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Abstract 

A family of easily recoverable magnetic and thermally responsive composite materials, 

with nanoscale dimensions, were synthesized by a rapid and simple solvothermal 20 

approach. The synthesis was thermally activated, accelerated, and controlled using a 

coaxial antenna to directly apply the microwave energy inside the solvothermal reactor. 

The composite materials were made up by a confined phosphorylated nanoreactor, 

namely halloysite nanotubes grafted on the inner lumen with phosphoric acid (HNTs-

(H+-PO4)), that promoted the urea hydrolysis thus favoring the formation of a local 25 

alkaline environment to catalyze the homogeneous in situ precipitation of 

superparamagnetic iron oxide nanoparticles (IONs) selectively on their inner or outer 

surface. Two new MW-assisted solvothermal methodologies were used: 1) in the first 

the solvent is directly loaded into the MW-assisted reactor together with HNTs-(H+-

PO4) mechanically preloaded with iron chloride and urea in the lumen 2) in the second 30 
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the synthesis is preceded by a further pre-functionalization step of the iron salt with 

clove essential oil (EO) as a green functionalization agent. Structural, morphological, 

textural, and magnetic properties were assessed by TEM, N2 physisorption, TG-FTIR, 

ICP, XRD, magnetic and magnetic hyperthermia measurements. The MW-assisted 

solvothermal deposition of IONs was fully controlled using the phosphorylated 35 

nanoreactor, in short synthesis times, by a simple methodology following the principles 

of sustainable chemistry. IONs were selectively deposited on the outer surface or in the 

inner lumen of HNTs yielding easily recoverable superparamagnetic and thermally 

responsive nanocarriers suitable for applications like targeted hyperthermia therapy.  

 40 
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1. Introduction 

Halloysite is a naturally-occurring aluminosilicate with an ordered nanostructure and 45 

a characteristic hollow tubular configuration which has been widely investigated over 

the few last years [1,2]. Halloysite nanotubes (HNTs) have a peculiar set of 

physicochemical properties such as biocompatibility [3], thermal stability [4], and 

defined morphology [5]. In addition, given their low cost, widespread availability, and 

the possibility of easily tuning their surface while preserving their tubular structure, 50 

they represent a very promising class of materials for various applications [6–12].  

The lumen of HNTs is an empty confined space which can be loaded and used as a 

carrier for the transport of many different active chemical substances, such as 

antibacterial agents [13–15], drugs (particularly chemotherapeutic compounds) [16–

18], flame retardants [19], anticorrosive coating in ion batteries [20], catalysts [21–23], 55 

quantum dots [24,25], and metal oxide[10] and metal nanoparticles [26,27].  

Being able to drive HNTs toward specific sites and activate them by external stimuli 

can strongly enhance their performance. Advanced approaches have been recently 

proposed to produce bifunctional HNTs capable both of carrying and delivering active 
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substances, or catalysts, and reacting to external magnetic fields [16,19,28]. These 60 

HNTs can thus be more easily driven to and activated in target sites. They also allow 

cheaper separation, recovery, and reuse. In fact, bifunctional HNTs endowed with 

magnetic properties can be mechanically manipulated and recovered by a magnet. 

The classical approach to providing non-magnetic materials with magnetic 

properties is to produce a composite [29]. Materials are usually grafted with iron oxide 65 

nanoparticles (IONs), such as magnetite and maghemite, due to their excellent magnetic 

properties [30,31]. HNTs with magnetic properties have been synthesized and there are 

several examples of applications [32,33,42–51,34,52–57,35–41]. The location and 

distribution of the magnetic nanoparticles depend on the approach used for the synthesis 

and they also condition the final application. For instance, when HNTs are designed as 70 

carriers (drug delivery or active agents), the best approach is to functionalize the 

external surface while the empty lumen remains available to load the active phase. 

Conversely, in applications such as catalysis, the inner surface should be functionalized 

to leave the external area available to anchor the active catalytic sites.  

The selective functionalization of the inner or outer surfaces of the halloysite 75 

nanotube can be challenging.  

The external surface of HNTs, in fact, is made up of siloxane groups (Si-O-Si), while 

the inner wall hosts aluminol groups (Al-OH). This chemical arrangement results in a 

clay nanotube with a negatively charged external surface and a positively charged inner 

lumen. The in-situ co-precipitation of IONs is therefore favoured by electrostatic 80 

interaction, on the external surface (IONext-HNTs). Several authors have prepared 

IONext-HNT composites using different iron salt precursors (FeSO4, FeCl2, FeCl3), 

hydrolyzing agents (NaOH, NH4OH, NaBH4), and reaction conditions [32–55]. 

On the other hand, the synthesis of IONs within the HNTs' hollow lumen (IONint-

HNTs) is less advanced and few results are available in the literature. The diffusion of 85 

cations (Fe3+/Fe2+) into the positively charged inner lumen is difficult or not feasible, 

thus restricting the use of cheap iron salt precursors to produce magnetite/maghemite 

phases. Zheng et al. [32] functionalized the positively charged HNT lumen by pre-

loading negatively-charged urease. Hydrolysis of urea was then catalyzed by urease and 

the alkaline environment promoted by the reaction led to the co-precipitation of 90 

Fe3+/Fe2+ mainly in the confined tubular HNT lumen. 
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However, this innovative synthesis makes use of an expensive biocatalyst (urease), 

which works only under restricted soft reaction conditions, leading to an increase in the 

overall production cost of the magnetic composite. In a different approach, the thermal 

decomposition of a Mn2+Fe3+–oleate complex was reported [34]. This precursor can act 95 

as both a ferrite precursor and an HNT lumen modifier, resulting in an inner ION int-

HNT composite material. However, the process was carried out at a high temperature 

(420 °C) and for a long reaction time (120 min). Strategies to ensure, by simple 

procedures, the selective functionalization of the inner/outer HNT surfaces with 

magnetic nanoparticles are therefore needed.  100 

This paper presents a novel approach to synthesizing IONs in the selectively 

modified lumen (IONint-HNTs) or in the external surface (IONext-HNTs) of HNTs. By 

following different methodologies, which include a green synthesis approach, we 

established different experimental protocols in order to obtain a family of easily-

recoverable magnetic composite materials that can be used as carriers (IONext-HNTs) 105 

for the controlled release of active agents, or as catalytic supports (IONint-HNTs). 

