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A B S T R A C T

Halloysite is a member of the kaolin group, with an ideal chemical composition of Al2(OH)4Si2O5⋅2H2O, dis
playing wide and diverse industrial application spanning from traditional ceramics to drug delivery. Halloysite 
often occurs as elongate mineral particles (EMPs) with nanometer-size tubular, cylindrical or fibrous shape. 
Despite these features and its extensive use, the International Agency for Research on Cancer (IARC) has not yet 
evaluated halloysite for its potential carcinogenicity. Existing literature only focused on its toxicity following oral 
administration mostly in a pharmaceutical contexts, but findings remain inconclusive.

In this study, a commercially available halloysite from Matauri Bay (North Island, New Zealand) was inves
tigated to provide further insight into potential occupational exposure to airborne nano-particles in the ceramic 
industry. A comprehensive characterization of the sample was performed using XRPD, TGA-DTA, XRF-WDS, BET, 
particle size distribution, SEM, TEM, Mössbauer and UV–Vis spectroscopies. This multi-technique approach 
permitted to determine its toxicity potential through the Fibre Potential Toxicity Index (FPTI) model, which had 
already proven robust in evaluating the hazardousness of respirable mineral fibres. Results indicated that the 
sample contains approximately 90 wt% halloysite, with minor quartz and cristobalite. Halloysite nanotubes are 
respirable but not “regulated fibres” with a FPTI value of 1.92(0.10), comparable to that of non-carcinogenic 
mineral fibres suggesting, with caution, that halloysite is a nanomaterial with low toxicity. Although the 
study focused on samples from a specific locality, the results should be considered applicable to halloysite 
samples from any quarry; nevertheless, it should be noted that halloysite from this deposit contains respirable 
quartz and cristobalite which are a IARC Group 1 known human carcinogens.

1. Introduction

Halloysite is a layer silicate that occurs in both weathered rocks and 
sedimentary deposits, formed by the alteration of a wide variety of rock 
types (Joussein et al., 2005). Halloysite shares the same ideal chemical 
composition as kaolinite, except for the interlayer content of water. 
Moreover, kaolinite exhibits a flat layered crystal structure, while hal
loysite a rolled structure with a hollow core. At a basic level, both 

minerals are composed of Si-centred tetrahedral sheets arranged in a 
pseudo-hexagonal network joined to Al-centred dioctahedral sheets in 
units with a 1:1 ratio. Halloysite, containing water in the interlayer 
space, results in the ideal formula Al2Si2O5(OH)4⋅2H2O. AIPEA 
Nomenclature Committee (Joussein et al., 2005) approved the terms 
halloysite-(10 Å) (n = 2; d001 ≈ 10 Å) for the hydrated mineral and 
halloysite-(7 Å) (n = 0; d001 ≈ 7 Å) for the dehydrated form (Bailey, 
1980). The analysis of halloysite diffraction patterns, biased by the 
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presence of extensive planar defectivity, revealed a triclinic to mono
clinic symmetry with the most common monoclinic space group Cc 
(Bailey, 1980). The mean unit cell parameters calculated from the 
literature data reported in Table 2, page 390 of Joussein et al. (2005)
with standard deviations are: a = 5.138(4)Å; b = 8.907(15)Å; c = 14.65 
(18)Å; α = 90.53(84)◦; β = 98.88(5.6)◦; γ = 90◦.

Deviations from the ideal chemical composition of halloysite are 
observed, as isomorphous substitution of FeIII for AlIII are possible in the 
octahedral sheet (see for example, Muller and Calas, 1989; Hart et al., 
2002). Watanabe et al. (1969) and Soma et al. (1992) also assumed some 
irregular replacement of SiIV by AlIII in the tetrahedral sheet for hal
loysite samples from Nagasaki (Japan) and New Zealand, respectively. 
Titanium, commonly associated to halloysite- and kaolinite-rich mate
rials, is usually attributed to impurities of oxides, such as anatase (TiO2) 
(see for example, Schroeder and Shiflet, 2000).

Halloysite predominantly exhibits a tabular morphology, although 
cylindrical and fibrous shapes have also been documented (Joussein 
et al., 2005). Particles with these shapes generally have a length to width 
ratio (aspect ratio) greater than 3, qualifying them as elongate mineral 
particles (EMPs) (Gunter, 2018). The variability of the shape of halloysite 
is due to many factors including crystal structure, degree of alteration/ 
dehydration, and chemistry (Joussein et al., 2005). Regarding chemis
try, when the degree of isomorphous substitution of FeIII for AlIII in the 
octahedral sheet increases, the layer curvature decreases and the shape 
is more platy-lamellar like kaolinite. If the substitution is non- 
stoichiometric, Soma et al. (1992) showed that creation of vacancies 
in the octahedral sheet might increase the layer curvature.

Halloysite clay, mainly due to the high alumina content, plasticity, 
and whiteness has long been used by ceramic industries for the pro
duction of traditional ceramics (e.g., ceramic tiles and tableware: Wil
son, 2004), advanced or high-tech ceramics and ceramic composites like 
coatings and membranes (Lampropoulou and Papoulis, 2021).

Halloysite nanotubes, nanometric tubular particles that generally 
have a hollow core, can function as time-release capsules that gradually 
dissolve over time. They can be filled with various additives for use in 
paints, sealants, lubricants, herbicides, pest repellents, household, food, 
personal care products and cosmetics; additionally, they can serve as 
molecular sieves in a wide range of applications, including separation of 
liquids and gaseous mixtures, water purification in refining industries, 
and also in the remediation of acid mine drainage (Joussein et al., 2005; 
Fahimizadeh et al., 2024). Halloysite, both natural and synthetic, is also 
used for the fabrication of biomaterials and drug delivery vehicles 
(Lazzara et al., 2018; Zhang et al., 2025), as well as in cell supporting 
scaffolds for tissue engineering (Naumenko and Fakhrullin, 2017), 
antimicrobial coatings (Wei et al., 2014), and as nanocarrier for intra
cellular delivery of drugs and enzymes (see for example, Massaro et al., 
2018a).

Given the increasing massive use of natural and synthetic halloysite 
products, at one point the question arose as to whether halloysite and, 
especially, halloysite nanotubes (Hal here after) and EMPs might pose a 
hazard to human health. Notably, halloysite has never been evaluated 
by the International Agency for Research on cancer (IARC) as a potential 
carcinogenic agent. Existing literature focused on assessing the toxico
logical effects of Hal through oral administration, largely due to its 
extensive use in pharmaceutical applications. To the best of the authors’ 
knowledge, a survey of the existing literature data allows the results to 
be grouped into three distinct but interconnected groups: (a) those 
indicating that Hal are non-toxic; (b) those showing evidences of toxicity 
of Hal only at high/very high doses; (c) those showing evidences of 
toxicity of Hal.

The first cluster of results indicates that halloysite, with special 
attention to Hal, should be considered non-toxic (Vergaro et al., 2010; 
Chiriacò et al., 2014; Sánchez-Fernández et al., 2014; Liu et al., 2015; 
Maisanaba et al., 2015; Jaurand, 2016; Brandelli, 2018; Massaro et al., 
2018b; Rozhina et al., 2021; Biddeci et al., 2023). Fakhrullina et al. 
(2015) used the nematode microworm Caenorhabditis Elegans as a model 

organism and found that halloysite is localised exclusively in the 
alimentary system and does not induce severe toxic effects. Long et al. 
(2018) assessed that Hal are relatively non-cytotoxic for human umbil
ical vein endothelial cells (HUVECs), human breast adenocarcinoma 
(MCF-7) and for zebrafish embryos in vivo. Santos et al. (2019) claimed 
that Hal are safe and biocompatible low-toxicity nanomaterials to be 
used for drug encapsulation for numerous clinical applications. Barfod 
et al. (2020) found that Hal do not induce cytotoxicity in vitro, but the 
functionalization of their surface by etching led to increased pulmonary 
inflammation and acute phase response of Hal following pulmonary 
dosing in mice, suggesting that precautions should be taken with mod
ifications that increase the specific surface area of nanoparticles. Wu 
et al. (2020) compared the toxicity of Hal and multi-walled carbon 
nanotubes (MWCNTs) to human umbilical vein endothelial cells 
(HUVECs) in vitro and blood vessels of mice in vivo. These authors 
concluded that Hal are probably safer nano-carriers compared with 
MWCNTs. Biddeci et al. (2023) summarized the results of in vitro effects 
of Hal on HeLa (human cervical cancer) and Raw 264.7 (murine 
macrophage) cells by MTS assay with different concentrations, showing 
that the viability was almost 80 % for the highest concentration in HeLa 
cells and close to 100 % in Raw 264.7 following a 24 h incubation. Even 
after prolonged treatments (48 and 72 h), cell viability remained high 
for both cell lines.

