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This  paper  describes  the  sorption  of  arsenate  on  Al–Mg  and Fe–Mg  layered  double  hydroxides  as  affected
by  pH and  varying  concentrations  of  inorganic  and  organic  ligands,  and  the  effect  of  residence  time
on  the  desorption  of  arsenate  by ligands.  The  capacity  of  ligands  to inhibit  the  fixation  of  arsenate  fol-
lowed  the  sequence:  nitrate  <  nitrite  < sulphate  < selenite  < tartrate  < oxalate  �  phosphate  on Al–Mg-LDH
and  nitrate  <  sulphate  ≈ nitrite  <  tartrate  <  oxalate  <  selenite  �  phosphate  on Fe–Mg-LDH.  The  inhibition
eywords:
rsenate
hosphate
ayered double hydroxides

of  arsenate  sorption  increased  by increasing  the initial  ligand  concentration  and  was greater  on  Al–Mg-
LDH than  on  Fe–Mg-LDH.  The  longer  the  arsenate  residence  time  on  the  LDH  surfaces  the  less  effective
the  competing  ligands  were  in  desorbing  arsenate  from  sorbents.  A greater  percentage  of  arsenate  was
removed by  phosphate  from  Al–Mg-LDH  than  from  Fe–Mg-LDH,  due to  the higher  affinity  of arsenate  for
orption
esorption

iron  than  aluminum.

. Introduction

In recent decades, a class of anionic clays known as layered
ouble hydroxides (LDHs) have attracted substantial attention due
o their potential use in many applications, such as photochem-
stry, electrochemistry, polymerization, magnetization, biomedical
cience and environmental clean-up [1–7]. For example, LDHs
ould be used in pharmaceutical formulations and for new drug
elivery systems in biomedical science [4,5]. There has also been
onsiderable interest in using LDHs as adsorbents to remove envi-
onmental contaminants due to their large surface area, high anion
xchange capacity (2–3 mequiv. g−1), and good thermal stability
1,6]. In addition, LDHs are also relatively simple and econom-
cal to synthesize by coprecipitation methods under laboratory
onditions [1,7], thus they can be produced in large quantities.
DHs also form in soil environments and present peculiar sorption
apacities [8].

LDHs can be represented by the general formula [M2+
1−x

3+
x (OH)6]x+ [(An−)x/n m H2O]x−, where x is the molar ratio

3+/(M2+ + M3+), taking values between 0.20 and 0.33, while M2+

nd M3+ are divalent (Ca, Mg,  Co, Fe, Cu, Ni, Mn)  and trivalent

etal cations (Al, Fe, Cr), respectively, and A is an interlayer

nion (e.g., Cl, NO3, ClO4, CO3, SO4) of valence n. They are com-
osed of positively charged brucite-like sheets and the positive

∗ Corresponding author. Tel.: +39 081 2539175; fax: +39 081 2539186.
E-mail address: violante@unina.it (A. Violante).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.10.044
© 2011 Elsevier B.V. All rights reserved.

charges are balanced by intercalation of anions in the hydrated
interlayer regions, analogous to the cationic clays whose negative
charge of the aluminosilicate layers are counterbalanced by cations
[1,7,9–11]. The LDHs have relatively weak interlayer bonding and,
as a consequence, the original anions sorbed in the interlayer are
easily exchanged with many inorganic and organic anions by sim-
ple ion exchange methods.

Arsenic (As) concentrations in drinking waters in excess of
1.33 × 10−7 mol  L−1 (0.01 mg  As L−1) are considered to be haz-
ardous to the welfare of humans and animals [12–16].  However, the
As concentration of drinking water for millions of people exceeds
1.33 × 10−7 mol  L−1, with tens of thousands already suffering from
skin, lung and liver cancer, and melanosis. Natural sources, such as
the dissolution of As containing bedrock, often contribute signifi-
cantly to the As content of drinking water and groundwater. Despite
environmental restrictions and regulations limiting the produc-
tion and uses of As, significant amounts are still introduced into
water through the dissolution of minerals and ores, from industrial
effluents, via atmospheric deposition, from agriculture, forestry
chemicals and fertilizers [13,14].

As exists predominantly as the trivalent (+3) and pentavalent
(+5) states in aqueous solution. Generally, arsenite (AsO3) species
are more toxic than arsenate (AsO4) ones. The distribution of
AsO4 species in natural waters is mainly dependent on the redox

potential and pH [13,14]. Most As removal technologies from con-
taminated water treat AsO4 much more effectively than AsO3, so a
pre-oxidation step is recommended for source waters containing
AsO3 at significant concentrations [14].

dx.doi.org/10.1016/j.jhazmat.2011.10.044
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:violante@unina.it
dx.doi.org/10.1016/j.jhazmat.2011.10.044
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Fe and Al oxides have been widely studied as sorbents for con-
rolling the concentration of As in natural waters [13–18]. LDHs
ave shown great potential to efficiently remove As from aque-
us systems [11,16,19–21]. The effect of competing anions on AsO4
orption/desorption on/from Al or Fe oxides has been extensively
tudied [8,15,22–25], while only a few studies have examined the
ffect of competing anions (e.g., phosphate, carbonate, sulphate,
uoride, chloride, bromide, nitrate) on the efficiency of LDHs to
emove As from aqueous systems [26,27].

