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In  this  research  work,  pumice  that  is  functionalized  by  the  cationic  surfactant,  hexadecyltrimethyl  ammo-
nium  (HDTMA),  is  used  as  an  adsorbent  for the  removal  of fluoride  from  drinking  water.  This  work  was
carried out  in two  parts.  The  effects  of  HDTMA  loading,  pH (3–10),  reaction  time  (5–60  min)  and  the
adsorbent  dosage  (0.15–2.5  g L−1)  were  investigated  on the  removal  of fluoride  as  a  target  contaminate
from  water  through  the  design  of  different  experimental  sets  in  the  first  part.  The  results  from  this  first
part  revealed  that  surfactant-modified  pumice  (SMP)  exhibited  the  best  performance  at dose  0.5  g L−1,  pH
6,  and  it  adsorbs  over  96%  of  fluoride  from  a solution  containing  10  mg  L−1 fluoride  after  30  min  of mixing
time.  The  four  linear  forms  of  the Langmuir,  Freundlich,  Temkin  and  Dubinin–Radushkevich  isotherms
model  were  applied  to  determine  the  best  fit  of equilibrium  expressions.  Apart  from  the  regression
coefficient  (R2), four  error  functions  were  used  to  validate  the  isotherm  and  kinetics  data.  The  experi-
mental  adsorption  isotherm  complies  with  Langmuir  equation  model  type 1. The maximum  amount  of
adsorption  (Qmax)  was  41  mg  g−1. The kinetic  studies  indicated  that  the  adsorption  of fluoride  best  fitted

with  the  pseudo-second-order  kinetic  type 1.  Thermodynamic  parameters  evaluation  of  fluoride  adsorp-
tion  on  SMP  showed  that  the adsorption  process  under  the  selected  conditions  was  spontaneous  and
endothermic.  The  suitability  of  SMP  in defluoridation  at field  condition  was  investigated  with  natural
groundwater  samples  collected  from  a nearby  fluoride  endemic  area  in the  second  part  of  this  study.
Based  on  this  study’s  results,  SMP  was  shown  to  be an affordable  and  a  promising  option  for  the removal
of fluoride  in  drinking  water.
. Introduction

Fluoride is the first element of the halogen family in the periodic
able that does not occur in the element state in the environment
ue to its high reactivity [1]. The presence of fluoride in drinking
ater in acceptable concentrations is known as an essential con-

tituent for human health, especially in children below 8 years of
ge [2].  However, when fluoride concentration exceed the accept-
ble level (1.5 mg  L−1), it leads to serious health problems such as
keletal fluorosis, mottling of teeth and lesions of endocrine glands,
hyroid, liver and some other organs. Fluoride compounds are used
n industry for a wide range of applications, such as: aluminum pro-

uction, glass fiber [3],  phosphate fertilizers, bricks, tiles, ceramics
3,4], drinking water fluoridation and toothpaste [5].  Weathering
f rocks and industrial discharges are the main sources of fluoride

∗ Corresponding author. Tel.: +1 438 837 5468; fax: +1 306 966 4777.
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in water, air, and soil [1].  In some provinces of Iran, the level of
fluoride in drinking water is greater than 1.5 mg  L−1, which can
lead to endemic fluorosis. This problem is visible in several coun-
tries, including China, the United States, Tanzania, Mexico, Kenya,
Poland and Pakistan [2].  The levels of human daily exposure/intake
of fluoride mainly depend on the geographical conditions and
lifestyles [6]. Potable water is the main source of fluoride intake
in humans. As previously stated, water in many places of the world
contains high concentrations of permissible fluoride ions. There-
fore, treatment of fluoride-contaminated water to a level below the
permissible value that is recommended by the WHO  has become a
critical health issue.

Several methods, such as reverse osmosis, ion
exchange/adsorption, coagulation, precipitation, and electro
coagulation have been used for the removal of excess fluoride
from drinking water [7–9]. Among these methods, adsorption is

the most extensively used and is a promising technique for the
removal of fluoride. A large number of materials such as activated
alumina, red mud, quartz, and fly ash have been suggested for the
adsorption of fluoride from water [2,10–12]. However, in recent

dx.doi.org/10.1016/j.jhazmat.2012.03.003
http://www.sciencedirect.com/science/journal/03043894
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ears, studies have been devoted to low-cost materials such as
ocal mineral sorbents for the elimination of pollutants from water.
hese sorbents can be used in natural or modified forms. One such
ow-cost material is pumice [13–16].

Pumice is a light, porous, volcanic stone with a large surface
rea. It is easily and cheaply found in nature or some kinds of
aste. Pumice is composed of highly microvesicular glass pyro-

lastic with very thin, translucent bubble walls of extrusive igneous
ock. Pumice is commonly pale in color, ranging from white, cream,
lue, or grey, to green-brown or black. It is formed when volcanic
ases exsolving from viscous magma  nucleate bubbles, which can-
ot readily decouple from the viscous magma  prior to chilling to
lass [16,17].  It is a common product of explosive eruptions (plinian
nd ignimbrite-forming) and commonly forms zones in upper parts
f silicic lavas. Pumice has an average porosity of 90%, and initially
oats on water [18–21].

Pumice has been widely tested and used in water treat-
ent as an adsorbent, filter bed and support media [17,18,20].
kbal studied the adsorption of phenol and 4-chlorophenol onto
urfactant-modified and unmodified pumice from an aqueous solu-
ion. Experimental results showed that unmodified pumice cannot
dsorb the phenol compound, but modified pumice is an excellent
dsorbent of phenol and 4-chlorophenol [22]. Since pumice is a
ow-cost material with a porous structure and a large surface area

idely available and easily processed and modified, thus modified
umice stone would be a suitable candidate as an adsorbent.

Due to the aforementioned advantage of original and modified
umice, to develop its application for removal of pollutant, it is
ery beneficial to study the performance of surfactant-modified
umice in eliminating other contaminates, such as fluoride. As
entioned above, several methods and many adsorbents in litera-

ure have been used to remove fluoride from water; however, to our
nowledge from reviewing the literature, pumice and surfactant-
odified pumice used for fluoride removal have not yet been

eported. Accordingly, in this work, the capabilities of pumice and
urfactant-modified pumice were evaluated in the removal of flu-
ride from water. The main aim of this study is to demonstrate
he performance capacity of modified pumice to adsorb fluoride
rom drinking water. A series of experiments such as surfactant
oading, pH, adsorbent dosage, contact time, and environmental

ater quality was carried out to investigate their effects on the
uoride adsorption capacity of modified pumice. The kinetics and

sotherms of fluoride adsorption with modified pumice stone were
lso studied.