The second group of literature data shows evidences of toxicity of 
Hal only at high/very high doses (ca. 200–1000 μg/mL). The toxicity of 
Hal at different concentrations was further evaluated against human 
peripheral lymphocytes by mitotic index assay, which revealed the in
hibition of the lymphocyte’s proliferation only at the highest concen
tration (1000 μg/mL) (Ahmed et al., 2015). Zhao et al. (2019)
investigated the toxicity of Hal with in vitro assays on mBMSCs and 
UMR-106. Massive cells death, including mBMSCs and UMR-106, was 
observed at the higher Hal concentration of 200 μg/mL. In vivo, the 
results of the Caenorhabditis Elegans model showed that Hal had not a 
long-term toxicity, inducing a slight upregulation of the oxidation- 
related genes but not causing a significant increase in ROS production. 
The Caenorhabditis Elegans experiments suggested that Hal, below the 
concentration of 1 mg/mL, had no obvious toxicity (Fakhrullina et al., 
2015). Cytotoxic and genotoxic effects of Hal from various deposits in 
the world was evaluated through MTT and CBMN assay on mammalian 
cell cultures (Lazzara et al., 2023). The results showed that at low doses 
and shorter times, Hal exhibited a low level of cytotoxicity, while 
moderate levels of toxicity were observed at high concentrations and for 
long periods of exposure.

The third group of literature data reports evidence of toxicity of 
halloysite which may therefore suffer from some toxicity issues once it 
interacts with tissue and cells, for drug delivery and bio-imaging ap
plications (Leporatti et al., 2020). Tarasova et al. (2019) showed that 
coating of Hal by polyelectrolytes such as poly(ethylenimine), poly 
(diallyldimethylammonium chloride) and poly(allylamine) hydrochlo
ride increased the colloidal stability of Hal in aqueous dispersions; 
interaction of high concentrations of stabilized Hal with lung carcinoma 
cells culture promoted changes in the morphology of cell nuclei, 
whereas no changes were observed in the case of pristine Hal. Wang 
et al. (2018) assessed the hepatic toxicity of the purified Hal in mice via 
oral route. Oral administration of Hal inhibited the growth of the mice at 
the middle (50 mg/kg BW) and high (300 mg/kg BW) doses. In addition, 
oral administration of Hal at the high dose caused Al accumulation in 
the liver but had no marked effect on the Si content in the organ. The Al 
accumulation caused significant oxidative stress in the liver, which 
induced hepatic dysfunction and histopathologic changes. Rong et al. 
(2019) evaluated the toxicity of inhaled Hal and found that they can 
cause sub-chronic toxicity in mice. These authors reported that Hal 
(with unspecified kaolinite content) induce autophagy blockade leading 
to the accumulation of sequestosome-1 (p62), which in turn contributes 
to excessive apoptosis, inflammatory response, and oxidative stress. Luo 
et al. (2020) measured the cytotoxicity of synthetic commercial grade 
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Hal against CT26WT (murine colorectal cancer) cells and the results 
showed that after 24 h of treatment at 150 μg/mL, it is possible to 
observe a 25 % decrease in cell’s viability. This value continues to 
decrease with the increasing concentration of Hal. Sawicka et al. (2021)
investigated the short- (24 or 72 h) and medium-term (7 d) cytotoxic 
effects of Hal on human alveolar carcinoma epithelial cells (A549) and 
human bronchial epithelial cells (BEAS-2B). These authors showed that 
cytotoxicity of Hal is dependent on dose, cell model and time of expo
sure, suggesting a potential chronic toxicity. Morphological changes 
observed in cells confirmed the cytotoxic effect of Hal even at low doses, 
calling for further studies using different cell models to more compre
hensively assess its toxicological profile.

The potential toxicity of halloysite via inhalation remains an open 
and insufficiently addressed issue. The early study of Stanton et al. 
(1981) showed that pleural dose to 40 mg of Hal in hardened gelatin 
implanted on to the pleural surface resulted in formation of pleural 
sarcomas in 9 of 53 rats (17 %) 2 y post-exposure as compared to 3 of 
488 sham-treated controls (0.6 %). Koivisto et al. (2018) assessed the 
potential inhalation exposure to Hal in an industrial research laboratory; 
given the very limited toxicological data on Hal, the authors recommend 
avoiding inhalation exposure as a precautionary measure.

Considering the elongated shape of the halloysite particles and 
mindful of the experience with asbestos, the present work aims to 
contribute to the ongoing discussion by calculating the toxicity potential 
of respirable halloysite EMPs. To this aim, the Fibre Potential Toxicity 
Index (FPTI) model (Gualtieri, 2018, 2021), which has been used in the 
past to analyse various mineral fibres (e.g., fibrous glaucophane: Di 
Giuseppe et al., 2019; chrysotile: Di Giuseppe et al., 2021a), was 
applied. The FPTI model considers all the physical/crystal-chemical/ 
morphological parameters of a respirable (exposure by inhalation and 
not digestion) mineral fibre that induce biological mechanisms respon
sible for adverse effects and allows the toxicity/pathogenicity potential 
of the fibre to be determined. The fibre parameters considered in the 
model are: morphometric (the fibre length, width, crystal curvature, 
crystal habit, density, hydrophobic character of the surface, specific 
surface area); chemical (total iron content, ferrous iron, surface ferrous 
iron/iron nuclearity, content of metals other than iron); biodurability- 
related (dissolution rate, velocity of iron release, velocity of silica 
dissolution, velocity of release of metals); surface activity (zeta poten
tial, fibres’ aggregation, cation exchange).

The fibre parameters induce specific adverse effects that tied to in 
vivo pathological processes attributed to key characteristics of carcino
gens (Gualtieri, 2021); the 10 KC parameters (Smith et al., 2016) used by 
IARC to evaluate the strength of the mechanistic evidence for an agent 
are: 

1. Is electrophilic or can be metabolically activated?
2. Is genotoxic?
3. Alters DNA repair or causes genomic instability?
4. Induces epigenetic alterations?
5. Induces oxidative stress?
6. Induces chronic inflammation?
7. Is immunosuppressive?
8. Modulates receptor-mediated effects?
9. Causes immortalization?

10. Alters cell proliferation, cell death or nutrient supply?

IARC reviewed all information and data of human carcinogenesis 
mechanisms and found that Group 1 agents (like asbestos minerals) show 
one or more of the 10 KCs (Smith et al., 2016).

The sample investigated in this study is a processed commercial 
natural sample of halloysite from Matauri Bay (North Island, New Zea
land) widely used in the ceramic industry for glazes. This widespread 
use and the availability of published data on materials from the same 
area are the reason for choosing this specific deposit; nevertheless, the 
results obtained and the application of the model should be considered 

valid for any halloysite sample regardless of origin. This study aligns 
with the current need to better understand and classify the potential 
occupational exposure to airborne nano-particles in the ceramic in
dustry (Bessa et al., 2020).

2. Materials and methods

2.1. Material

As mentioned above and according to Christie et al. (2000), Keeling 
et al. (2015), Wilson and Keeling (2016) and references therein, the 
material investigated is a “processed product” that has undergone a 
number of processing steps prior to market release. Specifically, the raw 
clay is first blended from stockpiles and wet ground in a pan mill. Suc
cessive autogenous grinding, hydrocyclones, settling boxes and centri
fuges are used to reduce levels of fine-grained silica. The beneficiated 
clay is thickened, dewatered by filter pressing and the filtercake is either 
extruded at 37 wt% moisture or shredded and dried to produce granules 
and powders with <5 wt% moisture content. The sample is marketed in 
Australia with code BA 139 kaolin. No further preparation was per
formed on the material other than those necessary for the experimental 
measurements described below.

