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� In situ growth of small magnetite
nanoparticles at natural clay
nanotubes (halloysite).

� Novel, facile synthetic strategy
involving a modified wet-
impregnation method.

� Efficient catalytic decomposition of
pentachlorophenol by
magnetite@halloysite hybrids.

� Catalytic efficiency of hybrids
significant higher compared to free
nanoparticles.

� Hybrids can be reused for multiple
catalytic cycles without noteworthy
loss of activity.
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a b s t r a c t

Halloysite clay are a very attractive class of alumino-silicate based, natural nanotubes possessing high-
aspect ratio, significant thermal and mechanical stability, as well as tunable surface chemistry. We report
a novel, facile, synthetic approach involving a modified wet-impregnation method for the in situ synthesis
of small, magnetite nanoparticles at the surface of natural halloysite nanotubes. In addition to their mag-
netic properties, the synthesized magnetite-halloysite hybrids are evaluated for the first time against the
catalytic decomposition of pentachlorophenol from reaction solutions at room temperature. Their perfor-
mance was found superior compared to free, self-supported NPs synthesized with previously reported
methods. Very interestingly, after their first catalytic evaluation cycle and because of their magnetic
properties the hybrids could be easily recovered from their corresponding reaction solution. The
halloysite-nanoparticle hybrids are also very promising in terms of sustainability, since we demonstrate
that they can be re-collected, cleaned and re-used for multiple catalytic cycles without any significant
loss in their catalytic activity.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Halloysite clay nanotubes (denoted hereafter as HNT) comprises
of naturally occurring aluminosilicate nanotubes with a 1:1 Al:Si
ratio and a stoichiometry of Al2Si2O5(OH)4�nH2O [1]. HNT contain
octahedral gibbsite Al(OH)3 and tetrahedral SiO4 sheets in the form
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of hollow cylinders formed by multiply rolled layers [2]. Due to
their nanotubular shape, HNT possess highly meso-/macro-scopic
pore structure and large specific surface area. Moreover, their hol-
low tubular morphology provides a confined space to host guest
species (i.e. radicals, drugs or metal nanoparticles), which after
their immobilization within the hollow cavity of HNT, are accessi-
ble to gas and liquids and thus can participate into targeted chem-
ical reactions (i.e. such as catalysis). In addition, HNT exhibit a
well-defined and tunable surface chemistry, are far less expensive
compared to other types of nanotubes (i.e. carbon nanotubes), are
abundantly available (global annual supply is estimated to over
50.000 tons), while due to their aluminosilicate structure, they
are durable exhibiting high mechanical strength and thermal sta-
bility. Most importantly and in contrast to other types of nan-
otubes, HNT are biocompatible (non-toxic) [1,3–5], making their
use suitable in environment-related applications. Therefore, HNT
are extremely robust and attractive as support for active phases
in the field of environmental catalysis [6,7].

Pentachlorophenol (denoted hereafter as PCP) is a highly recal-
citrant chlorinated organic compound found extensively in surface
and ground aquatic systems as well as in soils. The main source of
PCP contamination originates from the industry and agriculture,
where it is used as insecticide, biocide, herbicide, pesticide and
wood preservative. U.S. Environmental Protection Agency classifies
PCP as model pollutant due to its high toxicity (PCP exhibits speci-
fic organ toxicity towards liver, kidneys and the central nervous
system) as well as its’ resistance to degradation [8–11]. Since PCP
biodegrades very slowly, various remediation techniques are
required for its removal. Among them, heterogeneous supported
catalysts offer advantages versus non-supported catalysts since
their immobilization increases the stability of the active catalytic
phase and prevents oxidative degradation by bimolecular interac-
tion [8,12]. During the last decade, magnetically separable cata-
lysts and their use in heterogeneous catalytic reactions became
very promising and attracted significant interest. Magnetic
nanoparticles as catalysts offer advantages as they are easily sepa-
rable and recyclable [13]. Among these catalysts, iron oxide
nanoparticles, such as magnetite (Fe3O4), are capable of decompos-
ing recalcitrant organic contaminants, providing a promising alter-
native for the oxidative treatment of polluted soil and water
[14,15].

