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ARTICLE INFO ABSTRACT

Keywords: The development of new materials for environmental remediation is a topic of high priority due to the increasing
Adsorption contamination of water. Although phosphate is not toxic, it has been recognized as one the main species re-
Kinetics sponsible for eutrophication of fresh water bodies, and thus remediation techniques are continuously in-
ﬂ;‘:phoms vestigated to remove it from aqueous media. A Mg-Al layered double hydroxide (Mg-Al LDH) was synthesized by

the co-precipitation method at constant pH 9. It was characterized by XRD, FTIR, TG-DSC, SEM and TEM,
together with dissolution kinetics, phosphate adsorption kinetics, adsorption isotherms and electrophoretic
mobilities. The solid was stable at pH > 5 in NaCl aqueous solutions. Lower pH resulted in a fast dissolution, and
at pH 3 dissolution was complete after 100 min. Phosphate adsorption kinetics, isotherms and electrophoretic
mobility enabled to establish that phosphate adsorbs via three different adsorption modes: anion exchange,
electrostatic attraction and surface complexation. The phosphate adsorption capacity of the LDH at pH 5 was
2.25 mmol g~ '. This is the highest adsorption value when compared with the performance of other phosphate
sorbents in the literature. The synthesized LDH, therefore, is a promising environmentally friendly solid to be

used in wastewater treatment systems or to remove phosphate from aquatic environments.

1. Introduction

Phosphorus is an essential macronutrient for all life forms; it is a
limiting factor for biological productivity in many terrestrial and
marine environments [1]. Phosphorus is often present in wastewater in
low concentrations mostly as phosphates, including organic phosphate,
inorganic phosphate, oligophosphates and polyphosphates (particulate
P). Although it is an essential nutrient, concentrations exceeding the
desired limits promote eutrophication of surface waters [2], leading to
algae overgrowth, oxygen depletion and fish death. Therefore, there is
currently an urgent demand for phosphorus/phosphate removal from
aquatic environments [3,4].

Phosphate is released to aquatic environments through weathering
of rocks and by various human activities such as industrial, agricultural
and household uses [5]. A typical raw domestic wastewater has a total
phosphorus concentration of approximately 10 mg/L with orthopho-
sphate as the main form of phosphate. The World Health Organization
(WHO) has set a maximum discharge limit of phosphorus of 0.5-1 mg/L
as a guideline [6]. Thus, treatment prior to discharge into natural
streams is inevitable in order to meet the standard of water quality.

Although various physical methods such as crystallization,
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electrodialysis and reverse osmosis are available, removal of phosphate
from polluted and wastewaters is mainly carried out either by chemical
precipitation or adsorption. Chemical precipitation is an effective
method for high concentration phosphate removal, but it requires so-
phisticated control systems. The adsorption method proves to be more
effective due to its low cost, higher uptake capacity, greater selectivity,
faster regeneration kinetics, less production of sludge and easy opera-
tion [3].

Numerous materials have been used by different researchers as
adsorbents for phosphate removal, such as waste materials (red mud,
fly ash), zeolite and titanium dioxide, activated alumina, calcite, goe-
thite, zirconium hydroxide and activated carbon [7]. In addition, there
is a growing interest in the use of layered double hydroxides (LDHs) as
phosphate adsorbents. LDHs are promising materials because they may
have a very high sorption capacity [8].

LDH, also known as hydrotalcite-like-compounds or anionic clays,
have been widely used as adsorbents [9-14]. The general formula of
LDHs is [MF, M (OH),]*" [A"~],/n-yH,0, where M?* and M*™* are di-
valent and trivalent metal cations, respectively, A"~ is an anion in-
corporated in the interlayer space along with water molecules for
charge neutrality and structure stability. The identities of M?*, M3+
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and A"7, and the value of x may vary over a wide range, thus giving
rise to a large class of isostructural materials with varied physico-
chemical properties [15].

LDHs are layered materials with hydroxide sheets, where a net
positive charge is developed on the layer due to partial isomorphic
substitution of trivalent for divalent cations, balanced by exchangeable
anions and water molecules, which are intercalated in the interlayer
space between two brucite sheets. The interlayer anions can be ex-
changed for other anions with higher selectivity [8].

