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Abstract: A novel nanomaterial was created from natural ilmenite sand, and methylene blue (MB) was used to
test the material’s capacity to remove colors from wastewater. The nanomaterial was synthesized by
neutralizing the acid leachate obtained by Ilmenite sand digestion, followed by drying at 180 °C. It was
characterized by XRD, Raman, TEM, SEM, XPS, XRF and BET techniques. The crystal nature of the composite
is Fe3O4/Fe2TiOs/TiOz2. The surface area, average pore size and total pore volume of the composite are 292.18
m?/g, 1.53 nm and 0.202 cc/g, respectively. At pH 10, 10 mg/L MB and 10 mg of the nanomaterial resulted in a
maximum adsorption capacity of 24.573 mg/g. Using 5 mg/L increments, the dye concentration was adjusted
between 10 and 25 mg/L, yielding equilibrium adsorption capacities of 24.573, 31.012, 41.443, and 52.259 mg/g
with 10, 15, 20, and 25 mg/L, respectively. The greatest adsorbent capacity of 24.573 mg/g was achieved with
10 mg of the adsorbent and 10 mg/L MB. The adsorbent dosage ranged from 10, 25, 45, 65, and 100 mg. MB
adsorbed via pseudo-second-order kinetics with an adsorption capacity of 24.863 mg/g. The intraparticle
diffusion model showed that MB adsorption occurs in three stages, with intra-particle diffusion constants of
1.50, 2.71, 3.38, and 4.41 g/mg min'2. Adsorption followed the Langmuir isotherm model. The obtained
thermodynamic parameters AG, AH, and AS were -27.5521 kJ/mol at 298 K, 2.571 kJ/mol, and 0.101 kJ/mol,
respectively. Regeneration studies of the adsorbent were carried out for five cycles, indicating some activity
loss after each cycle.

Keywords: dyes; elimination; chemisorption; remediation; wastewater

1. Introduction

The textile, paper, printing, paint, cosmetics, and plastic sectors utilize synthetic organic dyes
extensively, and because of their widespread application and large-scale manufacturing, they are
generally available [1,2]. One of the main sources of synthetic dyes discharged into water reservoirs
is the textile sector [3]. Globally, some 7,107 tons of synthetic dyes are generated yearly, and the textile
industry uses over 10,000 tons of these dyes [4]. Dyes can obstruct sunlight’s ability to penetrate water
bodies, hindering the growth and reproduction of bacteria that break down dyes. Dyes are thereby
rendered non-biodegradable in water [5]. Additionally, textile dyes harm aquatic environments by
lowering their aesthetic value and raising the need for chemical and biological oxygen. This may
hinder plant growth and photosynthesis, seep into the food chain, and build up toxicity,
mutagenicity, and carcinogenicity [3]. 80% of the dyes released to the water reservoirs are azo dyes
[6]. Azo dyes’ capacity to yield vivid, bright colors makes them popular in the food, textile, and
pharmaceutical industries. They have aryl groups at both ends of azo groups, that alter the structure
of human DNA and cause cancer [7]. An azo dye with a complicated aromatic structure, methylene
blue is challenging for standard biological processes to break down [8].

Many physical, chemical, and biological approaches have been implemented to remove
synthetic dyes from contaminated water [3]. Chemical methods such as coagulation/flocculation,
advanced oxidation process, electrochemical processes, biological methods such as treatment by
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bacteria, fungi, and algae, and physical methods such as adsorption, irradiation, membrane filtration
processes, ion exchange have been utilized to remove synthetic dyes from wastewater [3,9]. However,
some of these methods have drawbacks such as high cost, low efficiency, accumulation of sludge
leading to disposal problems, secondary pollution due to excessive chemical use etc.[10,11].
Adsorption is considered the most promising method of removing dyes from wastewater. It is
efficient due to its simplicity, operational ease, high sensitivity to pollutants, low cost, and no harmful
substances produced after adsorption and reusability several times [8]. The efficiency of the
adsorption process can be optimized by varying conditions like pH, temperature, and contact time
[7]. Many adsorbents have been employed to remove organic dyes from water, which include
activated carbon, bio-sorbents, carbon-based nano-adsorbents, transition metal-based oxides, metal-
organic framework, and polymer-based adsorbents, etc. [12-14]. Activated carbon is widely used to
remove organic dyes from wastewater due to the large volume arising from micropore and mesopore
volumes. However, blockage of the micropores of activated carbon by the bulky dye molecules limits
the diffusion of macro dyes into the internal pore framework of activated carbon, restraining its
usability [11]. Activated carbon is known to be prepared using many natural substances like saw dust
[15], coconut pith [16], tea waste [17], peat [18] etc. Additionally, other natural-based adsorbents such
as zeolites [19], clay minerals [20], chitosan [21], peat moss [22], rice husk [19], sugar cane [23], etc.
have been effectively used to remove pollutants, including dyes, pharmaceuticals, pesticides, and
fertilizers from wastewater.

In recent years, nanotechnology has given a great scope in synthesizing interested nanomaterials
as viable alternatives to conventional wastewater treatment methods [20,21]. Nanomaterials are
better counterparts to the bulk materials of typical materials in terms of physicochemical properties
such as high surface area to volume ratio, high porosity, adjustable surface chemistry, short
intraparticle diffusion length, resistance to temperature fluctuations, and wide pore size distribution
[21-23]. Application of metal oxide nanomaterials, including FesOa, TiOz, ZnO, and nanocomposites,
emerge as a promising new material for the treatment of wastewater because of its unique properties
such as large surface area, high adsorption capacity, fast diffusion kinetics, specific affinity for
various contaminants etc. [23]. However, nanostructured and nano-dispersed metal oxides can have
a significant disadvantage in causing environmental contamination with nanoparticles. The use of
metal oxide nanocomposites reduces the release of nanoparticles into the environment and minimizes
the potential environmental contamination [24].

The present study is aimed at investigating the applicability of Fes3Os/Fe:TiOs/TiO:z
nanocomposite fabricated from natural ilmenite sand for the removal of dyes. Further, here, we
propose a new application for value addition to ilmenite sand. The applicability of the produced
nanocomposite to remove MB from artificial wastewater is studied in detail.

