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1. Introduction

Dried hybrid imogolite nanotubes as solids with a
changeable surface area: an insight into textural
properties based on the correlation between
nitrogen gas adsorption, immersion calorimetry
into water, and small angle X-ray scattering¥
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Powdered samples of three imogolite materials with an inner surface covered with Si—CHsz groups
(hybrid IMO-CHs) were prepared by ambient drying at 323 K, freeze drying, and spray drying. Reliable
estimates of the intra-tube (S,), inter-tube (Sg), and inter-bundle (S¢) specific surface areas of these sam-
ples were inferred from a model-guided correlation between the results of measurements by small angle
X-ray scattering (SAXS), nitrogen gas adsorption, and immersion calorimetry into water. Since the SAXS
studies indicated no significant deformations of IMO-CHsz nanotubes upon drying, further studies by gas-
eous N, adsorption at 77 K indicated the intra-tube and inter-bundle specific surface areas as being only
accessible to this adsorbate. The outer curved surfaces of IMO nanotubes, including the inter-tube
surface areas, were evaluated based on the calorimetric measurements of the enthalpy of immersion
into water, using the enthalpy of immersion per unit surface area for a modelled curved surface of gibb-
site as the conversion factor. Given the uncertainty in the determination of surface areas, the IMO-CHs
samples were found to possess the limiting values of specific surface areas ranging between 1150 and
1480 m? gL In contrast to the two other materials, ambient-dried IMO-CHz was characterized by the
highest value of Sc parameter due to the much smaller bundles formed by the constituent imogolite
nanotubes. The accessibility of these surface areas, together with the hydrophobic and hydrophilic
surface domains, was demonstrated to depend on the nature of the surrounding medium and the size
of the adsorbing species.

approach focuses on the use of a variety of molecular probes
to scan for particular surface properties.'™

Investigating the textural and surface properties of multifunc-
tional porous materials can be highlighted as a key stage before
employing them in industrial applications such as catalysis,
liquid effluent treatment, or gas separation. The classical
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Imogolite (IMO) is a nanotubular clay mineral that can be
considered as a multifunctional porous material with interest-
ing textural and surface properties.>” Each IMO nanotube is
composed of a curved gibbsite-like outer surface and an inner
surface that is made up of isolated silanol groups in the case of
the pristine material referred to as IMO-OH.® By changing the
silicon precursors during the synthesis, it is possible to obtain a
hybrid nanotube with an inner surface covered with Si-CHj,
groups (a hybrid material denoted as IMO-CH,).” The structure
of imogolite was first proposed by Cradwick et al'® Recent
precise analysis of X-ray diffraction data has enabled further
insight into the structure.'™? It is convenient to use the
conventional notation applied to classify carbon nanotubes to
describe the imogolite structure. Indeed, Al atoms are posi-
tioned on a hexagonal lattice as C atoms in carbon nanotubes.
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It is thus possible to use the (r,m) coordinates on the hexagonal
lattice of a rotation vector which joins the sites that will be
gathered upon rolling the structure. Based on the XRD analysis,
it is proposed that the synthetic IMO-OH is composed of a
mixture of (13,0) and (14,0) zig-zag nanotubes. For the case of
IMO-CH3;, the structure is proposed to be an armchair with a
(8,8) rotation vector.

IMO nanotubes are well dispersed in water and tend to
assemble into intertwined bundles with a hexagonal arrange-
ment when dried.'® In a grain composed of IMO bundles, as
presented in Fig. 1, three types of pores can exist: intra-tube
pores (type A), inter-tube ones (type B), and inter-bundles pores
(type C).” Pores of type A are always present in a dry sample.
Type B pores are very small and poorly accessible.”? It has also
been observed that nanotube deformation occurs upon drying
which can further reduce the accessibility of B pores.'* The
pore space of the type C pores depends on the particular drying
method and could be totally avoided in perfectly arranged very
large bundles. The surface of imogolite is positively charged
over a wide range of pH (PZC ~ 10), and the role of the counter-
ion is particularly important in defining the morphology of the
dried powder."?

In surface-oriented applications of imogolite, the presence
of IMO bundles and the peculiar structure of their porosity
should be carefully taken into consideration, ideally with a
complete quantitative determination of the various contribu-
tions to the total specific surface area. However, to the best of
our knowledge, the surface area parameters corresponding
separately to each type of porosity have not been reported yet.

As far as the textural properties are concerned, gaseous
nitrogen adsorption at 77 K is by far the most widely used
characterization tool.'®!” Employed in numerous studies in a
routine manner, this method suffers from several shortcomings
that limit the generalization of findings. Contrary to the
assumption of non-specific and non-localized adsorption, N,

Fig. 1 Representation of the three types of porosity present in the
structure of a powder composed of IMO bundles: intra-tube (A), inter-
tube (B), and inter-bundle (C).
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gaseous molecules with a quadrupole moment can undergo
specific interactions with some functional surface groups.'®
Furthermore, a problem of inaccessible porosity may some-
times arise in relation to the molecular diameter of this
adsorbate.'® Estimating correctly the total surface area becomes
complicated when nitrogen molecules, due to their geometrical
and/or physical properties at very low temperatures, are not
capable of penetrating into the intra-granular porosity or the
voids between very compactly packed particles. For example, the
latter has been reported by Olson et al. for the case of synthetic
chrysotile nanotubes forming very compact aggregates.*

It is worth noting that a large range of BET surface areas has
been reported for various IMO samples, namely natural, pris-
tine, hybrid, Ge-based, and Fe-doped ones. Table S1 in the ESI
presents some selected examples. In the case of potentially
similar samples, the comparison between the values obtained
is extremely difficult, because of the lack of precise information
on a treatment procedure employed before sorption measure-
ments. Among important physical factors, drying the sample by
a specific post-synthesis method*! and the choice of degassing
temperature®>>® were shown to highly affect the adsorbate
uptake by the solid material. Drying procedures of IMO suspen-
sions (i.e., the outcome of the synthesis routes) applied in the
literature included freeze drying®* or ambient drying at 323 K>
or 353 K.*® The IMO samples studied were commonly char-
acterized by N, adsorption at 77 K, with the degassing tem-
perature varying in a wide range. In some papers, information
on the drying treatment or the degassing temperature was
omitted.">*® Some others mentioned somewhat unrealistic
degassing temperatures at which the IMO structure could not
be stable.”

