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Abstract Hydrogen titanate (H2Ti3O7) nanotubes/nanosheets
(HTN) are emerging class of adsorbent material which possess
unique property of activating hydrogen peroxide (H2O2) to
generate the reactive oxygen species (ROS), such as superox-
ide radical ions (O2

.−) and hydroxyl radicals (·OH), effective
in the decomposition of surface-adsorbed dye. However, HTN
are non-magnetic which create hurdle in their effective sepa-
ration from the treated aqueous solution. To overcome this
issue, magnetic nanocomposites (HTNF) composed of HTN
and maghemite (γ-Fe2O3) nanoparticles have been processed
by subjecting the core–shell magnetic photocatalyst consisting
of γ-Fe2O3/silica (SiO2)/titania (TiO2), having varying
amounts of TiO2 in the shell to the hydrothermal conditions.
HTNF-5 magnetic nanocomposite consisting of 31 wt%
H2Ti3O7, typically having nanotube morphology with the
highest specific surface area (133 m2 g−1) and pore-volume
(0.22 cm3 g−1), exhibits the highest capacity (74 mg g−1) for
the adsorption of cationic methylene blue (MB) dye from an
aqueous solution involving the electrostatic attraction

mechanism and pseudo-second-order kinetics. Very fast mag-
netic separation followed by regeneration of HTNF-5 magnet-
ic nanocomposite has been demonstrated via non-radiation
driven H2O2 activation. It has been ascertained for the first
time that the underlying mechanism of dye decomposition
involves the synergy effect between the constituents of
HTNF magnetic nanocomposite.
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Introduction

In the photocatalytic degradation of organic pollutants,
the magnetic photocatalyst based on the sol-gel-derived
core–shell maghemite/silica/titania (γ-Fe2O3/SiO2/TiO2)
(TSF) nanocomposite has been the most commonly re-
ported system in which the photocatalytic and magnetic
properties are provided by TiO2 and γ-Fe2O3 (Liu 2012).
The interlayer of SiO2 avoids the direct electrical contact
between the core (γ-Fe2O3) and the shell (TiO2) which
enhances the photocatalytic activity. It also avoids the
transformation of magnetic γ-Fe2O3 to non-magnetic he-
matite (α-Fe2O3) during the high temperature calcination
treatment. Moreover, it prevents the photo-dissolution of
Fe2+ ions into the surrounding aqueous solution during
photocatalysis process without affecting the photocatalyt-
ic activity (Beydoun et al. 2002). However, to overcome
some of the major limitations of magnetic photocatalyst
which include the need for radiation exposure, reduced
efficiency, and delayed degradation of dyes in highly con-
centrated solutions, the development of adsorbent-based
magnetic nanocomposites has been initiated (Sivashankar
et al. 2014). It has been demonstrated that the hydrother-
mal treatment of TiO2-coated SiO2-based fly ash particles
results in the stabilization of nanosheets of hydrogen tita-
nate which exhibits enhanced adsorption properties com-
pared to that of nanotube morphology (Hareesh et al.
2012). However, such a hydrothermal transformation to
titanate-based magnetic adsorbents using the γ-Fe2O3/
SiO2/TiO2 magnetic photocatalyst as a precursor has
never been demonstrated. Hence, it is interesting to
investigate the processing of titanate-based magnetic
adsorbents via hydrothermal treatment of γ-Fe2O3/SiO2/
TiO2 magnetic photocatalyst which is not reported in the
literature.

Thazhe et al. (2010) first derived the titanate nanotube-
based magnetic nanocomposite via hydrothermal treatment
of sol-gel derived core–shell cobalt ferrite (CoFe2O4)/SiO2/
TiO2 which was subsequently modified by Li et al. (2011).
Zhou et al. (2015a) and Papa et al. (2011) demonstrated that
the hydrothermal treatment of magnetic nanoparticles
dispersed along with TiO2 in an alkali solution with the
formation of magnetic titanates which is also the modification

of former method. In spite of these earlier efforts in the
conversion of core–shell magnetic photocatalyst to magnetic
dye-adsorbent catalyst via hydrothermal, the precise morpho-
logical evolution during the hydrothermal treatment of γ-
Fe2O3/SiO2/TiO2 magnetic photocatalyst as a function of
amount of TiO2 in the shell and its effect on the adsorption
characteristics of newly developed products have not been
studied in the literature. Hence, in this investigation, we
synthesize γ-Fe2O3/SiO2/TiO2 magnetic photocatalyst via
sol-gel method containing different amount of TiO2 in the
shell and study its effect on the morphological evolution of
titanate-based magnetic products of hydrothermal treatment
and their adsorption characteristics.

Recently, we demonstrated that the formation of hydrogen
titanate (H2Ti3O7)/γ-Fe2O3 magnetic nanocomposites via a
strong ion-exchange bond formation at the interface between
magnetic nanoparticles and titanate nanotubes (Harsha et al.
2015). In the earlier study, the weight fraction of γ-Fe2O3 in
the magnetic nanocomposite was varied in the narrower and
lower range of 5–25 wt%. In the present investigation, how-
ever, using the combination of sol-gel and hydrothermal
methods, the magnetic nanocomposites having the weight
fraction of γ-Fe2O3 in the higher range of 61–92 wt% could
be synthesized. It is to be noted that the different synthesis
techniques, such as the ion-exchange and sol-gel/hydrother-
mal, when combined together, can produce the magnetic
nanocomposites covering the entire range of weight fraction
of γ-Fe2O3. This is not possible to obtain by any of the unique
technique either due to the processing issues or due to the
formation of free γ-Fe2O3 nanoparticles which are not at-
tached to the nanotubes (Harsha et al. 2015).

Relative to the costlier carbon-based (Gracia-Espino et al.
2012) and low-cost adsorbents (Gupta and Suhas 2009), the
titanate-based magnetic adsorbents investigated in this work
concurrently offer several advantages in the dye removal ap-
plication such as the operation of ion-exchange and electro-
static attraction mechanisms for adsorption (Lee et al. 2008;
Bavykin et al. 2010), easy tailoring of surface chemistry to
increase the adsorption capacity (Lee et al. 2012), easy solid–
liquid separation using an external magnetic field by attaching
them to the magnetic nanoparticles (Harsha et al. 2015), and
fast regeneration of catalyst via hydrogen peroxide (H2O2)
activation process conducted in the dark (Babu et al. 2014;
Shukla et al. 2014; Shukla and Oturan 2015). In this investi-
gation, we demonstrate the magnetic separation of hydrogen
titanate nanotubes/nanosheets-maghemite (HTNF) magnetic
nanocomposite from an aqueous dye solution followed by
its regeneration via non-radiation driven H2O2 activation.
The underlying physical mechanism of dye decomposition,
involving the generation and attack of reactive oxygen species
(ROS), such as the superoxide radical ions (O2

.−) and hydrox-
yl radicals (·OH), is revealed for the first time using the
radical-trapping experiments.
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Materials and methods

Materials

Titanium(IV)-isopropoxide (Ti(OC3H7)4, 97%), tetraethyl
orthosilicate (TEOS, 98%), nanocrystalline γ-Fe2O3

(<50 nm, 98%) magnetic powder, and terephthalic acid (TA,
98%) were purchased from Sigma-Aldrich Chemicals,
Bengaluru, India; hydrochloric acid (HCl, 35 wt%) from
Ranbaxy Fine-Chemicals, India; ammonium hydroxide
(NH4OH, 25 wt%) from Qualigens Fine Chemicals, India;
ethanol (99.9% AR), 2-propanol (99.5%, ACS reagent), sodi-
um hydroxide (NaOH, Assay 97%), MB (96%), and H2O2

(30 wt%) from S.D. Fine-Chem Ltd., Mumbai, India; and
Luminol (5-Amino-2,3-dihydrophthalazine-1,4-dione) from
Merck Specialties Pvt. Ltd., India. All listed chemicals were
used as-received without any further purification and/or
modification.

