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Abstract

In the present study nano scale iron oxide hydroxide was synthesized by water in oil microemulsion method. A non-ionic
surfactant span 80, hexanol and FeCl; were chosen as starting materials. The prepared sample was characterized by XRD, TEM,
TGA and FT-IR. X-ray diffraction pattern showed it be 2- line ferrihydrite like structure. TEM showed aggregated particles in
the range of 5-10 nm size. The fluoride adsorption efficiency of the nano powder was determined with respect to contact time,
initial F~ concentration and pH of the solution. The batch adsorption data revealed that the fluoride adsorption efficiency was
highly influenced by the studied factors. Equilibrium was attained within one hour of contact time indicating fast kinetics. The
adsorption data followed second order kinetic model. The isothermic data fitted to both Langmuir and Freundlich models and
maximum loading capacity as estimated by Langmuir model was 62.89 mg/g for the studied concentration range of 10-30 mg/L.
The high loading capacity points towards the potential of this adsorbent for fluoride removal from aqueous streams.

Keywords: Fluoride, nano-iron oxide hydroxide, adsorption, kinetics, isotherm study.

1. Introduction

Fluoride exists in many forms, and the harmful nature of the fluoride is contingent upon the type of fluoride it is. Depending on
its concentration, the fluoride in drinking water is known for both beneficial and detrimental effects on health, particularly to
infants and young children. The toxicity of fluoride on human health is well documented (www.unicef.org/wes/files/fluoride.pdf.).
The WHO specified tolerance limit for fluoride in drinking water in most of the countries is less than 1 mg/L, these guideline value
for fluoride in water is not universal. According to the WHO (1984) guidelines and recommendations in the areas with a warm
climate, the optimal fluoride concentration in drinking water should remain below 1mg/L (1ppm), while in cooler climates it could
go up to 1.2 mg/L. The differentiation derives from the fact that people perspire more in hot weather and consequently drink more
water (WHO 1996). Indian standards for drinking water recommended maximum permissible limit of 1 mg/L and the maximum
tolerance limit as 1.5 mg/L for potable water by World Health Organization (WHO 2004, BIS, 2003 IS:10500 ).

The conventional approaches for fluoride removal include chemical precipitation, ion exchange, adsorption, electro-dialysis,
Donnan dialysis and reverse osmosis (Hichour et al., 2000; Lou and Inoue, 2004; Ndiaye et al., 2005; Biswas et al., 2007; Sujana
et al., 2009). Among all these methods, adsorption technique is economically favourable and technically feasible to separate
fluoride from aqueous solutions as the requirement of operative controls are minimal (Raichur and Basu, 2001).

Activated alumina is one of the most widely used adsorbents for fluoride removal in the drinking water treatment (Choi and
Chen, 1979; Wu and Nitya, 1979) due to its high affinity, resulting from the cause that the aluminum ion can form inner-sphere
complexation. However, because of the high cost for the method of activation and low sorption capacity of activated alumina there
is a necessity to develop adsorbent with enhanced adsorption capacity for application. These days use of nanoparticles is becoming
very attractive in the area of adsorption or recovery of metal ions from industrial wastes or natural water streams. During the past
few years , iron based novel sorbent with strong affinity towards fluoride have been developed for fluoride removal (Wei et al.,
2006; Chiung-Fen et al., 2006; Lin Chen et al., 2009; Xiaoli Zhao et al., 2010).
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Preparation of iron oxides in nano range is by no means a new research subject; however, practical methods are still needed for
synthesizing high quality ultra fine powders with required characteristics in terms of their size, uniformity, morphology, specific
surface areas, crystallinity etc.. Numerous techniques have been proposed to synthesize nano-sized Fe,Os particles with promising
control of properties, such as wet chemical method (Jiye fang et al., 2003), hydrothermal (Song et al., 2009), pyrolysis (Dghoughi
et al., 2006), sol gel (Markus Niederberger, 2007). The reverse micelle or water in oil (w/0) micro emulsions has received
considerable attention for preparing nano- sized particles. Once the right micro emulsions are obtained the method of particle
preparation consists in mixing of two microemulsions carrying the appropriate reactants in order to obtain the desired particles.
Alternatively dilute NH,OH can simply be added directly to a clear, transparent microemulsion solution of the metal ions. By
following this method, several studies have been carried out in recent years. Preparation of catalysts from micro emulsions and
their applications in heterogeneous catalysts are well reviewed (Sara Eriksson et al., 2004).