Following the constantly increasing interest on HNT, the field of
metal nanoparticle-HNT hybrids is established as a research area
with potential applications in diverse fields including sensors
[16–19], catalysts [7,20–22], and coatings [23–25]. Various types
of metal nanoparticles (denoted hereafter as NPs) including palla-
dium, gold, silver and copper NPs have been synthesized or immo-
bilized at the outer surface or inside the hollow cavity of HNT
[7,17,26,27]. Despite the increasing interest in the field of NPs/
HNT hybrids, the volume of reported studies on iron oxide NPs/
HNT hybrids in particular, remains very limited, and up-to-date
involves either the development of polymer/carbon coated
NPs@HNT composites [28,29] or the development of very large
assemblies of NPs at the surface of HNT developed by the Fe2+/
Fe+3 coprecipitation method [30–32]. However, the use of the so-
called ‘‘coprecipitation” method offers very limited control of par-
ticle size [33,34], as only kinetic factors are governing the growth
of the crystal. This drawback is also observed in the heavily aggre-
gated magnetite NPs assemblies (with size of several dozens of
nm) developed on HNT using this approach [30–32]. Moreover,
and despite the increasing research focus on halloysite clay nan-
otubes for environment-related applications [6,7,35], to the best
of our knowledge there has not been any literature report involv-
ing the use of HNT and/or magnetite NPs/HNT hybrids for the cat-
alytic decomposition of pentachlorophenol.
In our study we report the in situ synthesis of relatively small,
magnetite NPs dispersed along the surface of HNT by a novel, facile
approach involving a modified wet-impregnation method previ-
ously successfully employed for the development of magnetite
NPs at various porous substrates [36–39]. The synthetic methodol-
ogy includes the immobilization of the iron cations at the HNT’s
surface, followed by interaction with acetic acid vapors and calci-
nation. Our methodology does not require the separate synthesis
of metal NPs, and therefore avoids the extra synthetic steps
required to connect pre-formed metal NPs with HNT. In terms of
employing HNT as template for the development of hybrids useful
in catalytic applications, halloysite clays are very attractive,
natural-occurring, low-cost, nano-structured candidates since (i)
pristine HNT bear active, surface silanol groups that could act as
anchoring sites for the iron cations (NPs precursor) leading to the
covalent attachment of the resulting iron oxide NPs, thus minimiz-
ing undesirable leaching phenomena in liquid phase catalysis, and
(ii) HNT are redox-inert, thus during the oxidative catalytic reac-
tions the HNT substrate will be not hampered. Furthermore, the
use of HNT as one-dimensional support, hinders the extensive
aggregation of the formed iron oxide NPs to large, heavily aggre-
gated assemblies (as observed in the case of self-supported NPs)
enhancing the overall catalytic performance of the iron oxide/
HNT hybrids The starting materials, their intermediate derivatives,
and the final products were studied with a combination of experi-
mental methods including X-ray diffraction (XRD), electron micro-
scopy (SEM, TEM), and spectroscopy (FT-IR, XPS) techniques.
Furthermore, the magnetic properties of the synthesized hybrids
were thoroughly studied in-depth at different temperatures (from
290 K to 77 K) employing magnetic (VSM) measurements. The per-
formance of synthesized NPs@HNT hybrids was evaluated for the
first time against the catalytic decomposition of PCP with the
obtained results highlighting their excellent catalytic activity
towards the rapid and efficient catalytic degradation PCP at room
temperature. In addition, we demonstrate that following their first
catalytic evaluation cycle the NPs@HNT hybrids can be separated
from their corresponding reaction mixture by simply applying an
external magnetic field (i.e. magnet), cleaned and re-used for addi-
tional multiple catalytic cycles without any significant loss of their
catalytic activity.

2. Experimental

2.1. Reagents and instrumentation

Halloysite clay was purchased from Sigma-Aldrich and was
sieved before use to eliminate larger aggregates. All chemical
reagents were used as purchased without any further purification.
Iron nitrate nonahydrate, PCP, sodium periodate and acetic acid
(99.7%) were purchased from Sigma-Aldrich while ethanol
(99.5%), methanol (99.8%), acetone (99.95%) and acetonitrile were
purchased from Fischer Scientific. All relative details regarding
the employed instrumentation are provided in the Supplementary
Data section.

