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ABSTRACT

Magnesium-doped nano ranged hematite was prepared following surfactant (cationic surfac-
tant cetyltrimethyl ammonium bromide, [CTAB]) mediation—precipitation technique. The
chemical composition of the synthesized sample was: Fe 63.8% and Mg 1.35%. Presence of
crystalline hematite phase was confirmed from the X-ray diffraction pattern. The transmission
electron microscopy (TEM) image showed spherical particles varying in the range of 40-200 nm.
Fluoride adsorption studies were carried out in batch mode under different experimental
conditions, which included time, pH, and amount of adsorbent and adsorbate. The contact time
data were fitted to a number of rate equations. The fluoride adsorption reached a maximum at a
pH of 7.0 and then, decreased with further increase of pH. The equilibrium data followed both
the Langmuir and Freundlich models. AG® values were estimated to be —6.695, —5.399, —3.819,
—3.568, and —2.740kJ/mole at 293, 303, 308, 313, and 323K, respectively. AH® and AS® were
—47.12KJ/mole and —138.58]/mole/deg, respectively. The negative AH" value confirmed the
adsorption process to be exothermic in nature, while the negative AS° indicated decreased
randomness at the solid solution interface during adsorption. The fluoride loaded sample was
characterized using TEM, selected area electron diffraction, and energy dispersive analysis of x.
The present results show that the nano structured Mg-doped hematite synthesized by the
present procedure can be regarded as a potential adsorbent for fluoride removal from aqueous
solutions, as it can be effectively used at pH values of 5.75 and 7.0 which are applicable to the
treatment of actual fluoride contaminated water. Fluoride containing water sample collected
from nearby location was tested for defluoridation to establish real time use of adsorbent.
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1. Introduction

Fluoride contamination in ground as well as sur-
face water has become a matter of great concern due
to its effects on human health and ecological systems
spreading in almost all parts of the world. India is
one among them where many states are affected by
fluoride pollution [1,2]. The increase in industrial
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activities contribute toward high fluoride levels in
water bodies. Fluoride concentrations between 0.5 and
1mg/L are considered beneficial for teeth and bones.
Serious bones and teeth related problems leading to
dental fluorosis which progresses to skeletal/crippling
fluorosis would occur on continuous consumption of
high fluoride (>1mg/L) containing water [3]. A num-
ber of reviews have recently appeared highlighting
the available technologies and advances in research
for purification of fluoride containing water [4-8].
Removal of fluoride by adsorption is one of the most
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studied processes because of the availability of numer-
ous adsorbents and simple procedures.

Iron oxides/hydroxides form an important group
of adsorbents for fluoride mitigation from aqueous
solutions [9-13]. In the present times, nano materials
are making inroads in almost all fields of technologi-
cal development. Water purification technologies
based on nano materials are gaining tremendous
importance [14-17]. Some studies have been reported
on synthesis of pure and doped nano iron oxides/
hydroxides-based materials and their adsorption
behavior for fluoride [18-21]. Recently, several studies
have been reported on the synthesis of hematite parti-
cles following different routes, which include micro
emulsion [22], surfactant assisted hydrothermal [23],
solvothermal [24], and precipitation methods using
different combinations of reagents [25]. Nano hematite
particles have been synthesized for investigating their
applications in different fields, such as gas sensing
[26], photo-electrochemical generation of hydrogen
[27], solar-driven hydrogen generation [28], catalysts
[29,30], and magnetic properties [31-33]. Further, it
has been reported that by doping the hematite parti-
cles with cations, their performance in NO, sensing
application [34], photo-electrochemical behavior [35],
and catalytic activity [36] can be improved. The recent
literature on nano scaled hematite particles has shown
that (i) the use of surfactant by mediation or through
microemulsion results in uniform particle size and (ii)
doping of hematite with cations can improve the per-
formance in various applications. Application of syn-
thesized pure/doped hematite nano particles in water
purification for fluoride removal from aqueous solu-
tions has not been reported. In the present work,
cetyltrimethyl ammonium bromide (CTAB), a cationic
surfactant, was used as it has a comparatively smaller
molecular structure as a template and Mg(l) ions
were coprecipitated with Fe(Ill) to synthesize a-Fe,O;
nano particles. Magnesium was chosen as it is non-
toxic, cheap, and easily available. To the best of our
knowledge such an adsorbent for fluoride removal
has not been reported earlier.

