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Abstract: Arsenic (As) removal from portable water bodies using the nanotechnology-based adsorp-
tion technique offers a unique method to lower the As contamination below the World Health
Organization’s (WHO) maximum contaminant level (MCL). This work promotes a systematic
methodological-based adsorption study by optimizing the different parameters that affect As removal
using TiO2/γ-Fe2O3 nanocomposites (T/M NCs) prepared with the green, facile, and cost-effective
ball milling method. The studies using X-ray Diffraction (XRD) illustrate the structural modifications
with variations in the constituting T/M ratios, with high-resolution transmission electron microscopy
(HRTEM) being used for the NC morphological studies. The optical characterization studies showed
that bandgap tuning between 2–2.8 eV reduced the maghemite (γ-Fe2O3) content in the NCs and
the elemental analysis confirmed the desired stoichiometry of the NCs. The magnetic measurements
showed that the magnetic interaction among the particles tends towards exchange coupling behavior
as the weight ratio of γ-Fe2O3 content decreases in the NCs. The adsorption studies using the most
efficient NCs with an optimized condition (NC dose (8 g/L), contact time (15 min), As concentration
(2 ppm), and pH (4)) resulted in a more than 99% removal of As species, suggesting the excellent
behavior of the synthesized nanomaterial for water treatment and making it more economical than
other competing adsorption techniques and materials.

Keywords: ball milling; arsenic removal; TiO2/γ-Fe2O3 nanocomposite; magnetic separation; adsorption

1. Introduction

Human health is one of man’s most significant priorities but is bedeviled by many
environmental contaminants. Most of the pollutants are predominantly in metallic forms
and of high carcinogenicity, with specific heavy metals such as arsenic (As) being top on the
list. Several studies reveal that millions of people worldwide are exposed to these heavy
metals through contaminated drinking and groundwater used for domestic purposes [1,2].
The varying degrees of severity in different parts of the globe show that arsenic ranks at
the top, justifying the urgency and numerous attempts to develop several methods for
removing it from potable water sources [3–8].

The high prevalence of As within the Earth’s crust accounts for the facile leaching
into water bodies and soil. Industrial products, wastes, and mining activities may account
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for contamination from human-made activities [9,10]. The As atoms may combine with a
complex carbon atoms framework to form a harmless organic structure or exist as highly
toxic inorganic As compounds without carbon. In the inorganic forms, As atoms exist
in various oxidation states (−3, 0, +3, +5), with As (III) (arsenite) and As (V) (arsenate)
dominating mostly in aqueous mediums. Owing to their prevalence in the environment,
the European Union (EU), the United States of America (USA), and the World Health
Organization (WHO) established the maximum contaminant level of 10 µg/L for As in
drinking water. Other countries retained the earlier WHO guideline of 50 µg/L as their
interim target [11]. However, with potential accumulation, long-term exposure or intake
can lead to severe diseases, including acute and chronic poisoning in the respiratory and
gastrointestinal system, conjunctivitis, hyperkeratosis, hyperpigmentation, cardiovascular
diseases, and disturbance in the peripheral vascular and nervous systems [12]. Therefore,
there is a significant need to remove As from drinking water to avoid its substantial effects
on humanity’s health [13]. Thus, in the 2030 agenda, the WHO and United Nations (UN)
jointly developed a new set of Sustainable Development Goals to meet and ensure safe and
sustainable access to drinking water free of various contaminants, including As metal.

Therefore, various strategies and techniques have been widely reported to offer meth-
ods for removing As from water bodies, such as electrochemical treatment, reverse osmosis,
chemical treatment, ion exchange, membrane filtration, co-precipitation, photocatalysis,
and adsorption [14–18]. Adsorption techniques are commonly employed for water treat-
ments to remove organic, inorganic, and biological pollutants. Most soluble and insoluble
adsorbents offer several advantages, including high removal efficiency, simplicity, relatively
low-cost, easy operation, wide pH range, and less harmful by-products [19,20]. The materi-
als used for the adsorption processes also offer higher reclamation potentials, accounting
for the numerous scientific investigations on this technique [21].

The adsorption process involves the adhesion of atoms, ions, or molecules from a
gas, liquid, or dissolved solid (adsorbate) to a surface, creating a layer on the adsorbing
material surface (adsorbent). The amount of adsorbate on the adsorbing material depends
on numerous factors: pH, dosage, time, concentration, and temperature, which influence
the efficiency of removing the contaminants in the aqueous medium. Engineered nano-
materials offer massive potential for completely removing As (III) and (V), carbon-based
materials, surfactants, agriculture, industrial wastes, and polymers. The use of metals and
metal oxides, such as Fe2O3, TiO2, CeO2, CuO, and ZrO2, has been extensively exploited
considering their low-cost, high adsorption capacity, and affinity towards As [14,22–24].
Other studies employ the combination of two or more metal oxides in the form of compos-
ites to enhance the adsorption characteristics, which has recently attracted considerable
interest from researchers [25–27].

The use of metals and metallic oxides for As oxyanion adsorption depends strongly
on the properties of the active sites of d-block elements (i.e., Fe, Cu, Mn, Zn, Ni, and Ti) [28].
Predominantly, iron oxides (IOs) provide excellent adsorption properties with a high
surface-area-to-volume ratio and modifiable surfaces, proven biocompatibility, excellent
magnetic properties, reusability, ease of separation using an external magnetic field, and a
comparatively low cost [29,30]. The adsorption mechanism of IOs-based nano-adsorbents
depends on heavy metals’ migration, deprotonation, and surface complexation. The tools
mainly occur through ligand exchange, i.e., hydroxyl (OH−) or hydroxide (OH2) groups
in the coordination sphere of surface structural Fe atoms, and are explained through a
zero-point charge [31]. In the ion-exchange process, the specific adsorption to OH− groups
and their recoverability is due to their magnetic properties positioned on the iron-based
adsorbents specifically for the adsorption process [32]. They can coordinate easily with
other elements due to variable oxidation states.

