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Abstract—Imogolite is usually formed by means of a three-step process involving the use of large
amounts of water with long crystallization times and low yields, preventing large-scale synthesis. These
drawbacks can be overcome by synthesis in the presence of fluoride, an approach which has been
demonstrated to be suitable for the synthesis of other phyllosilicates. In the present study, the nature of the
Al and Si sources, the Al/Si molar ratio, the volume of H2O for the redispersion of the gel after
desalination, the F/Si molar ratio, as well as the crystallization temperature and time have been varied to
investigate their role in the crystallization of imogolite. The structural properties of the as-synthesized
samples were characterized by X-ray diffraction, infrared spectroscopy, and 29Si, 27Al, and 19F magic
angle spinning nuclear magnetic resonance spectroscopy. The results show that the imogolite nanotubes
can be prepared with high yields (>55%) from AlCl3·6H2O and Na4SiO4 aqueous solutions with an Al/Si
molar ratio of 2.5, addition of HF for a F/Si molar ratio of 0.1�0.2, and 4 days of crystallization at 98ºC.
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INTRODUCTION

Imogolite nanotubes were first discovered in 1962 in

volcanic soils (Yoshinaga and Aomine, 1962) and have

generated considerable interest amongst those working

in nanotechnology research. Their well defined compo-

sition, size, morphology, nanoscale dimensions (Farmer,

1983), porosity (Adams, 1980; Ackerman et al., 1993),

hydrophilic surface (Gustafsson, 2001), and ability to be

functionalized (Johnson and Pinnavaia, 1990;

Jiravanichanun et al., 2009; Ma et al., 2011) enable a

wide range of applications in catalysis (Imamura et al.,

1996), gas storage (Ackerman et al., 1993), adsorption

(Wilson et al. 2001; Clark, 1984; Zanzottera et al.,

2012), and heat exchange (Theng et al., 1982).

Imogolite is a poorly crystalline hydrated aluminosi-

licate forming a single-walled nanotube with an outer

diameter of 2 nm, an inner diameter of 1 nm, and a

length of several micrometers. The tube wall is

composed of a curved gibbsite (Al(OH)3) layer on the

outer surface and silicate tetrahedra linked to six

aluminum octahedra inside the tube. The empirical

formula of imogolite is (HO)3Al2O3SiOH. Several

protocols for the synthesis of imogolite have been

reported in the literature (Farmer et al., 1977; Wada et

al., 1979; Levard et al., 2009; Yucelen et al., 2011).

Generally the established synthesis processes can be

divided into three steps in which carefully controlled

experimental conditions are required. The first step

consists of the hydrolysis of inorganic Al and Si sources

using NaOH which leads to the formation of the

imogolite precursor, namely proto-imogolite. The use

of several Al sources such as Al(ClO4)3 (Levard et al.,

2 008 ) , A lC l 3 · 6H2O (Thomas e t a l . , 2 012 ) ,

Al(NO3)3·9H2O (Bishop et al., 2013), or Al(C4H3O)3
(Denaix et al., 1999) has been reported in the literature.

Among these sources, Al(ClO4)3 or AlCl3·6H2O are

most commonly employed. Perchlorates are preferred to

chlorides because of their lower complexing ability,

reducing the formation of by-products such as boehmite

or amorphous silica (Mukherjee et al., 2007; Thomas et

al., 2012). Tetraethylorthosilicate (TEOS) (Mukherjee et

al., 2005), Na4SiO4 (Ohashi et al., 2004), fused sodium

silicate (Hu et al., 2004), or rice-husk ash (Hongo et al.,

2013) are used as silicon sources. The TEOS is usually

preferred because of its slower condensation kinetics.

The second step consists of adjusting the pH in the range

4.5�5 by addition of an acid solution such as HCl or a

mixture of acids such as HCl and CH3COOH (Barrett et

al., 1991; Yamamoto et al., 2002). Finally, during the

third step, crystallization of imogolite nanotubes occurs

upon heating at 100ºC. Several parameters are involved

in these three steps that control the formation of

imogolite. They can be divided into chemical factors

such as reactants (nature, concentration) and physical

factors such as temperature and step durations. The

nature of the framework sources (Al and Si sources) was

found to be important because their counterions may

inhibit the formation of imogolite (Farmer and Fraser,

1979). The Al to Si molar ratio is also a determinative

parameter. Imogolite syntheses are usually realized in

highly diluted solutions and lead to very low yields.

Temperature and crystallization time are also significant

parameters. The optimum temperature of crystallization
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was reported to be usually <100ºC (Farmer et al., 1977;

Farmer and Fraser, 1979; Wada, 1987) but with long

synthesis durations of up to several months. A recent

study showed that larger imogolite nanotubes could be

obtained with longer growth times (Levard et al., 2009).

