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We have demonstrated the use of the inner lumen of halloysite nanotubes as a nanoconfined reactor for

the synthesis of nanoscale inorganic materials. Selective modification of the lumen has been carried out

using a chelating ligand like ethylenediaminetetraacetic acid (EDTA) which selectively binds only to the alu-

mina surfaces of the tubes and thus facilitates the adsorption of iron and subsequently the formation of

nanoscale iron oxide within the lumen of the clay nanotubes. Lumen modification followed by the forma-

tion of iron oxide in the clay nanotubes has been evidenced by several physical methods, authenticating

the successful incorporation of EDTA as well as formation of α-Fe2O3 nanorods inside the lumen and fi-

nally producing α-Fe2O3/HNTs nanocomposites that exhibit solar light-induced enhanced photocatalytic

activity. This study represents the first demonstration of the selective modification of the halloysite lumen

using a chelating ligand to direct the in situ synthesis of iron oxide nanorods. Thus, the selective lumen

modification under mild conditions to produce novel inorganic–organic hybrid nanocomposites may open

up a new direction in the frontier area of nanoconfined reactions and hence may impart a broader impact

in the field of catalysis, environmental remediation and even in drug delivery.

Introduction

Confinement of molecules and atoms inside a hollow struc-
ture provides a promising and unique strategy for studying
the structures and chemical properties of individual mole-
cules on the nanoscale, which in turn produces a hollow
nano-container to carry out any synthesis at the nanolevel.
Over the past decades, a wide range of hollow micro- and
nano-containers have been developed including hollow silica

spheres, porous alumina templates, carbon nanotubes, su-
pramolecular cages, liposomes, DNA, and micelles to physi-
cally confine the size and shape of growing nanoparticles as
well as protect them against surrounding environmental
effects.1–9 Among several templates, tubular templates have
attracted increasing interest since they provide internal hol-
low space for the formation of rod-shaped nanoparticles
which bring forth a rich combination of optical, electronic,
and magnetic properties because of their anisotropic
morphologies.

Halloysite nanotubes (HNT) are environmentally friendly,
robust and naturally occurring layered aluminosilicate clay
(Al2Si2O5ĲOH)4·nH2O) with a well-defined hollow tubular
structure, which have nowadays become the focus of modern
research in materials science.10–12 HNTs are formed due to
the mismatch in periodicity between oxygen-sharing tetrahe-
dral SiO2 sheets and octahedral AlO6 sheets, where the adja-
cent alumina and silica layers along with their water of hy-
dration impart a packing disorder and make the nanotubes

aDepartment of Chemical, Biological & Macro-Molecular Sciences, S. N. Bose Na-

tional Centre for Basic Sciences, Block - JD, Sector-III, Salt Lake, Kolkata-700 106,

India. E-mail: subhra.jana@bose.res.in
b Technical Research Centre, S. N. Bose National Centre for Basic Sciences, Block -

JD, Sector-III, Salt Lake, Kolkata-700 106, India

† Electronic supplementary information (ESI) available: Characterization tech-
niques, assignment of all vibrational modes from FTIR spectroscopy, XRD pat-
terns, 29Si CP-MAS NMR spectra of pristine HNTs and EDTA-HNTs, UV-visible
diffuse reflectance spectrum of α-Fe2O3/HNTs NCs, magnetic measurements of
NCs, and photocatalysis in the presence of α-Fe2O3/HNTs NCs under darkness.
See DOI: 10.1039/c6en00570e

Environmental significance

This paper provides a perspective on tuning the surface chemistry of constituents and obtaining the change in chemico-physical properties. Moreover, the
present study sheds light on the selective modification of the halloysite lumen under mild conditions to produce novel inorganic–organic hybrid nano-
composites, which in turn may open up a new direction in the frontier area of nanoconfined reactions to achieve several metal or metal oxide nanorods
and hence may impart a broader impact in the field of catalysis, environmental remediation and even in drug delivery.

