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a b s t r a c t
The study was designed to synthesize iron oxide/alumina nanocomposites and to investigate their 
application as an adsorbent to remove both fluoride and arsenic from aqueous solutions. The 
nanocomposites were extensively characterized by X-ray diffraction analysis, Brunauer–Emmett–Teller 
analysis, Fourier transform infrared spectroscopy and zeta potential analysis. The size and morphology 
of the particles were determined by scanning electron microscopy which revealed an average parti-
cle size of ~230 nm. The synthesized nanocomposites were stable for at least 4 h in static conditions 
as evidenced by particle size measurements. Batch sorption studies were carried out and sorption 
isotherms and reaction kinetics were analyzed. The nanocomposites followed the Langmuir isotherm 
model and fitted well with pseudo-second-order reaction for both As and F. The maximum sorp-
tion capacity of the nanocomposites for As(III), As(V) and F at pH 7 was 1,136 µg/g, 2,513 µg/g and 
4 mg/g, respectively. The presence of F in the model water had a synergistic effect on As(III) and As(V) 
removal whereas the presence of As had no significant effect on F removal at pH 7. Furthermore, the 
nanocomposites demonstrated significant antibacterial activity at a concentration of 4 mg/mL with ~3 
log reduction of Escherichia coli after 24 h. The results of the study showed that the synthesized nano-
composites can be a promising adsorbents for As and F removal in small-scale water systems. 
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1. Introduction

Pollution and indiscriminate exploitation of surface 
water over the years has led to dependence on groundwater 
for potable purposes by over 50% of the global population 
[1]. However, groundwater is a source of several naturally 
occurring and anthropogenic ions such as fluoride, arsenic, 
lead, chromium, nitrate, selenium, chloride, heavy metals, 
radioactive materials in addition to pathogens which greatly 
compromise the water quality [2,3]. The World Health 
Organization reports that about 663 million people around 
the world do not have access to safe drinking water [4]. 

Furthermore, drinking water contamination with microbial 
pathogens causes several waterborne diseases [5,6]. Globally, 
lack of safe drinking water and adequate sanitation lead 
to 842,000 deaths per year, mostly due to diseases caused 
by bacteria, viruses, protozoa and parasites [7]. Hence, 
implementation of basic water treatment is urgently needed, 
particularly in vulnerable areas, where centralized water 
treatment facilities are non-existent [8].

Arsenic and fluoride are reported among the most 
hazardous inorganic pollutants present in groundwater [9]. In 
view of their adverse health impact, WHO has recommended 
maximum permissible limits of F and As as 1.5 mg/L and 
10 µg/L, respectively [10]. Co-contamination of arsenic and 
fluoride in groundwater has been reported in many parts 
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of the world [11,12]. Hence, simultaneous removal of both 
arsenic and fluoride is of crucial importance to simplify treat-
ment processes and to reduce costs [13].

Technologies such as reverse osmosis and ion exchange 
are effective in simultaneously removing arsenic and fluo-
ride in centralized water treatment facilities but are however 
restricted in their application due to the high costs of imple-
mentation [13]. On the other hand, adsorption technology is 
preferred in small-scale systems in view of its cost-effectiveness 
and high efficiency [14]. Iron-based adsorbents have been 
extensively reported to exhibit the highest adsorption capabil-
ity towards As while aluminium-based adsorbents have been 
shown to have affinity towards F [15,16]. 

Few studies have been carried out exploring the efficacy 
of iron- and aluminium-based binary oxides and hydroxides 
for the simultaneous removal of As and F [12,13]. Recent 
decades have witnessed an increasing interest in the appli-
cation of nanoparticles in drinking water treatment in view 
of their increased surface area to volume ratio [17] enabling 
enhanced adsorption of contaminants. Our previous study 
had explored the potential of iron-based nanoadsorbents 
for the removal of arsenic and fluoride [16]. However, the 
nanoparticles exhibited significant activity towards arsenic, 
their efficacy for fluoride removal was not comparable with 
aluminium-based adsorbents. Some studies have also indi-
cated the potential antimicrobial activity of alumina and iron 
oxide nanoparticles against common pathogens [18,19].

Thus, the objectives of the present study were to eluci-
date the simultaneous arsenic and fluoride removal potential 
of iron oxide/alumina nanocomposites. In order to achieve 
this, iron oxide/alumina nanocomposites were synthesized, 
characterized and their simultaneous arsenic and fluoride 
removal efficiency were studied. Additionally, as a second-
ary study, their antibacterial efficacy towards Escherichia coli, 
a common pathogen, was extensively studied.

2. Materials and methods

2.1. Chemicals

Iron(III) chloride hexahydrate, iron(II) chloride tetrahy-
drate and aluminium(III) nitrate nonahydrate were procured 
from Merck KGaA, Germany. NaF was used to prepare stan-
dard fluoride solutions while NaAsO2 and NaAsO4.12H2O 
were used as sources of As(III) and As(V), respectively. All 
chemicals were of analytical grade and were used without 
further purification. Deionized water from Milli-Q was used 
throughout the experiments. 

