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Heat  activation  converted  crystalline
nano-gibbsite  to  a poorly  crystalline
solid.
Surface  area  increased  enormously
by heat  activation  from  50  to
399 m2/g.
F¯ formed  a monodentate  mono-
nuclear  complex  at  activated  GNP  in
low  concentrations.
Multilayer  complex  formation  was
confirmed  by  the  isotherm  modeling.
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a  b  s  t  r  a  c  t

The  drawbacks  of  existing  fluoride  removal  processes  are  due  to low  efficiencies  and  less  mechanistic
understanding  of  the  process.  The  acid–base  protolysis  and surface  complexation  constants  for  fluoride
and  thermally  activated  nanogibbsite  were  investigated  in  this  study  for  the  first  time.  Fluoride  adsorp-
tion  on  heat  activated  gibbsite  nanoparticles  (HGNP)  was  determined  as a  function  of  pH,  concentration  of
background  electrolyte  and  adsorbate  loading.  XRD  evidenced  the HGNP  is  in  a transient  state  of  the  for-
mation  of  �-alumina  as a poorly  crystalline  solid.  An  immense  increase  in surface  area  was obtained  from
50  to  399  m2/g by the  heat  activation.  Macroscopic  data  obtained  from  the  batch  experiments  suggested
an  enhanced  fluoride  removal  by  HGNP  with  an  adsorption  maximum  around  pH  6.  The adsorption  quan-
tified  by  the  diffuse  double  layer  surface  complexation  model  indicated  an  inner  sphere  complexation
iffuse double layer mechanism  at  0.526  mM  of  F¯ with  monodentate  mononuclear  complexes.  An  increase  of  fluoride  con-
centration  to  1.351  mM  demonstrated  a multilayer  complex  formation  which  was  also  confirmed  by  the
isotherm  data  modeling  with  two  distinct  sorption  maxima.  XPS  evidenced  similar  results  showing  two
peaks  at 684.7  and  688.5  eV for  weak  and  strong  bonded  fluoride  on  HNGP  surface.  Fluoride  adsorption
maximum  was  reported  as 4  ×  10−6 mol/m2 based  on Langmuir  data  fitting.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction
Toxic contaminants can be removed from aqueous solutions
hrough interactions with solid phases present in the system. One
f the most common interactions occurring between contaminants
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(sorbates) in solution and a solid phase (sorbent) is sorption. The
term adsorption typically refers to the interaction of compounds
on a solid surface, and absorption is related to accumulation in
the internal region of a solid phase. Surface complexation is a
thermodynamically based approach for describing adsorption in

which solutes interact with functional groups on the surface either
through ion pair association or solute-functional group complexa-
tion. Surface complexation models (SCMs) incorporate surface and
aqueous complexation reactions as well as the electrical double
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ayer theory (EDL) for describing metal adsorption onto mineral
urfaces [1–5].

Fluoride is considered as the most reactive electronegative ele-
ent of all the halides, and acquiring a great concern as a natural

ontaminant. In the natural environment, fluoride occurs as the
uoride ion, F−. Fluorine, the element of fluoride, associates with
any mineral deposits containing fluoride bearing minerals such as

uorite, apatite and mica. Weathering, dissolution and other pedo-
enic processes can release fluoride into groundwater even though
uoride is considered as an essential element for human health,
specially for the strengthening of tooth enamel, excessive doses
an be harmful [6]. Presence of fluoride in water does not impart any
olor, odor or taste. Therefore it acts as an invisible poison such as
rsenic in groundwater. Among dental health concerns, dental flu-
rosis is the most common sign of excessive intake of fluoride rich
rinking water. At the same time, low fluoride levels in the human
ody can lead to dental caries (decaying teeth and cavity forma-
ion). Severe chronic and cumulative over exposure can cause the
ncurable crippling of skeletal fluorosis (UNICEF, 2004). The den-
al or skeletal fluorosis is irreversible and no treatment exists. The
resence of high fluoride in drinking water found in many parts of
he world [7–11]. WHO  [12] estimated that more than 260 million
eople worldwide consume drinking water with a fluoride content
f >1.0 mg/L. Subsequently, a number of countries legislated to set
.5 mg/L as the maximum contaminant level (MCL) for fluoride in
rinking waters [13]. However, fluoride ingestion is from drinking
nd eating food cooked with fluoride rich water. Due to the climatic
actors, people in tropics drink more water and the dosage could be
xceeded. The majority of people live in tropical region where the
roblem is exacerbated by the need to drink more water because
f the heat which exceeds the dosage.

