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a b s t r a c t
The study was designed to synthesize iron oxide nanoparticles and to investigate their application as 
a sorbent to remove fluoride and arsenic from contaminated water. The nanoparticles, synthesized 
by co-precipitation, were extensively characterized by X-ray diffraction analysis, Brunauer–Emmett–
Teller analysis and zeta potential analysis. The size and morphology of the particles were determined 
by scanning electron microscopy, which revealed an average particle size of ~130 nm. The synthesized 
nanoparticles were stable for at least 4 h in static conditions as evidenced by particle size measure-
ments. Batch sorption studies were carried out, and sorption isotherms and reaction kinetics were 
analyzed. The iron oxide nanoparticles were not effective in fluoride removal at the pH and concen-
trations studied. They followed the Freundlich isotherm model and fitted well with pseudo-first-order 
reaction for As(III) and As(V) with R2 value of 0.93 and 0.98 at pH 7, respectively. The maximum sorp-
tion capacity of the nanoparticles for As(III) and As(V) at pH 7 were 909 and 3,333 µg/g, respectively. 
The results of the study showed that the synthesized nanoparticles can be promising adsorbents for As 
removal in small-scale water systems. 
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1. Introduction

Access to safe drinking water is a vital indicator of a 
country’s development and also a major prerequisite for a 
healthy life [1]. Recent WHO reports have estimated that 
about 663 million people do not have access to improved/safe 
water [2]. Thus, one of the Sustainable Development Goals 
(SDG 6) of the United Nations is to achieve universal access 
to safe and affordable drinking water for all by 2030 [3]. 

Groundwater is extensively used for drinking water sup-
ply particularly in the developing nations. However, ground-
water may contain numerous inorganic anions and oxyanions 
due to natural and anthropogenic activities and may pose 
adverse health impacts [4,5]. Among the various inorganic 

pollutants, arsenic and fluoride have been determined to be 
major contaminants detrimental to human health [6]. 

Fluoride (F) is an essential element for dental health; how-
ever, prolonged consumption of water with elevated levels of 
fluoride (>1.5 mg/L) is detrimental to human health causing 
dental and skeletal fluorosis [7]. The common forms of arse-
nic species in environmental waters are arsenate (in oxidized 
waters) and arsenite (in reduced waters) [8]. Arsenic (As) 
is known to easily deposit in organs upon consumption of 
arsenic-rich water, and crops grown on arsenic accumulated 
soil cause arsenicosis [9]. Hence, in view of their adverse 
health impact, WHO has recommended maximum permis-
sible limits of F and As as 1.5 mg/L and 10 µg/L, respectively 
[10]. However, potable water in many parts of China, India, 
Bangladesh, Central Africa and South America exceed the 
permissible limits of these contaminants, and hence, there is 
an urgent need to effectively remove As and F [11]. 
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Some of the commonly used defluoridation and arsenic 
removal methods are membrane filtration, ion exchange, 
chemical oxidation, chemical precipitation, electrolysis and 
coagulation [12]. However, most of these methods are lim-
ited by high-cost, pre- and post-treatment process and high 
pollutant concentrations of the water to be treated [12,13]. 
Among the various methods, adsorption offers potential 
advantages particularly in places where water is scarce and 
small-scale community-level or household-level water treat-
ment is required. The process is also less energy intensive 
and offers other advantages like ease of operation, flexibility, 
simplicity of design and cost effectiveness [14,15]. 

Various materials have been tested as possible adsorbents 
for the removal of arsenic and fluoride from water, like alu-
mina, iron-based oxides, rare metal oxides, activated carbon, 
bone char to name a few [16,17]. In recent decades, there has 
been increased interest in the application of nanomaterials in 
environmental applications such as in contaminant removal 
or toxicity mitigation [18]. Use of nanoparticles for pollutant 
removal is advantageous in view of their high reactivity and 
high surface area to volume ratio [19]. 

