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a  b  s  t  r  a  c  t

With  synthetic  wastewater,  competitive  adsorption  characteristics  of  fluoride  and  phosphate  on  calcined
Mg–Al–CO3 layered  double  hydroxides  (CLDH)  were  investigated.  A  series  of  batch  experiments  were
performed  to  study  the  influence  of various  experimental  parameters,  such  as pH,  contact  time,  and
order  of addition  of  the  anions  on  the  competitive  adsorption  of fluoride  and  phosphate  on  CLDH.  It was
found  that the  optimal  pH is  around  6  and  it took  24  h  to attain  equilibrium  when  fluoride  and  phosphate
were  simultaneous  added.  The  order  of  addition  of  anions  influenced  the  adsorption  of  fluoride  and
phosphate  on  CLDH.  The  kinetic  data  were  analyzed  using  the  pseudo  first-order  and  pseudo  second-order
models  and  they  were  found  to fit  very  well  the  pseudo  second-order  kinetic  model.  Data  of equilibrium
ompetitive adsorption
luoride
hosphate

experiments  were  fitted  well  to Langmuir  isotherm  and  the  competitive  monolayer  adsorption  capacities
of  fluoride  and  phosphate  were  found  to  be  obviously  lower  than  those  of  single  anion  at  25 ◦C. The
results  of  X-ray  diffraction,  Scanning  Electron  Microscopy  with  energy-dispersive  X-ray  analyses,  and
ATR-FTIR  demonstrate  that  the  adsorption  mechanism  involves  the  rehydration  of  mixed  metal  oxides
and  concomitant  intercalation  of fluoride  and  phosphate  ions  into  the interlayer  to  reconstruct  the  initial

LDHs structure.

. Introduction

Fluorine is an essential element for human health. Moderate
uoride (0.5–1.5 mg/L) in drinking water is an essential micronu-
rient for the calcification of the dental enamel and bone formation
1]. However, excessive intake of fluoride not only causes den-
al and skeletal fluorosis, but may  also lead to mutations in the
ser’s deoxyribonucleic acid [2].  The contamination of fluoride in
round and surface water could come either from natural geological
ources including various minerals, such as fluorite, biotites, topaz,
nd their corresponding host rocks, such as granite, basalt, syen-
te, and shale [3] or from industries that use fluoride-containing
ompounds as raw materials, e.g., glass and ceramic production,
emiconductor manufacturing, electroplating, coal fired power
tations, beryllium extraction plants, brick and iron works, and
luminium smelters [4].  Phosphorus can provide an additional
utrient for growth of photosynthetic macro- and microorganisms

n aquatic bodies, and also leads to an eutrophication problem
specially in enclosed water bodies [5].  Various industries produce

astewater that contains high concentration of phosphorus and
uoride, such as fertilizer, semiconductor, and phosphoric acid pro-
essing [6–9]. Hence, it is necessary to use an effective and robust
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technique for the removal of excess fluoride and phosphate from
water.

There are many methods for defluoridation of water, i.e.
precipitation–coagulation [10], adsorption [11,12],  Donnan dialy-
sis [13], electrodialysis [14], reverse osmosis [9,15],  nanofiltration
[16], electrolytic defluoridation [17], and ultrafiltration [18]. For
phosphate removal, various techniques including chemical pre-
cipitation, biological treatment, crystallization treatment [19],
and methods such as electrocoagulation [20], microfiltration
[21], membrane bioreactors [22], nanofiltration, reverse osmo-
sis [23–25],  and adsorption [26] have been used. Fluoride and
phosphate also can be simultaneously removed by some novel
methods, such as nanomagnetite aggregation process [27], hybrid
precipitation–microfiltration process [28], and RO/NF treatment
[29]. Among these potential separation technologies mentioned
above, adsorption is arguably one of the most promising meth-
ods because of its initial cost, flexibility and simplicity of design
and ease of operation and maintenance for removing fluoride and
phosphate from water [26,30].