In the present work, the competition between AsO4 with organic
nd inorganic ligands for the sorption sites on two LDHs, obtained
y coprecipitating Mg  with Al (Al–Mg-LDH) or Fe (Fe–Mg-LDH),
as studied. Specifically, we examined (i) AsO4 sorption on Al–Mg-

DH and Fe–Mg-LDH as affected by pH and varying concentrations
f inorganic [nitrate (NO3), nitrite (NO2), phosphate (PO4), selenite
SeO3), sulphate (SO4)] and organic [oxalate (OX), tartrate (TAR)]
igands, (ii) the effect of residence time on the desorption of AsO4
y these ligands and (iii) the kinetics of AsO4 desorption by PO4.
e studied with special attention the sorption/desorption of AsO4

n the presence of PO4, because PO4 is an analogous of AsO4 and
hows a good capacity to compete with AsO4 on both LDHs and Al
nd Fe-oxides [25]. Furthermore, competition in sorption of these
nions on LDHs, which are present in soil environments (e.g., green
usts) [8,16,28] have received scant attention.

. Materials and methods

.1. Synthesis of Al–Mg and Fe–Mg layered double hydroxides

The LDHs of Mg-Al (Al–Mg-LDH) and Mg-Fe (Fe–Mg-LDH)
ere prepared by the coprecipitation method [9],  whereby solu-

ions containing MgCl2·6H2O and AlCl3·6H2O or FeCl3·6H2O (initial
g/Al or Mg/Fe molar ratio equal to 2) were slowly added with

tirring at 20 ◦C to NaOH solutions at pH 10.0. The suspension’s pH
as maintained for 24 h by adding 2 mol  L−1 NaOH using an auto-
atic titrator (Potentiograph E536 Metrom Herisau) in conjunction
ith an automatic syringe (burette 655 Dosimat), at 20 ◦C, after
hich they were centrifuged at 10,000 × g for 30 min, rinsed five

imes with deionized water and then dialyzed for 21 days, freeze
ried and lightly ground to pass through a 0.315 mm sieve. The
l–Mg-LDH and Fe–Mg-LDH precipitates obtained were used for

he sorption/desorption studies. Note, no effort was  made to mini-
ize contact with the atmospheric air during the preparation of the

DHs, in order to simplify the preparation method. Sub-samples of
he Fe–Mg-LDH and Al–Mg-LDH were aged for 30 days at 50 ◦C, in
rder to study the influence of aging on the degree of crystallinity
f these materials.

.2. Characterization of the LDHs

The Al–Mg-LDH and Fe–Mg-LDH precipitates were character-
zed by X-ray diffraction (XRD) and Fourier Transform Infrared
FT-IR) spectroscopy. The X-ray diffraction patterns of randomly
riented samples were obtained using a Rigaku diffractometer
Rigaku Co, Tokyo) equipped with Cu K� radiation generated at
0 kV and 30 mA  and a scan speed of 2◦ 2� min−1. The XRD traces
ere the results of eight summed signals. The FT-IR spectra of the

DH precipitates were obtained using diffuse reflectance infrared
ourier transform (DRIFT) spectroscopy. Sample preparation for the
RIFT determinations was  as follows: 0.2 mg  of the LDHs were
ixed with 200 mg  of over-dried KBr. The DRIFT spectra were
btained using a Perkin-Elmer Spectrum One FT-IR Spectropho-
ometer (Perkin Elmer USA), with a spectral resolution of 1 cm−1.

The surface area of the precipitates was determined by H2O
orption at 20% relative humidity [29].
us Materials 198 (2011) 291– 298

2.3. AsO4 and PO4 sorption isotherms

Suitable volumes of 0.1 mol  L−1 solutions containing Na2HAsO4
or KH2PO4 were added to 100 mg  of the LDHs, in order to have
initial AsO4 or PO4 concentrations in the range of 4 × 10−4 to
1 × 10−2 mol  L−1 for the Al–Mg-LDH and in the range of 6 × 10−4

to 1.6 × 10−2 mol  L−1 for the Fe–Mg-LDH. The final volume was
adjusted to 20 mL  with 0.01 mol  L−1 KCl and the initial LDH/solution
ratio was 5 g L−1. The pH of each suspension was  kept constant at
6.0 for 24 h at 20 ◦C by adding 0.1 or 0.01 mol  L−1 HCl or KOH with
the automatic titrator/syringe.

The sorption of AsO4 onto the LDHs was  carried out as a func-
tion of pH (4.0–10.0) by adding a suitable amount of AsO4 (2100
and 3600 mmol  kg−1 for Al–Mg-LDH and Fe–Mg-LDH, respectively,
a quantity 40% higher than that necessary to reach a maximum
sorption at pH 6.0, as determined from the sorption isotherms) to
100 mg  of the LDHs. The pH of the systems was  kept constant for
24 h at 20 ◦C by adding 0.1 or 0.01 mol  L−1 HCl or KOH using the
automatic titrator/syringe.