Aluminum forms have shown a good affinity to fluoride ion
14,15]. However, most of the reported adsorption capacities are
ow [16,17], therefore new sorbents for fluoride removal is highly
dvantageous. The zirconium, iron and calcium oxide and magne-
ia nanoparticles showed an excellent ability to remove fluoride
F¯) from contaminated water over a wide range of pH [18–22].
owever, not many have focused on alumina based nanoparticles

or fluoride removal. Nanoparticles have unique adsorption prop-
rties due to their small size and large surface area, and hence
n the present study, an attempt has been made to understand
he fundamental interactions of gibbsite nanoparticle surface to
uoride in order to observe its potential to be a cheap and effi-
ient adsorbent for fluoride removal. In this case, the SCMs play an
mportant role as they are capable of simulating surface chemical
eactions with a set of quasi thermodynamic constants which are
ndependent of changes in solution conditions offering a distinct
dvantage over the often used conditional distribution coefficient,
d [23]. Also, activation by heating may  increase the potential of
dsorption which may  be effective in terms of pH of the working
olutions and capacity. The application of SCMs on thermally acti-
ated nanogibbsite particles may  provide acid–base protolysis and
urface complexation constants for the first time. Hence, the appli-
ation of SCM is useful to understand the interfacial interaction of
uoride on heated nanogibbsite. The present study deals with the
echanistic aspects of fluoride removal using activated gibbsite

anoparticles by heat treatment through batch experiments and
CMs.

. Materials and methods
Gibbsite nanoparticles (GNPs) were prepared as the method
iven in Kumara et al. [24]. An amorphous aluminum hydroxide
uspension obtained by a titration of AlCl3 with NaOH around
H 4.6 was stirred thoroughly under nitrogen atmosphere. The
icochem. Eng. Aspects 462 (2014) 124–130 125

suspension was dialyzed (Membrane D-9402 Sigma, USA), against
distilled deionized water for 60 days maintaining the water phase
and temperature at 50 ◦C until the chloride concentration was min-
imum.  These GNPs were subjected to X-ray diffraction (XRD), and
X-ray photoelectron spectroscopic (XPS) analyses before and after
adsorption. Surface area was determined by the BET method. The
surface titration was  carried out to understand the surface charge
of GNP using 1 g/L GNP with three different ionic strengths (0.001,
0.01 and 0.1 M NaNO3). The suspension was  equilibrated for 2 h
prior to the titration with desired NaNO3 concentration and N2
gas was  purged into the system throughout the titration to min-
imize CO2 contamination. Point of zero charge (pHzpc) of GNP was
calculated based on the equilibrium H+ and OH−.

Acids, bases, and stock solutions were prepared in deionized and
distilled waters. Precalibrated solutions of 0.1 M NaOH and 0.1 M
HNO3 were used for pH adjustments. Electrolytic concentration
was regulated using 5.0 M NaNO3. Analytical grade sodium fluoride
(Fluka, Switzerland) was  used for stock solutions. Fluoride analy-
sis was carried out using an ion selective electrode with Thermo
Orion 5 star multiparameter under CDTA-fluoride buffer, while alu-
minum also analyzed using atomic absorption spectrophotometer
(GBC 933AA, Australia) for the samples to see any aluminum release
into the solution. All the experiments were carried out in triplicates
and the average values were presented in figures. The triplicates
analysis were having good reproducibility with relative standard
deviation of >10%.