Due to the high charge density of the sheets, large interlayer areas
(around 1000 m? g~ 1), good thermal stability, flexible interlayer region
accommodating various anionic species and high anion exchange ca-
pacities of the interlayer anions (3.0-4.8 meq g~ '), LDHs have been
employed in several studies for removing different anionic species from
aqueous systems, such as fluoride, selenite, arsenate, perchlorate,
chromate, phosphate, vanadate, antimonite [15-22].

In the present work, a Mg-Al-LDH was studied as an adsorbent for
phosphate removal from aqueous solution. This solid was selected be-
cause it is not harmful for the environment [23]. The effects of various
experimental conditions such as contact time, pH, and phosphate con-
centration were investigated. The adsorption mode of phosphate onto
LDH is discussed, and its performance is analyzed by comparing the
adsorption capacity of many other phosphate sorbents.

2. Materials and methods
2.1. Sample synthesis

All solutions were prepared with double distilled deionized water,
boiled and purged with N, and reagent grade chemicals. The synthesis
was done at room temperature and under a stream of N, in order to
minimize contamination by atmospheric CO,.

Mg-Al-LDHs were prepared by the coprecipitation method at con-
stant pH [15]. A 100 mL mixture of MgCl, and AlICl; aqueous solution,
with [Mg?*]/[AI**] = R = 2 ratio and [Mg>*]+[A**] = 1M was
added dropwise into a flask containing 100 mL of a 1 M NaCl solution.
The addition was performed under vigorous stirring at pH = 9, fixed
with a 2 M NaOH solution. The synthesis was performed under nitrogen
bubbling in order to minimize carbonate intercalation. Once the re-
actants addition finished, the mixture was maintained under stirring,
nitrogen bubbling and pH control for 2 h. The obtained solid was then
separated by centrifugation, washed several times with water and fi-
nally dried in air at 60 °C. Then, the solid was gently grinded using
mortar and pestle.

2.2. Structural characterization of the solid before and after phosphate
adsorption

Mg content was determined by atomic absorption spectrometry in a
GBC Avanta 932 instrument. Al content was measured by ICP in a
Shimadzu Simultaneous 9000 device. Prior quantifications, the solid
was dissolved in concentrated HCI (37%) and afterwards diluted with
water to fit the calibration range. C, H and N quantification was per-
formed in an Exeter Analytical INC model CE440 autoanalyzer.

The content of surface and interlayer water was determined by
thermogravimetric analysis (TG) from the weight loss below 210 °C
using a 5°Cmin~! heating rate. This analysis, together with
Differential Scanning Calorimetry (DSC) were performed with a STD
Q600 TA instrument.

SEM and TEM images were obtained with an EVO 40-XVP and a
JEOL- 100 CX II microscopes, respectively. Powder X ray diffraction
(PXRD) patterns were recorded in a Rigaku Geigerflex diffractometer
between 2° and 60° 20 using Cu Ka radiation. FT-IR spectra were ob-
tained from KBr pellets (1% weight sample in KBr) in a Nicolet Magna
560 FTIR instrument equipped with DTGS detector. A nitrogen ad-
sorption isotherm (BET) was performed in order to quantify surface
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area at 77 K using a Micromeritics ASAP 2000 instrument.
2.3. Dissolution kinetics

The dissolution of the solid particles at constant pH was studied by
dispersing 0.03 g of LDH in 100 mL of 0.1 M NaCl [24,25]. The pH of
the dispersion was adjusted to the desired value and it was kept con-
stant during all the experiment by adding minute volumes of con-
centrated NaOH or HCI solutions. The suspension was continuously
mixed with a magnetic stirrer. At different reaction times, a 10 mL
aliquot was withdrawn, immediately centrifuged at 5000 rpm during
10 min and the supernatant extracted for Mg analysis. The reaction was
followed for 400 min. Since centrifugation lasted 10 min, a = 5 min
error bar covers all the time needed for centrifugation. This error bar is
usually the size of the symbol used to represent each data point. The
studies were made in the pH range 3.0-8.0 in order to evaluate the
effect of pH on the stability of the solid. The reaction temperature was
25 * 0.2°C.

