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Physicochemical Aspects on Fluoride Adsorption
for Removal from Water by Synthetic Hydrous
Iron(l11l) — Chromium(lll) Mixed Oxide

Krishna Biswas, Sushanta Debnath, and Uday Chand Ghosh

Department of Chemistry, Presidency College, Kolkata, India

Fluoride removal with varying different parameters at
303+1.6K and pH 6.5+0.2 was investigated by hydrous
iron(II)-chromium(III) bimetal oxide. The kinetic and equilibrium
data fitted with the pseudo-second order and Langmuir isotherm
equations very well (R%=0.99-1.00), respectively. The Langmuir
capacity (6) and free energy (Epgr) of adsorption evaluated were
16.34 (+0.50) mg - g~ ' and 15.81kJ - mol ", respectively. The esti-
mated thermodynamic parameters viz. AH’, AG°, and 4S° indicated
that the reaction was endothermic but spontaneous for entropy
increase. The small-scale column filtration of high fluoride
(Co=7.37mg- L") water gave encouraging results.

Keywords adsorption; column; desorption; fluoride; iron-
chromium mixed oxide; kinetics; thermodynamics

INTRODUCTION

Fluoride is an essential mineral for our dental and bone
health at low dose. It is taken through foods and drinks,
but excessive intake leads to dental and skeletal fluorosis
(1). The major source of fluoride intake is the drinking
water. Rural populations of third world countries like
India have been using groundwater as the main source of
drinking water since long back. The maximum allowed
concentration (MAC) for fluoride in drinking water had
set to 1.0 and 1.5mg-L™! respectively, for the tropical
and the cooler climatic countries by the World Health
Organization (1). Many countries globally have regions
where underground aquifers crossed the specified MAC
level of fluoride. The source of fluoride in groundwater is
due to the release from the minerals like fluorite (CaF,)
and fluoroapatite [3Ca3(POy), - CaF,], hosted in the vein
of all rocks in sub-surface soil, and mobilizes due to the
percolation of water from the upper surface in the under-
ground aquifers. The fluoride release depends on the pH
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and residence time of percolated water through the soil
bed. The bicarbonate rich percolating water is responsible
for the acceleration of fluoride release from the minerals
for water-mineral interactions under favorable geophysical
conditions (2).

The remedial measure of fluoride toxicity is the supply
of treated water. However, the shifting of technology
requires huge funds for the supply of treated water at
remote corners and it is a distant possibility. Thus, the
cost-viable and technologically feasible method is an
emergent need for third world countries like India.

The popular methods for fluoride removal from con-
taminated water are coagulation-precipitation, membrane
filtration, electro deposition, surface adsorption, and ion
exchange. Among them, surface adsorption seems to be
the most attractive and selective technique for the
reduction of fluoride level from the water because of the
requirement of less space, easy operation, affordable cost,
and water quality. Numerous natural, synthetic and
biomass materials have been investigated as adsorbent
(3-39) for the lowering of the fluoride level from the
aqueous solution in last few years.

Goethite, a variety of iron(IIl) oxide and abundant in
the earth crust, is one of the naturally occurring water puri-
fier. It had been assumed that the synthetic hydrous
iron(IIT) oxide may be a good fluoride scavenger from
the contaminated water. However, the fluoride scavenging
ability of synthetic hydrous iron(III) oxide had been found
low (32). Thus, we have made the attempt to enhance the
fluoride scavenging efficiency of the synthetic iron(I1I)
oxide by incorporating some other metal ion. Thus, zirco-
nium(IV), aluminium(I1I), and tin(IV) incorporated bime-
tal iron(IIl) oxide had been investigated for the fluoride
adsorption (34-36). Herein, we have made the attempt to
estimate the fluoride adsorption efficiency of chromium(III)
incorporated iron(I1l) oxide from water.

Thus, this manuscript reports herein the results of fluor-
ide adsorption behavior for the removal from water by syn-
thetic hydrous iron(IIT)-chromium(III) bimetal mixed
oxide (HICMO).
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MATERIALS AND METHODS
Synthesis of HICMO

The material, HICMO, was synthesized by the co-
precipitation method. Here, aqueous ammonia (1:1) was
added slowly to the hot (~80°C) well-mixed (agitation
speed: ~300rpm) solution of 0.1 M FeCls(in 0.1 M HCI)
and 0.1M CrClz(in 0.1 M HCI) (v/v=1:1). Addition of
ammonia (1:1) was continued until the pH of the solution
including the precipitate became 6.2 (£0.2). Aging precipi-
tate with the mother liquid for 3 days, it was filtered, washed
with deionised water, and dried in an air-oven (65 to 75°C).

The dried solid lumps when treated with cold water
separated to the small particles. After air-drying, particles
of dimension ranged in 0.140-0.290 mm were screened
out, and homogenized at some pre-fixed pH to be used
for conducting experiments.

Reagents

Sodium fluoride (AR, BDH) was used to prepare a
stock solution (1000mg F~-dm ™). Sodium 2-(para sulfo
phenylazo)-1,8-dihydroxy-3,6-naphthalene disulfonate
(SPADNYS) (G. R.) and zirconium oxychloride octahydrate
(L. R.) used for the colorimetric analysis of fluoride were
procured from E. Merck India Ltd. (Mumbai), India.

Instruments
The instruments used for collecting the data were

(1) UV-Vis spectrophotometer (Hitachi model U-3210)
for colorimetric analysis of fluoride (40),

(i) pH meter (model LI-127) made of ELICO (India) for
pH analysis,

(ii1) Jasco 680 plus spectrophotometer for the Fourier
transform infrared (FTIR) spectra,

(iv) Phillips X-ray diffractometer for the powder X-ray
diffraction (XRD) analysis,

(v) Setaram Analyzer in argon gas atmosphere at a heat-
ing rate 20°Cmin~! over a temperature range up to
900°C for thermogravimatric (TG) and differential
thermal (DT) analyses,

(vi) scanning electron microscope (Vega Tescan, Oxford
Instruments) for the scanning electron microscopic
(SEM) image, and

(vii) transmission electron microscope (FEI, model Tecnai
S Twin) for the TEM image of HICMO.

