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ABSTRACT

The synthetic iron(Ill)-tin(IV) mixed oxide (HITMO) has been characterized by the FTIR, XRD and SEM
image analyses. The mixed oxide is found hydrated and amorphous with irregular surface morphology.
The relevant parameters studied for fluoride removal by using HITMO are the effects of pH, contact time,
and equilibrium. The fluoride adsorption capacity is nearly constant in the pH range 5.0-7.5. The pseudo-
second order equation explains the kinetic data well and, the overall rate is multi-stage controlled. The
Langmuir isotherm describes the equilibrium data well and gives high Langmuir capacity (~10.50mgg~')
value. The mean adsorption energy (9.05 k] mol~') computed from the Dubinin-Redushkevich isotherm
suggests the ion exchange mechanism for fluoride adsorption. The evaluated change of enthalpy (AHO),
entropy (AS%) and free energy (AG°) of adsorption values indicates the endothermic and non-spontaneous
nature of the present reaction. Excepting bicarbonate, other common ions show no adverse effect on
fluoride removal. The regeneration (~75%) of fluoride-rich (10.0 mg g~!) material is possible by a solution
of pH 13.0. Two gram HITMO per litre of the fluoride-doped (2.97 mg L) natural water reduces fluoride

level below 1.5mgL"!.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The optimum concentration of fluoride ion in drinking water is
ranged in 0.5-1.0mgL~! for the good health of teeth and bones of
mammals. However, long-term intake of excess fluoride through
food and drinks might be the cause of dental and skeletal fluo-
rosis. Ground water, which is the main source of drinking water
in rural areas of underdeveloped countries like India, if contami-
nated with excess fluoride ion (>1.5mgL~!) is a great concern to
the public health. India is among 23 nations in the world, where
fluorosis is found to be prevalent. It had been estimated that about
62 million people in 19 states of India are affected with different
forms of fluorosis, which include dental and skeletal fluorosis [1].
The high level of fluoride ion in groundwater (>1.5mgF-L-1) is
due to some geochemical reactions [2] in sub-surface soil. Depend-
ing on the geological formation, fluorite and fluoroapatite minerals
are hosted in the vein of all most all rocks in sub-surface soil. The
bicarbonate-rich water from the topsoil when percolates through
the mineral bed undergoes water-mineral interaction and, releases
fluoride due to some chemical reactions [2] under the geophysi-
cal conditions. The released fluoride, thus, mobilizes to the ground
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water unless any other natural phenomena play any significant role
for reducing fluoride level from that percolated water.

Traditional treatment methods such as chemical precipitation,
membrane process, electro deposition, surface adsorption and
ion exchange were reported to use for fluoride removal from
water. The surface adsorption, among them, has been found to
be the most important one for the third world countries like
India for easy operation, affordable cost and water quality. Dif-
ferent adsorbent materials such as natural, synthetic, and biomass
had been investigated for the adsorptive removal of fluoride from
the aqueous solution [3-35] in last few years. Among them,
synthetic and hydrous oxides such as iron(Ill) oxide [32], zirco-
nium(IV) oxide [33], iron(Ill)-zirconium(IV) hybrid oxide [34] and
iron(Ill)-aluminum(Ill) mixed oxide [35] had been used in our
laboratory for the fluoride removal studies. Iron(Ill) oxide, highly
abundant in the earth crust, is one of the natural water purifier.
However, the synthetic hydrous iron(Ill) oxide [32] showed low
adsorption affinity for the hard fluoride ion from the aqueous solu-
tion. Aiming to increase the fluoride adsorption capacity of iron(III)
oxide from the contaminated water, we have been incorporating
metal ions of high ionic potential (hard metal ion) into the lattice of
aforesaid metal oxide for the systematic use of fluoride adsorption
from the aqueous solution. With this objectives, tin(IV), a cation
with high positive charge, has been incorporated into the lattice
structure of iron(Ill) oxide and used as an adsorbent for the removal
of the hard fluoride ion from the aqueous phase.
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Nomenclature

A temperature-independent factor (gmg~! min—1)

b equilibrium adsorption constant (Lmg~1)

C intra-particle (pore) diffusion constant

Ce equilibrium fluoride (mgL~1) concentration in solu-
tion

G initial fluoride concentration (mgL~1) in solution
when time, t=0

CL concentration of solute in liquid phase (mgL-!) at
t=0

Cs concentration of solute in solid phase (mgg=1) at
equilibrium time, t

Ct concentration of fluoride solution (mgL~1) ata time
(t, min)

Dg film diffusion coefficient (cm?2s~1)

Dp pore diffusion coefficient (cm?s~1)

D-R Dubinin-Radushkevick equation

Ea activation energy of adsorption (k] mol~1)

Epr mean free energy of adsorption (k] mol~1)

AGO standard Gibbs free energy change (k] mol-1)

ho initial adsorption rate (mgg~! time~1)

AHO standard enthalpy change (k] mol-1)

Kc equilibrium constant

Kr Freundlich constant (mg!~1/nL1/n g—1)

Kid intra-particle (pore) diffusion rate constant
(mgg~! time02)

kq pseudo-first order rate constant (time~1)

ko pseudo-second order rate constant (gmg~! min—1)

m mass of solid (adsorbent) added (g)

n Freundlich constant (dimensionless)

Qe Equilibrium adsorption capacity (mgg=1!)

