume ratio of water to EG, more spheres form and the
numbers of microtubes decrease (Fig. 1b). When further decrease
the volume ratio of EG to water (e.g., the ratio lower than 6:4),
few microtubes are barely observed and all the obtained natroalunite samples appear in sphere shapes. Therefore, the above results
indicate that the volume ratio of EG to water plays key role in the
structure of the high puriﬁed NMs, and the presence of water will
be in favor of the growth of the spheres.
Relevant ZP and pHPZC data of natroalunite samples synthesized in pure EG and with different volume ratios of EG to water
were shown in Fig. 2. In the tested pH range, potential values of
these four kinds of natroalunite samples decrease with increasing
pH due to the proton desorption from solid surface. All natroalunite samples exhibit positive electrophoretic mobility in relative
low pH ranges, and negative electrophoretic mobility in relative
high pH ranges with the isoelectric point near pH value of 8.8 for
pure EG, 9.3 for 9:1, 10.0 for 7:3, 10.5 for 6:4, and 10.7 for 5:5.
The ZP measurement can be employed to measure the magnitude
and sign of the effective surface charge density associated with
the double layer around the colloid particles [14]. The results in
Fig. 2 show the effective surface charge densities increase in the
following order: pure EG < 9:1 < 7:3 < 6:4 < 5:5. The surface charge
density is directly related to the concentration of the ionized groups
[15]. These results also indicate that the volume ratio of EG to
water plays the signiﬁcant inﬂuence on the concentration of the
ionized groups. When the solution pH shifts to alkaline condition,
the ionizable groups (e.g., hydroxyl group) on natroalunite surfaces
dissociate, and natroalunite obtains its stronger negative charge.
These results are similar to the results reported by Peng et al. [16]
and Xu et al. [17], who found that different particles exist large
differences in zeta potential. The obtained BET speciﬁc surface area
and BJH average pore diameter parameters of natroalunite samples
synthesized in pure EG and with different volume ratios of EG to
water (7:3 and 5:5) were shown in Fig. 2c–d and listed in Table 1.
The natroalunite sample prepared in pure EG possesses relative
highest BET surface areas of 170.63 m2 /g, followed by 106.91 m2 /g
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Table 1
BET surface area and BJH average pore diameter parameters of natroalunite samples
synthesized in pure EG and with different volume ratios of EG to water (7:3 and 5:5).
Volume ratio

BET surface area (m2 /g)

BJH average pore diameter (nm)