2.2. Synthesis of iron oxide/alumina nanocomposites

2.2.1. Preparation of iron oxide (Fe3O4) nanoparticles

The magnetic nanoparticles were prepared by a chem-
ical coprecipitation method as reported in our previous 
publication [16]. Briefly, 0.279 g of FeCl3.6H2O and 1.395 g 
of FeCl2.4H2O were dissolved in 100 mL ethanol and 14.7 M 
NH3 was added dropwise while stirring until pH reached 9. 
Agitation was further continued at 50°C for 3 h and the con-
tents centrifuged. The pellet was further washed and dried at 
100°C for 3 h.

2.2.2. Preparation of iron oxide/alumina nanocomposites

The method of Amirsalari and Shayesteh [20] was fol-
lowed with modifications. 3.75 g Al(NO3)3.9H2O was dis-
solved in 100 mL deionized water and heated to 60°C with 
stirring. It was then precipitated by adding NH3 (2 M) at the 
rate of 2 mL/min thereby forming Al(OH)3 gel. 0.05 g of the 
synthesized iron oxide nanoparticles were added followed 
by stirring at room temperature for 12 h. The contents were 
centrifuged at 4,500 rpm for 10 min and repeatedly washed. 
The pellet was then dried at 100°C for 1 h followed by calci-
nation at 550°C for 3 h. 

2.3. Physicochemical characterization

2.3.1. X-ray diffraction analysis

Preliminary characterization of the nanocomposites was 
performed using an XRD diffractometer (PANalytical-XPERT 
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 30 mA current. The 
scanning range was selected between 10° and 100°. 

2.3.2. Brunauer–Emmett–Teller analysis

The specific surface area of the synthesized nanocomposites 
was determined using Brunauer–Emmett–Teller (BET) surface 
area analyzer (Micromeritics TriStar III, USA). The samples 
were placed in sample cells degassed, and heated to 300°C for 
2 h and cooled down to room temperature to remove mois-
ture prior to analysis. The adsorption–desorption plots were 
used to calculate the specific surface area (N2/BET method). 

2.3.3. Fourier transform infrared spectroscopic analysis

The surface functional groups of the nanocomposites 
were determined using a FTIR spectrophotometer (Affinity-1 
FTIR spectrometer, Shimadzu, Japan) over the range 
500–4,000 cm–1.

2.3.4. Particle size analysis

The particle size range of the nanocomposites along with 
its polydispersity was determined using a particle size ana-
lyzer (Zetasizer Nano ZS, Malvern Instruments Ltd., UK). The 
particles were dispersed in deionized water prior to analysis.

2.3.5. Zeta potential analysis

The surface electrostatic potential of the nanocomposites 
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. Measurement was performed at various pH to 
determine the point of zero charge (PZC) of the particles. 

2.3.6. Scanning electron microscopy–energy dispersive 
analysis X-ray spectroscopy 

The surface morphology of the particles was determined 
using SEM (JSM-6010LA, JEOL Inc., USA) and the particles 
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were dispersed in deionized water. The dispersed particles 
were then directly coated onto carbon tape and air dried 
prior to analysis. The elemental composition of the nanocom-
posites was determined using scanning electron microscopy–
energy dispersive analysis X-ray spectroscopy (SEM–EDAX). 

2.3.7. Particle stability

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

2.4. Batch adsorption studies

2.4.1. Effect of initial concentration 

Effect of As(III) and As(V) on adsorption by iron oxide/
alumina nanocomposites was determined by adding 0.05 g of 
nanoparticles in 50 mL of different concentrations of arsenic 
namely 200, 500, 1,000, 1,500 and 2,000 µg/L As(III) and As(V), 
respectively. Studies were carried out at pH 7. The bottles 
were kept agitated at 180 rpm (Innova 2100 Platform Shaker, 
New Brunswick Scientific, USA) for 4 h at room temperature 
(20°C). Similarly, the effect of fluoride was studied at different 
concentrations of fluoride namely 1, 3, 5, 7 and 10 mg/L F. 

2.4.2. Effect of adsorbent dosage

Effect of adsorbent dosage on As and F removal was 
studied for different weights of nanocomposites namely 0.5, 
1 and 2 g/L. Studies were carried out at pH 7 and at fixed ini-
tial concentration of 500 µg/L As and 3 mg/L F, respectively.

2.4.3. Effect of coexistence of As and F

Effect of coexistence of F on As adsorption was deter-
mined by adding 0.05 g of nanocomposites in 50 mL of 
arsenic at initial concentrations of 200, 500, 1,000, 1,500 
and 2,000 µg/L in the presence of fixed concentration of F 
(3 mg/L). Similarly, effect of coexistence of As on F adsorp-
tion was determined at different initial concentration of F, 
namely, 3, 5, 7 and 10 mg/L in the presence of fixed concen-
tration of As(III) and As(V) (500 µg/L).

2.5. Adsorption isotherms

Adsorption isotherms were obtained by batch equilibra-
tion technique carried out for a time period of 4 h. Isotherm 
experiments were performed at different pH values namely 
6.5, 7 and 7.5 with varying concentrations of As(III), As(V) 
and F as mentioned in the previous section. Langmuir and 
Freundlich isotherms were used to fit the adsorption data 
from equilibrium experiments. 