2.2. Synthesis of NPs@HNT hybrids and self-supported NPs

The NPs@HNT hybrids were prepared based on a modified wet
impregnation method we have previously employed for develop-
ing magnetite NPs on carbon-based supports [36,37]. In brief, the
synthetic methodology involved the dispersion of a certain quan-
tity of purified HNT in 50 ml CH3OH containing a quantity of Fe
(NO3)3�9H2O (100 mg) to yield hybrid samples containing 17%
wt. iron. The mixture was further stirred for 18 h, followed by rapid
removal of the solvent at 80 �C. The as-prepared powder was
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exposed to vapors of acetic acid (99.5%) at 80 �C for 60 min. The
obtained sample was further dried for 15 min at 80 �C in order to
remove any physically absorbed acetic acid. The final NPs@HNT
hybrids were obtained by calcination for 1 h at 200 �C under
high-purity argon flow (100 sccm, 99.999%). The synthesis of free
magnetite nanoparticles (employed for comparison purposes) is
discussed in the Supplementary Data section.

2.3. Catalytic decomposition of PCP

The catalytic reactions were performed in test tubes of 4 mL
volume at room temperature, without a magnetic stirrer i.e. the
reaction mixture was shaken on a rotary shaker. A typical reaction
mixture containing 5 mg of the NPs@HNT hybrids, 30 lM PCP
(300 lL of a 200 lM PCP stock solution in CH3CN) and 225 lM of
the NaIO4 oxidant (30 lL of a 15 mM NaIO4 aqueous stock solu-
tion). For all evaluated reactions, the final volume of the reaction
was 2 mL of acetonitrile. Acetonitrile was used as solvent with
the double purpose of (i) eliminating side reactions that would oxi-
dize the iron atoms, and (ii) fully solubilize the hydrophobic PCP.
The amount of H2O used herein, in the addition of oxidant was
10�3% of the reaction volume. The quantification of PCP by HPLC
was based on comparison with standards. In addition, 2 mg of free
unsupported magnetite NPs were also evaluated under the same
catalytic conditions as reference sample. In this catalytic protocol
the initial solution potential was 381 mV vs. Standard Hydrogen
Electrode (SHE), calibrated by a 10 mM/10 mM aqueous solution
of K3Fe(CN)6/K2Fe(CN)6 (Eh reference = 236 mV).

2.4. Recycling

After the first use of the nanohybrids, the solid powder was sep-
arated by the use of a magnet, and it was next washed using ace-
tonitrile according to the following procedure: 4 ml of acetonitrile
was added to the catalyst and sonicated for 10 min. The mixture
was centrifuged, and the solvent was removed. This procedure
was repeated three times. The solid sediment was dried at room
temperature, collected in the form of fine powder and reused
according to the procedure described above.

3. Results and discussion

3.1. Characterization of NPs@HNT hybrids

A schematic overview of the employed methodology is pre-
sented in Scheme 1. Pristine HNT consist of gibbsite octahedral
sheet (Al–OH) groups on their internal surface and siloxane groups
(Si–O–Si) on their external surface. This difference results in a neg-
atively charged outer surface and a positively charged inner lumen
(a)

Fe catio3+ NPs 
precursor

Acetic 
acid (b)

Scheme 1. Schematic overview of the synthetic strategy for the development of NPs@HN
materials (top).
in pH < 8.5 [3]. The concept of our approach involved the immobi-
lization of the positively charged NPs precursor (iron cations)
mainly at the outer surface of HNT. At the next step of synthesis,
the system was exposed to acid acetic vapor. Acetic acid vapors
show very high affinity to react with iron cations to form iron acet-
ate precursor species [37,38]. Those intermediate species yield the
final small, magnetic nanoparticles upon heating. Due to the suc-
cessful dispersion and stabilization of the iron species on the
HNT, the appearance of the intermediate derivative changed from
deep white for the pristine material (Scheme 1a, top) to dark
orange (Scheme 1b, top). The final NPs@HNT hybrids were devel-
oped upon pyrolysis under inert (Ar) atmosphere (Scheme 1c).