Layered double hydroxides (LDHs) are a class of naturally occur-
ring and synthetic anionic clays, also known as hydrotalcite-like
compounds in which divalent cations within brucite-like layers

are replaced by trivalent cations. The resulting positive charge is
compensated by hydrated anions located in the interlayer space
between two brucite sheets. The general formula can be normally
expressed as [M1−x

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

dx.doi.org/10.1016/j.jhazmat.2012.01.069
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhengh@cugb.edu.cn
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3+ are di- and trivalent metal cations that occupy octahedral
ites in the hydroxide layers, An− is an exchangeable anion, and

 is equal to the molar ratio of M3+/(M2+ + M3+) and the layer
harge will depend on the M2+/M3+ ratio [31]. The value of x is
eported to be 0.2–0.4 in forming a pure LDHs phase. If x values are
utside this range, hydroxides or other compounds as impurities
ay  be formed [32]. The LDHs materials have received increas-

ng attention because of their many applications as precursors
o magnetic materials [33], catalysts [34], and anion exchangers
35–37].  Due to the large surface areas (20–120 m2/g) and high
nion-exchange capacities (3.0–4.8 meq/g), LDHs have been stud-
ed as potential adsorbents for removing toxic anionic species from
queous systems [38–40].  The selective binding of anions by LDHs
s affected to a considerable extent by the properties of the anions.
enerally, LDHs have affinities for anions following the order of

he Hofmeister series [41]. That is, the affinity increases with
ncreasing charge and decreasing ionic radius. For example, the
ffinity for monovalent inorganic anions decreases in the order of
H− > F− > Cl− > Br− > NO3

− > I−. LDHs generally have greater affin-
ty for multivalent inorganic anions compared with monovalent
norganic anions. The CO3

2− is the most preferentially adsorbed,
hich significantly inhibits further ion exchange [42]. Moreover,

he interlayer CO3
2− anion can be removed by being calcined at a

ertain temperature (below 800 ◦C). The calcined Mg–Al–CO3 LDHs
CLDH) was found to be better adsorbents with higher adsorption
apacity for removal of hazardous anions from contaminated water
ince the calcination of LDHs containing carbonate as interlayer
nion causes the formation of MIIMIIIO solid solution capable of
ecovering the LDHs layered structure upon treatment with water
r aqueous solution containing various anions [43–45].  It is called
he memory effect that the oxide obtained at the intermediate
alcination temperature (<600 ◦C) can easily regain the layered
tructure to become a similar LDHs compound upon exposure to
queous solution [46,47].

In this work, we attempt to use calcined Mg–Al–CO3 LDHs as
n adsorbent to simultaneously remove fluoride and phosphate
rom aqueous solution. The objective of this work was to investigate
he influencing factors, isotherm and kinetic modeling of compet-
tive adsorption of fluoride and phosphate on calcined Mg–Al–CO3
DHs and reveal the competitive adsorption characteristics of fluo-
ide and phosphate on calcined Mg–Al–CO3 LDHs. The competitive
dsorption characteristics are important to predict the adsorption
rocess of various anions.

. Materials and methods

.1. Synthesis of calcined Mg–Al–CO3 LDHs

The layered double hydroxides containing carbonate as the
nterlayer anion was synthesized by a modified co-precipitation

ethod as described elsewhere [40]. The method involves very
apid mixing to complete the nucleation process, followed by a
eparate aging process. Analytical grade Mg(NO3)2·6H2O (0.09 mol)
nd Al(NO3)3·9H2O (0.045 mol) were dissolved in deionized water.

 second solution containing analytical grade NaOH (0.31 mol) and
a2CO3 (0.13 mol) in deionized water was prepared. The two  solu-

ions were simultaneously added to a DJ-2S high speed mixer with
otor speed of 6000 rpm and stirred for 5 min. The resulting slurry
as removed from high speed mixer and aged at 100 ◦C for a spec-

fied period. The final precipitate was filtered, washed thoroughly,
nd dried at 80 ◦C for 24 h to obtain Mg–Al–CO3 LDHs. Calcined

g–Al–CO3 LDHs (CLDH) was obtained by calcining LDHs in a
uffle furnace at 500 ◦C for 3 h. The magnesium and aluminium

ontents of the samples were determined by an inductively cou-
led plasma optical emission spectroscopy (ICP-OES) instrument
erials 213– 214 (2012) 100– 108 101