2. Materials and Methods

2.1. Materials

IImenite was provided by Lanka Mineral Sands Ltd. Ammonia solution (25%) and hydrochloric
acid (37%) were procured from Sigma Aldrich, USA. Methylene blue was supplied from Himedia
Laboratories, India. All the chemicals were used without any further purification. All solutions were
prepared using deionized water, with resistivity greater than 18.0 MQ.cm (Millipore Milli-Q system).

2.2. Methods

2.2.1. Hydrochloric Acid Leaching of Ilmenite

After thoroughly cleaning all dust and debris with distilled water, the ilmenite sand was dried
at 80 °C. Dried ilmenite sand (30 g) was well-grounded into a fine powder. It was digested for five
hours at 110 °C in 200 mL of concentrated HCl while being stirred and refluxed. Layers of the leached
slurry were allowed to form in a separation funnel, after which the liquid part was pipetted out. After
that, 200 mL of concentrated HCl was added, and the mixture was refluxed for five hours while
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stirring at 110 °C. The above process was carried out thrice with 100 milliliters of concentrated
hydrochloric acid.

2.2.2. Synthesis of FesOs/Fe2TiOs/TiO2 Based Nanocomposite

Leachates were combined, and concentrated NHs was added until the pH of the solution reached
10. The product formed was filtered and washed with distilled water until the pH of the washings
became neutral. The precipitate was dried at 180 °C for 12 hours.

2.3. Adsorption Study

All the adsorption experiments were performed in dark conditions. Initially, the optimum
conditions (pH, dosage, concentration of methylene blue, time) for the adsorption of methylene blue
dye were determined by adding a known mass of the nanocomposite to 50 mL of MB solutions and
shaking at 150 rpm at room temperature. Aliquots were withdrawn at specified time intervals for 2
hours. The absorbance of methylene blue dyes was calculated by measuring the absorbance at 665
nm after necessary dilution using a UV-Vis spectrophotometer. The concentrations of 50 ml MB
solutions were varied (10-25 ppm) and were kept in contact with 10 mg of nanocomposite at the
optimum pH of 10 to study the kinetic studies. MB solutions (50 ml of 10 ppm) of varying
temperatures in the range of 298 K-323 K were kept in contact with a 10 mg of nanocomposite at the
optimum pH of 10 to study the isotherms related to thermodynamics. Solutions were shaken at 150
rpm. The equilibrium concentration of MB (C.) and the amount of MB adsorbed at equilibrium (qe)
were calculated.

The amount of MB absorbed at a time of t was calculated using the equation given below in
equation 1 [3].

gt = (Co;lct) v

Co- Initial concentration of ads (1) ng/L)

Ce Concentration of adsorbate at time “t” (mg/L)
m= mass of adsorbent (mg)

V= volume of the adsorbate (L)

2.3.1. Finding the Point-of-Zero-Charge

The point of zero charge of the adsorbent was calculated by preparing a set of 0.1 M NaCl
solutions, of which the pH was adjusted to 2, 4, 6, 8, 10, and 12 using 0.1 M HCI and 0.1 M NaOH.
The solutions were shaken for 24 hours at 150 rpm in a Stuart orbital shaker at 25 °C, and the A pH
(pH initia-pH final) values were calculated. The effect of pH on the adsorption of MB was determined
by dispersing 50 mg of nanocomposite in 50 mL of 10 mg/L MB solution and agitating at 150 rpm in
the pH range 2-12.

2.3.2. Effect of MB Concentration on Adsorption

The effect of MB concentration was determined by changing the concentration of MB to 10, 15,
20, and 25 mg/L using 50 mL of MB solution. The adsorption capacity of the nanocomposite was
calculated using 10 mg of the adsorbate at an optimum pH of 10. Solutions were agitated at 150 rpm
for 2 hours at 25 °C.

2.3.3. Effect of the Weight of the Adsorbent on Adsorption

The effect of the weight of the adsorbent was determined by varying the weight of the
nanocomposite to 10, 25, 45, 65, and 100 mg, using 50 mL of 10 ppm MB solution at optimum pH 10.
Solutions were agitated at 150 rpm for 2 hours at 25 °C.

2.3.4. Effect of Temperature on Adsorption
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The effect of temperature was determined by varying the temperature at 298, 308, 318, and 323
K using 50 mL of 10 ppm MB solution at optimum pH 10. Solutions included flasks were shaken at
150 rpm for 2 hours at 25 °C.

2.4. Material Characterization

Using the D8 Advance Bruker system with Cu Ka (A = 0.154 nm) radiation, the XRD analysis
was carried out by changing the 26 from 5 to 80° at a scan speed of 2 °/min. Raman spectra were
acquired using a Bruker Senterra Raman microscope spectrophotometer. Thermo ScientificTM
ESCALAB Xi+ X-ray Photoelectron Spectrometer (XPS) was employed to get the survey and higher
resolution spectra of the produced nanocomposite. A High-Resolution Transmission Electron
Microscope running at 200 kV (JEOL - JEM - 2100) was used to examine the samples” morphology. A
Carl Zeiss EVO 18 Research spectrophotometer was used to capture scanning electron microscope
images. An X-ray analytical microscope (HORIBA Scientific XGT-5200) was used to measure X-ray
fluorescence (XRF). N2 adsorption-desorption isotherms obtained at 77 K with a Quantachrome
equipment were used to calculate the Brunauer-Emmet-Teller (BET) surface area, pore volume, and
radius. A Shimadzu UV-1990 double beam UV-visible spectrophotometer was utilized to test the
absorbance of MB samples.

3. Results and Discussion

3.1. XRF Analysis

The chemical composition of the acid-leached ilmenite is tabulated in Table 1. XRF analysis
revealed that acid-leached ilmenite contained 68.30% of Fe and 26.05% of Ti. Additionally, Al, Si, Ca,
Cr, Mn and Zn were also present in minor quantities as those elements are present in the ilmenite
sand[25]. This suggests that the metal ions in minor quantities have been extracted to the acid leachate
and precipitated while the pH was increased.

Table 1. XRF analysis of Fe3Os/Fe2TiOs/TiO2 nanocomposite.