Zero Point pH

The zero point surface charge pH (pH_;,.) value of the
synthetic mixed oxide was analyzed using the pH drift
method as described by Babic et al. (41).

Adsorption Experiments
Fluoride adsorption experiments were carried out in
polypropylene bottles of capacity 250 ml into which 50 ml

aqueous solution of the solute, adjusted ionic strength (I)
at 0.0lM with 1.0M NaNO; was taken with 0.1g of
HICMO. Initial pH (pH;) of the working solution was
adjusted with HNO; and/or NaOH to the designated
value. Then, the reaction mixtures were agitated (speed:
380+ 5rpm) at some pre-selected temperatures for 2.0
hours (which was enough to achieve equilibrium). The
solid adsorbent particles were filtered from the reaction
mixture using 0.45-pm membrane filters. The filtrates were
analyzed for fluoride remaining and final solution pH
(pHy). The adsorption capacity (q, or q., mg-g_ ') at any
time, t or at equilibrium was calculated using the equation
(1) below:

qq(or q¢) = [V{Co — Ci(or Cc)}]/m (1)

where V is the volume (L) of solute solution, m the mass (g)
of HICMO, and C, and C, (or C,) are the concentrations
(mg-L~") of the solute at a time for agitation, t=0 and
t=t (or equilibrium), respectively.

The effect of pH; on the adsorption of fluoride by
HICMO was investigated by taking C, of the solute solu-
tions 25.0, 35.0 and 50.0mgF~-L~! at pHi ranged in 3.0
to 10.0 and at temperature 298 (£1.6) K. The remaining
fluoride as well as pH; of the filtered solutions was ana-
lyzed. The q. value at each designated pH; was calculated
by Eq. (1).

Adsorption kinetics indicates the equilibrium time and
reaction rate. Batch adsorption kinetic experiments were
conducted according to the procedure described above at
pH;=6.5 (+0.2) and at the temperatures (T £ 1.6) =283,
290, 298, and 313K taking a fixed C, of fluoride=
35.0mg-L"; and also by taking three different C, of
fluoride (25.0, 35.0 and 50.0mg- L") in solution at a fixed
T =298 (£1.6) K. The vessels with reaction mixture were
taken out at some fixed interval of time, and filtered
immediately after withdrawal using 0.45-um membrane fil-
ters. The filtrates were analyzed by colorimetric method for
remaining fluoride using SPADNS — ZrOCl, reagent (40).

Adsorption isotherms were investigated to describe the
distribution of adsorbate between adsorbent and liquid
when equilibrium state was achieved. The isotherm
experiments were conducted under ambient conditions as
described (agitation time: 1.5 hours) for the equilibrium
at pH; =6.5 (+0.2) taking C, of fluoride ranged between
10.0 and 50.0mg-L~" at T (£1.6)=288, 303, 318, and
333 K. Any change of pH was recorded after 1.0 hour of
reaction and adjusted to the initial value by adding 0.1 M
HNO;/NaOH solution. The fluoride remained in filtered
solution was analyzed (40). The adsorption capacity (q.)
was calculated using Eq. (1).

To investigate the competing effect of foreign ions on
fluoride adsorption by HICMO, the experiments were done
by batch method at conditions as mentioned above taking
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50 ml solution of fluoride (Cy=35.0mg- L")+ competing
ion. The concentration range of competing ions was taken
from zero mg-L~' to a level that permitted highest by
WHO in ground water.

For desorption of fluoride, 50 ml of NaOH solution
were agitated (380 4+ 5rpm) separately with 0.1 g fluoride
adsorbed material (fluoride content=15.54mg-g~") for
1.5 hours at T =303 (+1.6) K. After 1.5 hours of agitation,
the materials were separated by filtration. The filtrates were
analyzed for fluoride, and the desorption percentages were
calculated. To optimize the condition, the concentration of
NaOH solution was varied from 0.01 to 2.0 M. To optimize
agitation time, it was varied from 0.5 to 2.0 hours taking
optimized NaOH concentration.

Fixed bed column experiments were conducted by uni-
form packing of HICMO (particle size: 140-290 um) into
two separate glass columns (i.d. 1.0cm, length 45cm) up
to the bed heights 4.0 and 5.0 cm. The input fluoride sol-
ution (Co=7.37mg-L~") was passed down separately
through the columns with flow rate 1.0 or 2.0ml-min~".
The effluent was collected in 50 ml fractions, and analyzed
for fluoride.

RESULTS AND DISCUSSION
Characterization of HICMO

The analysis of the XRD pattern of HICMO indicated
that the material was amorphous. From the FTIR spectra,
it was found that the absorption bands pointing maximum
at the wave number between 3350 and 3450 cm ™' were due
to the O-H stretching mode of the lattice water and
hydroxide group. The absorption bands found at the wave
number between 1635 and 1648cm ™' were for the O-H
bending mode of water molecules. The broad bands at
around 1021-1022cm™" for each of HICMO, hydrous
chromium(I1l) oxide (HCO) and hydrous iron(IIl) oxide
(HFO) were presumed to be the bending mode of the
bridged OH group. The bands obtained at wave number
(521ecm™') in HICMO which was lower than that of
HFO (670cm™') and HCO (668cm™') indicated the
presence of oxo/hydroxo bridge between iron(IIl) and
chromium(IIT). Thus, HICMO is a hydrous bimetal mixed
oxide.

The TG spectrum of HICMO was analyzed, and found
the weight loss percentages were 13.37, 21.55, and 3.20 at
the temperature of drying up to 70°, >70° —270°, and
>270° — 800°C, respectively. The percentages of weight
loss noted correspond to the moisture content,
co-ordinated water, and dehydroxylation of chelated water
via hydrogen bonding and hydroxide, respectively. The
steep exothermic peak at 550°C in the DT spectrum sup-
ported the observation. The pH,,. analyzed was 6.5
(£0.1) for the composite oxide, which was close to neutral
pH. The material was analyzed by taking the SEM image,

which showed irregular surface morphology. The TEM
image of the synthetic material was analyzed. It suggested
that the material was agglomerated spherical nano particles
(40-55 nm).