Among the various nanoparticles, magnetic nanoparti-
cles are of particular interest in view of their high removal 
capacity, faster kinetics and most importantly magnetism 
[19] thereby minimising and simplifying post-separation 
process. The removal of the adsorbent with external mag-
netic field post-treatment is more selective and efficient 
than centrifugation or filtration [20]. A mixture of magne-
tite–maghemite nanoparticles have been effectively used for 
arsenic removal with a maximum adsorption of ~3.7 mg/g 
of As(III) and As(V) at pH 2 when the initial concentration 
of As was 1.5 mg/L [21]. Iron oxide nanoparticles immobi-
lized in sodium alginate matrix have been studied for their 
fluoride removal potential. These nanoparticles exhibited a 
maximum adsorption capacity of ~58 mg/g of F for an initial 
concentration of 40 mg/L of F at pH 5 [22]. A number of F 
and As adsorption studies have shown maximum adsorp-
tion capacity at acidic pH. However, the pH of ground 
water is in the range of near neutral pH. Therefore, select-
ing an adsorbent, which demonstrates maximum adsorp-
tion capacity at near neutral pH, is crucial. In places with 
endemic fluoride and arsenic contamination in groundwa-
ter, fabrication and application of a suitable nanoadsorbent 
with simultaneous fluoride and arsenic removal potential 
would go a long way in reducing treatment cost when used 
in household-level water treatment. 

Thus, the objectives of the present study were to elucidate 
the arsenic removal and defluoridation profile of iron oxide 
nanoparticles. In order to achieve this, iron oxide nanopar-
ticles were synthesized and characterized, and their arsenic 
and fluoride removal efficiency at near neutral pH were 
studied. Additionally, adsorption isotherms were fitted to 
the experimental results, and kinetics of the sorption process 
were analyzed.

2. Materials and methods

2.1. Chemicals

Iron(III) chloride hexahydrate and iron(II) chloride tetra-
hydrate were procured from Merck KGaA, Germany. Sodium 

fluoride (J.T. Baker, Holland) was used to prepare standard 
fluoride solutions while NaAsO2 and NaAsO4.12H2O were 
used as sources of As(III) and As(V), respectively. All chem-
icals were of analytical grade and were used without fur-
ther purification. Deionized water from Milli-Q was used 
throughout the experiments. 

2.2. Preparation of iron oxide (Fe3O4) nanoparticles

The magnetic nanoparticles were prepared by a chemi-
cal co-precipitation method [23] with modifications. Briefly, 
0.279 g of FeCl3.6H2O and 1.395 g of FeCl2.4H2O were dis-
solved in 100 mL ethanol so that the total molar concentration 
of Fe was 0.08 M. The experiment was performed under N2 
conditions, and 14.7 M NH3 was added dropwise while stir-
ring till the pH reached 9. Agitation was further continued 
for 5 min, and the flask was placed at 50°C for 3 h while stir-
ring. Thereafter, the contents were transferred to centrifuge 
tubes and centrifuged at 10,000 rpm for 10 min. The pellet 
was washed thrice till the pH of supernatant became neutral 
and was further dried at 100°C for an additional 3 h.

The dried particles were then characterized and used for 
further studies.

2.3. Physicochemical characterization

2.3.1. X-ray diffraction (XRD) analysis

Preliminary characterization of the nanoparticles was per-
formed using an XRD diffractometer (PANalytical-X’PERT 
PRO diffractometer system, Eindhoven, Netherlands). The 
target was Cu Kα with a wavelength of 1.54060 Å. The gen-
erator was operated at 40 kV and with a 300-mA current. The 
scanning range was selected between 10° and 100°. The crys-
tallite size was also determined using the Debye–Scherrer 
equation.

2.3.2. Brunauer–Emmett–Teller (BET) and 
Barrett-Joyner-Halenda (BJH) analyses

The pore size, specific surface area, pore volume and 
pore size distribution of the synthesized nanoparticles were 
determined using BET surface area analyzer (Micromeritics 
Tri Star III, USA). The samples placed in sample cells were 
degassed and heated to 300°C for 2 h and cooled down to 
room temperature to remove moisture prior to analysis. The 
adsorption–desorption plots were used to calculate the spe-
cific surface area (N2/BET method) and pore diameter. The 
pore volume and average pore size distribution was calcu-
lated based on summing through the pore size distribution, 
which is subjected to BJH model. This method is based on the 
assumption that the initial relative pressure is close to unity 
and all pores are filled with liquid.

