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Abstract
Arsenic contamination and its removal from the ground or natural water become an inevitable research line as it is highly 
carcinogenic and toxic. In the last few decades, nanotechnology has been achieved to provide accessible clean water for all 
living organisms. In this work, the various ratios of  TiO2/γ-Fe2O3 nanocomposite (T/M NCs) synthesized using the ball-
milling route serve as nano-adsorbent for removing arsenic species. This study presents a non-toxic, low-cost, and easily 
accessible method for synthesizing NCs in large quantities for adsorption, offering promising results for arsenic removal 
from water. The ball-milling synthesis provides a comparatively, cost-effective strategy and for modulating the properties 
of nanostructured materials. The milling time and ball-to-powder ratio variations allow modifying the T/M NCs properties 
during the synthesis. The structural, morphological, and optical characterizations using X-ray diffraction, high-resolution 
electron microscopy, and UV–Vis analysis showed the formation of predominantly spherical-shaped anatase  TiO2 and cubic 
γ-Fe2O3 with varying bandgap between 2.06 and 2.14 eV, which changes because of the nanomaterial phase transformation 
during the milling process. Elemental compositional analysis using EDS showed the uniform distribution of Ti and Fe atoms. 
The vibrational modes observed using Raman spectroscopy confirmed the presence of anatase  TiO2 and γ-Fe2O3 within the 
NCs and showed the associated variations with changes in synthesis parameters. X-ray photoelectron spectroscopy analysis 
of the synthesized ratios indicated a variation in the binding energy (ΔBE) and the evidence of charge transfer in between 
 TiO2 and γ-Fe2O3 NCs. The adsorption studies using the various T/M NCs ratios show varying performances. The enhanced 
performances obtained for the NC of anatase  TiO2 and γ-Fe2O3 with the most intense phase peak ratio (I(101)/I(311)) of 1.2 
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and above shows decreased adsorption efficiency with the phase changes into rutile  TiO2, hematite, and pseudorutile phases. 
The elimination of As(III) and As(V) using the synthesized NCs confirms that the ball milling technique can produce nano-
materials with desirable properties for adsorption purposes.

Graphic abstract
The effect of BPR and milling time on  TiO2/γ-Fe2O3 nanocomposite (T/M NCs) and its impact on Arsenic adsorption.

Keywords Ball milling · Arsenic · Nano-adsorbent · TiO2/γ-Fe2O3 nanocomposite

Introduction

Access to safe drinking water is a critical aspect of pro-
tecting public health. Nonetheless, recent studies disclose 
that more than 230 million people worldwide are affected 
by arsenic-contaminated drinking water [1]. Arsenic is 
a crystalline "metalloid," a natural element that ranks the 
20th most occurring element in the earth's crust. Arsenic 
(As) exists in various oxidation states (− III, 0, + III, + V), 
but Arsenite(III) and Arsenate(V) are mostly present in an 
aqueous medium [2]. These can be leached from industrial 
wastes, biological activity, soils, mining activities, and ferti-
lizers, containing minerals and occurring naturally [3]. The 
long-term exposure or intake of As-contaminated food or 
water will lead to many serious diseases; acute and chronic 
poisoning involves respiratory, gastro-intestinal, conjunc-
tivitis, hyperkeratosis, hyperpigmentation, cardiovascular 
diseases, disturbance in the peripheral vascular and nerv-
ous systems. It is also highly carcinogenic, leading to cause 
cancer in the lungs, bladder, liver, renal, and skin cancer 
[4]. Therefore, there is a significant need to remove it from 
drinking water and food materials, thereby avoiding its 
adverse effects to protect humanity [5].

Arsenic can be eliminated from drinking water by numer-
ous methods, including reverse osmosis, adsorption, chemi-
cal treatment, membrane filtration, ion exchange, electro-
chemical treatment, and co-precipitation [6–9]. Among the 

removal techniques, the most common method employed, 
especially for aqueous solutions, is adsorption due to its 
advantages, including high removal efficiency, simplicity, 
easy operation, wide pH range, and less harmful by-prod-
ucts low-cost [2, 10]. As pollutants widely affect developing 
countries, the treatment technique must be cost-effective and 
easy to operate. Most adsorbents used for arsenic removal 
include carbon-based materials, surfactants, agriculture, 
industrial wastes, and polymers. Also, some metals and 
metal oxides, including γ-Fe2O3,  TiO2,  CeO2, CuO,  ZrO2, 
have been extensively employed in aqueous media con-
sidering the low-cost, high adsorption capacity and affin-
ity towards arsenic [6, 11, 12]. To enhance the adsorption 
behavior, two or more metal oxides combined have attracted 
considerable attention and have attracted tremendous interest 
from researchers recently [13–15].

