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ABSTRACT: The effects of Na/K substitution during the
synthesis of imogolite nanotubes (NTs) were studied using a
combination of structural and surface analyses. These were
complemented with molecular dynamics (MD) and DFT
computational models. Our results provide strong experimen-
tal evidence, obtained by various characterization techniques
(FT-IR, XRD, IEP, charge measurement, and HR-TEM),
showing that K changes the imogolite dimensions. In fact, in
the presence of K, the nanotubes become shorter and adopt a
larger diameter. Moreover, the presence of the amorphous
structures associated with allophane increases, even for low K
concentrations. Our results underline the complexity of
imogolite synthesis engineering, highlighting their high sensitivity to the chemicals that are used during synthesis.

■ INTRODUCTION

The structure and dimension of engineered nanoparticles
(ENP)1−4 are critical factors because morphological modifica-
tions can substantially affect their physicochemical properties
(electronic, optical, and mechanical properties), which
reinforces the use of these types of materials.2,5−7 The synthesis
of different ENPs must consider the strict handling of a number
of experimental factors (pH, temperature, chemical composi-
tion, initial reagent concentration, and others), which condition
the morphology of the final product; consequently, insufficient
control of the experimental factors can restrictively affect the
potential technological applications of the products.8,9

The metal oxide nanotube family is a group that is
considered to be essential for nanotechnology as building
blocks. Imogolite, a nanotubular aluminosilicate (IMO), is a
good example of a nanotube that can be studied from the
perspective of nanoscopic or atomic engineering.1,10,11 This
paracrystalline aluminosilicate, in which the stoichiometry is
(OH)3Al2O3SiOH, was discovered in Japan in 1962 within soils
of a volcanic origin, and it was first synthesized by Farmer et al.
in 1977.12,13 Imogolite is characterized by a hollow cylindrical
structure with two clearly differentiated surfaces (Figure 1): an

outer surface where aluminol (≡Al−OH and ≡Al2−OH)
groups predominate and an inner surface mostly composed of
silanol groups (≡Si−OH).14−16
These two nanosized structures have given rise to increasing

scientific technological interest due to their easy production
and high purity compared to other metal oxide nanotubes,
considering that imogolite synthesis is usually carried out at
temperatures no higher than 95 °C.12,17−21 Their unique
physicochemical properties, such as their well-defined wall
structure, wide range of chemical compositions, porosity,
tunable dimensions, and chemically modifiable inner and
outer surfaces, allow us to utilize imogolite in multiple
applications in the field of nanotechnology (e.g., catalysis,
contaminant removal, sensor development, and molecular
encapsulation).5,22−24

The chemical flexibility of imogolite becomes evident in the
early stages of its synthesis. The replacement of −OH groups
with gibbsite sheets by silicate (O3SiOH), according to the
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model proposed by Cradwick et al. (1972),25 causes a decrease
in the bond length of the coordinating or bridge oxygen with
this substituent, resulting in the curvature and superficial
differentiation characteristics of these nanotubes.26−28

In spite of the advantages of imogolite, its formation, growth
processes, and its dimensions are strongly influenced by factors
such as temperature, pH, initial reagent concentration, and the
presence of other ions.20,29−31 The research of Abidin et al.
suggests that the addition of NaCl or CaCl2 during the
synthesis of Na-imogolite partially inhibits its formation,
suggesting that Ca2+ and an excess of Na+ affect the dissociation
of the Si−OH groups of orthosilicic acid.32 Yucelen et al. made
significant progress in nanoengineering aluminosilicates by
showing that the presence of certain acids used (HCl, HClO4,
CH3COOH) during the synthesis of imogolite enables the
controlled modification of the outer diameter as a consequence
of a specific relation between the precursors formed in the early

stage of the synthesis and the final resultant structure.33

Conversely, studies made on structures similar to imogolite,
such as the aluminogermanates, have shown that it is possible
to make controlled structural modifications from a physico-
chemical standpoint, resulting in different kinds of nanotubes
(single or double walled) by simply increasing the concen-
trations of the starting reagents.3,29,33