A new synthesis method (Figure 1) that allows the

formation of imogolite using fluoride has been reported

recently (Chemmi et al., 2013). Imogolite nanotubes

were obtained successfully with a high yield (64% vs.

44% in the absence of fluorine). According to powder

X-ray diffraction (XRD) and 19F, 27Al, and 29Si solid

state Nuclear Magnetic Resonance (NMR), the introduc-

tion of a small amount of fluoride was found to have a

positive effect on the crystallization rate.

The purpose of the present study was to assess the

influences of the key parameters governing the forma-

tion of imogolite by the fluoride pathway. Seven

parameters were studied: the nature of aluminum and

silicon sources, the Al:Si molar ratio in the initial

mixture, the amount of water used to disperse the gel

collected after desalination, the F/Si molar ratio, the

crystallization temperature, and time. Moreover, the role

of two synthesis steps � desalination and acidification

with HCl � in the formation of aluminosilicate

nanotubes was also investigated. All synthesized pro-

ducts were studied by powder XRD, Fourier Transform

Infrared spectroscopy (FTIR), and 19F, 27Al and 29Si

solid state NMR.

EXPERIMENTAL METHODS

Imogolite synthesis

In a typical synthesis procedure (Figure 1), e.g. from

Chemmi et al. (2013), 200 mL of a 150 mM (or 108 mM)

aqueous solution of the Al source was mixed with

200 mL of a 60 mM aqueous solution of the Si source

corresponding to Al/Si ratios, R of 2.5 (or 1.8). Then,

43 mL (or 17 mL) of a 1 M NaOH solution (Sigma

Aldrich Chimie S.a.r.l, Saint-Quentin Fallavier, France)

was added dropwise until the pH of the solution reached

6 (OH/Al molar ratio of 1.5 or 0.8, respectively). After

centrifugation (24546g, 5810R centrifuge, Eppendorf,

Montesson, France) the supernatant was removed and

the white gel was washed twice with 200 mL of distilled

water (desalination process). The resultant gel was

dispersed in a volume, V (mL) of distilled water with

V ranging from 250 mL to 2 L. At the end of the

dispersion, fluorine (HF, Riedel-de-Haen AG, Buchs,

Switzerland) was added (except when an inorganic

fluorinated source was used) and stirred at room

temperature for 10 min. The pH of the suspension,

initially ~5, was lowered (or not) to 4�4.5 by adding,

dropwise, aqueous 1 M HCl (Carlo Erba, Val-de-Reuil,

France). The mixture was stirred for 10 min at room

temperature, transferred into a closed polypropylene

flask and left at a temperature T (ranging 90�98ºC) for
D days (2�7). After cooling to room temperature, a

limpid solution was obtained (pH = 3.5�4). An aqueous

solution of ammonia (NH4OH, 25 wt.%, Sigma Aldrich

Chimie S.a.r.l, Saint-Quentin Fallavier, France) was

added until the pH reached 8 leading to the formation of

a gel. The solid phase was recovered by centrifugation

(24546g) and washed with distilled water (twice, in

100 mL). The gel collected was redispersed in distilled

water, frozen with liquid nitrogen, and freeze-dried at

�74ºC for 5 days. All the syntheses were reproduced

three times and similar results were obtained.

X-ray Diffraction (XRD)

Powder XRD patterns were recorded using a

PANana ly t i c a l X ’PERT PRO di f f r a c t ome t e r

(PANalytical, Limeil-Brevannes, France), operating at

Figure 1. Schematic diagram of the synthesis protocol for the preparation of imogolite nanotubes by the fluoride route.
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a voltage of 50 kV and current of 40 mV, with CuKa
radiation (1.5418 Å) produced by an excited copper

anticathode and equipped with an X’Celerator real-time

multiple strip detector (active length = 2.122º2y). The
powder patterns were collected at 22ºC in the range

3�70º2y (step: 0.017º2y, time per step: 220 s).

Fourier-Transform Infrared spectroscopy (FTIR)

The FTIR spectra were recorded using a Bruker

Equinox 55 spectrometer (Bruker Optics, Marne la

Vallée, France). The samples were mounted as KBr

pellets (1 wt.%) and the spectra were recorded routinely

between 4000 and 400 cm�1 using a resolution of

4.0 cm�1 and 200 scans.

X-ray fluorescence spectroscopy (XRF)

Elemental analysis was performed by wavelength-

dispersive XRF using a Philips MagiX apparatus

(PANalytical, Limeil-Brevannes, France). Pellets

(200 mg) were prepared under 5 tons of pressure.