Fe3O4 (magnetite), α-Fe2O3 (hematite), and γ-Fe2O3 (maghemite), among other IOs
nanomaterials, are the most common, highly explored, and widely used in water treatment
applications [33]. The cubic crystal structured maghemite unit cell contains 32 O2− ions,
21(1/3) FeIII ions, 2(1/3) positive vacancies, and the most stable polymorph. The cationic
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vacancies in the octahedral sites provide stability and homogeneous ion distribution for γ–
Fe2O3, significantly increasing the removal efficiency compared to other phases containing
only singly coordinated reactive OH− moieties [34].

The widely investigated anatase TiO2 for adsorption stems from its low toxicity, physic-
ochemical stability, facile preparation, low cost, and eco-friendly properties [35,36]. How-
ever, it has certain limitations, including a decreasing surface area due to agglomeration. In
comparison, a restriction of IOs is particle aggregation due to its large surface-to-volume ra-
tio and low surface energy [37]. Consequently, surface modification ensures these particles’
stability; combining these nanomaterials to form nanocomposites (NCs) anatase TiO2, and
γ-Fe2O3 provides an excellent combination of NCs for adsorption purposes and overcomes
the limitation of their modified counterparts [38].

The drawback associated with individual metal oxides is agglomeration due to the low
energy barrier, however, this problem can be overcome by the impregnation method, surface
coating or doping of nanoparticles with the various types of surfactants (anionic, cationic,
and nonionic), polymers (polyethylene glycol, etc.), polyelectrolytes, and different metal
or metal oxide nanoparticles [39–41]. Among metal oxides, the magnetic nanoparticles
(MNPs) can be easily separated from an aqueous solution with a low external magnetic
field, leading to the growing interest in heavy metal removal. Hence, to enhance the
adsorption behavior of arsenic, iron-oxide (maghemite phase) is combined with the TiO2
anatase phase. The TiO2/Iron oxide nanocomposites were formed using the ball milling
technique.

Compared to other synthesis methods, the mechanical ball milling technique provides
an advantageous and cost-efficient process for preparing NCs. Further advantages over
other synthesis methods include its greener and facile features, which may not require
solvents or surfactants during synthesis. The milling process yields a more considerable
amount of desired product with a short processing time under ambient conditions, elimi-
nating waste generation from multi-step procedures and high temperature and pressure
requirements with no hazardous or expensive chemicals. In addition, the relatively low
installation cost, use of a common powered grinding medium, and potential for both batch
and continuous operation make it suitable for large-scale industrial production [42–45].

In this work (Scheme 1), the T/M NCs were synthesized by considering the various
milling parameters, for example, ball-to-powder ratio (BPR), milling time, and rotation-per-
minute (RPM). Another essential consideration is the ratio of the individual nanomaterials
in the NCs, which ultimately influences the adsorption performance. Thus, this study opti-
mizes the adsorption conditions with the intention to remove As (III) and (V) contaminants
using NCs prepared with a mechanically milled process. The effect of adsorption factors,
such as dosage, time, concentration, and pH, was studied extensively to obtain optimized
conditions for complete As removal. To the best of our knowledge, the obtained results
presented in this study are novel, with the synthesized NCs showing >99% removal of As
(III) and (V).
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2. Nanocomposite Synthesis, Characterization, and Adsorption Studies
2.1. Synthesis

The anatase TiO2 materials were synthesized using the sol-gel method, and γ-Fe2O3
was prepared with the co-precipitation technique, which was further used for NC synthesis.
The anatase nanopowder was obtained by adding 5 mL of titanium tetrachloride (TiCl4)
dropwise into 15 mL of ethanol at 60 ◦C under continuous stirring. After 30 min, a light-
yellow gel was obtained and then kept in the oven at 70 ◦C for 24 h. The dry-gel precursor
was calcined at 450 ◦C in the furnace and ground to create the TiO2 anatase nanopowder.

The IOs nanopowder was obtained by mixing ferric chloride (Fe2+) and ferrous chlo-
ride (Fe3+) in a 1:2 ratio in 100 mL of deionized water at room temperature. An ammonium
hydroxide (NH4OH) solution was added dropwise to the mixture under continuous stirring
and constant nitrogen flow until a black precipitate was formed. The resulting residue
was then recovered and washed several times with deionized water, and the suspended
particles were collected with a strong neodymium magnet. The material was then dried in
an oven at 70 ◦C overnight. The material was calcined at 150 ◦C for 2 h to obtain the pure
maghemite phase.

The as-synthesized TiO2 (T) and γ-Fe2O3 (M) were used to produce T/M NCs by
the ball-milling technique at a constant BPR of 10:1 and a duration of 2 h. The synthesis
methods and preliminary results were published in [46], providing a detailed description
of the techniques adopted in this study. The different T/M NCs ratios prepared were 1/9,
3/7, 5/5, 7/3, and 9/1, based on the BPR calculations, and resulted in a powdered form.
The obtained NCs were stored until further use and evaluated for adsorption studies. A
detailed description of the NC’s adsorption conditions is presented in the below table
(Table 1).

Table 1. Optimization conditions adopted for this study.

S.no Adsorption
Parameters

Experimental
Conditions Description

1
Initial study

(T/M NCs ratios:
1/9, 3/7, 5/5, 7/3, and 9/1)

As (III) and As (V)—2 ppm
Dose—0.5 g/L

pH—7
Time—5 min

Studies on the
optimization of

the complete removal
of arsenic using

the best ratio.