The common arsenic contaminants exist mainly in either 
of the forms; arsenic(III) or arsenic(V). Studies show that 
it is easier to remove the oxidized form of As(V) in com-
parison to the reduced form of As(III), which is challenging 
to eliminate because of the speciation at different pH. The 
As(III) mainly occurs in uncharged arsenous acid  H3AsO3, 
under reducing conditions at pH 6.5–8.5, and neutral in most 
other pH ranges. In contrast, As(V) is present in the form of 
 H2AsO4

− and  HAsO4
2− anions in oxidizing waters [16], so 

designing a nano-adsorbent combining two or more metal 
oxides can also aid in the efficient removal of As(III).
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The arsenic presence in the environment, especially in 
water bodies, comes from arsenic-bearing minerals and 
the reductive dissolution of As(V) to the much more solu-
ble As(III). Both As(III) and As(V) anions are toxic, with 
the As(III) being more toxic, very soluble, and mobile in 
water environments. As(V) occurs in more stable aerobic or 
oxidizing conditions such as surface waters, while As(III) 
compounds are stable under anaerobic or mildly reducing 
conditions such as subsurface waters. A primary method of 
arsenic removal, especially from water, is surface complexa-
tion of As(III) and As(V) with solid sorbents, e.g., contain-
ing titanium and iron. For instance, Fe reacts with As anions 
and can form insoluble and eventually very stable Fe–As 
complexes that remove As from water [17, 18].

The anatase  TiO2 phase, among various metal oxides, 
is widely employed to remove arsenic contaminants due to 
its low toxicity, physicochemical stability, facile prepara-
tion, low cost, and eco-friendly [19]. However, it has certain 
limitations posing a significant drawback, such as the sur-
face area, which decreases due to agglomeration, removed 
by forming nanocomposites or coating with other metals 
or metal oxides [20]. Also, the separation of the adsorbed 
materials tends to be problematic with only  TiO2 nanoma-
terials in the aqueous media. Combining the  TiO2 nano-
materials with other nanomaterials, e.g., iron-based adsor-
bents, eliminate these common challenges. The iron-based 
adsorbents play a significant role in adsorption due to their 
ion-exchange and specific adsorption to hydroxyl groups. 
Importantly, they help recover and recycle the nanoparticles 
because of their magnetic property after arsenic adsorption 
[21, 22]. Hence, one of the most suitable iron-oxide adsor-
bents is the maghemite (γ-Fe2O3), which is more stable than 
magnetite  (Fe3O4) combined with  TiO2 anatase, to overcome 
the limitation of  TiO2 and also to increase the efficiency of 
As(III) and (V) adsorption.

Several top-down (e.g., ball milling, laser ablation, ion 
sputtering) and bottom-up techniques (e.g., physical and 
chemical vapor deposition, hydro and solvothermal meth-
ods, sol–gel, pyrolysis, microwave, and biological methods) 
offer means of synthesizing nanomaterials for adsorption 
purposes [23]. However, the ball milling method provides an 
effective mechanical milling process with several advantages 
over the other synthesis methods preparing NCs, especially 
the cost-to-efficiency ratios. This process does not require 
any solvents. Other advantages include the relatively low 
installation cost, low power and grinding medium, suitability 
for both batch and continuous operation, and capability to 
treat various degrees of materials hardness. The ball-mill-
ing process has also gained high importance over synthesis 
methods because of its greener and facile technique. Hence, 
it eliminates waste generation from multi-step procedures, 
high temperature, and pressure conditions, and requires no 
hazardous and expensive chemicals. Also, it yields a more 

considerable amount of desired product with short process-
ing time at ambient conditions and is better suitable for 
large-scale industrial production [24–27]. During milling, 
the balls constriction provides the required friction to pro-
duce fine nanomaterials, and the generated heat contributes 
effectively to the reaction, essentially resulting in a reactive 
milling process. The process effectiveness depends on sev-
eral factors, including the ball to powder ratio (BPR) and 
milling time, determining the properties of the synthesized 
nanostructures.

Considering the several advantages of ball-milling meth-
ods and the importance of NCs, especially for adsorption 
purposes, the current study proposes a novel method for 
the synthesis of anatase  TiO2 and maghemite (T/M) NCs 
using ball milling. The study reports optimized ball-milling 
parameters, including the ball-to-powder ratio (BPR) and 
milling time, affecting NCs properties. For instance, milling 
parameters and associated heat generated due to constriction 
affect the phases and properties of synthesized NCs, impact-
ing adsorption. This study's results have not been reported in 
any previous literature to the best of our knowledge. Adsorp-
tion studies using the synthesized NCs showed desirable 
results for As(III) and (V) removal.