2. Experimental
2.1. Materials

The chemicals used for the synthesis of Mg-doped
ferrihydrite nano powder were: Fe(NO;3);-9H,0,
CTAB, and sodium hydroxide of E-Merck, India and
MgCl,-6H,O of Ranbaxy, India. Sodium fluoride
(Ranchem, India) was used for the preparation of the
standard fluoride (100mg/L) stock solution. Sodium

2-(para sulfophenyl azo)-1,8-dihydroxy-3,6-naphtha-
lene disulfonate (SPADNS) and zirconyl oxychloride
used for fluoride analysis were of GR (E. Merck)
grade.

2.2. Preparation of Mg-doped iron oxide sample

A 100mL of mixed solution containing 55.5g/L Fe
(IIT) and 1.2g/L Mg(II) was taken in a beaker. To this,
5mL of 10% CTAB solution was added (above the
critical micelle concentration) and the solution was
stirred for 2h followed by pH adjustment to 10.0 with
slow addition of 1M NaOH. The precipitate was
stirred for 24 h. The contents were filtered through a
G4 frit crucible and the precipitate was thoroughly
washed with distilled water till the filtrate was free of
chloride (tested with silver nitrate solution) and
nitrate (qualitative ring test for nitrate). The precipi-
tate was then transferred to a beaker and the volume
was made up to 500 mL with distilled water. The con-
tents were aged at 333K for 12h in an air oven. After
aging, the solid was separated by filtering through a
G4 crucible, washed thoroughly with distilled water,
and dried in an air oven at 373K for 24 h. For conve-
nience, the sample has been coded as Mg-H.

2.3. Analysis and characterization

The sample was acid digested and iron was volu-
metrically analyzed [37]. The pHpzc (point of zero
charge) of the synthetic materials was determined fol-
lowing Balistrieri and Murray method [38]. Surface
area of the sample was measured using Micromeritics
ASAP-2020. The crystal structure of the product was
determined by X-ray diffraction (XRD) (Model X'pert
Pro-3040/60) using CoKa radiation with 1=1.79A.
The surface morphology of the as prepared and fluo-
ride loaded sample was observed using electron
microscopy (FEI, TECNAI G? 20, TWIN) operating at
200kV, equipped with a GATAN CCD camera.
Samples for transmission electron microscopy (TEM)
were prepared by first diluting a small amount of
suspension with ethanol, sonicating, and placing a sin-
gle drop of the resulting suspension onto a 200 mesh
carbon-coated copper grid (from SPI suppliers), which
was then allowed to dry in air.

2.4. Adsorption studies

A 100mg/L fluoride stock solution was prepared
by dissolving 0.221 g of NaF in 1L of double distilled
water. The experimental solutions were prepared by
appropriate dilutions of the above solution. The
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sample (0.05g) was taken in a 100mL polyethylene
plastic vial and a 50 mL of fluoride solution of known
concentration was added. The contents were kept for
constant shaking in a temperature controlled water
bath shaker over a period of predetermined time and
the solids were separated by filtration using 0.45pum
membrane. The solutions were collected for analysis
and fluoride concentration in the solutions was deter-
mined. Fluoride analysis was carried out by following
SPADNS method [39] and the color absorbance was
measured on UV-visible spectrophotometer.

3. Results and discussion

3.1. Chemical analysis and physico-chemical
characterization of the Mg-H sample

Chemical analysis of the sample showed it to con-
tain 63.8% iron and 1.35% magnesium. The point of
zero charge pHpzc of the Mg-H sample was deter-
mined as 9.25 from the plot of pHi-pH; vs. pH
(Fig. 1), where pH; refers to the initial pH of the
solution equilibrated for 2h and pHs refers to the pH
values obtained on addition of known amounts of
adsorbent equilibrating for 72h at room temperature
with intermittent shaking [38]. Liu et al. [40] have
reported the pHpzc of ferrihydrite to be ~9.2, while
Cornell and Schwertmann [41] have reported pHpzc
values of 9.2 and 8.5 for hematite and goethite, respec-
tively. Surface area of the sample was estimated as
189 m?/ g.