http://crossmark.crossref.org/dialog/?doi=10.1039/c6en00570e&domain=pdf&date_stamp=2017-03-10


curve and roll up to form multilayers.13,14 As the clay nano-
tubes consist of a gibbsite-like array of Al–OH groups on the
inner surface and Si–O–Si groups on the outer surface, they
demonstrate a positive charge at their lumen and a negative
charge at their outer surfaces in a wide range of pH, which
therefore facilitate the tuning of their chemico-physical prop-
erties by selectively regulating the chemistry of the constitu-
ent elements, resulting in the fabrication of promising new
inorganic–organic hybrid nanocomposites (NCs) which find
potential applications in catalysis, adsorption, drug delivery,
anticorrosion, enzyme immobilization, etc.10,14–19 Owing to
the availability of the hollow tubular structure i.e., lumen,
HNTs have been used for the controlled or sustained release
of drugs or bio-molecules, as host molecules to encapsulate
oil and large-sized enzymes as well as nanoreactors to hold
reactants for biomimetic synthesis and thus help to confine the
size and diameter of the synthesized nanomaterials,18,20–24

demonstrating a new candidate for nanoconfined reactions.
Apart from these advantages, HNTs are less expensive com-
pared to carbon nanotubes and at the same time they are bio-
compatible. However, selective modification of the lumen to
design new inorganic–organic hybrid NCs or to use it as a
nanoconfined reactor is still a challenging task.

Exploiting the inner lumen of halloysite clays as a nano-
confined reactor, we report here the synthesis of nanoscale
inorganic materials within the lumen of the nanoclays. After
the modification of the lumen using the disodium salt of
ethylenediaminetetraacetic acid (EDTA), the selectivity of in-
ner surface modification was characterized by FTIR and
solid-state NMR spectroscopy, demonstrating the binding of
EDTA to the alumina site, not to the silica site of the tubes.
Selective modification of the clay lumen produces an inor-
ganic micelle-like architecture, facilitating the formation of
rod-shaped nanoscale iron oxide inside the lumen of the clay
nanotubes and finally giving rise to nanocomposites having
an α-Fe2O3 core with a halloysite shell. The as-prepared
α-Fe2O3/HNTs NCs exhibit enhanced photocatalytic activity
toward degradation of organic dyes in the presence of
sunlight.

Experimental
Lumen modification of halloysite nanotubes (HNTs)

Inner surface modification of HNTs using the disodium salt
of ethylenediaminetetraacetic acid (EDTA) was carried out
under a nitrogen atmosphere using standard air-free tech-
niques.12,25 In a 50 mL three-necked round bottom flask, 2.0
g of HNTs and 2.5 g of EDTA-disodium salt dissolved in 20
mL of water were added and the pH was adjusted to 8.0 by
drop-wise addition of an aqueous solution of NaOH. Once
the flask was fitted with a rubber septum and a cone adapter,
it was evacuated for 1 h using a vacuum pump at room tem-
perature. To achieve the highest loading of EDTA inside the
lumen of halloysite, the process of evacuation and cycling
back to atmospheric pressure was repeated several times un-
der stirring conditions for 72 h. Finally, the as-synthesized

product was obtained after simple filtration and washed sev-
eral times with Milli-Q water to remove extra EDTA. The
product was then dried at 100 °C overnight under vacuum
and abbreviated as EDTA-HNTs, shown in Scheme 1.

Synthesis of α-Fe2O3 within the lumen of modified halloysite
nanotubes

For the synthesis of Fe2O3 inside the lumen of EDTA-HNTs,
1.0 g of EDTA-HNTs was re-dispersed into an aqueous solu-
tion containing 7.4 mmol of FeCl3 in a round bottom flask,
subsequently the solution was evacuated using a vacuum pump.
Based on the aforesaid procedure used for EDTA loading, the
FeCl3 solution was administered into the lumen by evacuation
and cycling back to atmospheric pressure. The EDTA-HNTs
loaded with Fe3+ were washed several times with Milli-Q water
to eliminate unadsorbed FeCl3 solution and dried at room tem-
perature. The product was then calcined at 400 °C for 10 h in
air to prepare Fe2O3 within the lumen of EDTA-functionalized
HNTs and finally produce α-Fe2O3/HNTs NCs.