Solid-state nuclear magnetic resonance spectroscopy

(NMR)

1H and 29Si solid-state cross polarization magical

angle spinning (CP-MAS) NMR spectra were recorded

using a Bruker AVANCE II 300WB spectrometer (B0 =

7.1 T) (Bruker Biospin, Wissembourg, France) operating

at 59.59 MHz, with a 1H pulse duration of 3.5 ms
corresponding to a flip angle of p/2, a contact time of

4 ms, and a recycle delay of 4 s. Samples were packed in

a 7 mm cylindrical zirconia rotor and spun at a spinning

frequency of 4 kHz. The 27Al and 19F MAS NMR spectra

were recorded using a Bruker Avance II 400 WB

spectrometer (B0 = 9.4 T) operating at 104.2 and

376.05 MHz, respectively. The 27Al MAS NMR spectra

were recorded using a 4 mm cylindrical zirconia rotor

and spun at a spinning frequency of 14 kHz. Typical

acquisition parameters were a p/12 pulse of 0.5 ms and

0.5 s of recycle delay. The 19F MAS NMR spectra were

recorded using a 2.5 mm cylindrical zirconia rotor, at a

spinning frequency of 25 kHz. A pulse of 4 ms
corresponding to a flip angle of p/2 and 30 s recycle

delay were used. The chemical shifts of 29Si, 27Al, and
19F were referenced to tetramethylsilane (TMS), an

Al(NO3)3 aqueous solution, and trichloro-fluoro-

methane (CFCl3), respectively.

Decompositions of the NMR resonances to extract the

proportions of the corresponding species were performed

using the DMfit software (Massiot et al., 2002).

Nitrogen adsorption/desorption manometry

Nitrogen adsorption/desorption isotherms were

recorded at �195ºC using a Micromeritics ASAP 2420

instrument (Micromeritics, Verneuil-en-Halatte,

France). Prior to the measurements, the samples were

outgassed at 275ºC overnight under vacuum. The

specific surface area (SBET) was calculated according

to the Brunauer-Emmett-Teller (BET) method in the

range of relative pressure (p/p0) from 0.05 to 0.12. The

total pore volume (Vt) was calculated at p/p0 of 0.98 and

the microporous volume (Vm) at p/p0 = 0.1. The pore-

size distribution was evaluated with the Horvath-

Kawazoe (HK) method in order to determine the internal

diameter of nanotubes (Horvath and Kawazoe, 1983).

Transmission electron microscopy (TEM)

Transmission electron microscopy images were

collected using a Philips CM200 microscope (Philips,

Eindhoven, Netherlands) equipped with a LaB6 filament.

The accelerating voltage was 200 kV. The samples were

prepared by depositing several drops of a suspension of

the product in chloroform on Cu grids coated with a thin

(5 nm) holey carbon film.

RESULTS AND DISCUSSION

Influence of Al sources

Imogolite syntheses were first performed according

to a previous study (Chemmi et al., 2013) with Na4SiO4

(Alfa Aesar, Schiltigheim, France) as the Si source and

with three different Al sources (Al/Si = 2.5):

AlCl3·6H2O (Fluka, Saint-Quentin Fallavier, France),

Al(NO3)3·9H2O (Carlo Erba, Val-de-Reuil, France) and

AlF3·3H2O (Sigma Aldrich Chimie S.a.r.l, Saint-Quentin

Fallavier, France). Al(ClO4)3 was not used due to its

toxicity and reactivity. AlF3·3H2O was chosen to serve

as the source of both Al and F (F/Si = 7.5); in this case

no HF was added. For the two other Al sources,

syntheses were performed by adding HF with a molar

ratio F/Si of 0.1. The corresponding XRD patterns

(Figure 2a) of samples obtained with AlCl3·6H2O and

Al(NO3)·9H2O sources are similar with four main broad

reflections at 4.2º2y (2.07 nm), 9.1º2y (0.97 nm), 14.3º2

y (0.61 nm), and 26.7º2 y (0.32 nm) characteristic of the

imogolite structure (Cradwick et al., 1972). The most

intense reflection at 4.2º2y is attributed to the (100)

plane and related to the external diameter of the

nanotubes (2.07 nm). The reflection at 9.1º2y was

assigned to the (001) plane and assigned to the repetition

of the structural unit of imogolite along the nanotube.