2.2. Analytical methods and experimental conditions

A representative batch of the halloysite sample was gently hand- 
ground using an agate mortar and mixed with 10 wt% of corundum 
(α-Al2O3) NIST 676a as an internal standard. X-ray powder diffraction 
(XRPD) data collection was performed using a θ–θ Bragg-Brentano 
Panalytical’XPert Pro Diffractometer equipped with a Cu Kα radiation 
(λ = 1.5418 Å) tube operating at 40 kV and 30 mA and a real time 
multiple strip (RTMS) detector. The measurement was performed in the 
3–85◦2θ interval, with: 0.02 rad Soller slit, 10 mm mask, ½◦ divergence 
slit and ½◦ anti-scatter slit on the incident beam and 5.0 mm anti-scatter 
slit on the diffracted beam. The counting time was of 85 s each 
0.0167◦2θ step.

Quantitative phase analysis (QPA) was performed using the Rietveld 
methods as implemented in PROFEX version 5.3.0 software (Döbelin 
and Kleeberg, 2015). The disordered model of kaolinite present in 
PROFEX database was employed to reproduce the signal of halloysite 
while the structure of quartz (Kihara, 1990) and cristobalite (Downs and 
Palmer, 1994) were taken from the American Mineralogist Crystal 
Structure Database.

Thermogravimetric (TGA) and thermodifferential (DTA) analyses 
were conducted using a Seiko SSC 5200 thermal analyser on about 15 
mg of finely ground material. The heating rate was 10 ◦C min− 1 from 25 
to 1050 ◦C. Measurements were carried out in air and data (TGA and 
DTA signals) acquired every 0.5 s. α-alumina powder was used as 
reference for DTA.

X-ray fluorescence (XRF) analyses were carried out using the Mal
vern Panalytical Zetium (Eindhoven, Netherlands) sequential wave
length dispersive spectrometer, operating under vacuum conditions, 
equipped with 3 kW Rh tube and 5 analyser crystals (LiF220, LiF200, Ge, 
PE, PX1) operating alternately depending on the element to be analysed. 
Measurements were performed on a tablet of pressed powder (15 t for 3 
min) on a boric acid support. The tablet consisted of 2.7 g of halloysite 
clay, previously calcined at 980 ◦C for 3 h, mixed with 0.3 g of organic 
adhesive. Analyses are considered accurate within 2–5 wt% for major 
elements (Na, Mg, Al, Si, P, K, Ca, Ti, Mn, Fe), and better than 10 wt% for 
trace elements (F, S, Cl, Sc, V, Cr, Co, Ni, Cu, Zn, Ga, As, Rb, Sr, Mo, Cd, 
Sn, Sb, Cs, Ba, Pb, La, Ce, Nd, Th and U).

The BET specific surface area (SSA) was measured using a Gemini V 
instrument (Micromeritics) and nitrogen as probe gas and used for the 
calculation of FPTI score (Section 3). About 500 mg of sample was 
mounted in the sample holder and conditioned at 105 ◦C prior to mea
surement. The precise weight of the sample was consequently 
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determined using an analytical balance.
The particle size distribution was measured by laser diffraction and 

the Mie theory using a Mastersizer 2000 (Malvern Instruments Ltd.) 
equipped with a wet dispersion unit (Hydro 2000s). The sample was 
prepared as follows: about 300 mg of sample was dispersed in 50 mL of 
an aqueous solution of sodium tripolyphospate (TPF, 0.3 wt%). The 
dispersion was left overnight under magnetic stirring and subsequently 
used for in situ tests during which the power of the ultrasonic equipment 
implemented in the dispersion unit was varied. The sample was inserted 
in the wet dispersion unit of the instrument until ideal obscuration (i.e., 
10–20 %) was reached; an aqueous TPF solution (0.3 wt%) was used as 
carrier fluid. The real and imaginary part of the refraction index was 
iteratively determined (1.69 and 0, respectively) by manual tuning until 
a residual <1 % was obtained (indicating satisfactory fit between the 
calculated and observed data). The particle size distribution was fol
lowed as a function of a large number of consecutive measurements 
(>100) during which the ultrasonication power was gradually increased 
from 0 to 50 %. Within the time frame of the experiment, 50 % ultra
sonic power resulted in highly stable and reproducible results.

The scanning electron microscope (SEM) experiments were con
ducted using a JSM-6010PLUS/LA (JEOL, Hillsboro, OR, USA) equipped 
with an energy-dispersive X-ray (EDX) microanalysis system (Oxford 
INCA-350) and field emission gun scanning electron microscope FEI 
Nova NanoSEM 450 FEG-SEM. All the samples were mounted on an Al 
stub and coated with Au using a Balzers CED-010 carbon coater (10 nm 
thick).

The transmission electron microscopy (TEM) data were collected 
using HITACHI model HT7700. Operating acceleration voltage is 100 
kV. The EDX detector is a Thermofisher device and the EDX software is 
Noran System (NSS7). For the determination of the size and width of the 
halloysite fibres, the operating magnification was 10,000×. A graticule 
on one grid opening was observed and the structures visible in that 
graticule were documented. Further TEM analyses to elucidate the na
ture of iron in the sample were performed with a Thermo Fisher Sci
entific Talos F200S G2 FEG-TEM instrument equipped with a CETA 16 M 
CMOS camera, STEM detectors, in HAADF (high-angle-annular-dark- 
field scanning transmission electron microscopy), ADF, ABF and BF- 
STEM (bright field scanning transmission electron microscopy) modes, 
and EELS with Gatan Enfinium SE/976 detector. Few milligrams of the 
specimen were suspended in a vial with 0.1 % Aerosol OT surfactant in 
distilled water, and then sampled with a TEM copper grid. Images were 
collected at 200 keV.

Room temperature Mössbauer spectroscopy (MS) was performed 
using a constant acceleration spectrometer equipped with a room- 
temperature Rh matrix 57Co source of nominal strength 1850 MBq. 
The spectra were collected by dispersing ≈1000 mg of ground powder in 
petroleum jelly placed in a 38 mm sample holder. An LND, Inc. 
4012cylindrical proportional counter was used. The obtained spectra 
were fitted to Lorentzian line shapes using a minimum number of dou
blets. The obtained hyperfine parameters isomer shift (δ), quadrupole 
splitting (Δ) and half line-width at half maximum (Γ+) are expressed in 
mm/s, while the relative areas (A) are in %. The velocity was calibrated 
against an α-Fe foil, and δ is quoted relative to metallic iron at room 
temperature.

2.3. Determination of the toxicity potential of the halloysite EMPs

The FPTI model (Gualtieri, 2018, 2021) was used to calculate the 
toxicity potential of the halloysite EMPs present in the sample. For each 
parameter of the model (mean fibre length and diameter, crystal habit 
and curvature, density, hydrophobic character, specific surface area, 
iron content, content of ferrous iron, surface iron and its nuclearity, 
content of metals other than iron, fibre dissolution rate, rate of iron 
dissolution/release, rate of silica dissolution/release, rate of release of 
metals from the fibre, surface reactivity, zeta potential, aggregation 
state of the fibres in suspension), a score is assigned based on its 

measured value, its susceptibility to induce adverse effects and its 
weight in the model. The FPTIi is then calculated from the equation 
(Gualtieri, 2018): 

FPTIi =
∑n

i=1
w1w2Ti 

where w1 = 1/H weight of the parameter according to its hierarchy H; 
w2 = 1/U weight of the parameter according to the uncertainty U of its 
determination; Ti = class value of the parameter ith of the model. All the 
details of the model are explained in Gualtieri et al. (2021) and the 
WebFPTI manual freely available at https://fibers-fpti.unimore.it/FPTI/
that includes the calculation of the errors associated with each 
parameter.