Sol-gel synthesis of core–shell γ-Fe2O3/SiO2/TiO2

magnetic photocatalyst

The core–shell γ-Fe2O3/SiO2/TiO2 nanocomposites of differ-
ent TiO2 weight fractions were prepared by the combination
of modified Stober and sol-gel methods similar to that report-
ed in our previous investigation (Narayani et al. 2013a).
Briefly, a continuous uniform coating of SiO2 over γ-Fe2O3

nanoparticles was obtained via controlled hydrolysis of TEOS
using NH4OH solution in the ethanol medium. The product
obtained was washed with distilled water, then with ethanol,
and finally dried at room temperature. TiO2 coating over γ-
Fe2O3/SiO2 nanocomposite was performed via hydrolysis of
Ti(OC3H7)4 in 2-propanol in several number of cycles (1, 3, 5,
and 7 cycles) in order to get TiO2-coated γ-Fe2O3/SiO2 with
increasing amount of TiO2 content which are denoted as TSF-
1, TSF-3, TSF-5, and TSF-7, respectively. Theoretical calcu-
lations show that the weight fraction of anatase–TiO2 in TSF-
1, TSF-3, TSF-5, and TSF-7 samples varies as 6, 17, 26, and
33 wt%, respectively (note: for the precise determination of
amount of TiO2 deposited on the surface of γ-Fe2O3/SiO2, the
final weight of γ-Fe2O3/SiO2/TiO2 magnetic nanocomposite
obtained is considered in the calculations instead of initial
amount of Ti(OC3H7)4 used).

Hydrothermal synthesis of H2Ti3O7/γ-Fe2O3 magnetic
nanocomposite

Two grams of TSF sample was suspended in a highly alkaline
NaOH solution (10 M) taken in a Teflon beaker (84 vol%)
which was placed in a stainless steel (SS 316) vessel of 200 ml
capacity. The hydrothermal reaction was carried out in an
autoclave (Amar Equipments Pvt. Ltd., Mumbai, India) at
120 °C for 30 h. The autoclave was allowed to cool naturally

to room temperature and the product was collected by
decanting the top solution. Then, the latter was first washed
using 100 ml of 1 M HCl solution for 1 h followed by that
using 100 ml of pure distilled water for 1 h for multiple times
till pH (Hanna HI 2210 Bench Top, Sigma-Aldrich, India) of
filtrate became almost neutral. The washed product was then
separated from the solution using a centrifuge (Hettich EBA
20, Sigma-Aldrich, India) and dried in an oven at 80 °C
(termed as the final hydrothermal product). Depending on
the precursor used, the final hydrothermal product was denot-
ed as HTNF-1, HTNF-3, HTNF-5, and HTNF-7, respectively.
Theoretical calculations show that the fraction of HTN in
HTNF-1, HTNF-3, HTNF-5, and HTNF-7 magnetic nano-
composites varies as 8, 21, 31, and 39wt%, respectively (note:
since the SiO2 coating gets dissolved during the hydrothermal
process, the amount of Si species readsorbed on the surface of
magnetic nanocomposites is not considered in the calculation
of weight fraction of constituents of HTNF).

Characterization

The morphology of different samples was examined using the
transmission electron microscope (TEM) (Tecnai G2, FEI,
The Netherlands) operated at 300 kV, and their nanocrystal-
line nature was confirmed from the selected-area electron dif-
fraction (SAED) patterns. The chemical constituents of differ-
ent samples were identified using the energy dispersive X-ray
(EDX) analysis. The crystal structure was determined using
the X-ray diffraction (XRD, PW1710 Phillips) technique by
utilizing Cu Kα X-radiation (λCu = 1.5406 Å). The XRD
patterns were obtained at room temperature over 2θ values
within the range of 10°–80°. The specific surface area of the
samples, average pore size, and its distribution were measured
via Brunauer–Emmett–Teller (BET) surface area measure-
ment technique (Micrometrics Gemini 2375 Surface Area
Analyzer) by using nitrogen (N2) adsorption–desorption
multi-point method. The samples were degassed in the
flowing N2 atmosphere at 200 °C before the measurements.
Thermal gravimetric and differential thermal analysis (TG/
DTA) studies were carried out (PerkinElmer, Model STA
6000 simultaneous TG-DTA, The Netherlands) in an ambient
atmosphere with the heating rate of 10 °C min−1 under N2

purge within the temperature range of 50–1000 °C. A blank
run was conducted, before the experiment, using alumina for
the baseline correction. The surface chemistry of different
samples was analyzed using the Fourier transform infrared
(FTIR, IRPrestige-21 Shimadzu, Japan) spectroscope within
the frequency range of 4000–400 cm−1 using the powders
dispersed in the potassium bromide (KBr) pellets. The mag-
netic properties were analyzed using a vibrating sample mag-
netometer (VSM) attached to a physical property measure-
ment system (PPMS, Quantum Design, Dynacool, USA).
The zeta-potential measurements were performed using the
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electrophoretic light scattering in the pH range from 2 to 10
using a Zetasizer Nano Series-Zen 3600 (Malvern
Instruments, UK).

Dye adsorption characteristics of H2Ti3O7/γ-Fe2O3

magnetic nanocomposite

The time-dependent adsorption of MB on the surface of
HTNF samples was carried out via the procedure already de-
scribed in our previous report (Harsha et al. 2015). The mea-
surements were conducted in 125ml aqueous solutions ofMB
having the initial concentration within the range of 7.5–
250 μM at the initial solution-pH of 10 adjusted using
NH4OH solution, with the adsorbent concentration of
0.4 g l−1 (note: the dye adsorption measurements as reported
earlier for pure-HTN suggest that, within the initial solution-
pH range of 2.5–11, the maximum adsorption capacity is ob-
tained at the initial solution-pH of 10; Narayani et al. 2013b).
The aliquots (4ml) collected at the definite time intervals were
analyzed, after the catalyst separation, by recording the ab-
sorption spectra obtained using the UV–visible spectropho-
tometer (UV-2401 PC, Shimadzu). After the equilibrium ad-
sorption, the magnetic HTNF samples were separated by pro-
viding a small bar magnet outside the vial. The normalized
concentration of surface-adsorbed MB dye was derived using
the following equation

%MBadsorbed ¼ Co−Ct

Co

� �
MB

� 100 ð1Þ

This is equivalent to the form

%MBadsorbed ¼ Ao−At

Ao

� �
MB

� 100 ð2Þ

where Co and Ct (mg l−1) represent the unadsorbed and
residual MB concentrations at the initial and after the contact
time t with the corresponding absorbance of Ao and At. The
intensity of maximum absorbance peak of MB dye solution,
located at 656 nm, was taken as a measure of residual concen-
tration of MB dye.