2.1. Activation of gibbsite nanoparticles

Nano gibbsite samples were subjected to different heat treat-
ment programs and analyzed for the fluoride adsorption as detailed
above. For the heat treatment, 4 different temperatures were used,
300, 400, 800 and 1100 ◦C. Slow temperature increment was  given
for the GNP samples (7 ◦C/min), at the maximum temperature, GNP
samples were kept for 3 h, and then allowed to drop to the room
temperature slowly. Further, detailed batch experiments were con-
ducted for the GNP with highest fluoride sorption. Heat treated GNP
(HGNP from this point onwards) was  undergone analysis for pHzpc,
BET, XRD and XPS.

2.2. Adsorption edges

Adsorption edges were obtained for three different ionic
strengths having 100-fold variation (0.1, 0.01 and 0.001 M NaNO3).
Nano gibbsite suspension of 2 g/L was  equilibrated overnight and
spiked with fluoride to obtain a final concentration of 10 mg/L.
Then the system pH was  decremented to ∼4.0 and incremented at
∼0.5 pH intervals up to 9.5. At each point, a 10 mL sample portion
was transferred into polypropylene tubes and equilibrated for 4 h
at 100 rpm (EYELA B603 Shaker). Final pH of the suspension was
recorded, membrane filtered (0.45 �m pore size) and directed to
fluoride measurements with specific fluoride ion selective elec-
trode (Orion 9409BN) with 1:1 CDTA buffer.

2.3. Adsorption isotherms

Loadings of fluoride were ranged from 0.263 to 3.947 mM  for the
adsorption isotherm study at 0.01 M NaNO3. Similar to the edge
experiments, 2 g/L suspension was hydrated for 2 h prior to the
fluoride addition, equilibrated for 4 h, centrifuged and filtered for
analysis. The pHs of the isotherm experiments were kept around
6.0. Data modeling was  conducted using Langmuir (Eq. (1)) and

Freundlich equations (Eq. (2)) respectively.

� = �Max
Kads[A]

1 + Kads[A]
(1)
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Table 1
Properties of HGNP used in FITEQL optimization.

Parameter Value Reference

Surface area 399 m2/g This study
pHzpc for HGNP 8.9 This study
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3.2. Adsorption vs. pH and ionic strength

Highest adsorption based on pH for GNP was  observed around
2.5 mg/g (1.57 × 10−7 mol/m2) for a sample spiked with 10 mg/L
Reactions
HF  = H+ + F− 3.18 Vithanage et al. [37]
HF2 = H+ + 2F− 3.76 Vithanage et al. [37]

 = Kf [A]1/n (2)

here, � is fluoride adsorption per m2 solid (mol/m2), �max is
angmuir constant associated with maximum adsorption capacity
nd Kads is Langmuir equilibrium constant, A is equilibrium fluoride
oncentration, Kf and n are Freundlich constants representing the
dsorption capacity and adsorption intensity, respectively.

.4. Surface complexation modeling protocol

The potentiometric titration and adsorption edge data were
nterpreted by a surface complexation model in conjunction with a
eneralized diffuse double-layer model (DDLM) and 2-pK approach
sing the FITEQL computer algorithm [25]. The generalized DLM
as selected due to its simplicity, applicability to different solution

onditions, capability of handling several surface sites simulta-
eously, incorporation of high inner layer capacitance and low
uter layer capacitance representation in a single surface layer of
he DDLM and use of the Gouy–Chapman theory [1]. The 2-pK
pproach is widely used for metal (hydroxyl) oxides and in this
ase, the surface is hydroxylated in two steps:

AlOH + H+ → AlOH2
+ (3)

AlOH → AlO− + H+ (4)

The physicochemical data used for the SCM simulations are
iven in Table 1.