The synthesis of ION-HNT composites was performed by in-situ homogeneous 

precipitation, using two different iron precursors (FeCl2.4H2O and Fe2+-Eugenolcomplex), 

urea as the hydrolysis agent, and phosphate modified clay nanotubes as confined 

reactors [58], with nanoscale lumen dimensions, to promote urea hydrolysis. A 110 

microwave (MW) assisted process was carried out using a homemade high-pressure 

stainless-steel reactor [59]. The reactor configuration enables the MW energy to be 

applied directly inside the reaction medium, using a coaxial antenna[60,61]. This 

method has already been successfully used to synthesize a wide gamma of different 

materials like superparamagnetic IONs [31], silver nanoparticles[62], dye-doped 115 

polymeric microresonators[63] and mesoporous ordered silica-based frameworks [64]. 

In the MW solvothermal synthesis, mild conditions (temperature and pressure) are used 

to enhance the overall desired reactions. According to the reports, urea hydrolysis and 

the homogeneous precipitation of IONs nanoparticles are favoured by these conditions, 

and a higher crystallinity of the IONs is also promoted [65].  120 

The textural, structural, morphological, and magnetic properties of this novel family 

of magnetic (IONint-HNTs and IONext-HNTs) nanomaterials were assessed by several 
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techniques (multinuclear MAS NMR, FTIR, TGA, TEM, N2 physisorption and 

magnetometry) and are discussed. 

2. Experimental section 125 

2.1 Materials 

Pristine halloysite nanotubes (HNTs), sulfuric acid (H2SO4, 98%) and phosphoric 

acid (H3PO4, 85%) were purchased from Sigma-Aldrich and used without further 

purification. Iron(II) chloride tetra-hydrate (FeCl2.4H2O, 99%) and urea (NH2CONH2, 

99%) purchased from Sigma-Aldrich were used as the iron precursor salt and as the 130 

hydrolyzing agent, respectively. Deionized water obtained with a Milli-Q system 

(Millipore, Bedford, MA, USA) and ethylene glycol purchased from Fluka Analytical 

(99.9%) were used as solvents for ION-HNTs synthesis in the MW-assisted 

hydrothermal route.  

2.2 HNT acid etching and phosphate functionalization 135 

HNTs were initially modified by lumen etching leading to acid etched HNTs-(H+) 

following a procedure already described [13]. The phosphoric acid reaction with HNTs-

(H+) was then performed as described elsewhere [58]. Briefly, HNTs-(H+) were 

dispersed into H3PO4 saturated aqueous solution. The suspensions were evacuated in a 

vacuum jar, for 3 h, and then cycled back to atmospheric pressure. This process was 140 

repeated three times to increase the loading efficiency. Finally, HNTs were separated 

from the solution by centrifugation, washed with water and dried in an oven at 70 °C. 

A thermal treatment was then performed at 320 °C for 2 h under static air conditions to 

produce HNTs-(H+-PO4). 
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2.3 Preparation of HNT-ION composites: MW-assisted hydrothermal 145 

approach  

The magnetic composite materials were obtained using a 250 ml homemade stainless 

steel pressurized reactor, equipped with a coaxial antenna as a microwave applicator.  

It has recently been shown that this configuration allows the synthesis of ION 

nanoparticles with magnetic properties in a very short reaction time [31]. The MW-150 

assisted hydrothermal reactor is described in detail elsewhere [31,59,64]. The MW 

source is a commercial magnetron oscillator equipped with forward and reflected power 

indicators (SAIREM, Mod. GMP 03 K/SM, supplying up to 300 W of continuous MW 

irradiation power at a frequency of 2.45 GHz). A satisfactory MW impedance matching 

between the reactor and the MW source was obtained by configuring the active section 155 

of the applicator as a function of the permittivity of the reagents (ethylene glycol-water 

mixtures showed a strong MW absorption affinity). In addition, the presence of iron 

ions during the first step and the high MW absorption of magnetic nanoparticles 

produced, matched well with the proposed MW process. Three different composite 

materials were prepared starting with HNTs-(H+-PO4).  160 

IONext-HNTs-1 were obtained by direct solvothermal deposition of IONs on the 

external surface of HNTs-(H+-PO4). Firstly, urea was loaded in the hollow HNTs-(H+-

PO4) lumen by a mechanical process. Briefly, 5 g of HNTs-(H+-PO4) were added to 30 

mL of ethanol and dispersed for 5 min using ultrasound. A total of 1.5 g of urea 

dissolved in 10 mL of ethanolic aqueous solution (40% vol) was then added to HNTs-165 

(H+-PO4) dispersion. The suspension was evacuated in a vacuum jar for 30 min, and 

then cycled back to atmospheric pressure. This process was repeated three times in 

order to increase the urea loading efficiency (vacuum driven lumen filling of HNT has 

been proved as highly efficient approach[66]). HNTs-(H+-PO4)-urea were then 

separated from the ethanol-water mixture by solvent evaporation in an oven. A total 3 170 

g of FeCl2.4H2O and the HNTs-(H+-PO4)-urea were added to 50 mL of ethylene glycol-

water mixture (volume ratio 1.5:1) used as a reaction solvent system. The mixture was 

stirred for 5 min and then loaded onto the stainless-steel reactor equipped with a Teflon 

vessel, and the reactor was closed. An initial pressure of 6 bar was adjusted with N2 gas. 