(Perkin Elmer Optima 2000DV) after appropriate dissolution of the
solid samples. The carbon and hydrogen contents of the Mg–Al–CO3
LDHs were obtained in an elemental analyzer (Vario EL). Based
on the results of the chemical analysis, the empirical formu-
lae of synthesized Mg–Al–CO3 LDHs and CLDH were found to
be [Mg0.68Al0.32(OH)2](CO3)0.16·0.412H2O and Mg0.67Al0.33O1.165,
respectively. The x value (0.32) was  found in the range of 0.2–0.4,
indicating that a pure LDHs phase is formed [32]. The specific sur-
face areas of the Mg–Al–CO3 LDHs and CLDH are 82.5 m2/g and
143.0 m2/g, respectively, which were measured by the BET method
with N2 gas.

2.2. Competitive adsorption of fluoride and phosphate on CLDH

Analytical grade NaF, KH2PO4, and deionized water were used in
the preparation of the stock NaF and KH2PO4 solutions. The stock
solutions were diluted to prepare for working solutions. The pH
value was  adjusted by addition of 0.1 M NaOH and/or 0.1 M HNO3
to designed value.

The batch adsorption experiments were carried out in a serial
of 100 mL  plug-contained conical flasks with variation of solution
pH (3.0–11.0), adsorbate concentration (5–50 mg/L), and contact
time (15 min  to 48 h). Solutions of NaF and KH2PO4 were mixed
with a CLDH suspension to give a final concentration of 0.5 g/L of
CLDH. NaNO3 was added as the background electrolyte (10 mM).
The bottles were shaken in HZS-H air bath and constant tempera-
ture oscillator at a speed of 150 round per min  and a temperature
of 25 ± 0.2 ◦C. Water samples in conical flasks were centrifuged at
5000 round per min  for 10 min  and filtered with a 0.45 �m mem-
brane for the analysis of the concentrations of residual fluoride and
phosphate in solution.

Competitive adsorption of fluoride and phosphate on CLDH in
the presence of another one was also conducted using different
order of addition of the adsorbates. In the first case, fluoride was
added to the CLDH suspension and the mixture was  shaken at
25 ◦C for 24 h. Then, phosphate solution was added and the sys-
tem was  shaken for another 24 h. This system was  designated as
(fluoride-CLDH)-phosphate. In the second case, the same proce-
dure was  applied but phosphate was brought to contact with CLDH
first and the system was designated as (phosphate-CLDH)-fluoride.
In the third case, fluoride and phosphate were brought to contact
with CLDH simultaneously.

The concentration of fluoride ion in the solutions was deter-
mined using a fluoride ion-selective electrode, which measures
concentrations from 10−6 �M to saturated solutions. Phosphate
concentration in the solutions was determined by the molybdate
blue method. The concentration of phosphate was  obtained by
colorimetric reading of a spectrophotometer (722S Spectropho-
tometer) at a wavelength of 700 nm [48]. The amount of fluoride
and phosphate adsorbed was  calculated by the difference between
the initial and final concentrations.

2.3. Characterization of samples before and after the adsorption
of fluoride and phosphate ions

The CLDH materials before and after the adsorption of fluoride
and phosphate ions were characterized by X-ray diffraction (XRD),
Scanning Electron Microscopy (SEM) with energy-dispersive X-ray
analyses (EDX), and ATR-FTIR. XRD patterns were obtained at the
scan speed of 8◦/min with CuK� radiation at 40 kV and 100 mA.
SEM images and EDX analyses were taken on a Hitachi S4800
Field-Emission Scanning Electron Microscope. ATR-FTIR spectra

were recorded using a Nicolet 5700 infrared spectrometer with a
deuterated triglycine sulfate (DTGS) detector and a ZnSe horizon-
tal ATR cell. Infrared spectra over the 4000–650 cm−1 range were
obtained by averaging 32 scans with a resolution of 4 cm−1 at room
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ig. 1. Effect of pH values on fluoride and phosphate adsorption on CLDH
C0(F) = 2.6 mmol/L, C0(P) = 1.6 mmol/L, adsorbent dosage 0.5 g/L, shaking time 24 h,
emperature 25 ± 0.2 ◦C).

emperature (298 K). Data collection and spectral calculations were
ccomplished using OPUS software. In order to remove the strong
pectral contribution of water, all final ATR-FTIR spectra of wet
astes were processed by subtracting the spectrum of the corre-
ponding filtered suspension supernatants from the spectrum of
he measured sample.