Photocatalytic reaction

The photocatalytic activity of α-Fe2O3/HNTs NCs was investi-
gated toward degradation of aqueous solutions of methylene
blue (MB) and congo red (CR) under UV, visible as well as so-
lar irradiation. All photocatalytic reactions were carried out
in a photocatalytic reactor system, consisting of a cylindrical
borosilicate glass reactor vessel with an effective volume of
50 mL, a cooling water jacket, and a UV-A lamp (an 8 W
medium-pressure mercury lamp of λ = 254 nm) or a visible
light source (a 40 W tungsten bulb) positioned axially at the
center as the UV light source. The reaction temperature was
maintained at 25 °C by circulating the cooling water during
the experiment. During the photocatalysis using solar radia-
tion, we have placed the reactor under solar radiation, keep-
ing all other experimental conditions the same. The time-
dependent photocatalytic degradation of aqueous MB and CR
was monitored by measuring the absorbance of the irradiated
solution using a UV-visible spectrophotometer at room tem-
perature. In a typical experiment, 0.01 g of an α-Fe2O3/HNTs

Scheme 1 Schematic presentation of the selective modification of the
halloysite lumen with ethylenediaminetetraacetic acid (EDTA), resulting
in the formation of EDTA-HNTs.



nanocomposite was placed in a 50 mL glass reactor
containing 15 mL of an aqueous solution of MB or CR, having
an initial concentration of 0.02 mM. Then, the solution was
equilibrated for 30 min in the dark to reach an adsorption–
desorption equilibrium. Once it reaches the equilibrium, the
concentration of the reaction solution was considered as the
initial concentration of the dyes. Afterwards, the reaction so-
lution was exposed to UV or visible or solar radiation with
constant stirring and the degradation reaction was studied by
taking out 3.0 mL of the suspension at different time inter-
vals. Prior to the UV-visible absorption study, the suspension
was centrifuged at each time interval to separate the NCs
from the dye solution and the spectrum was recorded. The
absorption intensity of the exposed MB solution at 664 nm
and CR solution at 498 nm was measured quantitatively
throughout the experiments at different time intervals. Con-
sequently, the degradation rate was evaluated according to
the change in the absorption intensity of the dye solution. An
analogous control experiment was studied with the NCs in
the dark.

Results and discussion
Lumen modification

To explore any nanotubule as a nanoconfined reactor, it is
important to note that the internal diameter of that nanotube
has to be at least 0.6 nm wider than the diameter of the guest
molecule.26 Since the nanotube diameter is a key factor in de-
termining whether the trapping of molecules inside the tube
is feasible, we have performed TEM analysis which demon-
strated that the HNTs are composed of cylindrical shaped
tubes with an open-ended lumen along the tube, having de-
fects on their outer surface possibly caused by mechanical
damage or crystallographic defects (Fig. 1A). The length of
the tube is ∼1.0 to 1.5 μm with an outer diameter of 50–100
nm and an inner diameter of 15–20 nm, and its elemental
composition includes aluminium, silicon and oxygen. It has
been reported that the halloysite lumen volume is almost 10
vol% of the overall tube and the tubule lumen has a posi-
tively charged inner surface below pH 8.5, which in turn as-
sists in loading of negatively charged molecules by averting
their adsorption on the negatively charged outer surfaces.10

After the modification of the inner lumen of the HNTs using
EDTA, TEM micrographs indicated that there is no change in
their size or shape, and only a less transparent lumen is ob-
served (Fig. 1B). This may be because of the incorporation of
negatively charged EDTA molecules within the lumen that ex-
ists longitudinally along the tubes. The lumen loaded with
EDTA molecules then facilitates the incorporation of iron
chloride molecules because of the strong binding affinity of
EDTA towards iron through chelation.

