
E

Y
Y
a

b

T

a

A
R
R
A
A

K
F
L
S
F
H

1

s
a
1
t
c
r
b
a
a
s
r
[

v
s
a
v
u
[
t

0
d

Journal of Hazardous Materials 176 (2010) 193–198

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

ffective removal of selenate from aqueous solutions by the Friedel phase

ueying Wua, Ying Chia, Hongmei Baia, Guangren Qiana,∗, Yali Caoa, Jizhi Zhoub,
unfeng Xua, Qiang Liua, Zhi Ping Xub,∗∗, Shizhang Qiaob

School of Environmental and Chemical Engineering, Shanghai University, Shanghai 200072, PR China
ARC Centre of Excellence for Functional Nanomaterials, Australian Institute for Bioengineering and Nanotechnology and School of Engineering,
he University of Queensland, Brisbane, QLD 4072, Australia

r t i c l e i n f o

rticle history:
eceived 1 April 2009
eceived in revised form 3 November 2009
ccepted 3 November 2009

a b s t r a c t

This research has demonstrated that the Friedel phase, e.g. a chloride-containing hydrocalumite
(Ca2Al(OH)6Cl(H2O)2·mH2O), can rapidly adsorb large amounts of SeO4

2− (up to 1.37 mmol/g). SeO4
2−

is removed via anionic exchange, as evidenced by the expansion of the d-spacing from 0.78 nm of Cl-
hydrocalumite to 0.97–0.98 nm of SeO4-hydrocalumite. The newly formed SeO4-adsorbed hydrocalumite
vailable online 10 November 2009

eywords:
riedel phase
ayered double hydroxide
elenate

is stable in water at pH 4–13, indicating the strong fixation of selenate within the phase. In contrast, inter-
calated selenate in the Freidel phase can be recovered by desorbing in the NaCl solution, which can also
regenerate and recycle the used adsorbent. The findings in this research strongly suggest that the Friedel
phase is a new, environmentally friendly and cost-effective adsorbent to adsorb selenate from wastewater
streams and dilute solutions.
ixation
ydrocalumite

. Introduction

Selenium, existing mainly in selenate and selenite in wastewater
treams, is recognized as a severe environmental and health hazard
s it is toxic to all living organisms and has a long half life (about
05 years) with high mobility within the eco-environmental sys-
em. Letey et al. reported that 10 ppb of selenate (SeO4

2−) in water
an cause death and birth deformities of waterfowls [1]. For this
eason, the U.S. EPA set up the primary drinking-water standard to
e 0.01 mg(Se)/l [2]. However, many anthropogenic activities, such
s agricultural irrigation with drainage water and various mining
nd oil refinery effluents (170–4900 �g/l) [3], result in selenate and
elenite entering the environment and water systems. Therefore,
emoval of selenium from wastewater streams is urgently needed
4].

The current strategy is to adsorb the selenate/selenite with
arious adsorbents to form precipitates and thus immobilize the
elenate/selenite [5–13]. Hence, the key issue is to devise a suit-
ble immobilizing phase to fix a high amount of selenate/selenite

ia adsorption, exchange, and/or oxidation–reduction, such as
sing designed adsorbent to remove various heavy metals
14,15]. A number of adsorbents have been investigated with
he removal capacity mostly ranging from 0.1 to 0.81 mmol/g
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(Table 1), where hydrocalumite is most cost-effective. Fur-
ther, interest in hazardous waste treatment processes using
hydrocalumite has grown steadily in the past few years [16].
Hydrocalumite ([Ca2(Al,Fe)(OH)6]+X−·mH2O, denoted as AFm con-
ventionally) has the same lamellar structure as natural hydrotalcite,
where X− is an anion, such as OH−, Cl−, SO4

2−, and CO3
2−.