. Materials and methods

.1. Sorbent

Pumice stone was supplied from Tikmadash mine, located in
he south of East Azerbaijan province, in the northwestern area of
ran. It was washed with distilled water several times and dried
ut at room temperature. The desired particle size (mesh 80–100)
f pumice was obtained from sieve pumice, which had been grinded
reviously. The characteristics of the natural pumice and its mod-

fied form were determined by evaluating surface morphology,
pecific surface area, pore size and volume, and electrokinetic
roperties. The surface structures of natural and modified pumice
articles were analyzed using a Philips Model XL-30 scanning
lectron microscope (SEM) with energy-dispersive X-ray micro-
nalysis. The mean pore diameter, specific surface area and pore

olume were determined by Brunauer–Emmett–Teller (nitrogen
orption isotherm) methods, using a Micrometrics particle size ana-
yzer (model ASAP 2000). Total pore volume was calculated using
he equation reported by Altenore et al. [23]. The electrokinetic
aterials 217– 218 (2012) 123– 132

properties of pumice and modified pumice were determined by a
Zeta Meter 3.0 (Malvern Instruments Ltd.) equipped with a micro-
processor unit. The zeta potential was  calculated automatically
using the Smoluchowski equation and as function of pH of the solu-
tion according to the electrophoresis method with high sensitivity.
Then 0.5 g of each samples (SMP2 and raw pumice) tasted in the zeta
potential examination [24]. The pumice sample was further charac-
terized by X-ray diffraction (XRD) and X-ray fluorescence (Philips,
Model X PER MPD).

2.2. Preparation of surfactant-modified pumice (SMP)

It has been shown that chemical conditioning improved the per-
formance of natural zeolite and sodium-type natural clinoptilolite
favours the exchange of cations [25]. Therefore, the raw pumice
was first pre-treated with Na+ salt with the aim of removing cer-
tain cations from the structure and locating more easily removable
ones, prior to any ion exchange applications. After conditioning,
the final homoionic or near homoionic state pumice improves the
effective exchange capacity. The pumice was  first conditioned with
1 M NaCl solution at room temperature, and afterwards washed
with distilled water and dried out at 80 ◦C. A pre-weighted quan-
tity of pumice (Na-saturated) was mixed with the specified amount
of hexadecyltrimethyl ammonium bromide (HDTMA) in 1 L of dis-
tilled water. The suspension was  shaken for 8 h at 150 rpm and
60 ◦C. The solution was  filtered, and then the pumice was washed
several times with double distilled water, dried at 70 ◦C for 8 h,
and used as synthetic modified pumice throughout this study. The
HDTMA concentrations, which were used for pumice modification,
were 0.5, 1, 2 and 3 mmol  L−1. The modified pumice was  named
SMP0.5 (for 0.5 mmol  L−1 surfactant), SMP1 (for 1 mmol L−1 surfac-
tant), SMP2 (for 2 mmol  L−1 surfactant), and SMP3 (for 3 mmol L−1

surfactant). In order to evaluate isotherms of surfactant adsorption
on pumice, the synthesized pumice was weighed accurately and
added with the 1000 mL  of HDTMA solutions in the concentration
from 0.5 to 7 mmol  L−1. The HDTMA solutions were stirred for 24 h
[15]. After 24 h shaking, the suspension was  centrifuged and then
the supernatants were filtered and the concentration of residual
HDTMA was analyzed with a Shimadzu TOC-5000 analyzer.

2.3. Procedure of adsorption experiments

In this study, the adsorption tests were divided into two sec-
tions. In the first section, six experimental runs were designed
to test the ability of SMP, to investigate the influence of oper-
ational conditions on fluoride adsorption, and to determine the
optimum conditions that achieve minimum fluoride residual in the
aqueous solution (maximum amount fluoride removal). In addi-
tion, in this part of the study, kinetic and isothermic data were
analyzed. The details of the experimental runs and correspond-
ing conditions are presented in Table 1. In the first run of batch
adsorption experiments, 200 ml  solution of fluoride of initial con-
centration 10 mg  L−1 was contacted with 0.1 g of unmodified and
modified pumice, separately. The contents were placed in a ther-
mostated shaker and gently agitated at 200 rpm. The solution was
filtered, and then residual the fluoride concentration was analyzed.
The effects of adsorbent mass, initial pH, contact time and equilib-
rium test were tested in a second run of experiments (Table 1).
Equilibrium adsorption was determined by mixing 0.1 g of pumice
with 200 ml  solution with a different concentration of fluoride (see
Table 1). The amount of adsorbed fluoride at equilibrium, qe, and

fluoride removal efficiency (RE) was  calculated from the mass bal-
ance equation presented in Eqs. (1) and (2),  respectively.

qe = V

M
× (C0 − Ce) (1)
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Table 1
Experimental phases and conditions.

Experimental conditions

Run Purpose of experiment Solution pH Fluorides concentration (mg  L−1) SMP  (g L−1) Contact time (min)

1 Effect of HDTMA loading 6 10 0.5 20
2  Effect of pH of water 3–10 10 0.5 30
3  Effect of SMP  dosage 6 10 0.15–2.5 30

10 0.5 5–60
1.5–20 0.5 1440

10 0.5 30
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peaks related to SiO2 (quartz). From the X-ray fluorescence (XRF)
results, pumice is composed of SiO2 (65.219%), Al2O3 (15.5%), CaO
(2.508%), MgO  (0.862%), Na2O (1.814%), K2O (2.681%) and Fe2O3
(2.606%). Approximately 8.07% of the pumice sample was lost in
4 Adsorption kinetic and effect of contact time 6
5 Equilibrium tests 6 

6  Effect of temperature (293–303 K) 6 

E = C0 − C

C0
× 100 (2)

here Ce and C0 are the equilibrium and initial concentrations of
uoride (mg  L−1), respectively; qe is equilibrium fluoride concen-
ration on adsorbent (mg  g−1); V is the volume of fluoride solution
L); M is the mass of SMP  sample used (g); and RE is the removal
fficiency. Apart from the correlation coefficient (R2), the validity of
he adsorption isotherm and its goodness-of-fit was  evaluated with

arquardt’s percent standard deviation (MPSD) and the hybrid
rror function (HYBRID), which can be described as:

PSD = 100

√√√√ 1
N − P

N∑
i=1

(
qexp

ei
− qcal

ei

qexp
ei

)2

(3)

YBRID = 100
N − P

N∑
i=1

[
(qexp

ei
− qcal

ei
)
2

qexp
ei

]
(4)

here qexp
ei

is the observation from the batch experiment i; qcal
ei

is
stimated from the isotherm for the corresponding qexp

ei
; N is the

umber of observations in the experimental isotherm; and P is the
umber of parameters in the regression model. The smaller MPSD
nd HYBRID values reveal more accurate estimations of qe values
26,27]. In addition, in kinetics studies, apart from the correlation
oefficient (R2), the validity of kinetic models has been measured
y the normalized standard deviation (NSD) and average relative
rror (ARE), which can be defined as:

SD = 100

√√√√ 1
N − 1

N∑
i=1

[
(qexp

t − qcal
t )

qexp
t

]2

(5)

RE = 100
N

N∑
i=1

∣∣∣∣qexp
e − qcal

e

qexp
e

∣∣∣∣
i

(6)

here qexp
t and qcal

t (mg  g−1) are experimental and calculated
uoride adsorbed on SMP  at time t, and N is the number of mea-
urements made. The smaller NSD and ARE values indicate more
ccurate estimations of qt values [27].

In the second section of this work, the applicability of SMP  in the
emoval of fluoride from natural water was examined. The water
amples were collected from the city of Bahar in the west of Iran.
he water quality parameters of samples were determined before
nd after of treatment by SMP. The water qualities of collected
amples were analyzed using standard methods [28].

.4. Fluoride analysis and chemicals

The fluoride concentration in the solutions was  determined by

xpandable ion analyses (Orion EA 940 ion meter) [28]. The pH was
easured via the EA 940 ion meter with a pH electrode. NaF and

exadecyltrimethyl ammonium bromide (HDTMA) were obtained
rom Merck Co. All chemicals were reagent grade and used without
Fig. 1. Scanning electron micrograph (SEM) image of natural particle.

further purification. All experiments were conducted in duplicate,
and the average values are presented.

3. Results and discussion

3.1. Pumice characterization

SEM was  used to observe the natural and modified pumice
morphology, and micrographs are shown in Figs. 1 and 2. The
image of the original pumice (Fig. 1) indicated that the pumice
surface had a porous surface. The SEM modified pumice (SMP2)
is given in Fig. 2. As seen in Fig. 2, the surfaces of original pumice
clearly changed after modification, and porous surface could not
be seen clearly. The reason is that the external surface of pumice
was covered by surfactant (Fig. 2). In other words, the HDTMA
was adsorbed on the external surface of the pumice. The results
of X-ray diffraction (XRD) spectra (Fig. 3) demonstrated that the
main component of pumice was  SiO2, with the largest intensity
Fig. 2. Scanning electron micrograph (SEM) image of SMP2.
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and this level of modifier led to the maximum removal of fluo-
ride (92.5%) at 20 min  contact time. Therefore, it is concluded that
modification with an initial concentration of 2 mmol L−1 of HDTMA

- - - - Pumice - - -

HDTMA  mon omer 

in solution  

++ +++ + +

(a) 

+

F- 

+
F- F- 

++ +
2  (degree)

Fig. 3. XRD pattern of pumice.

he ignition process. Various studies have reported that the main
omponent of pumice is SiO2 [22,29].  The BET-specific surface
rea, total pore volume and mean pore diameter (at P/P = 0.99) of
he unmodified and modified pumice were determined using the
ET isotherm model. The specific surface area, total pore volume,
nd mean pore diameter of the natural pumice were 13.77 m2 g−1,
.0052 cm3 g−1 and 15.297 nm,  respectively. The ratios of SiO2 to
l2O3 and BET of selected pumice in this study are smaller than
ther sources regarding pumice [22,29].  The geological formation
f pumice sources can probably attribute to differences in the com-
ound and BET of pumice. In addition, the specific surface area, total
ore volume, and mean pore diameter of the modified pumice were
1.79 m2 g−1, 0.0041 cm3 g−1 and 23.2 nm,  respectively. The spe-
ific surface area and pore volume of the natural pumice decreased,
s it was modified with surfactant. Due to modification, some of
he main channels of the pumice became obstructed by surfactant;
herefore, the diffusion of N2 into these channels was impeded, and
esulted in decreasing the specific surface area and pore volume.
he mean pore diameter of the natural pumice after modification
as increased, perhaps the result of the blockage of the smallest
ore diameters with surfactant; and consequently, the mean pore
iameter increased.

.2. Effect of the modifier loading level and maximum adsorption
f HDTMA onto pumice

In Run 1 experiments, the effect of HDTMA loading levels on flu-
ride adsorption was conducted in a range of 0.5–3 mmol  L−1. The
xperimental results indicated that 55–98% of HDTMA adsorbed
n pumice. The results show that treatment with initial concen-
ration of 2 mmol  L−1 of HDTMA, adsorbed about 92% of fluoride
nto pumice and appeared to be the optimal loading for fluoride
emoval. The results of the application of modified and original
umice on fluoride removal are presented in Table 2. Table 2 reveals
hat the level of adsorbed fluoride onto natural pumice is very little
12%). The zeta potential profiles of natural and modified pumice
s. pH are given in Fig. 4. As seen in Fig. 4, raw pumice has a negative
harge in the entire pH range. Ersoy et al. [30] also reported that
umice has a negative charge. Since the fluoride ion has negative
harge, it is repelled by the negatively charged pumice surface. This

nduces a relatively low adsorption capacity, as shown in Table 2.
or this reason, in order to increase the adsorption capacity, the
urface of natural pumice was modified with a typical HDTMA,

able 2
omparison of fluoride removal efficiency of natural and modified pumice.