2.3.3. Particle size analysis

The particle size range of the nanoparticles along with 
its polydispersity was determined using a particle size ana-
lyzer (Zetasizer Nano ZS, Malvern Instruments Ltd., UK). 
The average particle size was determined based on the 
hydrodynamic diameter (z-average) measured from the 
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autocorrelation function of the intensity of light scattered by 
the particles undergoing Brownian movement. The particles 
were dispersed in deionized water prior to analysis.

2.3.4. Zeta potential analysis
The surface electrostatic potential of the particles was 

determined using a zeta potential analyzer (Zetasizer Nano ZS, 
Malvern Instruments Ltd., UK). The particles were dispersed in 
10–3 M KCl as a background electrolyte prior to measurement. 
About 3 mL of sample was used for analysis. Measurement 
was performed at various pH to determine the point of zero 
charge (PZC) of the particles. pH was adjusted using NaOH 
and HCl to prepare nanoparticles in the range of pH 3–10.

2.3.5. Scanning electron microscopy–energy-dispersive 
analysis X-ray spectroscopy (SEM–EDAX)

The surface morphology of the particles was determined 
using SEM (JSM-6010LA, JEOL USA Inc., USA), and the par-
ticles were dispersed in deionized water. The dispersed parti-
cles were then directly coated onto carbon tape and dried in a 
hot air oven prior to analysis. The elemental compositions of 
the nanoparticles were determined using SEM–EDAX. 

The distribution of the nanoparticles were further ana-
lyzed using ImageJ version 1.51c, an open-source, Java-based 
imaging program [24,25].

2.3.6. Particle stability

The stability of the synthesized particles over time was 
determined by measuring the difference in particle size. The 
solution containing nanoparticles was left undisturbed, and 
sampling was done at different time points using a particle 
size analyzer.

2.4. Batch adsorption studies

2.4.1. Arsenic 

Effect of As(III) and As(V) concentration on adsorption 
by synthesized iron oxide nanoparticles was determined by 
adding 0.05 g of nanoparticles in 50 mL of different concen-
trations of arsenic namely 100, 200, 400, 500 and 1,000 µg/L, 
respectively. Studies were carried out at pH 7. The bottles 
were continuously shaken at 180 rpm (Innova 2100 Platform 
Shaker, New Brunswick Scientific, USA) for 4 h at room tem-
perature (20°C).

2.4.1.1. Chemical analysis

Samples were withdrawn at specific points in time 
and filtered through a 0.45-µm filter. Post filtration, the 
samples were diluted and acidified with concentrated 
nitric acid before analyzed using an atomic absorption 
spectrophotometer–graphite furnace (AAS–GF; solar thermo 
elemental with FS95 graphite furnace with autosampler) 
with a detection limit of 2 µg/L.

2.4.2. Fluoride

Similarly, the effect of fluoride concentration on adsorp-
tion by synthesized iron oxide nanoparticles was determined 

by adding 0.05 g of nanoparticles in 50 mL of different con-
centrations of fluoride namely 1, 3, 5, 7 and 10 mg/L at pH 7. 

2.4.2.1. Chemical analysis

The filtered samples withdrawn at specific points in time 
was added in equal volume to TISAB III buffer (to release 
any complexed fluoride ions) before measurement using a 
fluoride ion selective electrode (WTW F 800 DIN, Germany).

The adsorption capacity was estimated by Eq. (1) as 
follows:

q
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The percentage adsorption was determined using the 
following equation:
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o
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−
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where qe is the adsorption capacity (mg/g); C0 and Ce are the 
initial and equilibrium concentration (µg/L and mg/L for 
As(III) and As(V), and F, respectively) of the contaminant, 
respectively; V is the volume of As and F solution (L) and 
m is the mass of the iron oxide nanoparticle (g).