The synthesis of imogolite includes the hydrolysis of
tetraethyl orthosilicate (TEOS) with NaOH, yielding a
nanotube enriched product with exchangeable and structural
Na. The presence of cations other than Na+ with equivalent
properties in the nanotubes can give rise to different
applications; therefore, the main objective of this research
was to evaluate the effect of substituting Na with K (NaOH by
KOH) by the hydrolysis of TEOS during the synthesis of
imogolite. We sought to produce nanotubes that are equivalent
to those obtained in a Na medium but enriched with K. This is

Figure 1. (a) Imogolite unit cell with N = 12 repetitions of the 28-atom circular sector, of angle 2π/N, marked by the black continuous line. (b)
Lateral view of the 28-atom structure angularly repeated to form imogolite. (c) DFT results for the structure illustrated on the left when H is
replaced by Na (purple) and K (blue). Periodic repetitions of the unit cell are imposed in the axial direction. Lz is the axial length of the unit cell. H:
light gray; O: red; Si: yellow; and Al: pink.

Figure 2. FTIR spectra (a) and experimental X-ray diffraction pattern of the synthetic imogolite synthesized in acidic solutions containing different
amounts of NaOH and/or KOH (b).
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the hydrolysis path responsible for the types of precursors that
evolve into more complex structures during the aging process.
An Na/(Na + K) ratio between 1 and 0 was evaluated in order
to establish, at the molecular level, the roles of the monovalent
cations in the formation of imogolite. The obtained materials
were characterized in detail using multiple structural and
superficial analysis techniques, in addition to computer models,
which allow for an integrated interpretation of the results.

■ RESULTS AND DISCUSSION
Fourier transform infrared spectra of the aluminosilicates that
were obtained from the different NaOH/KOH ratios were
identified (Figure 2a). Differences in the spectra for the
prepared products were observed in the imogolite peaks; KOH,
in concentrations of ∼2.5 × 10−4 mol L−1, quenched the
imogolite peaks, suggesting it conditioned the final prod-
ucts.26,34 This behavior is similar to standard early synthesis
stages already reported, where NP, amorphous structures, and
proto-imogolite coexisted. Imogolite synthesized using NaOH
as a hydrolysis agent (Imo-Na1.00), displayed bands at 3300 and
3500 cm−1 that were associated with external ≡AlOH and
≡Al2OH groups and stretching modes at 3615 cm−1 that
corresponded to ≡Si−OH sites located in the inner surface of
the imogolite (Figure 2a). For the aluminosilicate that was
either partially or totally synthesized with KOH, bands of OH
(3600 cm−1), related to a globular structure that was most likely
allophane, were observed.15,25,35 The behavior observed in the
−OH region has also been reported in other aluminosilicates,
such as zeolites.36

When the imogolite synthesis is carried out using NaOH to
provide the required alkaline conditions, a band at 1420 cm−1

associated with carbonate (CO3
2−) is observed; that band is not

observed when KOH (instead NaOH) is used. When NaOH
chemical speciation is computational carried out, considering
the regular dissolution of atmospheric CO2, the formation of
HCO3

− and CO3
2− may take place, at least from a

thermodynamical point of view; this situation has been
experimentally reported as NaOH carbonation.37,38 The
computational speciation of KOH in the same conditions
does not report carbonate formation. This differentiated
NaOH−KOH behavior may explain the presence (or absence)
of the carbonate band observed for NaOH−imogolite in the IR
spectra.
Another consequence of changing the cation, as observed in

the IR spectra, was the progressive attenuation of the stretching
Si−O vibration doublet at 990 and 939 cm−1. This was a
characteristic imogolite band that displayed its minimum
intensity and was defined as Imo-K1.00 for the 990, 939, 693,
570, 512, and 430 cm−1 bands.15,25,35 Moreover, the 545, 388,
and 372 cm−1 bands, related to variations of Al−OH, were
affected.
X-ray diffraction was also implemented to evaluate the

changes due to the different K and Na contents on the
imogolite synthesis (Figure 2b). Four Imo-Na1.00 diffuse peaks
were observed at 21.0, 12.0, 3.4, and 2.2 Å, with the (hkl)
planes corresponding to (100), (110), (001), and (211),
respectively, that were characteristic of this aluminosilicate,
suggesting that they were ordered in either monoclinic or
hexagonal arrangements.14,33,39,40