In addition to the TEM and Mössbauer data, following the protocol 
described in Gualtieri et al. (2024), the indication on the iron nuclearity 
(parameter (1,10) of the FPTI model) was confirmed by the shape of the 
UV–Vis spectrum. A UV–VIS–NIR (JASCO V-570) spectrophotometer 
equipped with an integrating sphere attachment (JASCO model ISN- 
470) was used with BaSO4 as reference. The bandwidth was set at 10 
nm, and the scan speed was 400 nm/min. For the measurement, 100 mg 
of sample, ground as homogeneously as possible, was used. The spec
trum was normalized and the derived Multivariate Curve Resolution 
(MCR) model was applied to predict the values of the components C1, 
C2, C3 and C4 for the sample (Gualtieri et al., 2024). High values of C1 
indicate isolated FeIII, high values of C2 indicate cluster FeII and FeIII, 
high values of C3 indicate FeIII cluster, and high values of C4 indicate 
isolated FeII. Intermediate values of both C1 and C3 are also possible and 
these are interpreted as iron with low nuclearity. The assignment of the 
value of the nuclearity-related toxicity parameter (1.10) is then 
(Gualtieri et al., 2024): 

- high values of the component C1 (isolated FeIII) or C4 (isolated FeII) 
→ iron nuclearity = 1 → index value = 0.07 (high toxicity, due to the 
higher probability of producing HO•);

- -intermediate values of both C1 and C3 or C2 and C4 → iron nucle
arity = 2 → index value = 0.03 (moderate toxicity);

- -high values of the component C2 (cluster FeII and FeII) or C3 (cluster 
FeIII) → iron nuclearity >2 → index value = 0.02 (low toxicity).

Data on the zeta potential were taken from Pasbakhsh et al. (2013)
who investigated a sample from Matauri Bay and found − 30 and − 50 
mV at pH = 4 and pH = 7, respectively.

3. Results

3.1. Material characterization

The QPAs of the halloysite sample and its graphical output are pre
sented in Table 1 and in Fig. S1 (Appendix A), respectively. It is note
worthy that, based on XRPD, the sample is mostly constituted by 
halloysite with minor accessory phases (quartz and cristobalite). It 
should be remarked that the planar disorder of halloysite poses 

Table 1 
Results of the quantitative phase analysis from XRPD data using the 
Rietveld method.

Rietveld agreement indices*

Rp (%) 6.60
Rwp (%) 8.36
Х2 2.18
Phases (wt%) ​
halloysite 91.6 ± 0.6
quartz 2.6 ± 0.1
cristobalite 5.8 ± 0.1

* PROFEX v. 5.3.0 software (Döbelin and Kleeberg, 2015).
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significant challenges for accurate modelling. Given both this structural 
complexity and the high halloysite content in the sample, the quantifi
cation error may be underestimated. No amorphous phase was detected, 
being absent or below the detection limit (a few percent).

The calculated weight fraction of halloysite (91.6 wt%) matched the 
semi-quantitative estimate (87 wt%) reported by Keeling et al. (2015)
and Pasbakhsh et al. (2013) on the same Matauri Bay sample. Further
more, the QPA results are in optimal agreement with the TGA. In fact, as 
detailed in SM-1 and shown in Fig. S2, the TGA, by distinguish between 
moisture and interlayer water, indicated that the 10 Å phase occurs in 
significantly lower amounts than the 7 Å phase (23.4 and 68.1 wt%, 
respectively). The QPA analyses are also confirmed by major and trace 
elements content determined by XRF analysis and shown in Table 2. 
Regarding trace elements, further details will be provided in the dis
cussion (Section 4).

SEM observation highlighted that the sample is composed of 
micrometer-sized polycrystalline agglomerates/aggregates typically 
ranging from 5 to 50 μm (Fig. S3a). The individual halloysite particles 
display both elongated and sub-spherical shapes with sub-micrometric 
dimension (Fig. S3b). Quartz and cristobalite (sharp particles, better 
evident in Fig. S3b) are also very small, with mean diameters around 1 
μm. SEM/EDS analyses, in agreement with XRF, also indicated the 
presence of trace phosphates (not shown here) below the detection limit 
of XRPD.

A gallery of high-resolution TEM pictures of the halloysite sample, 
showing the sub-micrometric size of the elongated halloysite particles, is 
shown in Fig. 1. A statistical analysis of the morphometric parameters of 
the halloysite nanotubus (SM-2) yielded a mean length L of 1.5(0.9) μm, 
a mean width W of 0.13(0.07) μm, and a mean aspect ratio (L/W) of 13 
(9). Further TEM investigation revealed a low (generally below 1 wt%) 
but widespread distribution of iron in the sample (Fig. 2). Halloysite 
(recognised from morphology and EDX chemical composition) showed 
an iron content around 0.2 wt% (Figs. 2a,b and SM-3). Few and small 
particles of iron oxides of some tenths of nanometres were detected both 
isolated or on the external surface of halloysite crystals, as shown in 
Figs. 2c,d and SM-3.

The room temperature Mössbauer spectrum showed a poorly 
resolved doublet centred at approximately 0.31 mm/s. The best fit (Fit 
1) was obtained using two doublets, attributable to FeIII in octahedral 
coordination. The corresponding hyperfine parameters and the spec
trum are reported in Table 3 and Fig. 3a, respectively. Both sites are 
indicative of FeIII atoms in distorted octahedral coordination. The 
presence of the second site agrees with literature data (Komusiński et al., 
1981) despite the relatively high uncertainty associated to the hyperfine 
parameters. A single-component model of FeIII was also tested, but did 

not yield satisfactory results as, without imposing constraints on the 
parameters, the doublet collapsed into a broadened singlet. The possible 
presence of FeII moieties was investigated by using a three components 
model. The resulting hyperfine parameters (Fit 2) are also presented in 
Table 3 and the spectrum is shown in Fig. 3b. The existence of the 
ferrous doublet remains questionable: first, there is no clear evidence of 
high-velocity absorption; second, the doublet is only observed when the 
isomer shift and linewidth are fixed.

The UV–Vis pattern of the sample (Fig. 4), with a major band at 257 
nm, indicated that FeIII in distorted octahedral coordination is mostly 
isolated (e.g., nuclearity = 1, iron atoms not connected to other iron 
atoms through oxygen atoms bridging). In fact, the UV–Vis pattern is 
comparable to those reported in the literature for phases containing 
isolated FeIII species in octahedral coordination (Borghi et al., 2010; 

Table 2 
Major (reported as oxide) and trace elements of the investigated New Zealand 
halloysite determined from XRF.

Major elements wt% Trace 
elements

ppm Trace 
elements

ppm

SiO2 51.5 F – Sr –
TiO2 – S 268 Mo –
Al2O3 33.94 Cl 206 Cd –
Fe2O3 0.30 Sc 11 Sn 27
MnO – V 6 Sb –
MgO – Cr – Cs –
CaO – Co 2 Ba 15
Na2O 0.05 Ni – Pb 36
K2O – Cu – La 12
P2O5 0.14 Zn 3 Ce –

Loss on ignition (L.o. 
I.)*

14.07 Ga 48 Nd 20

Tot 100 As 2 Th 35
​ ​ Rb – U 7

- = under detection limit; *from TGA data, dehydration water removed (see the 
text and SM-1for details).

Fig. 1. Selection of TEM images of the halloysite particles. (a) few elongated 
sub-micrometric particles; (b) an individual halloysite elongated particle; (c) 
detail of a very thin tube.
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Pirngruber et al., 2006; Zecchina et al., 2007). The tail from 270 nm to 
ca. 500 nm is indicative of FeIII in a cluster environment of higher 
nuclearity like that observed for iron oxides and hydroxides (Borghi 
et al., 2010).