However, the loading of EDTA molecules was ascertained
by Fourier transform infrared (FTIR) spectroscopy due to the
presence of the characteristic C–H and C–O symmetric
stretching vibrations at 2840 and 1410 cm−1, respectively, as
shown in Fig. 1C. Besides these bands, few more bands were

detected at 1655, 1326 and 1264 cm−1 for the stretching vibra-
tions of CO, C–C and C–N, respectively, in EDTA-HNTs, sig-
nifying the immobilization of EDTA molecules in the HNTs
(the assignment of all vibrational modes is presented in Ta-
ble S1 in the ESI†). However, the presence of two distinct
bands at 3621 and 3697 cm−1 in both HNTs and EDTA-HNTs
originates from the stretching vibrations of the inner hy-
droxyl group and inner surface hydroxyl group of the HNTs,
assuring the unalteration of their basic structure. The diffrac-
tion pattern illustrates the tubular structure of the clay nano-
tubes because of the observed (020) reflection (see Fig. S1 in
the ESI†), and the characteristic (001) reflection in the EDTA-
HNTs remains unchanged, demonstrating the absence of any
intercalation of EDTA molecules into the interlayer of tube
walls, further indicating that the interlayer AlOH groups do
not take part in the modification process.27,28 The exact con-
centration of immobilized EDTA in the HNTs was assessed
by CHN elemental analysis and it was determined to be 1.83
wt% N, which is indicative of 9.56 wt% EDTA loaded in the
HNTs.

To gain insight into the precise binding of EDTA with
HNTs, we have performed solid state 13C, 27Al and 29Si NMR
spectroscopy. The solid state 13C CPMAS NMR spectra of
EDTA and EDTA-HNTs are demonstrated in Fig. 2. The 13C
NMR spectrum of EDTA molecules (Fig. 2A) exhibits three
carbon resonances appearing at 173.4, 58.9 and 52 ppm,
which can be ascribed to the carbonyl, acetate CH2 and ethyl-
enic CH2 of EDTA, respectively. After the loading of EDTA
into HNTs, all the three carbon resonances were observed
and slightly shifted downfield, indicating the change in the

Fig. 1 TEM images of (A) HNTs before and (B) after lumen
modification with EDTA. The arrows in (A) and (B) indicate an open-
ended lumen along the tubes. (C) FTIR spectra of HNTs before and af-
ter lumen modification with EDTA.



chemical environment after the immobilization of EDTA in-
side the HNTs. To demonstrate the selective binding aspects
of EDTA, we have recorded the 27Al and 29Si NMR spectra of
both pristine HNTs and EDTA-HNTs. However, we could not
find any shift in the resonances at −90.7 ppm originating
from silicon, which in turn eliminates the possibility of bind-
ing of EDTA to silica surfaces and further suggests the bind-
ing of EDTA with alumina surfaces present in the lumen (Fig.

S2†). The solid state 27Al NMR spectrum of HNTs as depicted
in Fig. 2B shows that the resonance at 6.8 ppm is due to octa-
hedral AlO6, which is found to be upfielded after binding
with EDTA. This is also in accordance with the reported liter-
ature.29 The upfield shift suggests that the chemical environ-
ment of aluminium in EDTA-HNTs is different from that in
pristine HNTs. Therefore, all the aforesaid findings shed light
on the moderate interaction between the negatively charged
EDTA and the positively charged alumina surfaces present in
the lumen of HNTs.