This article describes the synthesis of iron oxide nanoparticles by water in oil microemulsion of water/span80/n-hexanol by
simple co-precipitation method. Co-precipitation was carried out by direct addition of ammonia solution as precipitant at room
temperature. The particle size and structural properties of the prepared nano powder have been characterized by Transmission
Electron Microscopy (TEM), X-ray diffraction studies, FT-IR and Thermo gravimetric analysis. The fluoride adsorption efficiency
of the nano iron oxide-hydroxide particles was examined by conducting batch mode experiments.

2. Materials and Methods

2.1. Preparation and characterization

Iron hydroxide nano particles were prepared by micro emulsion mediated synthesis process. The chemicals used in this synthesis
process were ferric chloride, 30 % ammonia, n-hexanol, span 80 and acetone. All the chemicals were of analytical grade and were
used with out any further purification. To select a proper compositional range that would form a microemulsion in the water/span
80/n-hexanol system the titration method was applied (Rabie et al., 1997). The microemulsion was prepared by taking water/
n-hexanol/span 80 in the volumetric ratio of 5.5:90:4.5. To a mixture of n-hexanol and span 80 required amount of 1M FeCl;
solution was added very slowly. During the addition, the contents were being stirred constantly with a magnetic stirrer at room
temperature. After a few minutes, the mixture became transparent indicating formation of microemulsion. This microemulsion
was admixed with an appropriate amount of aqueous ammonia solution at room temperature. The precipitation continued till the
pH of the solution reached 10 and the contents were allowed to stir for 30 minutes more and allowed to settle. The dark brown
colored precipitate was separated by centrifuging at 5000 rpm, washed repeatedly with double distilled water and acetone to
remove other impurities. The synthesized powder was dried at 60°C for 24 h and stored in an air tight container for further use.

The XRD analyses of the samples were taken using P Analytical (model-X’ pert PRO PW-3040/60 with Mo K, radiation at a
scan speed of 1.2° min" over a range of 5 to 50°. The TEM analysis of the sample was carried out on Transmission Electron
Microscope, model TECNAI G FEI, Netherland. For Fourier transform infrared (FT-IR) spectra Varian-Australia, Model 800
spectrophotometer was used. The weight loss measurements were carried out thermo gravimetrically (TG, Metler Toledo
TGA/SDTA 82le, Switzerland) in dry air at a heating rate of 20°C/min. All the pH measurements were carried out by Consort
digital pH meter (231). The pH,,. of prepared sample was determined by solid addition method adopted by Balistrieri and Murray,
(1981). Accordingly, to a series of well-stoppered 125 ml polyethylene bottles containing 40 ml of 0.01 M KNO; electrolyte
solution, different volumes of either 0.1 M HCI or 0.1 M NaOH solution were added to obtain wide-ranging pH values from 3 to 8.
The total volume of solution in each bottle was made up to 50 mL by addition of distilled water. After 2 h of equilibration the pH
values (pH;) were noted and 0.2 g of sample was added. After 72 h of equilibration at room temperature (305+ 3K) with
intermittent shaking, the pH value of the supernatant liquid in each bottle was noted (pHy). The difference between pH; and pH;
(4pH) were then plotted against pH;, The solution pH at which A4pH=0 is "the psz; of the sample. Fluoride analysis was carried
out by following SPADNS method (APHA, 1987). A known volume of sample was taken in a 25mL polypropylene volumetric
flask and 5 mL of SPADNS reagent was added. The volume was made into 25 mL using double distilled water, allowed to stand
for 15 min for complete colour development and the absorbance was measured at 570 nm using Thermo, Water Analyzer
Spectrophotometer Model AquaMate.