The reaction temperature was set to 175 °C reached in 5 min by applying 200 W of 175 
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MW power. The reaction was then carried out for 30 min using 50 W of MW. Due to 

the urea hydrolysis, the reaction pressure was increased up to 8 bar at 175 °C (working 

temperature). After 30 min of MW irradiation, the power supply was switched off and 

the reactor was allowed to cool naturally to complete the reaction. The pressure was 

released to atmospheric conditions and the IONext-HNTs-1 were centrifuged, washed 180 

with ethanol-water several times, and dried at 70 °C overnight. 

IONint-HNTs-2 were similarly obtained by solvothermal deposition of IONs but on 

the internal surface of HNTs-(H+-PO4). In this case clove EO was used to produce a 

different iron precursor (always starting from FeCl2.4H2O). Clove EO with a high  

eugenol composition (> 70%) was obtained by a MW-assisted hydrodistillation 185 

procedure reported elsewhere [67,68]. A total of 3 g of FeCl2.4H2O were dissolved in 

10 ml of ethanol and 5 g of clove EO were added dropwise to this solution. The solution 

was stirred for 30 min while the color changed from colorless to dark blue, indicating 

a fast reaction of iron ions with eugenol (Fe2+-Eugenol)complex. A second solution was 

prepared as follows: 5 g of HNTs-(H+-PO4) were added to 30 mL of ethanol and 190 

dispersed for 5 min using ultrasounds. A total of 1.5 g of urea dissolved in 10 mL of 

ethanolic aqueous solution (40% vol.) was then added to HNT-(H+-PO4) dispersion. 

The iron precursor (Fe2+-Eugenol)complex and HNTs-(H+-PO4)-urea suspensions were 

then mixed, evacuated in a vacuum jar, for 30 min, and then cycled back to atmospheric 

pressure. This process was repeated three times to increase the loading efficiency. (Fe2+-195 

Eugenol)complex-HNTs-(H+-PO4)-urea were then separated from the suspension by 

solvent evaporation in an oven. The resulting solid mixture (Fe2+-Eugenol)complex-HNTs-

(H+-PO4)-urea) was added to 50 mL of ethylene glycol-water mixture (volume ratio 

1.5:1) used as a reaction solvent system. The mixture was stirred for 5 min and then 

loaded to the MW-assisted reactor and treated as IONext-HNTs-1 (P0,N2=6 bar, Trxn=175 200 

°C trxn=30 min). After the reaction time had finished, the power supply was switched 

off and the reactor was allowed to cool naturally in order to complete the reaction. The 

pressure was released to atmospheric conditions and the IONint-HNTs-2 were 

centrifuged, washed with ethanol-water several times, and dried at 70 °C overnight. 

IONint-ext-HNTs-3 were obtained using the same experimental approach described 205 

above for IONint-HNTs-2, however several cleaning steps with hexane were performed 

after the vacuum loading cycles and before drying. After this, the MW-assisted process, 
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separation and purification were the same as IONint-HNTs-2. All the synthesis protocols 

are illustrated in Scheme 1. 

2.4 Characterization  210 

2.4.1 Fourier-transform infrared spectroscopy 

Infrared spectra were recorded using an FT-IR Agilent Technologies 

Spectrophotometer model Cary 640, equipped with a universal attenuated total 

reflectance (ATR) accessory. A few micrograms of dry and purified HNTs sample were 

used with the following spectrometer parameters; resolution: 4 cm-1, spectral range: 215 

600–4000 cm-1, number of scans: 16. Agilent spectrum software was used to process 

FTIR spectra.  

2.4.2 Nitrogen physisorption 

Nitrogen adsorption and desorption isotherms were recorded at 77 K using a 

Beckman Coulter SA 3100 surface area analyser. All the samples were outgassed for 220 

120 min at 50 °C under vacuum conditions (P=10-3 mmHg). The isotherm was 

measured over the relative pressure range (PS/P0) from 0.01 to 0.991. The specific 

surface area (SBET) was calculated using the Brunauer-Emmett-Teller (BET) equation 

in the low relative pressure interval from 0.05 to 0.2. The Langmuir model and the t-

plot method were used to obtain further information on the size of the monolayer and 225 

micropore volume at lower relative pressures (PS/P0<0.05). Total pore volume was 

determined at the relative adsorption pressure of 0.9814. The pore size distribution was 

calculated with the adsorption branch of the isotherm using the Barrett-Joyner-Halenda 

(BJH) method. 
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2.4.3 Thermogravimetry 230 

A TA Instruments Thermobalance model Q5000IR equipped with an FTIR (Agilent 

Technologies) spectrophotometer Cary 640 model for evolved gas analysis (EGA) was 

used. TG measurements were performed at a rate of 10 °C/min, from 25 °C to 800 °C 

under nitrogen flow (25 mL/min) using Pt crucibles. TG-FTIR measurements were 

performed at a rate of 20 °C/min, from 30 °C to 900 °C under nitrogen flow (70 235 

mL/min), from 500 to 3000 cm-1 with a 4 cm-1 width slit. A background spectrum was 

taken before each analysis in order to zero the signal in the gas cell and to eliminate the 

contribution due to the amount of ambient water and carbon dioxide. The amount of 

sample in each experiment varied between 4 and 8 mg. Mass calibration was performed 

using certified mass standards, in the range from 0 to 100 mg, supplied by TA 240 

Instruments. Temperature calibration was based on the Curie point of paramagnetic 

metals. A multipoint calibration with five Curie points from reference materials 

(Alumel, Ni, Ni83%Co17%, Ni63%Co37%, Ni37%Co63%) was performed[69].  

2.4.4 Transmission electron microscopy 

ION-HNT composites were examined by transmission electron microscopy (TEM). 245 

The powders were suspended in 2 mL of isopropanol, and a few drops of the 

suspensions were deposited onto copper grids. The solvent was then left to evaporate 

at room temperature. Images were acquired using a CM12 Philips transmission electron 

microscope equipped with a microanalysis Edax and LaB6 cathode. 