Gm adsorption capacity (molkg~1)

qr adsorption capacity (mgg-1!) at a time (t, min)

R universal gas constant (8.314J mol~1 K-1)

r2 linear regression coefficient

o mean radius of adsorbent particles (cm) (assumed
spherical)

AS? standard entropy change (Jmol-1 K1)

T absolute temperature (K)

t time (min)

tip time for 50% adsorption (s)

Vv solution volume (L)

ZPC zero point charge

Greek symbols

B constant of D-R isotherm equation (mol2 k]—2)

g Polanyi potential

0 Langmuir monolayer adsorption capacity (mgg=1)

0 film thickness (cm)

Thus, we report herein the synthesis and characterization of
hydrous iron(IlI)-tin(IV) bimetal mixed oxide (HITMO), and appli-
cation of the mixed oxide (HITMO) for adsorption of fluoride from
the aqueous solution.

2. Materials and methods
2.1. Synthesis of HITMO
The synthesis of HITMO was made by hydrolyzing well-stirred

0.1 M FeCl3 (in 0.1 M HCl) solution with 0.1 M Na,;SnO3 (in 0.2 M
NaOH) at room temperature followed by addition of 0.1 M NaOH to

reach the supernatant liquid pH 5.3 (£0.2). The brown gel precip-
itate aged for three overnight was filtered, washed with deionized
water and dried at 70 °C in an air oven. The dried hot product when
treated with cold water was broken to small particles. It was sieved
(B.S.Sieve) for the fraction between 50 and 100 mesh (particle size:
0.14-0.29 mm), and homogenized to a definite pH for working. The
HITMO material was heat-treated at 250 °C for an hour into a muffle
furnace and used for the experiments.

2.2. Chemicals

Sodium fluoride (AR, BDH) was used to prepare a stock solution
of fluoride (1000 mgL-'). Sodium 2-(para sulfo phenylazo)-1,8-
dihydroxy-3,6-naphthalene disulfonate (SPADNS) and zirconium
oxychloride used for fluoride estimation [36] were purchased from
E. Merck India Ltd., Mumbai, India. All other chemicals used were
analytical/guaranteed reagent.

2.3. Instruments

The UV-vis spectrophotometer (Model U-3210) made of Hitachi
(Japan) was used for colorimetric analysis of fluoride. An ELICO-
made pH meter (Model LI-127) was used for pH analysis. The
PerkinElmer-RXIFT spectrophotometer was used for the Fourier
Transformed Infrared (FTIR) spectrum. Phillips X-ray diffractome-
ter was used for the powder X-ray diffraction (XRD) analysis of the
mixed oxide. Thermogravimatric (TG) and differential thermal (DT)
analyzes were made by the Setaram Analyzer in argon gas atmo-
sphere at a heating rate 20°Cmin~"! over a temperature range up
to 900 °C. The BET surface area was analyzed by N, gas adsorption
at 77 K using Quantachrome (Model Nova 1000e series, USA) sur-
face analyzer. The Scanning Electron Microscope (JSM-5200) was
used for the scanning electron microscopic (SEM) image. The zero
point surface charge pH (pHzpc) value of the synthetic HITMO was
estimated by the method as described by Babic et al. [37].

2.4. Adsorption experiments

Fifty milliliters of the fluoride solution was taken in a 250 mL
PVC bottle and 0.1 g of the adsorbent material was added into it.
The reaction mixture was placed in a thermostat shaker, and agi-
tated (300 & 5 rpm). The effect of solution pH ranged in 3.0-10.0 on
fluoride removal was studied by adjusting solution pH with 0.1 M
HCI or 0.1 M NaOH. The time dependent adsorption reaction was
conducted separately with fluoride solution (pH 6.4 +0.2) of con-
centrations 10.0, 15.0 and 25.0mgL-! as well as at four different
temperatures (£1.6 K) [283, 298, 313 and 328 K]. The vessel with
reaction mixture was taken out from the shaker, and filtered as soon
as possible using 0.45-pm membrane filters. The clear filtrates were
analyzed for remaining fluoride concentration with UV-vis spec-
trophotometer using SPADNS-ZrOCl; reagent [36]. The adsorption
capacity at any time, t (q;, mg g~!) was calculated using the relation
(Eq. (1)):

= V(G - G)
m

(1)

The significance of the symbols used in Eq. (1) has been given in
nomenclature.

The isotherm experiment was also conducted as above but agita-
tion was continued for 2 h for the equilibrium. The fluoride solution
(pH 6.440.2) of concentration (mgL-1) ranged in 10.0-50.0 was
used for the equilibrium test. The residual fluoride concentration
(Ce, mgL~1) was analyzed in equilibrated solution and, equilibrium
capacity (qe, mgg~1) was calculated using above equation (Eq. (1))
putting Ce in place of C;.
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2.5. Fluoride removal from natural water

Ground water sample was collected from a tube well (depth:
50 m) of College Square area, Kolkata 700073 (India). The param-
eters analyzed (in mgL-! except pH) for the composition of the
water sample were: pH 7.75, total hardness (as CaCO3) 704, total
alkalinity 727, Ca2* 221.24, Mg2* 174.38, Fe (total) 0.05, TDS 1201,
Cl~ 357.7, F~ 0.35 and As(total) 0.03. To this water sample, a mea-
sured volume of standard fluoride solution was added from outside
to increase the concentration to 3.0mgL~'. The concentration of
fluoride in the spiked water sample was re-analyzed and found to
be 2.97 mgL-1, and used for the treatment with varying the adsor-
bent (HITMO) dose from 0.5 to 3.0 gL~! of the sample by the batch
process. Here, the solid material, HITMO, of a definite amount (in
g) was added in separate six PVC containers in each of which one
liter of the fluoride added (2.97 mgL-!) water sample was taken,
and mixed well by a digital mechanical stirrer (speed: 1000 rpm)
for 2 h. The filtered water from the solid adsorbent particles was
analyzed for the residual fluoride [36].