2 Effect of
Dosage

Dose = 0.5, 2, 4, 6, and
8 g/L
pH—7

Time—5 min
As (III) and As (V)—2 ppm

3 Effect of
time

Time = 5, 15, 30, and 60 min
Dose—8 g/L

pH—7
As (III) and As (V)—2 ppm

4 Effect of
concentration

Concentration = 2, 4, and 6
ppm

Dose—8 g/L
pH—7

Time—15 min

5 Effect of
pH

pH = 4, 7, and 10
Dose—8 g/L

Time—15 min
As (III) and As (V)—2 ppm

2.2. Characterization

The X-ray diffractogram was obtained using the Bruker D2-phaser X-ray diffrac-
tometer (CuKα λ = 1.5406 Å) in the range from 10◦–80◦, and the structural properties of
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the synthesized T/M NCs with crystallite sizes (Dp) were calculated using the Scherrer
equation [47,48],

Dp =
Kλ

β cosθ
(1)

where K (0.94 for spherical crystallites) is the shape factor, θ is Bragg’s diffraction angle, and
β is the full width at half maximum (FWHM). The dislocation density, δ, which measures
the number of dislocation lines in a unit area, is calculated using the relation [49],

δ =
1

D2
p

(2)

and the microstrain was calculated by the following equation [50],

ε =
β

4 tanθ
(3)

The morphological studies and micrographs were characterized using high-resolution
transmission electron microscopy (HRTEM) at 200 KeV (JEM-2010, JEOL Inc., Peabody,
MA, USA). The optical studies for the synthesized NCs in the wavelength range 200–800
nm were performed using a spectrophotometer (JascoV-670, Jasco, Pfungstadt, Germany),
coupled with an integrating sphere, and the bandgap estimations of the samples were
calculated using the Kubelka–Munk function given by [51],

F(R) =
(1 − R)2

2R
(4)

The extrapolation of the plot (F(R) × hυ)2 against hυ (where R is the reflectance),
considering an indirect transition of the materials, allowed for estimating the energy
bandgap value from the Kubelka–Munk theory.

The ratio of T and M elements in T/M NCs was studied using an oxford energy-
dispersive spectroscope (EDS), a device coupled with a Hitachi TM-1000 Scanning Electron
Microscope (SEM).

The magnetic properties of γ-Fe2O3 and NCs were analyzed using a Superconducting
Quantum Interference Device (SQUID) magnetometer (Quantum Design MPMS3) and the
corresponding magnetic hysteresis loop. The measurements were carried out to obtain
magnetization-field (M-H) curves, magnetization temperature (M-T) curves, Zero-Field-
Cooled (ZFC) curves at 1.8 K, and the Field-Cooled (FC) curve at a temperature interval
between 2 K and 312 K using a constant magnetic field of 100 Oe.

3. Results and Discussion
3.1. XRD Diffractograms

The X-ray diffractogram (Figure 1) for the different ratios depicts the variation of the
peak intensities from the as-synthesized nanomaterials. The prominent peaks of anatase
TiO2 (ICDD 00-064-0863) increased proportionately from the 1/9 ratio moving to the
9/1 ratio, as the peaks of cubic spinel structured γ-Fe2O3 (ICDD 00-039-1346) decreased.
Additionally, the peak positions of TiO2 shift towards lower 2θ angles (25.46 to 25.34) as
the ratio increases with the reduction in γ-Fe2O3. However, the milled NCs showed no
phase changes nor the presence of any secondary phases [52,53].
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Figure 1. X-ray diffractograms of T/M nanocomposites at different ratios of 1/9, 3/7, 5/5, 7/3,
and 9/1.

The calculated crystallite sizes for the T/M NCs, considering the most intense peaks
(Table 2), showed a size increment as the TiO2 composition increased, consistent with the
observation that TiO2 has a larger crystallite size than γ-Fe2O3 [54]. The prominent peaks’
ratios (I(101)/I(311)) also showed a consistent variation which decreases while the γ-Fe2O3
composition increases (down the column) following the variation in ratios. This is due to
the point defects in the crystal structure because of very similar ion sizes (the ionic radii of
Ti4+ −0.68 Å and Fe3+ −0.64 Å). These defects aid in enhancing the NC’s specific surface
area, which could significantly impact the nanomaterials’ electronic properties and their
applications in the field of adsorption and photocatalysis.

Table 2. The calculated crystallite parameters from XRD studies for the different ratios.

T/M NC
Ratios

2θ (Degrees) Average
Dp (nm) I(101)/I(311)

TiO2 Fe2O3

9/1 25.34 35.69 13 6.94
7/3 25.34 35.57 14 2.46
5/5 25.38 35.67 13 1.42
3/7 25.4 35.73 12 0.95
1/9 25.46 35.67 10 0.76

3.2. TEM Analysis

The morphology of the synthesized T/M NCs (Figure 2) was studied using HRTEM
characterizations that showed nearly spherical-shaped nanoparticles [55], with broad size
distribution and reduced aggregation. The particle-size distribution histograms fitted with
log-normal function for peak values (Figure 3) showed that the average particle size ranged
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between 15 to 20 nm. The distribution indicates that average particle sizes increased with
increasing TiO2 ratios, corroborating the XRD data.

Solids 2022, 3 555 
 

 

Table 2. The calculated crystallite parameters from XRD studies for the different ratios. 

T/M NC 

Ratios 

2θ (Degrees) Average 

Dp (nm) 
I(101)/I(311) 

TiO2 Fe2O3 

9/1 25.34 35.69 13 6.94 

7/3 25.34 35.57 14 2.46 

5/5 25.38 35.67 13 1.42 

3/7 25.4 35.73 12 0.95 

1/9 25.46 35.67 10 0.76 

3.2. TEM Analysis 

The morphology of the synthesized T/M NCs (Figure 2) was studied using HRTEM 

characterizations that showed nearly spherical-shaped nanoparticles [55], with broad size 

distribution and reduced aggregation. The particle-size distribution histograms fitted 

with log-normal function for peak values (Figure 3) showed that the average particle size 

ranged between 15 to 20 nm. The distribution indicates that average particle sizes in-

creased with increasing TiO2 ratios, corroborating the XRD data. 

 

Figure 2. Micrographs obtained from the HRTEM image analysis for the various T/M NCs ratios; 

(a) 1/9, (b) 3/7, (c) 5/5, (d) 7/3, and (e) 9/1, respectively. 
Figure 2. Micrographs obtained from the HRTEM image analysis for the various T/M NCs ratios;
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Figure 3. Particle size distribution from the HRTEM image using a log-normal function for average
size estimations for the various T/M NCs ratios; (a) 1/9, (b) 3/7, (c) 5/5, (d) 7/3, and (e) 9/1,
respectively.
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The estimation of the d-spacing using the image from a T/M (5/5) NC (Figure 4)
measured using an inverse Fast Fourier Transform (FFT) showed fringes of sizes 0.35 nm
and 0.25 nm, corresponding to the prominent (101) peaks of anatase TiO2 and (311) cubic
γ-Fe2O3. It also verifies the observations and presence of both phases in the nanocomposite.
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Figure 4. HRTEM micrograph of T/M (5/5) NC fringes corresponding to the inter-planar spacing.