3.2. XRD studies

The XRD pattern (Fig. 2) of the sample showed
very sharp major peaks situated at 20 values of 27.39,
37.98, 40.89, 47.11, 50.31, 57.26, 62.98, and 67.29 with
corresponding d-spacing of 3.77, 2.75 2.56, 2.24, 2.10,
1.86, 171, and 1.61A corresponding to hematite
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Fig. 1. Plot for pH~pH; vs. pH for determining pHpyzc of
Mg-H sample.

(JCPDS Cardo No 33-0664) phase. However, a small
peak at 2.14 A is observed which does not correspond
to hematite.

3.3. TEM studies

A typical TEM image is given in Fig. 3. The TEM
image shows spherical shaped particles with size
varying from 40 to 200 nm.

A comparison of chemical analysis and phase for-
mation of various samples obtained by precipitation
of iron oxides/hydroxides using similar conditions (i)
in the absence of CTAB and magnesium [42], (ii) in
the presence of CTAB [21], and (iii) in the presence of
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Fig. 2. XRD pattern of Mg-F sample.

Fig. 3. TEM image of nano sized hematite particles of
Mg-H sample.
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Table 1

Phase formation under different conditions and point of zero charge pHpzc

pptn. conditions Chemical analysis

% Fe % Mg
No CTAB, No Mg 55.83 _
CTAB, No Mg 60.13 _
CTAB and Mg 63.8 1.35

Crystalline phases pHrzc
6-line ferrihydrite 8.0 [42]
Mixed ferrihydrite, 6.95 [21]

o FeOOH, a-Fe,O3

a-Fe,O3 9.25 present work

both CTAB as well as magnesium are given in Table 1.
In the absence of surfactant and magnesium, 6-line
ferrihydrite was obtained which had shown a very
poor response for fluoride uptake hence detailed work
was not carried out. When precipitation was carried
out by CTAB mediation in the absence of Mg(Il) ions,
mixed phases of iron oxides containing ferrihydrite,
goethite, and hematite were obtained. Detailed studies
on fluoride adsorption on the mixed oxides so
obtained have been published [21] and will be com-
pared in later section. It is only on surfactant media-
tion doping of Mg(Il) ion hematite phase was formed.
The incorporation of Mg(Il) ions had either converted
goethite to hematite or restricted the formation of
goethite for direct conversion of 6-line ferrihydrite to
hematite during coprecipitation. Presence of second-
ary metal ions on the precipitation of iron oxide
phases may be governed by a variety of mechanisms
that depend on the pH of the system and the ion
itself [43]. These include specific and nonspecific
adsorption, surface-enhanced precipitation, and bulk
precipitation mechanisms. Limited inclusion of Mg(II)
together with Fe(Ill) in a coprecipitated phase is
expected considering the similarities in their ionic
radii. Indeed, Mg(II) has been observed to be accom-
modated deeply into the structure of other oxides
[44]. Such structural changes would have an impact
on surface properties. The increase in Fe% in the sam-
ples prepared in the presence/absence of CTAB and/
or Mg given in Table 1 is due to the formation of dif-
ferent phases of Fe(Ill). The sample prepared in the
absence of CTAB and Mg has 6-line ferrihydrite as the
only phase. The chemical formula for ferrihydrite,
FesHOg-4H,0O, should have 58.1% Fe, but generally
ferrihydrite has intercalated water which reduces the
Fe content of the product. While in case of CTAB with
no Mg, a mixture of various phases i.e. ferrihydrite
(Fe 58.1%), goethite (Fe 62.8%), and hematite (Fe
69.9%) are formed resulting in Fe content of 60.8%. In
the presence of CTAB and Mg, primarily hematite
phase was formed thereby increasing the Fe content
of the prepared sample.