In a separate experiment, 20, 50, 100 or 200 mg  of Al–Mg-
LDH or Fe–Mg-LDH were added to 20 mL of a solution containing
1.33 × 10−3 mol  AsO4 L−1 (100 mg  As L−1). The initial LDH/solution
ratio ranged from 1 to 10 g L−1. The pH of each suspension was kept
constant at 6.0 for 24 h at 20 ◦C by adding 0.1 or 0.01 mol  L−1 HCl
or KOH with the automatic titrator/syringe.

The suspensions were centrifuged at 10,000 × g for 20 min and
then filtered through a 0.22-�m membrane filter. The filtrates were
stored at 2 ◦C until analysis. The experiments were conducted in
triplicate.

2.4. Sorption of AsO4 in the presence of inorganic and organic
ligands

To 100 mg  of the Fe–Mg-LDH or Al–Mg-LDH at pH 6.0 was
added suitable amounts of a 0.1 mol  L−1 Na2HAsO4 solution so that
the AsO4 surface coverage of the Fe–Mg-LDH (2000 mmol  kg−1)
and Al–Mg-LDH (600 mmol kg−1) was  about 70%, based on the
sorption isotherms and inorganic (NO3 as NaNO3, NO2 as NaNO2,
PO4 as KH2PO4, SeO3 as Na2SeO3·5H2O, SO4 as MgSO4·7H2O) and
organic (OX as Na2C2O4, TAR as C4H4Na2O6·2H2O) ligands at initial
ligand/AsO4 molar ratio (R) of 1, 3 and 5. In the absence of compet-
ing ligands, all the AsO4 added was completely sorbed after 24 h.
The pH of each suspension was kept constant for 24 h at 20 ◦C by
adding 0.1 or 0.01 mol  L−1 HCl or KOH using the automatic titra-
tor. The suspensions were then centrifuged at 10,000 × g for 20 min
and then filtered through a 0.22-�m membrane filter. The filtrates
were stored at 2 ◦C until analysis. The experiment was conducted
in triplicate.

2.5. Effect of residence time on the desorption of AsO4 by
inorganic and organic ligands

To 100 mg  of the Fe–Mg-LDH or Al–Mg-LDH at pH 6.0 was added
suitable amounts of a 0.1 mol  L−1 Na2HAsO4 solution so that sur-
face coverage of the Fe–Mg-LDH (2000 mmol  kg−1) and Al–Mg-LDH
(600 mmol  kg−1) was  about 70%, based on the sorption isotherms.
The systems were maintained at pH 6.0 for 24, 48 or 168 h at 20 ◦C by
adding 0.1 or 0.01 mol  L−1 HCl or KOH using the automatic titrator.
All the AsO4 added was completely sorbed in the 24, 48 and 168 h
systems. Inorganic (NO3, NO2, PO4, SeO3, SO4) and organic (OX,
TAR) ligands (initial ligand/AsO4 molar ratio = 3) were then added
to the 24, 48 or 168 h AsO4 sorbed LDH systems. The final volume

was 20 mL  and the final LDH/solution ratio was  5 g L−1. After main-
taining the systems at pH 6.0 with 0.1 or 0.01 mol  L−1 HCl or KOH
for 24 h at 20 ◦C with the automatic titrator, the suspensions were
then centrifuged at 10,000 × g for 20 min  and then filtered through
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able amounts of carbonate were in the interlayer [26,31,33].  The
peaks at about 940, 780, 550, 450 cm−1 were ascribed to the Al-O
stretching modes (Fig. 2A). The strong peak at 1356 cm−1 is due to
carbonate mainly present in the basal interlayer. In a Zn-Al-Cl-LDH
A.G. Caporale et al. / Journal of Ha

 0.22-�m membrane filter. The filtrates were stored at 2 ◦C until
nalysis. The experiment was conducted in triplicate.

.6. Kinetics of desorption of AsO4 by PO4

The kinetic study was carried out using the 24 h AsO4 sorbed
e–Mg-LDH (2000 mmol  kg−1) and Al–Mg-LDH (600 mmol  kg−1)
ystems as described above and with an initial PO4/AsO4 molar
atio = 3. The amount of AsO4 desorbed from the systems, main-
ained at pH 6.0 with 0.1 or 0.01 mol  L−1 HCl or KOH (over the
ntire reaction period using the automatic titrator), by PO4 was
etermined from 0.08 to 50 h at 20 ◦C. The suspensions from each
ampling period were centrifuged at 10,000 × g for 20 min  and then
ltered through a 0.22-�m membrane filter. The filtrates were
tored at 2 ◦C until analysis. The experiment was conducted in trip-
icate.