2.6. Adsorption kinetics

The sorption capacity and percentage sorption of both 
As(III) and As(V) and F as a function of time were deter-
mined by performing a study until equilibration time (15 min 
to 4 h). The concentration of As(III) and As(V) selected for 

the study was 500 µg/L at pH 7. The data obtained were then 
plotted to determine the best fitting kinetic model. All the 
experiments were performed in triplicates. 

2.7. Chemical analysis

2.7.1. Arsenic

Samples were withdrawn at specific points in time and fil-
tered through a 0.45 µm filter. Post-filtration, the samples were 
diluted and acidified with concentrated nitric acid before ana-
lyzed using an atomic absorption spectrophotometer-graphite 
furnace (Solar Thermo Elemental with FS95 graphite furnace 
with autosampler) with a detection limit of 2 µg/L.

2.7.2. Fluoride

The filtered samples withdrawn at specific points in time 
were 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
C C V
me

o e=
−( )

 (1)

The adsorption (%) was determined using the following 
equation:

Adsorption (%) =
−( )

×
C C
C
o e

o

100  (2)

where qe is the adsorption capacity (mg/g), Co and Ce are the 
initial and equilibrium concentration (µg/L and mg/L for 
As(III), As(V) and F, respectively) of the contaminant, respec-
tively, V is the volume of As and F solution (L) and m is the 
mass of the iron oxide/alumina nanocomposites.

2.8. Antibacterial activity of the nanocomposites

The antibacterial activity of the nanocomposites was 
tested against E. coli (ATCC 25922).

2.8.1. Growth inhibitory effect based on growth curve method

1 mL of fresh E. coli culture containing 109 CFU/mL was 
transferred to Erlenmeyer flasks containing 50 mL of nutri-
ent broth. Different concentrations of the nanocomposites, 
namely, 1, 2 and 4 mg/mL were added to the flasks contain-
ing the culture. The flasks were maintained at 37°C for 24 h at 
180 rpm and the absorbance was measured at 600 nm using 
a spectrophotometer (Cecil 1100, Cecil Instruments, UK) at 
different time points [21]. 

2.8.2. Growth inhibitory effect based on plate count method

Overnight cultures of E. coli (109 CFU/mL) were diluted 
using 0.85% peptone physiological salt (PPS) solution to a final 
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concentration of 104 CFU/mL. 1 mL from this diluted culture 
was then added to 9 mL of PPS containing different concentra-
tions of nanocomposites, namely, 1, 2 and 4 mg/mL. The tubes 
were then maintained at 37°C for 24 h at 180 rpm. Samples 
of 100 µL each were taken at 0, 2, 4, 8 and 24 h and plated on 
Chromocult coliform agar (CCA) plates and incubated at 37°C 
and counted for viable bacteria [21]. E. coli colonies are stained 
dark pink in the CCA plates. The antibacterial rate (%) [22] 
was calculated using the following equation:

Antibacterial rate
CFU

CFU
test

control

= − ×1 100  (3)

The log removal of E. coli at different time intervals was 
also calculated.

3. Results and discussion

3.1. Synthesis of iron oxide/alumina nanocomposites

The synthesis of the nanocomposites was carried out in 
two steps. The first step involved the synthesis of iron oxide 
nanoparticles using a chemical coprecipitation method. 
Spherical nanoparticles of ~190 nm were obtained. More 
details on its characteristics can be found in Prathna et al. 
[16]. The next step involved the synthesis of the nanocompos-
ites. Addition of ammonia solution to the aluminium nitrate 
solution resulted in the formation of aluminium hydroxide. 
Further addition of iron oxide nanoparticles at this stage 
resulted in the change in colour of the white opaque solution 
to pale red. Further calcination of the contents resulted in the 
conversion of hydroxides to oxide and was used for further 
characterization studies.

3.2. Physicochemical characterization

3.2.1. XRD analysis

The X-ray diffraction (XRD) pattern of the nanocompos-
ites (Fig. 1) revealed that iron oxide existed in the adsorbent. 
The peaks at 35° and 57° could be assigned to the characteristic 

peaks of Fe3O4 representing (311) and (511) facets [23]. Peaks 
at 32°, 46°, 62° and 68° could be assigned to (220), (400), (511) 
and (440) facets of Al2O3 (JCPDS File No. 29-0063) implying 
that it was predominantly γ-Al2O3 [24]. Previous studies on 
γ-alumina nanoparticles prepared by a similar method [20] 
showed peaks corresponding to the same planes as shown 
in Fig. 1. XRD analysis confirmed the crystallinity of the 
nanocomposites.

3.2.2. BET analysis

BET method was employed to measure the specific 
surface area of the iron oxide/alumina nanocomposites. 
A slight increase in the surface area of nanocomposites 
(86.08 ± 1.08 m2/g) was observed as compared with the 
iron oxide nanoparticles (75.24 m2/g) [16]. Increase in the 
surface area of the nanocomposites was possibly due to the 
decoration of pristine iron oxide nanoparticles in the com-
posites [25] and may play a role in enhanced adsorption 
applications [26]. Related studies on the specific surface area 
of sulphate-doped Fe3O4/Al2O3 nanoparticles yielded a sur-
face area of 63.37 m2/g [23]. 