3.4. Fluoride adsorption studies on Mg-H sample
3.4.1. Effect of contact time

Fig. 4(a) shows the fluoride adsorption contact
time data at pH 5.75, plotted as % adsorption as a
function of time under the conditions: temperature
308K, fluoride concentration 10mg/L, and adsorbent
concentration 1g/L. The % F~ adsorption increased
from 9.1 to 80.3% as the time increased from 15 to
240min. Quasi equilibrium state was achieved in
240min, as over a period of next 240min only 1%
increase in F~ adsorption was observed. The initial
rapid adsorption was presumably due to ion exchange
(up to 120min) with surface hydroxyl ions of the
adsorbent. The slow adsorption in the later stage rep-
resents a gradual uptake of fluoride at the inner sur-
face [45]. The fluoride uptake stabilized after a period
of 4h (240min). Hence, further study was carried out
using 4h as contact time. The kinetic data were fitted
to various models to determine the best fit.

Pseudo-first-order, pseudo-second-order, and
Elovich equations were used to determine the kinetic
parameters and these are given by Egs. (1)-(3), respec-
tively.

In(g, — q:) = In g, — Kyt (1)
tar = 1/(kaq2) + (1/ge)t (2)
q: = BIn(ap) + Blnt (3)

where g, and g, are the amounts of metal ion adsorbed
per unit weight of adsorbent at equilibrium and at
any time ¢, respectively (mg/g), k; is the rate constant
of pseudo-first-order adsorption (1/min), k; is the rate
constant of pseudo-second-order adsorption (g/mg/
min), « is the initial adsorption rate of Elovich equa-
tion (mg/g/min), and the parameter f is related to
the extent of surface coverage (mg/g) and activation
energy for chemisorption [46]. The constants can be
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obtained from the slope and intercept of a straight line
of gt vs. In t. The kinetic plot of In (e —q¢) vs. t, t/qt
vs. t, and g; vs. In t is shown in Fig. 4(b-d), respec-
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Fig. 4. (a) Effect of contact time on fluoride removal
Conditions: adsorbent dose 1g/L, initial fluoride
concentration 10mg/L, temperature 308K, and pH 5.75,
(b) pseudo-first-order plot, (c) pseudo-second-order plot
and, and (d) Elovich model plots (data correspond to (a).
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tively. The kinetic parameters and values of regression
coefficients are given in Table 2.

As observed from the parameters of various mod-
els, the regression coefficients values () of all the
models are close to 1. Considering the g. values,
pseudo-second-order model shows less deviations
when compared to the value obtained from pseudo-
first-order model, it is proposed that the kinetics is
better governed by pseudo-second-order model. Such
observations have been reported earlier also [47]. The
Elovich plot clearly indicates that the model does not
fit the contact time data at high In ¢ values.

To further probe into the possible contribution of
intra particle diffusion onto fluoride adsorption, the
linear form of intra particle diffusion model given
below was used [48]:

g =k 41 4)

where k; is the intraparticle diffusion rate constant
and can be obtained from the slope of the plot of g;
vs. t1/2,

The plot given in Fig. 5 gives a straight line with
7 value of 0.90 with k; value as 4276 x 10 'mg/g/
min'/2. The initial curve portions are attributed to
boundary layer diffusion effect, while the final linear
portions are due to intraparticle diffusion effect [49]. It
indicates that mechanism of fluoride removal on
adsorbents is complex and both the surface adsorption
as well as intra-particle diffusion contributes to the
rate-determining step [50].

Table 2
Kinetic parameters as determined from various kinetic

equations

Experimental g, (mg/g) 8.2
Kinetic model
Pseudo-first-order model

ky (1/min) 72x107°

e, (mg/g) 11.85

P 0.976
Pseudo-second-order (linear) model

ky (g/mg/min) 7.28 x 1074

ge (mg/g) 10.92

? 0.976
Elovich model

o (mg/g min) 4.83

B (g/mg) 2.37

r 0.966
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3.4.2. Effect of pH

The effect of pH on fluoride removal was studied
in the range of 2.0-12.0 and the results are shown in
Fig. 6. Other conditions maintained were: time 4h,
temperature 308K, fluoride concentration 10mg/L,
and adsorbent concentration 1g/L. As the initial solu-
tion pH (pH;) increased from 2.0 to 7.0, the percentage
of fluoride adsorption increased from 25.56 to 91.55%.