Experiments

Materials

All the chemicals utilized in this study are of analytical grade 
and purchased from Sigma-Aldrich, Mexico, and used with-
out further purification. The chemicals used for the synthesis 
include iron(III) chloride hexahydrate  (FeCl3·6H2O, ≥ 98%), 
iron(II) chloride tetrahydrate  (FeCl2·4H2O, ≥ 99.0%), ammo-
nium hydroxide  (NH4OH, 28–30%  NH3 basis), reagent alco-
hol  (C2H5OH), titanium chloride,  (TiCl4 99.9%), arsenic(III) 
oxide  (As2O3, ≥ 99.0%), sodium arsenate dibasic heptahy-
drate  (HAsNa2O4·7H2O, ≥ 98.0%), ammonium molybdate 
tetrahydrate  (H24MO7N8O24·4H2O, 99.98), potassium anti-
monyl tartrate trihydrate  (C8H4K2O12Sb2·3H2O, ≥ 99%), 
potassium permanganate  (KMnO4, ≥ 99%), sodium 
hydroxide (NaOH, ≥ 98%), l-ascorbic acid  (C6H8O6), sul-
phuric acid  (H2SO4), hydrochloric acid (HCl), and acetic 
acid  (CH3COOH), and deionized water used for all the 
experiment.

TiO2 anatase and γ‑Fe2O3 synthesis

The  TiO2 anatase was obtained by adding 5 mL of  TiCl4 
dropwise to 15 mL of ethanol at 60 °C under continuous 
stirring. A large amount of HCl gas released during the mix-
ing process was safely extracted using the laboratory fume 
exhaust. After 30 min, a light-yellow gel was obtained, kept 
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in the oven at 70 °C for 24 h. The dry-gel precursor was cal-
cined at 450 °C in the furnace (Thermo Scientific, Lindberg/
Blue M VO914) and ground to obtain the  TiO2 powder [28].

The γ-Fe2O3 was obtained by mixing  FeCl2·4H2O and 
 FeCl3·6H2O in a 1:2 molar ratio in 100 mL of deionized 
water at room temperature. After proper mixing,  NH4OH 
solution was added dropwise to the mixture under continu-
ous stirring with a constant nitrogen  (N2) flow until the for-
mation of a black precipitate. The precipitate is then recov-
ered and washed several times with deionized water until 
the pH becomes 7. The precipitate and suspended magnetite 
nanoparticles collected with the help of a strong neodymium 
magnet were dried in an oven (Thermo Scientific, HERA 
THERM) at 70 °C overnight [29]. Finally, the obtained 
magnetite was dried in a muffle furnace at 150 °C for 2 h to 
obtain a pure and stable maghemite phase.

Ball‑milling process of NCs

The T/M NCs were synthesized by varying BPR (10:1, 20:1 
and 30:1) and different milling times (2 and 6 h) by mixing 
appropriate quantities of  TiO2 and γ-Fe2O3 and processed 
using a planetary Ball Mill, MA-type PM400, Retsch with 
constant RPM of 300.

Spectrophotometric determination of As(III) and (V) 
in water samples

The spectrophotometric methods offer an alternative to con-
ventional techniques in determining accurately and with suf-
ficient sensitivity to the arsenic species at the trace levels in 
water [30]. In comparison, the method is cost-effective and 
may not require specialized personnel to make the measure-
ments [31, 32].

A standard solution consisting of 100 mL of 1000 ppm, 
As(III) and (V), was prepared by dissolving 0.1302 g of 
 As2O3, 1 g of NaOH, and 20 mL of conc. HCl in deion-
ized water and 0.4245  g of  HAsNa2O4·7H2O in deion-
ized water, respectively. After that, 2  ppm arsenic was 
prepared using the standard solution. Ammonium molyb-
date tetrahydrate solution was prepared by mixing 6.5 g of 
 H24MO7N8O24·4H2O in 50 mL deionized water (labeled part 
1), and potassium antimonyl tartrate trihydrate solution pre-
pared by mixing 0.175 g  C8H4K2O12Sb2·3H2O of in 50 mL 
deionized water (labeled part 2).

Solution A was prepared by mixing 5 mL of part 1 solu-
tion and 5 mL of part 2 solution, and 15 mL of 9 M  H2SO4, 
and solution B prepared by dissolving 1 g of ascorbic acid 
in 10 mL of deionized water, with 0.1 M of the  KMnO4 
solution for the experiment. 0.1 M NaOH and acetic acid 
solutions were used to adjust the pH to 7. For arsenic(III) 
determination, 200 μL of solution A and 100 μL of solu-
tion B with 700 μL  H2O were added to 4 mL of the sample 

solution. Furthermore, for As(V) determination,100 μL of 
 KMnO4 solution was added to the 4 mL sample solution; 
after 5 min, 200 μL of solution A, 100 μL of solution B, and 
600 μL of  H2O added to 4 mL of the sample solution. After 
2 h, absorbance is measured at 870 nm in the spectropho-
tometer against the reagent blank.