3.2.3. FTIR analysis

Fourier transform infrared (FTIR) analysis was performed 
to determine the functional groups present in the synthesized 
nanoadsorbent. Fig. 2 shows the presence of absorption bands 
at ~3,500 and ~3,720 cm–1 which could be assigned due to –OH 
stretch [27]. The strong peak at ~2,360 cm–1 can be assigned to 
–C–O bend while the peak at ~2,063 cm–1 corresponds to sym-
metric deformation vibrations of Al–OH [28]. The band at 
~1,680 cm–1 was due to H–O–H scissoring mode [20] and the 
small peak at ~640 cm–1 could be related to Fe–O bond vibration 
of Fe3O4 nanoparticles in the sample [29]. The peak at ~1,540 cm–1 
could be attributed to the interaction between Fe oxide and Al 
oxide within the nanocomposites [13]. XRD and FTIR analyses 
confirmed the presence of Al and Fe in the adsorbent.

3.2.4. Particle size analysis

Particles of around 236 ± 3 nm in diameter were observed 
as seen from particle size analysis studies. The particles had 

γ Al2O3

Fe3O4 

Fig. 1. XRD pattern of synthesized iron oxide/alumina 
nanocomposites. Fig. 2. FTIR spectroscopy of iron oxide/alumina nanocomposites.



125T.C. Prathna et al. / Desalination and Water Treatment 104 (2018) 121–134

a narrow size range with a polydispersity of 0.338. Thus, the 
particle size analysis revealed the synthesis of nearly mono-
disperse particles with low polydispersity. 

3.2.5. Zeta potential analysis

The zeta potential of the iron oxide/alumina nano-
composites was measured at varied pH and the PZC was 
observed at pH ~6.8. A decrease in surface zeta potential was 
observed with a corresponding increase in pH. The surface 
zeta potential was 43.03 ± 1.91 mV at pH 2 and it decreased 
to –30.4 ± 0.64 mV at pH 10 (Fig. 3). The PZC of iron oxide 
nanoparticles added during the synthesis was pH ~9 [16]. 
Das et al. [30] observed the PZC of alumina nanoparticles to 
be pH ~6.7 depending on the method of synthesis.

3.2.6. SEM–EDAX studies

Fig. 4(a) shows the SEM image of the nanocomposites 
dispersed in aqueous solution. Nearly spherical particles 
with aggregates were observed from the image. EDAX anal-
ysis confirmed the presence of iron (Fe) and aluminium (Al) 
in the samples (Fig. 4(b)). 

3.2.7. Stability of nanocomposites

The stability of the nanocomposites was also studied by 
measuring the change in particle size over a period of 4 h 
under static conditions. The results of the study are shown in 
Fig. 5. There was no significant change in particle size over a 
period of 4 h. At the end of 4 h, the particle size decreased by 
~20 nm signifying the settling of larger particles under static 
conditions.

3.3. Batch adsorption studies

Batch adsorption studies were carried out to study the 
effect of various parameters such as initial concentration of 
arsenic and fluoride, adsorbent dosage and pH.

3.3.1. Effect of initial concentration

3.3.1.1. Arsenic The effect of As initial concentration on 
the adsorption efficiency of iron oxide/alumina nanocompos-
ites was investigated in the present study. Figs. 6(a) and (b) 
show the adsorption efficiency (%) and adsorption capacity 
(qe) of iron oxide/alumina nanocomposites as a function of 
As(III) and As(V) initial concentration, respectively. In both 
cases, the adsorption capacity (qe) was observed to increase 
with a corresponding increase in the As(III) and As(V) con-
centrations, respectively (at the concentrations studied). Sim-
ilar trend will be observed as long as the nanocomposites are 
not saturated with the adsorbed species (namely As and F). 
From the figures, it was observed that qe was higher for As(V) 
compared with As(III). At 1,000 µg/L initial concentration of 
As(III) and As(V), the adsorption capacity of the nanocom-
posites, qe was 568 and 878 µg/g, respectively (Figs. 6(a) and 
(b)). Iron-based materials have been extensively studied for 
arsenic removal in view of their strong adsorption specificity 
towards arsenic and also their ease of removal exploiting their 
magnetic properties [31]. The removal of arsenate and arse-
nite by Fe-based materials occurs due to As–Fe complexation 

occurring on its surface [32]. As(V) predominates in aero-
bic environments while As(III) is predominantly found in 
moderately reducing anaerobic environments [33]. Studies 
have indicated that the mobility and toxicity of As(III) is 
greater than As(V) [34] and therefore it is essential to develop 
an adsorbent which is also effective against As(III). Our 
previous studies with iron oxide nanoparticles indicated an 
adsorption capacity, qe, of 954 µg/g at 1,000 µg/L initial con-
centration of As(III) [16]. 

Fig. 3. Change in zeta potential of iron oxide/alumina 
nanocomposites vs. pH.