3.3. EDS Analysis

The EDS analysis was carried out to determine the stoichiometry from the ball-milled
process. Table 3 shows the average elemental composition results for different T/M NCs
(i.e., 1/9, 3/7, 5/5, 7/3, and 9/1), respectively, which is very close to the desired experi-
mental values.

Table 3. The average elemental compositions of different T/M NC ratios.

Ratios (T/M NCs) Ti (%) Fe (%)

9/1 90.7 9.30
7/3 67.0 33.0
5/5 47.2 52.8
3/7 29.4 70.6
1/9 8.7 91.3

3.4. UV-VIS Diffuse Reflectance Spectrum

The bandgaps of synthesized anatase TiO2 (3.2 eV) and γ-Fe2O3 (1.95 eV) varied
considerably with the composition ratio [46]. A plot of the bandgaps (Figure 5) for the
different T/M NC ratios showed a reduction in the bandgaps as the amount of γ-Fe2O3
increased. The reduction in bandgap is associated with the increased electron transfer to
TiO2 (leaving behind a compensating hole in γ-Fe2O3), accounting for a decreasing energy
bandgap from the T/M NCs to TiO2 [56]; the presence of TiO2 in the NCs accounts for its
higher bandgap values for γ-Fe2O3. Therefore, excess electrons are generated due to the
composite formation highly recommended for the adsorption in the sorption-ion exchange
mechanism [57,58].
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Figure 5. Bandgap estimations for the different T/M NCs ratios (1/9, 3/7, 5/5, 7/3, and 9/1).

However, excess γ-Fe2O3 contributes Fe ions to the NCs and can be toxic when used
for drinking water treatment [59]. In addition, the X-ray diffractogram depicts the presence
of TiO2 depletion at a higher γ-Fe2O3 presence (I(101)/I(311) from Table 4). Comparing the
bandgap values with the ratios (Table 4) shows that the NC properties tend toward higher
material composition.

Table 4. Compiled and compared table of average crystallite, particle sizes, and bandgap of T/M NCs.

Ratios
(T/M NCs)

Av. Crystallite Size
(nm)

Av. Particle Size
(nm) Bandgap (eV)

9/1 13 19 2.80
7/3 14 20 2.26
5/5 13 17 2.15
3/7 12 15 2.11
1/9 10 15 2.00

3.5. SQUID Analysis

Figure 6 shows the M (H) curves recorded for the γ-Fe2O3 and NCs samples. Herein,
it is possible to notice that all the curves exhibited hysteretic characteristics that agree
with those expected for a ferromagnetic material (see insets in Figure 6). It is worth
mentioning that the magnetic moment in these curves was normalized to the fraction of
the magnetic phase in each sample. In addition, Table 5 reports the maximum magnetic
moment (Mmax), coercitivity (HC), remanence (MR), and remanence ratio (RR) obtained for
the samples. Nonetheless, we observed that the remanence ratio is lower than that reported
for non-interacting magnetic nanoparticles (MNPs) with either cubic (RR = 0.8) or uniaxial
(RR = 0.5) anisotropy [60,61]. This discrepancy can be related to the size of the synthesized
MNPs [62]. As documented, small IO NPs can depict the surface-to-core exchange among
non-collinearly arranged spins on their surface than at their core. Consequently, a reduced
number of spins can contribute to the remanence of the sample. This feature is consistent
with the lack of saturation at magnetic fields as high as 70 kOe for all samples.
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(c) 3/7; (d) 5/5; (e) 7/3; and (f) 9/1.

Table 5. Magnetic characteristics were obtained at 1.8 K for γ-Fe2O3 and NC samples.

Sample Mmax
(emu/g)

HC
(kOe)

MR
(emu/g)

RR = MR/Mmax
(Unitless)

γ-Fe2O3 91.89 0.27 20.35 0.22
1/9 66.72 0.33 15.92 0.24
3/7 61.71 0.32 16.64 0.27
5/5 70.64 0.41 23.18 0.33
7/3 56.36 0.35 17.62 0.31
9/1 82.97 0.28 15.63 0.19

There is also an observed decrease in Mmax from 91.89 to 61.71 emu/g as the γ-
Fe2O3 content in NCs decreases towards a T/M weight ratio of 5/5, from which Mmax
increases to 82.97 emu/g. This response could be related to the average particle size
diminishing in NCs as the γ-Fe2O3 content decreases as well as either dipole-dipole or
exchange coupling among particles that modify the effective anisotropy of samples (Keff).
Accordingly, the dipole-dipole coupling is a long-range demagnetizing interaction that
occurs among particles without contact, whereas the exchange coupling is a short-range
magnetizing interaction among particles in close contact [63,64]. As Figure 2 shows, the
nanoparticles become more aggregated as the T/M weight ratio tends to 1/9. Thus,
it is possible to suggest that the magnetic interaction among particles tends towards
exchange coupling as the γ-Fe2O3 weight content in NCs decreases. Moreover, this feature
is congruent with the reduction in HC from 0.33 to 0.28 kOe for these NCs, as it has been
reported for other composite magnetic materials [65].

On the other hand, Figure 7 shows the ZFC and FC curves recorded for γ-Fe2O3
and NC samples. As can be seen, all ZFC curves describe an increase in the size magnetic
moment as a function of temperature, which can be related to the thermal relaxation of spins
in the direction imposed by the applied magnetic field (100 Oe). Moreover, a remarkable
irreversibility between the ZFC and FC curve is observed for all cases. This irreversibility
can be attributed to the frozen surface spins’ ferromagnetic response in the field-cooled
direction [66]. In addition, the FC curves of the NCs describe a plateau-like feature towards
low temperature, which agrees with the results obtained from M (H), suggesting the
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interaction between particles. Consequently, this interaction can impose a cooperative
blocking over the re-orientation of the nanoparticles’ spins at lower temperatures [61].
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3.6. Adsorption Studies and Effect of Various Parameters

The As adsorption studies using the different NCs ratios (1/9, 3/7, 5/5, 7/3, and 9/1)
and varying parameters were evaluated to derive and optimize the relevant factors for
the effective removal of As species. Several factors affecting adsorption may primarily
depend on the nano-adsorbent properties, in this case, the nanomaterials used for this
study. Therefore, the structural, morphological, and optical properties of the NCs play a
significant role in the effectiveness of the adsorption process.