The signal intensity and the low-angle peak positions
changed in the samples synthesized, partially or totally, with
KOH. This indicated that K modified two imogolite character-
istics: first, the internal diameter and the number of byproducts

and, second, the signal intensity becomes more noticeable as
the K content increases, reaching a maximum for Imo-K1.00, as
illustrated in Figure 1b. The increasing K content in the sample
resulted in peak displacement, which correlated to the external
diameter of the imogolite (3.68° to 4.17° for the (hkl)
reflection (100)).40 While for the sample synthesized using
equimolar concentrations of NaOH and KOH (Imo-Na0.50),
the observed peak displacement (100) was the result of the
contributions of the imogolite nanotubes formed from each
base used (see Figure 1S). These results were not conclusive
for the NTs that displayed different diameters, which were
identified as several NTs fastened together. However, taken
globally, the evidence was quite compelling.
Figure 3 shows that imogolite synthesized with different

NaOH/KOH ratios had slightly larger diameters and lengths
when compared with those obtained using only NaOH.
Moreover, the presence of spherical morphology byproducts
(allophane) determined the type and structure of the early
aging stages.14 For the different products, the particle diameter
was estimated from an average of >100 (p < 0.05, t test, sample
size >100 nanoparticles) measurements at different scales and
defined by a super-resolution analysis of the images. The
diameter trend follows the sequence 2.01 ≤ 2.05 < 2.20 < 2.28
< 2.38 nm for Imo-Na1.00, Imo-Na0.75, Imo-Na0.50, Imo-Na0.25,
and Imo-K1.00. Two NT families of different diameters and
lengths were observed in the samples synthesized with a
NaOH-KOH mixture, suggesting that the dimensions and
structural growth of the imogolite base structures were
conditioned by the presence or absence of Na and/or K.
NTs with variable diameters of the Imo-NaxK1−x type were not
obtained, which suggested that slight precursor structural
differences required larger energies to create these mixed NTs.
Moreover, these results, along with the XRD results, confirmed
that K did modify the Imo-K1.00 diameter, which increased by
∼20% compared to Imo-Na1.00.
The NT length diminished as the K concentration increased,

reaching approximately 70 nm for Imo-K1.00, confirming that K
inhibited the NT growth along the tube axis.
A liquid-phase spectroscopic analysis (UV−vis) was

performed on all the differently aged samples. In parallel, the
initial reactive chemicals and the final solutions were evaluated
as well as a synthetic allophane solution with an Al/Si ratio
similar to that of the imogolite (Figure 4).
The spectra evidence the time evolution and changes in the

peak definition as a function of time. In Figure 4, the maximal
dispersion of the 262 and 304 nm peaks is observed; they are
related to the globular and cylindrical aluminosilicate structures
such as allophane and imogolite, respectively.1,10,41 During the
initial stages of the synthesis process an enhanced amount of K
was present in the solution. The allophane content increased,
and consequently, the allophane signal (at 262 nm) also
increased significantly. Simultaneously, the 304 nm peak only
slightly changed. This behavior is consistent with previous
research because imogolite formation only occurs during the
later synthesis stages (after more than 24 h).
After the aging time (120 h), and on the basis of the data

obtained from the UV−vis spectra, at a concentration of KOH
of ∼1.0 × 10−3 M (Imo-K1.00), the formation of two products
was favored: allophane and imogolite in practically equivalent
amounts. Instead, Imo-Na1.00 allophane only formed in
marginal amounts. This data is consistent with the TEM
observations (Figure 3). A different behavior was observed
when the maximal dispersion 304 nm signal, associated with the
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imogolite concentration as a function of aging over time, was
monitored. The latter suggests the existence of multiple
dynamic optical phenomena that occurred as a function of
time, similar to what Mukherjee et al. reported for alumino-
germanate NTs.1 In general, the content of K generated a larger
number of amorphous NPs, which mainly led to allophane.
This aluminosilicate formed immediately after the initial mixing

process but did not produce imogolite, since the latter required
a highly complex restructuring process that was strongly
conditioned by aging time and temperature.11,42,43

Imogolite NT Surface Changes Related to the NaOH/
KOH Ratio. The isoelectric point (IEP) is a parameter that is
highly sensitive to the surface changes that occur in these
materials.14,16 The IEP was obtained using electrophoretic
mobility techniques (Figure 5). Recently, Arancibia-Miranda et
al. determined variations in the imogolite IEP values for various
synthesis routes that were related to a single step in the process,
namely, the partial acidification of the precursors.14 IEP values
between 9.2 and 10.5 were obtained, which, due to the lack of
acidification of the precursors, were attributed to the increased
allophane content.3,15