FT-IR spectroscopy was employed to monitor the intermediate
products during the various steps of the synthetic procedure. In
particular, the spectrum of pristine HNT (Fig. 1a) shows a set of
major bands at the low frequency region recorded at 458, 526,
746, 794, and 905 cm�1 corresponding respectively at Si–O defor-
mation, Al–O–Si deformation, perpendicular Si–O stretching, sym-
metric Si–O stretching and inner O–H deformations [40].
Additional bands were recorded at 1.010 (followed by a secondary
at 1.116), 1.648, 3.620 and 3.691 cm�1 attributed to in-plane Si–O
stretching, O–H deformation of water, inner O–H stretching and
inner surface O–H stretching correspondingly [1]. The IR spectrum
of the intermediate HNT + Fe derivative after the modified wet
impregnation step with iron nitrate solution (Fig. 1b), exhibited
the same set of vibration bands followed by the clear appearance
of additional bands at 1.348 and 1.395 cm�1 not recorded in the
corresponding spectrum of pristine HNT. Those additional peaks
are due to the presence of nitrate anions (originating from NPs pre-
cursor) which remained after drying, and they are attributed to
asymmetric NO3

� vibrations [39]. Moreover in the same spectrum,
the recorded increase in the intensity of the broad band at
668 cm�1 is assigned to the presence of iron groups. Further
changes were observed in the IR spectrum of the HNT + Fe deriva-
tive after exposure to acetic acid vapors (Fig. 1c). The characteristic
OAC@O deformation band originating from acetic acid was evi-
denced at 657 cm�1 [41], confirming the successful attachment
of acetic acid at the HNT-Fe precursor system. The newly-
appeared, strong bands at 1.585 and 1.444 cm�1 are assigned to
asymmetric and symmetric vibrations respectively of COO� spe-
cies (originating from acetic acid) bridged to Fe(III) due to forma-
tion of a trinuclear Fe3+ complex [42].

SEM images of pristine material (Suppl. Data, Fig. S1) showed a
typical HNT morphology exhibiting a hollow tubular structure
with both ends open. The length of individual HNT ranged from
500 to 1.000 nm, while the diameter of the inner lumen varied
from 15 to 30 nm. High resolution TEM images (Suppl. Data,
Fig. S2) indicate that the thicknesses of the crystalline alumino-
silicate HNT wall fall within the range of 10–15 nm. Electron
ns NPs 
growth

(c)

T (bottom) and corresponding digital images of the starting, intermediate and final
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Fig. 1. FT-IR spectra of pristine HNT (a), and HNT + Fe (b), HNT + Fe + Acetic acid (c)
derivatives.
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microscopy images of the synthesized NPs@HNT hybrids con-
firmed the successful development of NPs attached at the surface
of HNT (Figs. 2 and 3 and Fig. S3 – Suppl. Data). The TEM study
showed that HNT retained their tubular morphology during NPs
synthesis and confirmed the development of rather uniform and
relatively small in size NPs dispersed along HNT surfaces without
any significant accumulation into larger assemblies. Based on a sta-
tistical analysis of the acquired TEM images, the average size of the
synthesized NPs was estimated to be about 15(±4) nm. High reso-
lution TEM images confirmed the successful development of NPs
and in addition confirmed their intrinsic crystallography (Fig. 3).
The planar space of 0.24 marked in Fig. 3b-insert is typically
reported as the (311) spacing plane of magnetite nanocrystals
[43,44].