Laser diffraction measurements were performed primarily to obtain 
a statistically more robust assessment of crystallite size distribution 
compared to image-based analyses. As shown in Fig. 5, the halloysite 
particles form rather large agglomerates (5–100 μm), but individual 
particles are of nanometer size. Hence, a first step involve assessing 
whether these agglomerates may be properly dispersed to enable 

accurate measurement via light scattering intensity and the Mie Theory. 
Powders may be dispersed in two different ways, either by dry disper
sion using compressed air or wet dispersion using a carrier fluid. The 
choice of which to use depends not only on practical issues (like sample 
quantity and incompatibly with carrier liquids), but also on the desired 
results. For example, size distribution of industrially agglomerated 
powders, such as spray dried or granulated ones, are measured by dry 
dispersion units. In contrast, measurement of primary particles in 
cohesive powders generally includes carrying the particles through the 
laser beam as a liquid dispersion. A preliminary sieving experiment of a 
1 wt% aqueous dispersion showed that no material was retained on a 38 
μm sieve, the finest available in the laboratory. The rounded poly
crystalline particles seen in the SEM images are thus identified as ag
glomerates rather than aggregates. Hence, wet dispersion may 
potentially result in complete dispersion of the polycrystalline agglom
erates and thus enable size measurements of the primary particles. The 
main challenge was to develop suitable sample preparation and mea
surement protocols that effectively break down agglomerates without 
breaking the primary particles and prevent flocculation during mea
surement. The extent to which de-agglomeration is achieved depends on 
both pre-treatment and measurement conditions. The energy input in 
terms of mixing and ultrasonication, considering both power and 
duration, must be optimized with respect to particle size distribution 
and stability in consecutive measurements. In addition, flocculation can 
be prevented by using suitable dispersants. For powders composed of 

Fig. 2. TEM images in HAADF and Si, Al, Fe distribution in halloysite particles (a, b) and in impurities (c, d) framed in the Fe map of Figs. a and b, respectively.

Table 3 
Hyperfine parameters obtained from the room temperature spectrum. δ is 
quoted to α-Fe.

δ (mm/s) Δ (mm/s) Γ+ (mm/s) A (%) Attribution

Fit 1
Site 1 0.30 ± 0.03 0.25 ± 0.05 0.13 ± 0.06 50 ± 5 FeIII M
Site 2 0.38 ± 0.1 1.05 ± 0.3 0.32 ± 0.19 50 ± 5 FeIII M

Fit 2
Site 1 0.29 ± 0.03 0.24 ± 0.05 0.13 ± 0.06 54 ± 5 FeIII M
Site 2 0.35 ± 0.08 1.05 ± 0.2 0.23 ± 0.19 38 ± 5 FeIII M
Site 3 0.99* 0.94 ± 0.7 0.2* 8 ± 5 FeII M

* Constrained parameters.
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particles ranging from a few micrometres to nano-scale, prolonged ex- 
situ agitation/ultrasonication in the presence of a deflocculant is 
generally preferred to break down agglomerate and prevent flocculation 
of dispersed colloids. In addition, the ultrasonication system integrated 
in the dispersion unit can also be employed to further achieve frag
mentation of agglomerates and flocs, with the advantage of real-time 
monitoring of the particle size distribution. Deflocculation through the 
use of additives aims at stabilizing colloids through electrostatic and/or 
steric stabilization. Common deflocculants for natural colloids such as 
clays are phosphoric acid derivatives, such as sodium tripolyphosphate 
(Na-TPF). The phosphate anions adsorb on the particles, thus increasing 
the negative charge and the Coloumb repulsive forces. In addition, the 
formation of stable complexes with bi- and trivalent flocculating cations, 
such as Ca2+ and Mg2+ and Fe3+, contribute to effective dispersion. With 
these considerations in mind, a sample preparation protocol was 
developed by starting with overnight dispersion of the powder in water 
solution of TPF (Section 2.1). Sequential laser diffraction measurements 

were performed in which the power of the ultrasonic equipment 
implemented in the dispersion unit was successively increased from 0 to 
50 %.

The stable size distribution curves obtained using no ultrasonication 
and ultrasonication with 20 and 50 % power are shown in Fig. 5. As can 
be observed, the size distribution becomes finer with increased ultra
sonication power indicating particle de-agglomeration. Within the time 
frame of the experiment, 50 % ultrasonic power resulted in highly stable 
and reproducible results. The final distribution is multimodal with the 
modes 0.14, 0.58, 2.23 and 8.74 μm. The values of D10, D50 and D90 are 
0.091, 0.279 and 1.986 μm, respectively. The first mode at 140 nm 
probably mirrors the width of the tubular halloysite particles, as this is 
the smallest dimension among the tubular and sub-spherical particles, 
align well with TEM results (0.13 ± 0.07 μm, see Fig. 1 and SM-2). The 
second mode at 0.580 μm was assigned mainly to the subspherical 
halloysite particles, while the third mode at 1.986 μm corresponds to the 
length of the tubular halloysite particles. This is also consistent with 
TEM results (Fig. 1, SM-2), showing a mean length of 1.5 ± 0.9 μm. The 
minor fourth mode at 8.74 μm is likely indicative of aggregates or ag
glomerates that were not fully dispersed during sample preparation and 
measurement.

The value of the measured BET SSA is 26.5(4) m2/g. To a first 

Fig. 3. RT Mössbauer spectrum of halloysite fitted by a two (a) and a three (b) 
components model.

Fig. 4. The UV–Vis spectrum of halloysite in the 200–800 nm range.

Fig. 5. Particle size distribution measured by laser diffraction. The different 
curves represent stable consecutive measurements under conditions of different 
power of ultrasound action (no ultrasound, ultrasound with 20 and 50 % 
power). The finest distribution was obtained with 50 % ultrasound power 
(modes, both frequency and cumulative curve, are shown).
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Table 4 
The parameters used and the calculated FPTI score for Hal.

Parameter Classes Normalized score FPTIi Halloysite (Matauri Bay, 
New Zealand)

(1,1) mean fibre length L (μm) L ≤ 5.0 0.0 0.0
​ 5.0 < L ≤ 10.0 0.1 ​
​ 10.0 < L ≤ 20.0 0.2 ​
​ L > 20.0 0.4 ​

(1,2) mean fibre width D (μm) D > 3.0 0.0 ​
​ 1.0 < D ≤ 3.0 0.1 ​
​ 0.25 < D ≤ 1.0 0.2 ​
​ D ≤ 0.25 0.4 0.4

(1,3) crystal curvature flat surface 0.05 ​
​ altered surface 0.1 ​
​ cylindrical surface 0.2 0.2

(1,4) crystal habit Curled 0.1 ​
​ mixed Curled/acicular 0.2 0.2
​ acicular 0.4 ​

(1,5) fibre density ρ (g/cm3) ρ ≤ 2.75 0.05 0.05
​ 2.75 < ρ ≤ 3.5 0.1 ​
​ ρ > 3.5 0.2 ​

(1,6) hydrophobic character of the surface hydrophobic 0.05 ​
​ amphiphilic 0.1 ​
​ hydrophilic 0.2 0.2

(1,7) specific surface area SSA (m2/g) SSA > 25.0 0.05 0.05
​ 5.0 < SSA ≤ 25.0 0.1 ​
​ SSA ≤ 5.0 0.2 ​

(1,8) total iron content Fe2O3 + FeO (wt%) Fe2O3 + FeO = 0.0 (no iron) 0.0 ​
​ 0 < Fe2O3 + FeO ≤ 1 0.05 0.05
​ 1 < Fe2O3 + FeO ≤ 10 0.1 ​
​ Fe2O3 + FeO > 10 0.2 ​

(1,9) ferrous iron FeO (wt%) FeO = 0.0 (no ferrous iron) 0.0 0.0
​ 0.0 < FeO ≤ 0.25 0.05 ​
​ 0.25 < FeO ≤ 1.0 0.1 ​
​ FeO > 1.0 0.2 ​

(1,10) nuclearity or iron atoms n n = 0 (no iron atoms) 0.0 ​
​ n > 2 0.02 ​
​ n = 2 0.03 ​
​ n = 1 0.07 0.07