To shed light on how Na and K impacted the surface charge
and composition of the different imogolite synthesis products,
several additional IEP measurements were performed. The IEP
at the end of the synthesis, after 120 h, is shown in Figure 5a. It
was observed that the IEP decreased as the K content
increased, reaching 8.60 ± 0.02 for Imo-K1.00, which was
almost 2.5 pH units lower than the 11.05 ± 0.02 determined for
Imo-Na1.00.
Figure 5b shows the pH variation as a function of time and

the Na and K content. At the end of the initial reactive mixing
process, the pH values for Imo-Na1.00 and Imo-K1.00 were 3.85
and 4.60, respectively, which evidenced the different chemical
precursor environments. These differences were related to the
allophane presence during the synthesis with NaOH/KOH, as
described in the literature.14,15 These surface and structural
changes, associated with pH variations, were due to the various
oxolation processes reported during the evolution and
formation of the imogolite.11,15,44 Each stage of the imogolite
synthesis process releases protons.15 Thus, the more the
synthesis progresses, the more protons are released with the
consequent drop in pH.14,15 The synthesis of imogolite made in
NaOH medium is completed to a much greater degree than the
synthesis made in KOH medium; consequently, the final pH of
the suspension will be more acidic when done in sodium
medium than when done in potassium medium. This indicated
that the precursor formation and subsequent assemblies of
more complex structures required the liberation of H+. This
was not the case for Imo-Na0.25 and Imo-K1.00. A more
significant way of observing the effect of the structural changes
on the pH was to represent the variation of this parameter as a
function of aging over time (Figure 5b, inset).
Recently Levard et al. studied the effect of different

hydrolysis ratios (from nOH/nAl = 0.5 to 3) on the synthesis
of Ge-imogolite, finding that this parameter is conditional to
the type of structure precursor to the formation of this
nanotube, where nOH/nAl > 2.0 generated structural defects or
inhibition of Ge-imogolite. Taking into account that result, it is
possible to assume that the same nOH/nAl ratio may have a
different effect on imogolite synthesis when done in Na or K
medium.19,45

This behavior suggested that the presence of KOH caused
the Al intermediates to form more thermodynamically stable
polymers that are not optimal for the formation of imogolite,
such as Al13O4(OH)24(H2O)8

4+, as previously proposed by
Wilson et al. In addition, KOH affected the SiO4

4− formation
because the base might have been involved in the TEOS
hydrolysis.27

The surface charge studies shed light, at a macroscopic level,
on the synthesis differences between the Na and K processes,

Figure 3. Representative low- and high-magnification HR-TEM
images of imogolite: (a, b) Imo-Na1.00; (c, d) Imo-Na0.75; (e, f) Imo-
Na0.50; (g, h) Imo-Na0.25; and (i, j) Imo-K1.00.
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on the basis of the internal and external surface compositions.
In fact, the behavior of silica, which was representative of the
inner active sites (≡Si−OH), and of alumina, which was
representative of the external sites (Al−OH and ≡Al2−OH),
contributed to our understanding of the differences. The
surface dissociation constants and surface complexation
constants were determined from potentiometric titration data
by applying the triple-layer model (TLM), developed by Davis
and co-workers.46−49 The surface charge dissociation constants
(Ka1 and Ka2) and the cationic and anionic complexation
constants (*Ka1 and *Ka2) are described by eqs 1−4.

↔ + = − Ψ+ +
+

+K e kTSOH SOH H a
(SOH)(H )

(SOH )
exp( / )2 1

2
o

(1)

↔ + = − Ψ− +
− +

K e kTSOH SO H a
(SO )(H )

(SOH)
exp( / )2 o (2)

+ + ↔ − *

=
−

− Ψ − Ψβ

+ − + −

− +

+K e kT

SOH H Cl SOH Cl

a
(SOH)(Cl )(H )

(SOH Cl)
exp( ( )/ )

2

1
2

o
(3)

Figure 4. UV−vis spectra of the solutions at various times during the reaction at 95 °C. (a) One-day aging. (b) Five-day aging. (c) Allophane and
reactants. (d) Concentration of the nanotubes, obtained from 304 nm excitation as a function of the growth time.