Hydrotalcite-like compounds, known as layered double hydrox-
ides (LDHs), are a family of anionic clay minerals consisting of
cationic brucite-like layers and exchangeable interlayer anions,
and most can be nominally expressed as a chemical formula
[M1−x

2+Mx
3+(OH)2]x+(An−)x/n·mH2O, where M2+ represents any

divalent metal cation, M3+ any trivalent metal cation and An−

an anion (inorganic or organic) [17]. Due to their unique prop-
erties, LDHs and their derived materials have found many
potential applications in water treatment [17–19]. In particular,
MgAl–Cl–LDH, ZnAl–Cl–LDH, ZnFe–SO4–LDH were used to adsorb
selenate/selenite, showing that LDHs are a potential effective
adsorbent for selenate/selenite [6,12].

In this study, hydrocalumite was selected for the following rea-
sons. Firstly, hydrocalumite (AFm) mainly occurs in the hydrated
cement paste, and thus can be cheaply prepared. Secondly, hydro-
calumite immobilizes various metal oxyanions, such as chromate
and arsenate [20–27]. Chrysochoou and Dermatas [23] established

that AFm is more suitable than ettringite (AFt–SO4) for oxyan-
ion immobilization. Finally, some studies have demonstrated that
the cement hydrate products (AFm–SO4, AFt–SO4, C–S–H etc.) can
adsorb SeO4

2−, but AFm–SO4 (sulfate hydrocalumite) is more effec-
tive [24–26], involving the substitution of SO4

2− with SeO4
2− in

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:grqian@shu.edu.cn
mailto:gordonxu@uq.edu.au
dx.doi.org/10.1016/j.jhazmat.2009.11.012
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Table 1
The adsorption capacities of selenate onto different adsorbents
([SeO4

2−] = 0–10 mM).

Sorbent Capacity (mmol/g) Reference

Mg2Al–Cl–LDH ∼0.3 [12]
Mg4Al–Cl–LDH ∼0.25 [12]
Zn2Al–Cl–LDH ∼0.3 [12]
Mg2Al–SO4–LDH ∼0.1 [6]
Zn2Fe–SO4–LDH ∼0.2 [6]
Fe/NN-MCM-41 0.81 [40]
Functionalized zeolite 0.002 [5]
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Cuprite 0.012 [10]
Aluminum-oxide-coated sand 0.012 [7]
Friedel phase (AFm–Cl) 1.37 This study

he sorption mechanism [20–22,27]. In particular, the Friedel phase
Fm–Cl (Ca2Al(OH)6Cl(H2O)2·mH2O, chloride hydrocalumite) is a
ajor hydration product found in concrete submerged in seawa-

er, which is subjected to Cl− corrosion. As Cl− has a less affinity for
ydrocalumite than SO4

2− and CO3
2−, it is believed that the ion sub-

titution of Cl− with SeO4
2−, e.g., adsorption of SeO4

2−, takes place
ore easily. Qian et al. [28] established that Cl-rich MSWI fly ash

an effectively stabilize chromate in the co-disposal of Cr-bearing
ndustrial sludge via the formation of chromate–AFm. Hence, in
his research, our aim was to investigate the adsorption–desorption
ehaviors of SeO4

2− over the Friedel phase (AFm–Cl) in aque-
us solution. We examined the fixation property of selenate on
he Friedel phase and the chemical stability of the selenate–AFm
roducts, and sought to understand the mechanism of SeO4

2−

dsorption/fixation on the Friedel phase.

. Materials and methods

.1. Chemicals

Alumina (Al2O3, AR grade), sodium chloride (NaCl, AR grade),
alcium oxide (CaO, AR grade), calcium chloride (CaCl2·6H2O, GA
rade) and calcium hydroxide (Ca(OH)2, GA grade) were pur-
hased from Riedel-dehaen. Sodium selenate (Na2SeO4, 98%) and
,5-diphenylcarbazid (C13H14N4O, PA grade) were purchased from
luka and Merck, respectively. All chemicals were used as received.

.2. Mineral synthesis and characterization

The Friedel phase (AFm–Cl) was prepared by co-precipitation
ollowing the method reported previously [29]. In brief, 22 mmol of
owdered 3CaO·Al2O3 (prepared at 1400 ◦C in our lab) was slowly
dded to a solution containing 22 mmol of CaCl2·6H2O (GA, Riedel-
ehaen) under vigorous stirring. The mixed suspension was aged
t 45 ◦C for 24 h under stirring. The precipitate was then collected
ia filtration, thoroughly washed with deionized water and dried
t 100 ◦C in an oven.