Calorimetric studies of solid immersion and wetting by
small-molecule liquids at room temperature in combination
with a modified Harkins and Jura procedure provide an alter-
native method for determining specific surface areas of
powders.”” Nevertheless, the experimental procedures are long
and fastidious, and the method fails when the hydrophilic-
hydrophobic character of the solid surface is in contrast with
that of the immersion liquid. Otherwise, immersion of porous
solids into liquids of increasing molecular sizes, as investigated
by calorimetry, can be exploited to determine the specific
surface area and pore-size distribution.’® Again, solvent-
induced aggregation between particles can cause significant
accessibility issues (e.g., hydrophobic particles dispersed in
aqueous solutions®’). Besides these conventional characteriza-
tion techniques, immersion techniques with the use of water as
an immersion liquid give rise to the assessment of the hydro-
philic character of the solid surface.*® The knowledge of this
feature is of high importance whenever a given material is to be
used in aqueous media, especially in wastewater treatment.>*

Small angle X-ray scattering (SAXS) is sensitive to the repar-
tition of the electronic density in a sample. When the composi-
tion of the sample is known and distributed in two distinct
phases having different electronic densities, it is possible to
extract the specific surface without a priori knowledge of the
geometry using general scattering theorems.*> This method is
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applicable to loosely packed powders and can thus be directly
compared to gas adsorption techniques.*® SAXS can also be
applied directly to the liquid dispersion of nanoparticles. When
the shape of the nanoparticles is known, it is thus possible to
determine very precisely their size using scattering models.
When a powder is produced from the assembly of such nano-
particles, this technique can thus give very important insight
into the shape of the building blocks before drying and
eventual artefacts due to packing and/or deformation.**

In light of the above discussion, the main objective of the
present work was to investigate the textural properties and the
hydrophilic-hydrophobic surface character of hybrid IMO-CH;
samples in regard to the structuration of nanotubes in the form
of dry powders. The as-synthesized IMO suspensions were dried
by ambient drying (AD), freeze-drying (FD), and spray drying
(SD) procedures. An experimental approach based on the SAXS
measurements for the nanotubes in water and after drying
combined with the use of two probing molecules, gaseous N,
and liquid water, was followed with a view of providing esti-
mates of the intra-tube (S,), inter-tube (Sg), and inter-bundle
(Sc) specific surface areas. The effect of the drying treatment on
the textural parameters was quantified. All experiments were
carried out with representative samples collected from the
same batch obtained upon each drying process. The accessi-
bility of various hydrophobic and hydrophilic surface areas was
simultaneously discussed in relation to the nature of the
surrounding medium.

2. Experimental

2.1. Materials

The reference gibbsite sample was a kind gift from the labora-
tory Chimie de la Matiére Condensée in Paris (UMR CNRS 7574,
Université P. M. Curie, Collége de France). The sample was
prepared in line with the synthesis routes described and dis-
cussed elsewhere.* Gibbsite has a layered structure, each layer
consisting of octahedrally coordinated Al** cations sandwiched
between two closed-pack layers of OH™ in line with the diocta-
hedral occupancy pattern. The gibbsite particles are made up
by the stacking of octahedral sheets of aluminum hydroxide.
The particles of the sample used in the present study represent
regularly shaped and fairly monodisperse hexagons with an
average diameter of 120 nm and a thickness of 15 nm.

2.2. Synthesis and drying of imogolite suspensions

The synthesis protocol of IMO-CH; adopted and optimised in
the present paper was initially proposed by Bottero et al.®
Around 14 g of aluminium-tri-sec-butoxide was added into a
Teflon reactor containing 800 mL of an acidic HCI solution to
obtain an Al-to-H' molar ratio of 2. The mixture was left under
stirring for around one hour. The Si precursor, trimethoxy-
methylsilane, was added drop by drop to reach a Si-to-Al molar
ratio of 0.6. It is worth noting that the slight excess of Si
precursor was previously shown to minimize the formation of
aluminium hydroxide particles during synthesis.*® The whole
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mixture was stirred for a few more hours before being placed in
an oven at 373 K for 5 days. The resulting product was dialyzed
using 10 kDa dialysis membranes against MilliQ water for
several days to reach an external conductivity below 10 pS cm ™.

Drying of the IMO suspensions was carried out by following
three different methods: ambient drying (AD), freeze drying
(FD), and spray drying (SD). Ambient drying was carried out at
323 K and it resulted in small pieces of film. These pieces were
subsequently ground into a thin powder. A temperature higher
than the ambient one was chosen to accelerate the evaporation
of water and thus shorten the process from several days to
one night.

In the case of freeze drying (lyophilization), the suspension
was first frozen in liquid nitrogen and then dehydrated under
vacuum in a Cryonext freeze-drier (CRIOS —80 °C) equipped
with an Adixen pump (Pascal 2005 SD). At the end of freeze
drying, the solid particles were trapped in loose aggregates
representing a cotton-like material. The final thin powder was
obtained by gentle manual crushing. A commercial spray dryer
(Buchi B-290 Mini Spray Dryer) was utilized in the spray drying
procedure. The output particle size of this instrument was in
the range of 2 to 25 pm. Compressed air and a two-fluid nozzle
(0.7 mm) were used to disperse the liquid. The inlet air
temperature was set to 433 K which resulted in an outlet
temperature range of 363-383 K. The compressed air flow rate
was adjusted to 40 mm (473 L h™") using the flow meter valve.
The liquid feed was introduced into the nozzle using a peri-
staltic pump set at a 20% pump rate, thus resulting in a liquid
flow rate of 7 mL min . This procedure led directly to a thin
powder.