. Results and discussion

.1. Effect of solution pH value on fluoride and phosphate
dsorption

The pH-dependent single-component adsorption of fluoride and
hosphate was investigated at a constant ionic strength, as shown

n Fig. 1. The amount of fluoride or phosphate adsorbed on CLDH is
aximum when pH is around 6.0, reaching 1.85 mmol/g for fluo-

ide and 1.73 mmol  P/g for phosphate. It is obvious that fluoride or
hosphate ions are adsorbed more at lower pH than at higher pH
nd the change is greater for fluoride ion than phosphate ions. These
esults can be attributed to presence of excess OH− ions competing
ith fluoride or phosphate at higher pH value. The concentration of
H− ion is improved and phosphate exists as multivalent anions at
igher pH values. According to the order of the Hofmeister series
41], LDHs have greater affinities for OH− compared with F− and
reater affinity for multivalent phosphate anions compared with
onovalent OH− anion. On the other hand, a higher pH can cause

he adsorbent surface to carry more negative charges and thus
ould generate repulsive interaction between the adsorbent sur-

ace and the anions in solution. In acid pH range 3–6, CLDH can be
asily rehydrated and incorporate fluoride and phosphate anions
o rebuild the initial layered structure by means of the so-called
memory effect” because of less competition of OH− ion. More-
ver, most carbonate was removed after calcined at 500 ◦C and little
LDH will be eliminated as CO2. When the pH is too low, because
he layered material may  be partly dissolved, adsorption capacity
an be lead to a decrease [45].

Anion adsorption in competitive systems is affected directly by
ompetition for the activate sites and indirectly by the change in

he electrostatic charge in the plane of adsorption [49]. Fluoride
dsorption in the presence of phosphate and phosphate adsorp-
ion affected by the presence of fluoride as a function of pH is
lso shown in Fig. 1. The simultaneous addition of fluoride and
Fig. 2. Effect of contact time on fluoride and phosphate adsorption on CLDH
(C0(F) = 1.6 mmol/L, C0(P) = 1.0 mmol/L, adsorbent dosage 0.5 g/L, pH = 6.0 ± 0.1, tem-
perature 25 ± 0.2 ◦C).

phosphate resulted in a significant decrease in the adsorption of
fluoride throughout the pH range investigated, but more fluoride is
adsorbed at lower pH than at higher pH values, which is in accor-
dance with single-component adsorption. A significant decrease
for fluoride implied that fluoride was  unable to compete effec-
tively with phosphate even if the initial concentration of fluoride
(2.6 mmol/L) was higher than that of phosphate (1.6 mmol/L) and
pH values are lower. This is different from the LDHs affinity order of
F− > H2PO4

− reported by Ulibarri and Hermosín [50]. The possible
reason is that fluoride and phosphate anions can not only be incor-
porated to rebuild the initial layered structure by CLDH, but also
be adsorbed by CLDH surface. Moreover, the slightly pH increas-
ing during the adsorption can cause the formation of multivalent
HPO4

2−. On the other hand, the adsorption of phosphate obviously
decreased at lower pH values and a little decreased at higher pH val-
ues. Just as mentioned previously, phosphate exists as multivalent
anions at higher pH values. LDHs have greater affinities for mul-
tivalent phosphate anions compared with monovalent F− anion.
However, phosphate exists as monovalent H2PO4

− at lower pH val-
ues. Monovalent anion is adsorbed more difficult than multivalent
anions [45]. When the activate site is limited, the adsorption of
H2PO4

− is suppressed by the competition of F−. At the pH around
6.0, the adsorption capacity of fluoride decreased from 1.85 mmol/g
to 0.75 mmol/g, while the adsorption capacity of phosphate only
decreased from 1.73 mmol  P/g to 1.17 mmol  P/g. As fluoride was
unable to compete effectively with phosphate, the phosphate inter-
acted more strongly with CLDH than fluoride did, meaning that
once phosphate was  adsorbed first on CLDH, it is more difficult to
be displaced by fluoride.