Regeneration and reuse of HTNF magnetic
nanocomposite by decomposition of surface-adsorbedMB
dye

The recycling was achieved via magnetic separation of MB
adsorbed HTNF sample and its regeneration via catalytic de-
composition of previously adsorbed dye molecules through
non-radiation driven H2O2 activation in an aqueous solution.
The recycling was demonstrated using HTNF-5 magnetic
nanocomposite (0.4 g l−1) in 125 ml aqueous solution of MB
dye having the initial concentration of 30 μM at the initial
solution-pH of 10. After the first cycle of MB adsorption, a

bar magnet was placed outside the container to attract the
magnetic nanocomposite on its walls and the treated solution
was decanted. The bar magnet was removed, and fresh 10 ml
distilled H2O was poured into the container to collect the
magnetic nanocomposite sticking on the walls of container.
The aqueous suspension of magnetic nanocomposite was then
dried in an oven at 80 °C overnight, and the dried sample was
utilized for the second cycle of dye adsorption measurement
conducted under the similar test conditions. Total six succes-
sive cycles of dye adsorption measurements were conducted
without the use of any intermediate regeneration treatment.
Later, the dye adsorption experiments were repeated with the
involvement of regeneration treatment which was conducted
after the end of each cycle of dye adsorption. In the latter, the
dried HTNF-5 sample (0.4 g l−1) with the MB dye adsorbed
on its surface was dispersed in 100 ml of 15 wt% (4.5 M)
H2O2 solution (obtained via dilutionmethod) and stirred using
an overhead stirrer (IKA, Eurostar Digital, Germany) for 3 h
(note: the selection of 15 wt% (4.5 M) H2O2 solution is in
accordance with Jose et al. (2014) who demonstrated that
the higher the initial MB concentration, the higher the initial
H2O2 concentration required to decompose MB dye
completely in 1 h under the dark condition. In the present
investigation, the use of 3 wt% (0.9 M) H2O2 solution could
not regenerate HTNF-5 sample even after 3 h of contact time).
The regenerated catalyst was separated from the aqueous so-
lution using an external magnetic field provided by a small bar
magnet; and after drying in an oven at 80 °C overnight, it was
recycled for the next cycle of dye adsorption. Total six suc-
cessive cycles of dye adsorption measurements were conduct-
ed with the use of intermediate regeneration treatment.

Detection of ROS (O2
.− and ·OH)

Luminol was used as a chemiluminescent probe for the detec-
tion of generated O2

.−. Luminol (0.278 g l−1) was dissolved in
125 ml of alkaline (0.4 g l−1 NaOH) H2O2 (15 wt% (4.5 M))
solution. After 1 h of overhead stirring, 0.4 g l−1 of HTNF-5
sample was added with the continued stirring. Aliquot (8 ml)
was then collected after 10 min of contact time. The magnetic
nanocomposite was separated from the sample suspension
using a bar magnet, and the solution obtained was
immediately subjected to PL emission spectral analysis
(Cary Eclipse, Varian, The Netherlands). The luminol
molecules react with the generated O2

.− species and produce
3-aminophthalate (AP) which exhibits a characteristic broad
PL peak normally located at 420 nm at an excitation wave-
length of 350 nm, the intensity of which is taken as the mea-
sure of generated amount of O2

.− species (Nosaka et al. 1997).
In the present work, this emission peak was located within the
wavelength range of 425–429 nm (note: H2O2 solution, in the
absence of magnetic nanocomposite, also contains small
amount of O2

.− species. The intensity of PL peak obtained
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from this blank solution is considered as a reference peak
(background) and is subtracted from the PL intensity observed
in the presence of a magnetic nanocomposite).

For the ·OH detection, an alkaline solution of TAwas used
which upon excitation at 315 nm normally provides an emis-
sion peak at 425 nm due to the formation of 2-
hydroxyterephthalic acid as a result of the reaction between
TA and generated free ·OH. (Ishibashi et al. 2000). In the
present work, this emission peak was located within the wave-
length range of 437–445 nm. The experiments were similar to
the previous case except that the concentration of NaOH and
TAwere changed to 0.08 and 0.058 g l−1, respectively. Similar
to the previous case, the background subtraction is conducted
in this case as well using the blank solution. The O2

.− and ·OH
trapping experiments were also conducted using pure HTN
(0.124 g l−1) and pure γ-Fe2O3 (0.276 g l−1) nanoparticles.
For these typical experiments, the concentration of respective
catalyst was determined from its weight fraction in the HTNF-
5 sample. All other experimental parameters were similar to
those as described above.

Results and discussion

Morphological, chemical, and structural evolution
of hydrothermal processed H2Ti3O7/γ-Fe2O3 magnetic
nanocomposite

The core–shell TSF magnetic nanocomposites having varying
amount of TiO2 are obtained via multiple sol-gel TiO2-coating
cycles. The morphologies of TSF magnetic nanocomposites
as observed using TEM analysis have been already reported
by Narayani et al. 2013a and also by others (Abramson et al.
2009; Yu et al. 2011; Wang et al. 2009). Typical morphologies
of HTNF magnetic nanocomposites evolved, subsequent to
hydrothermal treatment of TSF samples, as observed using
TEM images obtained at lower and higher magnifications,
are presented in Figs. 1 and 2. The corresponding EDX pat-
terns are shown in Fig. S1 of Online Resource. It is noted that
the core–shell TSF magnetic nanocomposite consists of three
components γ-Fe2O3, SiO2, and anatase–TiO2. Among these
components, γ-Fe2O3 is inactive under the hydrothermal
conditions and remains intact in the final hydrothermal
products. However, according to Hareesh et al. (2012) and
Li et al. (2011), SiO2 and TiO2 layers undergo chemical
reactions in highly alkaline hydrothermal conditions forming
SiO4

4− ions and nanosheets/nanotubes of hydrogen titanate,
respectively, which remain dissolved or suspended in the sur-
rounding aqueous solution. In Fig. 1a, the average size of γ-
Fe2O3 nanoparticles is noted to be ∼25 nm with no direct
evidence of presence of H2Ti3O7 phase. However, EDX pat-
tern presented in Fig. S1a (see the Online Resource) does
show the existence of tiny amount of Ti in this sample along

with the significant presence of Fe and Cu (note: Cu originates
from the grid used for TEM analysis).