Figure 5. (a) Isoelectric point vs NaOH/KOH ratio for the different final products obtained after 120 h and (b) pH change of the nanotube
synthesis solution as a function of the reaction time and Na and K content. The inset illustrates the differential pH as a function of aging with time
(ΔpHa/Δt vs aging time).
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+ ↔ − + *

= − − Ψ − Ψβ

+ − + +

− + +

+K
M

e kT

SOH M SOH M H

a
(SOH M )(H )

(SOH)( )
exp( ( )/ )2 o (4)

where M+ corresponds to Na+ or K+, represented by the “o”
symbols on the left side, and β represents the plane of the
outer-sphere complexes. The activity of the protons located in
the superficial plane (H+

o) is related to the activity of the
protons in the solution through the Boltzmann equation (eq 5).

= − Ψ+ + e kT(H ) (H ) exp( / )o o (5)

In a similar way, the activity of the cations and anions forming
the outer-sphere complexes is also related to the activity in the
solution phase by eqs 6 and 7:

= − Ψβ β
+ + e kT(M ) (M ) exp( / ) (6)

= − Ψβ β
− − e kT(Cl ) (Cl ) exp( / ) (7)

The dissociation constants (Ka1 and Ka2) provide information
on the distribution of the positive, neutral, and negatively
ionized sites as a function of pH. The complexation constants
(*Ka1 and *Ka2) provide information on the anion (Cl−) and
cation (Na+ or K+) interactions with the surface.
In Figure 6, as an example, the potentiometric titration

curves carried out at I = 0.1 M KCl are shown. From these

curves, the PZNPC and, by applying the TLM, the surface
dissociation and complexation constants were determined
(Table 1).
The PZNPC values for silica (aerosil) and alumina were

within the values reported for similar materials when the point
of zero charge was determined through pH measurements.50

Only slight differences between NaCl and KCl were observed
(0.2−0.3 pH units), confirming the characteristics of the outer-
sphere complexes formed by both electrolytes.
The intrinsic dissociation constants were related to the

deprotonation from SOH2
+ to SOH (Ka1) and SOH to SO−

(Ka2) and clearly accounted for the more acidic surface active
sites of silica and the more alkaline surface active sites of
alumina. The data agree with the expected relationship of
PZNPC = 0.5(pKa1 + pKa2). From the intrinsic complexation
constants (*Ka1

int, *Ka2
int), it was possible to estimate the

interactions of Na+ and K+ with the surface by quantifying the
free energy involved in the process, as shown in Table 1. When
the electrolyte changed from Na+ to K+, 7.7% less energy was
required to approach the surface of the Si−OH groups, but
23.3% more energy was required for K+ to approach the surface
of Al−OH. Thus, from a macroscopic point of view, the
difference in the free energy when NaCl changed to KCl as the
electrolyte during the procedure to synthesize imogolite may
explain the differences observed. Thus, in NaCl, mostly
imogolite was obtained; in KCl, allophane and gibbsite were
the most important products of the same procedure.

Modeling the Effect of the NaOH/KOH Ratio on the
Imogolite Formation. The analysis of our results shows that
K generated several effects on the imogolite formation since the
byproduct (allophane) quantity and the NT length were
influenced by it. The presence of K accelerated the allophane
kinetics since it formed as soon as the reactants were mixed,
favoring the formation of allophane over imogolite. This could
be due to the different TEOS hydrolysis speeds for different
NaOH/KOH ratios, which generated a differential between Al
and Si that resulted in precursors (proto-imogolites) that were
not prone to properly reorder as imogolite. Since the
reordering process during aging was endothermic, this
suggested that K tended to quench the system, favoring
allophane, a product with less energy demand than
imogolite.14,39,45 This would explain the loss in crystallinity of
the XRD spectra and the IEP and pH changes.
In this way, the morphological differences between Imo-

Na1.00 and Imo-K1.00 originated during the formation of the
early precursors that led to the final imogolite raft structure. K
slightly changed the angles of these structures as a consequence
of their smaller sized hydrated radius (232 pm) compared to
that of Na (276 pm). The K surface group energy differences,
mainly due to ≡Si−OH (Table 1), also contributed (Figure 7).
These characteristics led to different curvatures of the proto-
imogolite clusters, a similar behavior has been reported in the
literature.3,33

Classical Molecular Dynamics Results. A synthetic
procedure for the preparation of monodisperse imogolite
remains elusive. From the point of view of the computational
models, a minimum of the strain energy has been reported as a

Figure 6. Potentiometric titration curves carried out at I = 0.1 M KCl
and 25 °C for alumina (Al2O3) and aerosil (SiO2).