Effect of pH

Figure 1 demonstrates the variation of (a) fluoride
adsorption capacity (qe, mg- g ') of HICMO versus initial
solution pH (pHj), and (b) the equilibrium solution pH
(pHy) versus pH; for the initial fluoride concentration (C;)
of 25.0, 35.0 and 50.0mg-L~'. It was found that the q.
declined rapidly with rising pH; from 3.0 to 5.0, and above
7.0. The declination of q. was insignificant at pH; ranged in
5.0-7.0. The highest q. at pH; 3.0 is presumably due to the
strong affinity of fluoride ion for the positive surface charge
(R1) or replacement of surface hydroxide ion with fluoride
(R2) of HICMO (pH,pc=6.5+0.1). The decrease of q.

18 -
17 4
16 -

—e— 25 mg/L
—a— 35 mg/L

15 1 —a— 50 mg/L
14 -

13 -

q. (mg/g)

61 —e—25mg/L
— = 35mg/L
—A— 50 mg/L

PH;

2 3 4 5 6 7 8 9 10 M1
PH
(b)
FIG. 1. The plot of (a) equilibrium adsorption capacity (qe, mg-g~ ")
versus initial pH (pH;), and (b) equilibrium solution pH (pHy) versus initial

pH (pH;) for fluoride adsorption by HICMO at variable initial fluoride
concentration at 298 (+£1.6)K.
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with increasing pH; from 3.0 to 5.0 is due to the decrease of
positive surface charge density or ligand exchange capacity
of HICMO. The capacity at pH; between 5.0 and 7.0 was
nearly same, which is presumably due to the neutral or near
neutral surface of the solid as the analyzed pH¢ values were
6.4+0.2 (b in Fig. 1).

MOH s) + H;0" + F~ — MOH3 — — —Fjg + H,0 (R1)

MOHs) + H;0" + F~ — M* — — — Fj5) + 2H,0 (R2)

MOH(s) stands for the solid material.

The columbic or ligand exchange type of fluoride adsorp-
tion mechanism (R1 or R2) as suggested is agreed well with
the observed pHy value (b in Fig. 1). The adsorption reac-
tion that took place at pH; between 5.0 and 7.0 is presumed
to be due to the following type of surface reaction (R3).
This agrees well with almost unchanged of pH; (b in
Fig. 1) from pH; of the solution.

M -OHs) +Fyy »M-0" —H} - —— —F, (R3)
The surface of the solid should be negative at pH;>
pH,;,c and, the q. thus declined due to the columbic repul-
sion of like charges between the solute in solution and the
surface of solid. The rapid decline of q. at pH;>7.0 is
due to the competition of fluoride with hydroxyl ions for
the secondary adsorption sphere (R4) where the Na'
(available in solution) will be at the primary adsorption
sphere on the solid surface.

M — OH(S) + Na(qu) + F(aq) + 7OH(aq) —

M—-0" — —-Na"——-F +H,0 +aq (R4)

M — OHs) + F(,) + OH o) — M — O H™* —
—~F +M - 0% H% — ——OH +aq (R5)

From the quantitative analysis of fluoride adsorbed
material, 0.13 (£0.01) mM Na* was found. However, the
amount of sodium estimated was found to be less than that
of adsorbed fluoride, which confirmed the mechanism (R4)
partly. In addition, the adsorption mechanism could be
described by the reaction noted (R5). Whatever be the
case, both R4 and RS complied the decrease of pHy from
pH;, and indicated the possibility of entropy increase for
releasing aqua molecules at solid-liquid interface.

Kinetic Modeling
Effect of Concentration

The effect of the reaction time on the adsorption rate
for a C; (25.0, 35.0, and 50.0mg-L~') of fluoride at a
temperature 298 (£1.6) K and pH; 6.5 (£0.2) is

demonstrated in Fig. 2. It can be found that the q, had a
rapid increase in the first 30 minutes and more than 85%
of the adsorption occurred. This phenomenon may be
due to rapid boundary layer diffusion of the dissolved flu-
oride onto the surface of the solid. The adsorption rate
retards after a reaction time of 30 minutes, indicating the
attainment of plateau. It is due to the columbic inhibition
of fluoride adsorption by the fast growing negative surface
of HICMO. The results shown in Fig. 2 had indicated that
the contact time enhanced with increasing C; from 25.0 to
50.0mg-L~" in reaching a pseudo-equilibrium. It was
about 60, 75, and 120 minutes, respectively, for the C; of
25.0, 35.0, and 50.0mg-L".

The q, values shown in Fig. 2 were analyzed using the
linearised equations of Lagergren pseudo-first order (1)
(42), pseudo-second order (2) (43), and intra particle
diffusion (3) (44) kinetics.

log(q. — q,) = log q. — kit/2.303 (1)
t/q, = 1/(ka q2) + t/qe )
q =kig t*° +C 3)

The significance of each term present in Eqgs. (1-3) has been
given in notation list.
The q, values of Fig. 2 were analyzed by the plot of

(1) log (qe—qy) versus t (Eq. (1)) (plot not shown),
(i) t/q versus t (Eq. (2)) (Fig. 3) and
(i) q versus t*° (Eq. (3)) (plot not shown).
The parameters associated with each equation were calcu-

lated from the slopes and intercepts of the plots, which
are presented in Table 1. From the correlation coefficients,

—e—25mg/L
—a—35mg/L

23 -
21 | "
19 |
17 |

15 4

13 oM

1" //Afk**"—'
30 6

—a— 50 mg/L

qt (mglg)

9

0 0 90 120 150 180

t (min)

FIG. 2. The plot of fluoride adsorption capacity (q,, mg-g ') values
versus time (t, min) obtained at three different solution concentrations
of fluoride at pHi 6.5 (+0.2) at temperature 298 (£1.6)K.
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14 -
¢ 25 mg/L
12
m 35 mg/L
B 101 A 50 mg/L
E g |
=]
f=4
£ .
g 4
2
0 T T T T 1
0 50 100 150 200

t (min)

FIG. 3. The plot of t/q, (min-g-mg~') versus t (min) for the
pseudo-second order kinetic analysis of the data obtained at pH; 6.5
(£0.2) and temperature 298 (+1.6)K.

it was observed that the fits of experimental data were well
with the pseudo-second order equation (r> = 1.00), and bet-
ter than the pseudo-first order equation (r*=0.85-0.95).
The pseudo-second order rate constant (k,), initial adsorp-
tion affinity, ho (=k.q2, mg- g ! -minfl), and equilibrium
adsorption capacity (q.) shown in Table 1 indicated that
the values of k, decreased, while that of hy and q. increased
with enhancing C; from 25.0 to 50.0mg-L~'. It was
found that the values of modeled q. obtained from the
pseudo-second order equation were closer to the experi-
mental g, than that from the pseudo-first order equation.