The synthesized AFm–Cl was identified with the powder X-ray
iffraction pattern recorded on a D8-X-Ray Diffractometer (Bruler,
ermany) using Cu K� radiation (� = 0.15418 nm), and further
haracterized with the FTIR spectrum collected on a PerkinElmer
X50905 FT-IR spectrophotometer in the range of 4000–400 cm−1,
ith a resolution of 4 cm−1 using the KBr pellet technique. The mor-
hological images of the as-prepared Friedel phase were recorded
n a scanning electron microscope (JSM-6360). The specific surface

rea was derived from the N2 adsorption isotherm measured at 77 K
n a Quantachrome NOVA-1200 gas absorption analyzer using the
ET equation. In addition, Se was determined using a PerkinElmer
ptima DV 2000 ICP–MS system and the chloride concentration
as analyzed in a Flow Injection Analyzer (Lachat Quikchem8000)

ollowing the method in the literature [30].
aterials 176 (2010) 193–198

2.3. Adsorption

To examine the adsorption kinetics, three Na2SeO4 aqueous
solutions were prepared at [SeO4

2−] = 0.25, 1.25 and 5.00 mM. In
each adsorption experiment, the initial solution pH was adjusted
at 8 ± 0.05, and 0.10 g of Friedel phase was added to 50 ml of each
solution with constant shaking (150 rpm) in a Yorco thermostatic
shaking water bath. At the selected time intervals, 1.0 ml of aliquot
liquid sample was withdrawn and centrifuged. The SeO4

2− concen-
tration in aqueous solution was determined with ICP–MS.

The isotherm adsorption experiments were carried out at room
temperature while the initial concentration of SeO4

2− ranged from
0.25 to 7.60 mM. After 2-h adsorption, the mixture was filtered
through a G-4 crucible (Borosil), and the residual SeO4

2− concen-
tration in the filtrate was determined with ICP–MS.

All the experiments were carried out in duplicate with the repro-
ducibility within ±5%, and the average values were reported in
this paper. The pH was monitored using an Elico digital pH meter
(Model LI-120) and a combined glass electrode (Model CL 51).

2.4. Desorption experiment

The Se-adsorbed AFm sample for desorption experiments was
prepared by suspending 2.0 g of AFM–Cl in 1.0 l of 7.60 mM Na2SeO4
solution with the initial pH at 8 ± 0.05 with shaking at 150 rpm for
24 h. After drying in a vacuum, the collected solid sample (0.1 g)
was added to 50 ml of aqueous solution containing 0.01, 0.02, 0.05
or 0.10 M NaCl to desorb selenate from the Se-adsorbed AFm. At
selected time intervals, 1.0 ml sample was withdrawn to analyze
the release amount of selenate with ICP–MS.

2.5. Chemical stability

For this test the Se-containing AFm was prepared by suspending
2.0 g of AFm–Cl in 1.0 l of 0.60 mM Na2SeO4 solution with the initial
pH at 8 ± 0.05 and shaking at 150 rpm for 24 h. After drying in a
vacuum, the Se-containing AFm (containing 0.280 mmol(Se)/g) was
added to water with pH adjusted to 4 ± 0.05, 7 ± 0.05, 10 ± 0.05, or
13 ± 0.05 with 1.0 M HCl or NaOH, and the liquid/solid mass ratio set
at 20:1 in accordance with the US toxicity characteristic leaching
procedure (TCLP) [31]. At the selected time points (1, 2, 3, 4, 8, 16,
and 24 h), the concentration of leached selenate was determined
with ICP–MS.

3. Results and discussion

3.1. Physicochemical features of the Friedel phase

The synthesized AFm–Cl is a white powder. The SEM image
(Fig. 1) shows that the crystallites have a hexagonal-plate form,
with a lateral dimension of 0.2–3.0 �m. The specific surface area is
10.3 m2/g and the interparticle pore size is distributed from 3.5 to
4.5 nm.