2.4.5 Induced Coupled Plasma – Atomic Emission Spectroscopy 250 

Elemental analysis was carried out with a Varian 720-ES inductively coupled 

plasma-atomic emission spectrometer (ICP-AES). For the analysis, approximately 1 

mg of sample was digested by concentrated aqua regia (HCl suprapure and HNO3 

subboiled in a 3:1 ratio) with a few drops of HF. Calibration standards were prepared 

by gravimetric serial dilution from the standard at 1000 mg/L. The wavelengths used 255 

for Al, Fe and Si were 369.152, 238.204 and 251.432 nm, respectively. 



10 

 

2.4.6 Magnetic Measurements 

The magnetic behaviour of ION-HNT composites was evaluated using a vibrating 

sample magnetometer (VSM, Quantum Design PPMS). The powder samples were 

hosted in Teflon tape and the obtained magnetization values were normalized by the 260 

iron percentage in the sample obtained from ICP-AES measurements. Zero-field-

cooled/field-cooled (ZFC/FC) curves were obtained by measuring the temperature 

dependence of the magnetization by applying a probe magnetic field (5 mT) after 

cooling the sample in the absence (ZFC) or in the presence (FC) of the field. The 

saturation magnetization (MS) of the ION-HNT composites was estimated from the 265 

magnetization curves, extrapolating high field data with the empirical law (eqn. (1)): 

,---------------(1) 

where H is the external magnetic field. 

2.4.7 Magnetic Hyperthermia Measurements 

Magnetic hyperthermia experiments were carried out on an experimental setup based 270 

on a 6 kW Fives Celes power supply operating at a frequency of 183 kHz and a field 

amplitude of 17 kA/m (213 Oe). The samples were placed in a polystyrene sample 

holder and introduced inside a glass tube thermostated at 25°C using an ethylene glycol 

flow. The temperature was recorded by an optical fibre in contact with the sample. The 

measurements were collected in triplicate, and the specific absorption rate (SAR) was 275 

determined according to eqn (2):  

 

𝑆𝐴𝑅 =
∑ 𝑚𝑖𝑖 𝑐𝑝𝑖

𝑚𝑀𝑒

𝛥𝑇
𝛥𝑡⁄ --------(2) 

where the sum is extended to all the i species involved in the heat exchange (here HNT 

and ION), mi is the mass in g of the i-species and Cpi their specific heat. Since the 280 

measurement setup was non-adiabatic, T/t was extrapolated from the initial slope of 

the calorimetric curve. 

 

2H

b

H

a
MM S 
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3. Results and discussion 

3.1 MW-assisted hydrothermal cascade reactions for in situ ION 285 

synthesis on phosphate-modified HNTs: general approaches 

The synthesis of magnetic ION-HNT composites was performed in several steps. 

The general synthesis protocol is illustrated in Scheme 1 and fully described in the 

experimental section. 

Confined nanoreactors with phosphorylated catalytic sites, HNTs-(H+-PO4), (step 1 in 290 

scheme 1) were prepared and fully characterized as described in ref. [58]. In fact, 

phosphoric acid has been reported as an efficient polyprotic acid that significantly 

enhances the urea hydrolysis rate [70].  

The homogeneous precipitation of iron-oxide nanoparticles was performed 

following two different approaches to obtain magnetic composites by the solvothermal 295 

deposition on the external surface (IONext-HNTs) or in the inner HNT lumen (IONint-

HNTs). 

The first approach (black round-dot line arrow in Scheme 1) was performed by 

directly loading, into the MW-assisted reactor, the solvent (ethylene glycol-water 

mixture) together with HNTs-(H+-PO4) previously mechanically loaded with iron 300 

chloride and urea precursors in the lumen. The confinement of phosphate groups in 

HNTs-(H+-PO4), promotes a rapid urea hydrolysis both in the inner lumen and in the 

surrounding environment due to both: i) the catalytic reaction with the hydrogen 

phosphate active sites anchored to the nanotube mesopores, and ii) urea thermolysis at 

175 °C during MW heating. The consequent formation of OH- anions increases the pH, 305 

thus fostering the in-situ precipitation of iron-oxide nanoparticles in the alkaline 

reaction medium. Following this approach, we obtained magnetic (IONext-HNTs-1) 

composites.  
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 310 

Scheme 1. General experimental approaches to synthesize magnetic composite: IONs deposited onto the external surface 

(IONext-HNTs-1), internal surface (IONint-HNTs-2) and internal-external surface (IONint-ext-HNTs-3) area of HNTs. 

 

A second synthetic green approach (green double-line arrow in Scheme 1) was also 

developed to obtain the IONint-HNTs through a different loading protocol. The 315 

synthesis was carried out following the same experimental procedure used for IONext-

HNT-1 composites, preceded by a further pre-functionalization step of the iron salt 

precursor with clove essential oil (EO) as a green functionalization agent (see reaction 

2-b in Scheme 1).  

We have previously reported the successful use of EO to synthesize metal 320 

nanoparticles in a fast MW-assisted reaction [62]. In fact, EO acts as a renewable 

reducing agent, avoiding the need for surfactants or other chemical compounds.  

Moreover, pre-functionalizing the iron salt allows to exploit the different solubilities 

of the various precursors in an appropriate solvent. Hexane completely dissolves the 

eugenol/iron complex, while urea remains insoluble. Cleaning with hexane promotes 325 

the selective removal of the iron complex from the solution and, due to its strong 

hydrophilic character, also from the external surface of the HNTs. This approach 

enables a high loading of iron-urea precursors in the lumen of HNTs preventing the 

formation of IONs on the external surface. The MW-assisted process then yields the 



13 

 

IONint-HNT-2 composite material. It has also been shown that the use of eugenol does 330 

not affect the ION formation [71].  

Surprisingly, we observed that by increasing the cleaning steps with hexane before 

the MW-assisted homogeneous precipitation (red solid-line arrow in Scheme 1), stable 

magnetic nanocomposite with IONs localized in both internal and external HNT 

surfaces were produced, yielding an IONint-ext-HNT-3 nanocomposite material. This 335 

result is not easy to explain but it could be due to the partial removal of the iron complex 

from the lumen of the nanotube, which creates favourable conditions for the synthesis 

of IONs on both surfaces of the nanotube. 