Table 1. Point of Zero Net Proton Charge (PZNPC), Surface Charge Dissociation (pKa1
int, pKa2

int) and Complexation
Constants (p*Ka1

int, p*Ka2
int), and Free Energy (ΔG°) Involved for Aerosil and Alumina in KCl and NaCl

electrolyte PZNPC pKa1
int pKa2

int p*Ka1
int p*Ka2

int ΔG° (kcal mol−1) Cl− ΔG° (kcal mol−1) M+

aerosil 200 (SiO2)
KCl 4.9 2.6 7.3 2.8 7.0 3.8 9.5
NaCl 4.7 1.8 7.7 1.8 7.6 2.5 10.3

alumina girdler (Al2O3)
KCl 8.7 7.2 10.4 7.1 10.5 9.6 14.3
NaCl 8.4 6.5 10.0 7.8 8.5 10.6 11.6
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function of the diameter of the nanotube as the main key factor
for obtaining monodispersity.51−53 However, Yucelen et al.
showed that modification in the synthetic procedure leads to N
= 11−15, which results in values that are much higher than
those predicted.42,56 Finally, Lourenco et al. showed that the
energy minimum for Ge-Imogolite (total replacement of Si by
Ge) was much larger than that of pure imogolite.56 This aligned
well with experimental data for the Ge-imogolite nanotubes of
≈1 nm.10,25 Thus, it can be interpreted that the diameter of the
minimum energy found in the theoretical models is lower than
the diameter that can be obtained from bench work. In this
work, we replaced the H atoms of the inner wall of the
nanotube for K or Na atoms and calculated the power of the
nanotube as a function of energy. This was a simplified model
to understand, by means of computational modeling, the effect
of the use of NaOH or KOH during the synthesis process.
The results of our simulations are shown in Figure 8. H-Imo,

Na-Imo, and K-Imo correspond to the classical Na- and K-

replaced imogolite structures, respectively. For H-Imo, an
energy minimum of N = 8 was obtained, which was very close
to the N = 9 value. The diameter decreased within the range N
= 8−12, similar to values previously reported.51−53 We also
adjusted the size of the box along the imogolite axis and
obtained, for the length of the unit cell, 8.55 Å for N = 7 and
8.8 Å for N = 10, which were also quite close to other
theoretical results in the literature that were between 8.40−8.84
Å and the experimental results of 8.4−8.5 Å.10,52,55,57,58

When replacing the H atoms in the inner wall of the NT by
Na or K, the total energy increased, and the energy minimum
was shifted to N = 11 and N = 18, respectively. Which meant
that, first, the results were energetically more favorable for NTs
with H than with Na or K as a final product of the synthesis,
and second, we expected it to be less probable to obtain
imogolite NTs using K than Na. Finally, making a connection
between the present results and the work by Yucelen et al., it
appeared to be possible to tune the NT diameter by means of
the precursors.33

Quantum Treatment Results. The curling of gibbsite,
leading to the formation of imogolite, occurs when a SiOH
group located in a vacant octahedral gibbsite site forms SiO4
tetrahedrons. This process requires a shortening of the O−O
bonds around the vacant site, which in turn causes the gibbsite
sheet to curl.25,34,59

The SiO bond pointing out of the sheet is neutralized by the
proton. In practice, synthesis of imogolite is controlled by the
addition of small amounts of alkali and alkaline-earth metal
ions, which replace the protons and play the same role.
However, as discussed above, Na and K have different effects
on the formation of an imogolite tube. One can conjecture that
these alkali metals differently affect the curling process in such a
way that the use of K makes imogolite formation less probable.
To test this hypothesis, a simple model was used which
consisted of a small section of the proto-imogolite, as shown in
Figure 1c. The geometrical optimization of this structure was
performed in the case of Na and in the case of K. The sole

Figure 7. Shape of the metal oxide nanotubes. Cation effect: (a) 100% Na, (b) Na + K mixture, and (c) 100% K.