(1,11) content of metals other than iron (1) (ppm/ppm) ∑

i
Ci

Li
=0.0 (no metals) 0.0 ​

​ 0.0<
∑

i
Ci

Li
≤1.0 0.1 ​

​ 1.0<
∑

i
Ci

Li
≤5.0 0.2 0.2

​ ∑

i
Ci

Li
>5.0 0.4 ​

(1,12) fibre dissolution time t (2) (y) t ≤ 1.0 0.05 ​
​ 1 < t ≤ 40.0 0.1 0.1
​ t > 40.0 0.2 ​

(1,13) velocity of iron release vR 
(3) (wt%/y) vR = 0.0 (no iron) 0.0 ​

​ 0.0 < vR ≤ 0.1 0.03 0.03
​ 0.1 < vR ≤ 1 0.07 ​
​ vR > 1 0.13 ​

(1,14) velocity of silica dissolution vS 
(4) (wt%/y) vS=0.0 (no silica) 0.0 ​

​ 0.0 < vS ≤ 0.5 0.02 ​
​ 0.5 < vS ≤ 1.0 0.03 ​
​ vS>1.0 0.07 0.07

(1,15) velocity of release of metals vM 
(5) (ppm/y) vM=0.0 0.0 ​

​ 0.0 < vM ≤ 1.0 0.03 ​
​ 1.0 < vM ≤ 10.0 0.07 0.07
​ vM > 10.0 0.13 ​

(1,16) zeta potential ζ (mV) (− ) at pH = 4.0–4.5 0.1 ​
​ (− ) at both pH = 4.0–4.5 and 7.0–7.4 0.2 0.2

(continued on next page)
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approximation, the large surface area favours the dissolution of the Hal 
particles, making them less biodurable and consequently less toxic.

3.2. Calculation of the FPTI model

The parameters used and the FPTI score of Hal are reported in 
Table 4. The FPTI value 1.92(0.10) calculated using the WebFPTI 
applicative (Gualtieri et al., 2021; WebFPTI manual available at https:// 
fibers-fpti.unimore.it/FPTI/) will be further discussed through com
parison with values available for both positive (carcinogenic) and 
negative (non-carcinogenic) standard mineral fibres.

4. Discussion

The chemical, mineralogical and morphometric data of investigated 
Hal sample are consistent with those reported in the existing literature 
(see for example, Christie et al., 2000; Levis and Deasy, 2002; Pasbakhsh 
et al., 2013; Keeling et al., 2015; Wilson and Keeling, 2016; Lamp
ropoulou and Papoulis, 2021). One exception is the measured value of 
SSA (26.5(4) m2g− 1), slightly greater than the value (22.1 m2g− 1) re
ported by Pasbakhsh et al. (2013). This beneficiated sample contains 
about 90 wt% halloysite clay with minor silica phases (quartz and 
cristobalite) and other impurities below the detection limit of XRPD. The 
nature of the geomaterial and the processing of the ore result in a 
product with a very high clay content. Brathwaite et al. (2012) and 
Wilson and Keeling (2016) explained that the Matauri Bay halloysite 
contains fewer impurities compared to other halloysites, because the 
Matauri Bay deposit formed by weathering in equilibrium with meteoric 
waters, rather than by acid-sulphate hydrothermal alteration. This 
minerogenesis is witnessed by the simple mineral assemblage, absence 
of sulphate and phosphate minerals, and hydrogen/oxygen isotope 
composition. The small amount of titanium in the sample, a common 
feature of these halloysite- and kaolinite-rich clays, have been assigned 
to oxides, such as TiO2 in the form of anatase (Joussein et al., 2005 and 
references therein).

The nature of the minor iron content of the Matauri Bay halloysite 
samples has been subject of debate in the literature. Spectroscopic data 
published by Coyne et al. (1989) basically showed that Matauri Bay 
halloysite displays O-centres connected to structural iron. Chaikum and 
Carr (1987) reported that the resonance at g = 5 is due to FeIII atoms in 
an octahedral site which is influenced by interactions between hydroxyl 
groups of the octahedral sheet. Watanabe et al. (1969) assumed some 
irregular replacement of AlIII by FeIII in octahedral positions. Similarly, 
Joussein et al. (2005) and references therein reported that evidences in 
the literature point to associated iron oxides such as hematite or 

maghemite, and partly to isomorphous substitution of FeIII for AlIII in the 
octahedral sheet. These authors also reported that isomorphous heter
ovalent substitution of FeIII for SiIV in the tetrahedral sheet has never 
been pointed out for halloysite. TEM (Fig. 2 and SM-3) and Mössbauer 
data (Fig. 3 and Table 3) discussed here finally explained the nature of 
iron in Matauri Bay halloysite, showing that FeIII atoms are found in 
distorted octahedral sites in place of AlIII atoms inside the lattice of 
halloysite and in distorted octahedral coordination in impurities of ox
ides or hydroxides (hematite or goethite). A very minor, if any, content 
of FeII can also be hosted in the same distorted octahedral sites (see fit 2 
in Table 3).

The low content of iron of the Matauri Bay halloysite apparently 
influences its crystal shape and curvature. Bailey (1990) found that the 
iron content is negatively correlated with the layer curvature of hal
loysite. As the degree of FeIII → AlIII replacement increases, the layer 
curvature decreases, which in turn affects the crystal and particle 
morphology of halloysite. Platy particles always contain a relatively 
high amount of iron, while tubular particles lack iron (Joussein et al., 
2005; Huang et al., 2024). Morphometric data (Fig. 1, SM-2) seems to 
confirm this model as the sample is mostly composed of halloysite 
nanotubes with mean L = 1.5(0.9) μm, W = 0.13(0.07) μm, and L/W =
13(9). The size of the halloysite nanotubes is within the ranges reported 
in the literature. In fact, the lengths of halloysite nanotubes cover a wide 
range from 0.02 to >30 μm, while their widths range from <0.05 to 0.2 
μm (Joussein et al., 2005 and references therein). It is important to 
emphasize that halloysite exhibits a complex morphology of the nano
tubes. Gray-Wannell et al. (2023) clarified that the widely accepted 
model of Hal as a ‘carpet roll’ nanotube is overly simplistic, and that 
many technological applications aiming to functionalize Hal might 
benefit from considering more realistic models. Their TEM data showed 
that for both cylindrical and prismatic halloysite forms, the mean 
diameter of the central lumen is about 12 nm. Gray-Wannell et al. 
(2023) also reported that the central lumen is the primary nano-confined 
pore space in cylindrical Hal, but in prismatic forms additional slit- 
shaped pores of a wide variety of sizes are present between layer 
packets, particularly at the interfacial junction between the cylindrical 
core and the outer planar sectors.

For the aims of this work, it is important to classify the particles 
composing Hal on the basis of their morphology: 

• They are “elongate mineral particles” (EMPs) because, according to 
the definition (“Any mineral particle with a L/W (aspect ratio) of 3:1 
or greater assuming the width of a particle to be an apparent 
parameter defined as the longest dimension of the particle in the 

Table 4 (continued )

Parameter Classes Normalized score FPTIi Halloysite (Matauri Bay, 
New Zealand)

(1,17) ζ values (6) inducing fibres aggregation (mV) ζ > 20.0 or ς < − 20.0 0.03 0.03
​ 10.0 < ζ ≤ 20.0 or − 20.0 ≤ ζ < − 10.0 0.07 ​
​ 0.0 ≤ ζ ≤ 10.0 or − 10.0 ≤ ζ ≤ 0.0 0.13 ​

(1,18) cation exchange cation exchange 0.07 ​
​ no cation exchange 0 0.0

​ FPTI (error) (7) 1.92(0.10)

(1)
∑

i
Ci

Li
=sum of the concentrations of heavy metals (Sb, As, Hg, Cd, Co, Cr, Cu, Pb, Ni, Zn, V, Be) Ci in the fibre (ppm) divided by the limit Li for that metal according 

to the existing regulatory system (Tóth et al., 2016) except for Be with limit = 0.5 ppm;
(2) the total dissolution time of the fibre calculated in years (y) following the standardized acellular in vitro dissolution model at pH = 4.5 described in Gualtieri et al. 