3. Results and discussion
3.1. Characterization of the mixed oxide

The FTIR spectra (Fig. 1) of synthetic (A) hydrous ferric oxide
(HFO) (B) HITMO and (C) hydrous stannic oxide (HSO) show broad
absorption peaks ranged in the wave number (cm~') 3000-3750
with maximum pointed, respectively, at 3401.9, 3397.2, and 3429.6.
These peaks are for the stretching vibration mode of lattice water
and hydroxide groups. The bands found ranged between the wave
number (cm~1) 1624 and 1637 are for the OH bending vibration
mode of water molecules. The broad peaks at 969.8, 842.7, and
954.4cm™!, respectively, for HITMO (B), HFO (A) and HSO (C) are
for the bending vibration mode for bridging OH group. The peak
obtained for HITMO at lower wave number (528.0cm™!) to that
of HFO (682.6 cm~1!) and HSO (564.9 cm~1) has indicated the pres-
ence of some interactions between iron(Ill) and tin(IV) presumably
through oxygen or hydroxide bridge. Thus, the synthetic HITMO has
assumed to be a hydrous bimetal composite mixture.

The X-ray diffraction (XRD) pattern (graph omitted) of HITMO
has suggested amorphous nature of the product. The TG spectrum

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Fig. 1. The Fourier Transformed Infrared (FTIR) spectra of (A) hydrous ferric oxide
(HFO) (B) hydrous iron(IIl)-tin(IV) bimetallic mixed oxide (HITMO) and (C) hydrous
stannic oxide (HSO).

of HITMO shows (figure omitted) 21.1% and 1.32% loss of weight
in the drying temperature (°C) range, respectively, at 30°-130°
and >130°-900°. The weight loss (21.1%) obtained up to 130°C is
attributed to the physically adsorbed water molecules, and is the
moisture content of HITMO. The absence of exothermic peak in DT
spectrum (graph omitted) has indicated that the material does not
undergo polymerization or crystallization when dried up to 900 °C.
The surface area (m2 g~!) determined for HITMO (127.0) has been
found to be lesser than either the HFO (165.6) or the HSO (140.8),
and that is presumably due to the diffusion of tin(IV) oxide into the
lattice structure of the HFO. The analyzed iron to tin mole ratio and
pHzpc of the mixed oxide composite obtained are 1:1 and 6.5 (+0.3),
respectively. The analysis of SEM images (Fig. 2) of HITMO shows
the irregularity in surface morphology (image-a: 35 times magnifi-
cation), and agglomeration of amorphous nano-powder (image-b:
1000 times magnification) material.

3.2. Effect of pH

Fig. 3 shows the influence of initial solution pH (pH;) on fluoride
removal by HITMO. The results have showed (Fig. 3) that the fluo-
ride adsorption capacity (mgg!) declines sharply with increasing
pH; from 3.0 to 5.0, and remains nearly constant up to pH; 7.5
and that declines again with increasing pH; from 7.5 to 10.0. The
high adsorption capacity found at pH; 3.0 is presumably due to
the electrostatic attraction (R1) of fluoride by the surface positive
charge or ligand/anion-exchange (R2) reaction of fluoride with sur-
face hydroxyl group of the solid adsorbent (pHzpc 6.5+0.3). The
decrease in adsorption capacity with increasing pH; from 3.0 to
5.0 is due to the decrease of surface positive charge density or ion

3*
% Ly N

Se8km

Gl

Fig. 2. The scanning electron microscopic (SEM) image of HITMO with (a) 35 times
(b) 1000 times magnification.
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Fig. 3. The effect of initial pH (pH;) on fluoride adsorption by HITMO at 303 (+1.6) K.

exchange capacity of the solid. The capacity remains nearly unal-
tered at pH; ranged in >5.0 to <7.5, which is presumably due to the
neutral or near neutral surface of the solid.

MOHs + H30* + F~ — MOH,*- - F~ () + H,0 (R1)
MOH(S)+H30++F_% M+'-~F_(S)+2H20 (R2)

MOH stands for the solid material. The columbic or anion-
exchange type fluoride adsorption mechanism ((R1) or (R2)) as
suggested is consistent well with the observed increase of the equi-
librium solution pH.

The adsorption reaction that has taken place at pH; ranged
in >5.0 to <7.5 may be described by the following ligand/anion-
exchange type reaction (R3). This agrees well with the observed
notable increase of equilibrium solution pH.

M—OH(S) + Fi(aq) - M*.. -Fi(s) + OH’(aq) (R3)

The surface of the solid should be negative at pH> pHzpc and,
the fluoride adsorption capacity thus declines due to the columbic
repulsion of like charges between the solute in solution and the
solid surface. The low adsorption capacity obtained at pH; > 7.5 is
due to the adsorption of fluoride competing with hydroxyl ion at
the secondary adsorption sphere (R4) where the Na* (available in
solution) is at the first adsorption sphere of the solid adsorbent.