Table 1 enlists the textural properties of the phosphorylated nanotubes and of the 

derived magnetic nanocomposites IONext-HNT-1, IONint-HNT-2, and IONint-ext-HNT-3. 340 

The textural properties of the HNTs-(H+-PO4) changed depending on the location of 

IONs. BET surface area, pore volume and monolayer volume decrease when IONs are 

synthesized in the hollow lumen (see Table 1). BET surface area of IONext-HNT-1was 

higher than the starting HNTs-(H+-PO4) probably because the contribution of IONs 

surface area deposited on the external surface of HNTs. 345 

Table 2 shows the reaction conditions used in this work to prepare three different 

magnetic ION-HNT composites and compares them with various approaches 

reported in the literature. The saturation magnetization (Ms) of the ION-HNT 

composites is also compared.  

Table 1. Textural properties of modified HNTs with phosphoric acid and IONs.   350 

Sample lumen modification 

Textural properties 
1BET Area, 

m2/g 

2Pore volume 

(Ads) cm3/g 

Monolayer 

volume, cm3/g 

HNTs- (H+-PO4) Modified with H3PO4 98 0.25 22.52 

IONext-HNTs-1 IONs external surface area 124 0.25 28.51 

IONint-HNTs-2 

IONs mainly in the internal 

lumen 
66 0.19 15.13 

IONint-ext-HNTs-3 

IONs in both internal and 

external surface areas 
72 0.20 16.59 

1Calculated with the Brunauer Emmet Teller equation in the linear interval of relative pressure from 0.05 to 0.2 

2Total Pore volume, calculated at the relative pressure of 0.9814 

The comparison clearly shows that the methodologies developed here allow to 

obtain magnetic nanocomposites in short reaction times (due to the use of MWs) 
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with a good control of the localization of the IONs (on the HNT external surface 355 

or in the lumen), and with high values of Ms. It is worthy to point it out that 

IONint-HNTs-2 have the highest magnetic properties (Ms=31 emu/g) among of 

the corresponding HNT having IONs localized in the hollow lumen (i.e 

Ms=2.8[45,46], 4.2[37], 5.7[32], 8.5[38] and 11.5[51] emu/g). IONint-ext-HNTs-3 

also have higher magnetization (Ms=33 emu/g) than the reported HNT having 360 

IONs localized in the internal/external surface (Ms≈25 emu/g)[28]. The magnetic 

properties of IONext-HNTs-1 (Ms=27 emu/g) are in line with the corresponding 

HNT with IONs localized in the external surface which Ms ranges from 1.2 to 

42.7 (Table 2). Furthermore, the comparison of Fe3O4-HNTs having the highest 

magnetic properties (Ms=42.7 emu/g, synthesis conditions: T=200 °C, t=8 h) 365 

[55], highlights the MW-assisted solvothermal method here reported as an 

appealing reaction system  in terms of both Ms obtained in short extraction times 

(30 min at 175°C) and for its innovative use of an alternative energy sources. 

A full characterization of these materials is presented and discussed below.  

  370 
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Table 2. Different approaches to synthesize ION/HNT composite materials reported in the literature and in this work. Reaction conditions and the saturation magnetization are also listed. 

Composite IONs on the HNTs 
Heating 

approach 
Iron precursor 

Hydrolyzing 

agent 

Reducing 

agent 

time 

(min) 

T 

(°C) 

Ms   

(emu/g) 

T=300K 

Ref. 

IONext-HNTs-1 external surface 

MW 

FeCl2 

Urea /HNTs-(H+-PO4) 30 175 

27 

This 

work 

IONint-HNTs-2 hollow lumen 
FeCl2-Clove EO 

complex 

31 

IONint-ext-HNTs-3 
internal/external 

surface 
33 

Fe3O4-HNTs hollow lumen CH FeSO4/FeCl3 urea urease 30 65 5.7 [32] 

Fe3O4-HNTs external surface CH FeSO4/FeCl3 NH3H2O solution 240 70 27.9 [33] 

Fe3O4-HNTs external surface CH FeSO4/FeCl3 NH3H2O solution 90 70 25.4 [34] 

Fe3O4-HNTs 
external surface 

-------- 
FeCl3 

NaBH4 30 RT N.R. 
[35] 

Fe3O4/C-HNTs CH NaBH4/glucose 720 180 1.9 

Au/HNTs/Fe3O4 external surface CH FeCl2/FeCl3 NH3H2O solution/L-lysine 60 70 24.1 [36] 

MnFe2O4/HNTs 

hollow lumen 

CH 

Mn2+Fe3+–oleate 

complex 
Thermal decomposition 120 450 

4.2 

[37] 

external surface 
Mn2+Fe3+–oleate 

complex/water 
1.9 

Fe3O4-HNTs hollow lumen CH FeCl2/FeCl3 NaOH 150 50 8.5 [38] 

Fe3O4-HNTs 
internal/external 

surface 
CH 

FeSO4.7H2O/ 

FeCl3.6H2O 
NH4OH 240 80 ≈25* [28] 
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N-doped GQDs/ 

Fe3O4-HNTS 
external surface CH 

FeSO4.7H2O/ 

FeCl3.6H2O 
NH4OH 360 70 N.R. [39] 

Fe3O4-HNTs-CS external surface CH 
FeCl3.6H2O- 

Na2SO3 
NaOH 30 100 18.4-20 [40,41] 

Co-HNTs external surface CH 

CoSO4, NaPO2H2, 

NH4Cl, and 

sodium citrate 

Na2PdCl4-PVP (electroless 

deposition) 
N.R. 80 37.9 [42] 

Fe3O4-HNTs external surface CH 
FeSO4.7H2O/ 

FeCl3.6H2O 
NH4OH 300 70 N.R. [43] 

Fe3O4-HNTs external surface -------- FeCl2/FeCl3 

NaCl/KOH 

(mechanochemical 

synthesis) 