Type of pumice

Raw pumice SMP0.5 SMP1 SMP2 SMP3

Removal efficiency (%) 12 70 80 92.5 87
Fig. 4. Zeta potential vs. pH of the natural and modified pumice (SMP2).

which neutralizes the negative charges. The results in Fig. 4 indi-
cated that the surface acquires positive charges and consequently
become receptive to the uptake of negatively charged fluoride ion
through electrostatic attraction. No information could be found in
literature on the zeta potential of the modified pumice by HDTMA
to compare with our results. However, Armagan et al. [24] reported
that negative surface charge of natural zeolite changed to posi-
tive after modification with HDTMA. Schematic diagram of HDTMA
configurations on the pumice surface and fluoride adsorption onto
SMP  are given in Fig. 5. At low concentration, HDTMA forms a
monolayer on the pumice surface with the hydrophobic ends of
the molecules reaching out in the solution (Fig. 5a). At low sur-
factant concentration there will be no adsorption of fluoride ion
due to hydrophobic surface. With increasing coverage, also a sec-
ond HDTMA layer may  be formed. This bilayer presents positively
charged functional groups towards the solution, which can serve
as sorption sites for anions (Fig. 5b). As seen in Fig. 5, the forma-
tion of bilayer at 2 mmol  L−1 concentration of HDTMA on pumice
surface, there by protruding cationic head group towards water
for chemisorptions with fluoride ion (Fig. 5b). This result shows
that original pumice is not an appropriate adsorbent for fluoride
elimination from water. However, in the SMP, the percent of fluo-
ride removal increased as HDTMA levels increased to 2 mmol L−1,
+

- - - - Pumice - - - - -
+ + + ++ +

HDTMA 

bilaye r

(b) 

Fig. 5. Schematic diagram of the theoretical monolayer and bilayer of HDTMA for-
mation on the pumice structure (a and b), and interaction of fluoride ion with
HDTMA on pumice surface (b).
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Fig. 6. Adsorption isotherm of HDTMA onto Na-pumice.

ives the best performance, and thus it was selected as an opti-
al  loading level for fluoride removal and used for the rest of the

xperiments. Furthermore, an increase of surfactant concentration
p to 3 mmol  L−1 resulted in a decline of fluoride removal effi-
iency (87%). An increase in adsorption with an HDTMA loading
alue ranging from 0.5 to 2 mmol  L−1 can be explained by changes
n pumice surface charge due to modification with HDTMA. When
he pumice is treated with HDTMA, due to the increase of posi-
ive charges on the surface of pumice, electrostatic forces between
he positive charges on the surface of pumice and fluoride in the
olution increased that enhances fluoride removal [31].

Results from experimental of sorption of HDTMA from solu-
ion onto surfaces pumice indicated that adsorption of HDTMA on
umice could be best followed with the Langmuir isotherm (Fig. 6
nd Table 3). The sorption isotherm for HDTMA on the Na-pumice
s presented in Fig. 6. When fitting the data (Fig. 6) into Eq. (15) in
ection 3.6, it was found that the high coefficient of determination
R2) as shown in Fig. 6, indicating good agreement with Langmuir

odel. The maximum of the HDTMA adsorbed onto pumice (Qmax)
an be calculated from the equation given in Fig. 6 and was showed
n Table 3. Wingenfelder et al. [15] and Rozic et al. [32] have also
btained a better fit using the Langmuir isotherm for experimental
ata for HDTMA adsorption onto zeolite. The maximum moles of
DTMA adsorbed on the SMP  were 0.916 mmol  g−1. It can be sug-
ested that the HDTMA molecule may  create an organic-rich layer
n the pumice surface and the charge on the surface is reversed
rom negative to positive.

.3. Effect of solution pH

Since the pH of the aqueous solution plays a key role in the
dsorption process, in Run 2 experiments, the effect of solution
H on the removal of fluoride by SMP  was examined in a range
f 3–10 under the conditions presented in Table 1. The results
f pH effect on fluoride removal are shown in Fig. 7. This figure
learly shows that the adsorption of fluoride was highly affected
y the solution pH. Similar observations were reported for fluoride
dsorption onto modified activated carbon and hydroxyapatite by
ther authors [33,34]. As seen from the figure, under acidic and

lkaline conditions, the lowest amounts of fluoride were removed.
ig. 7 also demonstrates that fluoride adsorption in SMP  decreased
rom 96% to 40% when the pH solution increased from 6 to 10.

able 3
itted Langmuir parameters for sorption of HDTMA by pumice.

Slope (1/Qmax) Intercept (1/bQmax) Qmax (mmol  g−1) b (g−1) R2

1.092 5.5332 0.916 0.197 0.992
pH

Fig. 7. Effect of pH on fluoride adsorption and pHzpc draft.

Fluoride-contaminated groundwater contains several other ions
that can compete with fluoride in the adsorption process. The
decrease in fluoride removal under alkaline conditions may  be due
to competition of excess of hydroxyl ions with fluoride ions for
active sites on SMP. This finding agrees with other researchers who
have also reported that hydroxyl ions, bicarbonate, carbonate, chlo-
ride, sulfate and nitrate have negative effects on fluoride adsorption
by modified chitosan [34,35].  In addition, the trend in fluoride
removal in the presence of coexisting anions seems to be related to
the valence of the coexisting anions. Trivalent ions have the largest
effect while monovalent anions give the least effect [34,35]. This
trend supports the conclusion that electrostatic interaction plays a
major role in fluoride uptake by SMP.

The decrease in fluoride removal under alkaline conditions can
also be described by considering the point of zero charge (PZC)
of the SMP  and the nature of fluoride (negative charge of fluo-
ride ions). Fig. 7 also shows the plot of equilibrium pH (final pH)
against the initial pH. As seen from the figure, the PZC value of SMP
particles’ surface was 6.5. This means that the SMP  surface was neg-
atively charged at solution pHs above 6.5, and fluoride ions were
repelled by the SMP  surface, resulting in the reduction of fluoride
adsorption [13]. However, at pH values below the PZC (pHzpc = 6.5)
of SMP, the surface of SMP  was  positively charged, causing bet-
ter fluoride ions adsorption through the electrostatic attraction.
Up to now, there was  no previous report on fluoride adsorption
by SMP. However, Ramos et al., Anirudhan and Ramachandran
evaluated the influence of pH on chromium and acid humic adsorp-
tion by surfactant-modified zeolite (SMZ) and surfactant-modified
bentonite (SMB), respectively [13,36]. These authors evaluated the
adsorption of chromium and acid humic from an aqueous solution
on SMZ  and SMB  at different pHs and found that the surfactant
modified zeolite surface was negatively charged at pH > PZC and
due to their negative charge, anions were repelled by the SMZ  sur-
face [13,36]. In addition, the lower amount of fluoride removed
under acidic conditions (pH 3–5) may  be due to the formation of
weak hydrofluoric acid. As seen in Fig. 7, the highest fluoride ions
uptake of 96% was observed at pH 6. Therefore, the optimum pH
was 6, and the rest of the examinations were evaluated at this opti-
mum  pH. As shown in Table 4, our findings are in agreement with
only some results reported previously about fluoride adsorption
[37–42]. This study’s results may  be different from others due to
the use of different adsorbents and operational conditions.