2.4.3. Adsorption isotherms

Adsorption isotherms were obtained by batch equili-
bration technique. Isotherm experiments were performed at 
different pH values namely 6.5, 7 and 7.5 with varying con-
centrations of As(III), As(V) and F as mentioned in the previ-
ous section. Langmuir and Freundlich isotherms were used 
to fit the adsorption data from equilibrium experiments. The 
mechanism of adsorption process was tested by fitting the 
equilibrium data with the Dubinin–Radushkevich isotherm 
model (D–R isotherm).

2.4.4. Adsorption kinetics

The sorption capacity and percentage sorption of As(III), 
As(V) and F as a function of the equilibration time were 
determined by performing a study for equilibration 
periods (15 min–4 h). The concentrations of As(III) and 
As(V) selected for the study were 500 µg/L at pH 7. The data 
obtained was then plotted to determine the best fitting kinetic 
model to the data. 

All the experiments were performed in duplicate in order 
to check reproducibility, and average values were used in the 
graphs. 

3. Results and discussion

3.1. Synthesis of iron oxide nanoparticles

In the current study, a chemical co-precipitation method was 
used to synthesize iron oxide nanoparticles. The initial pH of the 
Fe2+ and Fe3+ solution in ethanol was 2.50, and the pH was observed 
to increase with a change in colour to black upon dropwise addi-
tion of NH3 signalling the formation of iron oxide nanoparticles. 
The dried particles obtained were characterized further.
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3.1.1. Characterization of synthesized iron oxide nanoparticles

3.1.1.1. XRD analysis Fig. 1 shows the XRD pattern of the 
iron oxide nanoparticles with distinct peaks at 30°, 35°, 43°, 57° 
and 63°, which corresponds to (220), (311), (400), (511) and (440) 
planes, respectively. The pattern did not show typical γ-Fe2O3 
peaks corresponding to (210), (300) and (320) planes implying 
that the sample consisted of Fe3O4 magnetite nanoparticles [26]. 
Previous XRD studies on Fe3O4 nanoparticles synthesized by a 
similar co-precipitation method showed peaks corresponding 
to the same planes as observed in Fig. 1 [23]. XRD analysis thus 
confirmed the crystalline structure of the nanoparticles.

3.1.1.2. BET analysis In order to estimate the porosity of 
the synthesized nanoparticles, BET surface area analysis and 
BJH pore size and volume analysis were conducted. The sur-
face area was found to be 75.24 m2 g–1 with a total pore volume 
of 0.018 cm3 g–1. The average pore size was calculated to be 
1.1 nm. Increased number and size of the surface pores indi-
cate an enhanced surface area [27,28], which is essential for 
adsorption applications. Related studies on the specific surface 
area of Fe3O4 nanoparticles prepared by chemical co-precipitation 
method yielded a surface area of 15.63 m2 g–1 [20]. 

3.1.1.3. Particle size analysis Particles of around 192 ± 
5.96 nm in diameter were observed as seen from particle 
size analysis studies. The particles had a narrow size range 
with a polydispersity of 0.376. Thus, particle size analy-
sis revealed the synthesis of nearly monodisperse particles 
with low polydispersity. Similar studies on the synthesis of 
Fe3O4 nanoparticles immobilized on sodium alginate matrix 
yielded a particle size ~140 nm [22]. 

3.1.1.4. Zeta potential analysis In order to determine the 
optimum pH for carrying out the batch sorption studies, a 
preliminary study to determine the effect of pH on the stabil-
ity of the nanoparticles was carried out. The pH of the aque-
ous solution plays a major role in determining the surface 
charge of the adsorbent thereby also determining the adsorp-
tion performance [29]. Fig. 2 shows the PZC of the synthe-

sized nanoparticles to be pH ~9. A decrease in surface zeta 
potential was observed with a corresponding increase in pH. 
The zeta potential was observed to be 0 at pH ~9 indicating 
that the particles were least stable at that pH. Contaminant 
removal studies were carried out at neutral pH (pH 7), and 
the surface zeta potential was approximately +60 mV indicat-
ing that the particles were highly stable at this pH. Iron oxide 
nanoparticles with a positive zeta potential value at low pH 
were also studied by Schwegmann et al. [30], and PZC at pH 
~7 was obtained in their study. The zeta potential results thus 
suggested that the positively charged nanoparticles could be 
effectively used for the removal of negative ions.