For HTNF-3 sample (Fig. 1b), γ-Fe2O3 nanoparticles
are observed to be surrounded by the nanosheets of
H2Ti3O7 which are also clearly seen in Fig. 2a at higher
magnification. The formation of nanotube morphology of
H2Ti3O7 is not evident in these images. On the contrary,
for HTNF-5 sample (Fig. 1c), γ-Fe2O3 nanoparticles are
observed to be surrounded by nanotubes of H2Ti3O7, hav-
ing the average length of 150 nm and average inner di-
ameter of 4 nm, which are undoubtedly seen in Fig. 2b at
higher magnification. In contrast to the previous samples,
the formation of nanosheet morphology of H2Ti3O7 is not
noticeable in these images. However, for HTNF-7 sample
(Fig. 1d), γ-Fe2O3 nanoparticles are observed to be
surrounded by mixed nanosheets and nanotubes of
H2Ti3O7 which are also evident in Fig. 2c at higher mag-
nification. Moreover, the layered structured H2Ti3O7

nanosheets are observed to be formed in a relatively larg-
er amount and exhibit a highly aggregated morphology
(note: γ-Fe2O3 nanoparticles are intercalated in between
and attached to the edges of nanosheets and occupy
interaggregate pores. These factors have possibly reduced
the contrast of nanoparticles in the TEM image; Fig. 1d).
The corresponding EDX patterns (see Fig. S1a–c, respec-
tively, of Online Resource) reveal a gradual increase in Ti
content (2, 15, and 25 at.%) with the increasing number
of sol-gel TiO2-coating cycles. However, for the HTNF-7
sample, a decrease in Ti content (11 at.%) is observed
which is attributed to the pickup of large amount of Si
by this sample (see Fig. S1d of Online Resource). No free
islands of H2Ti3O7 nanotubes or nanosheets are observed
in all TEM images presented in Figs. 1 and 2 suggesting
the formation of a nanocomposite instead of mixture of
former with γ-Fe2O3 nanoparticles. Moreover, the high-
resolution TEM (HRTEM) image (Fig. 2d) shows the av-
erage interlayer spacing of 0.78 nm which is close to that
of (200) plane of H2Ti3O7 as reported by Wu et al.
(2006).

The XRD patterns of as-received γ-Fe2O3 nanoparticles
and HTNF samples are shown in Fig. 3a, while that of pure
HTN is shown separately in Fig. 3b due to relatively lower
intensity of diffraction peaks. It is noted that all of HTNF
samples strongly exhibit the XRD pattern of γ-Fe2O3

nanoparticles according to JCPDS card no. 39-1346 (see
the section-B (Figs. S2 and S3) in the Online Resource for
further analysis using the XRD, FTIR, and HRTEM results
for the justification of identified phase in the as-received
magnetic nanoparticles). Small intensity XRD peaks of
HTN (2θ = 24.5° and 48.5°) are assigned to either pure
H2Ti3O7 or lepidocrocite-type titanate in accordance with
Kitano et al. (2013). It is to be noted that the variation in
the intensity of XRD peaks corresponding to H2Ti3O7
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20 nm

(c)

20 nm

(a)

20 nm

(b)

0.78 nm

10 nm

(d)

Fig. 2 High magnification TEM
images of HTNF-3 (a), HTNF-5
(b), and HTNF-7 (c) samples. d
HRTM image of pure HTN
showing the measurement of
average spacing between the
lattice fringes

50 nm

(a)

50 nm

(b)

50 nm

(c)

50 nm

(d)

Fig. 1 Low magnification TEM
images of HTNF-1 (a), HTNF-3
(b), HTNF-5 (c), and HTNF-7 (d)
samples. The lower-left corner
insets show the corresponding
SAED patterns
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(Fig. 3a) is not commensurate with the weight fraction of
HTN in the HTNF samples which is due to very low crys-
tallinity of HTN relative to that of γ-Fe2O3 nanoparticles.
However, such correlation can be easily established from
the EDX analysis presented in Fig. S1 (see the Online
Resource) except for HTNF-7 sample for which the large
amount of Si pickup is observed.

The N2 adsorption–desorption isotherms of pure HTN and
HTNF magnetic nanocomposites are shown in Fig. 4a (note:
see the TG/DTA results presented in Fig. S4 and the related
discussion in the Online Resource). The isotherms are recog-
nized as type II, while the hysteresis loops correspond to type
H3 which are the characteristics of slit-shaped mesopores.
This is in agreement with the characteristics of HTNF mag-
netic nanocomposites processed via ion-exchange method as
reported earlier by Harsha et al. (2015). The Barrett–Joyner–
Halenda (BJH) pore-size distribution curves for the above
samples are shown in Fig. 4b. It is observed that narrow and
small intensity peaks in the pore-size distribution curve appear
in between 2 and 6 nm regions which are ascribed to the inner
diameter of HTN consistent with the TEM results. The con-
tinuous increase in the pore volume after 6 nm pore size is
related to the aggregates of nanotubes having non-uniform
pore volume in between them.

The BET specific surface area of 38, 81, 133, and
121 m2 g−1 and the pore volume of 0.07, 0.15, 0.22, and
0.19 cm3 g−1 are, respectively, observed for HTNF-1,
HTNF-3, HTNF-5, and HTNF-7 samples. The values of these

parameters for pure γ-Fe2O3 nanoparticles and pure HTN are
noted to be 32 and 362 m2 g−1 and 0.00045 and 0.53 cm3 g−1,
respectively. Both the specific surface area and pore volume of
HTNF samples, thus, fall in between those of pure γ-Fe2O3

nanoparticles and pure HTN. It is noted that both the specific
surface area and pore volume increase with the number of
sol-gel TiO2-coating cycles, except for cycle-7 where a de-
crease in the values of these parameters is noted which is
attributed to highly aggregated nature of relatively large num-
ber of layered structured H2Ti3O7 nanosheets as obtained un-
der this processing condition. Thus, the attachment of non-
magnetic HTN to magnetic γ-Fe2O3 nanoparticles via hydro-
thermal reactions results in a net increase in the specific sur-
face area (from 32 to 38–133 m2 g−1) and pore volume (from
0.00045 to 0.07–0.22 cm3 g−1) of HTNF magnetic nanocom-
posites which have been attributed to higher specific surface
area and pore volume of pure HTN compared with those of γ-
Fe2O3 nanoparticles. It strongly appears that the dominance of
either attractive or repulsive forces in between the magnetic γ-
Fe2O3 nanoparticles also contributes to the actual variation in
the specific surface area and pore volume as a function of
amount of γ-Fe2O3 nanoparticles varying within the range
of 0–100 wt% (see Fig. S5 and related discussion in the
Online Resource).