3.6.1. Adsorption Using the Synthesized T/M NC Ratios

The adsorption studies of As (III) and (V) using the various T/M NC ratios were
determined with a constant dosage of 0.5 g/L, pH 7, and 2 ppm concentration for 5 min by
adopting the methodology of our previous work [46]. Figure 8 shows an optimal As (V)
removal with the T/M composition of a 5/5 ratio (Figure 8b); however, As (III) removal was
marginally better with the 3/7 composition (Figure 8a). This performance is attributed to
the higher γ-Fe2O3 composition in the composite and the presence of TiO2, which reduces
the agglomeration effects, thereby increasing the surface area. A higher composition of
γ-Fe2O3 (i.e., 1/9), although having the potential for providing more charges during the
adsorption processes, has smaller crystallite and particle sizes (Table 4) and possesses
the challenges of agglomeration. Contrarily, a higher TiO2 presented lower performances
attributable to Fe’s composition and potentially lesser charges.

Similarly, a plot of the ppm concentration against the various ratios (Figure 8a,b)
showed a minimal value with a 5/5 ratio for As (V) removal and comparatively better
performance with a 3/7 composition for As (III) removal. Generally, the NCs showed better
As (V) than As (III) reduction for all ratios, consistent with literature reports that As (V) is
more straightforward to remove than As (III) [67].

The choice of the 5/5 ratio offers almost equivalent compositions of Fe and Ti in the
NCs (Table 2) and parameters desirable for adsorption properties, tapping the practically
identical distribution of the physical properties of TiO2 and γ-Fe2O3. The ratio also offers
the potential to optimally remove both As (III) and As (V) simultaneously without changing
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the adsorbing material, which is substantially advantageous. Thus, this study’s subsequent
adsorption processes and optimizations mainly focused on the 5/5 T/M NCs ratio based
on the preliminary data.

The performance of fabricated nanomaterials for As removal depends on certain
prevalent ambient conditions, for example, pH, concentration, time, and dosage. Thus, the
systematic study of these conditions will provide an in-depth understanding of the better-
operating conditions for nano-adsorbents. Furthermore, efficient applications can allow for
better utilization of the adsorbing materials. Therefore, this study aims to elucidate various
factors and their influence on As adsorption using the nano-adsorbent.
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Figure 8. (a) As (III) and (b) As (V) removal in percentage and ppm concentration, using a constant
0.5 g/L dosage, pH 7, and 2 ppm concentration for 5 min for various T/M NCs ratios.

3.6.2. Effect of Nano-Adsorbent Dosage

The dosage refers to the nano-adsorbent concentration used in adsorption, determining
an adsorbent’s capacity for an initial adsorbate concentration. The optimal dose is mainly
related to the availability of active sites linked to exposed surface functional groups on
the nanomaterials. The solute’s adsorption magnitude is directly proportional to the
adsorbent concentration, increasing active exchangeable adsorption sites [68]. Thus, an
optimum concentration or the amount of nano-adsorbent dosage determines the adsorbent
surface area and adsorption sites. For example, the adsorption efficiency may decrease
in the presence of excess adsorbent concentration due to interference resulting from the
interaction of active adsorbent sites [69–72] or adsorption sites remaining unsaturated
during the process [73]. Therefore, there is a vital need to optimize the dose of an adsorbent
to achieve effective removal.

Figure 9a,b represents the significant increase in the removal of As (III) and (V) with a
nano-adsorbent dosage that directly relates to the active site’s availability and, therefore,
the presence of surface functional groups providing active exchangeable adsorption sites
in the NCs [68]. The adsorption studies using different dosage amounts (0.5, 2, 4, 6, and
8 g/L), evaluated at a constant pH value of 7, showed an increased removal concentration
of 2 ppm and 5 min contact time percentage with the increase in the adsorbent dose.

As depicted in Figure 9a, an optimal dosage of 8 g/L is provided for As (III) removal
to the MCL recommended by the WHO [74]. A further increase in the dosage poses a
potentially excess adsorbent concentration, thereby decreasing adsorption by interfering
with the interaction of active sites and unsaturated adsorption sites. The observed poor
performance in As (V) removal (Figure 9b) may be due to pH or inefficient contact time for
optimal removal, and, therefore, the need for other optimization parameters was carried
out.
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an optimized 8 g/L concentration of 5/5 T/M NC ratio. 

A higher removal percentage was observed in the initial stages (between 5 and 15 min) 

because of the great adsorption sites' availability [75]. Further increasing the duration pro-

duced lesser adsorption efficiencies for As (III) removal and even lower in the case of As (V) 

removal. This proves that considering contact time remains vital in adsorption studies and 

Figure 9. (a) As (III) and (b) As (V) removal for various dosages in percentage and ppm concentrations,
using a 5/5 T/M NC ratio and pH 7 for 5 min.

3.6.3. Effect of Contact Time

The contact time is an essential factor affecting the adsorption process. It can also
influence the economic efficiency of the process and the adsorption kinetics [75]. For
instance, the initial stages will always result in very high adsorption, primarily due to the
presence of many available sites for adsorption. However, as the time prolongs and the
adsorbents’ active sites approach saturation with adsorbates, the adsorption percentage
and efficiency of further adsorption decrease. Therefore, the effects of time on adsorption
were evaluated for different time durations (Figure 10a,b) and the adsorption kinetics and
efficiency of the process were explored.
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Figure 10. Effects of adsorption time for (a) As (III) and (b) As (V) removal at pH 7 and 2 ppm using
an optimized 8 g/L concentration of 5/5 T/M NC ratio.

