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Abstract

In the present study attempt was made to synthesize iron nanoparticles in the presence of alumina (Al-nZVI) by sodium borohydride 

reduction process. The composite adsorbent has been characterized using various analytical techniques such as scanning electron 

microscopy, Fourier transform infrared spectroscopy, X-ray diffraction and transmission electron microscopy which showed that iron 

nanoparticles were partially dispersed on alumina surface, with their diameter being in the range 40–100 nm. The batch adsorption 

experiments were carried out to study the effect of different parameters. The maximum removal of fluoride was obtained at optimal 

condition of pH 5.0 and dose = 1.8 g/L and was observed to be 94% with contact time of 60 min at 40 °C and initial concentration 

of 2  mg/L. The adsorption data fitted that pseudo second order kinetics and followed Langmuir isotherm model with maximum 

adsorption capacity of 10.06 mg/g. Thermodynamic study revealed exothermic nature of adsorption.
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1 Introduction 
Availability of safe water for consumption is one of the most 
important gifts to mankind. But, unfortunately, the increase 
in concentration of contaminants such as fluoride above the 
permissible limit in groundwater resources over the years 
has become a serious matter of concern in many countries 
such as China, India, Pakistan, Turkey, Iraq, Afghanistan, 
Mexico, and Thailand [1, 2]. The presence of fluoride in 
drinking water should be below 1.5 mg/L as prescribed by 
WHO [3]. Intake of fluoride is recommended for mineral-
ization of bones and for constructing dental enamel. Excess 
of which causes dental fluorosis, enamel lose its shine and 
texture, skeletal fluorosis [4]. The bones and enamel con-
tain high calcium content which attracts fluoride to a sig-
nificant amount which gets deposited on the surface as cal-
cium- fluorapatite crystal [5]. Human intake of fluoride is 
mainly from groundwater. Various minerals like fluorite, 
biotites, and rocks like granite, basalt, etc. are the primary 
source of fluoride. Industries of glass, ceramic production 
produces waste containing high fluoride concentration into 
discharge into water. In India various states namely Assam, 
Andhra Pradesh, Rajasthan, Delhi, etc. are found to have 

high fluoride concentration in water [6]. Various defluo-
ridation techniques and treatments such as, adsorption, 
membrane processes, and electro-coagulation have been 
developed for solving the complicated health issues raised 
because of excessive fluoride in potable water [7]. However, 
as reported in literature, adsorption technology is the most 
preferred method of defluoridation for impoverished people 
and mostly living in developing countries [8]. Adsorption 
process is a simple but attractive technique because of its 
high removal efficiency, selectivity, high-quality effluent, 
as well as its cost-effectiveness [30, 31]. Various adsor-
bents have been reported for the application of fluoride 
removal [9]. Natural adsorbents as well as clay and soil 
based adsorbents when used are not harmful after consump-
tion in anyway, but their low capacity for fluoride removal 
compared to other means remains a challenge [10]. Alumina 
and aluminum based adsorbents have been extensively used 
for fluoride removal due to high affinity between aluminum 
and fluoride ions. Many attempts have been made to mod-
ify alumina for higher fluoride removal [11, 12]. Goswami 
and Purkait (2012) developed acidic alumina as adsorbent 
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for water defluoridation and found it to be highly pH depen-
dent with 94 % fluoride removal efficiency at pH value of 
4.4 [13]. A study conducted for fluoride removal by Kamble 
et al. (2010) on alumina with alkoxide origin reported deflu-
oridation capacity varying from 3.14 to 0.59 mg/ g for dos-
age varying from 0.5 to 8 g/L [14]. Still, there were many 
drawbacks related to these adsorbents including disposal of 
depleted adsorbents and interference because of the vicinity 
of different anions may bring about competition for active 
sites on adsorbent. Also, the leaching of aluminium is one 
of the major concerns in the process. However, aluminum 
leaching into drinking water from adsorbents is fatal for 
human beings causing neurodegenerative diseases and 
aluminum has been linked with many forms of dementia 
as well as Alzheimer’s diseases [15, 16]. Hence, the field 
potential of those adsorbents cannot be determined.