MOH(S) + Na+(aq) + F_(aq) +0OH™ — MO~---Na™...F-+H,0 (R4)

The adsorption reaction (R4) as suggested agrees well with the
decrease of equilibrium solution pH.

3.3. Effect of HITMO dose

Fig. 4 shows the effect of HITMO dose (in g) on the fluoride
removal at pH 6.4 (+0.2). It has been found that the fluoride removal
percentage increases from 32.40 to 95.36 when the dose of HITMO
had been increased from 0.10 to 0.80g, and, that increases to the
negligible extent even the increase of the adsorbent dose over
0.80 g. Furthermore, the adsorption capacity (ge, mgg~1) value has
decreased for a fixed fluoride concentration (25.0 mgL~1) with the
increase of dose. This agrees well with the increase of solid dose
for a fixed solute load, and surface sites heterogeneity of the adsor-
bent. According to surface site heterogeneity model, the surface
is composed of sites with a spectrum of binding energies. At the
low adsorbent dose, all types of sites are entirely exposed and the

5'0 T T T T T
] 100
4.5 E I
-CE-,, . ; E % L 90
g 35 . .. 80
3 o = E w
£ —n—gq, (mg/g) 7o &
2 304 ---e---% Removal 3
i <
c ; L 60 2
o 254 R
S . L
1= ¥
g , L 50
g 204 .
E ] k 8
154 40
1.0 E — 1 T v T T T T+ 1T T T T 1 7 30
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Adsorbent dose (g)

Fig. 4. The effect of HITMO dose on fluoride removal from 50 mL of 25.0 mgL~!
fluoride solution at 303 (+£1.6)K and at pH 6.40 (£0.2).

adsorption on the surface is saturated faster showing a higher ge
value. But at higher adsorbent dose, the availability of higher energy
sites decreases with a large fraction of lower energy sites occupied,
resulting in a lower ge value [16,23].

3.4. Kinetic modeling

3.4.1. Effect of concentration

Fig. 5 shows the plots of kinetic data on fluoride adsorption at
303 (£1.6)K and at pH 6.4 (+£0.2) by the HITMO surface. The flu-
oride adsorption has been found to be rapid in the first 30 min of
contact where ~90% of the equilibrium adsorbed amount has taken
place by the adsorbent. The remaining ~10% adsorption has taken
place by 90 min more contact time. The time required in reach-
ing equilibrium has increased with increasing solute concentration
and that has been found to be 120 min for the highest concentra-
tion studied. The initial rapid adsorption is presumably due to ion
exchange with surface hydroxyl ions of the adsorbent and, the later
stage slow adsorption is for the gradual uptake of fluoride at the
inner surface.

The time dependent adsorption data shown (Fig. 5) have been
analyzed using the linear form of the kinetic equations (Egs. (2)-(4))

45- + 10 mg/L
= 15 mg/L
A 25 mg/L

qt (mg/g)

0 50 100 150
t (min)

Fig. 5. Effect of initial concentration on adsorption kinetics of fluoride by HITMO
(T=303+1.6)K and at pH 6.40 (+0.2).
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Table 1

The kinetic parameters obtained for fluoride adsorption on HITMO at different concentrations [temperature: 303 (+1.6) K] and pH 6.4 (+0.2).

Kinetic equations Parameters Fluoride concentration (mgL~')
10 15 25
Pseudo-second order ko (gmg ! min~') x 102 7.41 4.08 1.70
ge (mgg1) 1.62 2.41 437
r? 0.993 0.995 0.990
ho (mgg ' min~') 0.200 0.238 0.333
Pseudo-first order ki x 1072 (min~") 2.18 2.49 3.01
ge (mgg1) 0.75 1.31 3.03
2 0.954 0.967 0.900
Intra-particle diffusion kia (gmg~! min®3) x 10! 1.12 1.76 3.25
r? 0.813 0.880 0.917

[38-40] as shown below:

. _ k] t
Pseudo-first order : log(ge — qt) = log qe — 5303 (2)
t 1 t
Pseudo-second order : — = — = 3)
qt kaqé  9e
Intra particle diffusion : q; = kjgt'/% + C (4)

The significance of the symbols present in the above equations
(Egs. (2)-(4)) has been given in the nomenclature.

The related kinetic equation parameters evaluated by the cal-
culation from the slopes and intercepts of the linear plots (best-fit
plots given), are shown in Table 1. The pseudo-first order kinetic
equation (Eq. (2)) has described the kinetic data fairly well
(r2 =~0.900-0.970) but less well than the pseudo-second order
kinetic equation (Eq. (3)) (2 =0.990-0.995). The pseudo-second
order rate constant (k, ), adsorption affinity (hg =k»ge2) and equilib-
rium capacity (qe ) evaluated (Table 1) by calculation from the slopes
and intercepts data of the plots (Fig. 6) have showed the decrease of
pseudo-second order rate constant (k) values and the increase of
hg and ge values with increasing initial fluoride concentration. Thus,
the rate of adsorption decreases with increasing solute concentra-
tions, which is similar to the results that had been reported using
some different system by some other workers [41-43]. To evaluate
the actual rate-limiting step for the present system, the data (Fig. 5)
have also been analyzed by the intra-particle diffusion kinetic equa-
tion (Eq. (4)). Fig. 7 shows the plots of mass of fluoride adsorbed per
unit mass of HITMO (q¢, mg g~!) versus square root of contact time
(t9>, min®>). The data points appeared in Fig. 7 could be joined by
the two straight lines those indicate the first linear portion for the
macro-pore diffusion and the second depicting the micro-pore dif-
fusion [13,27,44-47]. The extrapolation of the first linear portion
of the plots (excluding the point at zero) back to the axis showing
q: (mgg~1) gives positive intercept which provide the idea about