The XRD pattern of the final NPs@HNT hybrids (Fig. 4b) shows
all the characteristic HNT diffraction peaks also recorded for start-
ing HNT (Fig. 4a) without any noticeable change in neither their
Fig. 2. TEM images of N
relative intensities nor their relative 2h values. This finding sug-
gests that HNT in the final hybrids retained the overall tube-wall
crystallinity of the starting material as previously reported after
thermal treatment of HNT samples at similar temperature [6,45].
The XRD pattern of starting HNT (Fig. 4a) closely resembled the
corresponding pattern of pristine HNT (JCPDS # 29-1487) [7,46].
In particular, it showed a sharp 001 diffraction peak at 11.9� due
to the multilayer HNT wall packing (corresponding to a basal spac-
ing of 0.73 nm) and indicating a dehydrated HNT structure. The
strong 001 diffraction was followed by the appearance of the char-
acteristic h0 2 0i, h0 0 2i, h1 3 0i, h1 3 1i,h0 0 3i, h2 0 3i set of
diffraction peaks recorded at 2h values �20�, 24.6�, 34.9�, 35.8�,
38.2� and 45.5� correspondingly [1,47–49]. The diffraction peaks
recorded at 2h � 18.2� (followed by a weaker diffraction peak at
�29.5�) and �26� are respectively attributed to the co-presence
of the gibbsite (JCPDS # 33-0018) and quartz (JCPDS # 46-1045)
mineral phases which are commonly reported to co-exist among
HNT deposits [50,51] since all three minerals are formed under
similar geological conditions [52,53]. Nevertheless, the latter
non-HNT phases are only minor in content since the extensive
SEM and TEM study of the starting material (discussed above)
revealed that the presence of HNT is dominant among the starting
material. In addition, it is worth highlighting that in the XRD pat-
tern of NPs@HNT (Fig. 4b), the 2h position of the strong 001
diffraction peak, did not shift compared to pristine HNT. This find-
ing suggests that the NPs precursor and the subsequently synthe-
sized NPs were deposited solely at the surface of HNT rather
than intercalated between the interlayer wall-spacings. The
recorded XRD pattern of NPs@HNT (Fig. 4b) was very similar to
the corresponding pattern of the starting HNT. The key reason is
that the main characteristic diffraction peaks of the synthesized
iron-rich phase are expected within the 2h range 30–40�, and thus
overlap with the much sharper diffraction peaks of pristine HNT
recorded in the same 2h region (Fig. 4a). This extended overlapping
of the HNT and NPs diffraction peaks does not allow safe conclu-
sions regarding the type of synthesized iron oxide crystalline phase
exclusively by XRD. Nevertheless, it is worth highlighting an
observed broadening in the pattern of NPs@HNT at 2h � 35�, prob-
ably due to contribution from the h3 1 1i diffraction peak of the
synthesized iron oxide phase expected at the same 2h range (JCPDS
cards in Fig. 4). A secondary reason for the observed profile of the
NPs@HNT’s pattern (Fig. 4b), is due to smearing out of the NPs
Ps@HNT hybrids.



Fig. 3. High-resolution TEM images of synthesized NPs at HNT (a, b) and their corresponding crystalline planar planes (b, insert).
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characteristic diffraction peaks because of their small size as well
as their dispersion along the HNT’s surface, as evidenced by the
TEM study discussed in-detail above. It is worth highlighting that
similar observations were also reported in previous studies where
small (similarly-sized) NPs were finely dispersed at various sub-
strates, clearly pointing-out that for those NPs the characteristic
XRD peaks of their crystalline phases are broad and of low intensity
[37,54,55]. The unarguable identification of the synthesized iron
oxide nanoparticles’ stoichiometry was performed by a thorough
study of the high-resolution Fe 2p XPS spectrum for NPs@HNT (dis-
cussed in detail vide infra).

X-ray photoelectron spectroscopy is a powerful tool for the
direct determination of the surface elemental composition. The
recorded XPS survey spectra of the starting HNT and the final
NPs@HNT hybrids are presented in Fig. 5. Both spectra show the
characteristic O 1s, C 1s, Si 2s, Al 2p, Si 2p, Al 2p contributions at
535, 285, 153, 119, 103 and 75 eV binding energies respectively,
originating from the HNT aluminosilicate structure. The corre-
sponding survey spectra are presented in Fig. 5b in higher magni-
fication where all relative Si and Al contributions are clearly
observed. In the spectrum of the final NPs@HNT (Fig. 5a-ii), one
additional peak at � 710 eV was recorded. This peak is characteris-
tic of the Fe 2p contribution, and was not recorded in the
corresponding spectrum of the starting HNT (Fig. 5a–i). The
appearance of the Fe 2p contribution is further confirming the suc-
cessful development of the iron oxide NPs on the surface of HNT.