Nano-scale iron particles represent a new generation of 
environmental remediation technologies that could pro-
vide cost-effective solutions to some of the most challeng-
ing environmental clean-up problems [17]. Nano-scale 
iron particles have large surface areas and high surface 
reactivity. Equally important, they also provide enor-
mous flexibility for in situ applications [18]. Nowadays 
zero valent iron nanoparticles have been identified as the 
potential adsorbent for removal of chlorinated solvents, 
organochlorine pesticides, polychlorinated biphenyls, 
organic dyes, and inorganic pollutants, heavy metal ions, 
tetracycline due to their higher surface to volume ratio, 
higher reactivity, small size and high adsorption capacity 
[19]. In a recent study, nZVI was prepared and applied to 
remove excessive fluoride from water [17]. The removal 
rate of fluoride reached 84 % in 35 min with nZVI dos-
age of 0.6 g/l and pH 4. Overall, the results obtained indi-
cate that nZVI could be effectively used for removal of 
fluoride from contaminated water. The use of zero valent 
iron nanoparticles (nZVI) for groundwater remediation is 
restricted due to their tendency of agglomeration, instabil-
ity and difficulty in separation [21]. Both alumina and iron 
nanoparticles individually remove heavy metals and fluo-
ride efficiently as reported by different authors [17–19, 22].

In the present study, alumina has been coated with 
nanoparticle ZVI (nZVI) and applied for fluoride removal. 
The tendency to aggregation results in rapid sedimentation 
and consequently limited mobility of the nanoparticles in the 
aquatic media [22]. The coating of nZVI on alumina prevents 
leaching of aluminium into treated water, prohibits aggrega-
tion of nZVI and enhances the ease of separation. Also, syn-
thesizing iron nanoparticles in the presence of a solid matrix 

can lead to decreasing the tendency of aggregation of iron 
nanoparticles. This was verified by applying kaolinite and 
bentonite as solid materials in our previous studies [18, 23]. 
Alumina, being a widely available natural inorganic solid, 
that is stable over a wide range of geochemical conditions, 
could therefore be appropriate for this purpose.

The objective of the present study was to synthesize 
in-situ composite of iron nanoparticle and alumina by reduc-
tion of ferric chloride on alumina (Alumina-nZVI). The 
synthesized adsorbent was characterized by different ana-
lytical techniques: scanning electron microscopy (SEM), 
transmission electron microscopy (TEM) and Fourier trans-
form infrared spectroscopy (FTIR). The composite adsor-
bent has been used for fluoride removal at different operat-
ing conditions such as contact time, temperature, adsorbent 
dose etc. Finally the residual fluoride concentration was 
determined using Fluoride ion meter. Adsorption kinetics 
was also evaluated by fitting the experimental data to three 
kinetic models. Langmuir, Freundlich and Tempkin iso-
therms were adopted for finding the adsorption mechanism 
and adsorption energy calculation was also done by calcu-
lating the thermodynamic parameters.

2 Materials and Methods 
2.1 Materials
Reagent grade sodium fluoride (NaF), ferric chloride 
(FeCl3•6H2O), ethanol (C2H5OH), sodium borohydride 
(NaBH4), hydrochloric acid (HCl), sodium hydroxide 
(NaOH), were purchased from Merck Limited, Mumbai 
for the study. Stock solution (100 mg/L) of fluoride was 
prepared by adding 0.221 g of sodium fluoride (NaF) in 
1000 ml of deionized water and pH of prepared solutions 
was maintained by adding 0.1 M HCl and 0.1 M NaOH. All 
the required solutions were prepared with deionized water 
for synthesis, dilution and adsorption study.