Adsorption studies

Batch adsorption experiments with doublets were performed 
to remove As(III) and (V) under the following conditions: 
concentration = 2 ppm, pH 7, adsorbent dosage = 0.5 g/L, 
RPM = 300, and room temperature. T/M NCs obtained with 
the BPR mentioned above (10:1, 20:1, and 30:1) and (2 and 
6 h) milling time were used to adsorb As(III) and (V). A total 
of 8 samples were used;  TiO2 (T), γ-Fe2O3 (M), T/M NCs—
10:1, 20:1, and 30:1 with BPR of 2 and 6 h. The 1:1 ratio 
was maintained for the preparation of 6 nanocomposites.

Characterization

Using Bruker D2-phaser X-ray diffractometer  (CuKα 
λ = 1.5406 Å) in the range from 10° to 80°, the structural 
properties of the synthesized  TiO2, γ-Fe2O3, and the nano-
composites were analyzed using X-ray diffraction to identify 
the phases and the crystallite properties of the nanostruc-
tures. The crystallite size (Dp) of the samples were calcu-
lated using the Scherrer equation:

K is the shape factor (0.94, assuming spherical crystal-
lites), and β is the full width at half maximum (FWHM), 
while θ is the Bragg's diffraction angle.

The interplanar distance, d, measured using the equation

allows for calculating the lattice parameters (a, c) for tetrag-
onal structure using the relation

and cubic structure using the relation

hkl is the miller indices from the X-ray diffractogram.
The dislocation density, δ, measuring the number of dis-

location lines in a unit area, is calculated using the relation
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and the microstrain was calculated by the following equa-
tion [33]:

High-resolution transmission electron microscopy 
(HRTEM) at 200 keV using JEM—2010, JEOL Inc for 
studying the morphology of the synthesized nanomaterials. 
The morphological studies and micrographs were obtained 
using TESCAN VEGA scanning electron microscope (SEM) 
at 25 × magnification, equipped with energy-dispersive X-ray 
spectroscopy (EDS) for the elemental compositional analy-
sis. Raman characterizations using the NT-MDT INTEGRA 
system helped identify the phases and vibrational modes of 
the synthesized materials. X-ray photoelectron spectroscopy 
(XPS) using scanning XPS microprobe PHI 5000 VersaP-
robe II (Al X-ray source: 1486.6 eV) allows for character-
izing the binding energy of the materials. The reflectance 
measurements in the wavelength of 200–800 nm using Jas-
coV-670 spectrophotometer coupled with the integrating 
sphere for the bandgap measurement allowed for bandgap 
estimations of the samples. The bandgap of the materials 
calculated using Kubelka–Munk function is given by [34]

The extrapolation of the plot (F(R)*hυ)2 vs. hυ to the 
horizontal axis (where R is the reflectance), considering an 
indirect transition of the materials, allows for the estima-
tion of the energy bandgap value from the Kubelka–Munk 
theory. We calculated the percentage (%) removal of the 
contaminants using the relation:

Ci and Cf are the contaminants’ initial and final concen-
trations, in this study being As(III) and (V).

Results and discussion

XRD diffractograms

The structural analysis using X-ray diffractograms confirmed 
the successful synthesis of tetragonal  TiO2 anatase structure 
through the sol–gel method and cubic spinel γ-Fe2O3 struc-
ture synthesized through co-precipitation method, with no 
secondary or intermediate phases (Fig. 1). A comparison 
of the lattice parameters of the synthesized nanostructures 

(5)� =
1

D2
p

,

(6)� =
�

4 tan�
.

(7)F(R) =
(1 − R)

2

2R
.

(8)%Removal =
||
||

Ci − Cf

Ci

||
||
× 100,

was calculated using Eqs. (2)–(4) in Sect. 1, with ICDD 
reference (no. 00-064-0863-anatase), 00-039-1346-magh-
emite). Table 1 represents the comparable lattice param-
eters between the synthesized nanostructures and the ref-
erenced materials. We estimated the average crystallite size 
of  TiO2 and γ-Fe2O3 nanomaterials using Eq. (1) presented 
in Table 2 and calculated the associated dislocation density 
(δ) estimated from the Dp (Eq. 4) and strain (Eq. 5). The 
calculated dislocation densities and the microstrain of the 
synthesized nanomaterials showed comparative values to 
reported literature for the nanomaterials, which may be due 
to some interatomic diffusion that modifies the atomic (e.g., 
oxygen) contents of the structure [35].

The synthesized  TiO2 and γ-Fe2O3 were processed by 
ball milling with varying parameters like milling time 
and BPR. Composite of T/M NCs with BPR 10:1 milled 
for 2 h (Fig. 2a) shows the prominent peaks corresponds 
to  TiO2 anatase and γ-Fe2O3 maghemite phases. Increas-
ing the BPR (20:1) creates more friction between the balls, 
generating more heat reaction during the milling [36]. This 
heat accounts for the decrease of the  TiO2 anatase peak and 
transformation of the γ-Fe2O3 to hematite  (Fe2O3) and pseu-
dorutile phases. Further increase in the BPR (30:1) presum-
ably generates more heat and friction, resulting in the further 
decrement of the  TiO2 anatase peak and cause the rise of the 
secondary phases (hematite and pseudorutile).