2.4. Batch adsorption kinetics

A batch technique was used to investigate the kinetics of phosphate
adsorption [26,27]. The reaction was carried out in a cylindrical, water-
jacketed reaction vessel covered with a glass cap. Mixing was per-
formed by a magnetic stirrer, and carbon dioxide contamination was
avoided by bubbling water-saturated N,. The reaction temperature was
maintained at 25 *= 0.2 °C by circulating water through the jacket with
a FAC (Argentina) water bath/circulator.

A series of experiments was performed at constant pH 5.0 and
varying initial phosphate concentrations to investigate the effect of
phosphate concentration. Other experiments were performed at con-
stant initial phosphate concentration and varying pH in order to in-
vestigate pH effects. In the first case, 100 mL of a 0.1 M NaCl solution
were placed in the reaction vessel, and the stirring, N, bubbling and
water circulation were switched on. Once the temperature reached the
desired value, the pH of the NaCl solution was adjusted to pH 5.0. Then,
0.03 g of LDH was added to the vessel and the dispersion was stirred for
15 min. The kinetic experiment was started by adding a known volume
of either a 1.6 X 107*M or a 1.6 x 10~ ' M phosphate solution to
attain initial concentrations between 5.6 x 10">Mand 3.2 X 10~ > M.
At different reaction times, a 5 mL aliquot was withdrawn, immediately
centrifuged at 5000 rpm during 10 min and the supernatant extracted
for phosphate analysis. The reaction was followed for 500 min and the
pH was continuously checked and kept constant by adding minute
volumes (microliters) of concentrated NaOH or HCI solutions. The same
procedure was employed to investigate the effects of pH (5.0, 7.0 and
9.0) at an initial phosphate concentration of 1.6 X 10~ 3M.
Comparative experiments showed that separating the supernatant from
the solid phase using 10 min centrifugation renders the same results as
filtering the dispersion with cellulose acetate filters (Supplementary
material).

Phosphate concentrations were measured by the method proposed
by Murphy and Riley [28], which use an acidified solution of ammo-
nium molybdate containing ascorbic acid and a small amount of anti-
mony. The phosphate complex concentration was measured at 880 nm
using an Agilent 8453 UV-vis diode array spectrophotometer equipped
with a quartz cell of a 1-cm optical pathlength. Calibration curves were
obtained with phosphate concentrations ranging from 5.0 x 10~%M to
3.2 X 107> M. According to Gao and Mucci [29], the detection limit of
this technique is around 0.01 uM. The error in the slope, using 19 ca-
libration curves, was 1.7%. Adsorbed phosphate was calculated from
the difference between the initial oxyanion concentration and the
concentration that remained in the supernatant solution.

In all experiments, the pH was measured with a Crison GLP 22 pH
meter and a Radiometer GH2401 combined pH electrode. The stirring
of the dispersions was done with an IKA RH digital KT/C stirrer with
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stirring rate control, which ensures good mixing and allows keeping a
constant solid-to-solution ratio during the experiment [24].

2.5. Electrophoretic mobility

A Malvern Zetasizer Nano ZS90 electrophoresis apparatus was used
to measure the electrophoretic mobility of LDH particles before and
after phosphate adsorption. For the bare solid, 0.05 g of the material
were added to 50 mL of a 0.01 M NaCl solution and dispersed by stir-
ring for 15 min. The pH of this dispersion was decreased to approxi-
mately 4.5 with an HCI solution and afterwards increased adding NaOH
until pH = 11.5in 0.5-1 pH-units steps. In each step the suspension was
stirred for 5min and the pH and electrophoretic mobility (u) was
measured [15]. Electrophoretic mobilities were converted to zeta po-
tentials (¢) with the Smoluchowski equation [30],

- €
7

Vg

where ¢ is the dielectric constant, ¢ is the zeta potential and n is the
viscosity. Similar experiments were done for the solid in the presence of
different phosphate concentrations (between 3.16 X 107>M and
8 x 10~ % M). 0.05 g of the solid were added to 50 mL of a 0.01 M NaCl
solution and dispersed by stirring for 15 min. Then, a known con-
centration of phosphate was added, allowing the system to equilibrate
for ten minutes. The pH of this dispersion was decreased to approxi-
mately 4.5 and afterwards increased step-by-step until pH = 11.5,
measuring the mobility as indicated above.