 

Element Mass % 

C 69.35 

O 26.81 

Al 3.19 

Fe 0.66 

 

(a)

(b)

Fig. 4. (a) SEM micrograph and (b) EDAX analysis of iron oxide/
alumina nanocomposites.
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3.3.1.2. Fluoride Fig. 6(c) shows the effect of initial 
F concentration on adsorption efficiency (%) and adsorption 
capacity (mg/g) of the iron oxide/alumina nanocomposites. 
Increase in the initial F concentration led to a corresponding 
increase in the adsorption capacity, qe, of iron oxide/alumina 
nanocomposites. At 10 mg/L initial concentration of F, the 
adsorption capacity of the nanocomposites was 3.6 mg/g. 
The amount of F adsorbed at pH 7 (3.60 mg/g) was 
approximately two times higher as compared with our 
previous study carried out using iron oxide nanoparticles 
(1.78 mg/g) [16]. A decrease in the percentage removal of flu-
oride was also observed with increase in the initial concen-
tration and this could possibly be due to limited active sites 
on the adsorbent [35]. 

3.3.2. Effect of adsorbent dosage

The influence of adsorbent dose on percentage of As(III), 
As(V) and F removal at an initial As concentration of 500 µg/L 
and F concentration of 3 mg/L, respectively, at a neutral pH is 
shown in Table 1. In all cases, it could be observed that increase 
in the adsorbent dose from 0.5 to 2 g/L led to an increase in 
the percentage removal of As and F. In case of F, it was appar-
ent that increase in the adsorbent dose from 0.5 to 1 g/L led 
to nearly a twofold increase in the percentage removal. This 
could be attributed to the increasing active site/F ratio with 
increase in adsorbent dose [31]. However, further increase in 
adsorbent did not lead to significant increase in the percent-
age removal. Increase in adsorbent dose did not significantly 
impact the As(V) removal and on an average, ~98%–99% 
removal of As was achieved. Therefore, for further studies an 
adsorbent dose of 1 g/L was used. 

3.4. Isotherm studies

3.4.1. Effect of pH

Solution pH plays a major role in determining the 
behaviour on an adsorbent [36]. In order to further determine 
the mode of adsorption of the nanocomposites, isotherm 
studies were carried out at different pH (pH 6.5, 7 and 7.5) 
and the data analyzed. Langmuir and Freundlich isotherm 
models were fitted to the experimental data to determine the 
maximum adsorption capacity of iron oxide/alumina nano-
composites towards As(III), As(V) and F [37].

The Langmuir isotherm model assumes that adsorption 
takes place by monolayer sorption without involving inter-
molecular forces and also assumes that the adsorbent surface 
is homogenous [38]: 

C
q q

C
k q

e

e m
e

m

= +
∝

1 1
 (4)

Fig. 5. Stability study of synthesized iron oxide/alumina 
nanocomposites.

(a)

(b)

(c)

Fig. 6. Adsorption capacity and percentage adsorption 
of iron oxide/alumina nanocomposites as a function of 
(a) As(III), (b) As(V) and (c) F concentration (pH = 7.0, shaking 
speed = 180 rpm, temperature = 20°C).
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while the Freundlich model is an empirical description of 
adsorption on a heterogeneous surface [39].

log log logq k
n

Ce f e= +
1

 (5)

where qe is the amount of sorbate adsorbed at equilibrium per 
gram of iron oxide/alumina nanocomposites; Ce is the con-
centration of sorbate at equilibrium; qm is monolayer sorption 
capacity (mg/g); kα is the Langmuir sorption equilibrium con-
stant and kf and 1/n are the Freundlich constants.

3.4.1.1. Arsenic pH is a major factor for arsenic adsorp-
tion-based water treatment processes as arsenic speciation 
is strongly influenced by the water pH value [40]. In case of 
As(III) and As(V), the Langmuir equilibrium isotherm equa-
tion gave relatively better description of sorption. Fig. 7(a) 
plots the Langmuir isotherm for As(III) adsorption. It could 
be observed that increase in pH from 6.5 to 7.5, did not lead 
to a significant change in the qm value (slight increase from 
1,064 to 1,333 µg/g, respectively). This might be due to the 
dominant As(III) species as neutral H3AsO3 at the pH range 
studied [41]. However, in case of As(V) (Fig. 7(b)), it could be 
observed that increase in pH from 6.5 to 7.5 led to a significant 
decrease in the qm value from 2,857 to 1,923 µg/g, respec-
tively (Table 2). It is well known that As(V) predominantly 
exists as negatively charged H2AsO4

– and HAsO4
2– in the 

pH range studied [42]. Since the PZC of the nanocomposites 
was observed to be pH ~6.8 (Fig. 3), they were slightly posi-
tively charged at pH lower than 6.8 favouring the adsorption 
of arsenic(V) anions due to electrostatic attraction. Further 
increase in pH possibly led to repulsion effect. Similar exper-
imental phenomenon was also observed for the adsorption 
of As(III) and As(V) by magnetic nanoparticles impregnated 
chitosan beads [31]. Comparing the qm values between As(III) 
and As(V) showed that iron oxide/alumina nanocomposites 
had ~3 times more adsorption capacity for As(V) than As(III) 
at pH 6.5, suggesting that the nanocomposites had higher 
sorption capacity for As(V) than As(III).