.7. AsO4 and PO4 determination

AsO4 and PO4 in the filtrates were determined by ion chro-
atography [22,30], using a Dionex DX-300 Ion Chromatograph

Dionex Co, Sunnyvale, CA), an Ion Pac AS11 column (4.0 mm),  an
luent of 0.02 mol  L−1 NaOH at a flow rate of 1 mL  min−1 and a CD 20
onductivity detector combined with autosuppression. The average
sO4 and PO4 retention times were 2.8 and 2.0 min, respectively.
he standard AsO4 and PO4 concentrations used were 5 × 10−5 to

 × 10−3 mol  L−1 and 1 × 10−4 to 2 × 10−3 mol  L−1, respectively.
In the experiment where a 1.33 × 10−3 mol  AsO4 L−1 solution

as kept to react in the presence of varying amounts of LDHs, AsO4
oncentration in the final solution was determined by an Hydride
eneration Atomic Absorption Spectrophotometer (HG-AAS, AAn-
lyst 700, Perkin Elmer Instruments). The AsO4 detection limit of
his method was 2.7 × 10−8 mol  L−1.

The amount of AsO4 or PO4 sorbed was determined by the dif-
erence between the amount initially added and that determined
n the filtrates. The data are the mean of three determinations. The

 values in Tables 2 and 3 indicate the standard deviation. The
ntraday repeatability study was carried out by the injection of the
ame standard solution five consecutive times (n = 5) in the same
ay under the same conditions. The interday precision was  carried
ut for three successive days using the same conditions. The rela-
ive standard deviation of these measurements ranged from 1.8 to
.2%.

. Results and discussion

.1. Nature of the LDHs

The X-ray diffraction patterns of the Al–Mg-LDH and Fe–Mg-
DH are shown in Fig. 1. Both LDHs showed peaks at about 0.760
d003), 0.380, 0.260, 0.153 and 0.150 nm and some asymmet-
ic peaks at high angles (>30◦ 2�), characteristic of hydrotalcite
1,7,9,10,31]. The peaks were sharp for the Al–Mg-LDH, whereas
he peaks were broader for the Fe–Mg-LDH, which indicated that
he Fe–Mg-LDH was less crystalline than the Al–Mg-LDH and/or the
articles were of smaller size. However, prolonging the aging for
0 days at 50 ◦C a higher degree of crystallinity and/or larger parti-
les size of Fe–Mg-LDH was obtained (Fig. 1), whereas Al–Mg-LDH
emained practically unchanged (not shown). Probably, Fe–Mg-
DH sample aged 24 h at 20 ◦C was a mixture of materials of
ifferent crystallinities, size and nature (LDH and short-range
rdered Fe and/or Mg  oxides) [32]. The peaks from the Fe–Mg-LDH

ere also shifted 0.02 nm (0.2 Å) higher compared to the Al–Mg-

DH.
The FT-IR spectra of the Al–Mg-LDH and Fe–Mg-LDH are shown

n Fig. 2. The Al–Mg-LDH spectrum showed a peak in the hydroxyl
Fig. 1. Powder X-ray diffraction patterns of Al–Mg-LDH and Fe–Mg-LDH aged at
20 ◦C and Fe–Mg-LDH aged for 30 days at 50 ◦C.

stretching region centered at about 3450 cm−1, attributed to the
stretching vibrations of the hydroxyls attached to Al and Mg  sheets
and to water molecules in the basal interlayer [26]. The shoul-
der at about 3070 cm−1 was due to the interaction between the
OH groups and the interlayer carbonate ions and the presence
of the carbonate peak at 680 cm−1 also indicated that consider-
Fig. 2. FR-IR spectra of Al–Mg-LDH (A) and Fe–Mg-LDH aged at 20 ◦C (B) and Fe–Mg-
LDH aged for 30 days at 50 ◦C (B).
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ig. 3. Sorption isotherms of AsO4 and PO4 onto Al–Mg-LDH and Fe–Mg-LDH at
0 ◦C and pH 6.0, after a reaction period of 24 h.

repared in boil and N2 purged water, a very weak carbonate peak
1354 cm−1) was observed in the IR spectrum [34]. The ratio of the
ydroxyl/carbonate peak was 6, compared to 1 in this study, indi-
ating that the carbonate concentration in the basal interlayers in
his study was significant. The spectrum of Fe–Mg-LDH also had

 strong carbonate peak at 1358 cm−1 indicating that significant
mounts of carbonate were in the basal interlayer (Fig. 2B). The
ydroxyl stretching region and the metal bands below 1000 cm−1

n the Fe–Mg-LDH aged 24 h at 20 ◦C appeared particularly broad
ndicating a lower crystallinity and/or smaller size of the particles
26], which is in agreement with the XRD results.

.2. Sorption of AsO4

The sorption isotherms of AsO4 onto the Al–Mg-LDH and Fe–Mg-
DH at pH 6.0, after 24 h of reaction, are shown in Fig. 3. The sorption
ata of AsO4 sorbed onto the LDH conformed to the Langmuir equa-
ion in the following form:

 = SmKc

1 + Kc

here S is the amount of AsO4 sorbed per unit mass of adsor-
ent (mmol  kg−1), Sm is the maximum amount of AsO4 that may
e bound to the adsorbent (sorption capacity), c is the equilibrium
olution concentration (mmol  L−1), and K is a constant related to
he binding energy [35].