3. Results and discussion
3.1. LDH characterizations

Chemical analysis gave 23.98% for Mg, 15.25% for Al, 1.25% for C
and 13.9% for H,O leading to the chemical formula
[Mgo'64Alo'36(oH)2] C10'34(C03)0'01.0.50H20. The small content of
CO32~ is likely originated from atmospheric CO,. According to the
chemical formula, the studied solid has a structural positive charge of
4.44 meq g~ !. This value was calculated taking into account that for
each Mg atom that is replaced by an aluminum atom, a positive charge
is generated within the LDH structure. According to the chemical for-
mula, the LDH has a positive charge of 0.36 eq (which is neutralized by
0.34 eq of chloride plus 0.02 eq of carbonate). Taking into account the
chemical formula weight, the resulting structural charge is
4.44meqg .

The TG curve of Mg-Al LDH is shown in Fig. 1. It displays two
overlapped endothermic weight losses between 25 and 260 °C (peaks at
121 °C and 195 °C) summing 16.4% corresponding to the loss of surface
and intercalated water [31], and other two overlapped endothermic
weight losses between 260 and 700 °C (peaks at 356 °C and 397 °C)
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Fig. 1. TG with DSC of Mg-Al LDH.
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Fig. 2. XRD patterns of Mg-Al LDH before and after phosphate adsorption. Used phos-

phate concentration was 1.6 X 10~ M, corresponding to an adsorbed amount (P,4s) of

1.25 mmol g~

summing 27.9% due to the loss of OH groups. There was also a small
weight loss of 3.0% between 700 and 1100 °C.

The SEM and TEM micrographs of Mg-Al LDH are shown as
Supplementary material. A layered structure was observed, with over-
lapping plate-like particles having a size of 50-100 nm. This structure is
typical of LDH materials [1,17,32,33].

The XRD patterns of Mg-Al LDH before and after phosphate ad-
sorption are shown in Fig. 2. Although somewhat noisy, probably be-
cause of random orientation of particles, LDH before phosphate ad-
sorption shows the typical XRD pattern of a pure hydrotalcite. The
peaks at 20=11.68° (7.57 A) and 23.24° (3.78 }o\), corresponding re-
spectively to (003) and (006) diffraction planes, are characteristic of
these layered structures [34]. The basal spacing doos = 7.57 A results
from the sum of the brucite-type layer (4.80 A) of the solid and the
interlayer space (2.77 A) with the intercalated anions (mainly C17). The
lattice parameters a = 2d;;0 = 3.04 10\, which is the cation—cation dis-
tance in the brucite-like layer, and ¢ = 3dge3 = 22.71 A, which is re-
lated to the thickness of the brucite-like layers and the interlayer space,
were those expected for a Mg-Al hydrotalcite sample with Mg-Al = 2
and most of the charge-balancing anions being Cl~ [34].

Phosphate adsorption produced loss of crystallinity of the solid and
an enlargement of the basal spacing doos to 8.43 A, indicating the ex-
pansion of the interlayer because of phosphate intercalation. Since the
thickness of brucite-like layers is 4.77 A [35], the interlayer space can
be calculated as 2.80 A in absence of phosphate and 3.66 A with ad-
sorbed phosphate. Similar changes were reported by other authors
[1,34,36,37].

The measured N, adsorption area was 26 m> g~ . N, adsorption is
not commonly used to measure the specific surface area of layered
materials like LDH because N, cannot enter the interlayer space, and
therefore only the external area of the sample is quantified. The total
specific surface area (including the area of the interlayer space) can be
theoretical calculated from XRD data and chemical formulae
(S = 3”a®N/M), where a is the unit cell parameter, N is the Avogadrds
constant, and M is the chemical formula weight) [16]. This area was
found to be 1214 m* g~ . Since phosphate enters the interlayer space, it
senses the total area of the solid.