3.2. Effect of contact time on fluoride and phosphate adsorption

In order to determine the equilibration time for adsorption of
fluoride and phosphate and to investigate the kinetics of adsorp-
tion process, the adsorption of fluoride and phosphate on CLDH in
single or binary system as a function of contact time was  studied. A
plot between time and amount of fluoride and phosphate adsorbed
is shown in Fig. 2. From Fig. 2, we  can see that the adsorption of flu-

oride and phosphate on CLDH is rapid in the beginning, followed by
a slower process to reach a plateau. Near equilibrium is achieved
in less than 24 h, hence the equilibrium time of 24 h was  applied
for the study of adsorption isotherms. Fig. 2 demonstrates that the
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Q0 and b were determined from the slope and intercept of the plot
and are presented in Table 2.
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ig. 3. Pseudo first-order adsorption kinetics of fluoride and phosphate on CLDH.

dsorption capacity of fluoride or phosphate in the single system is
arger than that in the binary system, which indicates the presence
f phosphate or fluoride reduced the adsorption of another one on
LDH. It is also very interesting that it took less time for fluoride
o reach equilibrium when it is in binary system, the presence of
hosphate may  be the driving force leading to a higher uptake rate
or fluoride.

.3. Adsorption kinetics

Lagergren’s pseudo first-order and pseudo second-order models
ere used for analysis of sorption kinetics.

The Lagergren’s equation for pseudo first-order kinetics can be
ritten as follows [51]:

og (qe − qt) = log qe − k1t

2.303
(1)

here qe is the amount of adsorbate adsorbed (mmol/g) at equilib-
ium and qt is the amount of adsorbate adsorbed (mmol/g) at time
, k1 is the rate constant (h−1). Pseudo first-order kinetic plotted
t 25 ◦C is given in Fig. 3. The Lagergren’s first-order rate constant
k1) and qe were calculated from the intercept and slope of the plot
nd are listed in Table 1 along with the corresponding correlation
oefficients. It was observed that the pseudo first-order model did
ot fit well. The calculated qe values do not agree with the exper-

mental qe values, suggesting that the adsorption of fluoride and
hosphate on CLDH does not follow pseudo first-order kinetics.

Pseudo second-order model is represented as [52]:

t

qt
= 1

k2qe2
+ 1

qe
t (2)

here qe and qt have the same meaning as mentioned previously
nd k2 is the rate constant for the pseudo second-order kinetics. The
lots of t/qt versus t are shown in Fig. 4. The k2 and qe calculated
rom the model are also listed in Table 1 along with the correspond-
ng correlation coefficients. The predicted equilibrium uptakes are
lose to the experimental values indicating the applicability of the
seudo second-order model.

.4. Adsorption isotherms
The adsorption isotherms of fluoride and phosphate in single or
inary system, corresponding to the simultaneous addition exper-

ments at an ionic strength of 0.01 M,  are shown in Fig. 5. The
dsorption of fluoride or phosphate decreases in the presence of
Fig. 4. Pseudo second-order adsorption kinetics of fluoride and phosphate on CLDH.

another one, which indicates that a competitive adsorption pro-
cess between fluoride and phosphate takes place. Fluoride ion is
known for its specific adsorption on CLDH, and thus the phosphate
competes with fluoride for adsorption sites on CLDH.

The isotherm results of single and binary systems at a con-
stant temperature of 25 ◦C were analyzed using two important
isotherms: Langmuir and Freundlich isotherm models. The expres-
sion of the Langmuir model is given by Eq. (3) [53]:

qe = Q0bCe

1 + bCe
(3)

where Q0 and b are the Langmuir constants related to the maximum
amount and energy of adsorption. qe is the adsorption capacity
at equilibrium(mmol/g) and Ce is the equilibrium concentration
(mmol/L), respectively. The Langmuir equation can be described
by the linearized form:

Ce

qe
= 1

Q0
Ce + 1

Q0b
(4)

The linear plot of specific sorption (Ce/qe) against the equilib-
Ce  (mmol/L)

Fig. 5. Adsorption isotherms of fluoride and phosphate on CLDH (adsorbent dosage
0.5 g/L, pH = 6.0 ± 0.1, temperature 25 ± 0.2 ◦C).
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Table  1
Comparison of pseudo first-order and pseudo second-order adsorption rate constants and calculated and experimental qe values for single and binary systems.