AlOs  SiO:2 CaO TiO2 Cr20s MnO: FeO ZnO

Material
(%) (%) (%) (%) (%) (%) (%) (%)
Fes04/FexTiOs/TiO2
. 0.92 2.81 0.30 26.05 0.11 1.45 68.30 0.19
nanocomposite

3.2. XRD and Raman Analysis

The XRD pattern was collected to determine the crystal structure of the synthesized
nanoparticles (Figure 1). The diffraction peaks at 30.39°, 35.79°, 57.55°, and 63.17° are ascribed to the
(220), (311), (400), and (422) crystalline planes of octahedral FesOs with the interlayer distances 0.29
nm, 0.25 nm, 0.16 nm, 0.14 nm, respectively (JCPDS card No. 41-1432, 89-4319)[26]. XRD patterns of
pure TiO2 and FesOs were referred for comparison with the obtained XRD pattern of the
nanocomposite[27,28]. The crystallite size of FesOs was calculated to be 5.91 nm using the highest
intense peak corresponding to (311) atomic plane. Parameters related to the crystalline structure are
given in Table 2.

Table 2. Structural properties of the composite revealed by XRD analysis.

Full width
. . Interplanar
Peak Crystalline  at half Integrated  Crystalline ]
Component distance
position  plane maximum  peak area size (nm) (nm)
nm

(FWHM)



https://doi.org/10.20944/preprints202409.2375.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2024 d0i:10.20944/preprints202409.2375.v1

30.39 220 0.674 30.524 12.2 0.293
35.79 311 1.412 206.007 5.91 0.250
Octahedral
FesOu 57.55 511 5.062 156.543 1.78 0.160
63.17 440 2.777 205.933 3.35 0.147
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Figure 1. XRD pattern of FesO4/Fe2TiOs/TiO2 nanocomposite.

Synthesized nanocomposites were investigated by Raman spectroscopy to study the
crystallography (Figure 2). Raman bands at 199, 217, 292, 334, 654 cm™ reveal the presence of Fe2TiOs
[25]. The Raman bands corresponding to TiO2and FesOswere not apparent due to the low amount of
each compound present in the total composite, which could be below the detection limit.
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Figure 2. Raman spectrum of Fe3O4/Fe2TiOs/TiO2nanocomposite.

3.3. XPS Analysis
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Utilizing X-ray photoelectron spectroscopy (XPS), the surface chemical states of the produced
nanocomposites were investigated. The survey spectrum of the nanocomposite and the higher
resolution spectra of Ti 2p, Fe 2p, O 1s, and C 1s are displayed in Figure 3. The sample charging effect
was corrected, taking the binding energy of sp? hybridized C=C as 284.6 eV. Three primary peaks,
centered at 284.5, 285.9, and 289.1 eV, were identified in the higher resolution spectra of C 1s (Figure
3(a)). These peaks are attributed to C = C, C-O, and O=C-O bonds, respectively [26]. Five peaks were
extracted from the higher resolution spectrum of Ti 2p (Figure 3(b)). The Ti* in TiO: (2psp) is
responsible for the peak at 458.6 eV, and the Ti* in Fe:TiOs of the same composite is responsible for
the peak at 459.9 eV. The 2p12 of TiO:2 and Fe:TiOs are represented by peaks at 464.3 and 465.6 eV,
respectively. The satellite feature of Ti* is responsible for the peak at 472.2 eV [29]. The core-level
spectrum of Fe 2p (Figure 3(c)) has been fitted to two satellite peaks at 733.9 and 719.7 eV and three
major peaks at 725.5, 714.7, and 711.9 eV. Fe 2ps;2 of Fe?* of FesOs is responsible for the lowest binding
energy peak at 711.9 eV, with a matching satellite at 719.7 eV. Fe® is responsible for the peak at 714.7
eV. At 725.5 eV, the Fe 2pi20f the Fe* tetrahedral species was seen. The peak at 728.8 eV is a shake-
up peak. Consequently, it is clear that both the Fe?* and Fe®* oxidation states of iron are present in the
composite [26]. The as-synthesized composite’s higher resolution O 1s spectra (Figure 3(d)) has been
fitted into two peaks with binding energies of 530.2 and 531.5 eV, which are attributable to the surface
OH and O? of the Fe*, Fe, and Ti* oxides, respectively [26].

550 545 540 535 530 525
Binding energy (eV)

- (b) Fe 2p
(a) L 2p Fe?* of Fe,0,
2p3p
e Ti* of TiO;
a Ti*" of TiO. 2pan 3
@ 2p1a {7
% 5 _Fe3*
k= Ti* of Fe,TiO; | &
- 2p3;2 - Fe?* 2p3n2
satellite peak
Ti** satellite peak
480 470 460 450 740 730 720 710 700
Binding energy (eV) Binding energy (eV)
(c) 0% of O1s (d)
Fe’*, Fe?*
and Ti* oxides
e,
(7) rf: OH ‘E‘
§ surface g
c 2
B =

300 295 290 285 280
Binding energy (eV)



https://doi.org/10.20944/preprints202409.2375.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2024 d0i:10.20944/preprints202409.2375.v1

(e) O1s

Fe 2p
/

Ti2p

Counts/s

C1s

1400 1050 700 350 O
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Figure 3. High-resolution XPS spectra of (a) Ti 2p, (b) Fe 2p, (c) O 2p, (d) C 2p, of nanocomposite (e)
Survey spectrum.

3.4. Morphological Analysis

SEM images were attained to study the morphology of the synthesized nanoparticles, and the
TEM images were obtained to study the morphology in detail at the nanoscale (Figure 4(a)). The SEM
images of the nanocomposite reveal the presence of agglomerated spherical and irregular particles.
They have not been evenly distributed but oriented in several clumps. Consistent with the SEM
image, the bright field TEM image shows the presence of small, spherical, and irregularly shaped
agglomerated nanoparticles. Additionally, irregularly shaped bigger nanoparticles are present
among the small nanoparticles, as exhibited in Figure 4(b). The higher resolution TEM image shown
in Figure 4(c) exhibits the atomic layer arrangement of the (101) plane of Fe2TiOs, which is represented
by the interlayer distance of 0.34 nm and the atomic plane arrangement of the (220) plane of TiO2
(anatase) is indicated by the interlayer distance of 0.28 nm[25,30]. Further, the presence of (220) and
(311) atomic planes of FesOsare shown by the interlayer distances of 0.29 and 0.25 nm, respectively
(Figure 4(d))[31]. All the interlayer distances calculated by the HRTEM images are consistent with
the interplanar distances calculated by the XRD data.

EHT = 30.00 AV Signal A= SET Date 24 llay 2022
WO=100mm Meg= 50.00K X Time -12:1525
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Figure 4. (a) SEM image (b) TEM image (c, d) HR-TEM images of Fe3sOs/Fe2TiOs/TiOz

nanocomposite.