Additionally, a suspension of pristine IMO-OH and a spray-
dried IMO-OH material were used in the SAXS studies for
comparison purposes.

The spray dried IMO-CH; and IMO-OH samples were char-
acterized using X-ray fluorescence spectrometry. A wavelength
dispersive X-ray fluorescence (WDXRF) spectrometer (Axios
Max, PANalytical, Netherlands) was used to analyse the materials’
composition. The Rh-anode X-ray tube was operated at a maxi-
mum power of 4 kW with a maximum voltage of 60 kv or a
maximum current of 160 mA. To obtain high resolution spectra,
eight dispersive LiF200, LiF220, PE002, Gel11, PX1, PX4a, PX5,
and PX7 crystals were employed. 14 scans were collected under
vacuum, each covering a range of the expected elements, and the
peak areas of the characteristic radiations were assessed. Gas
scintillation proportional counters and gas flux detectors were
used to record the intensity of the characteristic radiations. The
quantitative analysis was based on the use of the PANalytical’s
proven SuperQ software. Both calibration curves and the crystal-
lographic structure were used to estimate the proportion of
various elements: IMO-CH; (O: 53.68 wt%, Al: 25.74 wt%, Si:
12.59 wt%, Cl: 1.83 wt%) and IMO-OH (O: 54.51 wt%, Al:
26.25 Wt%, Si: 13.39 Wt%, Cl: 1.25 wt%).

2.3. Small angle X-ray scattering

Laboratory SAXS experiments were performed under vacuum
using a Xeuss 2.0 apparatus (Xenocs) equipped with a Pilatus

Phys. Chem. Chem. Phys., 2024, 26, 23835-23845 | 23837
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3 R 1 M detector (Dectris). The intensity was plotted against the
4msin(0)
A
length used (i.e., 0.1542 nm) and 20 was the scattering angle.
The sample-to-detector distance could be adjusted (the distances
employed were 42.3, 53.7, and 119.4 cm) and was calibrated with
tetradecanol. The detector count was normalized by the direct
beam and the calibration was verified with Lupolen and water.
Nanotube dispersions in water were analysed directly after dialysis
and thus were never dried. They were sealed in leak free glass
capillaries (diameter 1.5 mm, wall thickness 0.1 mm, WJM-Glas)
or Kapton capillaries (diameter 1.506 mm, wall thickness 41.9 pm,
MicroLumen). Dry powders were analysed just after the drying
treatment (AD, SD, or FD) and pressed between Kapton sheets.
The powder sample holder was not gastight. Therefore, the
samples were analysed under a primary vacuum of 0.1 mbar.
Standard procedures were applied using the open-source pySAXS
software to subtract background scattering and normalize the

intensities. Each sample was measured for one hour.

scattering vector g, with ¢ = , where 1 was the wave-

2.4. Nitrogen sorption

Nitrogen adsorption isotherms were determined at 77 K using a
Micromeritics 3 flex sorption instrument.

Given the thermal stability studies performed based on
thermogravimetric, mass-spectrometric (TG-MS), and IR analy-
sis (¢f,, Section S2 in the ESIt), vacuum treatment (10> mbar)
of IMO-CH; samples (around 150 mg) at 473 K carried out
overnight was considered to remove practically all water mole-
cules without compromising the structural integrity of the
sample. The experimental adsorption-desorption isotherms
were subsequently processed to determine the surface area
and porosity parameters. The data treatment procedures are
detailed in the ESI. ¥

The N, adsorption experiment was also conducted at 77 K
for a spray-dried IMO-CH; sample with n-nonane molecules
loaded inside its internal cavity. Nonane adsorption was carried
out using a home-made adsorption apparatus which is
described elsewhere.’” The IMO-CH; sample was degassed,
before measurements, in situ at a temperature of 473 K and
a pressure of 10 > mbar. The experiments were conducted at
298 K. The thermal stability during the measurements was
better than 0.10 K. For reaching the appropriate accuracy, two
capacitive pressure gauges of 10 Torr and 1000 Torr were used.
The adsorption device was driven by the choice of the initial
pressure, which was the one before the adsorbate was in contact
with the adsorbent (rather than the equilibrium pressure).
To avoid any condensation in the apparatus, the maximum
relative pressure was chosen at 0.9. After loading the sample with
nonane, it was degassed at a temperature of 353 K and a pressure
of 107> mbar before nitrogen adsorption to remove weakly
adsorbed nonane from the external surface of IMO-CHj.

2.5. Immersion calorimetry

The immersion of IMO-CH; samples in water was carried out at
298 K using a SETARAM C-80 isothermal calorimeter equipped
with thermopiles as heat flux sensors. A 30-50 mg sample was
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placed in a glass ampoule with a fragile tail. The samples were
degassed at 473 K overnight. The temperature was raised
manually in steps of 293 K every 5 min. The pressure within
the glass ampoule was around 10> mbar. At the end of the
degassing procedure, the bulb of the ampoule was sealed off by
a hot flame. The glass bulb was then introduced into a special
metallic cylinder containing c.a. 6 mL of ultrapure water. The
cylinder was closed with a cap containing a mobile metallic rod
to be further used to break the glass bulb. The whole assembly
was subsequently introduced into the calorimeter. A reference
cell containing 6 mL of ultrapure water was also placed in the
calorimeter. After the attainment of thermal equilibrium inside
the calorimeter at 303 K, the metallic rod was gently pushed
down along the cylinder to break the tail of the glass bulb.
A hole was formed in the glass bulb, thus allowing water to
enter inside the bulb and wet the powder. The area under the
thermal peak obtained in the thermogram, representing the
heat flow as a function of the time, was integrated to yield the
enthalpy of immersion, Ajy,n,H, expressed in joules per gram of
the solid sample. Each measurement was repeated 2 to 3 times,
and the uncertainty in the enthalpy measurement was assessed.

The calibration of the calorimetric device was achieved by
the Joule effect using built-in platinum resistance to induce a
series of precise heat inputs.