These two reflections allow the imogolite structure to be

confirmed (Cradwick et al., 1972). The small reflection

at 18.4º2y could be attributed to the presence of gibbsite

(Al(OH)3, ICDD card Nº: 00-001-0287), in agreement

with Kleber et al. (2007). The formation of imogolite

nanotubes was also confirmed by FTIR (Figure 2b). The

spectra display bands characteristic of imogolite at

430 cm�1 (Al�OH stretching), 562, and 505 cm�1

(O�Si�O stretching), 697 cm�1 (O�Al�O stretching),

as well as at 990 and 940 cm�1 (Si�O stretching

vibration) (Arancibia-Miranda et al., 2013; Bishop et al.,

2013). Note that for all samples, three additional infrared

bands were also observed. The bands at 3500 cm�1 and

1638 cm�1 are assigned to OH-stretching and H2O
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bending modes, respectively. The band at 1403 cm�1 is

assigned to NH4
+ used in the flocculation step. The XRD

pattern of the product obtained with AlF3·3H2O

(Figure 2a) displays a series of peaks at 15.6º2y
(0.56 nm), 30.2º2y (0.29 nm), 31.6º2y (0.28 nm),

36.7º2y (0.24 nm), 40.1º2y (0.22 nm), 45.4º2y
(0.19 nm), 48.3º2y (0.18 nm), 52.9º2y (0.17 nm),

55.5º2y (0.16 nm), and 59.7º2y (0.15 nm). According

to the International Centre for Diffraction Data (ICDD)

the phase obtained corresponds to an aluminum fluoride

hydroxide hydrate (Al2F6-x(OH)x·zH2O, card Nº: 00-060-

0273). Other phases were also observed in the sample

(Figure 2a) and attributed to sodium aluminum fluoride

(Na4Al3F14, card Nº: 00-030-1144) and aluminum

fluoride (AlF3, card Nº: 01-084-1672). A diffuse halo

centered at ~23º2y was also detected and may be due to

the formation of amorphous silica. The FTIR spectrum

does not present the characteristic bands of imogolite

nanotubes. Instead, a broad and intense band at 1217 and

1112 cm�1, characteristic of asymmetric stretching

Si�O bands in an amorphous network, is observed, in

agreement with XRD results (Romero et al., 1997). The

synthesis of imogolite nanotubes was thus successful by

using AlCl3·6H2O or Al(NO3)3·9H2O as aluminum

sources. In contrast, the use of AlF3·3H2O did not lead

to the formation of imogolite. This could be explained

by the high concentration of fluorine ions in the medium

(F/Si = 7.5) which appears to have favored the formation

of a complex with Al leading to an aluminum fluoride

hydroxide hydrate phase.

The 27Al and 29Si solid-state NMR experiments were

performed (Figure 3) in order to study the influence of

the Cl� and NO3
� counterions on the local environment

of Si and Al in imogolite. For both samples a main 29Si

resonance was detected at �79 ppm consistent with the

imogolite structure and corresponding to silanol groups

connected to 6 Al through oxygen atoms (Barron et al.,

1982). Additional weak resonances between �81 and

�90 ppm were observed for the sample prepared from

Al(NO3)3·9H2O and indicate the presence of amorphous

species or defects in the imogolite structure (Figure 3,

inset). Two resonances were observed in the 27Al MAS

NMR spectra of both samples at 4 ppm and 60 ppm

corresponding to octahedral and tetrahedral aluminum,

respectively (Goodman et al., 1985; Wilson et al., 2001).

As reported in the literature (Yucelen et al., 2011), the

tetrahedral aluminum corresponds to poorly crystalline

species or defect sites at the end of the nanotubes.

Spectral decomposition revealed that the proportion of

tetrahedral aluminum is negligible (2% of the total

signal) when the synthesis was performed with

AlCl3·6H2O whereas the material prepared with

Al(NO3)3·9H2O contains 5% tetrahedral species. Both
29Si CP-MAS and 27Al MAS NMR showed that the use

of AlCl3·6H2O as an Al source produced a smaller

amount of poorly crystalline species or defect sites; on

this basis AlCl3·6H2O was selected as the Al source for

further study.

Influence of Si sources

In this part, syntheses were performed with

AlCl3·6H2O as the Al source with the same syntheses

parameters as previously. In addition to Na4SiO4

(described in the previous section), two additional Si

sources were used: Si(OEt)4 (Sigma Aldrich Chimie

S.a.r.l, Saint-Quentin Fallavier, France) and FSi(OEt)3

Figure 2. (a) XRD patterns (CuKa radiation) and (b) FTIR spectra of the products obtained using different Al sources: AlCl3·6H2O,