.5. X-ray diffraction and photoelectron spectroscopic
nvestigation

X-ray diffraction (XRD) analysis for the NGP, HGNP and fluoride
oaded HGNP was performed by Shimadzu XD-D1 diffractome-
er using Cu K� radiation (� = 1.54 Å) radiation. Similarly, X-ray
hotoelectron spectroscopy (XPS) analyses were carried out for
ame samples. XPS measurements were conducted using Omi-
ron ESCA Probe spectrometer with unmonochromatized Al K�
energy = 1486.6 eV) X-rays. XPS spectra were calibrated by taking

 1s peak at 285.0 eV as an internal standard.

. Results and discussion

.1. Characteristics of GNP and activated GNP

Nano gibbsite used in this study showed a pHzpc at 9.3 [24]. This
Hzpc value is in between the previous determinations of 9.1 [26],
.6 [27] and 9.8 [28] for gibbsite. This difference in pHzpc value

s likely caused by the difference in synthesis [26]. We  observed
 decrease in the pHzpc for 300 ◦C GNP and it may  be due to
he decrease in the electrostatic repulsion. Point of zero charge
f the heat treated GNP at 300 ◦C was 8.85 (Fig. 1). Our findings
or structural changes corroborate with Kumara et al. [24] and we
ypothesized that these changes may  influence the fluoride adsorp-

ion capacity of GNP. XRD data demonstrated the changes in the
NP structure (Fig. 2). The appearance of a sharp peak at 21.40◦ is
scribed to the development of the gibbsite phase along the (2 0 0)
lane of gibbsite [24]. Characteristic peaks for gibbsite in 2-theta
Fig. 1. Surface charge density (�) of HGNP as a function of pH in different ionic
strengths. Titrations were carried out under N2 environment. Symbols represent
the experimental data while solid lines representing DDLM model calculations.

degrees at 18.49, 20.52, 26.94, 36.90, 37.74, 40.28, 41.79, 44.49,
45.69, 50.92, 54.30 and 63.92 were resulted indicating formation of
crystalline GNP. The XRD data of the heated GNP for 300 ◦C showed
a transient phase between gibbsite and alumina [24]. Few charac-
teristics peaks for �-alumina [29] were observed in GNP heated at
300 ◦C (HGNP). The diffused XRD pattern expressed divergence of
the crystalline nature of the GNP to amorphous structure (Fig. 2).
The heated nano gibbsite at 300 ◦C evidenced the formation of �-
alumina (Fig. 2) as a poorly crystalline solid. X-ray diffractions of
37.4, 42.4, 47.4 and 67.1 HGNP can be assigned to the planes of
(2 0 0), (2 0 2), (1 0 4) and (2 1 4) respectively, of �-alumina [29].

Surface area of GNP showed a immense increase due to the heat
treatment, especially in the case of HGNP at 300 ◦C (Table 1). BET
surface area of GNP was found to be 50 m2/g while it was  increased
to 399 m2/g at 300 ◦C. This increase in BET surface area may be
due to the transformation and recyrstalizing to a more thermody-
namically stable phase due to the increase in temperature [30]. The
changes of the surface from crystalline to amorphous nature and
the changes in morphology were able to be observed by the SEM
images as well (Fig. 3).
Fig. 2. X-ray diffraction spectra of GNP, HGNP and fluoride loaded HGNP.
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Fig. 3. Scanning electron microscopic images of GNP and HGNP showing th

uoride (data are not shown). However, the shape of the adsorp-
ion over a wide pH range (4–10), is almost parabolic. Maximum
dsorption was in the pH range of 5–6.5. A considerable increase
n adsorption was observed for the HGNP at 300 ◦C and the sorp-
ion remained same for the HGNP at 400 ◦C. Maximum adsorption
f 5 mg/g (3.3 × 10−7 mol/m2) was observed for HGNP. Note that
he adsorption data exhibited a sharp increase in the fluoride sorp-
ion for the GNP heated upto 300 ◦C. However, further increase in
emperature was not successful for increase in fluoride adsorption
data are not shown). Therefore, we limit the discussion to GNP
eated to 300 ◦C. The parabolic adsorption pattern was  common

or each and every adsorption edge experiment with high fluoride
oading of 25 mg/L (1.315 mM).