3. Results and discussion

3.1. Preliminary considerations

It should be noted that the imogolite surfaces studied in the
present paper represent those of powders composed of packed
nanotubes in dry grains. It has been argued that the drying
procedure can induce the formation of bundles, trapping
of counter-ions from the liquid phase, and even nanotube
deformation.* The interactions of the IMO surface with a given
probing molecule in the gas (nitrogen) or liquid (water) phase
will thus be strongly influenced by the mutual arrangement of
nanotubes within the bundles and the bundles between them-
selves in the grains. The aspect ratio of the particular geometric
shape of IMO nanotubes is another factor to consider in this
respect since the interactions will also depend on the surface
curvature and the macroscopic observables will obviously con-
tain the contributions due to both the lateral (base) surface area
of IMO nanotubes, viewed as hollow cylinders, and the curved
surfaces of such cylinders. To circumvent this potential diffi-
culty in processing the results of adsorption and immersion
experiments, the approach adopted in this paper is based on
the use of gibbsite as a reference material having similar
surface properties to guide the extraction of textural parameters
of IMO powders.

Furthermore, the external surface of imogolite bears a positive
charge in aqueous suspensions, due to curvature effects and pro-
tonation of the surface hydroxyl groups exposed outwardly.'>?®
This positive charge is compensated by chloride anions coming
from HCI or AICl; used in the synthesis. The compensating anions
ensure electro-neutrality and screen the electrostatic repulsions

This journal is © the Owner Societies 2024
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between the positively charged nanotubes. In diluted, dialyzed
nanotube dispersions, the electrostatic interactions ensure a long-
range repulsion and favour the formation of organized liquid
crystals. Upon drying of the as-synthesized samples, the counter-
ions are likely entrapped within the bundles.*® In contrast to
perchlorate anions, Cl™ ions are not IR active; they are thus not
visible in the IR spectrum. However, analysis of the two spray-
dried samples by wavelength dispersive X-ray fluorescence clearly
confirms the presence of chloride counter-ions (cf., Section 2.2).

The presence of Cl™ ions in the powder has thus to be taken
into consideration when analysing the interactions of imogolite
surfaces with the probing molecules in a given medium. The
dielectric constant of the fluid used is expected to have a strong
impact on the accessibility of various imogolite surfaces.
Indeed, molecules of high dielectric constant fluids may inter-
act with the compensating ions which consequently results in
swelling of bundles and, at least partial, dispersion of IMO
nanotubes.

3.2. SAXS studies on IMO nanotubes dispersed in water and
dried powders

To shed some light on the possible modification of a nano-
tube’s structure and arrangement, SAXS measurements were
carried out on both pristine IMO-OH and hybrid IMO-CH;
nanotubes dispersed in water. The analysis of the pristine
nanotube shape is a good starting point for further data
processing and interpretation even though the knowledge of
the shape of the isolated tubes is clearly not enough to assess
the behaviour of the dry powder. The results of SAXS measure-
ments made on IMO-OH and IMO-CH; nanotubes dispersed in
water, as well as the appropriate modelling approach leading to
evaluating their dimensions, are discussed in Section S3 in the
ESI.{ On this basis, a simple geometrical calculation was done
to assess the theoretical areas of inner (Sj,,) and outer (Sou)
surfaces and their ratio. Indeed, it can be easily demonstrated
that in the case of a hollow cylindrical geometry, the inner-to-
outer surface ratio was equal to the ratio between the radii of
the inner and outer curved surfaces. Table 1 shows these values
obtained with the radius parameters corresponding to IMO-OH
and IMO-CH; cylinders. Moreover, knowing the molecular
structure of IMO-OH and IMO-CH; nanotubes and their geo-
metrical extension, it was also possible to give estimates of the
specific surface area and volume of nanocylinders based only
on geometry and composition; the following expressions were
applied:

27« Fipn * O 27 - Fout - O
Sipn = =2 TNy Seu = o Ny
inn NSi ; MSi A out NSi ) MSi A
@)
1% Tc'rinnz -0 N
1= 7 1, ~1YA
& Nsi - M

where N, is Avogadro’s number; the description of the other
parameters appearing in eqn (1), as well as the corresponding
values are presented in Table 1.

To conclude on the possible modifications of the nanotube
conformation or structural deformation of nanotubes in the
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Table 1 Ratio between the inner (Sin,) and outer (Sou) surface areas of
IMO-OH and IMO-CHjs hollow cylinders, as estimated on the basis of their
geometry and composition. The radii of the inner (r,,) and outer (rou)
curved surfaces of IMO nanotubes obtained from the SAXS measurements
in agreement with Le Caér et al.*® The geometrical surface areas and pore
volumes of isolated nanotubes are also given. 6, Ng; and M; correspond
respectively to the period, the number of structural units per period, and
the molar mass of a structural unit (SU)

Material sample

Parameter IMO-OH IMO-CH;,4
Inner cylinder radius, 7, (nm) 0.7 0.9
Outer cylinder radius, 7oy (nm) 1.25 1.45
Period, ¢ (A) 8.65 4.99

Number of SU per period, Ng; 28 18

Number of e~ per SU 100 100
External electronic density (e~ A™%) 0.33 0.33
Wall electronic density (e~ A™%) 0.96 0.89
Internal electronic density (e~ A™%) 0.33 0.05
Molar mass of one SU, M; (g mol ') 198 196
Sout tO Sinn ratio 1.78 1.61
Geometrical Si,, (m? g™") 413 482
Geometrical oy (m* g™ ") 738 776
Geometrical Ve, (em® g™') 0.14 0.22

powdered samples, SAXS measurements were subsequently
performed on various IMO-CH; materials obtained by three
different drying procedures after the synthesis stage, and the
IMO-OH sample obtained by spray drying. The results are given
in Fig. 2.

In the case of IMO-CHj;, nanotubes in the aqueous phase are
already assembled into small bundles containing a few tubes
(¢f-, Section S3 in the ESIT). For the dry powders, the peaks due
to the bundle formation in Fig. 2 are increased in intensity, and
they are shifted toward lower g values compared to those in the
liquid dispersion. This points towards the increased number of

IMO-CH;, (FD)

IMO-CH, (AD)

Log (X-ray Intensity) (a.u.)
Log (X-ray Intensity) (a.u.)