100- 10 mg/L
= 15 mg/L
5 4 25 mg/L
E
5 601
£
E 404
&
S 204
0_ T T 1
0 50 100 150

t (min)

Fig. 6. The pseudo-second order plots related to the effect of initial concentration
on adsorption kinetics of fluoride by HITMO (T=303 (+1.6) K and at pH 6.40 (+0.2).

boundary layer thickness (C), and to be found the boundary layer
thickness increases with concentration. The extrapolation of first
linear portion of plots (Fig. 7) should not pass through the origin, so
the adsorption rate for the present case is not solely pore diffusion
controlled. If the data points shown in Fig. 7 be connected from
zero, the initial sharp line showing variation of q; versus %5 val-
ues in Fig. 7 should attribute to the boundary layer diffusion effect
or external mass transfer effect [13,27,44-47]. Thus, the adsorption
data has indicated that the fluoride removal from aqueous phase by
the studied mixed oxide is rather complex process involving both
boundary layer diffusion and intra-particle diffusion. The values of
kiq (average pore diffusion rate constant, mg g~! min—%°) are found
to increase with increasing concentration (Table 1) indicating the
higher pore sorption possibility of the solute on to the adsorbent
at room temperature. However, the pore diffusion coefficient (Dp,
cm? s~1) and film diffusion coefficient (D, cm? s~!) have been cal-
culated using the following standard relations (Eqgs. (5) and (6))
[48,49].

0.03r2
Dp = (5)
t2
DF:0.23><1’0><3><C5 6)
t1/2 x Cp

where the film thickness (9) is 0.001 cm [48], and the significance
of the terms present in the Egs. (5) and (6) has given in the nomen-
clature. Here, ty, (the time for 50% adsorption) values used for
calculation are evaluated from the relation, t;; =1/(gek2), where
k, and ge have their same meaning mentioned elsewhere. It is
known [48] that if the Dy values be ranged in 10~ to 10-13 cm? s~1,

¢ 10 mg/L
| 15 mg/L
51 A 25 mg/L
4+ Ad
‘A
A
B ¥ ad
=) A N
§: 21 i A . " punt®
=2 ™ ..00
[ ] * o
11 Bee ¢
[OR T T 1
0 5 10 15

t 112( min)1.’2

Fig. 7. The intra-particle diffusion plots related to the effect of initial concentration
on adsorption kinetics of fluoride by HITMO (T=303 (+1.6) K and at pH 6.40 (+0.2).
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Fig. 8. Effect of temperature on adsorption kinetics of fluoride by HITMO
(CG;=25mgL-! and pH 6.40 (+0.2).

the pore diffusion is the rate limiting and if the Dg values be
ranged in 1076 to 10~8 cm? s~1, the boundary layer (film) diffusion
is the rate-limiting step. The Dy and Dg values (cm? s~1) calculated,
respectively, for the present case have been found in the range
(4.49-7.27) x 1079 and (5.48-8.2) x 1010 for the studied concen-
trations of fluoride. It has been found that the values of either Dp
or Dg are not laid in the appropriate range, which indicate the rate-
limiting step is multi-stage controlled phenomena for the present
case.

3.4.2. Effect of temperature

Fig. 8 shows the fluoride adsorption kinetic data obtained at
studied four different temperatures and at pH 6.4 (+£0.2) on HITMO
surface. The data have also been analyzed by using the kinetic equa-
tions (Eqs. (2)-(4))[38-40] and, the parameters calculated from the
slopes and intercepts of the linear plots are given in Table 2. The
pseudo-first order kinetic equation (Eq. (2)) has described (plots
not shown) the present adsorption kinetic data much less well
(r>=0.799-0.931). In contrast, the pseudo-second order equation
(Eq.(3)) has described the data of Fig. 8 quite well (r2 = 0.958-0.983)
(Fig. 9). The equilibrium adsorption capacity (ge, mgg~1) and the
initial adsorption rate (hg = kyqe?) calculated from the linear plots
(Fig. 9) according to Eq. (3) have increased, respectively, from 5.29
to 5.84 and 0.095 to 0.167 with the increase of temperature from
283 (£1.6) to 328 (£1.6)K. So, from the above ge and hg values
(Table 2), the endothermic nature of the adsorption process has
been indicated. In addition, the pseudo-second order rate con-
stant (k; x 1073, gmg~1min~!) values (Table 2) have increased
with increasing temperature from 283 (£1.6) to 328 (£1.6)K, and

Table 2

40
35
30
25 ” X
20 S

15
10
54

O T T 1
0 50 100 150
t (min)

+283K
=298 K
A313K
x 328 K

tiqs (min, g/mg)

Fig.9. The pseudo-second order plots related to the effect of temperature on adsorp-
tion kinetics of fluoride by HITMO (C; =25 mgL-! and pH 6.40 (+£0.2).
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Fig. 10. The intra-particle diffusion plots related to the effect of temperatures on
adsorption kinetics of fluoride by HITMO (C;=25mgL~" and pH 6.40 (+0.2).

the result obtained has been found to be similar to that due to Ho
etal. [41].