Pure EG
7:3
5:5

170.63
106.91
40.12

5.85
4.35
7.27

and 40.12 m2 /g for the ones prepared with the volume ratio of 7:3
and of 5:5, respectively, suggesting that the volume ratio of EG to
water also plays the signiﬁcant inﬂuence on physical properties of
natroalunite samples.
As the adsorption process occurs on the adsorbent surface in
most cases, the morphology of the adsorbent may play an important
role in its adsorption performance. In order to ﬁnd the optimum
morphology of natroalunite with the best adsorption performance,
the co–removal of Cd(II) and phosphate retained by natroalunite samples synthesized with different volume ratios of EG to
water were carried out at pH = 7.0 in the ternary system. The
adsorption isotherms of Cd(II) and phosphate retained by natroalunite samples (Fig. 3), and the plots of Cs,max versus the volume
ratios of EG to water (Fig. 4) indicate that the adsorption capacities of these four kinds of natroalunite samples for both Cd(II)
and phosphate in the co–existing systems follow a descending
order: 9:1 > 7:3 > 6:4 > 5:5. This suggests that the adsorption capacity of natroalunite decreases with decreasing volume ratio of EG to
water. Therefore, adjusting the surface structure of the adsorbent
is essential in improving its adsorption performance. At pH = 7.0,
the natroalunite synthesized with a volume ratio of 5:5 shows the
highest positive charge (Fig. 2a). If the electrostatic interaction was
the dominant adsorption mechanism, it should exhibit the best performance for phosphate removal. However, our experiment result
(Fig. 3b) shows it has the lowest adsorption capacity for phosphate.
These results clearly indicate that the electrostatic interaction may
participate in the phosphate adsorption but does not play the decisive role. While, the Cd(II) adsorption capacities of natroalunite
are positively correlated with the concentration of ionized groups,
indicating ionized groups play an important role in Cd(II) adsorption. Additionally, the adsorption capacities of natroalunite for both
Cd(II) and phosphate are also positively correlated with the surface
areas, suggesting physical adsorption is another factor affecting
the co–removal of Cd(II) and phosphate on natroalunite. In the
following part, NMs synthesized in pure EG with the best adsorption performance was chosen to study the co–removal of Cd(II)
and phosphate in detail. The low- and high-magniﬁcation SEM
images (Fig. 5a and b) show that the obtained NMs samples mainly
appear to be in tubular shapes. The low- and high-magniﬁcation
TEM images (Fig. 5c and d) show that NMs samples are hollow and
the thickness of the wall is not very uniform, indicating that most
of the NMs samples appear in rough tubular morphologies.
3.2. Mutual effects of Cd(II) and phosphate on their interaction
with NMs
3.2.1. Cd(II) adsorption edge
The solution pH affects the ionization of functional groups on
NMs and the species of Cd(II) and phosphate, so pH is one of the
most important parameters controlling the co–removal of Cd(II)
and phosphate. The adsorption of Cd(II) on NMs in the absence and
presence of phosphate (6 mg P/L) as a function of pH was shown
in Fig. 6a. The adsorption of Cd(II) on NMs increases with increasing pH values, as expected for metal cation removal by variably
charged oxide surfaces [9,10]. The presence of phosphate does not
change the shape of pH–dependent adsorption edge for Cd(II) but
moves it to lower pH, suggesting that the presence of phosphate
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Fig. 1. SEM images of natroalunite samples synthesized with different volume ratios of EG to water: (a) 9:1, (b) 7:3 (c) 6:4 and (d) 5:5.

Fig. 2. (a) The zeta potentials of natroalunite samples synthesized in pure EG and with different volume ratios of EG to water versus pH. m/V = 1 g/L, I = 0.01 mol/L NaNO3 .
Nitrogen adsorption–desorption isotherms and corresponding BJH pore size distributions (insets) of natroalunite samples synthesized (b) in pure EG and with different
volume ratios of EG to water of (c) 7:3 and (d) 5:5.

has a positive effect on Cd(II) adsorption, as reported by Venema
et al. [18] and Guo et al. [19,20]. Addition of phosphate decreases
the electrostatic potential near the NMs’ surface [18], meanwhile

phosphate can form complex with Cd(II) and thus reduce the electropositivity of Cd2+ . Both cause an increase in the overall Cd(II)
concentration near the NMs’ surface, and consequently the increase
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Fig. 3. Adsorption isotherms of (a) Cd(II) in the presence of phosphate (6 mg P/L), and (b) phosphate in the presence of Cd(II) (22 mg/L) retained by natroalunite samples
synthesized with different volume ratios of EG to water. pH = 7.0 ± 0.1, m/V = 1 g/L, I = 0.01 mol/L NaNO3 and equilibrium time = 24 h. The volume ratios of EG to water are 9:1,
7:3, 6:4 and 5:5, respectively. Symbols denote experimental data, solid lines represent the model ﬁtting of Langmuir equation.

Fig. 4. Adsorption capacities of natroalunite samples synthesized with different volume ratios of EG to water in the co–removal of (a) Cd(II) in the presence of phosphate
(6 mg P/L), and (b) phosphate in the presence of Cd(II) (22 mg/L) in the co–existing system. pH = 7.0 ± 0.1, m/V = 1 g/L, I = 0.01 mol/L NaNO3 and equilibrium time = 24 h. The
volume ratios of EG to water are 9:1, 7:3, 6:4 and 5:5, respectively.

of Cd(II) surface loading on NMs. These observations indicate that
interaction between Cd(II) and phosphate as well as interaction
between phosphate and NMs are important in controlling Cd(II)
adsorption.