3.5. BET and BJH Analysis

The specific surface area (Sser), average pore size, and pore volume (Vpore) were calculated using
Burnauer-Emmett-Teller (BET) theory, and pore size distribution was obtained from the desorption
branch of Barrett-Joyner-Halenda (BJH) pore size distribution curve and values are tabulated in Table
3. The nitrogen adsorption-desorption isotherm and the pore size distribution curve of
Fe304/Fe2TiOs/TiO2 nanocomposite are shown in Figure 5 (a and b). Nanocomposite shows a type (iv)
isotherm with H1 hysteresis loop as defined by IUPAC.
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Figure 5. (a) Nitrogen adsorption-desorption isotherms of FesOs/Fe2TiOs/TiO2 nanocomposite (b) Pore
size distribution of FesOs/Fe2TiOs/TiO2 nanocomposite.

Table 3. Textural parameters of FesOs/Fe2TiOs/TiO2 nanocomposite.

Surface area Sser (m? g1) Average pore size (nm)  Pore Volume, Vpore (cm3g) C value

292.182 153 0.202 94.309

The BET isotherm equation is given below in equation 2 [32].

75 = e 0) * () @
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E1-E

c=e(22) .09
where,

V= Volume of gas adsorbed at pressure “P” and temperature “T”

Po= Saturated vapour pressure

nm= Specific monolayer capacity

E:= Heat of adsorption of gas in the formation of monolayer

Er= Heat of liquefaction of gas

R= Universal gas constant (8.314 Jmol-1K-1)

T= temperature

The constant C in the equation is related to the affinity between the nanocomposite and dye
molecules [33]. The constant C reported for the nanocomposite synthesized in this work is 94.309,
which indicates a comparatively high affinity between the adsorbate and the adsorbent.

3.6. Adsorption Study

Methylene blue uptake by FesOs/Fe:TiOs/TiO2 nanocomposite was investigated. To determine
the point of zero charge (PZC) of the adsorbents, a set of 0.1 M NaCl solutions was prepared, and the
pH was adjusted to 2, 4, 6, 8, 10, and 12 using 0.1 M HCl and 0.1 M NaOH. The solutions were shaken
for 24 hours and the A pH (pH iitai-pH final) values were calculated (Figure 6 (a)). The pH of the point
of zero charge of the nanocomposite was found to be 4.8. When pH < pHrzc, the adsorbent is
positively charged due to the adsorption of H*, and when pH > pHPZC, the adsorbent is negatively
charged due to the desorption of OH-[34].

8
2.54
(a) (b) o
6 2.04
) 1.5
S 4- =
E < 1.0
[<*]
5'2- _— 0.5
0' / ] 00 I-———.,/.
————————— | - S ——
2 4 6 8 10 12 2 4 6 8 10 12
pH pH

Figure 6. (a) Effect of pH on adsorption of MB on Fe3O4/Fe2TiOs/TiO2 (b) Determination of the point
of zero charge of FesOs/Fe2TiOs/TiOx.

To study the effect of pH, 50 mg of nanocomposite was dispersed in 50 mL of 10 mg/L MB and
agitated at 150 rpm in the pH range 2-12 (Figure 6 (b)). There was no adsorption of MB onto
nanocomposite at pH=2, and adsorption capacity increased gradually when changing the pH from 2
to 10 and reached the maximum adsorption capacity (7.077 mg/g) at pH =10. This is due to the
electrostatic interactions between the cationic dye MB and the negatively charged surface of the
Fe3sO4/Fe2TiOs/TiO2 nanocomposite [35]. When pH < pHrzc, electrostatic repulsion between the
positively charged adsorbent and cationic MB, decreases with increasing pH of the MB solution. Low
adsorption capacities were observed at low pH values as the negatively charged sites of the
nanocomposite were occupied by H*, limiting the surface available for MB. Increasing the pH from 2
to 10 causes the surface of the nanocomposite to become available for the adsorption of MB due to
the decrease in H* concentration. When pH > pHprzc, negatively charged adsorbent favors the
adsorption of cationic MB, through electrostatic attractions [36]. A shift of Amax of MB from 665 nm to
615 nm is observed at pH 12 due to the dimerization of MB. A sudden drastic drop to zero adsorption
capacity of MB onto nanocomposite was observed at pH=12. This may be due to the inability of the
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dimerized molecules of MB to access the pore structure of the nanocomposite due to the steric
hindrance.

The concentration of 50 mL of MB was varied in the range of 10-25 mg/L, and the adsorption
capacity of the nanocomposite was studied using 10 mg of the adsorbate at optimum pH 10 (Figure
7(a)). The adsorbent dosage was varied in the range of 10-100 mg, and the adsorption capacity of the
nanocomposite was studied using 50 mL of 10 mg/L MB solution at optimum pH 10 (Figure 7(b)). As
seen in Figures 7(a) and 7(b), the absorption of MB by the nanocomposite increased quickly in the
first five minutes and then progressively until equilibrium was reached at 45 minutes, at all MB
concentrations (10-25 mg/L) and adsorbent dosages (10-100 mg) examined. For 25 mg/L MB at
different MB concentrations, a maximum adsorption capacity of 52.259 mg/g was recorded, while for
10 mg of nanocomposite at different adsorbent dosages, it was 24.573 mg/g.

70 351—
(a) S tsmoL e (b)
60 - ——20 mg/L 30 {——45mg
—y—25 mg/L —p—65 mg
. 50- - v v v y a 25-—0—100mg
=y R R | ®
[=) i i
g 40 g 20
& 30- . » * | T 151
204 10 1
10- 57 g - N o 2
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

Figure 7. Variation of adsorption capacity of FesOs/Fe2TiOs/TiOz on (a) different concentrations of MB
(b) different dosages of adsorbent.

The change in adsorption capacity with adsorbent dosage is depicted in Figure 8. The
nanocomposite exhibited the maximum adsorption capacity of 24.573 mg/g when 10 mg was used. It
was found that the equilibrium adsorption capacity decreases with increasing adsorbent dosage. This
is because, as the dosage of the adsorbent increases, the same number of MB molecules adsorb to an
increasing number of accessible adsorption sites.