2.2. Batch adsorption experiments

A 100 mg/ L fluoride stock solution was prepared by dissolving 0.221g of NaF in 1L of double distilled water. The experimental
solutions were prepared by appropriate dilutions of the above solution. 0.025g of the sample was taken in a 100 mL polyethylene
plastic vial and 50 mL of fluoride solution of known concentration was added. The contents were kept for constant shaking in a
temperature controlled Julabo water bath shaker over a period of time and the solids were separated by centrifuging at 5000 rpm
on REMI centrifuge. The solutions were collected for analysis and fluoride concentration in the solutions was determined. The

adsorption capacity X (mg/g) of the adsorbent was calculated from the following equation X =(C, —C,)/C,; where C, is the

residual concentration reached at equilibrium state, C; is initial fluoride concentration and C, is the adsorbent concentration.
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3. Results and Discussion

3.1. Characterization
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XRD patterns of precursor sample is shown in Figure 1. The uncalcined sample is iron oxide hydroxide, amorphous in nature
and showed two small peaks at 26 value of 16.25 and 27.75 with the corresponding 'd" spacing value of 2.5032 and 1.4789 (these
values correspond to 2-line ferrihydrite like structure and matching with JCPDS File No 29-0712).
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Figure 1. XRD patterns of iron oxide hydroxide nano particle synthesized by w/o microemulsion method at room temperature.

The FT-IR spectrum of the sample shows a number of sharp and small bands (Figure 2). The presence absorption bands at 640,
574 and 433 cm’! corresponds to the Fe-O bond (Yamaura et al., 2004). The bands at 3554, 2933, 2388, 1543, 1402 and 771 cm’!
indicate the presence of water molecules and residual surfactant molecules interaction with iron oxyhydroxide nano particles

(Yuan-hu Zhang et al., 2006).
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Figure 2. FT-IR spectra of the prepared iron oxide hydroxide sample.
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Figure 3 shows TGA of the ferrihydrite sample prepared through microemulsion route. The weight loss of the sample can be seen
mainly in three stages. The first stage is from 60 to 220°C, mostly due to the evaporation of physically bound water and surfactant
from the surface of the sample. The abrupt weight loss between 220-360°C can be regarded as the thermal decomposition of
ferrihydrite to y-Fe,Os. The third weight loss observed in between 360 to 450°C is very sharp and may be associated with the
decomposition of the residual surfactant. (Jin Qiu et al., 2005). The broad endothermic peak in the range of 100-140°C correspond
to the loss of physically bound water (Balek, and Subrt., 1995). Another endo peak observed at 380°C may due to complete
dehydration of ferrihydrite to crystalline Fe,O;. Part of the weight loss could be due to decomposition of surfactant. Similar
observations were reported for mesoporous gamma iron oxide nano particles prepared by microemulsion method using heptane-

water - CTAB system (Petrova et al., 2006).
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Figure 3. Thermogravimetric analysis of the iron oxide hydroxide nano particles.

The Transmission Electron Microscope images of the sample dried at 60°C are showed in Figure 4, the particle are very fine and
were found to be < 10 nm. It is evident from the images that the particles are poorly crystalline and agglomerated.

LEO i

Figure. 4. TEM image of iron oxide hydroxide nano particles
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3. 2. Fluoride adsorption behavior

In order to investigate fluoride uptake capacity of the iron oxide hydroxide nano particles the experiments were carried out to
study the effect of solution pH, contact time and initial fluoride concentration. The experiments were conducted at ambient
temperature.