The sorption isotherms of AsO4 to the two LDHs were typical L
haped curves [35], indicating that AsO4 had a high affinity for the
orption sites on the LDHs, exchanging with the Cl and CO3 ions
n the interlayer. The Fe–Mg-LDH sorbed nearly twice the amount

mmol  kg−1) of AsO4 compared to the Al–Mg-LDH (Fig. 3), due,
n part, to its greater surface area (273 and 219 m2 g−1, respec-
ively) and lower degree of crystallinity. The sorption isotherms
f PO4, which is an analogous of AsO4 and showed a strong

able 1
angmuir sorption capacity (Sm) and the constant K for AsO4 and PO4 as obtained from th

Sample Surface area (m2 g−1) AsO4

Sm (mmol  kg−1) K

Al–Mg-LDH 219 1490 (6.8)a 3
Fe–Mg-LDH 273 2595 (9.5)a 31

a Numbers in parenthesis indicate the amount sorbed as mmol  m−2 × 10−3.
Fig. 4. Effect of pH on the sorption of AsO4 at 20 ◦C onto Al–Mg-LDH and Fe–Mg-LDH
after a reaction period of 24 h.

capacity to compete with AsO4 (as discussed below) was also
studied. The Fe–Mg-LDH sorbed more AsO4 (Sm = 2595 mmol  kg−1)
than PO4 (Sm = 2470 mmol  kg−1), in contrast to the Al–Mg-
LDH, which adsorbed more PO4 (Sm = 1675 mmol kg−1) than
AsO4 (Sm = 1490 mmol  kg−1) (Table 1). These findings would be
attributed to the greater affinity of AsO4 than PO4 for Fe sites and,
vice versa, to the greater affinity of PO4 than AsO4 for Al sites [25].
Violante et al. [25] also observed the same trend for AsO4 and PO4
sorbed on Fe-rich and Al-rich minerals.

The Langmuir constant K was around an order of magnitude
larger for the Fe–Mg-LDH compared to the Al–Mg-LDH for both
AsO4 and PO4 (Table 1), indicating a higher affinity of the Fe–Mg-
LDH for the anions, probably due to the presence of short-range Fe
and/or Mg  precipitates in this sample on which both AsO4 and PO4
may  form strong inner-sphere complexes [28].

The effect of pH (from 4.0 to 10.0) on the sorption of AsO4
onto Al–Mg-LDH and Fe–Mg-LDH samples, after 24 h of reaction,
is shown in Fig. 4. AsO4 sorption onto the samples decreased by
increasing pH. The rate of decline in the amount of AsO4 sorbed
was, however, relatively constant, decreasing the fastest for the
Fe–Mg-LDH (270 mmol  AsO4/pH unit) compared to the Al–Mg-LDH
(210 mmol  AsO4/pH unit). This behavior would be attributed to
the high affinity of OH ions for LDHs [1,22] and/or to the value
of zero point charge (pzc) of two sorbents. At pH < pzc, the posi-
tively charged surfaces of the sorbents facilitated the sorption of
the negatively charged AsO4. The pzc for LDHs was  reported to be
in the range 7.0–9.0 [26], so in alkaline systems the sorption of AsO4
anions onto the LDH surfaces would be inhibited. At pH > pzc, OH
ions dominate the system, resulting in a charge reversal on the sur-
faces of the sorbents which led to electrostatic repulsion of AsO4

ions.

In the experiment carried out adding increasing amounts
of the LDHs (1, 2.5, 5 or 10 g) to 1 L of solution containing
1.33 × 10−3 mol  AsO4 L−1 (100 mg  As L−1), we  found that 1 g of

e sorption isotherms of the LDH.

PO4

 R2 Sm (mmol kg−1) K R2

.3 0.98 1675 (7.6)a 3.9 0.95

.0 0.94 2470 (9.0)a 20.6 0.96
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Table 2
Effect of residence time on AsO4 desorption (%) from the Al–Mg-LDH by inorganic
and  organic ligands after a reaction time of 24 h.

Ligand Residence time, h AsO4 sorbeda, mmol  kg−1 AsO4 desorbed, %

NO3

24 588.6 ± 11.0 1.9 ± 0.2
48 590.1 ± 8.6 1.6 ± 0.1

168 594.8 ± 4.7 0.9 ± 0.1

NO2

24 557.3 ± 28.1 7.1 ± 0.5
48  563.4 ± 37.2 6.1 ± 0.6

168 581.2 ± 17.6 3.1 ± 0.3

SeO3

24 539.6 ± 44.3 10.1 ± 0.5
48 545.2 ± 37.6 9.1 ± 0.6

168 568.3 ± 28.7 5.3 ± 0.7

SO4

24 524.8 ± 30.8 12.5 ± 1.0
48  533.4 ± 33.5 11.1 ± 0.7

168 562.4 ± 28.9 6.3 ± 0.5

TAR
24 486.4 ±  42.1 18.9 ± 1.8
48  493.4 ± 37.5 17.8 ± 1.5

168 503.5 ± 28.6 16.1 ± 1.1

OX
24  414.0 ± 22.3 31.0 ± 1.7
48 432.7 ±  36.7 27.9 ± 1.8

168 475.9 ± 30.5 20.7 ± 1.6
24 163.2 ± 15.4 72.8 ± 5.5
48  184.6 ± 16.5 69.2 ± 3.8
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the Al and Fe in the LDHs. The results are contrary to that expected
based on the stability constants (log k) for tartrate-Fe (6.5), oxalate-
Fe (7.6), tartrate-Al (5.84) and oxalate-Al (6.28) [37].