Fig. 3 presents the FTIR spectra of the solid before and after phos-
phate adsorption. They are also typical hydrotalcite-like materials. The
spectrum in absence of phosphate shows a broad band at around
3447 cm~! (O—H stretching vibration in the brucite-like sheets and
water in the interlayer space), a band at 1636 cm ™! (water bending
vibration of interlayer water), and bands at 790, 669 and 552 cm™!
(M—O stretching and M—O—H bending, M = Mg, Al) [4,38]. The band
at 1356 cm ™! shows the existence of CO3>~ species in the interlayer
[3,39,40].
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Fig. 3. FTIR spectra of Mg-Al LDH before and after phosphate adsorption. Used phosphate
concentration was 1.6 x 10~3M, corresponding to an adsorbed amount (P.4) of
1.25 mmol g~ %

After adsorption of phosphate the characteristic P-O stretching vi-
bration appears at 1098 em ™! [3,4,11,401, confirming that phosphate
was successfully adsorbed on LDH.

3.2. Dissolution kinetics

Dissolution kinetic results are shown in Fig. 4. The dotted line in-
dicates complete dissolution as calculated from the Mg content of the
sample. The kinetics was very similar in the pH range 5-8, where only a
fraction of the solid was dissolved (around 22%). The dissolution was
higher and faster in the pH range 3-4, being almost complete at pH 3
after 150-200 min of reaction.

It emerges from the data that the studied LDH must be used in the
pH range 5-8 in order to impede very high dissolution. Even in this pH
range, a 22% dissolution is not negligible at all, and is quite normal for
LDHs [25]. This is why a Mg-Al LDH was selected, since the solid or its
dissolution products, AI(III) and Mg(II) aqueous species, are not toxic
for the environment [23].

3.3. Phosphate adsorption kinetics

Fig. 5 shows the phosphate adsorption kinetics at pH 5.0. The dif-
ferent curves adsorbed phosphate (P,qs) vs. time (t) were obtained with
different initial phosphate concentrations. pH 5.0 was chosen for the
adsorption kinetics study because was observed that it was the pH
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Fig. 4. Dissolution kinetics of Mg-Al LDH at different pH. Dotted line indicates the the-
oretical complete dissolution. Time error bars ( = 5 min) are shown as an example in
data of pH 4, and cover the time lasted from the beginning until the end of centrifugation.
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where the highest adsorption of phosphate was produced. All curves
have similar characteristics, showing a fast initial adsorption and a
slower adsorption at longer times. Error bars suggest that equilibrium
or near equilibrium conditions were attained at about 300 min. The
results are in agreement with those reported in several other articles
where oxyanion adsorption was studied [17,18,41].

The effects of pH on phosphate adsorption kinetics are depicted in
Fig. 6, which shows data obtained at constant initial phosphate con-
centration (1.6 x 10~ 2 M) and varying pH (5.0, 7.0 and 9.0).

The adsorption was rather fast during the first 20 min at all in-
vestigated pH values. After that, the adsorption became slow at pH 9.0,
and increased as pH decreased. Some authors interpreted the effects of
pH on the adsorption rate as a consequence of the competition between
OH™ groups and phosphate species for adsorption sites [2,4,11,16].
Indeed, at constant phosphate concentration the competition will in-
crease if pH is increased. Some other authors, on the contrary, attrib-
uted this kinetic behavior to an electrostatic effect [5,11,16]. At phos-
phate concentrations higher than 8 x 10*M and pH > 5, which is
the case of our experiments, LDH particles acquired a net negative
charge that increased as pH increased (see zeta potential data below).
This increase in the negative charge would increase the electrostatic
repulsion between LDH and adsorbing phosphate, decreasing the ad-
sorption rate. A third group of authors, on the contrary, attributed the
changes in the adsorption rate with pH to changes in LDH solubility [1].
As pH decreases, the solubility increases, and Mg®* and AI** cations
are released to the solution, capturing phosphate ions and thereby in-
creasing phosphate removal [42].

The evidence so far does not allow us to select conclusively one of
the three processes. The third one can be in principle discarded because
it should be only operative at pH < 5, where solubility increases sig-
nificantly (Fig. 4). Therefore, the behavior seen in Fig. 6 seems to be
controlled by a combination of phosphate/hydroxyl competition and
electrostatic interactions.