In the case of high fluoride loading of 1.315 mM,  the adsorption
apacity showed an increase up to 12 mg/g (7.91 × 10−7 mol/m2).
nly a slight decrease in the adsorption capacity by 0.02% was
bserved with the 2.5 times increase of the fluoride loading. How-
ver, the broad pH range of the maximum adsorption was narrowed
own to 5.6–6.1.

Changing background electrolyte concentrations influence the
dsorption in 4 different ways; (a) effect on the double layer thick-
ess and competition between electrolyte anion and sorbate [23],
b) electrical charge at the surface, (c) potential at the surface and
d) speciation of sorbate [31]. Fluoride sorption showed no ionic
trength dependency for the low fluoride loading (0.526 mM),  how-
ver, a slight dependency was observed for the higher fluoride
oading but it was restricted to the lowest pH range of the studied
ystem. Less or no ionic strength dependency indirectly proposes
n inner sphere complexation mechanism.

When the loading increases to 1.351 mM,  an outer sphere com-
lexation may  possibly attributed forming an outer layer fluoride
dsorption. This is further can be explained by the anion effect
n adsorption into metal oxide surfaces [32,33]. This is due to
he pHzpc change as a result of the anion loading [32,34]. At the
ime of high fluoride in the HGNP suspension, HGNP surface is
esponding as a variable potential surface whereas in the case of
ow fluoride loading the surface respond as a variable charge sur-
ace. Application of higher loading of fluoride causes the changes in
he surface charge and the potential [35]. Increasing ionic strength
t this point decreased the absolute potential of the HGNP surface,
reate positive charge at the adsorbing plane, thus decreased fluo-
ide adsorption at low pHs. Hence, at low pHs, where the adsorption
s higher than high pHs, formation of multi layers may  have cause
he outer sphere complex formation which has been indicated by
he ionic strength dependency of experimental data. At high pHs,

he potential of the adsorbing plane become negative, the effect
f ionic strength reversed, thus fluoride adsorption increased with
ncreasing ionic strength. These observations suggest that, depend-
ng upon the pH, sorbate loading and electrolyte concentrations,
ace morphological changes in the synthesized and activated nanoparticles.

fluoride is adsorbed providing evidence for both specific and non-
specific adsorption.

3.3. Surface complexation modeling

Potentiometric titration data and modeling represent the HGNP
surface charge is mainly controlled by H+ and OH− ions in the aque-
ous media. The titration data were obtained from pH 4–9 since
extreme pH may  lead in dissolution of HGNP [36]. The data indi-
cated that the HGNP surface sites behave amphoterically based on
the pH of the media. Experimentally obtained surface charge curves
at different electrolyte concentrations cross at the net zero point
charge (pHzpc 8.9) corroborate with other studies on Al hydroxides
[26]. The model fits well with the experimental data incorporat-
ing diffuse double layer in the model with one reactive site, AlOH
(Fig. 1).

The proton affinity constants and the site densities of AlOH,
protonated and deprotonated species were obtained by numerical
optimization using FITEQL [25]. Based on the reaction 1 and 2, cal-
culated intrinsic acidity constants and site densities are reported in
Table 2. Intrinsic acidic constants and site densities were weighted
averaged and tabulated [1]. Proton affinity constants resulted from
the potentiometric data modeling were agreed with the literature
[26].