A decrease in fluoride adsorption from 91.55 to
24.73% was observed with the increase in initial pH
from 7.0 to 12.0. The surface charge of the adsorbent
surface plays an important role during removal of cat-
ions and anions. In the present study, the pHp,. of the
adsorbent was estimated to be 9.25. The adsorbent
surface will be positively charged at a pH <pH,,. and
will be negatively charged at pH values >pH,,.. Two
factors will influence the adsorption process: (i)
formation of HF due to the presence of H" ions at low
pH resulting in lowering of adsorption and (ii)
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Fig. 6. Effect of solution pH on fluoride removal.
Conditions: adsorbent dose 1g/L, initial fluoride
concentration 10mg/L, temperature 308K, and contact
time 4 h.
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strongly positive surface at pH <pH,,. should adsorb
fluoride with strong electrostatic forces. At low pH
values, i.e. 2-4, the first factor can dominate and later
the second one, thereby giving an increase in adsorp-
tion of fluoride with the increase in pH up to a value
of 7.0. IR analysis by Hiemstra and Riemsdijk [51],
who investigated adsorption of F~ on goethite, con-
firmed that the main reactant of such an adsorption
process is singly coordinated FeOH groups. At pH
>9.2, the zeta potentials will be negative resulting in
repelling the fluoride ions via columbic repulsion.
Further, at high pH values (>7.0) OH™ ions would
compete with F~ ions for adsorption. Sujana et al.
have reported similar trends for the effect of pH on
fluoride adsorption on iron containing geomaterials
and mixed Fe-Al mixed amorphous hydroxides
[45,52].

3.4.3. Effect of adsorbent dose

The effect of adsorbent dosage on fluoride removal
at fixed pH and initial fluoride concentration (10 mg/
L) is shown in Fig. 7. It is evident that the percent
fluoride removal increased from 43.99 to 97.50% with
the increase of the adsorbent concentration from 0.5 to
2.5g/L, which is due to the fact that a greater amount
of adsorbent provides greater number of available
binding sites. The decrease in loading capacity is
expected as for the same initial concentration of F~
amount of adsorbent increased.

3.44. Effect of initial fluoride concentration and
isotherm analysis

The fluoride concentration was varied under two
different initial pH values: (i) from 10 to 100mg/L,
while the pH, time, and adsorbent concentration were
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Fig. 7. Effect of adsorbent dose of fluoride removal.
Conditions:  initial ~fluoride concentration 10mg/L,
temperature 308 K, pH 5.75, and contact time 4 h.
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kept at 5.75, 4h, and 1g/L, respectively, and (ii) from
10 to 150mg/L, while the pH, time, and adsorbent
dose were kept at 7.0, 4h, and 1g/L, respectively.

(a) so -
o
S
E_ 60 - pH7
2>
g
S 40 A
S pH 5.75
2 20 A
S
©
o
| 0 . . ' . .
0 30 60 90 120 150
[F]1, mg/L
(b) 1.6 1
pH 5.75
1.2 A
[
2 0.8
4 J
© pH7
0.4 -
A
0 T T T T \
0 20 40 60 80 100
Ce
(© 5-
4
o 3
=
c
-l 2 -
1 4
0 T T T T T 1
-1 0 1 2 3 4 5
LnC,
Fig. 8. (a) Effect of initial F~ concentration on its

adsorption. Conditions: adsorbent dose 1g/L, temperature
308K, pH 5.75, and pH 7.0 contact time 4h, (b) Langmuir

The two pH values were chosen as these are close
to the natural pH of water; hence, it was felt necessary
to evaluate Langmuir monolayer capacities at both the
pH values. The adsorption results are shown in Fig. 8
(a). The maximum loading capacity of 49.2mg/g was
observed till initial F~ concentration of 100mg/L at a
pH of 575 and only marginal increase in fluoride
uptake was observed with further increase in initial
F~ concentration to 120mg/L. However, at a pH of 7,
the loading capacity of 64 mg/g was observed at ini-
tial F~ concentration of 150 mg/L.