2.2 Synthesis of Adsorbents
2.2.1 Synthesis of nZVI
For synthesis of zero-valent iron nanoparticles 0.5406 g 
of FeCl3.6H2O in 4/1 (v/v) ethanol and water solution and 
the mixture is kept on magnetic stirrer for absolute mixing 
at normal conditions [20]. Then 0.1 M solution of sodium 
borohydride (reducing agent) is prepared by adding 
0.3783 g of NaBH4 to 100 ml of deionized water. Solution 
of sodium borohydride was added drop-wise via burette 
to the mixture of iron. Tiny black particles appeared 
instantly on adding sodium borohydride. The solution was 
then centrifuged and supernatant was taken after 3 times 
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of centrifugation. Synthesis of zero-valent iron was based 
on reduction of ferric chloride (FeCl3.6H2O) with sodium 
borohydride (NaBH4). The amount of zero-valent iron 
nanoparticles obtained was around 0.11 g. The proposed 
reaction for preparation of zero valent iron was as follows:

4Fe + 3BH + 9H O  4Fe + 3H BO + 12H + 6H
3+

4 2

0

2 3

+

2

− −→ .  
      (1)

2.2.2 Synthesis of alumina-nZVI
For the synthesis of zero-valent iron nanoparticles the 
solution of ethanol and water in the ratio of 9:1 (225 ml of 
ethanol and 25 ml of deionized water) was prepared [21]. 
Further, 4.40706 g of FeCl3.6H2O to 250 ml of solution 
(225 ml ethanol + 25 ml of deionized water) with 3 g/L 
Fe3+ and 1 g of alumina were stirred at 30 °C for 24 hours. 
2 wt % solution of sodium borohydride (2 g in 100ml of 
deionized water) were added. Sodium borohydride was 
added at once and due to this black color appeared. After 
that solution was stirred for 2 hours in nitrogen atmo-
sphere to prevent oxidation of zero-valent iron nanopar-
ticles. Ethanol solution was allowed to settle. Solution 
was then ultra-sonicated for 15 min and then centrifuged 
for 15 min to make sure that zero-valent iron nanoparti-
cles was deposited to alumina, then solution was filtered 
and particles were washed three times with ethanol. This 
washing was key step as it prevented rapid oxidation unlike 
deionized water. The synthesized nanoparticles (~ 2.5 g) 
were dried in oven for about 2 hour at 70 °C. Fig. 1 shows 
the experimental setup for preparation of alumina–nZVI 
composite in laboratory and Fig. 2(a) and 2(b) shows the 
black alumina-nZVI composite just after reaction and alu-
mina-nZVI composite in ethanol respectively.

3 Characterization of ZVI nanoparticles
3.1 Scanning electron microscope (SEM) 
analysis coupled with Energy dispersive X-ray 
spectroscopy (EDS)
Fig. 3 shows SEM characterization of zero-valent iron and 
Alumina-nZVI composite. The SEM analysis was per-
formed on the JOEL 2010 Instrument (200kv). For SEM, 
sample preparation was done by filtering the sample and 
drying for 2 hour at 70 °C. 5.2 mg of sample was used for 
the analysis. Then dried particles were trapped on carbon 
tape. SEM images in Fig. 3(a) shows that iron nanopar-
ticles synthesized were agglomerated and exhibits char-
acteristic chain-like cluster morphology. Aggregated iron 
nanoparticles were dispersed on alumina support as shown 

in Fig. 3(b) [22]. The agglomeration expectedly decreased 
with increase of dispersion and mechanical strength of 
nZVI when alumina was used as the supporting material. 
It can be clearly seen from EDS analysis of Alumina-nZVI 
that Fe is present on the surface of alumina (Fig. 3(c)).

3.2 X-Ray diffraction analysis (XRD), Fourier 
transform infrared spectroscopy (FTIR), Transmission 
electron microscopy (TEM)
Fresh sample of Alumina-nZVI composite was prepared 
and XRD analysis was carried out. 0.1 g of sample was used 
for the analysis. From Fig. 4(a), presence of iron in its zero 
valent state was confirmed due to the reflection obtained at 
2Ө = 44.9º [19, 22]. The peaks at 25.6°, 27.09°, 35.1°, 36.2°, 
37.79°, 43.3°, 52.56°, 57.5°, 66.5°, 68.2°, 76.9° corresponded 
to peaks of alumina [22, 25]. The FTIR spectra of alumina 
and the synthesized zero-valent iron supported on alumina 
were recorded in the transmission mode at room tempera-
ture (Fig. 4(b)). 0.9 mg of sample was used for the analysis. 
Alumina and nZVI on alumina was subjected to IR spec-
troscopic analysis using infrared spectrophotometer in the 