Fig. 4 N2 adsorption–desorption isotherms (a) and BJH pore-size
distribution curves (b) as obtained for HTNF-1 (i), HTNF-3 (ii), HTNF-
5 (iii), HTNF-7 (iv), and pure HTN (v) samples

Fig. 3 XRD patterns of HTNF (a) and pure HTN (b) samples. In a, XRD
patterns vary as pure γ-Fe2O3 (i), HTNF-1 (ii), HTNF-3 (iii), HTNF-5
(iv), and HTNF-7 (v) samples
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Mechanism of morphological evolution of hydrothermal
processed HTNF magnetic nanocomposite

Themechanism ofmorphological evolution of HTNF samples
along with the changes in their structural and chemical con-
stituents as a function of number of sol-gel TiO2-coating cy-
cles, as confirmed via TEM, EDX,XRD, and BETanalyses, is
summarized in the model proposed in Fig. 5. As shown in
the model, γ-Fe2O3 nanoparticles are coated with SiO2 via
modified Stober process followed by sol-gel coating of TiO2

over γ-Fe2O3/SiO2 nanocomposite particles. The amount of
TiO2 (that is, the average thickness of TiO2 coating) is con-
trolled by increasing the number of sol-gel TiO2-coating cy-
cles. Moreover, the average aggregate size of γ-Fe2O3/SiO2

nanocomposite particles over which TiO2 coating takes place
is assumed to increase with the number of sol-gel TiO2-coat-
ing cycles as per the model suggested earlier by Zhou et al.
(2015a).

For the cycles 1 and 3, final hydrothermal products contain
the nanosheets of H2Ti3O7. It appears that the average TiO2
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thickness under these processing conditions is below the crit-
ical thickness required to avoid the substrate effect which is
the result of a strong bond formation at the interface of γ-
Fe2O3 nanoparticles and H2Ti3O7 via ion-exchange reactions
(Harsha et al. 2015) (note: this further supports the presence of
a nanocomposite of γ-Fe2O3 nanoparticles and H2Ti3O7 in-
stead of their mixture in the final hydrothermal product). As
suggested by Lu et al. (2011), the nanocrystalline particles of
anatase–TiO2 in a freestanding powder are converted to the
nanotubes of H2Ti3O7 via roll-up mechanism involving the
sequential transformation of nanoparticles to nanosheets and
then to nanotubes. It appears that when the thickness of sol-gel
TiO2 coating is below the critical thickness, the substrate ef-
fect does not allow the roll-up mechanism to go to completion
resulting in the stabilization of intermediate nanosheet mor-
phology. As per the TEM analysis (Fig. 1a, b) and the model
presented in the Fig. 5, this is particularly observed for TSF-1
and TSF-3 samples. Since, the amount of Si pick up is mini-
mum (see Fig. S1a, b of Online Resource), the effect of Si
pickup on the stabilization of nanosheet morphology is ruled
out for these two samples. For the TSF-5 sample, the average
thickness of sol-gel TiO2 coating is assumed to be larger than
the critical thickness (Fig. 5). In this case, as a result of
minimization of substrate effect and minimum Si pickup by
this sample (see Fig. S1c of Online Resource), the nanocrys-
talline TiO2 coating is effectively converted to nanotubes of
H2Ti3O7 via roll-up mechanism without any stabilization of
intermediate nanosheet morphology. The gradual increase in
the specific surface area and pore volume from HTNF-1 to
HTNF-5 sample is attributed to the corresponding increase in
the weight fraction of HTN in these samples.

For TSF-7 sample, the average sol-gel TiO2 coating thick-
ness is also assumed to be larger than the critical thickness
(Fig. 5) required to avoid the substrate effect. Hence, similar to
the previous case, the formation of only nanotubemorphology
is expected for this sample as well. In contrast to this, the
formation of both nanosheets and nanotubes (predominantly
nanosheets) is observed (Figs. 1d and 2c). The formation of
mixed morphologies in the case of HTNF-7 sample is a result
of large amount of Si pickup by this sample (see Fig. S1d of
Online Resource), which is possibly due to the intercalation of
SiO4

4− ions within the layered structure of highly aggregated
nanosheets of H2Ti3O7. The stabilization of intermediate
nanosheet morphology of H2Ti3O7 by surface adsorption of
Si species during the hydrothermal treatment has been report-
ed earlier by Hareesh et al. (2012) (see the Scheme S1 and
related discussion in the Online Resource for the Si pickup
effect). There is also a strong possibility of contribution of
non-uniform distribution of Si species which may allow the
formation of nanotubes at the specific locations where the
concentration of Si species is relatively lower allowing the
nanosheets to roll up to form nanotubes. The decrease in the
specific surface area and pore volume of this sample

compared with those of HTNF-5 sample is ascribed to the
effect of strong aggregation tendency of nanosheets and their
large fraction in the nanocomposite relative to that of nano-
tubes, which are superimposed on the magnetic effect (see
Fig. S5 of Online Resource). Thus, the formation of either
nanosheets, nanotubes, or mixed morphologies for hydrother-
mal processed HTNF magnetic nanocomposite as a function
of increasing number of sol-gel TiO2-coating cycles is
primarily governed by the roll-up mechanism superimposed
with substrate and Si pickup effects.

MB adsorption characteristics of HTNF magnetic
nanocomposites

The adsorption performance of HTNFmagnetic nanocompos-
ites is studied by varying the initial MB concentration within
the range of 7.5–250 μM. The time-dependent variations in
the normalized concentration of surface-adsorbed MB
(derived using Eqs. 1 and 2) at the initial solution-pH of 10
are presented in Fig. 6 for different HTNF samples. The ad-
sorption equilibrium is attained within the first 10 min of
contact time which is attributed to the dominance of strong
electrostatic interaction between the negatively charged sur-
face of HTN and cationicMBmolecules at the initial solution-
pH of 10 as suggested earlier by Harsha et al. (2015) and
Bavykin et al. (2010). The normalized equilibrium concentra-
tion of MB adsorbed on the surface of HTNF is decreased
with increasing initial MB dye concentration.

The amount of MB adsorbed after the elapse of specific
amount of time, t, can be expressed as the amount of dye
molecules adsorbed (mg) per unit weight of HTNF sample
(g), which is of the form (Jose et al. 2014; Harsha et al. 2015)

qt ¼
Co−Ctð ÞV
mHTN

ð3Þ

where Co and Ct (mg l−1) represent dye concentrations at the
initial (t = 0min) and after the contact time of t (min),mHTN (g)
the mass of adsorbent, and V (l) the initial volume of solution.
The variation in the calculated values of qt as a function of
contact time as obtained for different HTNF samples is shown
in Fig. S6, while the equilibrium adsorption isotherm curves
are presented in Fig. S7 of Online Resource. The variation in
the values of equilibrium adsorption (qe, for which Ct = Ce

where Ce is the residual dye concentration at equilibrium) as a
function of initial MB concentration as obtained for various
HTNF samples is plotted in Fig. 7. It is noted that qe increases
initiallywith the initialMB concentration, reaches themaximum
value within the initial MB concentration range of 90–150 μM,
and then reduces with further increase in the initial MB concen-
tration. The initial rise in qe is attributed to greater driving force
for the gradual consumption of more number of active surface
sites available on the surface of HTNF samples. It is to be
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noted that the cationic MB molecules are adsorbed due to the
electrostatic interaction with the negatively charged surface of
HTNF samples which is provided by the presence of
chemisorbed OH− ions and Bronsted acidic nature of titanate
surface resulting from the dissociation of H2Ti3O7 as per the
following reaction as suggested earlier by Bavykin et al.
(2010) and Bavykin et al. (2006).