Fluoride may  form AlF complexes due to the high reactivity of
fluoride exchange with hydroxyl ions at the Al surface sites [37].
The similar ionic potential of the two  ions has made it possible to
replace each other on the Al surface. Multidentate complex for-
mation was not considered in the modeling framework as in the
previous studies [38–40]. Reason behind this is the high reactivity
of fluoride ion and the incapability of DDLM to incorporate outer
sphere surface complexes. Similar results have reported for fluo-
ride adsorption on soils [41]. Considering the above factors, only the
following reactions were considered in modeling fluoride interface
interaction on HGNP for DDLM calculations. Thus the possible reac-
tions of fluoride into HGNP are suggested via the ligand exchange
mechanism of uncharged surface sites;

AlOH + H+ + F− ⇒ Al-F + H2O (5)

Modeling experimental data using the non-linear least square
fitting model, FITEQL [25] showed good fit for the low fluoride load-
ing (0.526 mM).  The stability constants calculated are tabulated
in Table 2. Simulations were performed incorporating monoden-
tate mononuclear interaction of fluoride. However, in the case of
high fluoride loading as observed from the experimental due to

the outer sphere complex formation at low pHs the model did
not show convergence. It is solely due to the incapability of the
DDLM to track non-specific sorption. But, at with the increase of pH
sorption changed into inner sphere showing no effect by the ionic
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Table 2
Optimized FITEQL results from potentiometric titration and adsorption edges.

Parameter 0.1 M 0.01 M 0.001 M Weighted meana

Site density
AlOH 2.283 × 10−3 2.19 × 10−3 9.007 × 10−4 2.260 × 10−3

AlOH + H+ → AlOH2
+ 7.815 7.786 7.722 7.768

AlOH → AlO− + H+ −9.107 −9.040 9.125 −9.101
Surface complexation reactions 0.526 mM
Monodentate monouclear reactions

AlOH + F− + H+ ⇔ AlF + H2O 17.19 16.54 16.53 16.74
1.315 mM

8.350 8.351 8.343 8.347

a Weighted averages were calculated from log K = �wi (log K)i, where wi = (1/� log K)i/(�(1/� log K)i), where � log K is the standard deviation obtained from FITEQL calcu-
lations.
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688.5 eV are attributed to presence of F¯ in two  different chemical
environments probably as physisorbed and chemisorbed fluoride
species [48], respectively (Fig. 5B). The C 1s peaks are noticed at
285.0 eV attributed to aliphatic carbon impurities in all samples

Table 3
Isotherm constants for fluoride adsorption on HGNP at pH 6.0.

Freundlich kf ((mol/m2)/(mol/dm3)n) n R2 Chi2
ig. 4. Fluoride sorption edges (a) and isotherm data fitting for both Freundlich and
ata  for low fluoride (0.526 mM)  concentrations while closed symbols showed high fl
sed  were: 2 g/L HGNP at temperature, 298 K.

trength showed a good fit with DDLM (Fig. 4a). Hence, it can be
redicted that the strong HGNP – fluoride interaction mechanism
s monodentate mononuclear whereas in the case of high fluoride
oncentrations it may  form outer sphere weak bonding with HGNP
urface.

.4. Effect of fluoride loadings on heated nano gibbsite

Adsorption isotherms were conducted in order to under-
tand the distribution of fluoride in HGNP and aqueous phase
n the equilibrium. Adsorption behavior indicates fluoride sorp-
ion into microporous solid showing a L type shape of adsorption
42]. The interaction of fluoride is strong at low concentra-
ions and with the increase of concentrations the pores and
urfaces are filled with fluoride indicating a plateau reach-
ng the monolayer coverage. This behavior indicates a typical
hemisorptions behavior of surface interaction of species with the
urface.

The data fitting obtained for both Langmuir and Freundlich
sotherm equations (Eqs. (1) and (2)). Modeled data are given in
ig. 4b. Isotherm data fits well with Freundlich equation more than
angmuir fitting which implies multi layer adsorption of fluoride
n HGNP surface. As it was  observed by the adsorption edge results
f 1.315 mM fluoride concentration, formation of outer sphere
omplexes at high fluoride concentration may  have indicated by
tting the isotherm more to multi layer representing Freundlich

sotherm.