3.4. Effect of SMP dosage

The effect of SMP  dosage on fluoride adsorption was studied in
the range of 0.15–2.5 g L−1 in Run 3 experiments under the condi-

tions specified in Table 1. The results regarding fluoride removal
and adsorption capacity at various SMP  doses are presented in
Fig. 8. According to Fig. 5, increasing the SMP  dosage from 0.15
to 0.5 g L−1 also increases percentage fluoride removal from 80% to
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Table 4
Comparison of fluoride adsorption capacity using SMP  with different adsorbent.

Adsorbent Optimum pH Fitted kinetic model Fitted isotherm model Adsorption capacity (mg g−1) Reference

Ceramic 7 Pseudo-second-order Freundlich and Langmuir 2.16 37
Hydrous iron(III)–tin(IV) bimetal 3 Pseudo-second-order Langmuir 10 38
Nano-hyrdroxyapatite/chitin 3 Pseudo-second-order Langmuir 8.4 39
Ferric hydroxide 7 Pseudo-second-order Langmuir 6.5 40
Nano-alumina 6.15 Pseudo-second-order Langmuir 14 41
CaO/activated alumina 5.5 Pseudo-second-order Langmuir 101.01 42
MnO2/activated alumina 5.5 Pseudo-second-order 

Activated alumina 5.5 Pseudo-second-order 

SMP 6 Pseudo-second-order
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Fig. 8. Effect of SPM dose for fluoride adsorption.

7% after 30 min  contact time; an equilibrium value was  reached
fter 0.5 g L−1 of sorbent dosage. The enhancement of fluoride
dsorption as a function of SMP  dose to 0.5 g L−1 is due to the greater
vailability of active binding sites and to the presence of a greater
urface area for adsorption. In addition, it can be seen that the rate
f fluoride adsorbed to SMP  (mg  g−1) did not significantly increase
ith the increasing dosage of SMP  from 0.5 to 2.5 g L−1. One plausi-

le reason could be due to overlap of active sites at higher adsorbent
asses resulting in reduced effective surface area required for sorp-

ion [31]. In addition, when the SMP  dosage increased from 0.5 to
.5 g L−1, the percentage of fluoride removal exhibited no signif-

cant increase. Thus, 0.5 g L−1 of SMP  was fixed as the optimum
osage, and the rest of the studies were performed at this optimum
dsorbent dose.

.5. Kinetics of fluoride adsorption on SMP

In Run 4 experiments, the effect of contact time in the range
f 5–60 min  and kinetics were evaluated under conditions shown

n Table 1. Fig. 9 illustrates the time profile of fluoride adsorption
nto modified pumice in terms of removal efficiency and adsorp-
ion capacity. As shown in this figure, as contact time increased,
dsorption capacity of fluoride and removal efficiency increased,
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Fig. 9. Influence of contact time on adsorption of fluoride by SMP.
Langmuir 10.18 42
Langmuir 24.39 42
Langmuir 41 This study

but then gradually reached equilibrium after 30 min contact time.
Hence, 30 min  contact time was selected as the optimum time for
the sorbents for further examination. The kinetic adsorption data
are probably the most important factor in the design of an adsorp-
tion system, to determine the adsorbate uptake rate and the time
needed to attain equilibrium for industrial applications [33,43]. To
analyze the kinetics of adsorption onto SMP, two simplified kinetics
models including the pseudo first-order Lagergren and pseudo-
second order were used. The pseudo first-order model is generally
given by [33,43–45].

dqt

dt
= k1(qe − qt) (7)

where k1 is the pseudo first-order rate constant (min−1), and qe

and qt are the adsorption capacity at equilibrium conditions (mg
fluoride/g SMP) and at time t, respectively. After integrating Eq. (7)
between the limits, t = 0 to t = t and qt = 0 to qt = qe, we obtain:

log(qe − qt) = log(qe) − k1

2.203
t (8)

In addition, the non-linear form of the pseudo second-order
equation is expressed as

dqt

dt
= k2(qe − qt)

2 (9)

where k2 is the rate of the pseudo second order model
(g mg−1 min−1). Eq. (9) can be linearized onto at least four different
forms (Eqs. (10)–(13)).

Type 1 :
t

qt
= 1

k2q2
e

+ t

qe
(10)

Type 2 :
1
qt

=
(

1

k2q2
e

)(
1
t

)
+

(
1
qe

)
(11)

Type 3 : qt = qe −
(

1
k2qe

)
qt

t
(12)

Type 4 :
qt

t
= k2q2

e − k2qeqt (13)

The parameters in these models (first and second order) can be
determined experimentally from plotting log(qe − qt) vs. t, (t/qt)
vs. t, 1/qt vs. 1/t,  qt vs. qt/t and qt/t vs. qt, respectively [27,44].
The values of correlation coefficients NSD and ARE from the fitted
kinetic models are presented in Table 5. The fitted linear regression
plots showed that the experimental data are well fitted to the
pseudo-second-order kinetic model type1 with higher value cor-
relation coefficient (R2 > 0.999), compared to pseudo-second-order
kinetic model types 2, 3, 4 and the pseudo-first-order model.
The fitted kinetic models were further evaluated by determining
the NSD, ARE and adsorption capacities. As shown in Table 5,

NSD and ARE for pseudo-second-order kinetic model type1 were
7.67% and 6.47%, respectively. The comparison of the NSD and ARE
values in Table 4 confirm that fluoride adsorption onto SMP  fits
well with pseudo-second order kinetic model type 1, validating
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Table 5
Values of the pseudo first and second order parameters for fluoride sorption onto SMP.