TABLE 1
The kinetics parameters estimated on fluoride adsorption
by HICMO at different concentrations (temperature
298+ 1.6 K and pH; 6.54+0.2)

Initial fluoride

concentration
(mg-L7")
Kinetic
equations Parameters 250 350 50.0
Pseudo-second ky x 1072 720 525 3.59
order (g mg 'min")
Qe (mg-g ") 11.84 1527 20.16
r 1.00  1.00 1.00
hy (mg-g~ ' -min~") 10.09 1224 14.59
Pseudo-first ky x 1072 3.66 426 4.12
order (min~")
Qe (mg-g ! 1.56 2.55 10.32
r’ 094 095 0.85
Intra particle Kig x 107! 1.76 226  6.25
diffusion (g-mg~ ' min®?)
r? 0.66 0.73 0.79

These aspects proved that the pseudo-second order model
had described the kinetics of fluoride adsorption. The
results have been found similar not only with our previous
reports (35,36) but also with others (9,21). The reduction of
k, value with enhancing C; is due to rapid growing of nega-
tive charge for a fast uptake of the solute on the solid sur-
face through the boundary layer diffusion at initial stages,
which retards the adsorption reaction at later stages by the
electrostatic force of repulsion.

The very poor linearity (r*=0.66—0.79) of the
Weber-Morris plots, q, versus t*° for Eq. (3) (plot not
shown), had suggested that the rate determining step
(RDS) of the present adsorption reaction was not solely
dependent on the intra-particle (pore) diffusion of fluoride.
The values of kiq (average diffusion rate constant, mg- g~
min~"°) were increased with increasing concentration
(Table 1), indicating the intraparticle diffusion of solute
in to the interior of adsorbent at room temperature
increases. For confirming RDS, the diffusion coefficients
related to the pore (Dp, cm? s (eq. 4) and the film
(Dp, cm?-s7") (eq. 5) were calculated using relations
(45,46) below.

Dp = (0.03 15)/t1/ (4)
Dr = (023 X Iy X 0 X Cs)/tl/z x CL (5)

The significance of the terms present in Egs. (4), (5). is given
in the notation list. The film thickness (0) used was 0.001 cm
(45). The time (in second) for 50% reaction (t;;;) was
calculated from the relation, t;»=1/(qc k), where k
and q. have their usual meaning and mentioned elsewhere.
If the value of D, lies in 107" to 10""*cm?-s™, then the
RDS will be controlled by pore-diffusion; and if the value
of Dg lies in107® to 10 8cm?-s™!, then the RDS will be
controlled by the boundary-layer (film) diffusion (45,46).
The magnitude of D, and Dg values (cm?-s™ ") calculated
for the present case, respectively, were (1.79-5.39) x 108
and (5.33 —5.39) x 10~?, which are not in an appropriate
range described earlier. Thus, the RDS for the present case
was the multistage phenomena.

Effect of Temperature

Figure 4 demonstrates the effect of contact time at four
different reaction temperatures, T (4+1.6) =283, 290, 298,
and 313 K) on the rate of fluoride adsorption by HICMO
at C;=35.0mg-L~" and pH;=6.5 (£0.2). It was found
that the q; had a rapid increase in the first 20 minutes,
where 85-90% of the adsorbed fluoride removal took place.
After t =20 minutes, the adsorption rate reduced. This is
presumed that the initial rapid growing of negative charge
on the solid surface inhibited the later stages of fluoride
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FIG. 4. The plot of adsorption capacity (q,, mg- g~ ') versus time (t, min)
at different reaction temperatures (+1.6)K and pH; 6.5 (+0.2) for the
kinetic analysis.

adsorption reaction. The q; values of Fig. 4 were analyzed
by the plot of

(i) log (qe— qy) versus t for equation-1 (plot not shown),
(i) t/q. versus t for Eq. (2) (Fig. 5) and
(iii) q versus t*° for Eq. (3) (plot not shown).

The parameters associated with the Egs. (1-3) were
calculated from the slopes and intercepts of respective
plots, and the values are presented in Table 2. From the
correlation coefficients, it was observed that the fits of
experimental data were good with the pseudo-second
order equation (r*=1.00), and better than the pseudo-
first order equation (r*=0.93-0.98). The q. and h, values
increased from 13.89 to 15.50mg-g~! and 7.21 to
13.11mg- g ' -min~', respectively; with increasing tempera-
ture from 283 (£1.6) to 313 (£1.6) K. Increase of q. and

12
* 283K
101 ® 290 K
S 8- 4298 K
£ 5 x 313K
= 41
2 N
O T T T 1
0 50 100 150 200

t (min)

FIG. 5. The plot of t/q, (min-g-mg ') versus t (min) for the
pseudo-second order kinetic analysis of the data obtained at different
reaction temperature and pHj 6.5 (£0.2).

hy values (Table 2) indicated that the endothermic nature
of the adsorption reaction increased with increasing
temperature. In addition, the enhancement of k, (x1072,
g-mg ' min~') (Table 2) with rising temperature from
283 (£1.6) to 313 (£1.6) K had indicated the increase of
reaction rate with HICMO, which was found similar to
the results that had been reported by Viswanathan and
Meenakshi (37,38). The q, values against t as shown in
Fig. 4 were analyzed according to the Weber-Morris plot
(not shown) of Eq. (3). The regression coefficients
(r*=0.73 to 0.75) found for the q, versus t*° plots were
nonlinear, and the intercept, C # 0 indicated that the
RDS was not controlled by the intraparticle diffusion
phenomenon. The kjg-values, in general, were diminished
with increasing temperature on the reaction (Table 2), indi-
cating the decrease in dependence of kinetic rate on the
intra particle diffusion.