Fig. 10 shows the plots of the time dependent adsorption capac-
ity (q¢, mg g~1) values those obtained with increase of temperature
on the reactions versus the square root of the contact time (t0,
min®?) according to the Eq. (4). It has been found that the fits of
the kinetic data are very good (12 =0.989-0.996) and increasingly
well with increasing temperature on the reaction. The initial sharp
linear portion over the range of contact time has indicated that the
fluoride adsorption takes place with boundary layer (film) diffu-
sion, and the latter curved portion closer to the equilibrium time
indicates the intra-particle (pore) diffusion controlled adsorption
possibility of fluoride. Thus, the present adsorption Kinetic reaction
rate is the multi-stage controlled phenomena [13,27,44-47]. Fur-

The kinetic parameters on fluoride adsorption on HITMO at different temperatures and pH 6.4 (+0.2). Fluoride concentration used: 25mgL-1.

Kinetic equations Parameters Temperature (+1.6 K)
283 298 313 328
Pseudo-second order k% (gmg ' min~1) x 103 3.37 3.82 4.19 4.89
ge (mgg1) 5.29 555 5.68 5.84
i 0.983 0.965 0.960 0.958
ho (mgg~"' min—") 0.095 0.117 0.135 0.167
Pseudo-first order ki (min~1) x 102 3.63 2.65 2.25 2.21
e (mgg ) 554 4.80 435 461
12 0.799 0.835 0.931 0.910
Intra-particle diffusion kig (gmg~! min=%°) x 10! 3.56 3.81 3.88 4.18

r2

0.989 0.994 0.996 0.996
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Fig. 11. The plot of Ink; versus 1/T(K) x 103 for the activation parameter for fluoride
adsorption on HITMO.

thermore, the calculated Dp and Df values (cm?2 s~ 1) for the studied
temperature range according to the Eqs.(5)and (6), respectively, are
(1.07-1.73) x 102 and (1.59-2.81) x 1019, which have supported
the conclusion drawn above.

3.4.3. Activation parameters

The increase in pseudo-second order rate constant (k) with
increasing temperature may be described by the Arrhenius equa-
tion (Eq. (7)):

ky = A exp (;?) (7)

The significance of each term present in Eq. (7) has been given
in the nomenclature. Taking logarithmic of Eq. (7), the following
Arrhenius type linear relationship (Eq. (8)) is obtained.

“E.\ 1
lnkz_lnA+( R )f (8)

The plot of Ink, against 1/T shows a linear variation (Fig. 11)
with a high regression coefficient (r2=0.994) value. The inter-
cept and slope of the plot give the temperature-independent
parameter, A (=7.2 x 10~*gmg~1s~1) and the activation energy, E,
(=6.02 k] mol~1), respectively. The result has found to be similar to
that had been reported by other workers [23,49].

3.5. Isotherm modeling

Fig. 12 shows the equilibrium isotherm data as points for fluo-
ride adsorption at pH 6.4 (+ 0.2) and temperature 303 (+1.6)K on
HITMO. The equilibrium data points (Fig. 12) have been analyzed by
using the most widely used isotherm equations (Eqgs. (9)—(12)) viz.
the Langmuir [50] and the Freundlich [51] models shown below:

Langmuir isotherm:

e = % (Non-linear form) 9)
Cc 1 C .

il +3 (Linear form) (10)
Frieundlich isotherm:

ge = KeC’/™  (Non-linear form) (11)
log ge = log Kg + % log C. (Linear form) (12)

The symbols (Egs. (9)-(12)) have their usual significance and
given in the nomenclature.

74
6
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Fig. 12. The plot of equilibrium adsorption capacity versus equilibrium concentra-
tion of fluoride on HITMO at 303 (+£1.6) K and at pH 6.40 (+0.2) and the non-linear
data fits with the Langmuir and Freundlich isotherm models.

The non-linear (plots shown in Fig. 12) and the linear (plots
are not shown) analyses show the well fit of the equilibrium
data with the Langmuir and the Freundlich models. The com-
parison of the isotherm parameters (Table 3) computed from the
linear and the non-linear Langmuir and Freundlich isotherm mod-
els analyses has showed that the present data have described the
Langmuir (2 (nop-finear) = 0.993, x? =0.0188 and 12 jipear) = 0.992) and
the Freundlich (r? (non-finear) = 0.977, x? = 0.0618 and 12 jpe,r) = 0.988)
models well. However, based on either x2 or r? value it can be
concluded that the best-fit model is the Langmuir for the present
case. Thus, the fluoride adsorption by HITMO has taken place
with monolayer surface coverage. The monolayer adsorption capac-
ity (4, mgg1) of HITMO for the fluoride obtained either from
the linear analysis (10.47mgg~') or from the non-linear analysis
(10.58 mgg~1) of present data is found to be higher than that of the
pure iron(Ill) oxide (7.50mgg~1) [34]. The Freundlich adsorption
constant (Kr, Lmg~1) obtained, respectively, from the linear and
non-linear analyses are 0.99 and 1.15. The Freundlich coefficient
(n), which should have values ranging from 1 to 10, obtained from
the linear and non-linear analyses are 1.79 and 1.95, respectively.
This supports favorable adsorption of fluoride onto the mixed oxide.
Thus, it can be suggested that the present mixed oxide is a better
adsorbent in removing fluoride from water than the pure iron(III)
oxide. To access the fluoride removal efficiency of the present mixed
oxide, acomparison of the Langmuir monolayer capacity (6, mgg=1)
value of the present adsorbent has been shown (Table 4) with some
other reported materials.