3.1.1.5. SEM–EDAX studies Fig. 3(a) shows the SEM 
image of synthesized nanoparticles dispersed in aqueous solu-
tion. Monodisperse nearly spherical particles were observed 
from the image. EDAX analysis confirmed the presence of 
iron (Fe) in the samples (Fig. 3(b)). Table 1 shows the elemen-
tal composition of the particles. The presence of carbon (C) 
in the samples were due to mounting of the samples on car-
bon tape. ImageJ analysis of the SEM micrograph revealed 
the average particle size distribution to be 131 ± 4.87 nm. The 
difference in the particle size as revealed by SEM and dynamic 
light scattering (DLS) studies may have been due to the differ-
ences in the sample preparation [31]. The increased particle 
size in DLS could be due to various sources of attraction in the 
solution such as van der Waals forces of attraction. 

3.1.1.6. Stability of nanoparticles The stability of the syn-
thesized nanoparticles were also studied by measuring the 
change in particle size over a period of 24 h under static con-
ditions. The results of the study are shown in Fig. 4. There was 
no significant change in particle size over a period of 4 h. At the 
end of 24 h, the particle size decreased by ~25 nm signifying 
settling down of larger particles. The results from the study 
indicated that the synthesized nanoparticles were stable for 
4 h under static conditions. The characterized nanoparticles 
were then subsequently applied for batch sorption studies.

3.2. Batch sorption studies

Parameters like pH, adsorbent dosage, temperature and 
contact time were taken into account to optimize the system. 

Fig. 1. XRD pattern of synthesized Fe3O4 nanoparticles.
Fig. 2. Change in zeta potential of synthesized Fe3O4 nanoparti-
cles vs. pH.
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For the optimized process of As batch adsorption studies, 
0.05 g of iron oxide nanoparticles were added to 50 mL of 
500 µg/L of As(III) and As(V) at pH 7 and interacted for 4 h at 

room temperature (20°C) while for the fluoride batch adsorp-
tion studies, the initial concentration of fluoride was 5 mg/L. 
Fig. 5 shows the schematic for the process of adsorption of 
fluoride and arsenic using iron oxide nanoparticles.

(a)

(b)

Fig. 3. SEM micrograph (a) and EDAX analysis (b) of synthesized 
Fe3O4 nanoparticles.

Table 1
Elemental composition of synthesized Fe3O4 nanoparticles

Element Mass (%)

C 83.57
O 14.59
Fe 1.84

Fig. 5. Schematic showing physisorption of As and F ions by iron 
oxide nanoparticles. 

(a)

(b)

(c)

Fig. 6. Adsorption capacity and percentage adsorption of Fe3O4 
nanoparticles as a function of: (a) As(III) concentration, (b) As(V) 
concentration and (c) F concentration (pH = 7.0, shaking speed = 
180 rpm, temperature = 20°C).

Fig. 4. Stability study of synthesized Fe3O4 nanoparticles.
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3.2.1. Arsenic

3.2.1.1. Effect of initial As(III) and As(V) concentration The 
effect of As concentration on the adsorption efficacy of Fe3O4 
nanoparticles was investigated in the current study. Figs. 6(a) 
and (b) shows the adsorption efficiency (%) and adsorp-
tion capacity (qe) of iron oxide nanoparticles as a function of 
As(III) and As(V) concentration, respectively. In both cases, 
the adsorption capacity (qe) was observed to increase with 
a corresponding increase in the As(III) and As(V) concen-
tration, respectively. In general, the adsorption capacity (qe) 
was higher for As(V) compared with As(III). As(V) is pre-
dominantly found in aerobic environments while As(III) pre-
dominates in moderately reducing anaerobic environments 
[32]. As(III) is considered more toxic than As(V), and As(III) 
is generally oxidized to As(V) before adsorption. Previous 
studies on superparamagnetic Fe3O4 nanoparticles capped by 
ascorbic acid with a particle size of ~10 nm had an adsorption 
capacity of 16.56 mg/g for As(V) and 46.06 mg/g for As(III), 
respectively [20]. The adsorption capacity largely depends on 
the particle size as smaller nanoparticles ensure larger sur-
face area for adsorption. Increased surface area as evidenced 
by BET analysis indicates an increased number of favourable 
sites for adsorption.