Information Pseudo-first order Pseudo-second order
(Type 1)

Pseudo-second order
(Type 2)

Pseudo-second order
(Type 3)

Pseudo-second order
(Type 4)

2 0.972
9.67 

8.45 
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R 0.975 0.999 

NSD 20  7.67 

ARE  12 6.45 

his model for the adsorption of fluoride onto SMP (see Fig. 10).
oreover, the results, based on this model (as seen in the inset of

ig. 10)  indicate that two reactions in either series or in parallel
re completed in the adsorption of fluoride by SMP; the first one
s fast and the second is a slower reaction that can continue for

 long period of time. In addition, the fitness of experimental
ata to the pseudo-second order model, the basic assumption

n the model, implies that chemisorption plays a major role and
ikely controls the adsorption process [44]. From the correlation
oefficient, NSD and ARE values, the best kinetic model fitted the
ata in the following order:

seudo-second-order (type 1) > pseudo-second-order (type
) > pseudo-second-order (type 4) > pseudo-second-order
type3) > pseudo-first-order

The fitted linear form of the pseudo-second order model is
hown in Fig. 10.  The results in Fig. 10 show that the fitted model
ith data was t/qt = 0.033 + 0.0511t, and the model-calculated

dsorption capacity (qe,cal) was 19.3 mg  g−1. Fig. 10 also reveals
hat the value calculated from the model (qe,cal) was very close to
he experimental adsorption capacity value (qe,exp = 19.15 mg  g−1).
hese data strongly suggest that the pseudo-second order kinetic
odel provides a good correlation for the adsorption fluoride on

MP. These findings are in agreement with most previous studies
xamining the adsorption of fluoride onto different adsorbents, as
ndicated in Table 4.

.6. Equilibrium adsorption isotherms

Isotherms express the specific relationship between the amount
f fluoride adsorbed onto SPM surface in given experimental
onditions and the equilibrium concentration of fluoride in the
iquid phase. Therefore, an analysis of isotherm data was  con-
ucted to determine the maximum capacity of the sorbent and to
evelop an equation for the purpose of a column design. Accord-

ngly, the conformity experimental results with four of the most
onventional isotherm models Langmuir (four types), Freundlich,

ubinin–Radushkuvich and Temkin were evaluated in Run 5 exper-

ments. The coefficient (R2), MPSD and HYBRID were used to select
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Fig. 10. Pseudo-second-order sorption of fluoride adsorption onto SMP.
 0.973 0.972
15.67 14.67
12.45 11.45

the best-fit isotherm model. The linear form of the selected models
can be represented by the following equations [27,33,44,45]:

Freundlich : ln qe = ln kf + 1
n

ln Ce (14)

Langmuir-1 :
Ce

qe
= 1

bQmax
+ Ce

Qmax
(15)

Langmuir-2 :
1
qe

=
(

1
Qmaxb

)
1
Ce

+ 1
Qmax

(16)

Langmuir-3 : qe = Qmax −
(

1
b

)
qe

Ce
(17)

Langmuir-4 :
qe

Ce
= bQmax − bqe (18)

Temkin : qe = BT ln AT + BT ln Ce (19)

Dubinin–Radushkevich(D-R) : ln qe = ln Qmax − KDRε2 (20)

In 1906, the Freundlich presented the earliest known sorption
isotherm equation. In this study, the Freundlich was  selected to
estimate the adsorption intensity of the fluoride ion on the SMP
surface based on sorption heterogeneous energetic distribution of
active sites attended by interactions between adsorbed molecules
[45]. The Freundlich model is an empirical method for adsorbents
with heterogeneous adsorbing surfaces (Eq. (14)); qe and Ce in Eq.
(14) are parameters that are described in Eqs. (1) and (2);  kF and 1/n
are constants that depict the adsorption capacity and the adsorp-
tion intensity, respectively; and kF and n can be determined by a
plot of qe vs. ln Ce. The results from the isotherm evaluation are
given in Table 6. As shown in Table 5, based on the reported cor-
relation coefficients, MPSD and HYBRID, the Freundlich model is
less applicable to SMP  than the Langmuir isotherms. The Langmuir
adsorption model is takes the best-known theoretical treatments
of non-linear sorption and suggests that adsorption take place on a
homogeneous surface by monolayer sorption without interaction
between adsorbent molecules. Besides, the model assumes uni-
form energies of adsorption onto the surface [44,45]. Therefore,
the Langmuir isotherms were chosen to determine the maximum
adsorption capacity corresponding to the complete monolayer cov-
erage on the SMP. In this study, four forms of the linear model
of Langmuir were evaluated to conform to experimental data
obtained in the study (Eqs. (15)–(20)).

In the Langmuir equations (Eqs. (15)–(20)), Qmax (mg g−1) and b
are constant and can be determined from the slope and intercept.
Qmax is the maximum amount of adsorption fluoride at complete
monolayer coverage (mgF/gSMP), and b (L mg−1) is the adsorption
equilibrium constant [33].

Based on the coefficient of correlation, the Langmuir model (type
1) was  best fitted to the experimental data. In addition, based on
the information in Table 6, the MPSD (4.11%) and HYBRID (3.5%)
values of the Langmuir model (type 1) were lower than those of
the other evaluated models. The data show that the experimental
results are best described by the Langmuir isotherm type 1 equa-
tion. Therefore, the experimental results suggest that a monolayer

of fluoride ions is adsorbed on homogeneous adsorption sites on
the surface of SMP. As shown in Table 4, these data conform to the
findings of previously studies that employed the Langmuir model
to explain the adsorption of fluoride onto different adsorbents.
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Table 6
Summary of equilibrium isotherm parameters.

Isotherms R2 MPSD HYBRID Information

Freundlich model 0.95 18 12 n = 3.2
KF = 27.6

Langmuir model, Type (1) 0.999 4.11 3.5 Qmax = 41.65, b = 0.249
RL = 0.167

Langmuir model, Type (2) 0.988 8.7 6.8 Qmax = 39.21, b = 0.255
RL = 0.163

Langmuir model, Type (3) 0.987 12.4 9.7 Qmax = 41, b = 0.247
RL = 0.168

Langmuir model, Type (4) 0.989 10.5 7.8 Qmax = 41.145, b = 0.247
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Dubinin-Radushkevich 0.89 

As seen in Table 6, the best fit adsorption isotherms for the
orption of fluoride on SMP  can be listed in the following order:

angmuir-1 > Langmuir-4 > Langmuir-2 > Langmuir-
 > Temkin > Freundlich > Dubinin–Radushkevich

The essential feature of the Langmuir isotherm can be described
ith a dimensionless separation factor or equilibrium constant