30 RT 1.2 [44] 

Fe3O4-HNTs hollow lumen CH Fe(NO3)3·9H2O 
Ethylene glycol/heating 

treatment 
20 h 400 2.8 [45,46] 

Fe3O4–MnO2-HNTs external surface CH 
FeSO4.7H2O/ 

FeCl3.6H2O 
NH4OH 240 70 27.8 [47] 

Fe3O4-HNT external surface CH 
FeSO4.7H2O/ 

FeCl3.6H2O 
NH4OH 135 80 N.R. [48] 

Fe3O4-HNTs external surface CH 
FeSO4.7H2O/ 

FeCl3.6H2O 
NH4OH 360 RT 35.9 [49] 

Fe3O4-HNTs external surface CH 
FeSO4.7H2O/ 

FeCl3.6H2O 
NaOH 180 70 ≈10 [50] 

Fe3O4-HNTs hollow lumen CH 
FeSO4.7H2O/ 

FeCl3.6H2O 
NH3-H2O solution 300 70 11.5 [51] 
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Fe3O4-HNTs external surface CH Fe(NO3)3·9H2O 
Acetic acid/heating 

treatment 
200 60 N.R. [52] 

Fe3O4-HNTs external surface CH 
FeSO4.7H2O/ 

FeCl3.6H2O 
NH4OH 240 70 27.8 [53] 

Fe3O4-HNTs-Ag external surface CH 
FeSO4.7H2O/ 

FeCl3.6H2O 
NH4OH 180 60 6.1 [54] 

Fe3O4-HNTs external surface ------- FeCl3.6H2O NaBH4 30 RT 1.9 [35] 

Fe3O4-HNTs external surface CH FeCl3.6H2O CH3COONa 8 h 200 42.7 [55] 

Mag-HNTs 
internal/external 

surface 
CH FeCl2/FeCl3 NaOH 30 75 ---- [57] 
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The morphology, particle size and location of IONs loaded on the HNTs-(H+-PO4) 

surface were examined by transmission electron microscopy (TEM). Figure 1(a) shows 

a pristine HNT sample with a well-defined tubular shape, open-ended empty lumen 375 

with 50 nm outer diameter, 250 nm length and, between 15 to 20 nm inner diameter. 

After modification and ION loading, all ION-HNTs maintain their cylindrical shape. 

IONext-HNTs-1 (obtained by direct precipitation) are fully covered with IONs (average 

particle size of 2-3 nm) located on the external surface (see Fig.1(b, b1) and Fig.S1(a, 

a1). The ION particles have mainly a spherical morphology and are extensively 380 

aggregated. Some rod-like morphology is also observed in Figs. 1(a) and S1(a) 

 

Figure 1. TEM images (at different magnifications) of pristine HNTs (a), IONext-HNTs-1 (b, b-1), IONint-HNTs-2 (c, c-1) and 

IONint-ext-HNTs-3 (d, d-1) magnetic composite materials. 

 385 

In IONint-ext-HNTs-3 both internal and external surfaces of (fig. 1(d) and fig. S1(b)) 

are covered with spherical ION particles, however there are also some rod-like 

nanoparticles on the outer surface. The spherical nanoparticles show the same 

aggregation pattern as in IONext-HNTs-1 with individual particle sizes of around 3-4 

nm.   390 
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On the other hand, IONint-HNTs-2 exhibit a very smooth external surface (see fig. 

1(c, c-1)) while the lumen shows an irregular filling along the nanotube (free sections 

from 4 nm to fully obstructed, fig. S1(c)). 

Elemental analysis (ICP-AES) indicated the effective presence of iron in all the ION-

HNT composites, with a weight percentage of 5.1, 7.8 and 6.6% for IONext-HNTs-1, 395 

IONint-HNTs-2 and IONint-ext-HNTs-3, respectively (Table 3). The X-ray powder 

diffraction analysis of the ION-HNT composites (data not shown) did not provide a 

clear detection of iron oxide nanostructures over the HNTs. In fact, the partial 

superimposition of the diffraction pattern of magnetic iron oxides (magnetite, 

maghemite) and that of halloysite prevented a clear identification of the phase of the 400 

IONs, in particular the broadening of the diffraction peaks characteristic of nanosized 

materials. 

Figure 2 shows the adsorption and desorption nitrogen isotherms of IONext-HNTs-1, 

IONInt-HNTs-2 and IONInt-ext-HNTs-3and the BET surface area and pore dimensions are 

listed in Table 1. For iron oxide nanoparticles selectively loaded outside the HNT 405 

structure (IONext-HNTs-1), the surface area (124 m2/g) and monolayer capacity 

(monolayer volume=28.51 cm3/g) were found to be higher than that of the 

phosphorylated parent HNTs-(H+-PO4) (surface area=98 m2/g, monolayer 

volume=28.51 cm3/g), while the total pore volume was unchanged (0.25 cm3/g). The 

higher surface value found is consistent with the presence of ION nanoparticles on the 410 

external surface. On the other hand, halloysite nanotubes with IONs loaded within the 

hollow (IONInt-HNTs-2 and IONext-int-HNTs-3), showed a pronounced reduction in the 

surface area (from 98 to 66 and 72 m2/g, respectively) and pore volume (from 0.25 to 

0.19 and 0.20 cm3/g, respectively), which was still more evident for IONInt-HNTs-2 (see 

full data listed in Table 1). Concerning the isotherm form, all three nanocomposites 415 

show a characteristic type IV-a isotherm with an H-3 hysteresis loop (see Fig. 2-a), The 

hysteresis loop of IONext-HNTs-1 has the same width as that of the parent material, 

confirming that no IONs were formed inside the halloysite nanotubes. For 

nanocomposites with IONs loaded within the lumen (IONInt-HNTs-2 and IONInt-ext-

HNTs-3), the hysteresis loop is narrower, suggesting the formation of iron oxide 420 

nanoparticles in the phosphate active sites. Although no exact conclusions can be drawn 

regarding the particle size, the IONs did not result in pore blocking or saturation.  
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Figure 2-b shows the pore size distribution functions for all three materials. There is 

a broad pore distribution with no significant peaks above 12 nm in average diameter.  