Al(NO3)3·9H2O, and AlF3·3H2O.
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(ABCR Gmbh, Karlsruhe, Germany). Si(OEt)4 is usually

preferred for imogolite synthesis because of its slower

condensation kinetics (Denaix et al., 1999). FSi(OEt)3
was selected to serve as a source of both silicon and

fluorine (molar F/Si ratio = 1). The XRD patterns and

FTIR spectra of the products obtained with Na4SiO4 and

Si(OEt)4 were similar and characteristic of imogolite

nanotubes (Figure 4). Nevertheless, the imogolite-

specific XRD reflections and FTIR bands are better

defined in the Na4SiO4-based sample. Moreover, the

FTIR spectrum (Figure 4b) of the Si(OEt)4-derived

sample presents a shoulder at 1070 cm�1 which is

specific to boehmite (Priya et al., 1997; Bleta et al.,

2011). The XRD pattern (Figure 4a) of the sample

prepared with FSi(OEt)3 as the source of Si and F

showed six reflections at 18.4º2y (0.48 nm), 20.4º2y
(0.43 nm), 37.0º2y (0.24 nm), 38.2º2y (0.23 nm),

46.3º2y (0.19 nm), and 52.8º2y (0.18 nm) which

cor re spond to a luminum f luor ide hydrox ide

(Al(OH,F)3, Card Nº 00-047-1784). Thus, the possibility

cannot be excluded that the small XRD peak observed

previously for imogolite samples and attributed to

Figure 3. 29Si CP-MAS and 27Al MAS NMR spectra of products obtained with AlCl3.6H2O and Al(NO3)3.9H2O as Al sources.

Figure 4. (a) XRD patterns (CuKa radiation) and (b) FTIR spectra of the products obtained with different Si sources: Na4SiO4,

Si(OEt)4, and FSi(OEt)3.
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gibbsite (Figure 2a) was due to the formation of this

Al(OH,F)3 phase. Another phase that corresponds to

aluminum hydroxide (Al(OH)3, Card Nº 04-009-2200)

was also observed (Figure 4a). Al(OH,F)3 and Al(OH)3
have a similar structure. A diffuse halo, weak in

intensity and partly hidden by the low-angle diffraction

peaks of the fluorinated gibbsite phase, was also present

and probably indicates the presence of amorphous silica.

The corresponding FTIR spectrum did not show the

characteristic bands of imogolite nanotubes. A broad

band at 1050 cm�1 characteristic of Si�O�Si stretching
bands of amorphous silica (Umegaki et al., 2014) was

clearly observed. The inhibition of the formation of

imogolite nanotubes by FSi(OEt)3 could be explained by

the excess fluorine ions (F/Si = 1) in the reaction

medium, as already observed with AlF3·3H2O. At this

stage, the XRD and FTIR results favored Na4SiO4 as the

best Si source for the synthesis of imogolite by the

fluoride route.

Influence of the Al/Si molar ratio

The formation of amorphous material such as boeh-

mite was reported by Barrett et al. (1991) to be favored at

high Al/Si molar ratios and those authors suggested that

the optimal ratio for the formation of imogolite is 1.8. In

order to check whether this optimum Al/Si ratio remains

the same in the presence of fluoride, synthesis was

performed with AlCl3·6H2O, Na4SiO4, and HF as fluoride

sources. The XRD pattern of the as-prepared sample

(Figure 5a) presented three broad diffraction peaks at

26.2º2y (0.33 nm), 40.1º2y (0.22 nm), and 66.9º2y (0.13

nm) characteristic of amorphous material like allophane

(Iyoda et al., 2012). The (100) and the (001) reflections

characteristic of the diameter and the fibre structure of

imogolite were absent suggesting incomplete crystal-

lization. The corresponding FTIR spectrum (Figure 5b)

presented broad bands at 960 cm�1 and 590 cm�1 which

correspond to the stretching of Si�O and Si�O�Al bonds
in allophane (Montarges-Pelletier et al., 2005). Both XRD

and FTIR show that an Al/Si molar ratio of 2.5 is

preferable for the formation of imogolite nanotubes by the

fluoride route. Moreover, by reducing the Al/Si molar

ratio from 2.5 to 1.8, another chemical parameter was also

reduced: the hydrolysis ratio (OH/Al molar ratio). This

parameter was demonstrated by Wada et al. (1979) to also

influence the formation of imogolite. Nevertheless, in the

present study, the influence of the hydrolysis ratio was not

evaluated.

Influence of the desalination process

The desalination step aims to reduce the concentra-

tion of anions such as Cl� which can inhibit the

formation of imogolite nanotubes (Suzuki and Inukai,

2010; Kuroda et al., 2012; Guimarães et al., 2013). In an

attempt to reduce the number of steps, synthesis was

realized without this desalination process. For the

sample obtained without the desalination process only

four broad diffraction peaks at 14.08º2y (0.62 nm),

26.49º2y (0.33 nm), 39.21º2y (0.29 nm), and 49.90º2y
(0.19 nm) specific to allophane were observed (Figure

S1). The formation of allophane is also confirmed by the

FTIR spectrum that presented characteristic broad bands

(Figure S1 � this and other supplementary figures

marked with an ‘S’, have been deposited with the Editor-

in-Chief and are available at http://www.clays.org/

JOURNAL/JournalDeposits.html). These results indicate

that the desalination step is necessary for the preparation

of the imogolite nanotubes by the fluoride route.