3.2.2. Fluoride

3.2.2.1. Effect of initial fluoride concentration Fig. 6(c) 
shows the effect of initial F concentration on adsorption effi-
ciency (%) and adsorption capacity (mg/g) of the synthesized 
Fe3O4 nanoparticles. Increase in the initial F concentration 
led to a corresponding increase in the adsorption capacity of 
Fe3O4 nanoparticles. The maximum percentage adsorption 
was achieved when the initial F concentration was 10 mg/L 
(~25%). The amount of F adsorbed at pH 6.5 (1.78 mg/g) was 
approximately 10 times lower as compared with studies car-
ried out using polypyrrole/Fe3O4 nanocomposites (17.6 mg/g) 
[33]. Hence, the synthesized Fe3O4 nanoparticles may not be a 
suitable adsorbent under the conditions applied in this study 
for fluoride adsorption in the absence of surface modification.

3.3. Isotherm studies

In order to further determine the mode of adsorption of 
the adsorbent, isotherm studies were carried out, and the 
data was analyzed. Among the various models, Langmuir 
and Freundlich are the ones most frequently used for adsorp-
tion studies [29].

The Langmuir isotherm model assumes that adsorption 
takes place by monolayer sorption and also assumes that the 
adsorption sites are energetically the same [34]: 

C
q q

C
k q

e

e m
e

m

= +
∝

1 1  (3)

while the Freundlich model is an empirical description of 
adsorption on a heterogeneous surface [35]:

log log logq k
n

Ce f e= +
1  (4)

where qe is the amount of sorbate adsorbed at equilibrium per 
g of Fe3O4 nanoparticles; Ce is the concentration of sorbate at 
equilibrium; qm is monolayer sorption capacity (mg/g); kα is 
the Langmuir sorption equilibrium constant and kf and 1/n 
are the Freundlich constants.

3.3.1. Arsenic

Tables 2 and 3 show a summary of parameters obtained 
from Langmuir and Freundlich isotherms for As(III) and 
As(V) adsorption by Fe3O4 nanoparticles at different pH 
values 6.5, 7 and 7.5. Tables 2 and 3 indicated a decrease in 
the qm value with increase in pH. The lowest qm value (mg/g) 
was observed at pH 7.5. The decrease was possibly due to 
the changes in the zeta potential of the nanoparticles with 
change in pH. The net positive charge on the surface of 
nanoparticles decreased with increase in pH thereby leading 
to less favourable adsorption of As(III) and As(V) at pH 7.5. 
The results are in accordance with previous studies on ascor-
bic acid coated Fe3O4 particles for As(III) and As(V) adsorp-
tion. A 15% decrease in As(III) and As(V) removal percentage 
was observed in this case upon increase in pH above 7 [20]. 
Comparing the qm values between As(III) and As(V) showed 
that Fe3O4 nanoparticles had ~3 times more adsorption capac-
ity for As(V) than As(III), suggesting that Fe3O4 nanoparti-
cles had higher sorption capacity for As(V) than As(III). The 
Freundlich equilibrium isotherm equation gave relatively 
better description of sorption of As(V) (R2

 value = 0.98) and 
As(III) (R2 value = 0.93).

Han et al. [36] reported the As(III) adsorptive capacity of 
iron-oxide-coated rock to be 1.65 mg/g, and the system followed 
the Langmuir isotherm. α-Fe2O3 nanoparticles have also been 
studied for their As(III) and As(V) removal capacity. Adsorption 
capacities of 95 and 47 mg/g for As(III) and As(V), respectively, 
were obtained from the study [37]. The results from the current 
study were significantly higher than the adsorption capacity of 
commercial iron oxide samples (0.46 mg/g) [38].