T T T T
0.1 1 0.1 1

Cq &Y a (&)

Fig. 2 Results of SAXS measurements made on hybrid IMO-CHsz (left
panel) and IMO-OH (right panel) materials obtained by different drying
procedures after the synthesis stage: ambient drying at 323 K (AD), freeze
drying (FD), and spray drying (SD). The black solid lines represent the SAXS
patterns for IMO-OH and IMO-CHs nanotubes dispersed in water added
here for comparison purposes (cf., Fig. S3 in the ESI¥).
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nanotubes per bundle. However, the drying procedure does
not seem to have a noticeable impact on this parameter.
Furthermore, the oscillations at large angles for ¢ > 0.4 A™*
are approximately the same as the ones measured for disper-
sion in water. It may be concluded that the nanotubes keep the
tubular shape they have in the liquid phase and no significant
deformations are observed after drying. The main differences
due to various drying procedures are observed in the low angle
part of the scattering pattern. This means that the long-range
arrangement of the bundles is different depending on the
drying method.

For IMO-OH, the curve referring to the aqueous dispersion
(black line) corresponds to dispersed nanotubes (no aggre-
gates). A clear deformation of the scattering curve can be seen
when the sample is dried (orange line). A correlation peak at
g = 0.275 A" is visible in the present case. It is expected that
IMO-OH nanotubes adopt 2D hexagonal packing. If the first
peak is attributed to g, then it is possible to estimate
the expected positions of ¢i1, g0, and g,; at 0.457, 0.528,
and 0.695 A, respectively. It is, however, important to realize
that the assignment of the theoretical positions to g, peaks is
strictly valid only in the case of infinitely large bundles. The
experimentally determined g, positions will differ from the
theoretical values due to the finite size of the bundles, as
argued by Rouziére et al.'* The q,; and ¢,; peaks are distin-
guishable on the deformed scattering curve, in contrast to
the g,o peak, which coincides with the minimum value of the
nanotube form factor making the latter hardly visible. The width
of the peaks is also in favour of relatively small or disordered 2D
bundles with a hexagonal arrangement of nanotubes.

To reinforce the conclusions drawn from the results of SAXS
measurements, which argued against the shape deformation
of IMO-CH; nanotubes, a further study was made on the effect
of the drying procedure on the textural properties of such
samples. The appropriate textural parameters were inferred
progressively from the experimental study of appropriate inter-
facial phenomena based on the use of two different probing
molecules interacting specifically with the walls of various types
of pores present in these samples.

3.3. Use of nitrogen adsorption to determine the area of inner
curved surfaces of IMO-CH; nanotubes

Gaseous nitrogen has a low dielectric constant,** therefore its
molecules can interact with chloride anions only through van
der Waals forces, especially when it is adsorbed at very low
temperatures. No screening effects on the electrostatic inter-
actions among the positively charged IMO nanotubes are there-
fore expected and the swelling of the bundles cannot be
envisaged in this case. Furthermore, taking into account the
size of the imogolite nanotubes, as determined by SAXS in the
previous section, for non-deformed IMO-CH; nanotubes touch-
ing one another, the diameter of the circle inscribed in the pore
B openings is about 0.44 nm. Firstly, note that this size is
comparable with those of anhydrous chloride anions which are
trapped within pores of type B (e.g., the ionic radius of CI™" is
0.181 nm™ or the crystal ionic radius is 0.167 nm**). Secondly,
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the molecular diameter of N, is generally estimated to be of a
similar size (e.g., the hard-sphere diameter is 0.37 nm and the
collision diameter is 0.67 nm,* the kinetic diameter is 0.36 nm
and the van der Waals diameter is 0.47 nm™®).

In light of the above arguments, the assumption accepted in
the present paper is that the surface area viewed by the
adsorbing nitrogen molecules does not include the contribu-
tion due to the pore walls of type B (i.e., the outer curved surface
of imogolite nanotubes located inside the bundles), as the van
der Waals diameter of nitrogen is higher compared to the size
of the pore B openings. Another piece of information is of
importance to validate this assumption. Namely, the adsorption
of N, onto the IMO-CH; (SD) sample, loaded with #-nonane as a
way to block the pores of type A (¢f, Section 2.4), is hardly
measurable. As n-nonane does not remain adsorbed on a hydro-
philic surface (ie., Sp, Sc, and Se) after vacuum degassing
treatment, the result of this experiment constitutes a firm argu-
ment for inaccessibility of the type B porosity to N, molecules.

The adsorption of gaseous nitrogen at 77 K can be thus
considered an efficient tool to measure the surface area of pore
walls of type A, S,, the surface area of pore walls of type C, S,
and the external surface area of the grains, Sey.

Fig. 3 shows the experimental isotherms of gaseous N,
adsorption-desorption onto various IMO-CH; samples obtained
by the different drying procedures after the synthesis stage.
The adsorption-desorption curves measured with the reference
gibbsite sample are also added to Fig. 3. Before adsorption
measurements, this material underwent the same vacuum treat-
ment (10~° mbar) overnight at 473 K.

The focus of the analysis is first on the reference gibbsite
sample. According to the recent IUPAC classification,'” the
experimental isotherm of N, adsorption-desorption onto this
material can be considered as a combination of type Ia, repre-
sented by the initial steep portion followed by a pseudo-plateau,
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Fig. 3 Nitrogen adsorption (solid circles) and desorption (empty circles)
isotherms determined for various degassed imogolite samples, before
adsorption measurements, by vacuum treatment (10> mbar) at 473 K.
The inset shows the corresponding curves for the gibbsite sample
degassed under the same conditions.
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and type IVa, possessing an extended hysteresis loop with an
onset at around 0.75 p/p,. The most plausible hypothesis to
explain this complex shape is that the reference material contains
both intra- and inter-particle porosity.*> The latter likely corre-
sponds to the voids among non-rigid aggregates of plate-like
particles.