Activation Parameters

Taking log on both sides with the Arrhenius activation
energy Eq. (6), the activation parameters for the present
reaction were computed from the slope and intercept
values of the plot, Ink, (k,=pseudo second-order rate
constant) versus T~! (K™!) (plot omitted) (1> =0.94).

k2 = Aexp(—E,/RT) (6)

The temperature independent parameter (A, g- mg ' -min™ ")
and activation energy (E, kJ-mol ') were computed,
taking R (the molar gas constant) equals to 8.314J-mol -
K 'were4.42¢g-mg's ' and 11.12kJ mol ™!, respectively.
The values were found similar to that which had been
reported by Daifullah et al. (23). The activation energy
was also calculated for this reaction by inserting the k,
for the temperature of 283 K and 313 K into the Eq. (7) (47).

ln(k/z/kz) = Ea(Tz — T])/RT1T2 (7)

The k;, and K, are the rate constants at temperature (in K) T,
and T,, respectively. The value of E, calculated was
11.39kJ - mol~!. The value of E, estimated from the slope
of the said plot and that calculated using Eq. (7) (Table 3)
was found below the range of 12.55-20.92kJ-mol™"
(3-5kcal-mol™ "), a range for the internal diffusion con-
trolled process (47). Thus, the RDS of present adsorption
reaction has not been controlled by the intra particle dif-
fusion phenomenon.

The changes of standard enthalpy of activation (AH™), the
entropy of activation (AS?), and free energy of activation
(AG™) were estimated using the Eyring equation (8) (48).

In(ko/T) = [In(ke/h) + (AS*)/R] — (AH#)/RT  (8)

The ki, and h of equation (8) are the Boltzmann and
Planck constants, respectively. The activation parameters
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TABLE 2
The kinetics parameters estimated on fluoride adsorption by HICMO at different temperatures (concentration 35.0
mg-F~-L~" and pH; 6.5+0.2)

Temperature (£1.6 K)

Kinetic
equations Parameters 283 290 298 313
Pseudo-second ky x 1072 3.74 4.52 5.25 5.95
order (g-mg ' -min~")
qe (mg-g™h 13.89 14.90 15.27 15.50
r 1.00 1.00 1.00 1.00
hy (mg-g~ ' -min~") 7.21 10.04 12.24 13.11
Pseudo-first k; x 1072 4.72 4.12 4.26 2.75
order (min~')
qe (mg-g™h 3.20 3.90 2.55 1.86
r 0.98 0.98 0.95 0.93
Intra particle kigx 107! 2.78 3.19 2.26 2.09
diffusion (g-mg ' min®®)
r 0.75 0.83 0.73 0.71

related to enthalpy and entropy change (AH? and AS?)
were calculated from the slope and intercept of the straight
line plot of In(k,/T) versus 1/T (K~') (plot omitted) and
shown in Table 3. The change of the free energy of
activation (AG™) was calculated by using Eq. (9).

AG" = AH? — TAS* 9)

The values of AG™ estimated were —42.39, —43.65, —45.09,
and —47.79kJ-mol ™!, respectively, at temperature 283
(£1.6), 290 (£1.6), 298 (£1.6), and 313 (+1.6) K. The
increase of —AG?" value with increasing temperature had
indicated the enhancement of the spontaneous nature of
fluoride adsorption by HICMO. The calculated AH? value
was found to be+ 8.64 kJmol ' (Table 3), which had con-
firmed the endothermic nature of the reaction. The positive
value of AS* (+180.32J-mol ' -K™!) indicated that the
randomness increased at solid-liquid interface during
adsorption reaction onto the surface of HICMO.

Isotherm Modeling

Figure 6 demonstrates the plot of q. (mg-g ') against
C. (mg-L ") on fluoride adsorption by HICMO at T

(£1.6)=283, 290, 298, and 313K and pH;=6.5 (+0.2).
The curves of different temperatures have similar trends
and the equilibrium adsorption capacity (q.) increased with
increasing temperature. This showed that the temperature’s
increasing is propitious to the adsorption of fluoride on
HICMO. That means that the diffusing rate and activity
of fluoride ion are increscent at higher temperature, which
is beneficial for fluoride ions to enter into the surface struc-
ture of HICMO. In order to understand the adsorption
mechanism, the equilibrium data (Fig. 6) were analysed
by the isotherm model equations viz. Langmuir (Eq. 10)
(49) and Freundlich (Eq. 11) (50). The assumption based
on which the Langmuir model Eq. (10) derived is mono-
layer adsorption of solute onto the surface of adsorbent
[49], while that of the Frieundlich model Eq. (11) is an
empirical description involving different sites with several
adsorption energies (50).

qe = 0bC./(1 + bC,) (10)

d. = Kr G (11)

TABLE 3
Activation parameters estimated on fluoride adsorption by HICMO at pH; 6.5+ 0.2
Fluoride E. E.
concentration (kJ-mol™") (kJ-mol™ ) A AH? AS* Temperature ~ —AG"
(mg-L7") *  (Eq. () (Eq.(9) (g-mg-min~ ') (kJ-mol™") J-mol™"- K™ r* (£1.6K) (k-J-mol™})
35.0 094 11.12 11.39 442 8.64 180.32 0.90 283 42.39
290 43.65
298 45.09

313 47.79
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FIG. 6. The plot of fluoride adsorption capacity (q., mg-g') of
HICMO versus equilibrium concentration (C., mg-g~') at pH; 6.5
(£0.2) and at different temperatures (£1.6 K).

The significance of each parameter of Egs. (10), (11). has
been described in the notation list. The linearizations were
made by

(i) multiplication of reversed Eq. (10) with C,, and
(i1) taking log on Eq. (11), which were used for the linear
analysis.