Table 2
Parameters of Cd(II) and phosphate adsorption isotherms modeled by the Langmuir
equation and Freudlich equation.
Cd(II)
No phosphate

3.2.2. Adsorption isotherms of Cd(II)
The stimulative effect of the used phosphate is also evidenced
in adsorption isotherms recorded at pH = 7.0. The adsorption
isotherms of Cd(II) on NMs in the absence and presence of phosphate (6 mg P/L) were presented in Fig. 6b. In order to gain
better understanding of the interaction mechanism, Langmuir
and Freundlich isotherm models were conducted to simulate the
adsorption isotherms. Based on the assumption that adsorbent
is structurally homogeneous, and the adsorption process occurs
on identically and energetically equivalent adsorption sites, the
Langmuir model is widely used for the ﬁtting of a monolayer
adsorption [21]. Unlike the Langmuir model, Freundlich model
is a semi–empirical equation based on the assumption that the
adsorption phenomenon occurs on heterogeneous surfaces [22].
The Langmuir and Freundlich models are represented as follows:
Cs =

bCs,max Ce
1 + bCe

Cs = kF Cen

(4)
(5)

where Cs,max (mg/g) is the maximum amount of ions per unit weight
of adsorbent to form a complete monolayer coverage on the surface, b (L/mg) is the Langmuir constant related to the energy of
adsorption, and KF (mg1−n Ln /g) and n are Freundlich constants.
The obtained parameters were listed in Table 2. From the cor-

phosphate
6 mg P/L

No Cd(II)

22 mg/L Cd(II)

Langmuir isotherm ﬁt
Cs ,max (mg/g)
56.47
0.22
b (L/mg)
0.999
R2
0.96
RL

66.22
0.20
0.997
0.96

20.12
0.05
0.996
0.99

22.36
0.14
0.988
0.97

Freundlich isotherm ﬁt
0.63
n
10.87
KF (mg1−n Ln /g)
0.994
R2

0.66
11.58
0.982

0.64
1.39
0.981

0.46
4.20
0.989

relation coefﬁcients, one can see that Langmuir model ﬁts the
adsorption isotherms better than Freundlich model, suggesting the
presence of homogeneous surface sites and that monolayer adsorption is occurring for Cd(II) adsorption in the binary and ternary
systems. According to the Langmuir model simulation, the Cs,max
values of Cd(II) on NMs in the absence and presence of phosphate
are 56.47 and 66.22 mg/g, respectively. The presence of phosphate
signiﬁcantly increased the adsorption capacity of NMs for Cd(II),
suggesting that the co–adsorbing phosphate plays a very important
role in Cd(II) adsorption.
In order to examine whether the adsorption is favorable or not,
the essential characteristics of Langmuir isotherm can be expressed
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Fig. 5. Characterizations of the as–synthesized NMs products: (a) low–magniﬁcation and (b) high–magniﬁcation SEM images. (c) low–magniﬁcation and (d)
high–magniﬁcation TEM images.

Fig. 6. (a) Effect of pH on Cd(II) retained by NMs in the absence and presence of phosphate. C[Cd(II)]initial = 22 mg/L, C[phosphate]initial = 6 mg P/L, m/V = 1 g/L, I = 0.01 mol/L NaNO3
and equilibrium time = 24 h. (b) Adsorption isotherms of Cd(II) retained by NMs in the absence and presence of phosphate. C[phosphate]initial = 6 mg P/L, pH = 7.0 ± 0.1, m/V = 1 g/L,
I = 0.01 mol/L NaNO3 and equilibrium time = 24 h. Symbols denote experimental data, solid and dash lines represent the model ﬁtting of Langmuir and Freundlich equations,
respectively.

in terms of a dimensionless constant separation factor RL which is
given by the following equation:
RL =

1
1 + bC0

(6)

Relevant parameters were also summarized in Table 2. The calculated RL values for both investigated systems fall in the range
of 0–1, which indicates that the adsorption of Cd(II) on NMs is
favorable, and the Cd(II) ions tend to remain bounding on the NMs’
surfaces [23].
3.2.3. Phosphate adsorption edge
The effect of pH on the adsorption of phosphate on NMs in the
absence and presence of Cd(II) (22 mg/L) was presented in Fig. 7a.