251

- N
o

ge (mg/g)
o A 3 A

T T T

20 40 60 80 100
Weight (mg)

Figure 8. Effect of Fes04/Fe:TiOs/TiO2 dosage on MB adsorption capacity.
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3.7. Adsorption Kinetics

Since the adsorption rate and mechanism can be understood, the study of adsorption kinetics is
crucial. The intra-particle diffusion models, pseudo-first-order, and pseudo-second-order models
were used to examine the adsorption kinetics of the nanocomposite [37].

Based on the values of the linear regression correlation coefficients found for the adsorption
kinetic models, the best-fit model was chosen.

The linear form of the pseudo first-order model described by Lagergren et al. is shown in
Equation 4 [37].

In(qe —q:) =Inqe— kqt ccoennenilt 4)
where,

ge- Amount of dye adsorbed at equilibrium per unit mass of adsorbent (mg/g)

g+ Amount of dye adsorbed at time t per unit mass of adsorbent (mg/g)

t- Time (min)

ki- Adsorption rate constant (g/min * mg)

Generally applicable in the early adsorption phases, the Lagergren pseudo-first-order model
posits that the adsorption rate is directly proportional to the difference in saturation concentration
and the amount of solid uptake with time [38]. Sometimes, the Lagergren pseudo-first-order model
does not fit the entire adsorption time but is mostly applicable during the first 20-30 minutes of the
adsorption process [37]. It is predicated on the idea that the physical adsorption process, which is the
rate-limiting stage, is caused by hydrogen bonding, m—mt interactions, and van der Waals forces
between the adsorbent and the adsorbate [39].

Figure 9 (a) reveals the pseudo-first-order kinetic model for the adsorption of MB (10 mg/L-25
mg/L) to 10 mg of Fe3O4/Fe2TiOs/TiO2 nanocomposite (at pH 10) at 298 K. The calculated qe values,
first-order rate constants, and the corresponding linear regression correlation coefficients ( 1) are
tabulated in Table 4. The linear regression correlation coefficient values that were obtained do not
perfectly fit the pseudo-first order kinetic model. Therefore, it can be concluded that the adsorption
of MB to FesO4/Fe2TiOs/TiO2 nanocomposite does not follow the pseudo-first-order kinetic model.

4
a = 10 ppm |
3- (@) e 15ppm P
—_ A 20 ppm D 4
‘9"2' v 25ppm £
g1 c
= o] E 2
14 S 15
-2 0-
0 5 10 15 20 25 30 0 20 40 60 80 100 120
Time (min) Time (min)

Figure 9. (a) Pseudo-first order and (b) Pseudo-second-order kinetics model for adsorption of MB to
Fe304/Fe2TiOs/TiO2 nanocomposite.

Table 4. Kinetic parameters for adsorption of methylene blue to Fe3Os/Fe2TiOs/TiO2 nanocomposite.

Pseudo first order model Pseudo second order model
MB (e, exp (mg e, exp (mg ki 7"12 e, exp (mg k2 (g mg'l r12
concentration g gl (min gl min?)
(mg/L) 1)

10 24.573 10.361 0.109 0.919 24.863 0.037 0.999
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15 31.012 16.300 0.127 0977 31.476 0.024 0.999
20 41.443 19.700 0.115 0.933 42.016 0.019 0.999
25 52.259 27.400 0.183 0.986 52.826 0.020 0.999

The linear form of the pseudo-second-order model proposed by Ho and McKay is shown in
Equation 5.

t 1 1
)
qc k2qe de

where,

ge- Amount of dye adsorbed at equilibrium per unit mass of adsorbent (mg/g)

g+ Amount of dye adsorbed at time t per unit mass of adsorbent (mg/g)

t- Time (min)

k2 —Adsorption rate constant (g/min * mg)

The pseudo-second-order kinetic model forecasts behavior across the whole adsorption range
and is predicated on the assumption that chemisorption is the rate-limiting process [37].

Figure 9 (b) shows the pseudo-second-order kinetic model for the adsorption of MB (10 mg/L-
25 mg/L) to 10 mg of FesOs/Fe2TiOs/TiO2 nanocomposite (at pH 10) at 298 K. The calculated qe values,
second-order rate constants, and the corresponding linear regression correlation coefficients ( ) are
tabulated in Table 4. The linear regression correlation coefficient values obtained for the pseudo-
second-order model for all the concentrations tested were greater than 0.999. Linear pseudo-second-
order kinetic model plots show good agreement between experimental qe and calculated q. values.
The predicted value of ge obtained from the pseudo-second-order kinetic model was closer to the
measured value than that obtained by the pseudo-first-order kinetics equation. Therefore, it is
evident that the adsorption of MB to FesOs/Fe2TiOs/TiO: follows a pseudo-second order. This model
further describes that the adsorbates adsorb to the adsorbents via chemisorption [40].

The adsorption curves were fitted to the Boyd diffusion and intraparticle diffusion models (Eq.
(6)) in order to further investigate the parameters restricting the adsorption process (Eq (7)-(9))[41-

43].
Qe =kigt'? +c coeeeeii (6)
2
F=1- (l) exXp (=By) wverennn. %)
F % ................. (8)
B, =—0.4977 —In(1—F) ....... (9)
where,

qt = adsorption capacity at time “t” (: »

kia = intraparticle diffusion rate constant (mg/g min)

t = time (min)

C = constant related to the thickness of the boundary layer (mg/g)

qe- Amount of dye adsorbed at equilibrium per unit mass of adsorbent (mg/g)

F= Fraction of the dye adsorbed at time “t”

Be= Mathematical function of F

The only rate-limiting phase in Weber’s intraparticle diffusion model is intraparticle diffusion if
the plot of qt vs tiz2results in a linear graph that crosses the origin [44]. The fact that the intraparticle
diffusion model’s plot did not pass through the origin, however, indicates that additional rate-
limiting steps may be involved in MB adsorption in addition to intraparticle diffusion [45]. Figure 10
shows that when the intraparticle diffusion equation is applied, adsorption can be divided into three
stages: rapid adsorption stage (0-5 min), slow adsorption stage (5-20 min), and equilibrium stage (20-
120 min). These three stages correspond to the external surface adsorption, intraparticle diffusion and
equilibrium phase, respectively [46]. The calculated rate constants (ki), intercept values (C), and the
corresponding linear regression correlation coefficients ( r#) are given in Table 5.
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Figure 10. Intraparticle diffusion model for adsorption of MB to FesOs/Fe2TiOs/TiO2 nanocomposite.
Table 5. Rate constants and intercept values of the intra-particle diffusion model for the sorption of
MB onto Fes3Os/Fe2TiOs/TiO2 nanocomposite.
MB intraparticle diffusion model
concentration ki1 (mg Ci(mg 17 ki2 (mg Co(mg 17 kis (mg Cs(mg 1}
(mg/L) 8" 8" g 8" 8" 8"
min-'?) min-'72) min-'?2)
10 6.269 6.391 0991 1.498 17102 0.991 0.119 23.435 0.691
15 6.925 7.959 0985 2.717 18.140 0.994 0.124 29.843 0.622
20 11.026 8346 0987 3.385 25427 0975 0.213 39.424 0.691
25 11.838  16.375 0.981 4.412 32.626 0986 0.056 51.722 0.679