X-ray photoelectron spectroscopy is widely used to confirm the
identity of Fe3O4 (magnetite) due to its sensitivity towards Fe2+ and
Fe3+ cations [43,56,57]. The high-resolution Fe 2p region of the XPS
spectrum for NPs@HNT is presented in Fig. 6. The spectrum exhi-
bits the characteristic Fe 2p1/2 and Fe 2p3/2 contributions at 711.7
and 724.9 eV, respectively. The profile of the spectrum perfectly
resembles published spectra of Fe3O4 [58,59]. Those features,
together with the absence of the charge transfer satellite of Fe
2p3/2 at 720 eV characteristic for c-Fe2O3 [60,61] points to the con-
clusion that the dominant phase in the synthesized NPs@HNT is
magnetite.

XPS was also employed to study the interactions of the synthe-
sized magnetite NPs and the HNT support in the final hybrids. The
high-resolution Si 2p spectra of starting HNT and the final hybrids
are presented in Fig. S4 (Suppl. Data). In particular, the spectrum of
the starting HNT (Fig. S4i) was fitted using two components. The
peak centered at 103.5 eV (corresponding to the 55% of the Si 2p
intensity) is attributed to the surface silanol groups (Si–OH) of
HNT [7]. The second peak centered at 102.7 eV (holding the 45%
of the overall intensity) is attributed to the Si–O bonds of the HNT’s
aluminosilicate framework [62]. The profile of the corresponding
high-resolution XPS spectrum for the final NP@HNT hybrids
showed significant differences (Fig. S4ii). In particular, the percent-
age of Si–OH bonds recorded at 103.5 eV was found decreased at
29% of the overall Si 2p intensity. The percentage of Si–O bonds
recorded at 102.7 eV remained the same at 44%. A third peak cor-
responding to 27% of the overall Si 2p intensity was recorded at
119.6 eV and is attributed to silicon-iron interactions [63]. This lat-
ter peak (119.6 eV) confirms the successful attachment of the syn-
thesized magnetite NPs directly at the Si-rich surface of HNT.

The magnetic measurements of the final NPs@HNT performed
via VSM are shown in Fig. S5 (Suppl. Data) The magnetic nanopar-
ticles show ferromagnetic behavior and retain a small coercivity up
to room temperature although the critical size for super-
paramagnetic behavior is 25 nm for magnetite and 35 nm for
maghemite. The temperature dependence of coercivity very well
follows the law expected for single domain fine particles with
HC = 340 Oe and TB = 530 K. Similarly the remanent magnetization
falls linearly, extrapolating to TB = 520 K. Therefore although the
existence of a fraction of smaller particles that are in the super-
paramagnetic state cannot be excluded, the overall magnetic
response is dominated by blocked coercive particles. For instance
the magnetization curves measured at different temperatures do
not superimpose when plotted against H/T. Although the magnetic
response and coercivity are expected to be dominated by the larger
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volume particles anyway, the blocking temperature seems high for
the average particle size D ¼ ð15� 5Þ nm derived by the TEM stud-
ies. The increased TB can be attributed to the fact that the particles
are not completely spherical but have average aspect ratio
a ¼ ð1:2� 0:2Þ, which means that a shape anisotropy contribution
of the order ð1=2ÞðN? � N==ÞM2

S � 1:2� 105 erg=cm3 has to be
added [64] to the magnetocrystalline anisotropy (1.3 � 105 erg/
cm3) of magnetite. For a = 1.4 the TB = 530 K can be obtained by
a diameter D = 22 nm, compared to D = 30 nm for spherical parti-
cles. Surface anisotropy is another possible contribution to the
total anisotropy especially on capping-free NPs surfaces [65].
Inter-particle interactions due to particle agglomeration, are not
likely to contribute to the TB increase since the TEM images show
that the particles do not form large aggregated assemblies. Fur-
thermore from the measurements of magnetization relaxation
with time, a fluctuation field of Hf = 10 Oe at 77 K was found which
in turn corresponds to an activation volume corresponding to a
sphere with D = 16 nm, close to the average physical volume of
the particles [66,67]. Overall, the VSM measurements point out
that particle reversal occurs by homogeneous rotation in single
particles and not in large aggregated assemblies.