A higher removal percentage was observed in the initial stages (between 5 and 15 min)
because of the great adsorption sites’ availability [75]. Further increasing the duration
produced lesser adsorption efficiencies for As (III) removal and even lower in the case
of As (V) removal. This proves that considering contact time remains vital in adsorption
studies and processes to control the effects of saturation on the adsorbents’ active sites,
thereby avoiding potential leaching of the As species back into the media. The potential
leaching of As (III) and (V) into the media at longer durations (30 min and longer) may
account for the observed decrease in removal percentage and increase in ppm (Figure 10a,b).
Comparatively, a 15-minute contact time yielded an optimal removal of 98% and 85% of As
(III) and As (V), respectively, with a better As (III) removal efficiency compared to As (V).



Solids 2022, 3 562

3.6.4. Effect of As Concentration

An initial As concentration significantly influences the percentage removal of the
species. At low adsorbate concentrations, the surface area, adsorption sites, and adsor-
bents’ availability are relatively high, allowing for instantaneous adsorbing to the contami-
nants [76]. However, higher concentrations signify that all the available adsorption sites are
insufficient, thus decreasing the removal percentage. Consequently, the removal percentage
of an adsorption process purely depends upon the ratio of the number of adsorbate moieties
to the adsorbent’s available active sites in a particular environment [77]. A lesser ratio
depicts more sites’ availability, which gradually increases with the decrease in adsorbates
resulting from increased percentage removal.

Studies on the effects of As removal with different concentrations using a fixed adsor-
bent NC dosage of 8 g/L at a pH of 7 were carried out (Figure 11a,b). The pre-determined
optimal duration of 15 min helped eliminate the potential disadvantage of As species
leaching back into the aqueous media after adsorption.
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Figure 11. Effects of different adsorption concentrations on (a) As (III) and (b) As (V) removal. 
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In this study, the 8 g/L adsorbent NC dosage showed a maximum (>99%) As (III)
removal for all concentrations (i.e., 2, 4, and 6 ppm, Figure 11a). The depreciation in
performance as As concentration increases for As (V) removal (Figure 11b) may be due to
the higher concentration and comparatively reducing adsorption sites of the adsorbents and
availability for readily adsorbing the contaminants [76], thereby decreasing the removal
percentage. Consequently, a lower ratio (number of active sites occupied/number of active
sites available), increasing the number of adsorbate moiety per unit volume of solution
at a fixed adsorbent dose, might be recommendable for better performances. The limited
performance with As (V) compared to As (III) may also be related to the pH of the media,
which tends to favor As (III) removal at near-neutral pH values in comparison to lower
values for As (V) removal [77].

3.6.5. Effect of pH

The media’s pH remains a critical variable affecting the adsorption of As, mainly
due to ionization and an adsorbent’s surface characteristics. The pH reportedly modifies
the adsorbent’s surface and the present functional groups, e.g., OH−. This potential
modification helps the adsorbent to be efficient enough to adsorb in a slightly acidic
environment due to the electrostatic repulsion between H+ ions and surface functional
groups [46]. Other studies also report that the adsorption of As and other metals (e.g.,
La) at pH values preferentially less than 9.0 [73] was beneficial for heavy metal removal.
The optimal pH of 7.0 for As (III) removal and even lesser pH values for As (V) removal
reportedly causes the adsorption sites on the adsorbents’ surface to be protonated. The
constraints imposed by the pH in the aqueous media significantly affect the degree of
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speciation of As species and the adsorbent surface charge. The interaction between the
IOs surface containing OH− group becomes protonated as FeOH2+, causing the surface
to acquire a positive charge [78]. The OH− group’s deprotonation causes the IOs surface
to develop a negative charge (Fe−O−), creating an electrostatic attraction between the
negatively and the positively charged iron oxide surface [46,79,80]. The acidic pH (around
4.0) favors the sorption of anions onto the iron oxide surface and reportedly favors the
maximum adsorption capacity for As (V) due to their anionic forms [81].

Some possible combinations, e.g., Fe and Ti, provide other functional groups at the
surface, causing them to acquire more positive charges at various pH levels. These materials
have significant efficiency for As removal from polluted water at different pH values. Some
literature reports include the maximum adsorption capacity for As (III) and As (V) using a
composite of Fe-M (M = Sn, Cr, Cu, Mn, Ti) binary oxides [82–86].

Thus, we determined the effect of pH on As species removal at a constant 15 min
duration, 2 ppm concentration, and 8 g/L adsorbent dosage by varying between acidic
(pH 4), neutral (pH 7), and alkaline (pH 10) media (Figure 12a,b).
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The acidic pH 4 produced >99% removal for both As (III) and (V) (Figure 12a,b), owing
to reportedly modified adsorbent’s surface and present functional groups which help ad-
sorption due to the electrostatic interaction existing between H+ ions and surface functional
groups [46]. The acidic pH favors the anions’ sorption onto the iron oxide surface and
accounts for the maximum adsorption capacity for As (V) due to their anionic forms [81].
The modifications due to the combination of the Fe-Ti oxide provided other functional
groups at the surface. They possibly acquired more positive charges at various pH, thereby
maximizing adsorption capacity for As (III) and As (V) using the binary composite oxide.
The optimal results at pH 4, which almost lie on the MCL limit (Figure 12a,b), showed that
the NCs efficiently remove all As species contaminants.

Further, an increase in the pH values to neutral (7.0) still produced >99% As (III)
removal, which decreased at an alkaline pH value (10). At a neutral pH (7.0), the removal
percentage for As (V) reduced, which is consistent with the reported literature results, and
declined further at an alkaline pH (10) [73,81]. These observations also agree with the
previous results for the optimal pH of 4–9 for As (V) removal and pH of 3–11 for As (III)
removal [87]. We compared our results with the other synthesis methodology and found
that the ball-milled samples show high efficiency as a nano-adsorbent which is represented
in (Table 6).
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Table 6. Comparison of As removal percentage with some adsorbing nanomaterials and their
synthesis methodology.