Indeed, the interlayer space of gibbsite is likely responsible
for the microporosity probed by the adsorption of gaseous
nitrogen. Nanocrystalline gibbsite particles may undergo
oriented aggregation in water, depending strongly on the ratio
between the basal and edge surfaces of particles, and thus their
size.*® Larger gibbsite particles are postulated to aggregate
through basal-basal attachment, whereas smaller particles with
a low basal-to-edge surface area ratio will preferentially attach
through edge surfaces. This oriented aggregation of gibbsite
particles certainly leads, after drying of the sample, to the
creation of inter-particle porosity which is accessible to the
adsorbing nitrogen molecules and, consequently, manifests
itself by an extended hysteresis loop on the adsorption-
desorption curve at high p/p, values.

In comparison, the general shape of the adsorption-
desorption isotherms obtained with the IMO-CH; (SD) sample
is rather close to type Ib, with a somewhat less-pronounced
plateau and a tiny hysteresis loop located between relative
pressures of 0.4 and 0.7. This shape might possibly suggest
that the material contains, in addition to predominating super-
micropores, a small fraction of narrow mesopores.*” The loca-
tion of the hysteresis loop in the range of moderate p/p, values
excludes the presence of intergranular pores, which constitutes
another argument to support the starting assumption that the
B porosity is inaccessible to gaseous nitrogen molecules. IMO-
CH; samples obtained by ambient drying and freeze-drying
produce reversible adsorption-desorption isotherms of type Ib.
In all cases, a very short (and reversible) ascending part at
relative pressures close to unity testifies to a very small external
surface area.

To provide quantitative estimates of the surface area and
porosity parameters on which to base further analysis, the
experimental adsorption isotherms shown in Fig. 3 were sub-
sequently processed by following appropriate standard proce-
dures reported in the scientific literature. The data treatment
and the corresponding analysis are detailed in the ESIf
(Section S4). The most relevant surface area and porosity
parameters are listed in Table 2. Following the hypothesis
retained at the beginning of this section, the pore surfaces

Table 2 Estimates of the specific surface area and porosity parameters, as
determined by applying the NLDFT model and as-plot procedure to
analyse the N, adsorption isotherms for dried IMO-CHz samples. The
pore surfaces and volumes correspond to the porosity of types A and C.
Further details are given in Section S4 of the ESI

Sample da (nm) Sa+Sc(m?>g™ Va+ Ve (em® g7
IMO-CH; (SD)  1.9+0.2 533 +8 0.25 + 0.02
IMO-CH; (AD) 1.9 + 0.2 583 £ 6 0.25 £+ 0.03
IMO-CH; (FD)  1.9£02 47246 0.21 + 0.02
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and volumes revealed by gaseous N, adsorption at 77 K (Table S4
in the ESIY) correspond to the porosity of types A and C.

The A pores appear to be quite uniformly sized (Fig. S4 in the
ESIt). The mean diameter d, is unaffected by the drying
procedure and it corresponds well to twice the inner cylinder
radius given in Table 1. This provides further evidence against
the significant deformation of nanotubes upon drying, in line
with the conclusions drawn previously from the SAXS measure-
ments. Additionally, the surface area and pore volume para-
meters for IMO-CH; (FD) are equivalent, within experimental
error, to the corresponding geometrical parameters S, and
Veyr in Table 1. It may be argued that the long-range arrange-
ment of the bundles is such that it produces the smallest
surface area and volume contributions due to inter-bundle
pores of type C. Further arguments in favour of this hypothesis
in relation to the size of the bundles are set out in Section S5 of
the ESL¥

The highest deviations from the geometrical model in terms
of pore surface and volume are obtained in the case of IMO-CH;
(AD). Simultaneously, the low angle part of the SAXS pattern
also shows the greatest difference from that of IMO-CHj;
nanotubes dispersed in water (Fig. 2).

In all cases, given the uncertainty in the determination of
surface area parameters, it is relevant to neglect the external
surface area, i.e., both the lateral (base) surface area of IMO
nanotubes as well as the outer curved surfaces of those nano-
tubes, which are located at the outer periphery of the bundles
(see also the discussion in Sections S4 and S5 of the ESIY).

Nevertheless, full quantitative separation between the S,
and S contributions cannot be done on the basis of the results
of N, adsorption alone and this calls for another specific
method of characterization.

3.4. Use of immersion calorimetry to determine the area of
curved surfaces of IMO nanotubes

In the following analysis, the starting hypothesis is that the
dispersing power of water due to its high dielectric constant™®
induces hydration of CI~ counter-ions*® and swelling of the
bundles. This swelling behaviour is classical for clay minerals
containing extra-framework compensating cations in their
inter-layer space, in the presence of water vapour or liquid
water.’®®' As argued in the previous section (and also in
Sections S4 and S5 in the ESIt), the lateral flat surface area of
the hybrid imogolite nanotubes is to be neglected. Upon
dispersion in water, the pores of type C should disappear to a
great extent. Therefore, liquid water can be considered here as a
local probe for measuring the total area of the curved surfaces.
Again, gibbsite is used as a reference material to quantify the
interactions of water molecules with the external surface of
IMO nanotubes.

In the case of the hybrid IMO-CH; material, the results of
SAXS studies with aqueous dispersions of imogolite nanotubes
have already demonstrated the absence of liquid water within
the internal cavity of nanotubes. Indeed, the full intrusion of
liquid water into the hydrophobic nanopores would probably
require high external pressures.®® The absence of liquid water
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Table 3 The experimentally determined enthalpies of immersion, AjnmH,
for the various IMO materials and the reference gibbsite sample studied in
this paper. Before calorimetry measurements at 303 K, the samples under-
went a vacuum treatment at 473 K. The outer, Sou.. and the inner, Sa,
curved surfaces of IMO nanotubes, as determined by applying the present
data treatment, are also included

Sample AimmI_I U gil) Sout (mz gil) SA (mz gil)
Gibbsite —79+4 — —
IMO-CHj; (SD) —-160 + 7 851 + 56 529 £ 35
IMO-CH; (AD) —153 + 7 814 + 55 505 + 34
IMO-CH; (FD) —143 £ 6 761 + 50 472 + 31

inside IMO-CH; nanotubes was also demonstrated previously
based on IR studies.® Therefore, for the present IMO-CH;
samples, the wetting by water is certainly limited only to the
outer curved surfaces, Sou;.