The TGA profiles of NPs@HNT and pristine HNT are presented in
Fig. S6 (Suppl. Data). Three distinct thermal effects were observed
in the curves of both samples, followed by the corresponding DTG
peaks at approx. 60–70 �C, 250–290 �C and 490–500 �C (Insert –
Fig. S6). For the first thermal effect and up to 200 �C – attributed
to the loss of physisorbed water – the increased weight loss
observed for pure HNTs compared to their magnetite containing
counterparts is expected, considering that the NPs@HNT sample
has already been treated at 200 �C during NPs synthesis. The second
thermal effect, at around 250–300 �C is assigned to the loss of inter-
calated water [68] with similar weight loss observed for both
NPs@HNT and pristine HNT samples. At higher temperatures, the
weight loss observed for both samples at around 490–500 �C is
characteristic for HNTs, and associated with the halloysite dehy-
droxylation, while for pure magnetite it has been documented that
no weight loss occurs over 400 �C [69]. This difference in thermo-
gravimetric behavior over 400 �C (11.81% loss for pure HNT and
8.73% for NPs@HNT, respectively) was employed to determine the
magnetite content in NPs@HNT [30], which was found at 26% w/w.

3.2. Catalytic degradation of PCP

The kinetic results for the catalytic degradation of PCP in the
presence of NPs@HNT in comparison to free, unsupported Fe3O4

(synthesized and evaluated for comparison purposes) are pre-
sented in Fig. 7. All results have been normalized per gram of the
Fe3O4 containing phase. The overall kinetic results point out that
the NPs@HNT hybrids can rapidly (i.e. within 30 min) degrade
10.2 mM of PCP/g of magnetite, at room temperature. In contrast,
free, unsupported magnetite NPs exhibit much slower PCP degra-
dation efficiency within the same time period i.e. �3.5 mM/g of
PCP were catalyzed in 30 min from free, unsupported Fe3O4 NPs.
The free, unsupported NPs attain their maximum activity after
90 min reaching a maximum degradation efficiency of 5.6 mM
PCP/g magnetite. Overall, the NPs@HNT hybrids achieve a 180%
higher catalytic yield and 300% faster kinetics for PCP degradation.
This behavior is mainly attributed to the better dispersion of the
Fe3O4 NPs along the HNT nanotubes, therefore minimizing the
inter-particle aggregation which is known to significantly hinder
fast and efficient catalytic kinetics. On the contrary, the self-
supported iron oxide NPs are highly aggregated, thus imposing
two inhibitory factors in the catalytic process: [i] lower surface
area of free NPs exposed to the solvent, [ii] diffusion barriers
within the inter-particle voids. The development of iron oxide
NPs attached at the HNT’s surface minimizes both inhibitory fac-
tors, and this is evidenced as faster and more efficient catalytic
degradation of PCP.
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In principal, the oxidative catalytic decomposition of PCP by the
NPs@HNT/NaIO4 system is attributed to the well-studied mecha-
nism that involves the decomposition of PCP at Fe-containing cen-
ters [8,9]. In particular, IO4

� acts as an oxidant for the Fe-rich sites
[70]. The iron atoms at the NP’s surface can be oxidized via an 2-
electron process forming either Fe4+ or Fe5+ species which in turn
act as active catalytic sites for PCP decomposition. This mechanism
is highly efficient for PCP decomposition via dechlorination and
subsequent oxidative coupling between the formed products
[8,9]. Additional control experiments were performed, in order to
evaluate the adsorption of PCP by the NPs@HNT in absence of
the oxidant (NaIO4). Those measurements revealed only negligible
(<0.200 mM/g) PCP adsorption per gram of Fe3O4 containing phase
(Fig. 7, Green triangles), clearly supporting the role of the oxidant
to the catalytic decomposition of PCP. In order to further highlight
the catalytic decomposition activity of NPs@HNT hybrids, we per-
formed additional control experiments. The results of those control
experiments which were performed using PCP & NaIO4 [oxidant] in
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Fig. 8. Re-usability of NPs@HNT hybrids (black bars) and free NPs (red bars) for decom
duration). The photo at the right exemplifies the collection of the hybrids after the end
the absence of NPs (Fig. 7, purple circles) revealed that the PCP
decomposition was negligible. This finding clearly points-out that
PCP degradation was negligible in the case where NaIO4 was used
alone in the absence of NPs@HNT hybrids. Overall, the catalytic
data support that the removal of PCP from the reaction mixture
is due to the catalytic decomposition of PCP by the NPs@HNT
hybrids.