Adsorbents Synthesis Method As Removal Reference

GO-Fe2O3/TiO2 Sol-gel As (III) and (V)~92% [88]
GNPs/CuFe2O4 One-pot hydrothermal As (V)~98% [23]

TiO2 Hydrothermal As (III) and (V)~70% [87]

Fe3O4 AACVD As (III)~88%
As (V)~100% [89]

GNPs/Fe−Mg One-pot hydrothermal As (V)~98% [25]
Concrete/γ-Fe2O3 Simple mixing As(V) 10 ppm to 10 ppb [90]
CS magnetic GO Co-precipitation As (III)~61% [91]

CS/GO-Gd Co-precipitation hydrothermal As (V)~99% [92]
FeOOH/CuO@WBC Two-step hydrothermal As (III)~75% [93]

Fe3O4–TiO2 Co-precipitation As (III)~93%
As (V)~94% [86]

TiO2/Fe2O3 Ball-milling As (III) and
(V) > 99% This work *

* GO—graphene oxide, TiO2—titanium oxide, Fe2O3—hematite, Fe3O4—magnetite, γ-Fe2O3—maghemite, GNPs—
gold nanoparticles, CuFe2O4—copper iron-oxide, Mg—magnesium, Gd—gadolinium, FeOOH—iron oxyhydrox-
ide, CuO—copper oxide, WBC—water bamboo cellulose, CS—Chitosan, and AACVD—Aerosol-assisted chemical
vapor deposition.

4. Conclusions

The TiO2/γ-Fe2O3 (T/M) nanocomposites synthesized using facile ball-milling and
used for As (III) and (V) adsorption studies showed more than 99% arsenic removal. The
structural studies of the milled nanocomposites showed no phase changes or presence of
any secondary phases for all the synthesized ratios. The morphological studies showed the
presence of spherical particles, with d-spacing values of 0.35 nm and 0.25 nm corresponding
to the (101) and (311) planes belonging to the anatase TiO2 and cubic γ-Fe2O3 phases. The
studies also showed variation in the crystallite and particle sizes, which decreases by
increasing the maghemite content and the bandgap of the nanocomposites. Moreover, the
SQUID analysis of the samples showed that the NC’s magnetic parameters tend to vary
based on the γ-Fe2O3 weight content. The adsorption studies focused on optimizing the
factors affecting arsenic removal, dosage, time, concentration, and pH. From the results, it
is determined that an optimal T/M (5/5) NC ratio at an adsorbent dosage of 8 g/L with
a contact time of 15 min, and pH 4 confirmed the maximum adsorption of >99% As (III)
and (V), well below the WHOs recommended permissible concentration (0.01 ppm). From
the results of the removal efficiency studies using a maximum of 2 ppm, we determined
that the nanocrystals can be efficiently employed for even higher concentrations. Thus, the
promising results obtained from this nanocomposite will be further studied to determine
the kinetics. This also proves it may be a potential candidate for the effective removal of
arsenic and can be implemented in a large-scale application, which is currently underway.
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19. Ince, M.; Kaplan İnce, O. An Overview of Adsorption Technique for Heavy Metal Removal from Water/Wastewater: A Critical
Review. Int. J. Pure Appl. Sci. 2017, 3, 10–19. [CrossRef]

20. Gomes, J.A.; Rahman, M.S.; Das, K.; Varma, S.; Cocke, D. A Comparative Electrochemical Study on Arsenic Removal Using Iron,
Aluminum, and Copper Electrodes. ECS Trans. 2010, 25, 59–68. [CrossRef]

21. Harikishore Kumar Reddy, D.; Vijayaraghavan, K.; Kim, J.A.; Yun, Y.S. Valorisation of Post-Sorption Materials: Opportunities,
Strategies, and Challenges. Adv. Colloid Interface Sci. 2017, 242, 35–58. [CrossRef]

22. Siddiqui, S.I.; Chaudhry, S.A. Iron Oxide and Its Modified Forms as an Adsorbent for Arsenic Removal: A Comprehensive Recent
Advancement. Process Saf. Environ. Prot. 2017, 111, 592–626. [CrossRef]

23. La, D.D.; Nguyen, T.A.; Jones, L.A.; Bhosale, S.V. Graphene-Supported Spinel CuFe2O4 Composites: Novel Adsorbents for
Arsenic Removal in Aqueous Media. Sensors 2017, 17, 1292. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ecoenv.2014.10.009
http://doi.org/10.1016/j.jenvman.2012.04.016
http://www.ncbi.nlm.nih.gov/pubmed/22579769
http://doi.org/10.1016/j.scitotenv.2020.137143
http://www.ncbi.nlm.nih.gov/pubmed/32062264
http://doi.org/10.1016/j.envres.2013.12.005
http://www.ncbi.nlm.nih.gov/pubmed/24559533
http://doi.org/10.1016/j.scitotenv.2017.08.216
http://doi.org/10.1016/j.jwpe.2018.03.006
http://doi.org/10.1016/j.jhazmat.2005.05.017
http://doi.org/10.1016/j.gsf.2020.08.015
http://doi.org/10.1016/j.desal.2011.07.029
http://doi.org/10.1039/9781782620174-00001
http://doi.org/10.1039/b926239c
http://doi.org/10.4172/2375-4397.1000179
http://doi.org/10.1016/j.jenvman.2015.10.039
http://www.ncbi.nlm.nih.gov/pubmed/26546885
http://doi.org/10.1007/s11356-017-0240-7
http://www.ncbi.nlm.nih.gov/pubmed/28975542
http://doi.org/10.1016/j.desal.2020.114504
http://doi.org/10.1016/j.seppur.2020.116894
http://doi.org/10.1016/j.seppur.2015.02.017
http://doi.org/10.29132/ijpas.358199
http://doi.org/10.1149/1.3309678
http://doi.org/10.1016/j.cis.2016.12.002
http://doi.org/10.1016/j.psep.2017.08.009
http://doi.org/10.3390/s17061292
http://www.ncbi.nlm.nih.gov/pubmed/28587257


Solids 2022, 3 566

24. Qasem, N.A.A.; Mohammed, R.H.; Lawal, D.U. Removal of Heavy Metal Ions from Wastewater: A Comprehensive and Critical
Review. npj Clean Water 2021, 4, 36. [CrossRef]