H2Ti3O7↔2Hþ þ Ti3O
2−
7 ð4Þ

At higher initial MB concentrations, greater interaction of
cationic MB molecules with OH− ions within the solution

possibly reduces the chemisorption of latter on the surface of
HTNF samples. This is in consonance with Narayani et al.
(2013b) who ascribed the decrease in qe values at higher initial
MB concentrations to decrease in the negative charge present
on the surface of adsorbent as a result of reduction in the
adsorption of OH− ions on its surface due to their strong in-
teraction with the cationic MB molecules within the solution.

The MB adsorption capacity (qm) is estimated to be 20, 33,
74, and 65 mg g−1 for HTNF-1, HTNF-3, HTNF-5, and
HTNF-7 samples, respectively. The MB adsorption capacity
of γ-Fe2O3 nanoparticles and pure HTN is determined to be
13 and 113 mg g−1 (Harsha et al. 2015). Thus, the attachment
non-magnetic HTN to magnetic γ-Fe2O3 nanoparticles via
hydrothermal reactions results in a net increase in the MB
adsorption capacity of HTNF magnetic nanocomposites from
13 to 20–74 mg g−1 which is attributed to higher MB adsorp-
tion capacity of pure HTN compared with that of γ-Fe2O3

nanoparticles. It strongly appears that the actual variation in
the MB adsorption capacity of HTNF magnetic nanocompos-
ites (see Fig. S8 and related discussion in the Online
Resource) is well correlated with the similar variations in the
specific surface area and pore volume as a function of amount
of γ-Fe2O3 in accordance with the law of mixture
superimposed with the magnetic effect (also see the
Table S1 of Online Resource). Moreover, the zeta-potential
measurements (see Fig. S9 of Online Resource) suggest that
the points of zero charge for pure HTN, pure γ-Fe2O3 nano-
particles, and HTNF-5 samples are 4.7, 5.0, and 5.3, respec-
tively. Typically, at the initial solution-pH of 8.0, they exhibit

Fig. 6 Variations in the
normalized concentration of
surface-adsorbed MB as a
function of contact time as
obtained for HTNF-1 (a), HTNF-
3 (b), HTNF-5 (c), and HTNF-7
(d) samples. The initial MB dye
concentration is varied as 7.5 (i),
30 (ii), 60 (iii), 90 (iv), 150 (v),
200 (vi), and 250 μM (vii)

Fig. 7 Variation in qe as a function of initial MB dye concentration as
obtained for HTNF samples. The graph for pure HTN is shown for
comparison as obtained from the data already presented elsewhere
(Harsha et al. 2015)
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the surface potential of −22.7, −11.9, and −30 mV,
respectively.

It is noted that the MB adsorption capacity of HTNF sam-
ples lie in between that of pure γ-Fe2O3 nanoparticles and
pure HTN. It is further noted that with increasingHTN content
of magnetic nanocomposite samples, MB adsorption capacity
is increased which is attributed to corresponding increase in
the specific surface area and pore volume of samples. The dye
adsorption capacity is, however, noted to decrease suddenly
for HTNF-7 sample which is ascribed to its lower specific
surface area and pore volume compared with those of
HTNF-5 sample. The maximum MB adsorption capacity
(74 mg g−1) along with magnetic property is, thus, exhibited
by HTNF-5 sample which appears to be the most optimum
one (see the Table S2 of Online Resource for the comparison
of maximum adsorption capacity of HTNF-5 sample with that
of other magnetic adsorbents reported in the literature).

The time-dependent MB adsorption on the HTNF surface
is analyzed using two different kinetics models—Lagergren
pseudo-first-order and pseudo-second-order (Lagergren 1898;
Ho and McKay 1998; Gunathilake et al. 2015) (see the
section-L in the Online Resource). The linear plots (see
Fig. S10 of Online Resource) with the regression correlation
coefficient, <r2>, approximately equal to one and the qe values
approximately equal to that of experimentally observed
values, qe (Exp) (see the Table S3 of Online Resource), sug-
gest that the MB adsorption on the surface of HTNFmagnetic
nanocomposites follows the pseudo-second-order kinetics.

Adsorption isotherm study is very important to understand
the nature of adsorbate–adsorbent interaction. The equilibrium
adsorption ofMB on the surface of HTNF samples is analyzed
using three well-known adsorption isotherm models—
Langmuir, Freundlich, and Dubinin–Kaganer–Radushkevich
(DKR) (Gunathilake et al. 2015; Langmuir 1916; Tan et al.
2008; Freundlich 1906; Shen et al. 2010; Lakouraj et al. 2015)
(see the section-O of Online Resource). The fitted curves for
the equilibrium MB adsorption on the surface of HTNF-5
sample obtained using the above isotherm models are shown
in Fig. 8 (also see the section-P of Online Resource). The
calculated values of different parameters of these equilibrium
isothermmodels are listed in the Table S4 of Online Resource.
The superior matching of qm values as obtained via Langmuir
and DKRmodels with the experimentally observed values (qm
(Exp)), along with the <r2> values close to unity, strongly
suggests the validity of these isotherm models. Hence, in the
present investigation, the equilibrium adsorption ofMB on the
surface of HTNF magnetic nanocomposites follows both
Langmuir and DKR models which is in good agreement with
the earlier reports by Narayani et al. 2013b and Harsha et al.
2015.

(Note: for the calculation of separation factor (RL), adsorp-
tion energy (E), and change in Gibb’s free energy (ΔG0); see
the section-O of Online Resource). The RL values for MB

adsorption on the surface of both pure HTN and HTNF mag-
netic nanocomposites lie in between 0.002 and 0.55 (see the
Table S4 of Online Resource), which indicate that the adsorp-
tion process is favorable. According to Shen et al. (2010),
when the E value is in between 8 and 16 kJ mol−1, the adsorp-
tion is due to ion-exchange reactions, while that less than
8 kJ mol−1 supports the electrostatic attraction mechanism.
Both the negative values of ΔG0 and E values less than
8 kJ mol−1 (see the Table S4 of Online Resource) strongly
suggest the spontaneous monolayer MB adsorption on the
surface of HTNF samples via electrostatic attraction
mechanism.