Fig. 5. The amount of AsO4 sorbed onto the Al–Mg-LDH (A) and Fe–Mg-LDH (B) in
PO4

168 224.1 ± 18.1 62.6 ± 2.9

a AsO4 added initially was  600 mmol  kg−1, initial ligand/AsO4 molar ratio = 3.

he Al–Mg-LDH or Fe–Mg-LDH dropped the concentration of AsO4
o 1.28 × 10−6 mol  L−1 (0.096 mg  As L−1) and 1.24 × 10−6 mol  L−1

0.093 mg  As L−1), respectively, whereas the addition of 10 g of
he Al–Mg-LDH or Fe–Mg-LDH dropped the concentration of the
bove mentioned solution to 3.06 × 10−7 mol  L−1 (0.023 mg  As L−1)
nd 2.26 × 10−7 mol  L−1 (0.017 mg  As L−1), respectively (data not
hown). By interpolation of these data with an exponential curve,
e found that the addition of 15.3 and 13.0 g L−1 of Al–Mg-LDH and

e–Mg-LDH, respectively, would be enough to drop the concentra-
ion of the 1.33 × 10−3 mol  AsO4 L−1 (100 mg  As L−1) solution to the
orld health organization limit, equal to 1.33 × 10−7 mol  AsO4 L−1

0.01 mg  As L−1).

.3. Sorption of AsO4 in the presence of inorganic and organic
igands

The sorption of AsO4 in the presence of increasing concentra-
ions of inorganic (NO3, NO2, PO4, SeO3, SO4) and organic (OX, TAR)
igands on Al–Mg-LDH and Fe–Mg-LDH, at pH 6.0, after 24 h of reac-
ion, are shown in Fig. 5. The initial ligand/AsO4 molar ratio (R) was
, 3 and 5, but only the data at R = 1 and 5 are shown for sake of
larity. The efficiency (%) of the ligands in preventing AsO4 sorption
s calculated by subtracting the amount sorbed from that initially
dded, divided by the amount initially added. The efficiency of the
nions to compete with AsO4 for the sorption sites on the Al–Mg-
DH was in the order NO3 < NO2 < SO4 < SeO3 < TAR < OX � PO4 at
ll molar ratios examined (Fig. 5A), while on the Fe–Mg-LDH the
rder was NO3 < SO4 ≈ NO2 < TAR < OX < SeO3 � PO4 (Fig. 5B).

The inhibition of AsO4 sorption increased by increasing the
nitial ligand concentration and was greater on Al–Mg-LDH than
n Fe–Mg-LDH, evidently because AsO4 anions have a stronger
ffinity for Fe than Al [25] and for the presence in Fe–Mg-LDH of
hort-range-ordered materials on which AsO4 forms very strong
nner-sphere complexes not easily desorbable by competing lig-
nds [18,36].

Many factors affect the sorption of organic and inorganic anions
nto LDHs as the valency, the size and the capacity of each single
igand to form outer- or inner-sphere complexes on the surfaces of

he minerals. The negligible effect of NO3 and NO2 on AsO4 sorp-
ion could be ascribed to the fact that these ions are monovalent
nd are nonspecific anions in solid-liquid interfacial reactions [23].
urthermore, they have a lower ionic potential than AsO4, resulting
us Materials 198 (2011) 291– 298 295

in their weaker competition ability with AsO4 for binding sites on
LDHs [23].

SO4 is expected to form outer-sphere complexes on clay surfaces
[8,22,30] at pH ≥6, while SeO3, OX, TAR and PO4 are all expected to
form inner-sphere complexes, which probably accounts for the low
competitiveness of SO4 compared to the other anions with AsO4 for
the sorption sites on the LDH surfaces.

The only difference in the order between the two LDHs being
that the organic acids were less effective than SeO3 in competing
with AsO4 on the Fe–Mg-LDH versus the Al–Mg-LDH. The efficiency
of SeO3 to inhibit AsO4 sorption was  lightly greater on Fe–Mg-LDH
than Al–Mg-LDH; in fact, SeO3 replaced more AsO4 from Fe–Mg-
LDH than Al–Mg-LDH (as discussed below).