System qe,exp (mmol/g) Pseudo first-order kinetic model Pseudo second-order kinetic model

k1 (1/h) qe,cal (mmol/g) R2 k2 (g/mmol h) qe,cal (mmol/g) R2

F 1.12 0.30 0.63 0.866 0.78 1.18 0.998
p  1.52 0.09 1.00 0.998 0.31 1.54 0.973
F  (P) 0.47 0.27 0.04 0.901 25.54 0.47 1
P  (F) 1.19 0.13 0.81 0.999 0.43 1.24 0.988
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Fig. 7. Linear plots of Freundlich isotherm of fluoride and phosphate adsorption on
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0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1.20.90.60.30

P
 a

d
so

rb
ed

 (
m

m
o
l/

g
)

Equilibrium P concentration (mmol/L)

previous addition of phosphate

simultaneous addition

previous addition of fluoride

in the absence of fluoride

T
L

ig. 6. Linear plots of Langmuir isotherm of fluoride and phosphate adsorption on
LDH at 25 ± 0.2 ◦C.

The Freundlich isotherm [54] can be applied for non-ideal sorp-
ion on heterogeneous surfaces and multilayer adsorption. The
reundlich equation is expressed as

e = KfCe
1/n (5)

here Kf and n are the Freundlich temperature-dependent con-
tants with Kf being the adsorption capacity and n giving an
ndication the favorability of the adsorption process. Values of n > 1
epresent favorable adsorption condition. In order to determine the
onstants Kf and n, the Freundlich equation can be described by the
inearized form:

og qe = log Kf + 1
n

log Ce (6)

Fig. 7 shows the linear plot of Freundlich isotherm of fluoride
nd phosphate adsorption on CLDH at 25 ◦C. Values of Kf and n
ere calculated from the intercept and slope of the plot and are
resented in Table 2.

As seen in Table 2, the Langmuir isotherm is a better model than
he Freundlich isotherm on the basis of the correlation coefficients.
he maximum sorption capacity of fluoride (1.94 mmol/g) in sin-

le system is much higher than that (0.63 mmol/g) in binary system
nd the maximum sorption capacity of phosphate (1.79 mmol/g) in
ingle system is a little higher than that (1.42 mmol/g) in binary sys-
em, also indicating that fluoride was unable to compete effectively

Fig. 8. Effect of the order of addition on the adsorption of phosphate by CLDH at pH
6.0  ± 0.1.

able 2
angmuir and Freundlich isotherm model constants and correlation coefficients for adsorption of fluoride and phosphate on CLDH.

System Langmuir isotherm Freundlich isotherm

Q0 (mmol/g) b (L/mmol) R2 Kf (mmol/g (L/mmol)1/n) n R2

F 1.94 8.74 0.992 1.71 3.68 0.988
p  1.79 33.48 0.992 1.90 5.18 0.965
F  (P) 0.63 5.13 0.972 0.51 10.05 0.724
P  (F) 1.42 19.53 0.990 1.50 3.95 0.958
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ith phosphate. The values of Freundlich constant n larger than 1
oint out a favorable adsorption process.

.5. Effect of order of addition on the adsorption of fluoride and
hosphate by CLDH

In order to gain further insight into the mechanism of the effect
f fluoride or phosphate on the adsorption of another one, dif-
erent contact order of fluoride and phosphate with CLDH was
pplied. Fig. 8 represents phosphate adsorption at a given fluo-
ide concentration (1.6 mmol/L) with different order of addition.
he order of addition of fluoride has a little effect on the amounts
f phosphate adsorbed on CLDH. When fluoride was  added first,
ore suppression was observed than the system where phos-

hate was added first. The amount of phosphate adsorbed was
n the following order: (phosphate-CLDH)-fluoride > phosphate-
uoride-CLDH > (fluoride-CLDH)-phosphate. Similar to phosphate
dsorption, the adsorption of fluoride in the presence of phosphate
1.0 mmol/L) was also suppressed, but the suppression is more
bvious. Fig. 9 shows that more fluoride was adsorbed when it was
dded before phosphate. Fluoride and phosphate are anions com-
eting for similar activate sites on CLDH. Whatever was  brought
o contact with CLDH, they would occupy the activate site first.