Milling for 6  h with the BPR of 10:1 showed simi-
lar results than their counterpart at 2 h in terms of  TiO2 
phases, but with slightly reduced peak intensities, attributed 
to the heat generated over a longer duration from attrition 
(Fig. 2b). Increasing the BPR (20:1) for 6 h shows a higher 

Fig. 1  X-ray diffractograms of anatase  (TiO2) and maghemite spinel 
cubic (γ-Fe2O3) structures obtained by sol–gel and co-precipitation 
method, respectively
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decay of the  TiO2 anatase phase with the appearance of the 
sharper and more intense peak of the pseudorutile phase 
along with the small shoulder peaks of the rutile phase. Sim-
ilarly, the intensity of the maghemite peaks decayed, with 
more intense peaks of hematite appearing. These changes 
in the peak intensities occur due to change in phases from 

anatase to pseudorutile for  TiO2 and γ-Fe2O3 to hematite 
phases when the milling time lasts longer durations at higher 
BPR due to attrition effects. The same behavior of phase 
changes appeared using increased BPR (30:1) for 6 h, in 
which pseudorutile and hematite phases are the most promi-
nent ones [37].

The calculated crystallite sizes from the T/M NCs were 
taken from the most intense peaks corresponding to anatase 
(101). Results are shown in Table 3 exhibiting a slight 
increase in crystallite size, from BPR 10:1 to 20:1, and then 
a decrease in 30:1 BPR. The same behavior has occurred 
for 6 h milled samples. The associated strain and dislocation 
densities followed a similar variation pattern, decreasing and 
later increased. These changes in the structural phases of the 
synthesized composite structure may affect the adsorption 
process's performance. The intensity ratios for the prominent 

Table 1  Comparison of 
the lattice parameters of 
synthesized  TiO2 and γ-Fe2O3 
against the corresponding ICDD 
reference data

Samples Experiment Reference

2θ d (Å) a (Å) c (Å) c/a 2θ d (Å) a (Å) c (Å) c/a

Anatase  (TiO2) 25.36 3.5091 3.7792 9.4872 2.5104 25.30 3.5163 3.7854 9.4937 2.7000
Maghemite (γ-Fe2O3) 35.65 2.5161 8.3431 8.3431 1 35.66 2.517 8.3515 8.3515 1

Table 2  The calculated crystallite parameters from XRD studies; 
crystallite sizes, dislocation densities, and strain of anatase and cubic 
maghemite

Samples 2θ FWHM Average 
Dp (nm)

Average δ 
(×  10–3  nm−2)

ε ×  10–3

Anatase  (TiO2) 25.36 0.5776 14 4.81 6.51
Maghemite 

(γ-Fe2O3)
35.65 0.7434 12 8.62 8.14

Fig. 2  X-ray diffractograms of  TiO2/maghemite (T/M) nanocomposite at different BPR for a 2 h and b 6 h (T  TiO2 anatase, M maghemite, H 
hematite, P pseudorutile, R rutile)

Table 3  The calculated crystallite parameters from XRD studies; crystallite sizes, dislocation densities, and strain for the different BPR and mill-
ing times

BPR 2 h milling 6 h milling

2θ (°) Average
Dp (nm)

δ (×  10–3  nm−2) ε ×  10–3 2θ (°) Average
Dp (nm)

δ (×  10–3  nm−2) ε ×  10–3

TiO2 Fe2O3 TiO2 Fe2O3

10:1 25.36 35.63 13 5.71 9.04 25.36 35.69 12 7.17 11.0
20:1 25.36 35.67 15 4.56 8.89 25.34 35.99 14 5.47 9.40
30:1 25.30 35.69 11 8.03 11.6 25.38 35.75 9 11.8 10.9
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peaks of  TiO2 and γ-Fe2O3, I(101)/I(311), Fig. 3 was calculated 
for all the T/M NCs synthesis. A higher fraction of anatase 
 TiO2 and γ-Fe2O3 phases above the ratio 1.2, which we 
observed for BPR of 10:1 for both 2 and 6 h, is determined 
to be more suitable for the adsorption process.

UV–Vis diffuse reflectance studies

The synthesized  TiO2 material has a bandgap of 3.2 eV, 
while the measured bandgap of the γ-Fe2O3 material is 
1.95 eV, shown in Fig. 4. The wide bandgap of the  TiO2 
possesses one of the limitations that affect its adsorption 
efficiency, due to the numerous charge transfer during 
adsorption mechanisms. During NCs structure formation, 

the parent material receives an extra electron, leaving the 
donating material with more holes to balance the charge 
transfer and forming a type II heterostructure [38]. There-
fore, the addition of maghemite to titania promotes the 
transfer of electrons to  TiO2 (leaving behind a compen-
sating amount of hole) and resulting in a decrement of 
energy bandgap of the T/M NCs to  TiO2 [39]. In this 
case, an excess of electrons is generated due to composite 
formation and could become useful for adsorption in the 
sorption-ion exchange mechanism [40, 41].