3.4.1.2. Fluoride Data analysis for F adsorption 
demonstrated a good fit with both Langmuir and Freundlich 
isotherms. Fig. 7(c) plots the Langmuir isotherm for 
F adsorption. There was no effect on the qm values with 
increase in pH in the range studied. A maximum qm value 
of 4.2 mg/g was observed at pH 6.5 and this was ~2.5 times 

higher than the qm values observed using iron oxide nanopar-
ticles in our previous research [16]. Kamga et al. [43] reported 
that the qm values of fluoride onto boehmite nanoparticles 
synthesized using NH4Cl to be 10.25 mg/g. However, the 
study was carried out at a higher initial fluoride concen-
tration and at a higher adsorbent dose (4 g/L) and agitation 
time (24 h). Similarly, Kumar et al. [14] explored the potential 
of Al–Fe doped nanopolymeric adsorbents for the removal 
of fluoride and arsenic(V) from wastewater and reported a 
maximum adsorption capacity of ~100 mg/g for fluoride 
(under higher initial fluoride concentration ranging between 
10 and 100 mg/L).

It was significant to observe from the isotherm stud-
ies that the qm values for As did not change significantly as 
compared with iron oxide nanoparticles. On the other hand, 
there was a significant increase in the qm values for F as com-
pared with the nanoparticles. This further signified that iron 

Table 1
Effect of adsorbent dose on percentage arsenic and fluoride 
removal by iron oxide/alumina nanocomposites (pH = 7; shaking 
speed = 180 rpm; temperature = 20°C)

Weight of adsorbent (g/L) Percentage removal
As(III) As(V) F

0.5 53.4 98.9 32.7
1 64.2 98.4 61.9
2 67.1 99.9 74.5

(a)

(b)

(c)

Fig. 7. Langmuir isotherm of (a) As(III), (b) As(V) and 
(c) F adsorption onto iron oxide/alumina nanocomposites.
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oxide/alumina nanocomposites could potentially be used for 
the removal of both arsenic and fluoride at drinking water 
pH range.

3.4.2. Effect of coexisting arsenic and fluoride

Coexistence of arsenic and fluoride has been reported in 
many aquifers and hence there is a need to develop technol-
ogies to simultaneously remove the coexisting As and F from 

groundwater. Though there have been studies on the appli-
cation of nanoadsorbents for simultaneous removal of As 
and F, very few of them have explored the removal of either 
As or F in the presence of the other [12]. A system containing 
a mixture of ions/adsorbates are known to exhibit three dif-
ferent types of behaviour, namely (i) synergism (the effect of 
the mixture is greater than the individual components), (ii) 
antagonism (the effect of the mixture is lesser than the indi-
vidual components) and (iii) non-interaction [35].

3.4.2.1. Arsenic adsorption in the presence of fluoride Fig. 8(a) 
plots the Langmuir isotherm for As(III) in the presence of flu-
oride and Table 2 provides a summary of parameters. It could 
be observed that the presence of F provided a synergistic effect 
and led to an increase in the qm values from 1,136 to 2,222 µg/g 
in the absence and presence of fluoride, respectively. Similarly 
the presence of fluoride led to a slight increase in the As(V) 
removal capacity (qm values increased from 2,513 to 2,857 µg/g 
in the presence of fluoride) and the data fitted Langmuir iso-
therm model (Fig. 8(b)) indicating that the negatively charged 
arsenate ions competed effectively for the active sites on the 
adsorbent than the negatively charged fluoride ion [12]. Sim-
ilar results were reported by Rathore et al. [35] when they 
studied the removal of arsenic by chemically treated laterite 
in the presence of fluoride. On the other hand, Qiao et al. [12] 

(a)
(b)

(c) (d)

Fig. 8. Langmuir isotherm of (a) As(III), (b) As(V) adsorption onto iron oxide/alumina nanocomposites in the presence of fluoride 
(pH = 7.0, shaking speed = 180 rpm, temperature = 20°C). Langmuir isotherm of F adsorption onto iron oxide/alumina nanocomposites 
in the presence of (c) As(III) and (d) As(V) (pH = 7.0, shaking speed = 180 rpm, temperature = 20°C).

Table 2
Summary of parameters obtained from Langmuir isotherms 
for arsenic and fluoride adsorption by iron oxide/alumina 
nanocomposites

Contaminant Langmuir model
qm (µg/g) R2

As(III) + F 2,222.0 0.84
As(III) 1,136.0 0.96
As(V) + F 2,857.0 0.71
As(V) 2,513.0 0.61
F + As(III) 3.85 0.95
F 4.00 0.98
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observed that the presence of F provided an antagonistic 
effect on As(V) removal by Al–Fe (hydr)oxides though the 
studies were carried out at higher initial concentrations of 
F (20 mg/L). The percentage removal of F in the presence of 
varying concentrations of As(III) and As(V) was also moni-
tored and the results indicated that there was no significant 
change in percentage removal of F with increase in As concen-
tration (Supplementary Figs. S1 and S2). 