(2018);
(3) total content of elemental iron in the fibre (wt%) possibly made available as active iron at the surface of the fibre divided by the total dissolution time (y) of the 

fibre;
(4) total content of Si of the fibre (wt%) divided by the total dissolution time (y) of the fibre;
(5) total content (ppm) of heavy metals (Sb, As, Hg, Cd, Co, Cr, Cu, Pb, Ni, Zn, V, Be, Mn) divided by the total dissolution time (y) of the fibre;
(6) at the pH = 7.4 of the extracellular environment.
(7) calculated ad reported in the WebFPTI manual freely available at https://fibers-fpti.unimore.it/FPTI/.
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plane perpendicular to length and the shortest dimension of the two- 
dimensional outline of a particle”: NIOSH, 2011), their L/W ≥ 3.

• They are respirable (“the mass fraction of inhaled particles pene
trating to the unciliated airways (Brown et al., 2013), usually with W 
≤ 3 μm or with aerodynamic diameter ≤ 2.5 μm (PM2.5)/≤4.0 μm 
(PM4").

• Although respirable, they are not “regulated fibres” because, ac
cording to the World Health Organization (WHO) indicating the 
following counting criteria to classify regulated (respirable) fibres: L 
≥ 5 μm, W ≤ 3 μm, L/W ≥ 3:1 (Belluso et al., 2017), their L < 5 μm.

• From a regulatory standpoint, e.g. the current standard NIOSH 
Method 7400 that only counts EMPs >5 μm in length and ≥ 3 in 
aspect ratio, these particles should not be considered.

• This material is not “asbestos” and halloysite has never been evalu
ated by the IARC as potential carcinogenic agent.

In accordance with regulatory classification, the potential toxicity of 
Hal was assessed using the FPTI model. No biological assessment of 
toxicity of Hal was conducted in this study, as the focus regards the 
assessment of the potential toxicity based solely on the chemical- 
physical parameters of the particles. Overall, the prediction of a low 
toxicity of Hal from the FPTI model is in concert with findings of existing 
literature. As noted in the Introduction, previous studies consistently 

indicated that halloysite, including Hal samples, is non-toxic (Vergaro 
et al., 2010; Chiriacò et al., 2014; Sánchez-Fernández et al., 2014; 
Fakhrullina et al. (2015); Liu et al., 2015; Maisanaba et al., 2015; 
Jaurand, 2016; Brandelli, 2018; Long et al. (2018); Massaro et al., 
2018b; Santos et al. (2019); Barfod et al. (2020); Wu et al. (2020); 
Rozhina et al., 2021; Biddeci et al., 2023). Limited toxicity has been 
reported only at high/very high doses (Ahmed et al., 2015; Fakhrullina 
et al., 2015; Zhao et al. (2019); Lazzara et al., 2023). Adverse effects in 
vivo have been observed for applications other than inhalation, namely 
in drug delivery and bio-imaging applications (Leporatti et al., 2020) 
and oral administration in mice (Wang et al., 2018). To the authors’ 
knowledge, only the in vivo study of Rong et al. (2019) evaluated the 
toxicity of inhaled Hal and found that they can cause sub-chronic 
toxicity in mice. Few in vitro studies reported cytotoxic effects in cell 
cultures of the respiratory system (Luo et al., 2020; Sawicka et al., 2021) 
and need more robust experimental evidence.

The FPTI values of fibres evaluated by IARC as "carcinogenic" 
(amphibole asbestos and chrysotile) or “with inadequate evidence of 
carcinogenicity to humans” (sepiolite and wollastonite) are shown in 
Fig. 6. The calculated FPTI value of 1.92(0.10) of Hal (Table 4) is 
comparable to those reported for sepiolite and wollastonite mineral fi
bres. The parameter in the potential toxicity model that most decreases 
the overall score for halloysite is the short size (parameter (1,1) L = 1.5 
(0.9) μm) of the fibres, which can successfully undergo clearance by the 
alveolar macrophages (Stanton et al., 1981; Donaldson et al., 2010; 
Gualtieri, 2023). Numerous studies have confirmed that size is a key 
factor in determining the carcinogenicity potential of mineral fibres like 
“asbestos” fibres (Wylie et al., 2022). In particular, shorter fibres (e.g., 
with length < 5 μm) are considered to pose little or no carcinogenic 
effect (Bernstein, 2022). Although systematic and consistent data are 
currently lacking to fully support this argument, it should be remarked 
that some authors have questioned the “short asbestos fibre toxicity 
paradigm”. Boulanger et al. (2014) for example, claimed that pathoge
nicity of short asbestos fibres cannot be completely ruled out, especially 
under conditions of high exposure. On the other hand, the very small 
width (W = 0.13(0.07) μm) is a parameter that plays a key role in 
toxicity, inflammatory potential, carcinogenicity, and fibrogenic po
tential of mineral fibres; in fact, it is relevant in defining the equivalent 
aerodynamic diameter and influences pulmonary and pleural deposition 
(Donaldson et al., 2010; Gualtieri et al., 2017).

Concerning the parameter (1,3), the cylindrical surface of the 
nanoparticles can be a detrimental factor as protein adsorption on 
curved surfaces or nanoparticles is unfavoured (Lynch and Dawson, 
2008; Gualtieri, 2018). This reduced adsorption limits the activation of 
protein-mediated biochemical mechanisms that would otherwise coun
teract the surface activity of the fibres. Compared to needle-like fibres 
like amphibole asbestos, a mixed needle-like/curled crystal shape 
(parameter (1,4)) of the halloysite fibres is likely to promote, at least in 
part, the deposit in the upper airways system where they are taken up by 
the epithelial cells and translocated to the interstitium or cleared 
through the mucociliary elevator (Evans et al., 1973; Gualtieri, 2018).

The low density (parameter (1,5)) of halloysite is a positive factor. 
Although the effect is limited for particles of such small size, lower 
density increases the aerodynamic diameter, thereby reducing the depth 
of fibres deposition in the respiratory tract, since denser fibres tend to 
penetrate more deeply (Gualtieri et al., 2017). Concerning the hydro
philic character of the surface (parameter (1,6)), it is well established 
that hydrophobic surfaces adsorb biopolymers more strongly than hy
drophilic surfaces (van Oss et al., 1999). Moreover, particles with 
stronger hydrophobic character, not the case for halloysite, are generally 
more prone to cell uptake (Gualtieri, 2018).

The content of iron and metals (parameters (1,8) and (1,11), 
respectively) of the halloysite fibres is very small, as well as ferrous iron 
is negligible (parameter (1,9)). Hence, metals driven Fenton primary 
production of cyto− /geno-toxic hydroxyl radical HO•, which is 
responsible for the toxicity and carcinogenicity of respirable mineral 

Fig. 6. The calculated FPTI value of halloysite from Matauri Bay compared to 
those of amphibole asbestos, chrysotile, sepiolite, and wollastonite mineral fi
bres. From left to right are reported: carcinogenic amphibole asbestos fibres 
standard amosite UICC, with FPTI value of 3.17(0.14), Gualtieri, 2018; stan
dard asbestos anthophyllite UICC, 2.77(0.18), Gualtieri, 2018; standard 
crocidolite UICC, 2.73(0.09), Di Giuseppe et al., 2021a; asbestos tremolite from 
Val D’Ala (Italy), 2.88(0.14), Gualtieri, 2018); carcinogenic chrysotile fibres 
UICC standard, 2.22(0.08), Di Giuseppe et al., 2021b; Russian chrysotile com
mercial sample with L > 5 μm, 2.35(0.06), Di Giuseppe et al., 2021a; Balangero 
(Italy 1), 2.35(0.09) and Valmalenco (Italy 2), 2.25(0.26), Di Giuseppe et al., 
2021a; non-carcinogenic sepiolite fibres from Spain, 1.68(0.09), Gualtieri, 
2018; NYAD G 1 wollastonite, 1.92(0.15), Di Giuseppe et al., 2021b); Hal 
Matauri Bay (this study), 1.92(0.10). References are only for sample description 
as in most cases the FPTI values and/or errors were updated (see https://fibe 
rs-fpti.unimore.it/FPTI/materials/) with minor changes.
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fibres (Gualtieri et al., 2024), should be minor. Nevertheless, iron spe
cies in the halloysite lattice are present as isolated (monomeric) sites, 
which are expected to serve as preferred catalytic centres for the pro
duction of hydroxyl radical HO• (Koppenol and Hider, 2019). This 
contrast with paired Fe-O-Fe active species, FexOy clusters or clustered 
iron with high nuclearity which typically exhibit reduced or null activity 
(iron nuclearity is the parameter (1,10) in the model).