L, which is used for the description of the adsorption condi-
ion, expressed as [29]: RL = 1/(1 + bC0). The value of RL represents
he adsorption situations to be either unfavorable (RL > 1), linear
RL = 1), favorable (RL < 1), or irreversible (RL = 0) [27,33]. Based on
he Langmuir constant, the value of this parameter (RL = 0.167) for
uoride adsorption with SMP  falls between 0 and 1, which confirms
hat fluoride adsorption with this adsorbent is favorable under the
onditions of this research (Table 6). In addition, the n value, a
onstant of the Freundlich model (3.2), is greater than 1, which
ndicates that SMP  is an appropriate adsorbent and beneficial for
he adsorption of fluoride from water. A comparison of absorption
apacities of some adsorbents has been made between SMP  in this
tudy and previously reported for fluoride removal (see Table 4).
eferring to Table 4, the Qmax (mg  g−1) of SMP  for adsorbing fluoride
as 41 mg  g−1. Clearly, from the information gathered in Table 4,

MP examined in this study demonstrates the highest adsorp-
ion capacity in comparison to most other adsorbents in terms of
efluoridation capacity. The Temkin model described the effects
f some indirect adsorbate–adsorbate interaction on adsorption
sotherms. This model demonstrated that the heat of adsorption
f all the molecules on adsorbent surface layer would decrease lin-
arly with coverage due to adsorbate–adsorbate interactions. Then,
he adsorption capability of the adsorbent for adsorbates can be
ssessed using Temkin model, which assumes that the fall in the
eat of sorption is linear rather than logarithmic, as denoted in the
reundlich model [44,45]. The Temkin isotherm is represented by
he following equation:

e = RT

b
ln(ATCe) (21)

The linear form of this equation is shown in Eq. (19). In the
emkin model, AT (L g−1) is the binding constant that represents
he maximum binding energy, BT = (RT)/b is the Temkin constant,

 is the universal gas constant, 8.314 J mol  K−1, and T is the abso-
ute temperature in Kelvin. The constant b is related to the heat of
dsorption [45]. For the analysis of data with the Temkin model,
he parameters of the equation have been determined with a plot
f qe vs. ln Ce.

Table 6 depicts further that the experimental data had also
 good correlation with the Temkin isotherm (R2 = 0.952). The
emkin adsorption potential (BT ln AT) of SMP  is 15.63 kJ mol−1 that

t is greater than 8 kJ mol−1, illustrating that the bond between
uoride ions and the SMP  surface is very strong [46].

Since Langmuir and Freundlich isotherms do not give infor-
ation about mechanisms and the energy needed for adsorption,
RL = 0.168
16 Qmax = 32.46, AT = 1.618
21 Qmax = 5.7, KDR = 0.0021

other isotherms should be used to determine the adsorption mech-
anism and energy required for the process. This information can
be obtained using the Dubinin–Radushkevich (D-R) isotherm (Eq.
(20)). Isotherm does not assume a homogeneous surface or a con-
stant sorption potential. In the D-R model, ε (Polanyi potential)
is RT ln(1 + 1/Ce), Qmax is the adsorption capacity(mg g−1), KDR is a
constant related to adsorption energy, and R and T are the gas con-
stant and temperature (K), respectively [44,45].  The value of KDR
(mol2 (kJ2)−1) can be calculated from the slope of the plot of ln qe

vs. ε2, and Qmax (mg g−1) is determined from the intercept. As men-
tioned above, KDR is related to energy adsorption, so the mean free
energy of adsorption (E) can be calculated from the KDR value using
the following equation:

E = 1√
2KDR

(22)

Based on the D-R isotherm in Table 6, the calculated value of
E as free energy of adsorption is 15.5 kJ mol−1. The amount of E
between 8 and 16 kJ mol−1 demonstrates that chemical adsorption
plays a significant role under the operation conditions [45]; accord-
ingly, the adsorption of fluoride by SMP  appears by a mechanism
of chemisorptions, which is in agreement with the information
obtained from kinetic evaluation.

These data indicate that the SMP  has a high adsorption capac-
ity, and pumice is abundantly available at very low costs. These
characteristics, along with the simplicity of its use and operation,
confirm that SMP  is a promising, efficient, and economic adsorbent
for fluoride removal from water.

3.7. Thermodynamic investigations of fluoride adsorption onto
SMP

In order to explain and confirm the mechanism of fluoride
adsorption onto SMP, the thermodynamics parameters of adsorp-
tion under the conditions specified in Table 1 were evaluated
using standard free energy change (�G◦), standard enthalpy change
(�H◦),and standard entropy change (�S◦) and sticking probability
(SP*), given by Eqs. (23)–(25).

�G◦ = −RT ln K◦ (23)

ln K◦ = −�H◦

RT
+ �S◦

R
(24)

SP∗ = (1 − ˇ)exp −
(

Ea

RT

)
(25)

where  ̌ is surface coverage. The plot of ln(1 − ˇ) against 1/T  will
give a linear plot with intercept of ln SP* and slope of Ea/R. The val-

ues of �H◦ and �S◦ can be obtained from the slope and intercept
of a plot of ln K against 1/T. As seen in Table 7, the value of �G◦ for
all tested temperatures was calculated to be negative, which sug-
gests that the adsorption of fluoride onto SMP  is spontaneous and
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Table 7
Thermodynamic parameter of fluoride adsorption onto SMP.

Parameter Temperature (K) SMP

293 −2.5
�G◦ (kJ mol−1) 298 −2.63

303 −2.92
�S◦ (kJ (mol K)−1) 0.0232
�H◦ (kJ mol−1) 4.422
SP*  0.001

Table 8
Characteristics of actual drinking water quality before and after adsorption.

Water quality Concentration before
treatment (mg  L−1)

Concentration after
treatment (mg L−1)

F− 5 0.5
Cl− 23 15
Na+ 9.6 9.2
K+ 0.4 0.3
NO3

− 8 2
SO4

− 15 12
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ndicates that SMP  has a high affinity for the adsorption of fluoride
rom solution under experimental conditions [33].

Furthermore, the values of �H◦ and �S◦ in the present exper-
ment were 4.422 kJ mol−1 and 0.0232 kJ (mol K)−1, respectively.

 positive value of �H◦ proves the adsorption phenomenon is
ndothermic [33,47]. Furthermore, the positive value of �S◦ indi-
ates increased randomness at the interface of SMP solution during
he adsorption process [33,47]. The value of SP* which was  very
lose to zero confirmed the dominance of chemisorption mech-
nism [33]; thus, the results of thermodynamic investigation
econfirmed the hypothesis of chemisorption of fluoride onto SMP.