The isotherm experiments shown in Fig. 8(a) were
fitted to the Langmuir and Freundlich models given
in Egs. (5) and (6), respectively.

C 1 C
=t (5)
Ge  Gmb  Gm
1
log g. = log Kr + Elog Ce (6)

where C, is the equilibrium concentration (mg/L), ge
is the amount adsorbed at equilibrium (mg/g), gm is
the maximum adsorption capacity for Langmuir iso-
therms, and “b” is an energy term which varies as a
function of surface coverage strictly due to variations
in the heat of adsorption. 1/ n and K are isotherm
constants for Freundlich isotherm. Parameters for
Langmuir and Freundlich models were estimated
from plots of Ce/ge vs. Ce and log g vs. log C. shown
in Fig. 8(b) and (c), respectively, and are given in
Table 3.

At both the pH values, adsorption followed both
the models with the correlation coefficients values of
>0.97. The values of the Langmuir equilibrium coeffi-
cient, “b”, were found to be 0.016 and 0.013L/g for F~
adsorption at pH of 575 and 7, respectively. The
Langmuir monolayer capacities were estimated to be
61.3 and 75.2mg/g at pH of 5.75 and 7, respectively.
The Freundlich parameters, K, were estimated to be
6.99 and 9.22 at pH 5.75 and 7, respectively, whereas
the values of n were 1.94 and 2.22, respectively. In
fact, Langmuir isotherm corresponds to a dominant

isotherm plots, and (c) Freundlich isotherm plots. ion-exchange mechanism and reflects monolayer
Table 3
Langmuir and Freundlich parameters for adsorption of fluoride on Mg-H sample
pH Langmuir coefficients Freundlich coefficients

G (mg/g) b(L/g) r Ky n r
5.75 61.3 0.016 0.988 6.99 1.94 0.978
7.0 75.2 0.013 0.982 9.22 2.22 0.986
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adsorption, while the Freundlich isotherm shows
adsorption—complexation reactions taking place dur-
ing the adsorption process which could be multilayer
and the adsorbent surface may be heterogeneous in
nature. In case of formation of only a monolayer and
the adsorption process being governed by a combina-
tion of ion exchange and complexation reactions, both
the isotherms may show goodness of fit to the experi-
mental data. Such observations on fitting of experi-
mental data to both models have been reported by
several authors for the adsorption of cations [53-56]
or fluoride onto various adsorbents [57,58].

It may be mentioned here that no studies have
been reported for F~ adsorption on nano hematite.
There is only one reference reporting F~ adsorption
on hematite obtained by calcination of waste iron [59].
The authors have reported maximum loading capacity
of 24mg/g. Langmuir monolayer capacity of the
sample prepared in the absence of both CTAB and
Mg was not determined as the sample did not exhibit
good potential for F~ uptake, while in case of mixed
oxide obtained by CTAB mediation in the absence of
Mg(Il) Langmuir monolayer capacity was 53.19mg/g
at a pH of 575 [21]. The present adsorbent gave
higher Langmuir monolayer capacity.

34.5. Effect of temperature and

feasibility of the process

thermodynamic

The effect of temperature on adsorption was stud-
ied in the range of 293-323K. The data shown in
Fig. 9(a) reveal that rise in solution temperature has
an adverse effect on fluoride adsorption as with the
increase in temperature from 293 to 323K, % F~
adsorption decreased from 93.98 to 73.50%. The ther-
modynamic feasibility of the process in the present
fluoride-iron oxide system was evaluated from the
free energy change following Eq. (7) and the values of
the enthalpy change (AH®) and the entropy change
(AS°) of the process were obtained using the van’t
Hoff equation following Eq. (8):

AG = —RTInK, (7)

LogK. = AS"/2.303R — AH" /2.303RT (8)

where AG’® is the change in free energy, T is the
absolute temperature in Kelvin, R is the universal
gas constant, and K. is the equilibrium constant at
temperature T (K.=C,/C., where C, is the equilib-
rium concentration in solution in mg/L and C, is
the adsorbed amount of adsorbate at equilibrium in
mg/L).