3.3. Catalyst reuse

After the first catalytic cycle, the hybrid NPs@HNT catalysts can
be separated from the reaction mixture, by a facile recovery proce-
dure involving the use of a magnet (Fig. 8, right). When the recov-
ered materials were evaluated in a 2nd catalytic cycle (Fig. 8, black
bars) nearly 91% of their initial catalytic activity was retained (after
90 min reaction), while even after their 4th catalytic cycle the
NPs@HNT hybrids preserved 89% of their initial activity. On the
contrary, the unsupported, free Fe3O4 NPs when evaluated under
the same experimental conditions not only exhibited significantly
lower catalytic efficiency but also lost their catalytic efficiency far
more rapidly. In particular, free NPs (Fig. 8, red bars) retain less
than 17% of their initial catalytic activity already from their 2nd
catalytic cycle, while after their 4th catalytic cycle only a minor
(<5% compared to initial value) activity was recorded. A possible
explanation of the observed rapid deactivation of the unsupported
Fe3O4 NPs can be attributed to blockage of the internal nanovoids
of the aggregated self-supported particles after the first PCP
decomposition cycle. This blockage is evidenced by the severe inhi-
bition of PCP adsorption after the first reuse of the free Fe3O4 NPs
and further confirmed by SEM images (Fig. S8). On the contrary, for
the NPs@HNT hybrids the NPs dispersed along the HNT surface
retain their PCP adsorption capacity after their reuse. It has been
previously demonstrated that catalytic decomposition of PCP by
iron-catalysts occurs via formation of polymeric species [8,9].
Within this context, the formation of those polymeric species is
followed by formation of by-products which in turn can critically
contribute to the clogging of the nanovoids in the case of free,
unsupported Fe3O4 NPs. The proposed deactivation of unsupported
NPs is in full agreement with previous studies on catalytic oxida-
tion of 4-chlorophenol by magnetic Fe3O4 nanoparticles [71],
according to which the free self-supported nanoparticles aggre-
gated during reaction, forming larger, catalytically inactive flakes.
However in our study, the use of HNTs hindered the formation of
large assemblies (as discussed earlier) and enabled the NPs to
retain their activity within multiple catalytic cycles.
4th cyclecle

position of PCP after multiple catalytic cycles (all results are for 90 min reaction
of a catalytic cycle using a simple commercial magnet.
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4. Conclusions

We demonstrated, a novel approach involving a modified wet-
impregnation method for the in situ synthesis of small magnetite
NPs at the surface of natural halloysite clay nanotubes. The
reported approach is ‘‘green” in terms of synthesis, since we
employed a natural occurring, highly abundant mineral (halloysite
clay) as support but did not involve the use of any chemical reduc-
ing agent known to be toxic, harmful for the environment and
unsafe to use. The thermal stability of the aluminosilicate HNT
nanotubes and the interactions between the NPs precursor and
HNT, render this unique one-dimensional clay mineral ideal sup-
port for the development of NPs upon thermal treatment in inert
atmosphere. Due to being ‘‘naked”, the NPs exhibited excellent cat-
alytic activity towards the rapid degradation of PCP from reaction
solutions at room temperature. The hybrids exhibit much higher
catalytic efficiency and kinetics, compared to free unsupported
magnetite NPs synthesized by alternative synthetic routes (e.g.
co-precipitation method). Moreover, the hybrids are very promis-
ing in terms of reusability, since we demonstrated that they can
be easily separated, cleaned and re-used for multiple catalytic
cycles without any significant loss in their catalytic activity.
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