25. La, D.D.; Patwari, J.M.; Jones, L.A.; Antolasic, F.; Bhosale, S.V. Fabrication of a GNP/Fe-Mg Binary Oxide Composite for Effective
Removal of Arsenic from Aqueous Solution. ACS Omega 2017, 2, 218–226. [CrossRef]

26. Zhou, W.; Fu, H.; Pan, K.; Tian, C.; Qu, Y.; Lu, P.; Sun, C.C. Mesoporous TiO2/α-Fe2O3: Bifunctional Composites for Effective
Elimination of Arsenite Contamination through Simultaneous Photocatalytic Oxidation and Adsorption. J. Phys. Chem. C 2008,
112, 19584–19589. [CrossRef]

27. Ceballos-Chuc, M.C.; Ramos-Castillo, C.M.; Alvarado-Gil, J.J.; Oskam, G.; Rodríguez-Gattorno, G. Influence of Brookite Impurities
on the Raman Spectrum of TiO2 Anatase Nanocrystals. J. Phys. Chem. C 2018, 122, 19921–19930. [CrossRef]

28. Uddin, M.J.; Jeong, Y.K. Review: Efficiently Performing Periodic Elements with Modern Adsorption Technologies for Arsenic
Removal. Environ. Sci. Pollut. Res. 2020, 27, 39888–39912. [CrossRef] [PubMed]

29. Mayo, J.T.; Yavuz, C.; Yean, S.; Cong, L.; Shipley, H.; Yu, W.; Falkner, J.; Kan, A.; Tomson, M.; Colvin, V.L. The Effect of
Nanocrystalline Magnetite Size on Arsenic Removal. Sci. Technol. Adv. Mater. 2007, 8, 71–75. [CrossRef]

30. Yavuz, C.T.; Mayo, J.T.; Yu, W.W.; Prakash, A.; Falkner, J.C.; Yean, S.; Cong, L.; Shipley, H.J.; Kan, A.; Tomson, M.; et al. Low-Field
Magnetic Separation of Monodisperse Fe3O4 Nanocrystals. Science 2006, 314, 964–967. [CrossRef]

31. Cumbal, L.; Sengupta, A.K. Arsenic Removal Using Polymer-Supported Hydrated Iron(III) Oxide Nanoparticles: Role of Donnan
Membrane Effect. Environ. Sci. Technol. 2005, 39, 6508–6515. [CrossRef]

32. Bui, T.T.; Le, X.Q.; To, D.P.; Nguyen, V.T. Investigation of Typical Properties of Nanocrystalline Iron Powders Prepared by Ball
Milling Techniques. Adv. Nat. Sci. Nanosci. Nanotechnol. 2013, 4, 045003. [CrossRef]

33. Dar, M.I.; Shivashankar, S.A. Single Crystalline Magnetite, Maghemite, and Hematite Nanoparticles with Rich Coercivity. RSC
Adv. 2014, 4, 4105–4113. [CrossRef]

34. Grau-Crespo, R.; Al-Baitai, A.Y.; Saadoune, I.; De Leeuw, N.H. Vacancy Ordering and Electronic Structure of γ-Fe2O 3
(Maghemite): A Theoretical Investigation. J. Phys. Condens. Matter 2010, 22, 255401. [CrossRef] [PubMed]

35. Miao, J.; Zhang, R.; Zhang, L. Photocatalytic Degradations of Three Dyes with Different Chemical Structures Using Ball-Milled
TiO2. Mater. Res. Bull. 2018, 97, 109–114. [CrossRef]

36. Kong, L.B.; Ma, J.; Huang, H.; Zhang, R.F. Effect of Excess PbO on Microstructure and Electrical Properties of PLZT7/60/40
Ceramics Derived from a High-Energy Ball Milling Process. J. Alloys Compd. 2002, 345, 238–245. [CrossRef]

37. Ajinkya, N.; Yu, X.; Kaithal, P.; Luo, H.; Somani, P.; Ramakrishna, S. Magnetic Iron Oxide Nanoparticle (Ionp) Synthesis to
Applications: Present and Future. Materials 2020, 13, 4644. [CrossRef]

38. Han, Q.; Setchi, R.; Evans, S.L. Synthesis and Characterisation of Advanced Ball-Milled Al-Al2O3 Nanocomposites for Selective
Laser Melting. Powder Technol. 2016, 297, 183–192. [CrossRef]

39. Saravanan, R.; Gupta, V.K.; Prakash, T.; Narayanan, V.; Stephen, A. Synthesis, Characterization and Photocatalytic Activity of
Novel Hg Doped ZnO Nanorods Prepared by Thermal Decomposition Method. J. Mol. Liq. 2013, 178, 88–93. [CrossRef]

40. Hotze, E.M.; Phenrat, T.; Lowry, G.V. Nanoparticle Aggregation: Challenges to Understanding Transport and Reactivity in the
Environment. J. Environ. Qual. 2010, 39, 1909–1924. [CrossRef]

41. Hua, M.; Zhang, S.; Pan, B.; Zhang, W.; Lv, L.; Zhang, Q. Heavy Metal Removal from Water/Wastewater by Nanosized Metal
Oxides: A Review. J. Hazard. Mater. 2012, 211–212, 317–331. [CrossRef]

42. Castrillón Arango, J.A.; Cristóbal, A.A.; Ramos, C.P.; Bercoff, P.G.; Botta, P.M. Mechanochemical Synthesis and Characterization
of Nanocrystalline Ni1-XCoxFe2O4 (0 ≤ x ≤ 1) Ferrites. J. Alloys Compd. 2019, 811, 152044. [CrossRef]

43. Hu, J.; Geng, X.; Duan, Y.; Zhao, W.; Zhu, M.; Ren, S. Effect of Mechanical-Chemical Modification Process on Mercury Removal of
Bromine Modified Fly Ash. Energy Fuels 2020, 34, 9829–9839. [CrossRef]

44. Jiang, J.; Li, J. Mechanically Induced N-Arylation of Amines with Diaryliodonium Salts. ChemistrySelect 2020, 5, 542–548.
[CrossRef]
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