For various IMO materials studied in this paper and the
reference gibbsite sample, Table 3 displays the enthalpies of
immersion into water, A;,mH, determined experimentally by
immersion calorimetry.

Similarity in the surface chemistry of gibbsite and outer
curved surfaces of IMO-CH; allows the enthalpy of immersion
per unit surface area of gibbsite to be used as a conversion
factor to provide an estimate of the S, parameter. The
hypothesis adopted in the present section is that the main
difference between the two types of surfaces lies in the areal
density of active groups due to the curvature of the imogolite
surface.

Indeed, it was demonstrated by using molecular dynamics
(MD) simulations and force spectroscopy measurements that
the external curved surface of imogolite possessed a surface
energy much lower than that of the planar (001) surface of
gibbsite.>* The two surfaces were found to exert similar effects
on the structure of adsorbed water, but the first water layer was
less structured in the case of imogolite. The presence of less
structured shells of adsorbed water between the imogolite
particles was expected to facilitate their aggregation. In fact,
the curvature of imogolite was postulated to impede the
formation of in-plane hydrogen bonds between surface hydro-
xyl groups along the nanotube circumference.”® This likely
resulted in less energetically favourable adsorption of water
molecules at sub-monolayer coverages and, consequently, in an
increased hydrophobicity of the imogolite-water interface in
comparison with its planar counterpart.”>>> At high values of
surface coverage by adsorbed water, the percentages of surface
hydroxyls forming zero, one or two hydrogen bonds with water
compensated each other from a quantitative point of view.”*

In light of the above discussion, the difference between the
surfaces of imogolite and gibbsite is handled through a geome-
trical correction related to the areal density of OH groups.
Based on the geometrical model of gibbsite, the areal density
of O is calculated to be 13.4 per nm>.>® The curvature effect will
significantly reduce this density. Simple geometric arguments
allow the ‘curved’ density to be estimated as the product of

!
the ‘flat’ density and the (1 +;) factor, where % is the
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half-distance between the internal and external layers of oxygen
and carbon atoms, and r is the radius of curvature at the middle
of the imogolite wall (both parameters taken from Table S2
in the ESIT). For IMO-CHj3, one obtains as follows: 2 = 0.22 nm
and r = 1.18 nm. The corresponding OH density is equal to
11.3 per nm”.

In the case of gibbsite, liquid water molecules can make
contact with the total surface of the sample. In consequence,
the normalized enthalpy value can be calculated by dividing the
experimental A;,mH by Sger reported in Table S3 in the ESL¥
This gives an enthalpy of —223 mJ m™>. This normalized
enthalpy is further considered as the enthalpy reference to
quantify the one related to the outer curved surfaces of IMO
nanotubes, S,y Finally, experimental values of S,,: have been
calculated from the following expressions:

Aimm H
@ )

imm {4 gjp,

—223x11.3

whereAimmH@ = 34 =—188mJm>

Sout = gib —

(2)

The resulting S, values are given in Table 3. The model S, to
Sinn ratio reported in Table 1 may be useful for estimating the
experimental inner curved surfaces of IMO-CH; nanotubes,
Sinn, considered as being equivalent to the surface of hydro-
phobic walls within intra-tube pores, S, (also added to Table 3).

3.5. Validation of the present approach

The question now is to estimate the total surface area, as well
as its various contributions, Sy, Sy, and Sg, of the IMO-CH;
powders, which contain imogolite nanotubes organized in
either small or large bundles adopting different long-range
arrangements. Neither of the three experimental methods
alone with the subsequent data processing can provide a
reliable evaluation of these important parameters. This is
because each method provides only limited information on
the different contributions to the total surface area.

Since any significant deformation of IMO-CH; nanotubes
upon drying is to be precluded in light of the SAXS experiments,
the resulting geometrical parameters and the subsequent
modelling of the perfectly dispersed nanotubes, i.e., Sout; Sinn,
and Vy in Table 1, provide a framework for the calculation of
reliable surface area and porosity parameters. The surface area
related to the porosity of type A, S, can be considered as being
equal to the experimental parameter obtained from the immer-
sion experiment (Table 3). The contribution due to pores of
type C, Sc, may be estimated by the difference between the
surface areas reported in Tables 2 and 3. The surface area of B
pores, Sg, will be thus obtained by subtracting from the
experimental Sy, (Table 3) the S¢ values. The three types of
surface areas obtained on this basis are reported in Table 4,
together with the total surface areas.

It is surprising to notice the differences in the inter-tube
surface area among the three samples. Given the heterogeneity,
albeit not a large one, of pore sizes revealed by the N, adsorp-
tion (cf., Fig. S4 in the ESIt), this might suggest some deviations
from the expected shape or/and size of the IMO nanotubes
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Table 4 Limiting values of surface areas corresponding to the pore walls
of type A, B, and C in the bundles of the dried IMO nanotubes studied in
this paper, as determined based on the correlation between adsorption of
gaseous nitrogen at 77 K, calorimetry of immersion into water at 303 K and
SAXS

Sample Sa(m?>g) Sg(m’g ") Sc(m’g™") Sror (m*>g")
IMO-CH; (SD) 529 + 35 840 + 55 Small 1369 + 103
IMO-CH; (AD) 505 + 34 736 £+ 50 78 £ 10 1319 + 102
IMO-CH, (FD) 472431 760 +50  Small 1232 + 81

upon drying. Nevertheless, the uncertainty of S, determination
does not allow this hypothesis to be fully validated.