Figure 8. Thermodynamic average of E/N vs the number of
repetitions of the angular sector (Figure 1). The values were obtained
using the ReaxFF.
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purpose of this calculation was to determine whether Na and K
differently affected the formation of the orthosilicate structure.
To prevent a disarray of the original geometry and to keep its
general shape, the optimization was done in two steps. First, z-
coordinates were kept fixed while the other two were free to
move, and second, the optimization was done in the opposite
order.
The results of these simulations are shown in Table 2, which

shows that both tetrahedra were very similar. The same results

are illustrated in Figure 1c, where the green circles represent
aluminum atoms and A (yellow) represents a Si atom. The
labels B, C, D, and E are the neighboring oxygen atoms. These
results show that both Na and K had the same effect on the
formation of the orthosilicate. One can conclude that these
metals played a different role in the kinetics of the process and
not in the curling process of the proto-imogolite.

■ CONCLUSIONS
The effect of K+ and Na+ (KOH and NaOH) during the
synthesis of imogolite was investigated experimentally from a
structural and superficial point of view. The results were
validated by macroscopic modeling and computational
techniques (molecular dynamics and DFT). The experimental
results revealed a reduction in the crystallinity, changes in the
IR bands, and a displacement of the IEP toward more acid pH
values when the synthesis procedure moved from 100% NaOH
to 100% KOH. These facts were associated with the increasing
allophane-type amorphous structures that were produced as a
byproduct during the imogolite synthesis.
The dimensions of the nanotubes, estimated on the basis of

an HR-TEM analysis, showed a slight diameter increase, but a
significant reduction in the length of the imogolite synthesized
in the presence of KOH was observed, compared to the
imogolite obtained with 100% NaOH. No synthesis conditions
could be found for the formation of nanotubes with a
nonconstant diameter, an indication that their formation was
energetically unfavorable. The TLM method allowed a
macroscopic approach to the various systems that were studied,
thus providing a mechanistic and experimental support for the
different interactions among the active sites involved in the
synthesis of imogolite with both cations (Na+ and K+).
The numerical calculations confirmed that the synthesis of

imogolite using KOH was not energetically favored and that K+

did slightly modify the bond lengths and angles of the imogolite

precursors when compared to the NaOH synthesis; this energy
barrier and the geometry changes were the main causes of the
byproducts, such as allophane (which required less formation
energy), and of the diameter changes of the KOH prepared
imogolite.
This study proved that the synthesis of engineered imogolites

is a complex matter. Moreover, it depends critically on the
chemicals considered during the synthesis procedure and their
relevance for potentially modifying the imogolite at a molecular
scale.

■ MATERIALS AND METHODS
Synthesis of Imogolite. Imogolite was synthesized using

the procedure described by different authors.12,19 Briefly,
tetraethyl orthosilicate (TEOS) was added to an aqueous
solution containing 5 mM AlCl3 until an Al/Si ratio of 2:1 was
achieved. The TEOS hydrolysis was performed slowly by
adding a 0.01 mol L−1 solution of NaOH:KOH in the following
proportions: 1:0, 3:1, 1:1, 1:3, and 0:1, until an −OH/Al ratio
close to 2 was obtained. The mixture was stirred overnight and
heated at 95 °C in an oven for 5 days. Then, the maximum
yield of imogolite was reached for the regular procedure.

Characterization Methods. The imogolite samples were
characterized using Fourier transform infrared spectroscopy
(FT-IR; Tensor 27 Bruker spectrometer). Dry samples (3.0
mg) were pressed into a spectral-grade KBr matrix for the
measurements. Each spectrum was obtained by scanning the
sample 32 times, with a spectral resolution of 2 cm−1.
X-ray diffraction data were collected on a Philips X’Pert

diffractometer with graphite-monochromated Cu Kα radiation,
using oriented aggregates, which were prepared by drying water
suspensions of the samples on glass slides.
For UV−vis analyses, 5 mL samples were withdrawn from