The XRD pattern (Fig. 2A) of the as-synthesized compound is
in excellent agreement with that recorded on PDF 78–1219 in the
database of the International Center for Diffraction Data, which sug-
gests that the synthesized compound is typical of the Friedel phase,
with a nominal chemical formula of Ca4Al2(OH)12Cl2(H2O)4. The
cell parameters a = 0.993 nm, b = 0.573 nm and c = 1.595 nm, calcu-
lated from the diffraction peaks, are identical to those reported on
PDF 78–1219.
The FTIR spectrum of the synthesized compound is shown in
Fig. 2B. The strong overlapping bands at 3480 and 3636 cm−1 are
attributed to the stretching vibrations of lattice water and struc-
tural OH groups (�OH) in the Friedel phase layer, respectively. The
H–O–H bending vibration of the interlayer water molecule (�2 H2O)
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Fig. 1. SEM micrograph of the as-prepared Friedel phase (AFm–Cl).

s also reflected by the peak at 1621 cm−1. The peak at 785 cm−1

s due to a stretching vibration of Al–OH (�1 Al–OH) and that at
32 cm−1 to a bending vibration of Al–OH (�3 Al–OH) [29]. In addi-
ion, the peak at 1442 cm−1 could be assigned to the anti-symmetric
tretching vibration of CO 2− that was transferred from CO cap-
3 2
ured from air during the AFm–Cl preparation. No vibration peaks
f chloride ions appear in the range of 400–4000 cm−1 due to the
onic nature of the chloride bonding with the positive charge layer
29].

ig. 2. (A) Powder XRD pattern of the as-prepared Friedel phase (AFm–Cl); (B) FTIR
pectrum of the as-prepared Friedel phase.
Fig. 3. Adsorption profile of SeO4
2− on the Friedel phase (AFm–Cl).

3.2. Removal of selenate using the Friedel phase

As shown in Fig. 3, the selenate removal is a quick process,
mainly occurring within the first ten minutes. The rapid removal
can be attributed to the ion exchange mechanism [32], simi-
lar to the ion exchange process in soils and clay minerals [33].
After 1 h, the exchange seems to reach equilibrium. Similarly, the
released Cl− is quick in the first hour, but increased with time in
all cases (Fig. 4), showing the continuity of the SeO4

2−–Cl− and/or
CO3

2−–Cl− exchange process.
The selenate removal amount after 1 h is 0.12, 0.51 and

1.20 mmol/g (Se) at the initial [SeO4
2−] = 0.25, 1.25 and 5.00 mM,

representing 98%, 82% and 48% removal of selenate from
solution, respectively. The low removal percentage (48%) at
[SeO4

2−] = 5.00 mM is due to the excess selenate added in the solu-
tion (5.00 mmol in 1 l) because 2.0 g of AFm–Cl in 1 l of solution
can at most take up 3.56 mmol SeO4

2− if we suppose AFm–Cl has a
chemical formula of Ca4Al2(OH)12Cl2(H2O)4 (MW = 561).

Fig. 5 shows the isotherm for selenate exchange into the Friedel
phase at 298 K. The highest removal amount under the current
conditions is 1.37 mmol/g at the initial [SeO4

2−] = 7.60 mM. Con-
sidering the contamination of CO3

2− and the water adsorption on
the adsorbent AFm–Cl used in the experiment, this capacity is quite
close to the theoretical exchange capacity of AFm–Cl (1.78 mmol/g).
Such an exchange capacity of AFm is also higher than the other LDH

materials and adsorbents reported elsewhere, as listed in Table 1.
It is worthy mentioning that the initial pH (4–10) does not obvi-
ously affect the adsorption isotherm of selenate because pH jumps
to above 10 in a minute and reaches to a value of 10.5–12.0 [34]
(Supplementary material Fig. 1S).