Table 3
Summary of parameters obtained from Langmuir and Freun-
dlich isotherms for As(V) adsorption by Fe3O4 nanoparticles

pH Freundlich model Langmuir model
kf (µg/g) 1/n R2 qm (µg/g) kα R2

6.5 25.03 0.88 0.97 3,333.3 0.01 1
7 46.88 0.99 0.98 3,333.3 0.02 0.98
7.5 72.7 0.96 0.77 1,000 0.05 0.62

Table 2
Summary of parameters obtained from Langmuir and Freun-
dlich isotherms for As(III) adsorption by Fe3O4 nanoparticles

pH Freundlich model Langmuir model
kf (µg/g) 1/n R2 qm (µg/g) kα R2

6.5 17.34 0.85 0.88 909.1 0.02 0.87
7 25.35 1.12 0.93 909.1 0.06 0.68
7.5 21.65 0.75 0.98 714.28 0.02 0.99
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3.3.2. Fluoride

Table 4 shows the Langmuir and Freundlich isotherm 
parameters for fluoride adsorption by Fe3O4 nanoparticles. A 
steady decrease in the qm (mg/g) values was observed with a 
corresponding increase in the pH. On comparison with the 
results from Table 3, it could be noted that the adsorption 
capacity of the nanoparticles was highest for As(V).

3.3.3. D–R isotherm

The D–R isotherm model is used to predict the sorption 
nature of the adsorbate on adsorbent, and the linear form of 
the equation may be written as follows [39]:

ln lnq q Ke s= − 2  (5)

RT
Ce

ε = +








ln 1

1  (6)

where ε is the Polanyi potential; R is the gas constant (J /mol K); 
T is the absolute temperature (K); Ce is the equilibrium con-
centration of contaminant in aqueous solution (g/L); qe is the 
amount of contaminant adsorbed per unit weight of iron oxide 
nanoparticles (g/g) and qs is the adsorption capacity (g/g). 

The D–R isotherm constant K can be calculated from the 
slope of the plot of lnqe against ε2. The mean free energy of 
adsorption, E, was then calculated from the obtained K value:

E K= −( )−2 0 5.  (7)

If E is in the range between 8 and 16 kJ/mol, the reaction is 
due to chemisorption. However, if the value of E < 8 kJ/mol, the 
reaction is purely physisorption. The mean free energy of adsorp-
tion in our study was found to be 5.8, 5.85 and 7.68 kJ/mol at pH 7 
for As(III), As(V) and F, respectively, implying that physisorption 
took place in all the cases.

It is to be noted that the adsorption capacity of Fe3O4 
nanoparticles presented here is based on the study with model 
groundwater. In the presence of other common groundwater 
ions, the adsorption capacity would be different. Depending 
on the type of ions (charge, molecular weight, solubility etc.) 
present, the capacity may possibly either increase, remain 
the same or even increase [40]. For example, increasing con-
centration of phosphate (0.5–5 mg/L) in spiked groundwater 
samples was found to decrease arsenic adsorption (from 88% 
to 60%) by magnetite–maghemite nanoparticles [21]. Cations 
such as Ca and Mg in groundwater have been found to have 
synergistic effect on As(V) adsorption by TiO2 nanoparticles 

due to electrostatic attraction, while exhibiting negligible 
effects towards As(III) [41].

3.4. Adsorption kinetics

A study was also carried out to determine the kinetics of 
sorbate adsorbed within the equilibration time. The change 
in As(III) and As(V) adsorbed within the equilibration time is 
shown in Fig. 7. The results obtained were in accordance with 
the As(III) and As(V) adsorbed at the end of 4 h. The As(III) 
adsorbed increased from 413.65 µg/g in 15 min to 456.18 µg/g 
at the end of 4 h as compared with 386.81 µg/g in 15 min to 
459.82 µg/g in 4 h for As(V). Similarly, the 4 h results of flu-
oride adsorbed from the short-term kinetics studies were in 
accordance with the results of the batch sorption study. 

The next part of the study was to determine the kinetic 
model best fitting the data. Adsorption kinetic parameters are 
important in predicting adsorption rate and also in designing 
adsorption-based water treatment systems [42]. The rate at 
which the sorbate gets adsorbed onto the Fe3O4 nanoparticles 
can be determined using the rate-order kinetics.