3.4.2.2. Fluoride adsorption in the presence of arsenic The 
presence of As(III) and As(V) provided a slight antagonistic 
effect towards F adsorption (Figs. 8(c) and (d)) and they fol-
lowed the Langmuir isotherm model in both cases. In case 
of F adsorption in the presence of As(III), the qm values were 
largely unaffected, decreasing to 3.85 mg/g from 4 mg/g in 
the presence and absence of As(III), respectively. In case of 
F adsorption in the presence of As(V), the qm values decreased 
to 3.13 mg/g from 4 mg/g in the presence and absence of 
As(V), respectively. Qiao et al. [12] observed a 26% decrease 
in the F adsorption capacities of Al–Fe hydr(oxides) in the 
presence of arsenate. It was significant to observe that 
increase in F concentration led to a visible increase in the 
removal from 75% to 95% when the F concentration increased 
from 1 to 10 mg/L, respectively (Supplementary Fig. S3). The 
percentage removal of As(V) was unaffected by changes in 
F concentration with nearly 100% removal observed in all 
cases (Supplementary Fig. S4). 

It is to be noted that the adsorption capacity of iron 
oxide/alumina nanocomposites presented here are based on 
the study with Millipore water. Groundwater has many ions 
such as sodium, magnesium, potassium, sulphate, calcium, 
nitrate, phosphate, chloride, etc [44]. Thus, the adsorption 
capacity would be different in the presence of other common 
groundwater ions. Depending on the type of ions (charge, 
molecular weight, solubility, etc) present, the capacity may 
possibly either increase, remain the same or even increase 
[45]. For example, the presence of phosphate in real ground-
water samples was found to decrease fluoride adsorption 
(2% reduction) by iron nanoimpregnated particles [44]. On 
the other hand, the presence of Ca and Mg in groundwater 

have been found to have synergistic effect on As(V) adsorp-
tion by TiO2 nanoparticles due to electrostatic attraction, 
while exhibiting negligible effects towards As(III) [46].

To summarize, the presence of F, had a synergistic effect 
on As(III) and As(V) adsorption while a slight antagonistic 
effect was observed for F adsorption in the presence of As(III) 
and As(V). Table 3 provides a comparison of the adsorption 
capacity of several nanoadsorbents studied for arsenic and 
fluoride removal with the present study. It can be observed 
that most of the adsorbents have been used for the removal 
of a single contaminant. Factors such as pH, adsorbent dose, 
initial contaminant concentration, contact time, temperature, 
etc., play a significant role in determining the maximum 
adsorption capacity of an adsorbent in a system and are crit-
ically important when comparing adsorbents. 

3.5. Adsorption kinetics

A study was also carried out to determine the kinetics of 
arsenic and fluoride adsorbed within the equilibration time. 
The change in As(III) and As(V) adsorbed within the equili-
bration time is shown in Fig. 9(a). The results obtained were 
in accordance with the As(III) and As(V) adsorbed at the end 
of 4 h. The adsorption of As(V) occurred more quickly and 
needed less time to reach equilibrium than that of As(III). 
Similarly, the 4 hour results of fluoride adsorbed from the 
short-term kinetics studies, as shown in Fig. 9(b), were in 
accordance with the results of the batch sorption study. The 
F adsorbed increased from 0.91 mg/g in 15 min to 1.72 mg/g 
in 4 h (Fig. 9(b)).

To further quantify the changes of arsenic and fluoride 
adsorption with time on iron oxide/alumina nanocompos-
ites, pseudo-first-order and pseudo-second-order kinetic 
models were used to simulate the kinetics. 

The pseudo-first-order reaction can be written as [47]: 

log log
.

q q q
k

te t e−( ) = −








1

2 303
 (6)

while the pseudo-second-order reaction can be written as [48]:

Table 3
Comparison of the sorption capacity of some adsorbents against As and F with iron oxide/alumina nanocomposites synthesized in 
this study

Nanoparticles Contaminant Adsorption capacity (mg/g) Remarks Reference 

MgO F 21.1 pH 5 [54] 
Fe–Al–Ce F 2.22 pH 7, initial F concentration 

10 mg/L
[55] 

SO4-doped Fe3O4/Al2O3 F 70.4 pH 7 [23]
Iron nanoimpregnated adsorbent F 2.18 pH 7, adsorbent dose 2.5 g/L [44] 
MgO As(V) 18.65 pH 7, adsorbent dose 1 g/L [56]
Iron oxide As, F 0.91 As(III)

3.33 As(V)
1.47 F

pH 7, adsorbent dose 1 g/L [16]

Iron oxide/alumina nanocomposites As, F 1.14 As(III)
2.5 As(V)
4 F

pH 7, adsorbent dose 1 g/L This study
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where qe and qt are the fluoride and arsenic adsorbed at equi-
librium and at time t and k1 and k2 are the rate constants of 
the pseudo-first-order and pseudo-second-order reaction, 
respectively.

In all cases, the pseudo-second-order parameters 
better fitted with the data than the first-order parameters. 
The rate constant k2 values of 0.0002, 0.007 and 0.038 were 
calculated for As(III), As(V) and F, respectively. The values 
of k2 for As(V) adsorption were higher than those for 
As(III) adsorption under the same experimental conditions 
confirming that the removal of As(V) by iron oxide/alumina 
nanocomposites was faster than As(III). Table 4 summarizes 
the calculated parameters fitting the pseudo-first-order and 
pseudo-second-order reactions. 

3.6. Antibacterial studies

Water is a source of several waterborne diseases with 
diarrhoea being the most common infectious waterborne dis-
ease in the developing world [49]. We attempted to develop 
an adsorbent which is effective against multiple inorganic 
contaminants with significant antibacterial activity against 
pathogenic microbes (though not the main focus of the 
paper). This would be the first significant step in enabling 

application of the nanoadsorbent in a point-of-use drink-
ing water treatment system for effective removal of harmful 
contaminants. 