the reactor and filtered through a 0.2 mm pore size syringe filter
to produce a dust-free sample containing only nanoparticles
(NPs). The UV−vis data were obtained on a Thermo Helios α
UV−vis spectrometer. A quartz cuvette was used as a sample
holder because it was optically transparent to UV radiation. The
sample morphologies were observed with a Zeiss EM-910
transmission electron microscope (HR-TEM) at an acceler-
ation potential of 80 kV, equipped with an Olympus Megaview
digital camera (Olympus, Ontario, Canada). Data analysis was
performed on 1376 × 1096 pixels images. Size/pixel resolution
was calculated as ∼0.72 nm/pixel in ImageJ software. A thin
layer of carbon was deposited on the surface by vacuum
evaporation, and the carbon/product film was separated from
the mica sheet by floating on distilled water. The separated film
was subsequently transferred to a perforated Cu support grid
for TEM measurements. The samples were acidified (0.01 mol
L−1 HCl) to improve the imogolite dispersion and to minimize
the presence of allophane.
The isoelectric point (IEP) was determined using electro-

phoretic mobility (EM) data, which were acquired using a
Zetameter System 4.0. The imogolite samples (∼100 mg) were
suspended in 200 mL of aqueous solution with an ionic
strength of 5.0 mmol L−1, and the EM was determined as a
function of pH. From the plot of EM versus pH, the value of
IEP was obtained by determining the pH value at which EM =
0. The pH of each suspension was adjusted by adding 0.01 mol
L−1 of HCl or XOH (where X = Na+ or K+).
The potentiometric titration was carried out with a

suspension of 300−400 mg of solids in 100 mL of 10−1 mol
L−1 KCl or NaCl equilibrated for 1 h and then titrated with

Table 2. Bond Lengths (in Å) and O−Si−O Angles (in deg)
for Imo-Na1.00 and Imo-K1.00

a

bond Na K

AB 1.6265 1.6263
AC 1.7190 1.7196
AD 1.7335 1.7382
AE 1.5650 1.5662
angle Na K

BAC 102.93 102.45
CAD 102.01 102.81
DAB 104.21 104.33
BAE 114.80 115.02
CAE 114.23 114.65
DAE 116.87 114.65

aA labels a Si atom, and B, C, D, and E are the nearest-neighbor O
atoms.
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aliquots of 0.1 M XOH (where X = Na+ or K+) or HCl every 10
min while recording the pH changes. The titration blanks were
similarly obtained using 100 mL of KCl or an NaCl solution of
an appropriate concentration. Titrations were carried out at
25.00 ± 0.01 °C, and the pH responses of the electrode were
calibrated with buffer solutions of pH 4.0, 7.0, and 10.0. For
each pH, the net charge density was calculated by the following
expression:

σ = Γ − Γ+ −( )H OH (8)

where ΓH+ − ΓOH− represent the concentrations (cmol kg−1) of
H+ and OH− interacting with the sample surface.
Quantum Molecular Dynamics. The geometry optimiza-

tion of the structures was performed using a DFT formalism, as
implemented in the VASP code,60,61 with pseudopotentials of
the projected augmented wave (PAW) and the exchange-
correlation parametrization given by Perdew et al..62 For the
dynamics, the plane wave cutoff was set to 150 eV. To avoid
self-interactions, a rectangular cell with sides of 15 × 15 × 25 Å
was used, with the longest side along the z-axis. The energy
cutoff was set at 150 eV.
Classical Molecular Dynamics: Simulation Details.

Classical Molecular Dynamics (MD) simulations with the
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMPS) code were used.63 The atomic interactions were
modeled with the ReaxFF potential,64 parametrized against the
interaction of the solute with organic molecules and
tested.65−68 We chose to use the Fast Inertial Relaxation
Engine (FIRE) in combination with conjugate gradient
minimizations to optimize the nanotube (NT) conformation
and the length of the simulation cell, with encouraging results.55

The LAMMPS implementation of FIRE does not allow you to
vary the length of the simulation box; however, it does
implement conjugate gradients. On the other hand, FIRE yields
lower energy structures. Because of these reasons, both
methods combined the cell length and structural optimization
successively and repeatedly to achieve both better conforma-
tions and cell lengths. For the imogolite structure, a model
proposed by Cradwick et al. with 7 ≤ N ≤ 20 values was
adopted.25,64 Periodic boundary conditions along the tube axis
and free boundaries along the other two dimensions were used.
Because ReaxFF has a cutoff radius of 10 Å, we used three
repetitions of the imogolite unit cell to ensure that we had a
box longer than 20 Å along the periodic axis. We repeated the
same procedure but replaced the inner H with Na and K. The
charge equilibrium was checked at every geometrical
optimization step.
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