 425 

 

Figure 2. N2 adsorption/desorption isotherms (a) and pore size distribution (b) of ION-HNT magnetic mesoporous 

composites. 

Figure 3 shows the TG (a) and DTG (b) curves for ION-HNT composites. IONext-

HNTs-1 show similar thermal properties to that of the parent material HNTs-(H+-PO4) 430 

[58], with two main mass losses at 32 °C and at 449 °C related to the loss of adsorbed 

and chemically bound water, respectively. The IONs deposited on the external surface 
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do not modify the thermal profile of HNTs, since they were very stable under nitrogen 

throughout the temperature range of the experiment [31].  

 435 

 

Figure 3. Thermogravimetric curves (a) and their derivatives (b) of ION-HNT composites performed under nitrogen flow at 

10°C/min heating rate 

The TG curves of the IONInt-HNTs-2 and IONInt-ext-HNTs-3 samples, obtained using 

Fe2+-Eugenolcomplex as an iron precursor, have a more complex thermal profile with 440 

further mass losses in the range 140-385 °C. The FTIR analysis of the evolved gases 

highlighted that these mass losses are due to the degradation of adsorbed eugenol (fig. 
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S2). In fact, the FTIR spectrum, reveals signals related to the degradation of the 

methoxy moiety (at about 2190 and 2100 cm-1, CO stretching) and to the volatilization 

of the phenolic residue (at 3650 cm-1 and 1288 cm-1, OH stretching and bending, at 3053 445 

cm-1, C-H stretching, at 1595 and 1500 cm-1, C=C stretching at 1185 cm-1 C-O 

stretching, and at 878, 757 and 696 cm-1 C-H bending) of eugenol. 

The mass loss at 140 °C of IONint-HNTs-2 is likely due to the loss of eugenol 

adsorbed on the external wall of the HNTs, while the mass losses at higher 

temperatures of both IONInt-HNTs-2 and IONInt-ext-HNT-3 are probably related to 450 

eugenol absorbed to IONs located on the external wall (mass loss at 251 °C) or 

in the inner HNT lumen (383-384 °C), respectively. 

The magnetic properties of the ION-HNT composites were investigated as a 

function of both temperature and magnetic field. Figure 4a) reports the 

magnetization curves as a function of the temperature after zero field cooling 455 

(ZFC) and field cooling with a magnetic field of 50 Oe (FC). All the composites 

show the typical thermal irreversibility of nanosized magnetic materials, but the 

curves present no clear features. The ZFC curves are characterized by the 

presence of a broad maximum, likely due to the size and shape dispersions and, 

above all, to the strong interparticle interactions. TEM analysis, in fact, shows 460 

that the individual particles are arranged in large aggregates onto the surfaces 

(internal and external) of the halloysite structure.  

It is worth underlining that at low temperatures, all the ZFC curves increase 

monotonously, indicating the absence of paramagnetic phases in the composites, 

such as unreacted Fe(II). Moreover, no evidence of magnetic order transition can 465 

be observed in either the ZFC and FC curves. 

Table 3. Iron weight percentage and magnetic properties of ION-HNT composites. 

Sample Fe% w/w 
M5T MS Hc (Oe) 

10 K 300K 10K 300K 10K 

IONext-HNTs- 1 5.03 50 20 82 27 280 

IONint-HNTs-2 7.83 51 23 79 31 157 

IONint-ext-HNTs-3 6.61 56 26 83 33 154 
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The magnetization was also investigated as a function of the magnetic field, both at 

10 and 300 K (Figures 4b and 4c). Saturation was not reached for any of the composites, 

even at the highest fields (5 T). This is likely due to the presence of antiferromagnetic 

phases and/or to the very small size of the IONs. In fact, the quasi-linear approach to 

saturation can arise from the progressive canting of the coupled spins in the first case, 5 

or from the disordered superficial spins in the second. The absence of any Nèel 

transition signature, however, suggests a very poor iron oxide antiferromagnetic 

content, if any. On the other hand, the large surface-to-volume ratio of 2-3 nm 

nanoparticles, and thus the large surface contribution to the total magnetization, could 

explain the observed behaviour. 10 

Figure 4: a) ZFC-FC magnetization of the ION-HNT composites. Data were normalized to the value of ZFC curve at 300 K. b) 

Magnetization curves of the ION-HNT composites recorded at 10 K. In the inset, the magnification of the low field region is 

reported. c) Magnetization curves of the ION-HNT composites recorded at 300 K. 

The saturation magnetization (MS) values of the ION-HNT composites obtained for 15 

the room temperature curves are in good agreement with the values in the literature for 

similar systems [33,34,36], although much lower than the bulk values of iron oxides 

with the best magnetic properties, i.e., magnetite or maghemite (90 emu/g and 80 emu/g 

at room temperature, respectively). Nevertheless, a decrease in MS is commonly 

reported in nanosized particles and, again, is ascribed to the surface spins which are not 20 

aligned to bulk ones. The surface disorder is also responsible for the large decrease in 

the MS values at room temperature found for all the samples. All the composites showed 

superparamagnetic behaviour at room temperature (i.e. no remanence or coercivity). 

On the other hand, at 10 K a hysteretic behaviour was observed, with coercive fields in 

the order of a few tens of mT, which is compatible with the very small size of the IONs 25 

present in the composites. From the analysis of the magnetic results, the nanoparticle 

structure is compatible with the iron oxide spinel phase, excluding the 
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antiferromagnetic phases. Two phases of iron oxide (magnetite and maghemite) could 

form under the reaction conditions used in this work. However, the magnetic behaviour 

is strongly influenced by the large contribution of the surface due to the ultra-small size 30 

of the particles. The slight differences (the shape of the ZFC-FC curves and, above all, 

a slight increase in the coercive field), observed in the magnetic behaviour of sample 

IONext-HNTs-1, are due to the use of different iron precursors in the reaction mixture, 

which may influence the size distribution and the crysrevtallinity of the IONs obtained. 