3. 2. 1. Effect of solution pH

Anion adsorption on metal oxide surface is through columbic forces and/or ligand exchange reactions, where the anions displace
OH" or H,O from the surface (Rabie et al., 1997). The effect of pH on fluoride removal from aqueous solution by iron oxide
hydroxide nano particles was studied in the pH range of 2.5 to 9. The fluoride initial concentration was kept 20 mg/L for all the
experiments. Figure 5 shows the effect of solution pH on fluoride removal efficiency. It was observed that the fluoride uptake
capacity of iron oxide hydroxide increased with pH up to 4, there after it showed decreasing trend with the increase of initial pH.
The pHpzc of the prepared iron oxide hydroxide sample was found to be 5.3, this value is lower than the reported values for
amorphous FeOOH (Balisterieri and Murray, 1981). Therefore, at pH lower than pHpyc iron oxide hydroxide becomes a strong
anion exchanger.

In the present study fluoride adsorption on the surface is coupled with a release of OH" ions, and favored at low pH values,
decrease of adsorption with increase of pH (>4) may be because of stronger competition of hydroxide ions on adsorbent surface. It
was observed that the pH of the equilibrated solution increased (1.0-1.8) in acidic pH range, while it decreased(1.0-3.0) when the
initial solution was in alkaline range. The fluoride adsorption on iron oxide hydroxide surface is thought to be because of anion
exchange at acidic pH and by van der Waals forces at alkaline pH ranges. The fluoride adsorption on iron oxide hydroxide surface
can be depicted as two step protonation/ligand exchange reaction mechanisms

=M-OH + H" < =MOH," (1)
=MOH,” +F < =MF +H,0 @)

Which gives the net reaction
=M-OH+H" +F < =MF + H,0 A3)

In this model the pH of the solution after adsorption should increase, which is in agreement with observed changes in equilibrium
solution pH.
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Figure 5. Effect of solution pH on fluoride adsorption. Conditions:
adsorbent dose: 0.5 g L', F~ initial concentration: 20 mg L™, Temperature: 31°C.
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3. 2. 2. Effect of time at different initial fluoride concentrations

Kinetic studies were carried out to see the effect of initial fluoride concentration on the fluoride removal rate. The effect of time
factor was studied up to 2h at different initial fluoride concentration (10-30 mg/L). Since material showed maximum fluoride
adsorption at pH 4, solution pH was adjusted to 4 for rest of the experiments. The results given in Figure 6a, show that loading
capacity increased from 14.50 to 36.00 mg/g by increasing initial fluoride concentration from 10 to 30 mg/L at pH 4.0. The
fluoride adsorption on iron oxide nano particles was found to be very fast, almost 90% of the total adsorption was completed
within 30 minutes and the equilibrium was attained within 1 h at all the studied concentrations.

The pseudo-first order and pseudo-second order adsorption models were used to study the adsorption kinetics of present
experimental data. The pseudo-first order adsorption kinetic model is given as

k
lo —g)=1lo ——1 ¢
g(q. —q,)=loggq, 2303 w

Where ¢, and g, are the amount of fluoride adsorbed (mg/g) at equilibrium and at any time t(min) respectively. The adsorption rate
constant k; was determined from the slope of the linear plots of log (g.-g,) vs t (Figure 6b).
The pseudo- second-order adsorption kinetic model is given as

t 1 1
+—t

g, kg’ q, )

The values of ¢. (1/slope), adsorption rate constant k, (slope’/intercept) can be obtained by plotting #/g, versus ¢ (Figure 6¢). The
adsorption kinetics constants obtained from the pseudo-first order and pseudo second order models are given in Table 1. Though
the regression coefficients for the first order plots were >0.94, but the experimental values of fluoride uptake were much less when
compared to the actually obtained values. In case of pseudo-second- order model the uptake values were close to the experimental
values. Further the regression coefficients were >0.99 for the pseudo-second-order model.