The variation in band gap values for the different T/M 
NCs is associated with the electron transfer, as mentioned 
earlier, which seems to differ with the diverse phases 
of the NCs. The bandgaps of ratios milled for 2 and 6 h 
(Fig. 5a) exhibit minor variations, between 2.06 eV and 
2.10 eV, respectively, being BPR 20:1 sample exhibiting 
the lower value. The bandgap reduction is may be due to 
the higher inclusion of %Fe within the nanocomposite that 
is evident from the EDS analysis (Table 4), even though 
the peak intensities are reduced while maintaining the 
desired phases (Fig. 2a). The bandgap for milling at a BPR 
of 30:1 increased to 2.10 eV, attributed to changes and the 
presence of secondary phases. Thus, we may allude that 
changes in the phases, from anatase to pseudorutile and 
from maghemite to hematite, causes the bandgap incre-
ment [42] as evident from the estimated bandgap of com-
posites formed after 6 h (Fig. 5b), which increased from 
2.08 eV to 2.16 eV with increasing BPR. However, we 
observed from the extrapolation of plots the existence of 
only one bandgap for each of the synthesized ratios.

Fig. 3  A plot of the ratio of I(101)/I(311) against the BPR for different 
times

Fig. 4  The bandgap of a  TiO2 and b Maghemite
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Raman spectroscopy

Raman spectroscopy is an effective and sensitive technique 
for studying nanoscale materials based on their crystallin-
ity and phonon nature. This analysis allows us to identify 
the vibrational, rotational, and other modes, probing the 

composition and phase transitions in complex/composite 
samples [15, 43].

The Raman spectra for the NCs milled for 2  h with 
BPR of 10:1 (Fig. 6a) showed a broad peak centered at 
153.6  cm−1, corresponding to the Eg vibrational mode of 
 TiO2 anatase phase [44], and smaller peaks at 195.6  cm−1 
belonging to the γ-Fe2O3 phase [45]. The spectra for BPR of 
20:1 showed the increased intensity of γ-Fe2O3 vibrational 
mode with a broad peak at 192.2  cm−1 and a small peak 
position at 219.7  cm−1 attributed to the presence of hematite 
phase. The changes in peak intensities could be due to the 
transformation in the composition, structure, and crystallin-
ity of the material [46], similar to the XRD pattern observa-
tions. As described earlier (Sect. 2.1), increasing the BPR 
causes an associated increase in heat content during milling 
and can account for the alterations of the peak positions with 

Fig. 5  The bandgap of  TiO2/maghemite composites for different ratios after milling for a 2 h and b 6 h

Table 4  The average elemental composition of the different ratios 
milled for 2 and 6 h

BPR 2 h milling 6 h milling

%Fe %Ti %Fe %Ti

10:1 46.19 53.81 49.07 50.93
20:1 56.29 43.71 50.14 49.86
30:1 49.61 50.39 47.96 52.04

Fig. 6  Raman spectra of  TiO2/maghemite composites for different ratios after milling for a 2 h and b 6 h
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the structure and composition. Further increase in BPR at 
30:1 showed decreased peak intensity of the γ-Fe2O3 vibra-
tion mode and a shoulder peak at 218.9  cm−1, corresponding 
to hematite. Therefore, an increase in BPR increased the 
γ-Fe2O3 phase peaks with a reduction and apparent disap-
pearance of the anatase  TiO2 vibration mode peaks.

The Raman spectra for the different BPR millings at 6 h 
(Fig. 6b) showed broad peaks at 152.0  cm−1, which cor-
responds to the anatase vibrations. It also depicts, with 
vibration mode for γ-Fe2O3 at 193.9  cm−1, a small peak 
at 218.1  cm−1, due to the hematite phase, as observed in 
XRD characterization. Further increase in the BPR (20:1) 
showed an increased intensity of peaks belonging to γ-Fe2O3 
vibrations (193. 9   cm−1) and the disappearance of peak 
positions for anatase  TiO2. The peaks corresponding to 
hematite (219.7 cm-1) suggest γ-Fe2O3 converting to the 
hematite phase with increased BPR. Milling with a BPR 
of 30:1 caused a total change from  TiO2 anatase into rutile 
phase evidenced by the  B1g vibration mode at 146.1  cm−1 
[47], mostly in the 6 h-30:1 sample, and the presence of 
hematite vibration modes at 191.4  cm−1. These observations 
are similar to that of XRD diffractograms due to reactive 
heating accompanying the longer milling durations. These 
spectra support the observations from XRD that milling 
with a BPR of 10:1 for 2 h or 6 h maintains both anatase 

and γ-Fe2O3 phases, while higher BPR produces the phase 
transformations.