The 10–20% decrease in efficiency of the organics for the Fe–Mg-
LDH compared to the Al–Mg-LDH systems indicated that the
affinity of the organic acids for the sorption sites on the two LDH
was different, attributed to the difference in their bonding with
the presence of increasing concentrations of inorganic and organic ligands after a
reaction time of 24 h; initial ligand/AsO4 molar ratio = 1 (black) and 5 (checkered
white). The numbers indicate the efficiency (%) of the ligands in preventing AsO4

sorption. The initial AsO4 concentration for the Al–Mg-LDH and Fe–Mg-LDH was
600  and 2000 mmol kg−1, respectively.
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Table  3
Effect of residence time on AsO4 desorption (%) from the Fe–Mg-LDH by inorganic
and  organic ligands after a reaction time of 24 h.

Ligand Residence time, h AsO4 sorbeda, mmol  kg−1 AsO4 desorbed, %

NO3

24 1929.4 ± 58.0 3.5 ± 0.2
48 1952.2 ± 40.6 2.4 ± 0.2

168  1990.1 ± 8.8 0.5 ± 0.1

SO4

24 1920.4 ± 66.1 4.0 ± 0.3
48 1939.7 ± 52.8 3.0 ± 0.2

168  1986.5 ± 12.2 0.7 ± 0.1

NO2

24 1911.3 ± 71.8 4.4 ± 0.3
48 1942.1 ± 49.1 2.9 ± 0.2

168  1980.2 ± 15.4 1.0 ± 0.1

TAR
24 1804.9 ± 112.2 9.8 ± 0.5
48 1826.9 ± 77.5 8.7 ± 0.6

168  1860.1 ± 88.4 7.0 ± 0.6

OX
24 1791.1 ± 100.6 10.4 ± 0.5
48 1856.6 ± 89.7 7.2 ± 0.4

168 1969.7 ± 24.8 1.5 ± 0.1

SeO3

24 1703.7 ± 90.2 14.8 ± 1.2
48 1784.3 ± 82.3 10.8 ± 0.6

168  1891.8 ± 78.8 5.4 ± 0.4
24 749.5 ± 42.6 62.5 ± 4.9
48 810.5 ± 60.2 59.5 ± 4.7
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The amount of AsO4 initially sorbed by the Al–Mg-LDH and
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168  910.8 ± 57.8 54.5 ± 5.1

a AsO4 added initially was  2000 mmol  kg−1, initial ligand/AsO4 molar ratio = 3.

Divalent forms of OX and TAR are expected to exist in solution
t pH 6.0 (pKa values for OX = 1.2, 4.2; TAR = 2.98, 4.34; SeO3 = 2.46,
.3), which could account for them competing more effectively with
sO4 than SeO3 on the Al–Mg-LDH but does not explain why SeO3
ompeted more effectively with AsO4 than the organic acids for
he sorption sites on the Fe–Mg-LDH. A possible explanation of this
ehavior is that SeO3 seems to form a mixture of outer-sphere and

nner-sphere complexes on minerals containing Al, whereas forms
nner-sphere complexes on goethite and ferrihydrite [38]. Further-

ore, anion size and anion orientation were observed to influence
orption of anions in the interlayer of LDHs [39]. Thus, differences
n the steric and electronic factors of the sorption sites in the inter-
ayer of the Al–Mg-LDH and Fe–Mg-LDH and/or of the anions likely
nfluenced the affinity of the organic acids for the sorption sites.

.4. Effect of residence time on the desorption of arsenate

Initially AsO4 was sorbed by the Al–Mg-LDH (600 mmol  kg−1)
nd Fe–Mg-LDH (2000 mmol  kg−1) at pH 6.0 for either a reaction
eriod of 24, 48 or 168 h (i.e., residence time). The desorption
f AsO4 from the Al–Mg-LDH and Fe–Mg-LDH by the inorganic
nd organic ligands, for an initial ligand/AsO4 molar ratio (R)
f 3, as affected by the residence time of AsO4 are shown in
ables 2 and 3, respectively. The amounts of AsO4 desorbed from
he LDHs decreased with an increase in the AsO4 residence time.
recisely, the quantities of AsO4 removed by PO4 decreased from
2.8 to 62.6% from Al–Mg-LDH (Table 2) and from 62.5 to 54.5%
rom Fe–Mg-LDH (Table 3) by increasing the residence time of AsO4
rom 24 to 168 h.

After a residence time of 168 h the amounts of AsO4 replaced
y OX, TAR, SeO3, SO4, NO2 and NO3 from Al–Mg-LDH ranged from
0.7% by OX to 0.9% by NO3. The capacity of these ligands in remov-

ng AsO4 from Fe–Mg-LDH was still lower ranging from 7.0% for TAR
o 0.7% for NO3, evidencing that AsO4 is more strongly sorbed on

inerals containing Fe than Al. Negligible amounts of AsO4 (<5%)
ere replaced by NO2 and NO3.