40
2
(@]
E 35 B
2 30 -
(&]
©
S 25 -
(&)
.g 20 -
o
= 15
o
3 —— 10 mg/L
© 10 B
) ——20 mg/L
© i
£ 0 —&—30 mg/L
L_f 0 T T T T

0 30 60 90 120 150

Time, minute

Figure 6a Fluoride adsorption on ferrihydrite nano powder at different fluoride initial concentrations. Conditions : adsorbent dose
0.5 g/L, pH 4.0(+0.1), temperature 31°C.
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Figure 6b. Pseudo first order kinetic plot for fluoride adsorption (data corresponding to Figure 5a).
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Figure 6c¢. Pseudo second order kinetic plot for fluoride adsorption (data corresponding to Figure 5a).

Besides the adsorption at the outer surface of the adsorbent, the adsorbate molecules may also diffuse into the interior of the
porous adsorbent (Mahramanlioglu et al., 2002). The intraparticle diffusion is the rate controlling factor; uptake of the adsorbate
varies with the square root of the time. For the rate constant of intraparticle diffusion the equation can be written as,

q, =k \/; (6)

Where ki is intraparticle diffusion rate constant (mg/g min’”) and g, is the amount of fluoride adsorbed at any time f (mg/g). This

was studied by plotting the amount of the fluoride adsorbed vs. the square root of time (Fig. 6d). A straight line representing the
control of sorption by intra particle diffusion is observed. The solute ions diffuse within the pores and capillaries of the metal
oxide, as these provide available sites for adsorption. The values of intra particle diffusion rate constants K; were calculated from
the slopes of the plots from Fig.6d and were found to be 1.01, 1.09 and 1.74 mg/g min™* for fluoride initial concentrations of 10,

20 and 30 mg/L respectively.
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Figure 6d. A plot of amount of fluoride adsorbed versus square root of time for
intraparticle diffusion (data corresponding to Figure 5a).

Table 1. kinetic parameters for fluoride adsorption onto iron oxide nano particles at different initial fluoride concentrations.
(Experimentally obtained g, values are 14.5, 26.0 and 36 mg/g for 10, 20 and 30 mg/L respectively).

Initial Pseudo-first order Pseudo-second order Intra-particle diffusion

F Conc.

ol Tk de R kgmg 4. R’ ki R
& (min’l) (mg/g) min) x107 (mg /g) mg/g min'”?

10 0.789 8.03 0.96 1.68 15.57 0.99 1.01 0.87

20 0.054 10.92 0.97 1.49 26.52 0.99 1.09 0.96

30 0.051 13.55 0.93 0.81 36.00 1.0 1.74 0.99

3.2.3. Isotherm Study
The experimental data obtained for different initial fluoride concentrations (10 to 30 mg/L with an interval of 5) at constant
temperature and pH were plotted in a linearised form of Langmuir and Freundlich sorption isotherms as given below:

c, 1 C,

e~ (7

9. 9b 0,

logg, =logK, +llog C, (®)
n

where C, is equilibrium concentration (mg/L), ¢, is the amount adsorbed at equilibrium (mg/g), O, is sorption capacity for
Langmuir isotherm and ‘b’ is an energy term which varies as a function of surface coverage strictly due to variations in the heat of
adsorption. The Freundlich constant, ‘n’ indicates the degree of favorability of adsorption and K, is the isotherm constant

(Ruthven 1984). The adsorption data of fluoride on iron oxyhydroxide fitted to both Langmuir and Freundlich isotherm models as
shown in Fig. 7a and 7b. The calculated isotherm parameters along with correlation coefficients are given in Table 2. The
magnitude of the Langmuir constant ‘6’ has small value (0.12 L/mg), which indicates a low heat of adsorption. The ‘n” value
indicates the bond strength between adsorbate and adsorbent and heterogeneous nature of the surface. The fluoride loading
capacity calculated from Eq(3) was found to be 62.89 mg/g. This value is much higher than the reported values for nano AIOOH
(3.259 mg/kg). The Langmuir adsorption capacity of nano iron oxide hydroxide is much higher than the reported values for
fluoride in the literature (Table .3).
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Table 2. Isotherm parameters for Langmuir and Freundlich Models

Langmuir isotherm Freundlich isotherm
Qo b R2 KF n R2
(mg/g)
62.89 0.10 0.99 7.73 1.62 0.99
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Figure 7. Adsorption isotherms on iron oxyhydroxide nano particles. (a) Langmuir isotherm plot (b) Freundlich isotherm plot..