Synthesis of iron oxide nanorods inside the halloysite lumen

To entrap iron and subsequently form iron oxide nanostruc-
tures within the lumen, EDTA-HNTs were mixed with FeCl3
solution in a round bottom flask and then evacuated using a
vacuum pump. Once the suspension slightly fizzed, the air
basically has been removed from the lumen of the tubules,
which was concomitantly filled with the FeCl3 solution by
pulling and breaking vacuum, resulting in the formation of
an iron–EDTA complex. After proper washing and drying,
iron oxide was synthesized inside the lumen of the HNTs by
the decomposition of the iron–EDTA complex (Scheme 2). A
TEM image of iron oxide nanorods within the open-ended lu-
men along the clay tubules is shown in Fig. 3A, having a di-
ameter of ∼15 nm and a length of several micrometers, indi-
cating that the growth of the nanorods entirely depends on
the length and inner diameter of the clay nanotubes. The low
contrast of the TEM images may be because of the immobili-
zation of the iron oxide nanorods inside the inner surfaces
(lumen) of the tubes. The compositional analysis by energy
dispersive X-ray spectroscopy (EDS) of the iron oxide/HNTs
NCs confirms the presence of iron as signals from iron are
clearly evident in the spectrum along with the three main
constituents of pristine HNTs (see Fig. 3B).

To directly visualize the formation of iron oxide nanorods,
scanning transmission electron microscopy-energy dispersive
spectroscopy (STEM-EDS) elemental mapping was performed
on the iron oxide/HNTs NCs. STEM images of a cylindrical

Fig. 2 (A) 13C CPMAS NMR spectra of EDTA before and after the
loading of EDTA into HNTs and (B) 27Al CPMAS NMR spectra of pristine
HNTs and the corresponding EDTA-HNTs.

Scheme 2 Schematic illustration of halloysite lumen modification
with EDTA to entrap ironĲIII) via the formation of an iron–EDTA
complex followed by its decomposition to produce iron oxide
nanorods within the lumen, subsequently achieving α-Fe2O3/HNTs
nanocomposites.



shaped clay nanotube with an open-ended lumen before and
after being filled with iron oxide nanorods are presented in
Fig. 3C and D, respectively. The elemental maps shown in
Fig. 3E–H demonstrate the distribution of the constituent ele-
ments present in the NCs. Each element is represented by a
specific colour. The elemental mappings of Al and Si demon-
strate their homogeneous distribution throughout the body
of the cylindrical shaped tubes, whereas Fe is mainly localized
in rod-like crystallites along the open-ended lumen of the
tubes. It is also interesting to point out that even after sonica-
tion during sample preparation for TEM, iron oxide nanorods
still firmly stuck into the lumen, implying that HNTs protect
them against surrounding environmental effects.

It should be noted that the external surface of HNTs was
not functionalized with EDTA and thus should not exhibit
any affinity toward iron. However, there are few signals com-
ing from iron over the outer surface of the tubes. This could
be attributed to the presence of external siloxane surfaces
and defects on the outer surfaces of the HNTs, which help to
adsorb minor quantities of iron during the adsorption pro-
cess, which gives rise to the formation of iron oxide nano-
particles during heating, further demonstrating the presence
of linear defects on the external surfaces of the HNTs. A pre-
vious study suggests that the vacancies on the layers formed

due to the absence of SiĲIV) may generate localized negative
charges which attract positively charged FeĲIII) ions, subse-
quently leading to the formation of iron oxide nanostructures
along the defects of the tubular clay.30

The formation of iron oxides within the clay nanotubes
due to the decomposition of the iron–EDTA complex was
evidenced from XRD analysis, which exhibits the presence of
some newly emerged peaks corresponding to (012), (104),
(110), (113), (024), and (116) planes of α-Fe2O3 (Fig. 4A). The
UV-visible diffuse reflectance spectrum of α-Fe2O3/HNTs
nanocomposites (shown in Fig. S3†) also signifies the forma-
tion of α-Fe2O3 nanocomposites due to the presence of a
band centered at 556 nm. The spectrum consists of two
peaks at 360 and 556 nm corresponding to 6A1 → 4E and
2Ĳ6A1) → 2Ĳ4T1) ligand field transitions of FeĲIII), respectively.
The Prussian blue test further ascertains the oxidation state
of iron in the iron oxide/HNTs NCs. Upon addition of
K4ĳFeĲCN)6] to the nanocomposite solution, the colour of the
solution turns blue due to the formation of KFeIIIĳFeIIĲCN)6],
which was not observed for K3ĳFeĲCN)6], demonstrating the
presence of FeĲIII) in the nanocomposite (see Fig. 4B). The es-
timated ζ-potential for the α-Fe2O3/HNTs NCs is found to be
−36.3 mV in water.