Although the fitting was not as good as in the case of Freundlich,

angmuir data modeling showed a maximum adsorption density
f 4.03 × 10−6 mol/m2 which is equal to 30.55 mg/g of maximum
uoride adsorption. Compared to other studies, � max of 30.55 mg/g
uir for HGNP (b). Open symbols at edge experimental data represent experimental
 loadings (1.315 mM)  in three different ionic strengths. The experimental conditions

remains quite high [43,44]. In Freundlich fitting, the slope or 1/n of
an adsorption isotherm study is 0.39 (Table 3). Value below unity
implies chemisorption as it is supported by the XPS data. The values
for Freundlich constants and correlation coefficients (r2) for the
adsorption process are 4.00 × 10−5 mol/m2 and 0.90 respectively.

3.5. XPS analysis

XPS studies have been carried out to understand the interac-
tion between HNGP and F¯ ions [14,15,45]. Comparison of survey
spectra (Fig. 5A) of NGP, HNGP and HNGP + F¯ samples confirms the
presence of expected elements, Al and O. The presence of carbon
is attributed to impurity which cannot be avoided. There is a new
peak appeared in 680 eV region which is assigned to F in HNGP + F¯
sample [46]. After F¯ treatment, the Al 2p peak at 74.5 eV (in NGP
and HNGP) is shifted to 75.0 eV which suggests the interaction of
F  ̄ with Al [47]. The specific regions of F, C and O are compared
in Fig. 5B–D, respectively. The F 1s peaks observed at 684.7 and
4.00 × 10−5 0.387 0.90 1.22 × 10−13

Langmuir � max (mol/m2) KL (dm3 mol−1) R2 Chi2

4.03 × 10−6 0.272 0.82 3.12 × 10−14
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ig. 5. XPS survey spectra (A) and expanded F 1s regions (B) of GNP, HGNP and F−

nd  c. C and D respectively are for C 1s and O 1s regions in same samples with fluor

Fig. 5C). There is shift of O 1s peak at 531.1 eV to 531.9 eV after
reatment of F¯ indicating the presence of F¯ environment (Fig. 5D).
rom XPS analysis it is evident that F¯ is interacting with Al of
NGP.

Dehydroxylation of gibbsite caused slight to moderate increases
n its surface area as observed. Gibbsite heated to 300 ◦C had a

icroporous, granular appearance, consistent with surface area
esults. This structural transformation which has been attributed to
he thermal treatment may  have lead many Al sites to be available
n the amorphous surface of �-alumina due to the microporous
tructure. This may  be the reason behind the increase in fluoride
orption which was observed clearly by the XPS and XRD data.
lthough an increase in surface sites occurred by the thermal treat-
ent, the increase in sites may  change with the holding time of the

eak temperature and size of the gibbsite particles. Therefore, the
rediction of the increase in sites may  be difficult and condition
pecific.

. Conclusions

Heated nano gibbsite at 300 ◦C indicated a phase transfor-
ation of the crystalline gibbsite nano particles into amorphous

-gibbsite. This was evidenced by XRD and SEM data. Modeling
ata revealed that the increased surface area may  have resulted
igh fluoride sorption capacity of 4 × 10−6 mol/m2 which is equal
o 39 mg/g from the HGNP. No pH or ionic strength dependency was
bserved in the pH range 4–6.5, suggesting an inner-sphere binding
echanism for low surface loads (0.526 mM).  Surface titration and

dsorption data were modeled well with DDLM. However, the flu-
ride adsorption was deviated from the monolayer to multi-layer
hen the initial loading was increased. The initial saturation of

GNP surface was attained at fluoride concentration of ∼1.053 mM.
hese findings showed that the fluoride is efficiently adsorbed on
GNP surface forming monodentate mononuclear inner sphere
omplexes.

[

[

d HGNP (traces a, b and c, respectively). Inset of A is Al 2p regions of samples a, b
ading of ∼1.315 mM.
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