10 Sujana and Mohanty / International Journal of Engineering, Science and Technology, Vol. 2, No. 8, 2010, pp. 1-12

Table 3 Langmuir fluoride adsorption capacities of different synthetic metal oxide samples.

Langmuir adsorption Reference
S. No Adsorbent capacity (mg/g)
1. Crystalline Fe/Al oxides 17.70 Biswas et al., 2007
2. Aluminium type super para 38.00 Chiung et al., 2006
magnetic adsorbent
3. Magnetic chitosan particle 20-23 Wei Ma et al., 2006
4. Hydrous manganese-oxide 07.09 Teng et al., 2009
coated alumina
5. Mesoporous alumina 14.26 Grace et al., 2010
6. Nano Iron oxyhydroxide 62.89 Present study

3. 3. Fluoride desorption studies

The desorption study can give a clear idea about the mechanism of adsorption along with the stability of the adsorbent for further
use. The sodium hydroxide solution was selected as the desorption reagent since its effectiveness has been proven by many
previous studies (Zhang et al., 2005, Xiaomei et al., 2007). Desorption experiments were conducted by taking (25mg/g) fluoride
loaded sample in poly propylene bottles and the solutions at different pH (3-12) were selected as the desorption reagents. The
samples were agitated for 8 hours in a water bath shaker at room temperature. Desorption of fluoride from loaded iron
oxyhydroxide surface at different pH are presented in Fig. 8. Evidently desorption efficiency of the solution varied with its pH
value. Initially there was no release of fluoride up to pH 9, there after it started showing fluoride desorption. It was observed that at
pH 12.21(corresponding to NaOH strength of 0.016M) around 84% desorption efficiency was achieved. Further rise of solution pH
did not show much improvement in desorption efficiency.
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Figure 8. Desorption studies of fluoride loaded iron oxide hydroxide at different pH.

4, Conclusions

From this study following conclusions were drawn:

1. Iron oxide hydroxide nano particles were prepared by water in oil microemulsion method by taking non toxic, non ionic
surfactant span 80 along with hexanol and FeCl; solutions as oil and aqueous medium.

2. The TEM analysis of the sample revealed that the particles are poorly crystalline and particle size is in the range of 5-10
nm. As synthesized powder obtained by microemulsion method showed 2 lines ferrihydrite like structure in XRD.

3. The nano-iron oxide hydroxide performed well for fluoride removal from aqueous solutions. Its adsorption kinetics are
very fast and equilibrium was attained with in 1 hour. The results of kinetic modeling show that the pseudo second order
kinetic model was better described the time effect on the fluoride adsorption when compared to the first order and
intraparticle diffusion models.
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4. This study confirms that the iron oxide hydroxide nano particles are suitable adsorbents for fluoride removal from
aqueous solutions. The equilibrium data fitted to both Langmuir and Freundlich isotherm models and showed high
Langmuir monolayer adsorption capacity (62.89 mg/g).

Nomenclature

C; Initial adsorbate concentration, mg/L

Ce Concentration of adsorbate at equilibrium, mg/L
Cy Adsorbent concentration, g/L

X Adsorption capacity, mg/g

qe Adsorption capacity at equilibrium, mg/g

qi Adsorption capacity at time t, mg/g

k; First order rate constant, min'

t Time, minute

k> Second order rate constant, g/mg/min

R’ Regression co-efficient

k; Intra-particle diffusion rate constant, mg g min®’
0, Langmuir adsorption capacity, mg/g

b Langmuir equilibrium coefficient, L/g

Kr Freundlich constant

n term related to adsorption intensity
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