Fig. 8 Typical Langmuir (a), Freundlich (b), and DKR (c) plots as
obtained for HTNF-5 sample
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Magnetic separation, regeneration, and reuse of HTNF
magnetic nanocomposite

The magnetic hysteresis loops obtained for HTNF samples
at room temperature are displayed in Fig. 9. The S-like hys-
teresis loops, very low values of remanence field and coer-
civity, indicate the superparamagnetic nature of nanocom-
posites. The magnetic nanoparticles of γ-Fe2O3 possess rel-
atively higher saturation magnetization value of 71 emu g−1.
It is noted that the magnetization of HTNF nanocomposites
is gradually decreased from HTNF-1 to HTNF-7 sample due
to decrease in the weight fraction of γ-Fe2O3 nanoparticles.
The saturation magnetization values are noted to be 62, 52,
36, and 34 emu g−1 for HTNF-1, HTNF-3, HTNF-5, and
HTNF-7 samples, respectively. Appreciable magnetization
values enable their fast separation from the treated aqueous
solution in less than a minute. The digital photograph of
separation process as demonstrated for HTNF-5 magnetic
nanocomposite particles, after the surface adsorption of
MB dye in an aqueous solution, is presented as an inset in
Fig. 9.

As demonstrated by Konicki et al. (2013), the regenera-
tion of adsorption sites is generally achieved by desorbing
the adsorbent molecules using organic solvents such as ac-
etone, ethanol, acrylonitrile, and ethyl acetate. In the case
of acidic and basic dyes, this is accomplished by Zhang
et al. (2013) by adjusting the solution-pH using NaOH
and HCl solutions, respectively. However, these techniques
merely transfer the organics from the catalyst surface to the
desorption medium, thus creating a secondary pollution.
The other most commonly employed techniques for the
regeneration of adsorbents are thermal decomposition, pho-
tocatalytic, and chemical oxidation which are energy-
sensitive techniques (Teixeira et al. 2014; Haitham et al.
2014; Lin and Wang 2003). In this respect, the recycling
of titanate nanotubes via oxidative catalytic process

involving the activation of H2O2, as recently demonstrated
by us (Babu et al. 2014) and others (Lorencon et al. 2014;
Zhou et al. 2015b), is highly noteworthy since the surface-
adsorbed organics are completely decomposed in an aque-
ous solution in the dark. The recent review by Schneider
et al. (2014) suggests that the dynamics of radical ion gen-
eration and their role in the dye decomposition process
have been thoroughly investigated for the photocatalysis
mechanism. Nevertheless, such study for the non-
radiation driven H2O2 activation using the semiconductor
oxide nanostructures, such as the titanate nanotubes, is very
limited (Lorencon et al. 2014; Zhou et al. 2015b) Hence,
the recyclability of HTNF magnetic nanocomposite is dem-
onstrated here through the catalytic decomposition of
surface-adsorbed MB molecules via non-radiation driven
H2O2 activation.

The obtained variation in the amount of MB dye
adsorbed on the surface of HTNF-5 sample for six succes-
sive cycles of dye adsorption, conducted without and with
the involvement of regeneration treatment, is shown as a
bar diagram in Fig. 10. It is clearly observed that without
the regeneration treatment, the MB adsorption on the sur-
face of HTNF-5 sample decreases almost by ∼89%.
Comparison, however, shows that only a marginal decrease
of 1.5% is observed with the involvement of regeneration
treatment conducted in the H2O2 solution. This strongly
suggests that without the regeneration treatment, more
number of potential sites available for MB adsorption on
the surface of HTNF-5 sample is consumed resulting in a
progressive decrease in the amount of MB dye adsorbed
after each cycle of dye adsorption. The regeneration treat-
ment conducted in H2O2 solution, however, decomposes
the dye already adsorbed in the previous cycle resulting in
the restoration of all potential sites available for MB ad-
sorption on the catalyst surface. As a result, the amount of
MB dye adsorbed remains very high for each successive
cycle of dye adsorption.

Fig. 9 Magnetization curves as obtained for pure γ-Fe2O3 nanoparticles
and HTNF samples. The inset in upper-left corner shows the magnetic
separation of HTNF-5 sample in an aqueous solution using an external
bar magnet which is indicated by an arrow.M, intensity of magnetization;
H, magnetizing filed strength

Fig. 10 Variation in the normalized concentration of MB dye adsorbed
after 1 h of contact time as a function of dye adsorption cycle number as
obtained for HTNF-5 sample without and with the involvement of
regeneration treatment conduced after each dye adsorption cycle. For
MB ad s o r p t i o n , t h e t e s t c o n d i t i o n s a r e : i n i t i a l MB
concentration = 30 μM, catalyst concentration = 0.4 g l−1, and initial
solution-pH = 10. For the regeneration treatment, the test conditions
are: initial H2O2 concentration = 15 wt% (4.5 M), MB-loaded catalyst
concentration = 0.4 g l−1, and contact time = 3 h
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Mechanism of MB degradation on the surface of HTNF
magnetic nanocomposite via non-radiation driven H2O2

activation

The HTNF-5 magnetic nanocomposite essentially contains
31 wt% of HTN and balance γ-Fe2O3 nanoparticles as the
major constituents. According to Wang et al. (2013), the deg-
radation of an organic synthetic dye such as MB via Fenton-
like reactions takes place via generation and attack of ROS
such as O2

.− and ·OH. As suggested by Houas et al. (2001),
MB dye decomposition may occur as

C16H18N3S
þ þ 102•OH →

HTNF
16CO2 þ 3NO−

3 þ SO2−
4

þ 6Hþ þ 57H2O ð5Þ

2C16H18N3S
þ þ 51O−

2 →
HTNF

32CO2 þ 6NO−
3 þ 2SO2−

4

þ 12Hþ þ 12H2Oþ 102e− ð6Þ

(Note: the generated electrons in the Eq. 6 may be pick-
ed by dissolved O2). Hence, in order to confirm the pro-
posed mechanism of MB decomposition on the surface of
HTNF-5 magnetic nanocomposite via non-radiation driven
activation of H2O2 and also to elucidate the precise role of
individual catalyst components, O2

.− and ·OH were trapped
using two different radical trapping agents. The qualitative
variation in the concentration of ·OH produced after
10 min of contact time for different catalysts is presented
and compared in Fig. 11a. It is noted that both pure HTN
and pure γ-Fe2O3 nanoparticles produce relatively lower
concentration of ·OH. Moreover, the concentration of ·OH
produced by pure γ-Fe2O3 nanoparticles is relatively
higher than that produced by pure HTN. However, the
concentration of ·OH generated by HTNF-5 magnetic
nanocomposite is much higher than that produced by indi-
vidual components and their cumulative effect which
strongly suggests a positive synergy effect in between
them.

It has been proposed that the activation of H2O2 in the
presence of pure HTN results in the generation of ·OH via
following sequence of chemical reactions which includes the
well-known Haber–Weiss reaction (Babu et al. 2014; Costa
et al. 2006).