The most relevant differences among the samples are revealed
in the inter-bundle surface area, Sc. The greatest Sc value is
obtained in the case of IMO-CH; (AD). Assuming perfect 2D
hexagonal bundles (consistent with the simple geometrical model
presented in Section S5 of the ESIf), the S value of 78 m”> g~ *
could correspond to bundles containing a few hundreds of
nanotubes (e.g., about 313 nanotubes according to Fig. S8, ESIY).
A more disordered long-range organization of bundles could be
an alternative explanation. For IMO-CHj; (SD) and (FD), the pores
of type C make rather small contributions to the total surface area
and pore volume. It is possible to estimate that such a small S¢
value would correspond to very large bundles (e.g., more than
10 000 nanotubes as can be inferred from Fig. S8, ESIt). In both
cases, these numbers are large enough to be in a range where
no size effects on the position of diffraction peaks are observed.
This is in line with the similar gy, peaks recorded for the three
samples (Fig. 2).

It should be realized that the degassing conditions applied
before adsorption and immersion measurements, and the
degassing temperature in particular, constitute the first factor
not to be over-looked with regards to the validity and the
reliability of the estimation of S,, Sg, and Sc. The maximum
temperature of 473 K was chosen based on the results of
thermogravimetric and mass-spectrometric analysis (Fig. S1
in the ESIt). The corresponding IR spectra of spray dried
IMO-CHj; recorded at different temperatures (Fig. S2 in the
ESIt) demonstrate the effectiveness of this kind of vacuum heat
treatment in removing all adsorbed water from the solid sur-
face and pore volume, provided that it lasts sufficiently long.
Additional N, adsorption and immersion experiments were
carried out at lower degassing temperatures: 383 K and
423 K. The effects of degassing treatment on the BET-specific
surface area, Sggr, and the enthalpy of immersion into water,
AimmH, for the three IMO-CH; samples are reported in Table S3,
ESLf It is clear that the results converge to the maximum values
obtained for the highest degassing temperature of 473 K.

The accessibility of various surface areas is another impor-
tant aspect to be considered in view of the potential uses of
dried IMO-CH; powders as solid supports or adsorbents.
It follows from the discussion in previous Sections 3.3 and
3.4 that the extent to which the pores of type A and B are
accessible to the probing molecules depends both on the size of
these molecules and on the nature of the surrounding medium.
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From this point of view, IMO-CH; powders cannot be viewed as
solids possessing a constant specific surface area with invariant
components consistent with the values reported in Table 4. The
numbers reported in Table 4 thus represent the limiting values
of surface areas.

The inner walls of the nanotubes have a hydrophobic
character. Nonetheless, the accessibility of this intra-tube sur-
face area, S,, is restricted by the uniformly sized openings
(i.e.,, 1.9 £ 0.2) at both ends of the nanotubes.

The inter-tube and inter-bundle walls are predominantly
hydrophilic. Altogether, the maximum hydrophilic surface area
of the dried CH;-IMO nanotubes should be in the order of
800 m* g,

The inter-tube surface area, Sg, is not accessible for gaseous
N, molecules and other molecules with comparable or greater
sizes. It will undergo an abrupt increase to maximal Sguc
(Table 3) when the nanotubes are re-dispersed through a
swelling effect in a polar solvent such as water. When the dried
IMO-CH; grains are put into contact with water vapor at
different equilibrium pressures, the increase in the hydrophilic
surface area may be more gradual due to the stepwise opening-
up of the inter-tube porosity.

Further studies of water adsorption could explore in depth
the possible similarity with the evolution of the specific surface
area in Li- and Na-montmorillonites resulting from the
increased accessibility of the interlayer space and breaking-up
of the clay particles upon the hydration process.>” The inter-
bundle surface area is a priori easily accessible, although it will
be reduced to zero upon immersion of grains in water or upon
extended hydration of grains at high humidity levels.

4. Conclusions

Imogolite is a promising nanotubular material, which has all
its constituting atoms very close (ie., less than 1 nm) to its
external and internal interfaces. However, upon drying, the
constituent nanotubes inevitably form large bundles through
the mechanism of neutralization of positive surface charge due
to the trapping of counter-ions. In consequence, the inter-tube
voids (i.e., porosity of type B) become inaccessible to gaseous N,
molecules. Therefore, the determination of surface area and
porosity parameters based only on the classical (BET model)
processing of adsorption-desorption isotherms leads to the
underestimated values reported in the literature.

The characterization approach adopted in the present work
relied on the combination of three experimental methods and
appropriate modelling of the resulting data. The results of SAXS
measurements for the nanotubes in water and after drying
provided a framework for the calculation of reliable estimates
of the intra-tube (S,), inter-tube (Sg), and inter-bundle (S¢)
specific surface areas for three hybrid IMO-CH; samples
obtained by ambient drying at 323 K (AD), freeze drying (FD),
and spray drying (SD).

It was concluded from SAXS studies that nanotubes did not
get deformed upon drying. They appeared to form porous
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samples and liquid water did not wet the hydrophobic surface
of their internal walls. The subsequent SAXS-guided analysis of
the adsorption-desorption isotherms for gaseous N, at 77 K led
to the conclusion that the A and C pores accessible to this
adsorbate defied the ideal categorization as supermicropores or
small mesopores. The as-plot method proposed to process the
adsorption curves yielded the sum of S, and S¢ areas. The
measurements of the enthalpy of immersion in water gave
access to the external curved surface area of nanotubes through
the dispersion of bundles in this hydrophilic solvent. Finally,
the inter-tube surface area was assessed from these results.

Given the uncertainty in the determination of surface areas,
the IMO-CH; samples were found to possess the limiting
values of the specific surface areas ranging between 1150 and
1480 m” g~ '. The drying procedure mostly affected the size of
the bundles. In contrast to the two other materials, ambient-
dried IMO-CH; was characterized by the highest value of the S¢
parameter due to the much smaller bundles formed by the
constituent imogolite nanotubes. The accessibility of these
surface areas, together with the hydrophobic and hydrophilic
surface domains, was also demonstrated to depend on the
nature of the surrounding medium and the size of the adsorb-
ing species.
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