Fig. 1 Experimental setup for preparation of alumina-nZVI composite 
in laboratory

Fig. 2 Preparation of alumina nZVI composite (a) Black alumina-nZVI 
just after reaction, (b) alumina-nZVI in ethanol
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range 500 cm-1 to 4000 cm-1. FTIR results showed that bands 
at 646.51 cm-1 and 593.31 cm-1 shifted to the higher wav-
enumber values 655.90 cm-1 and 600.17 cm-1 respectively. 
This shift was might be due to the coordinate bond between 
alumina and iron [24]. Peaks in the spectra of nZVI on alu-
mina were between 3200 cm-1 to 3600 cm-1 and showed 
broad and strong peak of OH stretch bond. Further, peak at 
1322.70 cm-1 showed C-O stretch [25]. TEM analysis was 

used to analyze the material constituents (Fig. 5). 2.5 mg of 
sample was used for the analysis. The sample was dispersed 
in ethanol using an ultrasonic bath. Then, a drop of the dis-
persion was applied to a holey carbon TEM support grid 
and excess solution was blotted off by a filter paper. TEM 
image showed a composite layered structure comprised of 
a dense metallic center enclosed by a thin layer of iron-ox-
ide material that surrounded the Fe0 core and preserved 
it against further oxidation [26]. As shown in Fig. 5, the 
HR-TEM analysis performed in this study supported this 
view with the shell. The presence of high-resolution fringes 
in the shell image indicated that the shell was crystalline.

4 Adsorption Experiments
The batch experiments were carried out in 250 ml 
Erlenmeyer flask with 100 ml of F- solution shaken in 
the incubator shaker at 180 rpm to determine optimum 
dose and equilibrium time, while all the standard solu-
tion were prepared in the volumetric flask. F solution of 

Fig. 3 SEM images of (a) Alumina-nZVI composite (b) nZVI (c) EDS analysis of Alumina-nZVI composite

Fig. 4 (a) XRD analysis of Alumina-nZVI composite (b) FTIR spectra 
of alumina support and nZVI on alumina
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concentration 2, 4, 6, 8, and 10 mg/L were prepared by 
diluting the stock solution. Contact time was varied from 
15 min to 120 minutes and adsorbent dose was varied 
from 0.1 to 2 g/L with initial concentration of 10 mg/L. 
pH was maintained at 7±0.3 and 5±0.3 respectively by 
adding 0.1 M HCl and 0.1 M NaOH. Required adsorbent 
dose was added in 10 mg/L solution (100 ml) of F- and 
stirred at speed of 180 rpm. After equilibrium, the solu-
tion was filtered, and the filtrate was analyzed for residual 
fluoride by atomic absorption spectroscopy (AAS). The 
amount of fluoride adsorbed qe (mg/g) and % removal 
was calculated using the following equations:

q C C V We i e= ∗−( ) ( )

% Removal = ,C C Ci e e−( ) ×100

where qe is the adsorption capacity (mg/g) of the adsor-
bent at equilibrium, Ci and Ce are initial and equilibrium 
concentration of fluoride; V is the volume of fluoride solu-
tion and W is the weight of adsorbent added.

5 Effect of parameters
Experiments have been performed in triplicate to study 
the effect of different operating parameters. Effect of pro-
cess variables on fluoride removal has been described with 
the help of following Figs. 6-10.

5.1 Effect of adsorbent dose
Effect of adsorbent dose was studied by varying adsor-
bent dose from 80 mg to 200 mg at initial concentration 
of 10 mg/L, contact time of 120 min, at pH of 5 and tem-
perature of 40 °C. It was observed that as the adsorbent 
dose increases from 80 mg to 220 mg the removal of flu-
oride increases due to the availability of the adsorption 
sites. On further increase in adsorbent dose, no signif-
icant change in fluoride removal was observed. From 
Fig. 6, it was clear that fluoride removal increased from 
35% to 82% as adsorbent dose was increased from 80 mg 
to 200 mg.