hen the activate site is limited, there may  exit an ion exchange of
uoride and phosphate according to a different contact order. How-
ver, once one of them is adsorbed, it will be hard to be displaced.
or this competitive system, it is more difficult to be displaced when
hosphate was  adsorbed first on CLDH, also indicating fluoride was
nable to compete effectively with phosphate. The possible rea-
ons are attributed to surface adsorption on CLDH and slightly pH
ncreasing during the adsorption.

Depending on the order of adsorbates addition, fluoride or phos-
hate adsorption has to reach equilibrium in different directions.
or example, when only phosphate is added at the beginning of
he experiment, there will be an important phosphate adsorption

hat should coincide with the phosphate adsorption isotherm in
bsence of fluoride. Afterwards, once fluoride is added, the compe-
ition between fluoride and phosphate should induce a decrease in
hosphate adsorption, and equilibrium has to be reached moving
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Fig. 10. XRD patterns of (a) Mg–Al–CO3 LDHs, (b) Mg–Al–CO3 LDHs calcine
Fig. 9. Effect of the order of addition on the adsorption of fluoride by CLDH at pH
6.0 ± 0.1.

from high amounts of adsorbed phosphate to lower amounts of
adsorbed phosphate. This decrease in phosphate adsorption was
observed when fluoride concentration is 1.6 mmol/L, indicating
that some phosphate is desorbed by the presence of fluoride. On
the contrary, when only fluoride is added at the beginning of the
experiment, the subsequent addition of phosphate should induce a
phosphate adsorption. Thus, phosphate has to be adsorbed by dis-
placing some of the previously adsorbed fluoride, and equilibrium
has to be reached moving from zero adsorbed phosphate to higher
amounts of adsorbed phosphate. In the third case, simultaneous
addition of both adsorbates, phosphate and fluoride should adsorb
simultaneously on CLDH and compete for common sites. The phos-
phate adsorption isotherms of previous addition of phosphate or

fluoride are different from those of simultaneous addition of the
adsorbates, which indicates the real equilibrium situations are not
reached. The results of the experiments also implied that when one

7570656055504540

 (degree)

d at 500 ◦C, and (c) CLDH after adsorption of fluoride and phosphate.
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Fig. 11. SEM images and corresponding EDX spectrum of (a) Mg–Al–CO3 LDHs, (b) Mg–Al–CO3 LDHs calcined at 500 ◦C, and (c) CLDH after adsorption of fluoride and
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hosphate.

f the anions was added first, the desorption of this anion is rather
low and thus equilibrium is attained more slowly than in the case
f simultaneous addition.

.6. XRD, SEM, EDX, and ATR-FTIR proofs of fluoride and
hosphate ions adsorption on CLDH

Fig. 10 represents XRD patterns of Mg–Al–CO3 LDHs, CLDH, and
LDH after adsorption of fluoride and phosphate ions. The XRD
atterns of Mg–Al–CO3 LDHs exhibit the characteristic reflections
f the hydrotalcite structure and accordingly, the patterns can be
ndexed in a hexagonal lattice with an R3m rhombohedral space
roup symmetry [34], further indicating the successful formation
f the LDHs structure. The XRD patterns of CLDH showed the dis-
ppearance of the peaks of hydrotalcite, due to the collapse of
he structure of Mg–Al–CO3 LDHs, and the appearance of broad
eaks attributed to the formation of Mg–Al mixed oxides, indicat-

ng Mg–Al–CO3 LDHs decomposes into magnesium and aluminum
xides when heated at 500 ◦C. The XRD patterns of the F-P-loaded