According to the data in Table 5, calculated rate constants and intercept values followed the
order ki, > ki,2> ki3 and Ci< C2< Cs for all the concentrations of MB considered. The high value of ki,1
compared to ki2 indicates that the transport of MB from the medium to the surface of the
nanocomposite occurred quickly compared to the diffusion of MB into the inner matrix of the
nanocomposite [45]. A higher Ci number denotes a stronger influence from the boundary layer. The
value of Ci represents the thickness of the boundary layer [47].

The rate-controlling phase of the adsorption process was identified by further fitting the
experimental data with the Boyd diffusion model. If the plot is linear or nonlinear and does not pass
through the origin, the rate-limiting step would be a chemical reaction regulated by film diffusion.
The rate-controlling step would be intraparticle diffusion if the plot is linear and passes through the
origin [45]. The correlation coefficients for linearity (R?) for the Boyd plots obtained for different MB
concentrations of 10, 15, 20, and 25 ppm are 0.964, 0.977, 0.969 and 0.911, respectively. As a result, one
can interpret every plot as linear. They do not, however, proceed to the origin, suggesting that
chemical processes or film diffusion control how MB is adsorbed to the nanocomposite [48]. The
results of the kinetic and diffusion models indicate that the rate-limiting step is chemisorption and
multiple factors control adsorption.
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Figure 11. Boyd diffusion model for adsorption of MB to FesOs/Fe2TiOs/TiO2 nanocomposite.

The Elovich model can be explained by equation 10 [49,50]. Elovich model suggests that
chemisorption is the mechanism that controls the rate of adsorption [49]. Elovich kinetic model

parameters for the adsorption of MB onto FesOs/Fe2TiOs/TiO: are given in Table 6.
q = %ln(aﬁ) + %lnt (10)
q= adsorption capacity at time “t” (mg/g)
o= injtial adsorption rate (mg/g min)
= desorption constant (g/mg)
t= time (min)

“ tll

Table 6. Elovich kinetic model parameters for the adsorption of MB onto Fes3Os/Fe:TiOs/TiO2

nanocomposite.
MB concentration (mg/L) a (mg/g min) B (g/mg) R2
10 487.621 0.370 0.917
15 278.440 0.265 0.930
20 379.398 0.198 0.914
25 1391.411 0.179 0.910

The values of a and  can be found from the slope and the intercept of the plot of Qt vs In t
(Figure 12).
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Figure 12. Elovich model for adsorption of MB to Fe3O4/Fe2TiOs/TiO2 nanocomposite.

3.8. Adsorption Isotherms

When the adsorption process achieves an equilibrium state, the distribution of molecules
between the phases of liquid and solid is explained by adsorption isotherms [51]. Five distinct
isotherm models—Langmuir, Freundlich, Temkin, Dubinin-Radushkevich, and Elovich—were fitted
to the adsorption data.

According to the Langmuir model, adsorbates bind monolayers to homogenous surfaces, and
the adsorption energy remains constant. Additionally, the model presupposes no steric hindrance or
lateral contact between the adsorbed molecules [52-54]. The linearized Langmuir isotherm equation
can be represented by equation 11 [55].

Ce 1 Ce

-e — + ==

de admKj, am
where,

Ce— Concentration of the adsorbate at equilibrium (mg/L)

qe - Amount of adsorbed (adsorbate) at equilibrium per unit mass of adsorbent (mg/g)

Kt - Langmuir constant related to adsorption capacity (L/mg)

qm - Practical limiting adsorption capacity (mg/g)

The values of Kt and qm were calculated from the intercept and the gradient of the straight lines
of the plot of Ce/qe vs. Ce [55]. Langmuir adsorption isotherm model is depicted in Figure 13 (a).

1.0
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®
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o 1.6 :
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Figure 13. (a) Langmuir, (b) Freundlich and (c) Temkin (d) Dubinin adsorption isotherm models of
MB adsorption onto Fe3Os/Fe2TiOs/TiO2 nanocomposite.

The separation factor (Ri), that defines whether the process of adsorption is favorable or
unfavorable, is a crucial Langmuir model parameter [56]. The separation factor can be expressed
mathematically as given in equation 12.

Kt - Langmuir constant (L/mg)

Co - Initial concentration of adsorbate (mg/L)

Generally, adsorption is beneficial when Rt values are between zero and one (0< Ri<1), and it is
irreversible when Ri~0. The adsorption isotherm is said to be linear if Rt = 1, while unfavorable
adsorption is indicated if R >1 [57]. The measured Langmuir adsorption Rt value ranges from 0.321
to 0.073, indicating a favorable methylene blue adsorption to the nanocomposite [3].

Assuming nonuniform heat distribution and affinities towards the heterogeneous surface, the
Freundlich isotherm applies to adsorption on heterogeneous surfaces [53]. The Freundlich isotherm
model’s linear form is provided in eq 13 [53].

logg. = log K + %log Co vvvninininnnn. (13)
where,

ge - Amount of adsorbed (adsorbate) at equilibrium per unit mass of adsorbent (mg/g)

Ce— Concentration of the adsorbate at equilibrium (mg/L)

Kr — Freundlich adsorption capacity (mg/g)

1/n — Adsorption intensity

The values of Kr and n were calculated from intercept and the gradient of the straight lines of
the plot log ge vs. log Ce, respectively. Freundlich adsorption isotherm model is depicted in Figure
13(b) [53]. In general, 1/n values between zero and one indicate the adsorption process is favorable;
1/n>1 indicates unfavorable adsorption, and adsorption becomes irreversible when 1/n=1 [53]. The
obtained 1/n values for Freundlich adsorption isotherms vary from 0.186-0.291, indicating
adsorption’s favorable nature.