The pseudo-first-order reaction can be written as [43]:

log log
.

q q q
k

te t e−( ) = − 







1

2 303
 (8)

while the pseudo-second-order reaction may be written 
as [44]:

1 1 2/ ( / )q q q k te t e−( ) = +  (9)

where qe and qt are the fluoride and arsenic adsorbed at equi-
librium and at time t, respectively, and k1 and k2 are the rate 
constants of the pseudo-first-order and pseudo-second-order 
reaction, respectively.

Fig. 8 plots the pseudo-first-order kinetic modelling plot 
of log(qe – qt) vs. t for As(III) and As(V). The pseudo-first-or-
der parameters were a better fit with the data than the pseu-
do-second-order parameters. Compared with As(III), As(V) 
had a better fit to the pseudo-first-order model as indicated 
by the correlation coefficient values. The rate constant k1 val-
ues of 0.003 and 0.005 was calculated for As(III) and As(V), 
respectively, while the corresponding pseudo-second-order 

Fig. 7. Short-term kinetics of arsenic adsorption as a function 
of time (pH = 7.0, concentration = 500 µg/L, shaking speed = 
180 rpm, temperature = 20°C).

Table 4
Summary of parameters obtained from Langmuir and Freun-
dlich isotherms for fluoride adsorption by Fe3O4 nanoparticles

pH Freundlich model Langmuir model
kf (mg/g) 1/n R2 qm (mg/g) kα R2

6.5 0.59 0.63 0.73 1.78 0.64 0.76
7 0.78 0.45 0.64 1.47 1.78 0.48
7.5 0.54 0.42 0.55 1.20 1.22 0.70
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rate constants were 0.0001 for both As(III) and As(V). 
Table 5 summarizes the calculated parameters fitting the 
 pseudo-first-order and pseudo-second-order reactions. 

In summary, iron oxide nanoparticles, which were syn-
thesized using a chemical co-precipitation method, were 
effective adsorbents for both As(III) and As(V). The nanopar-
ticles exhibited an adsorption capacity of ~1,000 µg/g at As 
concentration of 1,000 µg/L, pH 7. Effect of parameters like 
pH and initial concentration of As were studied for their 
effect on the removal. Increase in adsorption capacity was 
observed with increase in initial concentration, and the par-
ticles followed Freundlich model of adsorption. The parti-
cles followed pseudo-first-order kinetics for both As(III) and 
As(V). Further studies may be focussed on determining the 
effect of other parameters like presence of other anions, tem-
perature and concentration of the nanoparticle etc. on the 
adsorption process. In the case of fluoride, the nanoparticles 
did not exhibit significant removal at different concentrations 
of fluoride and at different pH. The removal was not compa-
rable with those cited in the literature. Further modifications 
on the nanoparticles, like surface coating with alumina, may 
be required to improve its efficiency for fluoride removal. 

4. Conclusions

• The present study demonstrated the application of 
unmodified Fe3O4 nanoparticles for effective removal of 
arsenic and fluoride from aqueous solutions. 

• The removal of arsenic and fluoride from the contami-
nated waters depends on parameters like pH, initial con-
centration of arsenic and fluoride, and also interaction 
time. There was no significant removal efficiency of fluo-
ride from the aqueous solution using Fe3O4 nanoparticles. 

• The synthesized nanoparticles had significant adsorption 
efficiency for As(III) (~97%) and As(V) (~98%) at pH 7 and 
at a As concentration of 1,000 µg/L. 

• The nanoparticles followed the Freundlich model of 
adsorption, and the kinetic data fitted the pseudo-first-or-
der reaction kinetics with k1 values of 0.003 and 0.005 for 
As(III) and As(V), respectively. The D–R isotherm fitting 
revealed that adsorption process was physisorption.

• Further detailed studies would be required to provide 
insight into the various factors affecting the adsorption of 
As(III) and As(V) by synthesized iron oxide nanoparticles.

• The iron oxide nanoparticles did not demonstrate signif-
icant adsorption of fluoride at the concentrations studied 
as compared with other available adsorbents for fluo-
ride. Functionalization of the iron oxide nanoparticles to 
form iron/alumina nanocomposites may be performed to 
determine its enhanced efficacy, if any, towards fluoride 
adsorption.
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