The parameters of said model Egs. (10), (11). were com-
puted from the linear and the nonlinear fits (best fit shown
in Fig. 7) using the Microsoft computer spread sheet, and
the values are shown in Table 4. From the correlation

25 -
* 288K
= 303K
A 318K

-

3 x 333 K

s

(&

40

C. (mglL)

FIG. 7. The plot of Ce/qe(g‘L’l) versus C. (mg-g~') for linear
Langmuir isotherm parameters of fluoride adsorption data obtained at
different temperatures and pH; 6.5 (£0.2).

coefficients, it could be seen that the fits of equilibrium data
were too well with the linear form of Langmuir equation
(r%hnear) =0.99-1.00) (Fig. 7) and that were superior to the

nonlinear fprm of Langmuir equation (r%pon_hneqr) :0..897
0.96). Again, the goodness of data fitting with either
form of the Freundlich equations (r%linear):0.7970.94,
r%nop_linear> =0.87-0.95) were inferior to that of the Lang-

muir equations. The comparison of the computed isotherm
parameters (Table 4) for different temperatures on the
reaction showed that the data obtained at T =303 (£1.6)
K described the Langmuir model better (rflmear): 1.00,

TABLE 4
The estimated isotherm parameters on fluoride adsorption by HICMO at different temperatures and pH; 6.5+0.2

Linear isotherm

Non-linear isotherm

parameters parameters

Isotherm Temperature

models (£1.6K) O(mg-g ") b(L-mg~ ) r O(mg-g ") b(L-mg ) r 7

Langmuir 288 15.97 0.39 0.99 15.88 0.38 0.95 0.63
303 16.34 0.83 1.00 15.37 1.71 0.96 0.55
318 16.42 1.27 0.99 15.74 2.15 0.89 1.58
333 17.85 0.99 0.99 16.80 1.78 0.96 0.78

Kg n . K n . Xz

Freundlich 288 6.64 4.01 0.94 6.31 3.73 0.95 0.63
303 8.41 4.63 0.91 9.12 5.59 0.93 0.88
318 8.92 4.78 0.80 9.62 5.70 0.87 1.88
333 9.01 4.26 0.91 9.76 5.10 0.94 1.01

qm (mol -kg™ B (mol*-kJ?) E (kJ-mol™") r
D-R Isotherm 303 1.60 x 1072 201077 15.81 0.95
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r%non_hnear) =0.96) than the Freundlich model (.rfhnear) =
91, r%non_linear) =0.93). Thus, the fluoride adsorption from

aqueous solution by HICMO at 303 (+1.6) K and
pH; =6.5 (£0.2) took place with monolayer surface cover-
age. The value of the Langmuir monolayer capacity (0) was
between 15.37 and 16.34mg-g ' at T=303 (£1.6) K,
which is higher than pure iron (III) oxide (7.50mg-g™ ")
(34) and that increased with increasing temperature. The
Freundlich constant (Ky, mg' '/"L'/"g™1) values laid
between 6.61 and 9.76, indicating the high affinity of
HICMO for the fluoride. The Freundlich coefficient (n,
dimensionless) values were between 3.73 and 5.70 that ran-
ged in 1 to 10. This supports the favorable affinity of
HICMO for fluoride. To access the effectiveness of HICMO
on fluoride scavenging performance, the 6 (mg-g~"') value
obtained was compared with some literature available data
(Table 5). It can thus be seen that the fluoride adsorption
efficiency of the present mixed oxide is good in comparison
to many other materials.

Thermodynamic Parameters

Thermodynamic parameters viz. the change of Gibbs
free energy, AG®, enthalpy, AH’, and entropy, AS® of an
adsorption reaction are used to determine spontaneity of
the process and whether it is endothermic or exothermic.
Higher negative value of AG” reflects a more energetically
favorable adsorption. The standard Eq. (12), which relates
the thermodynamic parameters, was used for estimating
the values.

log(q./C.) = AS"/2.303R — (AH’/2.303R)1/T  (12)

Assuming AS® and AH® to be constant within the tempera-
ture range, the values were computed from the slope and
intercept of the plot of log (q./C.) versus 1/T (Fig. 8),
and the value of AG® (kJ mol~') was calculated by the stan-
dard relation (47) at the reaction temperatures. The plots
shown in Fig. 8 had high regression coefficients
(r?=0.99). The thermodynamic parameters computed for

TABLE 5
The comparative assessment of Langmuir monolayer adsorption capacity (6, mg- g~ ') of HICMO with some other recent
developed defluoridation media

Adsorbent 0 (mg-g ") Experimental conditions Reference

Algal biosorbent Spirogyra sp.-102 1.27 pH=7.0 27
Concentration: 5-25mg-L~!

KMnO4-modified carbon 15.90 pH=2 23
Concentration: 5-20mg- L™

Plaster of Paris 0.336 pH=3-9 22
Concentration: 2-10mg-L™!

Light weight concrete material 5.15 pH=28.9 21
Concentration range: probably

10-50mg-L~!

Magnetic-chitosan 22.49 pH=7 19
Concentration: 5-40mg-L™!

Iron-Zirconium hybrid oxide 8.21 pH=6.8+0.1 34
Concentration: 5-50mg-L~!

Iron-Aluminum mixed oxide 17.73 pH=(6.9+02) 35
Concentration: 10-50mg- L™

Iron-Tin mixed oxide 10.47 pH=(64+0.2) 36
Concentration: 10-50mg-L ™!

Quick lime 16.67 pH=6.61 18
Concentration: 10-50mg-L™'

La(III) incorporated carboxylated 11.91 pH=7 37

chitosan beads Concentration: 11-19mg-L ™!
Fe(III) loaded 15.39 pH=7 38
carboxylated chitosan beads Concentration: 11-19mg-L™!