Fig. 4. The profile of Cl− released from the Freidel phase during the selenate removal.
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ig. 5. Adsorption isotherm of SeO4
2− on the as-prepared Friedel phase fitted with

he Freundlich model and the Langmuir model (inset).

.3. Removal mechanism over the Friedel phase

As proposed for the hydrotalcite-like adsorbents, the selenate
emoval involves both surface and interlayer anion exchange, as
ollows:

Ca4Al2(OH)12(H2O)4–Cl2(surface) + SeO4
2−

⇔ Ca4Al2(OH)12(H2O)4–SeO4(surface) + 2Cl− (1)

Ca4Al2(OH)12(H2O)4–Cl2(inner) + SeO4
2−

⇔ Ca4Al2(OH)12(H2O)4–SeO4(inner) + 2Cl− (2)

ince SeO4
2− has a higher affinity for the Friedel phase than Cl−,

he above anion exchanges take place spontaneously. The in situ
inetic investigation reveals that the anion exchange first occurs
n the LDH particle edges, followed on the basal plane and on the
ear-surface region, and finally onto the interlayer via diffusion,
ll within a few minutes [35,36]. Apparently, the surface adsorp-
ion/exchange (Eq. (1)) is much more easily taking place, while
he exchange within the interlayer anions (Eq. (2)) has to undergo
he relevant diffusion and thus encounters a higher energy barrier.
hus, such an adsorption/exchange is a very complicated hetero-
eneous process, which is the possible reason that the Freundlich
odel better suits the data points than the Langmuir model (Fig. 5

nd Table 2) [15,37]. Freundlich and Langmuir isotherms are nor-
ally expressed as follows:

e = AC1/n
e (3)

e = QmbCe

1 + bCe
(4)

nd the separation factor (RL) [15,38]
(

1
)

L =
1 + bCi

(5)

here Ce is the concentration of adsorbate at the equilibrium
mM), Ci the initial concentration of adsorbate (mM), and Qe the
mount of adsorbate adsorbed on the adsorbent (mmol/g). A is

able 2
angmuir, Freundlich and D–R characteristic constants for selenate adsorption over Fried

Langmuir Freundlic

Qm (mmol/g) b (1/mM) RL R2 A

1.73 0.632 0.863–0.174 0.835 4.38
Fig. 6. XRD patterns of the Friedel phase adsorbed/intercalated with SeO4
2− at var-

ious initial concentrations. Selenate-hydrocalumite phase is marked with ‘SH’, and
CaCO3 with ‘#’.

the constant in Freundlich isotherm while b and Qm are the con-
stant and the maximum amount of adsorbate that the adsorbent
can adsorb in Langmuir model, respectively. Although the separa-
tion factors (RL = 0.863–0.174) reveal the adsorption is favorable,
while the regression is not good (R2 = 0.835), demonstrating that
the adsorbate was not covered in a monolayer and/or the adsor-
bent surface was not homogeneous. However, the fitting with
Freundlich isotherm was much better (R2 = 0.988), revealing the
heterogeneous adsorption in nature. Also n (1.88) indicated that
adsorption is favored over the entire range of concentrations,
[37,39], consistent with the spontaneous occurrence of SeO4

2−

exchange onto the Friedel phase (Eqs. (1) and (2)) due to the higher
affinity of SeO4

2− than Cl−. Furthermore, Dubinin–Radushkevich
(D–R) model in Eqs. (6)–(8) was applied to evaluate the free energy
of the adsorption process [15]:

ln Qe = ln(Qm) − ˇε2 (6)

ε = RT ln
(

1 + 1
Ce

)
(7)

E = 1√
2ˇ

(8)

where Qe and Qm are the amount of adsorbate adsorbed on the
adsorbent at the equilibrium and the maximum amount that can
be adsorbed in D–R model (mmol/g), respectively. E is the free
energy of the adsorption process (kJ/mol). As shown in Table 2,
the regression using Eq. (6) was good (R2 = 0.964), and E was
8.75 kJ/mol. This free energy value confirms that adsorption was
actually an ion exchange process [15]. In addition, the Temkin
isotherm model, taking into consideration the adsorbate/adsorbate
interactions on the adsorbent surface, does not exactly describe the
selenate adsorption either, indicating such interactions were not

the important factor affecting the adsorption.