SEM analysis

To study the grain shapes and the size distribution of the 
nanomaterials, SEM analysis was carried out. The SEM 
image, mapping, and EDS for T/M NCs (10:1–2 and 6 h) 
are represented in Fig. 7a–f. Figure 7a, b shows the presence 
of nearly spherical shaped nanoparticles with aggregation 
between adjacent particles which is due to attractive van 
der Waals force occurring commonly during the synthesis 
and process of NCs [48]. The NCs were smaller in size in 
both the cases and thus possessed a higher relative surface 
area [49]. Figure 7c, d depicts the homogeneously distrib-
uted iron (Fe), and titanium (Ti) elements. The homogeneity 
is further confirmed from the elemental composition graph 
from Fig. 7e, f. The EDS spectrum of T/M NCs (10:1) with 
the atomic composition of Fe and Ti was found to be 46.19 
and 53.81% (2 h) and 49.07 and 50.93% (6 h), respectively, 
which is very close to the desired stoichiometry for ball mill-
ing process, The average elemental composition of all the 
samples is shown in Table.3. The samples for SEM analysis 
were chosen based on the XRD and Raman analysis results 
considering no secondary phases.

Fig. 7  SEM images, elemental mapping and compositions of ball-milled T/M NCs (10:1 2 and 6 h)
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TEM analysis

NCs synthesized using a BPR of 10:1 for 2 h showed the 
presence of spherical shaped nanoparticles [50] from the 
TEM micrograph, with the particle sizes ranging from 12 
to 25 nm (Fig. 8a). The SAED analysis of atomic arrange-
ments [51] (Fig. 8b) of both Fe and Ti verifies the fringes' 
observations and confirms the presence of both phases in 
the nanocomposite. The d-spacing of the image (Fig. 8ci, 
ii) were measured using an inverse Fast Fourier Transform 
(FFT) shows fringes of sizes 0.35 nm and 0.25 nm, corre-
sponding to the prominent (101) peaks of anatase  TiO2 and 
(311) cubic γ-Fe2O3 phases, reported from XRD measure-
ments (Table 1).

XPS studies

XPS spectra presented information on the binding energy 
(BE) of the synthesized anatase-TiO2 and γ-Fe2O3 nano-
materials and prepared T/M NCs. The spectra, recorded 

with monochromatic Al  Kα radiation and shown in Fig. 9 
contain the core level lines originating from Ti (Ti 2 s, Ti 
2p), Fe (Fe 2p), and O (O 1 s). Figure 9a shows the pres-
ence of the T2s photoelectron spectrum at 565 eV, and 
the T2p peaks at 458 and 464 eV, corresponding to  T2p3/2 
and  T2p1/2. The difference between the two peaks (ΔBE) 
is 6 eV, which is characteristic of Ti(IV) ions [52]. The Fe 
2p spectrum shows two BE peaks at 710 eV and 723.5 eV, 
corresponding to Fe  2p3/2 and Fe  2p1/2. The difference 
between the two peaks (ΔBE) is 13.5 eV, which is the 
characteristic of Fe(III) ions present in maghemite [53].

Spectral analysis of the T/M composites synthesized 
with a BPR of 10:1 for 2 h has a ΔBE between Ti  2p1/2 
(463 eV) and Ti  2p3/2 (468 eV) of ~ 5 eV. Similarly, ΔBE 
between Ti  2p1/2 (460 eV) and Ti  2p3/2 (465 eV) for 6 h 
synthesis is ~ 5 eV (Fig. 9b), which is lesser than the value 
of the only  TiO2. The decrease in ΔBE for Ti(IV) pro-
vides indirect evidence of forming the chemical Ti–O-Fe 
interfacial bond. The internal electric field promotes the 

Fig. 8  HRTEM micrographs of sample T/M NCs with a BPR of 10:1 for 2 h showing the a particle size distribution, b SAED pattern, c fringes 
corresponding to inter-planar spacing, (i) Fe and (ii) Ti

Fig. 9  XPS spectra for a synthesized  TiO2 and maghemite nanostructures, and b T/M composites with BPR of 10:1 for 2 and 6 h milling
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transfer of electrons from  Fe2O3 to  TiO2, responsible for 
the observed reduction in the NCs bandgap [54, 55].

The O 1 s spectrum of  TiO2 and FeO appear at 530 eV, cor-
responding to lattice oxygen and O–H bond, and the presence 
of H in the bond may be due to brief exposure to the ambiance. 
However, in the NCs, the BE of the O–H bond is less than that 
in  TiO2, which further supports the formation of the Ti–O–Fe 
bond in the nanocomposite [56].