One can see that the presence of Cd(II) has almost no obvious effect
on the interaction of phosphate on NMs in the whole pH ranges.
The optimum pH values for the uptake of phosphate appear at pH
5.0–8.0. At pH < 5.0, the adsorbed amount of phosphate decreases
with the decrease of pH in spite of the increase of the zeta potential.
This might be attributed to the decrease of H2 PO4 − proportion with
a higher afﬁnity to NMs and to the formation of H3 PO4 reducing
the coulombic attraction between phosphate and the NMs’ surfaces [24,25]. At pH > 8.0, the adsorption of phosphate on NMs is not
favored with further increasing pH. There are two possible explanations contributing to the decrease of phosphate uptake under
alkaline conditions. Firstly, with the increase of pH, the zeta potential of NMs decreases and becomes negative at pH > 8.8, which tends
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Fig. 7. (a) Effect of pH on phosphate retained by NMs in the absence and presence of Cd(II). C[phosphate]initial = 6 mg P/L, C[Cd(II)]initial = 22 mg/L, m/V = 1 g/L, I = 0.01 mol/L NaNO3
and equilibrium time = 24 h. (b) Adsorption isotherms of phosphate retained by NMs in the absence and presence of Cd(II). C[Cd(II)]initial = 22 mg/L, pH = 7.0 ± 0.1, m/V = 1 g/L,
I = 0.01 mol/L NaNO3 and equilibrium time = 24 h. Symbols denote experimental data, solid and dash lines represent the model ﬁtting of Langmuir and Freundlich equations,
respectively.

to repel phosphate ions via coulombic repulsion. Secondly, OH−
competes strongly with phosphate for the limited active adsorption sites. The retention of OH− on the surface of NMs leads to
the formation of a new charged layer, and reduces the afﬁnity of
NMs surface towards phosphate [26]. Although the existence of
Cd(II) does increase the zeta potential of NMs, Cd(II) does not cause
much increase in phosphate adsorption. This ﬁnding also supports
that electrostatic interaction is not the dominant mechanism of
phosphate adsorption in ternary system.
3.2.4. Adsorption isotherms of phosphate
The adsorption isotherms of phosphate on NMs in the absence
and presence of Cd(II) (22 mg/L) were shown in Fig. 7b. One can see
that the presence of Cd(II) has little effect on phosphate adsorption at low initial phosphate concentrations (≤3.2 mg P/L), while
a positive effect of Cd(II) on phosphate adsorption is observed at
high initial phosphate concentrations (>3.2 mg P/L). A combination
of surface complexation and precipitation, whose relative contribution depends on the surface coverage of phosphate, is proposed
for the adsorption of phosphate on NMs. According to the Langmuir model simulation, the Cs,max values of phosphate on NMs
in the absence and presence of Cd(II) are 20.12 and 22.36 mg P/g,

respectively. As compared with the adsorbents previously reported
in other literatures (Table 3), NMs synthesized in pure EG possess
higher Cd(II) and phosphate adsorption capacities than most of the
common adsorbents [27–42].
3.2.5. Thermodynamic study
To evaluate the thermodynamic feasibility of the co–removal
process of Cd(II) and phosphate, the effect of temperature were
carried out and three thermodynamic parameters were calculated
from the adsorption isotherms. The parameters including standard
enthalpy change (H0 , kJ/mol), standard entropy change (S0 ,
J/(mol K)), and standard Gibbs free energy (G0 , kJ/mol) are useful in deﬁning whether the adsorption process is endothermic or
exothermic, spontaneous or not. The standard Gibbs free energy
(G0 ) can be calculated from the equation as follows:
G0 = −RT ln K 0

(7)

where R (8.3145 J/(mol K)) is the ideal gas constant, and T (K) is the
absolute temperature in Kelvin. The adsorption equilibrium constant (K0 ) can be calculated by plotting lnKd versus Ce (Fig. 8c) and
extrapolating Ce to zero.