Based on inductively coupled plasma optical emission
spectrometry (ICP-OES), the concentration of the iron loaded
within the lumen of the clays was estimated to be ∼2.45 wt%
of the halloysite clays. The specific surfaces of pristine HNTs
and α-Fe2O3/HNTs NCs were measured by nitrogen adsorp-
tion/desorption at 77 K. The isotherms of the HNTs and
nanocomposites are of type II with H3 hysteresis loops,
according to IUPAC classification.31,32 All these isotherms in-
dicate hysteresis, which are characteristic of mesoporous ma-
terials. The nitrogen adsorption/desorption isotherms of the
clay samples are demonstrated in Fig. S4† and their total spe-
cific surface areas (S) estimated using the BET method are
summarized in Table 1.

Further, vibrating sample magnetometry (VSM) measure-
ments pointed out the characteristic behaviour of α-Fe2O3

with a Morin transition temperature (TM) of 245 K (Fig. 5A).
It is worth noting that the bulk hematite exhibits a Morin
transition from a low-temperature antiferromagnetic phase to

Fig. 3 (A) TEM images of Fe2O3 nanorods within the lumen of the clay
tubules. (B) EDS elemental analysis of immobilized Fe2O3 nanorods
inside the tubes. STEM images of a cylindrical shaped clay nanotube
(C) before and (D) after loading with iron oxide nanorods.
Corresponding elemental mappings of (E) Al, (F) Si, (G) O and (H) Fe on
a single nanotube.

Fig. 4 (A) XRD patterns of HNTs and α-Fe2O3/HNTs nanocomposites.
(B) Prussian blue test of iron oxide/HNTs NCs using K3ĳFeĲCN)6] and
K4ĳFeĲCN)6], indicating the formation of Fe2O3 nanocomposites.



a weakly ferromagnetic phase at 263 K,33 which increases
with annealing temperature for the small-sized hematite and
decreases with decreasing particle size.34,35 Hence, the de-
crease in TM may originate from some lattice strain and de-
fects in the oxide nanorods immobilized within the lumen of
the halloysite clay. The field dependence magnetization of
α-Fe2O3 at 100 and 300 K demonstrates the antiferromagnetic
state of the nanorods at low temperature and weak ferromag-
netic state above TM, as shown in Fig. 5B and C. The room-
temperature saturation magnetization (MS) is estimated to be
0.07 emu g−1. However, no superparamagnetic state was ob-
served for this material at this temperature, indicating the
presence of crystallites with larger size compared to the sin-
gle domain size of hematite.35

Hence, this study points to the selective modification of
the halloysite lumen using a chelating ligand to direct the ad-
sorption of iron followed by in situ synthesis of α-Fe2O3 nano-
rods to study their visible light-induced photocatalytic activity
toward degradation of dye molecules.

Photocatalytic activity

To explore the photocatalytic activity of α-Fe2O3/HNTs nano-
composites (NCs), the degradation of organic dyes was studied

under UV, visible and direct sunlight irradiation at room tem-
perature. For this degradation study, we have considered methy-
lene blue (MB) and congo red (CR) as model pollutants. The
UV-visible spectral changes for MB and CR aqueous solutions in
the process of photodegradation under three different light
sources are presented in Fig. 6. With increasing irradiation
time under sunlight, the characteristic absorbance of MB at λ =
664 nm gradually decreases, signifying the degradation of the
dye as the time progresses (Fig. 6A).36,37 This can also be visual-
ized as the colour of the MB solution changed from blue to
light blue and finally to colourless with time, which is further
attributed to the degradation of the dye molecule. Likewise, the
distinctive absorbance of CR at λ = 498 nm was used to monitor
the degradation of this dye molecule which demonstrates that
the red colour of the solution changed to colourless upon irra-
diation of sunlight, as shown in Fig. 6B. It is important to note
that once the dye solution reached an adsorption–desorption
equilibrium, it was then exposed to the irradiation source and
the degradation reaction was studied (Fig. S5†). Based on the
experimental results, the photodegradation activity of α-Fe2O3/
HNTs NCs was evaluated using MB and CR under various light
sources as shown in Fig. 6C and D, which demonstrate that the
dyes degrade at a faster rate in the presence of sunlight com-
pared to visible and UV light.