Figure 5. (a) XRD patterns and (b) FTIR spectra of samples obtained at different Al/Si molar ratios.
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Influence of the volume of H2O used for gel dispersion

after desalination

After desalination, the product was dispersed in 2 L

of distilled water. To optimize the amount of distilled

water used in this step, the volume was varied from

250 mL to 2 L. The XRD patterns (Figure S2) of

samples obtained at low dispersion volume (between 250

and 500 mL) presented broad diffraction peaks at

14.34º2y (0.67 nm), 26.80º2y (0.33 nm), 39.36º2y
(0.29 nm), and 49.00º2y (0.18 nm) which are character-

istic of allophane. The allophane structure was also

confirmed by FTIR (Figure S2). The XRD patterns of

products prepared using larger dispersion volumes

(750 mL, 1 L, and 2 L), were similar to that of imogolite

nanotubes. This result was also confirmed by FTIR. The

doublet band specific to the tubular structure was clearly

observed at 990 and 950 cm�1 for samples prepared with

a dispersion volume of 1 L or more. The characteristic

reflections detected for samples obtained at a dispersion

volume of 750 mL are less resolved than reflections

observed for samples prepared using 1 or 2 L.

Samples prepared at different dispersion volumes

were also characterized by 29Si CP-MAS and 27Al solid

state MAS NMR (Figure S3). For volumes between 750

mL and 2 L, the 29Si CP-MAS NMR spectra of all

samples presented the main resonance at �79 ppm

previously assigned to imogolite. For smaller volumes

(250 and 500 mL), the 29Si CP-MAS NMR spectra

displayed a broader resonance at �79 ppm and a

shoulder between �83 and �89 ppm assigned to less

ordered silicon environments (Wilson et al., 2001). The

widths at half-height of the �79 ppm resonance of

samples prepared at dispersion rates of 250, 500,

750 mL, and 1 and 2 L were 140, 109, 81, 76, and

70 Hz, respectively. The broadening of the resonance

observed upon reducing the dispersion volume is related

to a larger distribution of environment, i.e. bond lengths

and/or bond angles, suggesting that imogolite prepared

at greater dispersion volume is better organized from a

local structural point of view. The 27Al MAS NMR

spectra of all samples showed two resonances at 4 ppm

and 60 ppm corresponding to the octahedral and

tetrahedral aluminum, respectively. For larger volumes,

the 4 ppm resonance appeared narrower (1000 Hz

instead of 1080 Hz when V = 250 mL). This suggests a

better local organization, as already observed by 29Si

CP-MAS NMR. Moreover, the 60 ppm resonance

seemed to disappear at larger volumes. According to

XRD, FTIR, and NMR analyses the amount of distilled

water necessary to disperse the gel collected after the

desalination process can be reduced from 2 to 1 L.

Influence of the F/Si molar ratio

In most studies dealing with synthesis of clays in the

presence of fluoride, the F/Si molar ratio is found to be a

key factor for crystallization (Huve et al., 1992). The

preparation of imogolite nanotubes using the optimized

conditions determined above (AlCl3·6H2O and Na4SiO4

as inorganic sources, Al/Si = 2.5, with a desalination

process and 1 L of distilled water for dispersion) were

carried out using various amounts of HF as the fluoride

source in order to have the F/Si molar ratio ranging from

0 to 0.4. The XRD patterns of samples prepared at F/Si

molar ratios of 0, 0.1, 0.2, 0.3, and 0.4 revealed clearly

that the fluoride ions are necessary for the efficient

formation of imogolite nanotubes under those conditions

(Figure 6). The XRD pattern of the sample prepared

Figure 6. (a) XRD patterns (CuKa radiation) and (b) FTIR spectra of products obtained at F/Si molar ratios of 0, 0.1, 0.2, 0.3, and 0.4.
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without HF (F/Si = 0) displayed four broad peaks at

13.3º2y (0.64 nm), 28.0º2y (031 nm), 38.4º2y (0.23 nm),

and 49.0º2y (0.18 nm) characteristic of allophane

(Figure 6, inset), whereas the XRD patterns of samples

prepared in the presence of fluorine displayed the

characteristic reflections of imogolite. These reflections

were, nevertheless, better defined and more intense for

samples prepared with F/Si molar ratio of 0.1 and 0.2.