Table 3
Comparison of Cd(II) and phosphate adsorption capacities of NMs with adsorbents reported in other literatures.
Adsorbents

Experimental conditions

Cs ,max (mg/g)a

Refs.

Cd(II)
Duolite ES 467 resin
CChT –700
GMZ bentonite
Eucalyptus bark
P–SRWA
Wheat bran
Wheat bran
Calcareous clay loam
Natroalunite microtubes

pH = 4.9, T = 303 K
ND
pH = 6.5, T = 298 K
pH ND, T = 293 K
ND
pH = 5.0, T = 293 K
pH = 5.0, T = 293 K strring + ultrasound
pH = 8.0, T = 298 K
pH = 7.0, T = 298 K

13.77
24.69
10.96
14.53
25.2
15.71
51.81
0.51b
66.22

[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
This work

phosphate
Magnetic Fe–Zr binary oxide
Hydrous Nb oxide
La doped vesuvianite
Calcined metal hydroxide sludge
Iron oxide tailings
Blast furnace slags
␥–Al2 O3
␥–Al2 O3
Natroalunite microtubes

pH = 4.0, T = 298 K
pH = 2.0, T = 298 K
pH = 7.1, T = 293 K
pH = 6.95, T = 298 K
pH = 6.6–6.8, T = 293 K
pH = 7.0, T = 298 K
pH = 5.5, T = 298 K, in the presence of 6 mg/L Cu(II)
pH = 6.5, T = 298 K, in the presence of 9.75 mg/L Zn(II)
pH = 7.0, T = 298 K

13.65
15
6.7
16.48
8.2
18.9
4.46
0.15
22.36

[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
This work

ND: No data.
a
The author reported, and calculated from the adsorption isotherm or Langmuir isotherm equation.
b
Calculated from the Freundlich isotherm equation.
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Fig. 8. Adsorption isotherms of (a) Cd(II) on NMs in the presence of phosphate (6 mg P/L) and (b) phosphate on NMs in the presence of Cd(II) (22 mg/L) at different temperatures.
Symbols denote experimental data, solid lines represent the model ﬁtting of Langmuir equation. (c) Linear plots of lnKd versus Ce for the adsorption of Cd(II) and phosphate.
(d) Linear plots of lnK0 versus 1/T for the adsorption of Cd(II) and phosphate. pH = 7.0 ± 0.1, m/V = 1 g/L, I = 0.01 mol/L NaNO3 and equilibrium time = 24 h.
Table 4
Thermodynamic parameters of Cd(II) and phosphate adsorption on NMs.
T (K)

G0 (kJ/mol)

H0 (kJ/mol)

S0 (J/(mol K))

Cd(II)
298
308
318

−10.25
−11.65
−13.03

31.18

139.02

phosphate
298
308
318

−16.06
−17.07
−18.15

15.08

104.47

The standard enthalpy change (H0 ) and the standard entropy
change (S0 ) can be calculated from the following equation:
ln K 0 =

S 0
H 0
−
R
RT

(8)

where the slope and intercept of the plot of lnK0 versus 1/T are
−H0 /R and S0 /R, respectively. Linear plots of lnK0 versus 1/T
for Cd(II) and phosphate at T = 298, 308, and 318 K are shown in
Fig. 8d, and the thermodynamic parameters of Cd(II) and phosphate
adsorption on NMs were listed in Table 4. The negative values of
G0 indicate the co–removal process of Cd(II) and phosphate on the
surface of NMs are both favorable and spontaneous. The positive
values of H0 (31.18 and 15.08 kJ/mol for Cd(II) and phosphate,
respectively) conﬁrm the adsorption to be endothermic, which is
consistent with the adsorption isotherms.
3.3. Interaction mechanisms of Cd(II) and phosphate with NMs
3.3.1. Addition sequences
The enhancement of Cd(II) adsorption on NMs by the
co–existing phosphate anions can be attributed to the four