To elucidate the kinetics of the degradation process, the
photodegradation rate of the α-Fe2O3/HNTs NCs towards MB
was studied under different irradiation sources based on the
pseudo-first-order kinetic model:

ln(Ct/C0) = −kt

where C0 is the initial concentration of MB, Ct is the residual
concentration of MB at each irradiation time t and k is the

Table 1 BET specific surface areas and average pore diameters of pris-
tine halloysite and α-Fe2O3/HNTs NCs

S (m2 g−1) BET average pore diameter (Å)

Pristine HNTs 56.76 193.4
α-Fe2O3/HNTs NCs 53.14 130.3

Fig. 5 Magnetic measurements for α-Fe2O3/HNTs NCs. (A)
Temperature dependence of ZFC and FC magnetization at an applied
field of 1000 Oe and the corresponding differential ZFC curve (inset).
Field dependence of magnetization of α-Fe2O3/HNTs NCs at (B) 100 K
and (C) 300 K.

Fig. 6 UV-visible absorption spectra for the successive degradation of
(A) MB and (B) CR under irradiation of sunlight in the presence of
α-Fe2O3/HNTs NCs. Photocatalytic degradation of (C) MB and (D) CR
under irradiation of UV, visible light and sunlight.



reaction rate constant. The photodegradation of MB proceeds
through the pseudo-first-order kinetic model, as shown in
Fig. 7A. The reaction rate constant of the degradation reac-
tion was estimated for UV, visible and solar irradiation and is
presented in Table 2. The results indicated that the degrada-
tion rate of MB under solar irradiation is much faster than
that under visible or UV irradiation and hence solar light
leads to faster degradation of the dye molecule since the sun-
light has higher intensity.

To establish the recyclability of α-Fe2O3/HNTs NCs, they
have been used repeatedly for this degradation process owing
to their stability (Fig. S6†) and easy recovery from the reac-
tion solution through simple filtration, which further demon-
strates an added advantage for the efficient separation and
recycling of the photocatalyst (Fig. 7B). Keeping all the experi-
mental conditions the same, a control experiment has also
been performed taking bulk Fe2O3, which shows lower effi-
cacy compared to the synthesized rod-shaped α-Fe2O3/HNTs
NCs (Fig. 7A). Additionally, we have verified the degradation
reaction by carrying out the experiment with pristine HNTs,
further demonstrating that they don't possess any catalytic ef-
ficacy for the degradation of dyes (Fig. S7†). The enhanced
photocatalytic activity of the NCs may be attributed to the
channelized electron transport in the 1D nanorods and also
lowers the possibility of electron–hole recombination.38 This
may also be ascribed to the increase in the surface area in-
duced by Fe2O3 nanorods, which helps to increase the num-
ber of reaction sites for photocatalysis since the specific sur-

face area of a catalyst can give rise to unsaturated surface
coordination sites.39–41