The XRD patterns of equilibrated selenate-adsorbed AFm at var-
ious selenate concentrations are presented in Fig. 6. When [SeO4

2−]
is increased from 0.25, to 2.00, and then to 7.60 mM, characteris-
tic diffraction peaks (0 0 3) and (0 0 6) of AFm–Cl (the d-spacing is

el phase.

h D–R

n R2 Qm (mmol/g) E (kJ/mol) R2

1.88 0.988 4.27 8.75 0.964
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.781–0.792 nm) are gradually weakened and almost completely
isappear at [SeO4

2−] ≥ 2.00 mM. Simultaneously, a new type of
ydrocalumite starts to appear at [SeO4

2−] = 1.25 mM, and becomes
he dominant phase at [SeO4

2−] ≥ 2.00 mM, with the d-spacing
eing 0.962–0.977 nm. The new phase can be assigned to hydro-
alumite selenate (Ca4Al2(OH)12SeO4(H2O)4) and the expansion
f the interlayer spacing is due to the intercalation of larger sele-
ate. As estimated from the Se-O bond length, the van der Waal’s
iameter of SeO4

2− is 0.50 nm, larger than that of Cl− (0.30 nm),
hich thus leads to a layer thickness of 0.98 nm, identical to the

alues observed from the XRD patterns. Note that after selenate
xchange, the solution pH is normally increased to ∼11 due to the
light dissolution of AFm. As a consequence, the alkaline solution
aptures some CO2 from air, which transfers to CO3

2−. The captured
arbonate can either intercalate into the AFm interlayer (without
he interlayer expansion), or combine with Ca2+ to form CaCO3,
s reflected by the XRD peak at 29◦ (Fig. 6). In some cases, the
RD peak of CaCO3 is not obvious, probably due to the good seal-

ng in the experiments so less CO2 is captured. Thus the influence
f carbonate on the selenate adsorption is two-fold: (i) preferable
nion exchange and (ii) formation of CaCO3 that may cause some
tructure change.

Therefore, at a lower concentration, SeO4
2− is mainly adsorbed

n the surface and in the near-surface region of Friedel crystallites,
esulting in no change of the interlayer spacing. At a higher con-
entration, more SeO4

2− is intercalated into the interlayer, thus
xpanding the interlayer and transforming AFm–Cl to selenate-
ydrocalumite (AFm–SeO4).

.4. Desorption of SeO4
2− from AFm–SeO4

The selenate in AFm–SeO4 can be partly recovered through des-
rption in NaCl solution. Fig. 7 shows the desorption profile of
elenate from AFm–SeO4 as a function of time. The desorption
eems fast, reaching equilibrium within the first hour. After 1-h des-
rption, the desorbed amount does not increase, but rather slightly
ecreases. Note that the pH jumps to ca. 11 when AFm–SeO4 is
dded into NaCl solution (initial pH ∼7.0). The NaCl concentra-
ion affects the desorption of selenate to some degree. In general,
he higher the chloride concentration in solution, the larger the
mount of selenate desorbed. Fig. 7 shows that 30–50% selenate is

esorbed from AFm–SeO4. Predictably, 60–70% selenate would be
esorbed at [NaCl] = 1.0 M. In a case similar to the practical situa-
ion, e.g. using 2.0 g/l of AFm–Cl to adsorb selenate from 0.5 mM
f SeO4

2− solution (40 ppm Se), we are able to remove >90% sele-

ig. 7. Desorption profiles of SeO4
2− from pure AFm–SeO4 material at [NaCl] = 0.01,

.02, 0.05, and 0.10 M.
Fig. 8. XRD patterns of SeO4
2− after desorption at [NaCl] = 0, 0.01, 0.02, 0.05 and