The Temkin model considers the interactions between the adsorbent and the adsorbate in a
multilayer adsorption process, but it ignores concentration values that are very small or large [53],
[58]. The Temkin model further assumes that the increase in coverage of the adsorbent surface, causes
the adsorption heat of all molecules to decrease linearly [59]. The linearized Temkin isotherm can be
described by Equation (14) [59].

qe =-InKp + ZolnC, ... (14)
where,

ge - Amount of adsorbed (adsorbate) at equilibrium per unit mass of adsorbent (mg/g)

Ce - Concentration of the adsorbate at equilibrium (mg/L)
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R - Universal gas constant (] mol* K1)

T - Absolute temperature (K)

Kr - Temkin isotherm constant (L g1)

b - Temkin constant related to heat (J mol)

The intercept and slope of the straight lines shown in the plot of qe vs. In Ce were used to
compute the values of Kr and b. Figure 13(c) shows the Temkin adsorption isotherm model.

The Dubinin-Radushkevich isotherm model is based on a microporous adsorption model rather
than a physical adsorption model. Rather than layer-by-layer adsorption on pore walls, this model
proposes that adsorption occurs by micropore volume filling [60]. Additionally, the model assumes
the existence of Vander Waal interactions between the adsorbent and the adsorbate and is based on
a multilayer adsorption process [52]. The linearized Dubinin-Radushkevich isotherm can be
described by Equation (15-16) [60].

Ing, =Inq,, —Ke? ............... 15
€=RTXIN[L+ (1/C)] rvrerrrrrnes 16
1
A 17
where,

ge - Amount of absorbed (adsorbate) at equilibrium per unit mass of the adsorbent (mg g)

qm- Maximum monolayer adsorption capacity of the adsorbent (mg g)

Ce. - Concentration of the adsorbate at equilibrium (mg/L)

R - Universal gas constant (J mol! K1)

T - Absolute temperature (K)

Kad - Dubinin constant (mol? kJ-2

¢ - Potential energy (k] mol™)

Em- Mean free energy (KJ mol)

From the intercept and gradient of the straight lines in the plot of In ge vs. €2, the values of gm
and K were obtained. Figure 13 (d) shows the Dubinin-Radushkevich adsorption isotherm model.
According to the value obtained for mean free energy (Em) in the Dubinin—Radushkevich equation,
the adsorption process can be of three different types. Adsorption is categorized as physisorption if
Em < 8.0 kJ/mol, ion exchange if Em =8.0 -16.0 k]/mol, and chemisorption if Em > 16.0 -400 kJ/mol[52].
The Em values obtained in the study for the four different temperatures 298 K, 308 K, 318 K, and 323
K are 17.175, 28.748, 41.130, and 45.128 KJ mol, respectively. It confirms that the adsorption process
would be chemisorption. The correlation coefficient (R2) values were used to determine which model
best fit the data. When the adsorption models’ correlation coefficients (R?) were examined, the
Langmuir model had the best-fit correlation value [52]. Parameters calculated by Langmuir,
Freundlich, Temkin, and Dubinin—Radushkevich adsorption isotherm models for the adsorption of
MB onto Fe3Os/Fe2TiOs/TiOz are shown in Table 7.

Table 7. Parameters calculated by Langmuir, Freundlich, Temkin and Dubinin-Radushkevich
adsorption isotherm models for the adsorption of MB onto FesOs/Fe2TiOs/TiO2 nanocomposite.

Curve 298 K 308 K 318 K 323 K
Langmuir

qm (Mg/g) 63.694 73.046 78.802 81.900

Kt (L/mg) 0.211 0.218 0.226 0.228

R2 0.990 0.990 0.985 0.985
Freundlich

Kr (mg/g) 3.658 3.533 3.366 3.648

1/n 0.291 0.228 0.187 0.186

n 3.433 4.378 5.341 5.358

R? 0.938 0.971 0.987 0.985
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Temkin

Kr (L/g) 0.055 0.036 0.028 0.027

B (J/mol) 857.626 944.870 978.052 994.678

R2 0.880 0.943 0.976 0.971
Dubinin-Radushkevich

qm (mg/g) 56.355 60.972 64.630 66.741

K (mol? /KJ?) 0.003 0.001 0.001 0.001

Em (KJ/mol) 17.175 28.748 41.130 45.128

R2 0.939 0.744 0.728 0.708

3.9. Adsorption Thermodynamics.

Thermodynamic parameters were calculated by changing the concentration of MB solution at
four different temperatures, i.e., 298, 308, 318 and 323 K. As seen in Figure 14, the acquired data were
fitted to the Langmuir isotherm to determine the equilibrium rate constants needed to plot the Van't
Hoff plots.

11.20-

11.18
-l

X
£11.16-

11.14

11.12

0.0031 0.0032 0.0033 0.0034
1T (K™

Figure 14. Van't Hoff plots of MB adsorption onto Fe3Os/Fe2TiOs/TiO2 nanocomposite.

Equations 18 and 19 were used to calculate thermodynamic parameters, such as the change in
free energy (AG°), enthalpy (AH®), and entropy (AS°), to ascertain the impact of temperature on MB
adsorption onto FesO4/Fe2TiOs/TiO2 nanocomposite [60].

AG® = —RTIN(KL) veeeeeeenen. 18
Considering the third principle of thermodynamics,
AG =AH —TAS ............... 19
The combination of equations 18 and 19 leads to equation 20.
In(K,) = ARTS - 2—: ............... 20
where,

R is the universal gas constant (8.314 ] mol* K1)
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T is the temperature in K

Kv is the Langmuir isotherm constant. (L mol)

The entropy change and the enthalpy change were determined from the intercept and the slope
of the Van’t Hoff plots of In (Kv) versus 1/T (Figure 14). The thermodynamic parameters are tabulated
in Table 8.

Table 8. Thermodynamic Parameters for MB adsorption onto FesO4/Fe2TiOs/TiO2 nanocomposite.

Van't Hoff Plot

AG (KJ/mol) -27.552 (298 K)
-28.562 (308 K)
-29.573 (318 K)
-30.079 (323 K)

AH (KJ/mol) 2.571

AS (J/mol/K) 101.086

Activation energy (KJmol) 40.306

Pre-exponential factor (A) 401989

The positive and spontaneous adsorption process is shown by the negative change in free
energy, or AG°[61]. The adsorption process is more advantageous at higher temperatures, as
indicated by the growing negative value of free energy with temperature [62]. The solid-solution
system’s unpredictability increased due to structural changes that occurred throughout the
adsorption process, as indicated by the positive value of the entropy change [62]. The adsorption
process is endothermic, as indicated by the positive value of enthalpy change.