LDH regained the characteristic reflections of the hydrotalcite
tructure and verified the re-construction of the layered double
ydroxides structure of the material during adsorption of fluoride
nd phosphate from the aqueous solutions.
The particle morphology and chemical composition of the
Mg–Al–CO3 LDHs, CLDH, and CLDH after adsorption of fluoride
and phosphate can be seen in the SEM images and corresponding
EDX spectrum presented in Fig. 11.  The SEM image of Mg–Al–CO3
LDHs showed a layered structure and particles aggregation with lat-
eral size 50–100 nm and corresponding EDX spectrum showed the
presence of Mg,  Al, C, O, also indicating Mg–Al–CO3 LDHs was  suc-
cessfully prepared. The SEM micrograph of the CLDH revealed the
collapsed layer structure, which further indicated the Mg–Al–CO3
LDHs transforms to mixed magnesium and aluminum oxides.
Moreover, corresponding EDX spectrum of CLDH still showed the
presence of Mg,  Al, C, O, although their contents are lower than
those in Mg–Al–CO3 LDHs, indicating that carbonate was not com-
pletely removed after calcined at 500 ◦C. This result strengthens the
findings of Hibino et al. who demonstrated that 20–30% of the car-
bonates still remained in CLDH when Mg–Al–CO3 LDHs was heated
at 500 ◦C [55]. From the SEM image of CLDH after adsorption of
fluoride and phosphate, the original layered structure was found
partly regenerated. The appearance of the layers also verified the

rebuilding of the original layered structure by incorporating anions
into the collapsed layer structure and this is in accordance with the
XRD results. EDX spectrum showed the presence of F and P in CLDH
after adsorption of fluoride and phosphate, verifying the adsorption
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Fig. 12. ATR-FTIR spectra of CLDH, CLDH after adsorption of phosphate, CLDH

f fluoride and phosphate by CLDH. The increase in O content is due
o the adsorption of phosphate.

The ATR-FTIR spectra of CLDH before and after adsorption of
uoride and phosphate ions are shown in Fig. 12.  All the spectra
howed a peak at about 1361 cm−1 attributed to carbonate species.
TR-FTIR analyses further gave an evidence that carbonate was
ot completely removed after heated at 500 ◦C. This observation

s in good agreement with the EDX spectrum data. After adsorp-
ion of phosphate, peak at the wave number of 966 cm−1 shows
ymmetric stretching vibration of PO4

3− and peaks at the wave
umber of 1055 and 1093 cm−1 show antisymmetric stretching
ibration of PO4

3−, indicating phosphate was adsorbed on CLDH.
he absorbance intensities of new peaks at 1055 and 1093 cm−1

ere very weak when phosphate and fluoride were simultane-
usly adsorbed on CLDH, which indicated the presence of fluoride
ecreased the adsorption of phosphate and competitive adsorption
etween fluoride and phosphate on CLDH happened.

. Conclusions

Competitive adsorption of fluoride and phosphate on CLDH
as been studied. Competition in adsorption between fluoride and
hosphate was affected by pH, contact time and sequence of addi-
ion of the anions. It was found that the optimal pH is around 6
nd it took 24 h to attain equilibrium when fluoride and phosphate
ere simultaneous added. The sequence of addition of anions influ-

nced the adsorption of fluoride and phosphate on CLDH, more
uoride or phosphate was adsorbed when it was added before
nother one. Fluoride was unable to compete effectively with phos-
hate. Adsorption of fluoride and phosphate on CLDH follows the
seudo second-order model. The adsorption isotherm results could
e fitted by the Langmuir and Freundlich isotherm models, and the
ormer is a better model. The Freundlich constant n > 1 represents

 favorable adsorption condition. Competition for adsorption sites

as considered to be the mechanism of the adsorption of fluoride

nd phosphate on CLDH, since the presence of phosphate or fluo-
ide decreases the adsorption of another one. The results of XRD,
EM, EDX, and ATR-FTIR demonstrate that the main adsorption
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 adsorption of fluoride, and CLDH after adsorption of fluoride and phosphate.

mechanism involves the rehydration of mixed metal oxides and
concomitant intercalation of fluoride and phosphate ions into the
interlayer to reconstruct the initial LDHs structure.
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