Fe(III)-LECCA 18.55 pH=5.6 39
Concentration: 10-200mg- L™

Iron-Chromium mixed oxide 16.34 pH=6.5 Present work

Concentration: 10-50 mg- L™
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FIG. 8. The plot of log (q./C.) versus (1/T) for thermodynamic para-
meters for fluoride adsorption onto HICMO surface at pH; 6.5 (+0.2).

the present reaction using fluoride solution of C;=25.0,
35.0, and 50.0mg-L~" are given in Table 6. The positive
AH® (kJ -mol ") values indicated that the fluoride adsorp-
tion reaction with HICMO was endothermic. The lowering
of AH® with increasing C; indicated that the reaction tends
to be less endothermic at a higher level of fluoride in sol-
ution. The values of AS° were +101.86, +34.70 and
+30.80J -mol - K, respectively, for the C;=25.0, 35.0,
and 50.0mg F~-L~". This had indicated that the fluoride
adsorption by HICMO took place with increasing entropy.
This is presumably for the increase of randomness at solid—
liquid interface due to the release of

(i) aqua molecules, and

(i1) hydroxide ion from the solid surface when the solvated
fluoride distributed from the aqueous solution onto the
solid. The ~AG” values (Table 6) for the temperatures
283, 298, 313, and 328 K had confirmed that this
reaction was a spontaneous process.

It can also be seen that the ~AG® values are progress-
ively higher (Table 6) with increasing temperature on the
reaction from 283 to 328 K. This indicated that the sponta-
neity of the reaction was enhanced with increasing tem-
perature for a definite fluoride load with HICMO. It was
seen that the magnitude of ~AG® reduced with increasing
fluoride load per g of solid, indicating the decrease of

reaction spontaneity. This is presumably due to the colum-
bic inhibition of fluoride adsorption at later stages by the
fast grown negative surface on the solid at initial stages
of rapid uptake.

Adsorption Energy

The magnitude of mean free energy of adsorption (Epg,
kJ-mol™") is useful in predicting the type of adsorption
reaction. If the Epgr value is in the range of 8.0-16.0kJ -
mol ™!, the adsorption reaction should take place with
ion-exchange mechanism (23,51). To evaluate it, the equi-
librium data demonstrated in Fig. 6 were analyzed by the
Dubinin-Radushkevick (D-R) Eq. (13) (51).

lnqezlnqm_ﬁ82 (13)

The polanyi potential (¢) was calculated by the relation
(14),

¢=RT In(1 +1/C.) (14)

The significance of each term has been given elsewhere. The
values of q,, and f§ were evaluated from the intercepts and
slopes of the plots of In q. versus & (Fig. 9). 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
adsorbent from infinity in solution (51), and that was
calculated by Eq. (15).

Epr = 1/(28)"° (15)

The D-R parameters and the Epr value evaluated are
shown in Table 4. In the present case, the Ep_g value
analyzed was 15.81kJ-mol™' which is ranged in
8.0-16.0kJ -mol~'. This had indicated that the fluoride
adsorption by HICMO took place with ion-exchange
mechanism.

Effect of Competing lons

The competing ions with fluoride for adsorption sites
of the adsorbent should reduce efficiency of the material.
The ions viz. calcium, magnesium, chloride, sulfate, phos-
phate, and bicarbonate are generally present at high level

TABLE 6
Thermodynamic parameters estimated on fluoride adsorption by HICMO at different temperatures and pH; 6.5+0.2

Fluoride —AG® (kJ-mol™") at temperature (£1.6 K)
concentration AH’ AS°

(mg-L7") (kJ-mol™")  (J-mol 'K r 283 298 313 328
25.0 +24.31 +101.86 0.97 4.52 6.05 7.39 9.10
35.0 +7.45 +34.70 0.95 2.37 2.89 3.14 3.93
50.0 +7.95 +30.80 0.88 0.83 1.23 1.69 2.15
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FIG. 9. The plot of Dubinin—Radushkevich (D-R) isotherm for the
fluoride adsorption reaction onto HICMO surface at pH; 6.5 (£0.2) and
303 (£1.6)K.

in groundwater, and used for testing their influence on flu-
oride removal by HICMO. It was found that all the ions,
excepting bicarbonate, showed slight negative influence
on the fluoride removal of HICMO. The bicarbonate when
present at high level (400.0 mg- L") with fluoride in aque-
ous solution showed a negative influence on the fluoride
removal efficiency of HICMO. It reduced the q. from
15.03mg-g~' (zero Dbicarbonate) to 13.25mg-g”!
(400.0 mg HCO3 -L™'+35.0mg F~-L™"). Thus, the bicar-
bonate, if present at high level in natural water, should
reduce the fluoride removal performance of HICMO by
an amount of 12-13%.

Desorption Study

Results of pH effect on fluoride adsorption by HICMO
showed (as in Fig. 1) that the q. reduced in strong alkaline
pH. Based on that observation, the desorption of fluoride
from the adsorbed solid (F~ content: 15.54mg-g !
HICMO) was conducted by batch experiments with differ-
ing solution pH from 10.0 to 14.0, which showed that the
solution of pH 14.0 (1.0 M NaOH) could desorb >90%
of the q. from the solid surface. When the concentration
of NaOH solution was varied for optimizing, it was found
that the desorption percentages of fluoride had increased
from 64.24 to 91.00 with increasing concentration of
NaOH from 0.01 to 0.5M, and that was nearly the same
when the alkali concentration was increased up to 1.5 M.
Thus, it can be suggested that the NaOH solution of con-
centration 0.50 M is optimum for desorbing (~91.0%
fluoride) fluoride from adsorbed HICMO. The remaining
~9% fluoride could not be possible to remove from the
solid surface. This ~9% of q. is presumed to be present
at the interior pore surface of the solid which could be
impossible to replace by the bulky aquated hydroxyl ion
of alkali. The results on optimization of agitation time
experiments showed that the agitation time required was
1.0 to 1.25 hours for the maximum possible desorption of
fluoride.

Fixed Bed Column Study

Figure 10 demonstrates the breakthrough curves on
fluoride removal from the solution (Co=7.37mg-F~-L™")
by HICMO column with variation of (a) flow rate and
(b) bed height. The data shown in Fig. 10 were analyzed
using Egs. (16)—(19) of the adsorption zone theory (52).