The XRD patterns of products obtained with F/Si molar

ratios of 0.3 and 0.4 presented additional intense

reflections at 18.4º2y (0.48 nm), 20.4º2y (0.43 nm),

37.0º2y (0.24 nm), 38.2º2y (0.23 nm), 46.3º2y
(0.19 nm), and 52.8º2y (0.18 nm) assigned to aluminum

fluoride hydroxide (Al(OH,F)3). Finally, the peak at

18.4º2y (0.48 nm) was also observed for F/Si of 0.1 and

0.2 but with lower intensity. The FTIR data (Figure 6)

were consistent with the formation of imogolite nano-

tubes regardless of the F/Si ratio (=0), in agreement

with XRD. Note that the infrared band doublet specific

to imogolite structure at 990 and 950 cm�1 is clearly

distinct for samples prepared with F/Si molar ratios of

0.1 and 0.2.

The local environment of F, Si, and Al atoms was

studied by 19F MAS, 29Si CP-MAS, and 27Al solid-state

MAS NMR (Figure S4). The 29Si CP-MAS NMR spectra

of all the samples display the main resonance of

imogolite at �79 ppm. At high F/Si molar ratios (0.3

and 0.4), a broad resonance at �83 ppm was observed,

indicating the presence of a poorly crystallized species

(protoimogolite, allophane) or structural defects

(Yucelen et al., 2012). The fractions of tetrahedral

aluminum deduced from the decomposition of the 27Al

MAS NMR lines were 2, 3, 5, and 7% for products

prepared with F/Si ratios of 0.1, 0.2, 0.3 and 0.4,

respectively. Thus, the data from both 27Al MAS and
29Si CP-MAS NMR suggest that a smaller number of

amorphous species or defect sites are detected when the

synthesis is performed with a F/Si molar ratio of 0.1 or

0.2. These results are consistent with XRD and FTIR and

confirm that at F/Si molar ratio >0.2 a mixture of

imogolite nanotubes, disordered phases, and aluminum

fluoride hydroxide is obtained. The samples prepared

with F/Si molar ratios of 0.1 and 0.2 were analysed by
19F MAS NMR and compared to fluorinated gibbsite

(Al(OH,F)3) (Figure 7). The low signal-to-noise ratio of

the 19F MAS NMR spectra of imogolite samples can be

explained by the small amount of fluorine determined by

X-ray fluorescence (~2 wt.% for F/Si = 0.2 and <1 wt.%

for F/Si = 0.1). The 19F MAS NMR spectrum of

(Al(OH,F)3 showed one broad component a t

�134 ppm. For samples prepared with F/Si molar ratios

of 0.1 and 0.2, at least 3 and 2 resonances, respectively,

were observed in the �115 to �155 ppm range. This

suggests that these resonances could be partly assigned

to fluorinated gibbsite. At this stage it is difficult to

differentiate the fluorine of fluorinated gibbsite and the

fluorine incorporated into the imogolite structure. In

conclusion, the preparation of imogolite nanotubes

requires fine control of the F/Si ratio; in fluorine-free

conditions or in a highly fluorinated medium the

formation of other phases is favored.

Influence of the acidification process

The influence of the acidification step on the formation

of imogolite using the fluoride route was also studied.

Before the addition of HF solution to the reaction

medium, the pH of the dispersed gel was 5. After the

addition of HF, the pH of the reaction medium decreased

to 4.5. In classical imogolite synthesis protocols

(Mukherjee et al., 2005), the acidification step consists

of decreasing the pH to a value between 5 and 4.

Consequently, the pH of the solution measured after the

addition of HF is in the required pH range without any

addition of HCl. This suggests that the HCl acidification

step could be removed from the synthesis procedure. A

synthesis was performed by the fluoride route (F/Si = 0.2)

without the addition of HCl. The XRD patterns

(Figure S5) displayed the four broad diffraction peaks

characteristic of imogolite as well as an additional sharp

reflection at 18.4º2y (0.48 nm) characteristic of fluori-

nated aluminum-hydroxide. The FTIR spectrum also

displayed the specific bands of imogolite (Figure S5).

The local environment of Si atoms was investigated

by 29Si solid-state NMR (Figure S6). For both samples

the main imogolite resonance at �79 ppm was detected

Figure 7. 19F MAS NMR spectra of fluorinated gibbsite

(Al(OH,F)3) and samples obtained at molar ratios of F/Si = 0.1

and 0.2.
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in agreement with XRD and FTIR results. Nevertheless,

a broad shoulder at �83 ppm was detected for the

sample prepared in the absence of HCl solution

suggesting the presence of a less ordered silicon

environment. As a result, the HCl acidification step

improves the formation of well organized imogolite

nanotubes.