The linearized Arrhenius equation (equation 20) can be used to predict the type of adsorption
process by plotting In K vs 1/T [63]. The pre-exponential factor (A) and activation energy (Ea) of the
adsorption process can be determined using the graph’s intercept and gradient, respectively[63]. To
determine the pseudo-second-order rate constants needed to plot the Arrhenius plots depicted in
Figure 15(b), pseudo-second-order kinetic graphs were created at four different temperatures (Figure
15(a)). Variations of Adsorption Capacity and Pseudo-Second-Order Rate Constants with
Temperature are given in Table 9.

51 . 208k () :
= 4] -« 308K 20 ¢ (b)
g’ 41 | 318k
E, 3] + 323k 24
= <
£ 2 <
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g1

3.2
0
0 20 40 60 80 100 120 0.0031 0.0032 0.0033 0.0034
Time (min) 1T (K1)

Figure 15. (a) Pseudo-second-order kinetic model plotted for the adsorption of MB at four different
temperatures and (b) Arrhenius plots constructed for the adsorption of FesOs/Fe2TiOs/TiO2.

Table 9. Variation of Adsorption Capacity and Pseudo-Second-Order Rate Constants with
Temperature.
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Temperature (K) Pseudo second order rate constant, K2 (g mg? Q. (mg g™)
min?)
298 0.037 24.573
308 0.055 38.677
318 0.079 43.178
323 0.145 44.373

3.10. Reusability Studies

The reusability of an adsorbent is a salient characteristic feature that can be used to evaluate the
applicability of an adsorbent in the industry [64]. When an adsorbent’s adsorption capability
drastically declines with repeated usage, secondary environmental degradation results, and
industrial use of the adsorbent becomes expensive [65]. Through five adsorption-desorption cycles,
the reusability of the adsorbent was found. For 10 mg of the adsorbent, reusability tests were carried
out using 50 ml of a 10 ppm MB solution (pH=10). Following every cycle, ethanol was used to wash
the adsorbent until the washings were transparent. Figure 16(a) and (b) depict the change in C/C0
with time and the change in adsorption capacity with time, respectively.

(b) 24.573
(a) 0.9 —a—1st cycle 25. 23.915 23.110
—o—2nd cycle 21.136
0.8- —d— 3rd cycle 204 T ] 19.600
~——4th cycle P
- 5th cycle Q
0.74 S 154
S E
(&)
0.6- g_ 10-
0.54 5.
0 120 240 360 480 600 720 1 2 3 4 5
Time (min) Cycle number

Figure 16. (a) C/Co vs time (b) equilibrium adsorption capacity of five adsorption-desorption cycles.

The equilibrium adsorption capacity decreased from 24.573 mg/g (first cycle) to 19.600 mg/g
(fifth cycle). Figure 16(b) shows that the adsorption capacity has only marginally diminished after
each cycle, confirming that the adsorbent may be reused after usage. This lowers waste formation
and offers an affordable water filtration solution [65]. The reduction in adsorption capacities may be
due to blockage of mesopores by the chemisorbed MB molecules [3]. Though the adsorbent can be
effectively used multiple times to remove MB, once the adsorbent is exhausted due to the saturation
of the active sites, it is necessary to remove it safely. It is recommended to anneal the adsorbent at
atmospheric conditions at 600 °C for 2 hours to burn out the MB molecules adsorbed, which couldn’t
be removed by washing with ethanol. After that, as it is a metal-based nanocomposite, it is
recommended to dissolve it in a strong acid or in an acid mixture and use the obtained metal ion
solution to produce a new adsorbent by adding ammonia. Hence, the precursors are not being added
to the environment, causing any hazardous effect, and the same would be used to produce new
adsorbent, which can be used for the removal of MB or any other relevant environmental
remediation.

Table 10 compares the adsorbent capacities of different adsorbents in adsorbing MB using
different adsorbent dosages. The adsorption capacity varies due to the variation of the surface area,
pore volume, and surface functionalities. The adsorbent used in this investigation has a larger
adsorbent capacity than some of the other adsorbents, and its adsorption capacity was found to be
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lower when compared to some others. The parameters mentioned earlier, the adsorbent dosage, and
the adsorbate concentration also affect the total adsorption. Hence, a direct comparison hasn’t been
made.

Table 10. A comparison of the adsorbent capacities of different adsorbents.

Adsorbent Adsorption Adsorption Capacity Reference
Dosage (mg)  (mg/g)

Iron Oxide Magnetic Nanoparticles 600 37.45 [66]
Coated with Sugarcane Bagasse

titanium dioxide/polyurethane 200 20.12 [67]
nanocomposite modified by sodium

dodecyl sulfate

Fe3O4/Graphene Oxide Nanocomposite 50 135.10 [68]
Graphene nanosheet/FesOx 10 44 [69]
Graphene oxide/FesO4/chitosan 10 30 [70]
nanocomposite

Fe304/Fe2TiOs/TiO2 nanocomposite 10 23.573 This study

4. Conclusions

Using methylene blue (MB) as the model dye, a new Fe3O4/Fe:TiOs/TiO2 nanocomposite was
produced, and its efficacy in removing colours from wastewater was assessed. The pH of 10 was
shown to be optimal for the elimination of MB. For 10 mg of the nanocomposite containing 10 mg/L
MB, a maximum adsorption capacity of 24.573 mg/g was achieved at pH=10. The adsorption of MB
onto the Fe3O4/FexTiOs/TiO2nanocomposite was found to be most closely suited to a pseudo-second
order kinetic model, suggesting that the adsorption process was chemisorption in nature. The
Langmuir adsorption model that best fits the data is thought to be adsorption at the four
temperatures. Adsorption capacity fell with increasing adsorbent dosage but rose with increasing
MB concentration. The rise in adsorption capacity with temperature suggests the endothermic nature
of adsorption. For five cycles in a row, the produced nanocomposite effectively removed MB, with
minimal activity loss following each cycle. FesOs/Fe:TiOs/TiO2 is a new nanocomposite that can
effectively and inexpensively remove MB from water.
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