Qg = (Co x Vg)/M (16)
Qr=Q,/M+ Qg (17)
F=Q,/[Cy x (V1 — V)] (18)

Hz = [HT X (VT — VB)]/[VT — (1 — F)] X (VT — VB)
(19)
The significance of the terms associated with Egs. (16)-

(19). has been given in the notation list. The column para-
meters estimated by analyzing the breakthrough data using
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FIG. 10. The small scale fixed bed column test on fluoride removal with
variation of (a) effluent flow rate and (b) bed height.
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Flow rate (ml-min ')

Column bed height (cm)
(Flow rate 1.0ml-min~")

Parameters 1.0 2.0 4.0 5.0
Vg (ml) 3.0 x 10° 2.6 x 10° 3.0 x 10° 5.1x%10°
Vr (ml) 4000 3700 4000 6000
Qp (mg-g ) 7.37 6.38 7.37 9.42
Qr (mg-g™h 9.83 8.51 9.83 11.78
f 1.0x107? 2.1x107? 1.0x107? 1.42x 1077
Ht (cm) 4 4 4 5
H, 1.32 1.69 1.32 0.89
Eqgs. (16)—(19) are shown in Table 7. It had been found that Presidency College and the Head, Department of
the Qg and Qr reduced from 7.37 and 9.83mg-g ' to 6.38 Chemistry, Presidency College, Kolkata, India for
and 8.51mg-g ', respectively, for enhancing the flow rate laboratory facilities.
of the effluent from 1.0 to 2.0ml-min~"' for a column of
bed Vol‘u‘me (BV) 3.14cm’ and C, of ﬂuorid'e 7.37mg-L™".  NOTATIONS
In addition, the Valui:lof Qg and Qr had 1ncrease_(11 from  greMO  Hydrous iron(ITT)-chromium(ITT) mixed oxide
7.37 apd 9.83mg-g " to 9.42 and 12.08 mg -%g with Absolute temperature (K)
increasing .BV of column from 3.14 to 3..93 cm’, respect.— E, Energy of activation (kJ - mol~?) for the
ively. Thg increase of QB and Qr p.roportlonated approxi- reaction
mately with the increasing bed height or BV.'The other Q@ Adsorption capacity (mg-g~) at any time
p.aram.eters obtained from the column analysis are also (t, min)
listed in Table 7. dm Adsorption capacity (mol~kg*l) of D-R
equation
CONCLUSION C Fluoride concentration in solution (mg-L™")
Investigation of fluoride removal efficiency of synthetic at any time (t, mm). R
HICMO (pH,p.=6.5+0.1) showed that the adsorption Co F 1uor1df:1 concentration in liquid phase
capacity declined with increasing solution pHi from 3.0 (mg-L™7) at time, t=0 .
to 5.0, and that remained nearly same up to pH; 7.0. The G Fluorlclel: COHCCHFI‘.EI'[IF)I] in solid phase
adsorption kinetics was the pseudo-second-order type. (mg-g) at equlllbr}um .
The equilibrium data described the Langmuir model. The A coznstarltz of D-R isotherm equation
monolayer adsorption capacity estimated was 16.34 (mol. ',kJ ) o .
(£0.50) mg - g~ " at 303 (£1.6) K. The ion-exchange mech- PR Dubinin-Radushkevick isotherm equation
anism was suggested for the fluoride adsorption reaction e Equ111br1.u1p adsorptlon.c'ap.acuy (mg-g—)
from the mean adsorption energy (Ep_g = 15.81kJ - mol ). b Langml_lllr isotherm equilibrium constant
The adsorption reaction was endothermic and spon- (L- mg ) . N )
taneous. The high bicarbonate reduced the fluoride Ce Fluonfl? cpncentratlon (mg-L™7) in solution
removal efficiency of HICMO. The 0.5M NaOH solution at equ1}1br11.1m . y
could release ~91% of the adsorbed fluoride from the Dr F%lm d1ffus10n coefficient (cm™-s™")
material. The breakthrough capacity (mg-g~') of 9 Film thlpkn§ss (cm) . .
HICMO packed fixed bed reduced 13-14% with enhanc- ™ Freund]¥ch ¥sotherm constant (dlrr}??/séo?}gss_)l
ing flow rate of fluoride solution (Co=7.37mg-L™") from K Frggndhch 1soj[herm constantﬁ(lmg' 7{“ g)
1.0 to 2.0 ml.min—". hg Initial adsorption rate (mg-g~ " -time™ ')
G Initial fluoride concentration (mg- L") in
solution when time, t=0
ACKNOWLEDGEMENT C Diffusion constant which measures the film
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0 Langmuir monolayer adsorption capacity
(mg-g")

r Linear regression co-efficient

m Mass of solid (adsorbent) added (g)

Epr Mean free energy of adsorption (kJ-mol™)

I Mean radius of adsorbent particles (cm)
(assumed spherical)

€ Polanyi potential

Dp Pore-diffusion coefficient (cm?-s~ ')

k; Pseudo-first order rate constant (time™')

k» Pseudo-second order rate constant
(g-mg ' -min~")

\% Solution volume (L)

AH ° Standard enthalpy change (kJ - mol™")

AS° Standard entropy change (J-mol™'- K™

AG® Standard Gibbs free energy change (kJ-mol ™)

A Temperature- independent factor
(g-mg'-min~")

t Time (min)

ti/2 Time (sec) for 50% adsorption

R Universal molar gas constant
(8.3147-mol ' . K1

ZPC Zero point charge

K, Boltzmann constant (1.3805 x 10" J. K ')

h Planck constant (6.6256 x 10737 -s)

AH7 Standard enthalpy change (kJ - mol™") of
activation

AS7” Standard entropy change (J-mol~'-K™') of
activation

AG” Standard Gibbs free energy change (kJ - mol ™)
of activation

Vi Effluent volume (ml) at breakthrough point

Vr Effluent volume (ml) at saturation point

Co Influent fluoride concentrations (mg-L ™)

M Mass (g) of adsorbent packed in column

Qs Mean adsorption capacity (mg-g ') at
breakpoint in column

Qr Mean adsorption capacity (mg-g~') at
column saturation point

Qz Adsorption capacity (mg-g~ ') of
adsorption zone in column

F Fraction of the adsorbent bed used to
form adsorption zone

Hy, Height (cm) of adsorption zone formed
in column

Hr Height (cm) of adsorbent bed in column
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