The application potential of magnetic-nanoparticle-loaded HNT is not limited to the 35 

ability to mechanically control and retrieve them using magnetic field gradients. 

Superparamagnetic nanoparticles are well-established nanosized heat vectors that can 

be heated through the application of magnetic field alternating at high frequency. This 

outstanding feature has been studied widely for the selective ablation of cells in the 

therapy of tumours [72] and is a promising means to modulate chemical reactivity 40 

through temperature control at the nanoscale [73].  

Indeed, the hybrid architectures presented in this work are interesting candidates for 

both approaches, thanks to the full control achieved in the positioning of ION around 

the HNT frame. We therefore evaluated the thermal response of the three HNT 

nanocomposites in powder form by recording their temperature kinetics in the presence 45 

of an alternating magnetic field of 17 kA/m amplitude and 183 kHz frequency (details 

on the experimental setup are given in the experimental section). Temperature vs time 

curves under the application of an alternating magnetic field were acquired for the three 

ION-HNT powder samples and are reported in Figure 5. The hyperthermal performance 

of the ION-HNT samples was then estimated by measuring the initial slope of the 50 

temperature vs time curves and calculating the specific absorption rate (SAR).  
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Figure 5: Temperature kinetics of ION-HNT powder samples during the application of an alternating magnetic field (17 

kA/m, 183 kHz, 5 min), starting from a temperature of 25°C. 55 

 

The estimated SAR values for the three samples are reported in Table 4. Even though 

these values are quite moderate if compared to the SAR values reported in the literature 

for systems proposed as hyperthermia mediators, it should be noted that the samples 

were not measured as a colloidal suspension, but in powder form: such difference in 60 

measuring conditions complicates the comparison with literature data. Therefore, the 

obtained SAR values were here reported as a rough evaluation of the bulk heating 

capability of ION-HNT samples. Moreover, the field parameters used in the 

measurements are below the physiological tolerance threshold or physiological limit 

[74], beyond which deleterious responses of living tissues are observed. This aspect is 65 

often overlooked in the literature, leading to high but therapeutically unserviceable 

SAR values. Within this framework, some of the SAR values estimated for some of the 

ION-HNT samples are comparable to other ION-based systems which have been 
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demonstrated to be effective in strongly reducing cell viability in in vitro hyperthermic 

experiments [75]. Therefore, the obtained data indicates that, despite the relatively low 70 

loading of IONs, the hybrid systems show promising potential for magnetic field-

assisted hyperthermia.  

Table 4. Hyperthermal performance of the three IONs-HNT systems. 

Sample SAR [W/g] 

IONext-HNTs-1 2.65 ± 0.04 

IONint-HNTs-2 0.57 ± 0.02 

IONint-ext-HNT-3 3.28 ± 0.22 

 

Considering that the iron loading as well as the magnetic moment at saturation are 75 

similar for the three samples, the difference in heating values reported in Table 4 can 

be reasonably ascribed to the topology of each sample. In particular, ION int-HNTs-2 

show a very low heating performance, which is compatible with the fact that iron oxide 

nanoparticles confined in the lumen of the HNT are separated from the external 

environment, therefore the heat transfer is hindered by the topology of the system. On 80 

the other hand, IONext-HNTs-1 show a heating performance that is over four times 

higher than IONint-HNTs-2, since iron oxide nanoparticles are more exposed to the 

environment. Finally, the highest heating values found for IONint-ext-HNT-3 suggest that 

the overall hyperthermal performance of the systems is (in first approximation) additive 

between internal and external particles. 85 

4. Conclusions  

A family of easily recoverable magnetic and thermally responsive composite 

materials, with nanoscale dimensions, were synthesized by a rapid and simple 

solvothermal approach, using MW irradiation to thermally activate the synthesis. 

According to recent literature[76], the development of bifunctional composites as 90 

confined nano-catalysts represents an emerging research area, which is unexplored for 

phosphoric acid/halloysite inorganic mesoporous materials.The use of a confined 

nanoreactor with phosphorylated catalytic active sites thus enhanced the urea 

hydrolysis rate and therefore promoted the in-situ co-precipitation of iron oxide 

nanoparticles. HNTs-(H+-PO4) were found to be particularly suitable for the in-situ 95 
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cascade reactions of urea hydrolysis and iron nanoparticle deposition in mild MW-

assisted reaction conditions.  

The methodology proposed here proved to be highly versatile. It led to a good control 

of the reaction and to the selective functionalization of the inner or outer surfaces of the 

nanotubes with magnetic nanoparticles. Moreover, the composite nanomaterials are   100 

able of heating under a remotely applied magnetic field. 

Two different protocols were used which only differ in the iron precursor. The first 

protocol uses FeCl2.4H2O as the iron salt precursor. In the second, a green approach, 

with the pre-functionalization of the iron salt with clove essential oil as green reducing 

agent to give a eugenol EO-iron complex, led to the deposition of IONs on the inner 105 

surface of the nanotubes. It was therefore possible to selectively prepare different 

magnetic composites bearing ION particles in the inner lumen and/or outer surface 

which would thus be suitable for different uses such as carriers for drug delivery or as 

catalysts. 

All the composites showed superparamagnetic behaviour at room temperature with 110 

magnetic properties influenced by the iron salt precursor. They were enhanced when 

the eugenol EO-iron complex was used in the synthesis. The magnetic nanocomposite 

showed textural, morphological and magnetic properties in line with the literature 

reports (which only accounts for conventional heating approaches[32–56]). Finally, the 

use of favourable energy systems such as microwave-assisted synthesis enabled high 115 

performance materials to be obtained in short synthesis times and using a simple 

methodology according to the principles of sustainable chemistry.  

The observed superparamagnetic properties among with the promising heating 

characteristics of IONs make the synthesised IONs-HNTs potential nanocarriers for 

applications in antibacterial treatment and targeted hyperthermia therapy as recently 120 

proposed elsewhere[77,78]. 
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