To gain insight into the photocatalytic activity of α-Fe2O3/
HNTs NCs, we have carried out a degradation study under
darkness, indicating no degradation of MB, as shown in Fig.
S8A.† Additionally, the photoactivities of the α-Fe2O3/HNTs NCs
remarkably increased upon the addition of H2O2 in the pres-
ence of sunlight. It has been found that the rate of photo-
degradation of MB is significantly increased upon the addi-
tion of both the catalyst and H2O2 compared to the
degradation rate of the reaction performed with only the cat-
alyst under the same experimental conditions (Fig. 7C). Since
the degradation reaction was influenced by the addition of
H2O2, we therefore presume that the degradation of dye mol-
ecules proceeds through a photocatalytic pathway via the for-
mation of reactive oxygen species due to the irradiation of
light. It is again interesting for us to investigate the forma-
tion of oxidative intermediate species under photocatalytic
conditions and their role in the dye degradation process
using appropriate quenchers which will scavenge the gener-
ated reactive oxygen species in the reaction medium. To dem-
onstrate the formation of oxidative intermediate species dur-
ing photocatalysis, the degradation reaction was carried out
with the use of sodium azide, a quencher of singlet oxygen
(1O2) and hydroxyl radicals (˙OH), and 1,4-benzoquinone
which is a quencher of superoxide radicals (O2

−˙). It is evident
from Fig. S8B† that the photodegradation of MB is
suppressed considerably in the presence of azide and 1,4-
benzoquinone, which further authenticates that the reaction
takes place via the formation of reactive oxygen species possi-
bly due to the interaction of photoexcited conduction band
electrons with molecular oxygen at the surface of the nano-
composites. Therefore, this study is the first demonstration
of the modification of the halloysite lumen using a chelating
ligand, EDTA, which in turn directs the immobilization of
iron and subsequently produces iron oxide nanorods within
the lumen of the clay that exhibit enhanced photocatalytic ef-
ficacy for the degradation of such harmful organic dye mole-
cules under direct sunlight and hold promise for practical ap-
plication in wastewater treatment.

Conclusions

In conclusion, we have demonstrated the selective modification
of the halloysite lumen using a chelating ligand, the disodium
salt of ethylenediaminetetraacetic acid, and authenticated it by

Fig. 7 (A) Rate of degradation of MB using α-Fe2O3/HNTs NCs under
three different light sources; for bulk Fe2O3, the reaction was carried
out under sunlight irradiation. (B) Multi-cycle degradation efficacy of
α-Fe2O3/HNTs NCs toward MB under sunlight irradiation. (C) Compari-
son of degradation rates of MB under sunlight illumination in the pres-
ence of catalyst and/or H2O2 to demonstrate that the degradation of
MB dye molecules proceeds through a photocatalytic pathway.

Table 2 Summary of the degradation percentage of MB after 2 h and
the corresponding rate constants under different irradiation sources using
α-Fe2O3/HNTs NCs based on the pseudo-first-order kinetic model

Catalyst
Irradiation
source

First-order rate
constant (k, min−1) Degradation %

α-Fe2O3 /HNTs Sunlight 0.0159 88
Visible light 0.0084 66
UV light 0.0076 58



FTIR and solid-state NMR spectroscopy, indicating the binding
of EDTA exclusively to the alumina site. The selective modifica-
tion of the clay lumen essentially produces an inorganic
micelle-like architecture that facilitates the loading of iron and
the successive formation of rod-shaped nanoscale iron oxides
inside the lumen of the tubular clays, demonstrating a new di-
rection in the frontier area of nanoconfined reactions to
achieve several metal or metal oxide nanorods. As a conse-
quence, by exploiting the inner lumen of the halloysite clays as
nanoconfined reactors, we have successfully synthesized a
nanocomposite having an α-Fe2O3 core with a halloysite shell.
The as-prepared α-Fe2O3/HNTs NCs exhibit enhanced photo-
catalytic activity for the degradation of dyes in the presence of
solar light in comparison to UV or visible light. Therefore,
halloysite clays may be utilized as efficient templates for com-
plex molecular arrays because of their tunable physicochemical
properties which allow encapsulating the guest molecules as
well as studying chemical reactions, and they may also be at-
tractive in medical research because of their biocompatible na-
ture. Thus, the selective modification of the lumen or outer sur-
faces of the clay under mild conditions for the design of novel
inorganic–organic hybrid nanocomposites may open up a
broader application in the field of catalysis, environmental re-
mediation and even in drug delivery.
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