following possible reasons [43]: (1) the decrease in zeta potential
of NMs due to the adsorption of negatively charged phosphate makes the positive Cd(II) much easier to be captured
by NMs; (2) Cd(II) can be captured by the adsorbed phosphate, forming ternary cation–anion–surface complexes; (3)
the presence of phosphate stabilizes the Cd(II) adsorption on
the unfavorable sites and anchors Cd(II)–phosphate complex
on adsorption sites; (4) the Cd(II)–phosphate complex may
precipitate from solution [44]. In order to clarify these four
mechanisms and to investigate the important impact of the
aqueous phosphate, the adsorbed phosphate, and the aqueous
Cd(II)–phosphate complex on Cd(II) adsorption, the addition
sequences of phosphate and Cd(II) into NMs suspensions were
carried out. As shown in Fig. 9, the amounts of Cd(II) retained by
NMs for different addition sequences decrease in the following
order:
(Cd(II) + phosphate) + NMs ≈ (NMs + Cd(II) + phosphate) >
(NMs + phosphate) + Cd(II) ≈ (NMs + Cd(II)). In the presence of
phosphate, the effect of addition sequences on Cd(II) retained by
NMs is similar to that of addition sequences on Cu(II) captured by
␥–Al2 O3 [41], but different to that of addition sequences on Zn(II)
captured by ␥–Al2 O3 [42].
The adsorption of Cd(II) in (NMs + phosphate) + Cd(II) system
is similar to that of Cd(II) in binary NMs + Cd(II) system. On one
hand, the pre–retained phosphate can decrease the surface charge
of NMs, and provide new adsorption sites for Cd(II), accordingly
enhancing Cd(II) adsorption. On the other hand, the adsorbed phosphate might block some of the adsorption sites for Cd(II), and
accordingly reduce Cd(II) adsorption [45]. The positive and negative effects might offset each other, so the pre–retained phosphate
has almost no distinct effect on Cd(II) adsorption. When Cd(II) and
phosphate are added simultaneously, all active adsorption sites
are available to Cd(II). Therefore, the adsorbed amount of Cd(II)
in (Cd(II) + phosphate) + NMs and (NMs + Cd(II) + phosphate) sys-
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Fig. 9. The addition sequences of Cd(II) and phosphate on Cd(II) retained by NMs.
C[phosphate]initial = 6 mg P/L, pH = 7.0 ± 0.1, m/V = 1 g/L, I = 0.01 mol/L NaNO3 and equilibrium time = 24 h.

tems are almost the same and highest. These ﬁndings indicate
that Reason 2 does not play the dominant role in the adsorption
enhancement of Cd(II) by phosphate. The dependence of Cd(II)
adsorption on phosphate initial concentration (Fig. 10a) combined
with the independence of phosphate removal on Cd(II) initial concentration (Fig. 10b) indicates the formation of ternary surface
complexes, where phosphate bridges the NMs surface and Cd(II)
ions [46,47].
3.3.2. Zeta potential of NMs suspensions
ZP measurement is also useful in indirectly distinguishing
inner–sphere surface complexes from outer–sphere surface complexes [48,49]. The variation of the ZP values of NMs before and
after Cd(II) and/or phosphate adsorption as a function of pH were
measured and shown in Fig. 11. The results indicate that the pHPZC
value of the bare NMs’ surface is ∼8.8. The pHPZC value decreases to
∼7.8 when Cd(II) and phosphate were added simultaneously. The
presence of Cd(II) and phosphate leads to the change of both ZP
and pHPZC at NMs–water interface, further supporting the chemical interaction rather than pure electrostatic interaction controls
the interaction of Cd(II) and phosphate with NMs [50]. After Cd(II)
was loaded on the NMs’ surface in the absence of phosphate, the
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Fig. 11. The zeta potentials of NMs before and after Cd(II) and/or phosphate adsorption versus pH. m/V = 1 g/L, I = 0.01 mol/L NaNO3 .