5.2 Effect of initial concentration and 
adsorption capacity
Batch experiments were performed to determine the 
effect of initial concentration (2, 4, 6, 8 mg/L) on fluoride 
removal at contact time of 120 min, pH 5, and temperature 
of 40 °C, agitation speed of 180 rpm and adsorbent dose 
of 200 mg. As shown in Fig. 7, fluoride removal decreased 
from 94.4% to 82.1% as initial concentration increased 
from 2 mg/L to 10 mg/L due to the limited number of sites 
available for adsorption. Initially, for low fluoride con-
centration the available adsorption sites were more, thus 
the sufficient interaction was possible between adsorbent 
and adsorbate. However, at high fluoride concentration 
the number of active sites available was not sufficient to 
adsorb all the fluoride ions present in the solution result-
ing in decrease in fluoride removal. However, the adsorp-
tion capacity increased from 0.5 mg/g to 4.0 mg/g with 
increase in initial concentration from 2 mg/g to 10 mg/g.

Fig. 5 (a) TEM images of nZVI nanoparticles showing a core-shell 
structure comprised of a dense metallic center and a thin, continuous 
oxide skin (b) nZVI electron diffraction pattern, (c) alumina-nZVI 
supported on and (d) alumina-nZVI on electron diffraction pattern.

Fig. 6 Effect of adsorbent dose on removal of Fluoride at initial 
concentration = 10 mg/L, contact time = 120 min, pH = 5 and 

temperature = 40 °C, agitation speed = 180 rpm



78|Agarwal et al.
Period. Polytech. Chem. Eng., 63(1), pp. 73–84, 2019

Fig. 7 Effect of initial concentration on (a) Fluoride removal percentage (b) Residual fluoride (c) Adsorption capacity at contact time = 120 min,  
pH = 5, temperature = 40 °C, adsorbent dose = 200 mg, agitation speed = 180 rpm

5.3 Effect of contact time
To determine effect of contact time on fluoride removal, 
batch experiments were performed at initial concentration 
of 10 mg/L, pH 5, temperature of 40 °C, adsorbent dose of 
200 mg and agitation speed of 180 rpm. Fig. 7, shows the 
effect of contact time from 15 min to 135 min on removal 
of fluoride. The fluoride removal increased with time till 
the first 60 minute but after that it became constant. This 
was because of the availability of the adsorption sites in the 
beginning of the adsorption process but with increase in the 
time, available adsorption sites decreased.

5.4 Effect of pH
Fig. 9 shows the effect of initial pH on the removal of flu-
oride at initial concentration of 10 mg/L, temperature of 
40 °C, adsorbent dose of 200 mg and agitation speed of 

180 rpm. It was observed that fluoride removal increased 
from 43% to 83% in increasing pH 3 to 5 but after pH 5 
removal decreased. The dependency of removal on pH could 
be explained by speciation chemistry of the pollutant ions.

5.5 Effect of temperature
The effect of temperature on fluoride removal was stud-
ied by varying operating temperature from 20 °C to 
70 °C keeping other parameters at initial concentration = 
10 mg/L, contact time = 120 min, adsorbent dose = 200 mg 
and agitation speed = 180 rpm. Fig. 10 shows that the per-
cent removal increases from 43% to 82% on increasing 
temperature from 20 °C to 40 °C but after 40 °C fluoride/ 
removal decreased. It was observed that low temperature 
favoured the fluoride removal due to the escape of fluoride 
ions from surface of adsorbent to the bulk phase.
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6 Adsorption isotherm
Adsorption isotherm was studied to better understand the 
relation between concentration of metal ion and adsorption 
capacity of the adsorbent (Fig. 11). It was very important 
to evaluate the isotherm for proper designing of adsorption 
system [27]. In the present study four isotherm model were 
studied and various constants were calculated (Table 1).

Langmuir isotherm model assumes the monolayer 
adsorption on the surface of the adsorbent after lineariza-
tion the equation can be represented by,

c
q

C
q K q

e

e

e

L L L

= +
1

.