.8. Application of SMP  to fluoride removal from drinking water

The ability of SMP  in field conditions was tested with water sam-
les collected from the city of Bahar in the west of Iran in the second
ection of this study. Fluoride was adsorbed from 1 L of groundwa-
er at optimum conditions, determined from Section 1 of this work.
he water quality of the sample prior to and post treatment is pre-
ented in Table 8. The results depict that the residual fluoride in
rinking water after treatment was 0.5 mg  L−1 lower than the max-

mum allowable concentration value recommended by the WHO.
he results of this study indicated that SMP  is a cheap and efficient
dsorbent that can be used for the elimination of excess fluoride
rom water.

. Conclusion

The findings of this study revealed that functionalized origi-
al Iranian pumice caused a decrease in its surface area, due to
ore blocking. The adsorption process is pH dependent, and the
ptimum pH was 6. The kinetic studies showed that the adsorp-
ion data are fitted well to the pseudo-second order model (type
). Furthermore, the isotherm equilibrium studies confirmed that
he Langmuir-1 form is the best-fitted model for the adsorption
rocess of fluoride by modified pumice. The maximum adsorp-
ion capacity of fluoride was 41 mg  g−1, and the optimal dosage
f SMP  was 0.5 g L−1. Results from the field trial of SMP  for the
reatment of groundwater suggest that the maximum permissible

oncentration of fluoride is achievable, even when the initial flu-
ride concentration exceeds 1.5 mg  L−1. Accordingly, the SMP  was
hown to be an efficient adsorbent for the removal of fluoride and a

[
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promising option for water fluoride treatment. However, further
studies will be required to scale up and optimize process variables.
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32] M. Rožic, D. Ivanec Šipuši, L. Sekovanic, S. Miljanic, L.C. urkovic, J. Hrenovic,
Sorption phenomena of modification of clinoptilolite tuffs by surfactant cations,
J.  Colloid Interface Sci. 331 (2009) 295–301.

33] S.C. Sairam, N. Viswanathan, S. Meenakshi, Defluoridation chemistry of syn-
thetic hydroxyapatite at nano scale: equilibrium and kinetic studies, J. Hazard.
Mater. 155 (2008) 206–215.

34] A.A.M. Daifullah, S.M. Yakout, S.A. Elreefy, Adsorption of fluoride in aqueous
solutions using KMnO4-modified activated carbon derived from steam pyrol-
ysis of rice straw, J. Hazard. Mater. 147 (2007) 633–643.

35] S. Jagtap, D. Thakre, S. Wanjari, S. Kamble, N. Labhsetwar, S. Rayalu, New mod-
ified chitosan-based adsorbent for defluoridation of water, J. Colloid Interface
Sci. 332 (2009) 280–290.

36] T.S. Anirudhan, M.  Ramachandran, Surfactant-modified bentonite as adsorbent

for  the removal of humic acid from wastewaters, Appl. Clay Sci. 35 (2007)
276–281.

37] N. Chena, Zh. Zhangb, Ch. Fenga, M.  Li, D. Zhub, R. Chenb, N. Sugiurab, An
excellent fluoride sorption behavior of ceramic adsorbent, J. Hazard. Mater.
183 (2010) 460–465.

[

[

aterials 217– 218 (2012) 123– 132

38] K. Biswas, K. Gupta, U. Chand Ghosh, Adsorption of fluoride by hydrous
iron(III)–tin(IV) bimetal mixed oxide from the aqueous solutions, Chem. Eng. J.
149 (2009) 196–206.

39] C. Sairam Sundaram, N. Viswanthan, S. Meenakhi, Fluoride sorption by nano-
hydroxyapatite/chitin composite, J. Hazard. Mater. 172 (2009) 147–151.

40] Y. Tangb, X. Guanc, J. Wanga, N. Gaob, M.R. McPhaild, Ch.C. Chusueid, Fluoride
adsorption onto granular ferric hydroxide: effects of ionic strength, pH,  surface
loading, and major co-existing anions, J. Hazard. Mater. 171 (2009) 774–779.

41] E. Kumarb, A. Bhatnagara, U. Kumarc, M.  Sillanpaad, Defluoridation from
aqueous solutions by nano-alumina: characterization and sorption studies, J.
Hazard. Mater. 186 (2011) 1042–1049.

42] L.M. Camacho, A. Torres, D. Saha, Sh. Deng, Adsorption equilibrium and kinetics
of  fluoride on sol–gel-derived activated alumina adsorbents, J. Colloid Interface
Sci. 349 (2010) 307–313.

43] K. Vasanth Kumar, S. Sivanesan, Selection of optimum sorption kinetics: com-
parison of linear and non-linear method, J. Hazard. Mater. 134 (2006) 277–279.

44] A. Behnamfard, M.M. Salarirad, Equilibrium and kinetic studies on free cyanide
adsorption from aqueous solution by activated carbon, J. Hazard. Mater. 170
(2009) 127–133.

45] A. El Nemr, Potential of pomegranate husk carbon for Cr(VI) removal from
wastewater: kinetic and isotherm studies, J. Hazard. Mater. 161 (2009)
132–141.
46] J. Anwar, U. Shafique, M.  Salman, W.  Uz-Zaman, S. Anwar, J.M. Anzano, Removal
of  chromium(III) by using coal as adsorbent, J. Hazard. Mater. 171 (2009)
797–801.

47] W.H. Cheung, Y.S. Szeto, G. McKay, Intraparticle diffusion processes during acid
dye adsorption onto chitosan, Bioresour. Technol. 98 (2007) 2897–2904.


	The investigation of kinetic and isotherm of fluoride adsorption onto functionalize pumice stone
	1 Introduction
	2 Materials and methods
	2.1 Sorbent
	2.2 Preparation of surfactant-modified pumice (SMP)
	2.3 Procedure of adsorption experiments
	2.4 Fluoride analysis and chemicals

	3 Results and discussion
	3.1 Pumice characterization
	3.2 Effect of the modifier loading level and maximum adsorption of HDTMA onto pumice
	3.3 Effect of solution pH
	3.4 Effect of SMP dosage
	3.5 Kinetics of fluoride adsorption on SMP
	3.6 Equilibrium adsorption isotherms
	3.7 Thermodynamic investigations of fluoride adsorption onto SMP
	3.8 Application of SMP to fluoride removal from drinking water

	4 Conclusion
	Acknowledgements
	References