H2O2 →
HTN

O•−
2 þ2Hþ þ e− ð7Þ

H2O2 þ O•−
2 →

HTN
OH−þ•OHþ O2 ð8Þ

O2 þ e− →
HTN

O•−
2 ð9Þ

Moreover, pure γ-Fe2O3 nanoparticles are also responsible
for the generation ·OH via following Fenton-like reactions
(Wang et al. 2012).

Fe3þ þ H2O2 →
γ‐Fe2O3

Fe2þþ•OOHþ Hþ ð10Þ

Fe2þ þ H2O2 →
γ‐Fe2O3

Fe3þþ•OHþ OH− ð11Þ

Fe3þ þ O•−
2 →

γ‐Fe2O3
Fe2þ þ O2 ð12Þ

The positive synergy effect between HTN and γ-Fe2O3

nanoparticles in the generation of •OH can be explained based
on the chemical reactions presented in the Eqs. 7–12. It ap-
pears that large amount of O2

.− are produced by HTN alone
(Eqs. 7 and 9) which may drive the chemical reaction present-
ed in the Eq. 12 in the forward direction when both HTN and
γ-Fe2O3 nanoparticles are simultaneously present in H2O2

solution in the form of HTNF-5 magnetic nanocomposite.
As a consequence, for HTNF-5 magnetic nanocomposite,
the concentration of Fe2+ ions is relatively higher than that
of pure γ-Fe2O3 nanoparticles which results in the generation
of relatively higher concentration of ·OH via chemical reac-
tion presented in the Eqs. 8 and 11 as noted in Fig. 11a.

It, hence, appears that during the operation of above mech-
anism involving the non-radiation driven activation of H2O2

using magnetic HTNF-5 sample, the concentration of O2
.−

produced by latter must be lower than that of pure HTN. In
order to confirm this hypothesis, the qualitative variation in
the concentration of O2

.− produced after 10 min of contact
time is presented and compared in Fig. 11b for different cata-
lysts. It is clear that both pure HTN and pure γ-Fe2O3 nano-
particles produce O2

.−. Using the electron paramagnetic reso-
nance (EPR) and X-ray photoelectron spectroscope (XPS)
spectroscope analyses, Lorencon et al. (2014) and Zhou
et al. (2015b) confirmed that O2

.− are generated via non-
radiation driven activation of H2O2 by pure HTN and are
responsible for the decomposition of MB and Rhodamine B
dyes. In Fig. 11b, the concentration of O2

.− produced by pure
HTN is observed to be relatively higher than that produced by
pure γ-Fe2O3 nanoparticles. However, the concentration of
O2

.− generated by HTNF-5 magnetic nanocomposite is lower
than that produced by individual components and much lower
than their cumulative effect. Thus, a negative synergy effect is
undoubtedly observed in between HTN and γ-Fe2O3 nano-
particles in the generation of O2

.− which strongly supports the
mechanism proposed above for the generation of ·OH via non-
radiation driven activation of H2O2 using HTNF-5 magnetic
nanocomposite. Hence, in the case of HTNF-5 magnetic
nanocomposite, the generated O2

.− are rapidly consumed
and converted to ·OH as a consequence of synergy effect of
two components. The net result is that the concentration of
·OH produced by non-radiation driven activation of H2O2

using HTNF-5 sample is very high, while that of O2
.− is very

low (Fig. 11). It is noted that since the activation of H2O2 is
achieved in the dark condition, the difference in the band gap
energy (Ebg) values of pure HTN and γ-Fe2O3 nanoparticles
does not have any significant contribution in the formation of
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O2
.− and ·OH (see Fig. S11 and related discussion in the

Online Resource).
Based on the above results, the degradation of MB dye on

the surface of HTNF-5 sample (that is, the regeneration treat-
ment) is attributed to the predominance of chemical reaction
presented in the Eq. 5 over that presented in the Eq. 6. This is
in contrast to pure HTN for which the degradation of MB dye
on their surfaces appears to be predominantly via chemical
reaction presented in the Eq. 6 than that presented in the
Eq. 5. It is further noted that, in the present investigation, the
non-radiation driven activation of H2O2 is achieved using the
combination of magnetic γ-Fe2O3 nanoparticles and non-
magnetic nanotubes of H2Ti3O7 which is in contrast to the
activation of H2O2 normally reported under the UV-radiation
exposure for the semiconductor oxides (such as TiO2) based
photocatalysis mechanism (Wong and Chu 2003). Thus, for
the first time, the precise role of ROS and the underlying dye
decomposition mechanism are elucidated here using the
different radical trapping agents via PL studies which clearly
reveal the synergy effect of constituents of HTNF magnetic
nanocomposite.

Overall, the various steps, such as the surface adsorption of
an organic dye with the effective magnetic separation of nano-
composite from the treated solution followed by dye degrada-
tion in the dark via ROS attack achieved through the non-
radiation driven H2O2 activation, when sequentially combined

together provide a systematic approach (see the Scheme S2 of
Online Resource) for the removal of MB dye from the aque-
ous solution, which may be utilized in the near-future for the
removal of other types synthetic dyes.

Conclusions

Mesoporous magnetic nanocomposite consisting of H2Ti3O7

nanosheets/nanotubes and γ-Fe2O3 nanoparticles is success-
fully synthesized via hydrothermal treatment of core–shell γ-
Fe2O3/SiO2/TiO2 magnetic photocatalyst having different
amounts of TiO2 in the shell. H2Ti3O7 phase having different
shapes such as nanosheets, nanotubes, and mixed morphol-
ogies is evolved depending on the amount of TiO2 in the shell
of precursor. A model has been proposed to explain such
variations in the observed morphologies of H2Ti3O7 in the
HTNF magnetic nanocomposite as a function of increasing
amount of TiO2. The variation in MB adsorption capacity of
HTNF magnetic nanocomposite is well correlated with that of
specific surface area and pore volume as a function of amount
of γ-Fe2O3 nanoparticles. The magnetic HTNF-5 sample con-
taining 31 wt% HTN exhibits the highest MB adsorption ca-
pacity (74 mg g−1) and is ascribed to its higher specific surface
area and pore volume. The equilibrium adsorption of cationic
MB on the surface of HTNF-5 magnetic nanocomposite

Fig. 11 PL intensities in the visible range associated with 2-
hydroxyterephthalic acid (a) and 3-aminophthalate (b) formed as a
result of radical trapping (c), after the contact time of 10 min, as
observed for different catalysts at the excitation wavelengths of 315

(a) and 350 nm (b). PL intensities observed in a and b are proportional
to the concentration of ·OH and O2

.− produced as a result of activation of
H2O2 using different catalysts. Initial H2O2 concentration = 15 wt%
(4.5 M)
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follows the pseudo-second-order kinetics and Langmuir and
DKR isotherm models. The recyclability (that is, regeneration
and reuse) of HTNF-5 sample in the dye removal application
is achieved via magnetic separation and decomposition of
previously adsorbed MB on the catalyst surface via non-
radiation driven H2O2 activation involving synergy effect be-
tween the constituents of HTNF-5 magnetic nanocomposite.
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