3.4. Adsorption isotherm

From kinetic data at different phosphate concentrations and pH 5.0,
and at long adsorption times in Fig. 5, the experimental adsorption
isotherm was constructed, and it is shown in Fig. 7.

The adsorption capacity of phosphate onto Mg-Al LDH was around
2.25 mmol g~ ! at pH 5.0 at the highest investigated equilibrium con-
centration, Ceq, 0f 2.5 X 10~ % mmol L™'. This adsorption value is only
slightly lower than the maximum adsorption capacity that could be
calculated using the Langmuir equation (2.40 mmol g~ 1), suggesting
that the solid is near saturation. If adsorption takes place mainly by
anion exchange with interlayer chloride ions, and taking into account
that the structural charge of the studied solid is 4.44 meq g™, the
observed maximum adsorption is very close to the theoretical adsorp-
tion capacity of the synthesized material assuming that phosphate is
mainly present in the interlayer as the monoprotonated HPO,>~ spe-
cies. However, according to the pKa values of phosphoric acid, in the
aqueous solution at pH 5.0 the prevailing (almost 100%) species is the
biprotonated one, H,PO, ™. If the adsorbed species is this last one, the
observed adsorption only exchanged around 50% of the chloride ions.

3.5. Electrophoretic mobility

Zeta potential vs. pH data (obtained with electrophoretic mobility
measurements) of LDH Mg-Al at different NaCl concentrations and in
absence of phosphate are shown in Supplementary material. LDH
showed positive ¢ at all studied pH and ionic strengths. Within ex-
perimental error, curves ran rather flat up to pH around 10 and then ¢
decreased as pH increased. This { vs pH behaviour is rather typical for
LDHs, with the positive structural charge controlling most of the elec-
trokinetic properties of the solid. The decrease in { at pH > 10 is due
to deprotonation of hydroxyl groups, although this deprotonation was
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Fig. 6. Adsorption kinetics of phosphate onto Mg-Al LDH at different pH (25 °C,
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Fig. 7. Phosphate adsorption isotherm on Mg-Al LDH at pH 5.0.

not enough to overcome the structural charge effects. The trend of the
curves suggests that the isoelectric point (IEP) of the bare LDH would be
close to 13, which agrees with values reported by other authors
[1,43,44].

Fig. 8 shows zeta potential vs pH data at different initial phosphate
concentration.

As indicated above, in absence of phosphate { was positive in the
investigated pH range, as a consequence of the net positive charge of

4660

negatively charged phosphate species. At a given pH, { decreased as
phosphate concentration increased. At low phosphate concentrations ¢
remained positive at all pH values. However, at higher concentrations
the particle showed distinct IEP values, which decreased as phosphate
concentration increased. Already at concentration 8 X 10~ *M the
particles showed negative { in all the pH range studied.

Electrokinetic results usually give valuable information to get a
better understanding on how phosphate adsorbs on LDH. There are
three possible adsorption modes of phosphate species on the studied
solid, which are schematized in Fig. 9. 1) anion exchange, 2) electro-
static attraction, and 3) surface complexation. Anion exchange involves
exchange between the entering anions (phosphate species) and the
leaving anions (chloride ions). Two possible exchange reactions were
mentioned, with either HPO42~, or H,PO4 ™ species entering the in-
terlayer space and Cl~ leaving it. Actually, a pure anion exchange
process implies no change in the net charge of the particles, thus no
change in ¢ should be observed in the presence of phosphate. The
second adsorption mode is driven by electrostatics. In this case, the
positive structural charge of the solid or positive charges generated by
protonation of hydroxyl groups at the edges attract negatively charged
phosphate species, which remain adsorbed because of coulombic forces.
If pure electrostatic interaction takes place, phosphate will adsorb until
the positive charge of the solid is completely neutralized, with no extra
adsorption after this charge neutralization. This means that in the hy-
pothetical case of pure coulombic interactions no reversal in the sign of
¢ should be observed, which is not the case of Fig. 8. The third ad-
sorption mode is surface complexation. This is a common adsorption
mode for phosphate species in aluminum, iron and other metal oxides
and hydroxides. In surface complexation the adsorbing species acts as a
ligand that binds directly metal ions at the surface. In this case, phos-
phate species act as the entering ligands and hydroxyl ions, which were
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Fig. 9. Schematic drawing showing the three possible adsorption modes of phosphate species on LDH.