Based on the dissolution data available for kaolinite (Yang and 
Steefel, 2008), the dissolution time (parameter (1,12)) of halloysite at 
pH = 4 was calculated for an ideal 0.25 μm thick fibre, following the 
method reported in Gualtieri et al. (2018). It is assumed that fibres 
which dissolve rapidly in lung fluids, exhibit low biopersistence and are 
therefore, in principle, less harmful than biopersistent fibres. The esti
mated value of 1.18 y is longer than that of non-biodurable chrysotile, 
but much shorter than that of highly biodurable fibres like amphibole 
asbestos and erionite (Gualtieri et al., 2018). The dissolution of the 
halloysite particles is also favoured by the high SSA of 26.5(4) m2g− 1 

(parameter (1,7)). Fibre dissolution time influences the release of iron, 
metal ions, and silica species in vitro/in vivo (respectively parameters 
(1,13), (1,15), and (1,16) in the model), eventually making these species 
available at the fibre surface to catalyze Fenton like reactions and pro
mote the intracellular or extracellular generation of detrimental reactive 
species.

Data on the zeta potential (parameter (1,16) of this sample were 
taken from the literature (Pasbakhsh et al., 2013). The negative values of 
− 30 and − 50 mV at pH = 4 and pH = 7, respectively, may correlate 
with a number of phenomena responsible for adverse effects in vivo, and 
are comparable to those displayed by mineral fibres at pH 4–4.5 and 7 
(Pollastri et al., 2014). Halloysite displays high (<− 20) absolute values 
of the zeta potential with particles that are expected to be well dispersed 
in fluids. In fact, it is known that when particles have low absolute 
values of the zeta potential (> − 20 or < 20), particle agglomeration 
(parameter (1,17) is favoured (see for example, Pochapski et al., 2021). 
In the case of mineral fibres, those with low absolute values of zeta 
potential (i.e., agglomerated fibres) are virtually more prone than fibres 
with high absolute values (i.e., stable) to cause adverse effects such as 
frustrated phagocytosis (Gualtieri, 2018 and references therein).

A notable concern regarding halloysite from Matauri Bay is the 
presence or respirable crystalline silica (RCS) in the form of quartz and 
cristobalite (Table 1). SEM/TEM data showed that both quartz and 
cristobalite particles are very small in size, with mean diameters of 
approximately 1 μm, making them respirable. RCS is known to cause 
silicosis and lung cancer and has been classified as a known human 
carcinogen (Group 1) by the IARC Monographs Program in 1997 and 
2012 (Steenland and Ward, 2014). Recently, there has been growing 
concern about workers’ exposure to manufacture processes of natural 
raw materials that produce dusts because they contain RCS. Special 
attention is paid to activities such as movement of earth (e.g., mining, 
oil/gas extraction, hydraulic fracturing, farming, construction, quar
rying), as well as the disturbance, handling or use of crystalline silica 
containing materials; these include, for example, quartz sand or other 
crystalline silica-containing products and materials used in the 
manufacturing, finishing and installing of natural and engineered or 
artificial stone products (IARC, 2012; Boers, 2024).

The latter activities drew great concern because of recent cases of 
silicosis and other respiratory diseases recorded in various countries 
among workers involved in machining silica-containing countertops 
(Boers, 2024; Molinari et al., 2024 and references therein). Concern 
about RCS have prompted a strong global response, with many countries 
having regulated occupational exposure to this agent for over a decade. 
Moreover, several others are currently in the process of revising existing 
regulations and guidelines. For example, the US Occupational Safety and 
Health Administration (OSHA) has proposed updated regulations for 
lowering the permissible occupational limit for crystalline silica 
(Steenland and Ward, 2014). More recently, the US Mine Safety and 
Health Administration (MSHA) amended its standards to better protect 

miners exposed to RCS (MSHA, 2024). In addition, US California/OSHA 
implemented a Special Emphasis Program and Emergency Temporary 
Standard to strengthen consultation and enforcement efforts. These 
measures specifically target workplaces performing high-exposure tasks 
involving engineered or natural stones containing more than 10 wt% 
crystalline silica (Jones and Batteate, 2024). The Australian Government 
has issued guidelines to protect workers and others in the workplace 
from exposure to RCS (SWA, 2024). Furthermore, in 2024 Australia 
implemented a ban on engineered stone products containing more than 
1 wt% crystalline silica (Jones and Batteate, 2024). In light of this reg
ulatory context, crystalline silica-rich halloysite, such the sample 
investigated in this study, should be manged with the same level of care 
and precaution as other crystalline silica-rich natural raw materials. For 
instance, safe work with halloysite should consider the ACGIH TWA 
concentration limit of 0.1 mg/m3 for respirable dust, as well as the 
OSHA PEL (TWA) concentration limit of 15 mg/m3 in the workplace 
environment. In this regard, the case of the lithium mine workers in 
Western Australia, where operations are mainly located in quartz-rich 
pegmatite deposits, offer an instructive precedent (Gbondo et al., 2024).

5. Conclusions

The chemical-physical and mineralogical properties of a commercial 
sample of natural halloysite from New Zealand, used in the manufacture 
of ceramic products, were investigated to assess its potential toxicity. 
Halloysite has not been assessed by IARC as a potential carcinogenic 
agent. This beneficiated sample contains approximately 90 wt% hal
loysite clay, along with quartz and cristobalite, and is free from asbestos 
contamination.

TEM and Mössbauer spectroscopy data revealed that FeIII atoms are 
located in distorted octahedral sites, substituting AlIII atoms within the 
halloysite lattice, as well as in impurities of oxides and hydroxides.

The sample contains respirable “elongate mineral particles” (EMPs). 
Although these particles are respirable, they are not classified as 
“regulated fibres” by the World Health Organization (WHO) since their 
length (L < 5 μm) falls below the regulatory threshold. For example, 
under current standards such as NIOSH Method 7400, these particles are 
not considered regulated fibres.

Potential toxicity was assessed using the FPTI model, which yielded a 
calculated FPTI value of 1.92(0.10), comparable to that of mineral fibres 
with inadequate evidence of carcinogenity for humans. The primary 
factor reducing the overall toxicity score for halloysite is the short fibre 
length (L = 1.5(0.9) μm), which allows efficient clearance by alveolar 
macrophages. Additionally, the very low iron and metal content further 
reduces toxicity. Consequently, the production of cyto− /geno-toxic HO•

through metal-driven Fenton reactions, a key mechanism underlying the 
toxicity and carcinogenicity of respirable mineral fibres, is expected to 
be minimal. It is worth noting, however, that iron species within the 
halloysite lattice exist as isolated (monomeric) sites, which may serve as 
preferential catalytic centres for HO• production.

The findings of this study are therefore consistent with existing 
literature indicating that halloysite, particularly halloysite nanotubes 
(Hal), is a safe, low-toxicity nanomaterial, with no urgency of reclassi
fication. This is in line with the designation of halloysite as safe by the U. 
S. FDA. Nonetheless, the precautionary stance advocated by Koivisto 
et al. (2018) is firmly supported, as they recommend avoiding inhalation 
exposure to Hal due to the limited toxicological information currently 
available.

A significant concern with halloysite from Matauri Bay is the pres
ence of respirable crystalline silica, comprising 8.4 wt% quartz and 
cristobalite. The natural product undergoes extensive processing to 
reduce fine-grained silica content. However, these processing methods 
are insufficient to eliminate the fine crystalline silica fraction. Advanced 
wet sedimentation of the raw material may be a more effective 
approach. Therefore, the handling of halloysite from Matauri Bay should 
comply with established occupational safety guidelines.
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