0.10 M. SeO4
2− peaks are marked with ‘SH’, and CaCO3 with ‘#’.

nate from the solution and then recover 70–80% of SeO4
2− from the

collected AFm–(Cl,SeO4) in 0.10 M NaCl solution.
Similarly, the XRD patterns (Fig. 8) of AFm–SeO4 after 24-h

exchange in various NaCl solutions also reflect the selenate des-
orption from the interlayer. As shown in Fig. 8 (the bottom curve),
all the XRD characteristic peaks of AFm–SeO4 are kept unchanged
after stirring in the pure water for 24 h. With the chloride con-
centration increasing from 0.01 to 0.10 M, the peaks of AFm–SeO4
(marked with SH) weaken in intensity. Meanwhile, a new peak at
11◦ (marked with (0 0 3)) gradually forms, and becomes dominant
at [Cl−] = 0.10 M, together with some other minor phases, such as
the original AFm–SeO4 phase and CaCO3 (peak at 29◦ marked as #).
The selenate desorption decreases the layer spacing from 0.977 to
0.778 nm, suggesting the transformation of AFm–SeO4 to AFm–Cl.
This process thus indicates that the Friedel phase could be sim-
ply regenerated and reused, and the selenate accumulated on the
Friedel phase (AFm–Cl) would be partly recovered for other valu-
able applications.

3.5. Chemical stability of selenate-adsorbed AFm

The chemical stability of selenate-adsorbed AFm was examined
in water with a different initial pH by following the modified TCLP

method [31]. The leaching profiles of selenate as a function of time
are shown in Fig. 9. The leaching amount at pH 4.00, 7.00 and 10.00
is very small, about 0.001 mmol/g (Se) during the whole leach-
ing period. In comparison with the adsorbed amount of selenate
(0.280 mmol/g) in this case, the leaching selenate is only a small

Fig. 9. The leaching profile of SeO4
2− from the selenate-adsorbed Friedel phase

(AFm) at pH 4, 7, 10, and 13.
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ortion (0.3–0.4%) in selenate-adsorbed AFm, showing a high fix-
tion stability of selenate with AFm–Cl. Only at pH 13 does the
eaching amount of selenate from selenate-adsorbed AFm increase
o 0.0022–0.0065 mmol/g, indicating that even under the severe
ondition of pH = 13, there is still 97.6–99.2% of SeO4

2− stabilized
ith the Friedel phase (AFm–Cl).

We observed that the final pH of the leaching solution is
0.70 ± 0.30 when the initial pH is 4.00, 7.00, and 10.00, while it

s 11.60 ± 0.30 when the initial pH is 13.00. This means that the
riedel phase has a high neutralization capacity on both acid and
lkali media, and thus has a similar exchange capacity of selenate at
he different initial pH. The XRD patterns (Supplementary material
ig. 2S) reveals that the Friedel phase is unchanged even at ini-
ial pH = 4.0. Presumably, at a lower pH, the framework ‘Ca(OH)2’
s partially dissolved to anti-acidify, leveling pH up to ∼11.0. At pH
3.0, the framework ‘Al(OH)3’ is partially dissolved to anti-alkaline,

eveling pH down to 11.6. Because more active adsorption site (Al
n the layer) is leaching in the latter case, more selenate is thus
eached out at the initial pH 13.00.

. Conclusions

In conclusion, removal of SeO4
2− from an aqueous solution with

he Friedel phase (AFm–Cl) is very effective. The removal of SeO4
2−

akes place quickly and the isotherm follows the Freundlich model,
eflecting heterogeneous adsorption, with the practical removal
apacity up to 1.37 mmol(Se)/g at [SeO4

2−] = 7.60 mM. The removal
ccurs via anion exchange as the layer spacing expands from 0.78
o 0.97–0.98 nm when more SeO4

2− is intercalated. The adsorbed
elenate can be partially recovered via desorbing in NaCl solution.
he TCLP test indicates that selenate–hydrocalumite is chemically
table at pH 4–10. The findings in this research thus demonstrate
hat the Friedel phase (AFm–Cl), a very environmentally friendly
nion-exchanging clay material, is a cost-effective adsorbent for
he treatment of SeO4

2−-containing wastewater.
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