For each temperature from the experimental values
of C, and C,, AG® values were estimated and were
found to be —6.695, —5.399, —3.819, —3.568, and
—2.740Kk] /mole at 293, 303, 308, 313 and 323K, respec-
tively. The van’t Hoff plot is shown in Fig. 9(b). From
the slope, intercept values of AH® and AS° were
estimated to be —47.12kJ/mole and —138.58]/mole/
deg. The negative AH" value confirms the adsorption
process to be exothermic in nature, while the negative
AS” is indicative of decreased randomness at the solid
solution interface during adsorption [60]. In case of F~
adsorption, positive values of AS® have been reported
in many studies [21,45,52,60].

3.5. Treatment of fluoride containing sample collected from
tube well of Nayagarh district of Orissa

The feasibility of using the synthesized sample in
real time applications for defluoridation of water was
established by purifying a sample containing 5.39 mg/
L of fluoride (pH 7.14) collected from a tube well of
Nayagarh district of Orissa. The water sample was
used as such for the removal of fluoride. Adsorption
was carried out under the following conditions: 1g/L
adsorbent dose, temp., ambient, and time 4h. The
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Fig. 9. (a) Effect of temperature on fluoride removal.
Conditions:  initial fluoride concentration 10mg/L,
adsorbent dose 1g/L, pH 5.75, and contact time 4h and
(b) van’t Hoff plot.
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Fig. 10. TEM studies on fluoride loaded samples (a) spherical hematite particle (b) SAED pattern of the arrowed spherical
particle (mark hematite planes in SAED), and (c) EDAX pattern.

residual concentration of fluoride was 0.12mg/L. Fur-
ther, work needs to be taken up on the following
aspects to use the laboratory data for the development
of technology: (i) column studies, (ii) regeneration and
reuse of the adsorbent, (iii) toxicity characterization
leaching procedure test for final disposal after exhaus-
tion of adsorbent, (iv) testing of real fluoride contami-
nated samples from various locations, (v) cost
comparison after generating the data on bench scale
which will gives real insight into the operational prob-
lems and maintenance costs, and (vi) release of any
residual surfactant. The continuous column experi-
ments will give an insight into the probable difficul-
ties due to fine particle nature of the synthesized
powder.

3.6. TEM studies on fluoride loaded hematite sample

The morphology of fluoride loaded sample was
observed by TEM. It is seen that the particles shape

has not changed much as shown in Fig. 10(a). The
selected area electron diffraction (SAED) pattern of
the arrow head sphere given in Fig. 10(b) shows the
planes matching to hematite phase. The energy dis-
persive analysis of x (EDAX) pattern of spherical par-
ticle given in Fig. 10(c) shows the presence of fluorine,
magnesium, and iron. The origin of Cu peaks in
EDAX pattern is due to the copper grid.

Further, since the synthesized material is hematite
which is the most stable form of iron oxides and does
not go through any decomposition/phase transforma-
tion, it may find application in paint industry as a pri-
mer after its exhaustion as an adsorbent. This aspect
will also be investigated.

4. Conclusions

Mg-doped nano ranged hematite was prepared fol-
lowing surfactant CTAB mediation—precipitation tech-
nique. The XRD pattern showed sharp peaks
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corresponding to hematite. The TEM image showed
the particle size varying from 40 to 200nm and the
SAED pattern confirmed hematite phase. The fluoride
adsorption studies were carried by varying time, pH,
temperature, and amount of adsorbent and adsorbate.
Various kinetics models were tested for fitting the
kinetic data. The fluoride adsorption reached a maxi-
mum at a pH of 7.0 and then, decreased with further
increase of pH. The equilibrium data followed both
the Langmuir and Freundlich models. The Langmuir
monolayer capacities were 61.34 and 75.18mg/g at
pH of 5.75 and 7.0, respectively. From the thermody-
namic studies, it could be concluded that the fluoride
adsorption on Mg-doped nano hematite particles was
thermodynamically favorable at low temperatures and
was exothermic in nature. The TEM of fluoride loaded
sample showed there was not much difference in the
morphology of the hematite particles after fluoride
adsorption and presence of fluoride was confirmed
from the EDAX pattern. The contaminated water col-
lected from Nayagarh district of Orissa was defluori-
dated in a single stage batch mode.
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