Inorganic metal oxide nanoparticles have been deter-
mined to be effective disinfectants in view of their non-
toxic profile, stability and antibacterial activities [50]. The 
antibacterial activity of iron oxide and alumina nanoparti-
cles towards E. coli has been well documented. Iron oxide 
nanoparticles have been studied to cause the inactivation of 
E. coli by the diffusion of smaller particles into the membrane 
of the bacteria [51]. Another related study determined that 
there was a concentration dependant inhibition of E. coli on 
treatment with the iron oxide nanoparticles [52]. On the other 
hand, alumina nanoparticles have been observed to cause 
disruption of cell membrane and changes in the extracellular 
protein of E. coli [53]. In the present study, in order to deter-
mine the effectiveness of the synthesized nanocomposites 
against E. coli, the optical density was measured in nutri-
ent broth, in the presence and absence of nanocomposites 
(Fig. 10(a)). Increase in the concentration of nanocomposites 
led to a corresponding inhibition in the growth of the bacte-
rium. However, no complete inhibition of bacterial growth 
with time was observed at all the concentrations studied. 
A reduction in the optical density measured by ~60% was 
observed at the end of 24 h when a concentration of 4 mg/mL 
of nanocomposites was used as compared with control. 

From Table 5, it was observed that an increase in the 
concentration of the nanocomposites led to a correspond-
ing increase in the antibacterial activity. A 1 log reduction of 
E. coli was first observed at the end of 4 h when a concentra-
tion of 4 mg/mL nanocomposites was used. Further increase 
in the duration of treatment up to 24 h led to ~3 log reduc-
tion of bacteria. However, it was significant to observe that 
the nanocomposites were not as effective in inactivation of 
E. coli at the concentrations used for the arsenic and fluoride 
removal studies (1 mg/mL). A 1 log reduction of E. coli was 
observed after 24 h of treatment.

Increase in the duration of treatment led to an increase 
in the antibacterial rate (Fig. 10(b)). There was an increase in 
the antibacterial rate (%) with the corresponding increase in 
the concentration of nanocomposites. A 99.8% antibacterial 
rate was observed at the end of 24 h when a concentration of 
4 mg/mL of nanocomposites was used. 

The antibacterial studies revealed that the nanocomposites 
had significant activity against E. coli at higher concentrations 
with increase in duration of treatment. We could also observe 
that the nanocomposites were not effective as a disinfectant 
at the concentration studied for arsenic and fluoride removal 
studies. 

(a)

(b)

Fig. 9. (a) Short-term kinetics of arsenic adsorption as a function of 
time (pH = 7.0, concentration = 350 µg/L, shaking speed = 180 rpm, 
temperature = 20°C). (b) Short-term kinetics of fluoride adsorption 
as a function of time (pH = 7.0, concentration = 3 mg/L, shaking 
speed = 180 rpm, temperature = 20°C).

Table 4
Summary of pseudo-first-order and pseudo-second-order 
reaction constants for arsenic and fluoride under optimized 
conditions (pH = 7; shaking speed = 180 rpm; temperature = 20°C; 
equilibration time = 4 h)

Type k1 (min) R2 k2 (min) R2

As(III) 0.009 0.80 0.0002 0.89
As(V) 0.025 0.76 0.007 0.93

F 0.01 0.75 0.038 0.82
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4. Conclusions

The present study demonstrated the application of 
iron oxide/alumina nanocomposites for the simultaneous 
removal of arsenic and fluoride from aqueous solutions. 
Stable nanocomposites with an average particle size of 
~230 nm were obtained as evidenced by particle size analysis 
and SEM. The nanocomposites (at a concentration of 1 g/L) 
had significant adsorption efficiency for As(III) (~75%), 
As(V) (~99%) and F (~85%) at pH 7 and As concentration 
of 1,000 µg/L and F concentration of 1 mg/L, respectively. 

The nanocomposites followed the Langmuir isotherm 
model and the kinetic data fitted the pseudo-second-order 
reaction kinetics with k2 values of 0.0002, 0.007 and 0.038 
for As(III), As(V) and F, respectively. The presence of F in 
the model water had a synergistic effect towards As(III) and 
As(V) removal by nanocomposites whereas the presence 
of As did not have a significant effect towards F removal. 
The nanocomposites demonstrated significant antibacterial 
activity towards E. coli at higher concentrations (4 mg/mL) 
with ~3 log reduction at the end of 24 h.
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Fig. S1. Percentage removal of F in the presence of increasing 
concentrations of As(III).

0%

10%

20%

30%

40%

50%

60%

70%

80%

- 500 1,000 1,500 2,000 

Fl
uo

rid
e 

re
m

ov
al

 (%
)

Ini�al concentra�on of As (V) (μg/L)

Fig. S2. Percentage removal of F in the presence of increasing 
concentrations of As(V).
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Fig. S3. Percentage removal of As(III) in the presence of increasing 
concentrations of F.
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Fig. S4. Percentage removal of As(V) in the presence of increasing 
concentrations of F.