Freundlich isotherm model describes the adsorption 
characteristics for the heterogeneous surfaces and the log-
arithmic form of equation is:

ln ln ln .q K
n

Ce f e= +
1

Linear form of Temkin model equation is represented 
in following form;

q RT
b

A RT
b

Ce
T

T
T

e= +ln ln .

The nonlinear expression of D-R isotherm model can 
be illustrated as follows.

ln lnq X Ke m DR= − ε 2

E
KDR

=
1

2

,

where
Ce – Equilibrium concentration
qe – Equilibrium adsorption capacity (mg/g)
KL – Langmuir constant
qL – maximum adsorption capacity (mg/g)
Kf – Freundlich constant (mg/g) 
1/n – adsorption intensity
R – the gas constant (8.314 J/(mol K)):

Fig. 8 Effect of contact time on Fluoride removal at initial 
concentration = 10 mg/L, pH 5, temperature of 40 °C, 

adsorbent dose of 200 mg and agitation speed of 180 rpm.

Fig. 9 Effect of pH on Fluoride removal at initial concentration =  
10 mg/L, contact time = 120 min, temperature = 40 ºC, 
adsorbent dose = 200 mg and agitation speed = 180 rpm

Fig. 10 Effect of temperature on % Removal of Fluoride at initial 
concentration = 10 mg/L, contact time = 120 min, adsorbent dose = 200 

mg and agitation speed = 180 rpm
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Fig. 11 Adsorption isotherm for adsorption of F on Alumina-nZVI composite (a) Langmuir isotherm (b) Freundlich isotherm
(c) Temkin isotherm (d) D-R isotherm

T (K) – the absolute temperature
bT AT – Temkin constant
Xm – maximum adsorption capacity (mg/g)
KDR – the adsorption energy constant (mol2/kJ2)
ε – the Polanyi potential.

Normalised standard deviation was calculated using the 
following equation [29]:

∆q

q q
q

n

cal

% * ,

exp

exp

( ) =
∑
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100
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2

where qexp and qcal are experimental and calculated adsorp-
tion capacity values 
n = no. of data points.

Sum of square of errors was calculated using the 
equation:

SSE q qcal= ∑ −( )exp
.

2

In our study, Langmuir model fitted the adsorption 
data best as compared to the other three isotherms mod-
els for fluoride removal; it showed that the adsorption 
was monolayer. Value of RL was between 0 and 1, thus 

Table 1 Isotherm constants and parameters for fluoride adsorption

Model Isotherm constants R2 ∆q (%) SSE

Langmuir RL = 0.0005 0.9748 4.7 0.868

qL (mg/g) = 10.06

Freundlich Kf = 2.202 0.969 5 1.33

n = 1.98

Temkin B (J/mol) = 4.76 0.898 9 2.479

AT (L/kg) = 3.48

Dubinin-
Radushkevich E (KJ/mol) = 0.0212 0.956 9.9 5.2

KDR (mol2/kJ2 ) = 0.0003

XM (mg/g) = 9.649
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Fig. 12 Kinetic study for adsorption of F on nZVI-Al in single component system. (a) Pseudo first order kinetics for F, (b) Pseudo second order 
kinetics for F respectively, (c) Intra particle diffusion for F.

it indicated favourable adsorption process. The value of 
Freundlich constant (n) was 1.98; it showed that adsor-
bent was suitable for removal of fluoride. The values of 
standard deviation and error were lowest for Langmuir 
isotherm. Low value of Temkin equilibrium binding con-
stant indicated the presence of weak interaction between 
fluoride ions and adsorbent. The value of E, mean free 
energy of adsorption was E < 8 kJ/mol and it indicated 
physical adsorption process (Table 1).

7 Kinetic Model
The experimental data obtained were fitted to the pseudo first, 
pseudo second and intra-particle diffusion model (Fig. 12). 
Kinetic constants and correlation of coefficient are tabulated 
in Table 2. To evaluate the rate limiting step for adsorption 
of fluoride by Alumina-nZVI composite, the kinetics were 
fitted to pseudo first order kinetic model, pseudo second 
order kinetic model and intra-particle diffusion [28].