3.6. Thermodynamic parameters

Assuming the activity coefficient as unity at low solute concen-
trations (Henry’s law sense), the thermodynamic parameters for
the adsorption process in solution have been calculated using the
following standard thermodynamic relations (Egs. (13) and (14)):

AGY = AH? — TASO (13)
and
AG® = —2.303RT log K¢ (14)
The combination of Eq.(13) with Eq. (14) gives the Eq. (15) below.
AS° AHO 1
log Ke = 5553 ~ <2.303R> T (15)

Each term of Egs. (13)-(15) has their usual significance and given
in the nomenclature. The thermodynamic equilibrium constant, K
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Table 3
The evaluated isotherm parameters for fluoride adsorption on HITMO at 303 (+1.6) K] and pH 6.4 (+0.2).
Isotherm model Linear analysis parameters Non-linear analysis parameters
Langmuir 0 (mgg!) b(Lmg-1) r? 6 (mgg) b(Lmg') r X
10.47 5.5 x 1072 0.992 10.58 5.36 x 102 0.993 0.0188
Isotherm model Linear analysis parameters Non-linear analysis parameters
Freundlich K¢ n r2 K n r2 b
0.99 1.79 0.988 115 1.95 0.977 0.0618
Isotherm model Linear analysis parameters
D-R isotherm qm (molkg~1) B (mol? k]-2) E (k] mol-1) i
1.77 x 103 6.1x103 9.05 0.992
has been calculated by using equation (Eq. (16)), (15)) can be written as (Eq. (17))
o (qe> _ASO AHO \ 1 (17)
Ke = gi (16) 8\C.) = 2303k “\2303R ) T
e
where ge/Ce is called the adsorption affinity (Lg~!), which is the Assuming AS? and AHY to be constant within the range of stud-
ratio of the amount adsorbed per unit mass (qe) to the solute con- ied temperature, the values have been computed from the slope
centration in solution (Ce) at equilibrium. So the above relation (Eq. and intercept of the straight line of plots of log (ge/Ce) versus 1/T
Table 4
The comparative assessment of Langmuir monolayer capacity (6, mgg=') of HITMO with some literature available data for other adsorbents.
Adsorbent 0 (mgg ) Experimental conditions Reference
Algal biosorbent Spirogyra sp.-102 pH 7.0
1.27 Concentration: 5-25mgL~! [27]
Calcined Zn/Al hydrotalcite-like compound PH6
13.43 Concentration: 2-60 mgL~! [28]
Hydroxyapatite 4.54 pH 6.0 and low
Fluorspar 1.79 Concentration (2.5 x 107> to 6.34 x 10-2)mol L-!
Activated quartz 1.16 [11]
Calcite 0.39
Quartz 0.19
pH 7.0
Activated alumina 241 Concentration: 2.5-14mgL! [30]
Acid treated spent bleaching earth pH3.5
7.75 Concentration: 5-20 mgL-! [13]
Iron-zirconium hybrid oxide pH 6.8+0.1
8.21 Concentration: 5-50 mgL~! [34]
Iron-aluminum mixed oxide pH (6.9+02)
17.73 Concentration: 10-50 mgL-! [35]
pH (6.4+0.2)
Iron-tin mixed oxide 10.47 Concentration: 10-50 mgL-! Present work
KMnO4-modified carbon pH2 [23]
15.90 Concentration: 5-20 mgL~!
Plaster of Paris pH 3-9 [22]
0.336 Concentration: 2-10mgL~!
Light weight concrete material pH 8.9
5.15 Concentration range: probably 10-50 mg L~! [21]
pH6
Montmorillonite 3.37 Concentration: 2-120 mgL-! [20]
pH7
Magnetic-chitosan 22.49 Concentration: 5-40 mgL-! [19]
pH 6.61
Quick lime 16.67 Concentration: 10-50 mgL-! [18]
pH7.5

Laterite 0.85 Concentration: 10-50mgL~! [17]
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Table 5
The thermodynamic parameters for adsorption of fluoride on HITMO.

Fluoride concentrations (mgL~') AHC (kJmol~1) AS? (Jmol 'K 1) AG° (k] mol~1) at studied temperatures (+1.6 K)

283 298 313 328
10.0 4.79 8.72 2.32 2.19 2.06 1.93
25.0 10.79 24.17 4.04 3.67 3.31 2.95

(Fig. 13), and AGY, the free energy change for the reaction, at var-
ious temperatures has also been calculated by using the Eq. (13).
The plots have showed good linearity with very good regression
coefficients (2 =0.992 and 0.993). The thermodynamic parameters
computed for the present case in the studied solute concentra-
tions (10.0 and 25.0 mgL~1) are given in Table 5. The positive AH?
(kjmol~1) values have indicated the endothermic process of flu-
oride adsorption on HITMO. The positive entropy changes (AS°,
Jmol-1K-1) obtained (+8.72 and +24.17) for the present system
for 10.0 and 25.0 mgL~!of fluoride solutions indicate the increase
of entropy for the adsorption reaction. This is presumably for the
increase in number of species at the solid-liquid interface due to
the release of (i) aqua molecules and (ii) hydroxide ion when the
solvated fluoride ion is adsorbed from the aqueous solution by the
solid. The positive AG? (k] mol~1) values (Table 5) indicate the non-
spontaneous nature of fluoride adsorption reaction with HITMO
and, that has governed with the gain of energy from surroundings
[23,49].