Table 1
Phosphate adsorption capacity of different adsorbents.

Adsorbents Max. adsorption capacity (mmolg™") pH  Ref.
Fe-Al hydroxides 1.67 45 [52]
AlIOOH 1.08 4.0 [53]
B-FeOOH 0.55 5.0 [54]
Fe-Mn binary oxide 1.16 56 [55]
Mesoporous ZrO, 0.96 6.8 [56]
MCM-48 1.09 5.0 [57]
Fe-Al-Mn oxide 1.56 6.8 [58]
MnO, 0.01 6.8 [59]
La,0s3-zeolite 0.79 6.0 [60]
Mg-Fe-CO3 LDH 0.45 8.4 [42]
Calcined Mg-Mn LDH 1.10 8.0 [61]
Calcined Mg-Al LDH 1.42 6.0 [2]
Uncalcined Mg-Al LDH  2.07 6.0 [63]
Mg-Al LDH 2.25 5.0  This study

bonded to AI(III) or Mg(Il) ions at the surface, act as the leaving ligands.
Surface complexation of phosphate is rather strong and normally
overcomes electrostatic repulsion. This means that charge reversal from
positive to negative can easily takes place, which is the observed case.
This result is also showed by Morimoto et al. [44]. In summary, elec-
trokinetic results indicate that neither anion exchange nor electrostatic
attraction can be the only operating mode for adsorption. Some ligand
exchange must exist in order to explain the changes in .

The analysis of electrokinetics in conjuction with other results
suggests that the three adsorption modes are likely to operate in the
studied system. XRD data showed that phosphate species enter the in-
terlayer space of LDH, giving good evidences for anion exchange.
Electrokinetics support the adsorption via ligand exchange. There is no
result that allows experimentally confirm or reject electrostatic inter-
action, but it is clear that they are always present in ion adsorption on
charged surfaces.

3.6. Comparing the phosphate adsorption capacity of different solids

Many papers have been published in the literature where the central
aim was to evaluate the ability of different materials as phosphate ad-
sorbents. For example, the adsorption capacity of waste materials or by-
products such as red mud [45], fly ash [46], blast furnace slag, calcined
alunite [47], activated alumina [48], activated coir pith carbon [49]
and manganese nodules leached residue [50], metal oxide hydroxides
[51-54], metal oxides [55-60], and LDHs [42,61-63] and their cal-
cined products [2,61,64], were tested. Table 1 summarizes the
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adsorption capacities of the mentioned materials, including the LDH
studied in this work.

The Mg-Al LDH synthetized in this study exhibits significantly
higher adsorption capacity for phosphate than the other materials. The
studied solid even shows a better performance than other Mg-Al LDH.
This ability, combined with the facts that the material is not harmful for
the environment, is simple to prepare, and has good thermal stability,
make the studied solid promising for phosphate sorption in wastewater
treatment systems. It must be noted, however, that there is one dis-
advantage arising from the high affinity of the solid for phosphate: it
cannot be reused in different adsorption cycles. The only way of des-
orbing attached phosphate is to use a displacing anion with higher af-
finity for the surface than phosphate, what will in turn impede the reuse
of the LDH for adsorbing phosphate. This is the price that is needed to
pay in order to have a good phosphate removal.

4. Conclusions

An environmentally friendly LDH was synthetized and tested for
phosphate adsorption under different conditions. A combination of
adsorption kinetics, adsorption isotherm and electrophoretic mobility
enabled to establish that phosphate adsorbs via three different ad-
sorption modes: anion exchange, electrostatic attraction and surface
complexation. The adsorption capacity of the studied LDH was very
good, better than all other phosphate sorbents published in the litera-
ture. The solid results then promising for phosphate uptake in waste-
water treatment systems.
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