Other studies on Fe and Al oxides [22,40] have also shown that
n increase in residence time of AsO4 resulted in a decrease in its

esorption by competing anions. Clearly, increased diffusion into
he LDH and the formation of a stronger bond between the AsO4 and
he surface sorption sites of the sorbents may  account for reduce
fficiency with an increase in the AsO4 residence time.
us Materials 198 (2011) 291– 298

The ability of the anions to desorb AsO4 from the
sorption sites on the Al–Mg-LDH was in the order
NO3 < NO2 < SeO3 ≈ SO4 < TAR < OX � PO4 at all residence times
examined (Table 2), while on the Fe–Mg-LDH the order was
NO3 < SO4 ≈ NO2 < TAR ≤ OX < SeO3 � PO4 (Table 3).

The effect of increasing residence time on desorbing AsO4 was
similar for all the ligands, for both LDHs, varying from 2 to 10%.
However, for the Al–Mg-LDH systems with PO4, TAR and OX,
10–20% more AsO4 was desorbed compared to the Fe–Mg-LDH sys-
tems for the same residence time, due to the fact that AsO4 was
more strongly sorbed by the Fe–Mg-LDH than the Al–Mg-LDH [28].

Comparison of these trends to that observed for the systems
where both ligand and AsO4 were added simultaneously (Fig. 5)
showed that they were the same, but under the same conditions
lower amounts of AsO4 were replaced by all the ligands when AsO4
was sorbed before ligands.

3.5. Kinetics of AsO desorption by PO
Fig. 6. Kinetics of desorption of AsO4 by PO4 from the Al–Mg-LDH and Fe–Mg-LDH
(A),  also described by the Elovich equation (B). The initial AsO4 concentration for the
Al–Mg-LDH and Fe–Mg-LDH was 600 and 2000 mmol kg−1, respectively. The initial
PO4/AsO4 molar ratio was 3.
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Table 4
Kinetic parameters by simply regression analysis of AsO4 desorption by PO4 for the reaction period 5 min  to 48 h for the LDH using the Elovich kinetic equation.

Sample Elovich kinetic equation R2 P (×10−8) F ˛b (×105) ˇb

Al–Mg-LDH qt
a = 288.9 + 19.03 ln(t) 0.971 1.81 342 745 0.0525

Fe–Mg-LDH q = 662.6 + 80.1 ln(t) 0.921 175 119 3.13 0.0124
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a qt is the amount of AsO4 desorbed (mmol  kg−1) in time t (min).
b

 ̨ and  ̌ are Elovich coefficient obtained from the Elovich kinetic model qt = (1/ˇ

he LDHs by PO4 (initial PO4/AsO4 molar ratio of 3), as a function
f time, was shown in Fig. 6. The amounts of AsO4 desorbed from
he LDHs increased with time, being characterized by an initially
ery fast desorption reaction followed by a much slower desorp-
ion reaction until a plateau was reached (Fig. 6A). The amount of
sO4 desorbed at 5 min  for the Al–Mg-LDH and Fe–Mg-LDH was  53
nd 42%, respectively, indicating that some AsO4 was  slightly more
trongly bound to the Fe–Mg-LDH versus the Al–Mg-LDH. After a
eaction period of 24 h the Al–Mg-LDH and Fe–Mg-LDH released 70
nd 63% of the bound AsO4, respectively, suggesting that the main
ifference between the two LDHs was in the amount of more eas-

ly desorbable AsO4, that is, less strongly bound AsO4. In contrast,
or Al and Fe (oxy)hydroxides about 25 and 15% of the AsO4 was
esorbed by PO4 (initial PO4/AsO4 R = 4) after a reaction period of
4 h [22]. Hence, AsO4 was more strongly sorbed by the Al and Fe
oxy)hydroxides versus the LDHs.

The kinetics of AsO4 desorption were well described by the
lovich equation (Fig. 6B). The linear form of this equation [22] is
iven by

t = 1
ˇ

ln(˛ˇ) + 1
ˇ

ln(t)

here qt is the amount of AsO4 desorbed for a given time (t),
nd  ̨ and  ̌ are the Elovich coefficients, representing the initial
esorption rate (mmol  kg−1 min−1) and the desorption coefficient
mmol  kg−1), respectively.

The initial AsO4 desorption rate coefficient (˛) and desorption
oefficient (ˇ) were larger for the Al–Mg-LDH than the Fe–Mg-LDH
Table 4), which also supports the contention that the difference
etween the two LDHs was in the amount of easily desorbable AsO4.

. Conclusions

Differences in the steric and electronic factors of the sorption
ites in the interlayer of the Al–Mg-LDH and Fe–Mg-LDH and/or
f the anions influenced sorption/desorption of AsO4. The sorp-
ion isotherms showed that the incorporation of Fe into Mg-LDH
ersus Al resulted in the sorption of more AsO4. AsO4 sorption on
he LDHs varied with different competing anions, and the efficiency
f the organic ligands in competing with AsO4 differed between the
wo LDHs. The desorption of AsO4 by the anions decreased with
ncreasing AsO4 residence time. The AsO4/PO4 desorption kinet-
cs experiment indicated that there were greater amounts of more
asily desorbable AsO4 on the Al–Mg-LDH compared to the Fe–Mg-
DH.

The synthesis of LDHs of different chemical compositions and
heir ability to effectively sorb anions in the presence of competing
nions deserves further attention.
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