3.7. Energy of adsorption

The equilibrium data shown as points in Fig. 12 have been
analyzed by the Dubinin-Radushkevick (D-R) equation (Eq. (18))
[23,49,52] for evaluating the average energy of adsorption.

In ge = In gm — Be? (18)

£=RT In (1+l) (19)
Ce

Nomenclature shows the significance of the terms present in the
Egs. (18) and (19).

The gm (molkg~1!) and B (mol? k]~2) values are evaluated from
the intercepts and slopes of the plots of Inge versus &2 (Fig. 14).
The mean free energy of adsorption (Epg) is the free energy change
when one mole of a solute is transferred to the surface of the adsor-
bent from infinity in the solution [52], and that has been calculated
by the equation (Eq. (20))

1

20
2p)? 20

Epr =

+ 10 mg/L
-0.27 -

-0.32 4 = 25 mg/L
037 \
-0.42

-0.47
-0.52 1
-0.57
-0.62 1
-0.67 -
-0.72 1
-0.77
3

log (qe/Ce)

31 32 33 34 35 36
1T x(K) 10°

Fig. 13. The plot of log(ge/Ce) against 1/T(K) x 103 for thermodynamic parameters.

The magnitude of Epg (k] mol~1) is useful for estimating the type
of adsorption reaction, and if it ranged between 8.0 and 16.0 the
adsorption should be taken place by ion exchange reaction [23,49].
The D-R parameters and mean free energies evaluated are shown in
Table 3. In the present case, the Epr value obtained (9.05 k] mol~1)
is ranged in 8.0-16.0k]mol~!, which indicates anion-exchange
mechanism for the adsorption of fluoride onto HITMO.

3.8. Effect of some other ions on fluoride removal

The adverse effect of some ions viz. calcium, magnesium, chlo-
ride, nitrate, sulfate, phosphate and bicarbonate had been tested
on fluoride removal by HITMO. The concentration chosen for
the ions was the level that had been encountered commonly
in the ground water. The results obtained show that the tested
ions have no adverse influence on the fluoride removal except-
ing bicarbonate ion. The fluoride adsorption capacity of HITMO
has reduced from 4.70mgg-! (zero bicarbonate) to 3.80mgg~!
(400 mg bicarbonate L=1) from the fluoride solution of concentra-
tion 25.0mgL-1.

3.9. Desorption study

The pH effect on fluoride adsorption by HITMO showed (Fig. 3)
that the fluoride adsorption capacity of HITMO is very low in alka-
line pH. Based on this, batch desorption tests of fluoride from the
solid surface were conducted by different solutions of pH ranged in
10.0-14.0. It has been found that the solution of pH 13 (0.1 M NaOH)
is an optimum one which desorbs ~75% of the adsorbed fluoride
when 25 mL fractions of pH 13 solution per g fluoride-rich HITMO
(F~ content: 10.0mgg~') in five times are added and agitated.

4. Removal of fluoride from natural water

Fig. 15 shows the results on the fluoride removal from the natural
ground water sample (added fluoride concentration: 2.97 mgL-1).
It has been found that the concentration of fluoride reduces with
increasing the solid material, HITMO, dose (in gL~1) from 0.5, 1.0,
1.5,2.0,2.5and 3.0. The results (Fig. 15) show when HITMO dose was

£ ¥kJ’mol?)

350 450

-7.865

ok
-8.065

-8.265

InGe

-8.465

-8.665

-8.865

-9.065 -

Fig. 14. The Dubinin-Raduskevich (D-R) isotherm plot of the equilibrium data for
the adsorption energy.
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Fig. 15. The batch fluoride removal with varying HITMO dose per litre of the natural
water sample.

2.0gL-1, the fluoride concentration has decreased to 1.49mgL-1,
which is below the toxic level of fluoride concentration in drinking
water for the cooler climatic countries and, when the dose used
was 2.5gL-! that goes to below 1.0mgL~!, the permissible level
for hotter climatic countries (WHO).

5. Conclusion

The HITMO has been synthesized by a simple method and
the material is amorphous with irregular surface morphology.
The pHzpc is 6.5 (40.3) for this material. The fluoride adsorp-
tion capacity decreases with increasing initial solution pH (pH;)
from 3.0 to 5.0, and remains nearly same up to pH; 7.5. The
kinetic data describes the pseudo-second order model very well.
The rate-limiting step is multiple-stage controlled. The equi-
librium data describes the Langmuir isotherm well, and the
monolayer adsorption capacity is ~10.50mgg~!. The adsorption
energy (9.05 k] mol~1) evaluated suggests the ion exchange mech-
anism. The fluoride adsorption reaction with HITMO is endothermic
and non-spontaneous process. The high bicarbonate shows adverse
influence on fluoride removal by HITMO. The solution of pH 13.0
(25mL x 5 times) can regenerate 1.0g fluoride-rich material up
to a level of ~75%. Two-gram material per liter of natural water
(2.97 mgF~ L-1) can reduce fluoride level below 1.5 mgL~! in batch
process.
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