The pseudo first order equation can be represented as 
follows,

ln lnq q q k te t e−( ) = −
1

.

The pseudo second order equation, can be explained by 
following equation.

t
q k q

t
qt e e

= +
1

2

k2 represents adsorption rate constant for pseudo second 
order kinetics.

The intra-particle diffusion can be calculated by intra 
particle diffusion model,

q k t Ct ipd= +0 5.

qe (mg/g): the adsorption capacity at equilibrium
qt (mg/g): the adsorption capacity at time t
t (min): contact time
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k1 (1/min): the rate constant of pseudo-first order adsorption
k2 (g/mg min): the rate constant of pseudo-second 
order adsorption.

Experimental data fits pseudo-second- order kinetics 
model well. For intra-particle diffusion to be rate limit-
ing step, plot should be linear passing through the origin 
i.e. C = 0. In the present study the linear part of curve did 
not pass through the origin (C ≠ 0). It indicated that the 
intra-particle diffusion was not the only rate-limiting step 
for adsorption of fluoride by Alumina-nZVI composite.

8 Thermodynamic study
The thermodynamic parameters calculated are tabulated 
in Table 3. In the present work, Vant Hoff equation was 
used to determine the values of ΔGº, ΔHº and ΔSº as 
follows [29].

∆ ∆ ∆G H T S° = ° − °

ln .K S
R

H
RTd =

°
−

°∆ ∆

Kd is the equilibrium constant calculated as ratio 
of adsorbate concentration on surface (Cs ) and its 
equilibrium concentration (Ce ), R is universal Gas constant  
(8.314 J/mol/K) and T is absolute temperature. Negative 
value of ΔH° indicated that the adsorption process was 
exothermic. Negative value of ΔG° showed that the 
adsorption process was spontaneous and feasible. Negative 
value of ΔS° indicated decrease in randomness at solid 
liquid interface (Table 3).

9 Comparison of Adsorption Capacity
Experiments were carried out for fluoride adsorption on 
alumina, zero valent iron nanoparticles and Alumina-nZVI 
composite. It was found from the present study that the flu-
oride removal trend was as follows: Alumina-nZVI com-
posite > Alumina > nZVI. It was observed that for fluoride 
adsorption Alumina-nZVI composite adsorbent gave best 
removal. The adsorption capacity was higher for Alumina-
nZVI composite as compared to the alumina and nZVI 
alone as shown in Table 4.

10 Conclusions
In this work alumina has been used as support material to 
disperse nano zero-valent iron particles and used as an effi-
cient adsorbent for removal of F from drinking water. From 
the characterization study (SEM, TEM, FTIR and XRD) 
of adsorbent Alumina-nZVI composite, it was clear that 
nZVI was successfully dispersed over alumina. The opti-
mum pH, temperature and contact time found were 5, 40 °C 
and 60 minutes respectively. Maximum adsorption was 
observed at initial concentration of 2 mg/L. Kinetic study 

Fig. 13 The thermodynamic study plot of lnKd versus 1/T

Table 2 Kinetic parameters for adsorption of fluoride

Model R2 qe (mg/g) Kinetic 
parameters

Pseudo first order 0.9633 3.206 k1 = 0.0762

Pseudo second order 0.9928 7.496 k2 = 0.8480

Intra particle 
diffusion 0.8973 - kipd = 0.3288

C = 5.7143

Table 3 The thermodynamic parameters for fluoride adsorption on
Alumina-nZVI composite

Temperature (K) ΔG° (KJ/mol) ΔH° (KJ/mol) ΔS° (KJ/mol K)

313 −3.963

−47.338 −0.1402
323 −1.3146

333 −0.4417

343 0.34291

Table 4 Fluoride adsorption on alumina, nZVI and Alumina-nZVI 
composite in the present study

Fluoride 
removal
(Present Study)

% Removal qe (mg/g)

Alumina 37% 3.5

nZVI 25% 1.38

Alumina-nZVI 
composite 82% 4.5
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