pHPZC of NMs shifts from approximately 8.8–9.5. The increased zeta
potential value suggests that Cd(II) is adsorbed in cationic form
in the absence of phosphate [51]. However, when both Cd(II) and
phosphate present, the zeta potential value of NMs decreases. In
the presence of phosphate without Cd(II), the pHPZC value of NMs
further shifts toward lower pH, signifying anionic adsorption. These
results indicate that Cd(II) is adsorbed in anionic form by NMs in
the presence of phosphate.
3.3.3. XRD analysis
The obtained NMs samples before and after Cd(II) and phosphate co–removal were characterized by XRD analysis, and the
results were shown in Fig. 12a. The typical diffraction peaks of
pure NMs samples before adsorption at 2 = 18.19◦ , 25.56◦ , 30.21◦ ,
40.66◦ , 48.03◦ and 52.45◦ correspond to the primary diffraction
of the (012), (110), (113), (122), (303), and (220) planes of the
NaAl3 (SO4 )2 (OH)6 , respectively (JCPDS card No.41–1467). No other
diffraction peak is detected, suggesting high puriﬁed products
are obtained. From Fig. 12a, the characteristic peak positions and
d–spacing of NMs do not change obviously after the co–removal
process, indicating that the structure and crystallinity of NMs are
maintained. Additionally, the intensities of NMs slightly increase
at approximately 2 = 10.62◦ and 30.20◦ after Cd(II) and phosphate

Fig. 10. (a) Effect of initial phosphate concentration on Cd(II) retained by NMs, C[Cd(II)]initial = 22 mg/L. (b) Effect of initial Cd(II) concentration on phosphate retained by NMs,
C[phosphate]initial = 6 mg P/L. pH = 7.0 ± 0.1, m/V = 1 g/L, I = 0.01 mol/L NaNO3 , equilibrium time = 24 h.
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Fig. 12. (a) XRD patterns and (b) FTIR spectra of the obtained NMs samples before and after Cd(II) and phosphate co–removal.

co–removal, which corresponds to the form of Cd(II)–phosphate
complex (JCPDS card No. 14-0400) [52].
3.3.4. FTIR analysis
Fig. 12b showed the FTIR spectra of NMs before and after Cd(II)
and phosphate co–removal. For the pure NMs samples, the strong
absorption band at 3456 cm−1 is attributed to the vOH band of
natroalunite [53]. The absorption band at 1636 cm−1 corresponds to
the bending vibration of hydroxyl groups from water and natroalunite. The bands at 1028 and 515 cm−1 correspond to the hydroxyl
and Al O stretching vibrations of natroalunite. Furthermore, the
strong bands at 436, 630, 1103 and 1228 cm−1 can be assigned
to the vibrations of SO4 2– [53–55]. Finally, the band at 599 cm−1
is due to an out–of–plane bending vibration of hydroxyl groups
[53,56]. From Fig. 12b, compared with intensity of the Al O stretching vibration at 515 cm−1 , all the FTIR peaks of the hydroxyl groups
and the sulfate anions turned weak after the adsorption of Cd(II) and
phosphate. These results suggest that both of the hydroxyl groups
and the sulfate anions participate in the co–removal process.
4. Conclusions
The natroalunite samples with different morphologies were
synthesized by a simple hydrothermal method and by adjusting
the volume ratio of EG to water. The natroalunite can be used as an
adsorbent for Cd(II) and phosphate co–removal from aqueous solutions, and its adsorption capacity increases with increasing volume
ratio of EG to water. The obtained NMs show the best performance
in Cd(II) and phosphate co–removal. The adsorption characteristics
of NMs for Cd(II) and phosphate can be affected by the presence
of the other one. The removal of Cd(II) can be improved by the
presence of phosphate due to the formation of ternary surface complexes, while no signiﬁcant changes in phosphate adsorption in the
presence of Cd(II) are observed in the whole tested pH ranges. The
adsorption enhancement of Cd(II) on NMs in the presence of phosphate will minimize its potential risk to water quality. Findings of
this work demonstrate the potential utility of NMs as the potential adsorbent for Cd(II) and phosphate co–removal in pollution
management.
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