Influence of crystallization temperature and time

The temperature of crystallization was varied from 90

to 98ºC with a crystallization time of 7 days. All samples

displayed similar XRD patterns (Figure S7) showing the

four broad reflections of imogolite. The reflections

observed in XRD patterns of samples prepared at 95

and 98ºC were better defined than those of the samples

prepared at 90ºC. The FTIR spectra confirmed that

imogolite was formed regardless of the growth tempera-

ture (Figure S7). In agreement with the findings of XRD,

the bands characteristic of imogolite are broader with a

crystallization temperature of 90ºC. Both XRD and FTIR

data suggest the formation of better-crystallized imogo-

lite nanotubes at 95 and 98ºC. The 29Si CP-MAS and
27Al MAS NMR spectra of the sample prepared at 90ºC

confirm this result (Figure S8). The fraction of Al in

tetrahedral coordination determined by 27Al MAS NMR

was ~1% instead of 3% when the synthesis was

performed at 95ºC and 90ºC, respectively, and negligible

(<1%) when the synthesis was performed at 98ºC.

According to these results, the optimum crystallization

temperature leading to a well organized imogolite is

98ºC.

The influence of the growth time was also investi-

gated by varying the duration of the crystallization step

from 2 to 7 days with the above conditions (AlCl3·6H2O

and Na4SiO4 as inorganic sources, desalination step, 1 L

of H2O for gel redispersion, HF (F/Si = 0.2), acidifica-

tion step, and crystallization temperature of 98ºC).

Crystallization times ranging from 3 to 7 days resulted

in similar XRD patterns (Figure S9) characteristic of

imogolite. The XRD pattern of the sample prepared with

a crystallization time of 2 days was clearly different and

displayed broad reflections corresponding to amorphous

species such as allophane. This observation was

confirmed by the FTIR spectra (Figure S9). The IR

bands of imogolite observed after a 3-day growth time

are broader than those observed for a growth time of

4 days. Furthermore, a shoulder at 1141 cm�1 was also

observed, revealing the presence of boehmite. Imogolite

nanotubes are better structured when the synthesis is

performed with a crystallization time of >4 days. This

was also confirmed by 29Si CP-MAS and 27Al MAS

NMR (Figure S10). The samples prepared with crystal-

lization times of 2 and 3 days also presented similar,

small fractions of tetrahedral aluminum (2%) instead of

6% for the other samples. Overall, the growth time of

imogolite can be reduced from 7 to 4 days, but the yield

decreased from 80 to 55%.

Morphology and textural properties

Synthetic imogolite prepared by the aforementioned

optimized synthetic route was further analyzed by TEM

and nitrogen adsorption/desorption. The sample consists

of entangled fibrous bundles forming a web-like network

(Figure 8). The bundles are similar to those observed for

imogolite prepared by classical synthesis protocols

(Koenderink et al., 1999; Mukherjee et al., 2005).

A Type IV N2 adsorption/desorption isotherm with

hysteresis loops indicating the presence of mesopores

was observed (Figure 9). The steep increase at low

relative pressure (p/p0) indicates the presence of micro-

pores. The specific surface area (SBET), evaluated using

the BET equation, was 330 m2g�1. The total volume

(Vt), measured at p/p0 of 0.98 was 0.22 cm3 g�1 and the

micropore volume (Vm) measured at p/p0 of 0.1 was

0.12 cm3 g�1. The pore-size distribution calculated by

the Horvath-Kawazoe (HK) method showed a maximum

centered at 1.2 nm (Figure 9). These values are in

agreement with previous results described by Adams

(1980).

CONCLUSION

The fluoride route was applied successfully to the

preparation of imogolite nanotubes. The influence of

several chemical and physical parameters was investi-

gated. Both XRD and FTIR were used to check the

formation of imogolite. 29Si and 27Al solid-state NMR

was found to be a powerful tool for gathering informa-

tion about the local environment of Si and Al nuclei, in

particular in relation to the presence of structural

defects. Well crystallized imogolite nanotubes (55%

Figure 8. TEM image of freeze-dried synthetic imogolite.
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yield) can be obtained with a minimum of unwanted

species by using AlCl3·6H2O and Na4SiO4 as Al and Si

sources, respectively, with an Al/Si molar ratio of 2.5, in

the presence of HF as the source of F, with a F/Si molar

ratio of 0.1 or 0.2, a crystallization temperature of 98ºC,

and a crystallization time of at least 4 days. A lack of

fluorine favors the formation of allophane, whereas an

excess of fluorine leads to the formation of a fluorinated

aluminum hydroxide-like phase. Studies are underway in

order to check the influence of the Al/OH molar ratio

and to determine the role of the different parameters on

the length of the imogolite nanotubes.
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