Adsorption evaluation studies

From UV–Vis results, the formation of T/M NCs causes 
the electron transfer  (e−) from γ-Fe2O3 to  TiO2, leaving the 
γ-Fe2O3 with an equal amount of holes  (e+) [57] and thereby 
reducing the bandgap of the T/M nanomaterials (Sect. 2.3.1). 
During the water treatment, the  TiO2 material releases an 
 e− with an equivalent number of  e+ donated from the γ-Fe2O3 
material. Thus, the charges which participate in the adsorp-
tion mechanisms are available without the need for an external 
source, sunlight, and can proceed in the dark too. The adsorp-
tion mechanism for As species in the presence of charges may 
take place in the following steps [38]:

HAsO2 + TiO2 =
(
TiO2

)
.HAsO2,

(TiO2).HAsO2 + H2O = H3AsO4 + TiO,

A constant dosage of 0.5 g/L and a pH of 7.0 was used for 
the adsorption studies, with 2 ppm concentration in ambient 
temperature for 5 min. The average percentage of As(III) 
and (V) removal (Table 5) for as-synthesized γ-Fe2O3 and 
 TiO2, with maghemite showing more %removal than  TiO2, 
may be due to the comparative and presence of excess free 
 e− in γ-Fe2O3 as the processes were carried out in the dark. 
The average adsorption for As(III) using the different T/M 
NCs ratios synthesized for 2 h and 6 h (Fig. 10) is indirectly 
proportional to the performance as the BPR increases.

The percentage removal for T/M NC synthesis with BPR 
10:1 for 2 h (Fig. 10a) shows a better performance in As(III) 
removal with an average value of 50%. In the case of 20:1 
BPR, which appears to have a lower bandgap with a larger 
crystallite size, may affect the effective surface area resulting 
in lesser adsorption. A further decline in the performance 
of 30:1 BPR may be attributed to the decrease in phase con-
tent, an even lower (I101/I311) intensity ratio, and observed 
bandgap increment. The T/M NCs synthesized for 6  h 
(Fig. 10b) showed a similar trend in declining performance 
with increasing BPR due to the synthesized nanomaterials' 
properties. A comparison of As(III) removal shows that NCs 
milled for 6 h appear to have a comparatively better perfor-
mance than the 2 h counterparts. This relative improvement 
in performance could be due to their smaller crystallite size, 
leading to more crystallites in a given volume and a larger 
surface area [58].

The adsorption processes for removing As(V) using 
the NCs in both 2 h and 6 h (Fig. 11) showed reduced 

H3AsO4 = H2AsO
−

4
+ H+,

H2AsO
−

4
= HAsO2−

4
+ H+,

(TiO2).HAsO2 + 2H+ = H3AsO4 + Ti2+.

Table 5  The average As(III) and (V) removal percentage for  TiO2 and 
γ-Fe2O3

Samples As(III) As(V)
% Av. removal % Av. removal

TiO2 Anatase 26.37 17.65
Maghemite 38.41 25.14

Fig. 10  The removal % of As(III) with different BPR ratios a 2 h and b 6 h milling
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performances with increasing BPR. The T/M NCs with BPR 
10:1 show ~ 90% removal of the As(V) contaminants, which 
decreases with an increase in BPR ratios for both durations. 
Since both NCs show similar performance with BPR 10:1 
(2 and 6 h), an optimum time of 2 h could be employed to 
scaling-up the synthesis for industrial applications for As(V) 
removal. We carried out the adsorption processes for only 
5 min to verify the viability of materials synthesized using 
ball milling and optimizing the milling parameters in remov-
ing both As(III) and As(V). The next phase of the study 
will be focused on modulating other parameters (e.g., pH, 
temperature, dosage, concentration) and allowing a longer 
duration for the adsorption process.

Conclusion

A successful synthesis of  TiO2 and γ-Fe2O3 nanocomposite 
structures using the facile ball-milling technique by optimiz-
ing the BPR and milling time was used to adsorb As(III) and 
(V). Synthesis with a BPR of 10:1 for both 2 and 6 h showed 
the presence of desired anatase and maghemite phases with 
the most intense peak ratio above 1.2, showing desirable 
performance in arsenic removal. Electron microscopy stud-
ies on samples synthesized with a 10:1 for both 2 h presented 
particle shapes corresponding to anatase  TiO2 phase. The 
T/M nanocomposites' bandgaps showed some modifications, 
ranging from 2.06 to 2.16 eV, depicting the transfer of elec-
trons from γ-Fe2O3 to the  TiO2 material, supported by XPS 
characterization. Studies using Raman spectroscopy for the 
vibration modes confirmed the structure's anatase and magh-
emite phases' presence and their respective transformations.

Adsorption studies showed above 50% removal of As(III) 
and ~ 90% performance in the removal of As(V) using nano-
materials synthesized using a BPR of 10:1 for both 2 and 
6 h, respectively. The performance confirms that the ball 

milling technique can produce nanomaterials with desir-
able properties for adsorption purposes. Further studies 
will focus on optimizing other parameters and permitting a 
more extended duration that affects the adsorption process 
to achieve the recommended permissible concentration of 
arsenic in water bodies.
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