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We synthesized three allophanes from precursors by a hydrothermal reaction at 100 °C for 48 h. The precursors
were formed from the solutions of NasSiO4 and AlCl; 6H,0 at different Si/Al molar ratios (0.5, 0.75, 1.0). The
nanostructure of the synthetic allophanes was compared with that of a natural allophane from New Zealand
by using X-ray diffractometry, energy dispersive X-ray spectroscopy, Fourier-transform infrared spectroscopy,
thermogravimetry/differential thermal analysis, 2°Si and 2’Al magic angle spinning (MAS) nuclear magnetic
resonance (NMR), field emission electron microscopy, and pore-size distribution based on the Cranston-Inkley

ﬁﬁﬁgﬁ;‘f&s method. The propensity of the allophanes to adsorb adenine and adenosine-5’-monophosphate (5-AMP) was
Nanoparticles assessed by batch experiments. The adsorption data were fitted by the Freundlich equation and the adsorption
Adenine parameters were discussed in relation to the properties of the natural and synthetic allophanes. The
5'-AMP adsorption capacity (K¢) of the natural allophane for 5'-AMP was three times that for adenine. The average K¢
Adsorption value of the three synthetic allophanes for 5'-AMP was more than twice that of the natural allophane, possibly

due to the higher purity of the synthetic allophanes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In many parts of the world water bodies are becoming increasingly
contaminated by compounds from a wide range of human activities
such as agriculture, manufacturing, energy consumption, and waste
disposal. A report from the World Health Organization (WHO) shows
that at least 1.1 billion people in the world lack access to improved/
safe water sources and more than 2.6 billion are without basic sanita-
tion (WHO, 2007). Thus, there is an increasing demand on research
for cost-effective materials and technologies for water treatment.

Particle size and surface area are important features of adsorbent
materials for use in water treatment to remove toxic and carcinogenic
contaminants (Theng and Yuan, 2008). A small particle size, a large
specific surface area, and surface functional groups of materials are
often desirable for their better adsorption of extraneous contaminants
(Yuan and Wada, 2012). In this regard, allophane is the nanomaterial
of choice for environmental applications because of its ability of adsorb-
ing cations (e.g., Cu®>"), anions (e.g., phosphate and arsenate), and
organic molecules. Allophane is a short-range-order clay mineral and
occurs in some soils derived from volcanic ejecta. The primary particles
of the allophane are hollow spherules with an outer diameter of
3.5-5.0nm and a perforated wall about 0.6-1.0 nm thick (Brigatti
etal., 2006 and references therein). The specific surface area of allophane
is as high as ~900 m?/g, which is often larger than that of activated
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carbon. Further, the (OH)AI(OH;) groups exposed on the wall perfora-
tions are the source of the pH-dependent charge characteristics of allo-
phane. They become *(OH,)AI(OH,) by acquiring protons on the acid
side of the point of zero charge, and become (OH)AI(OH) ~ by losing pro-
tons on the alkaline side. Finally, the groups can form inner-sphere com-
plexes with the carboxylic groups of organic compounds (Yuan and
Wada, 2012).

Allophane content in volcanic soils is variable, usually much lower
than the upper limit of 35-40%. In other words, natural allophane
contains undesirable impurities like sand, silt, and clay-size particles
that are difficult to be separated. Thus, naturally derived pure allophane
with consistent compositions and properties is not commercially avail-
able. Rather, natural allophane has a variable composition: its Si/Al
molar ratio changes with the environment (Parfitt, 1990) and is typical-
ly between 0.5 and 1. In this report, three synthetic allophanes with
different Si/Al ratios were prepared and characterized. The adsorption
properties were assessed against a natural allophane, using adenine
and adenosine 5’-monophosphate (5’-AMP) as adsorbates. 5-AMP is
a nucleotide and adenine plays an important role in biological systems.

2. Materials and methods
2.1. Allophanes
A New Zealand allophane (NP76) sample was obtained by the dis-

persion of a subsoil sample (from New Plymouth in the North Island)
in water at pH 3.5 by ultrasonication, sedimentation under gravity,
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separation of the <2 um fraction, coagulation with 1 M NaCl at pH ~6.5,
and dialysis against deionized water until free of chloride. The Si/Al
ratio of the sample was determined by dissolution in acidic ammonium
oxalate solution (Theng et al., 1982).

The precursor gels (Si/Al ratio=0.50, 0.75 and 1.00) for the allo-
phane synthesis were prepared by mixing and stirring (for 1 h) of
100 mM of sodium silicate, ortho (NaSiO4, Nacalai-Tesque) and alu-
minum chloride hexahydrate (AlCl;-6H,0, Sigma-Aldrich). The so-
dium chloride formed was removed by centrifugation at a speed of
5000 rpm for 5 min. The precursors were then autoclaved at 100 °C
for 48 h (Ohashi et al., 2002). The high feed concentration was neces-
sary for a high yield of allophane that would be suitable for the syn-
thesis on an industrial scale.

The synthesized samples were designated as 100Si/Al-x (x: Si/Al
ratio; for e.g., 100Si/Al-1.0) and ‘Pre-’ refers to the precursors.

2.2. Characterization

The crystal structure of allophanes was characterized by wide-
angle X-ray diffraction (WAXD) (Mxlabo, MAC Science Co., CuKa
radiation, wavelength A =0.154 nm), and structural changes were
determined by Fourier-transform infrared (FTIR) spectra collected at
a resolution of 2cm™! using a FTIR spectrometer (FT-730, Horiba
Ltd). The morphological features of the allophanes were observed
by field emission scanning electron microscopy (FE-SEM) (S-4700,
Hitachi Ltd) equipped with elemental analysis by energy dispersive
X-ray spectroscopy (EDX) (EMAX-7000, Horiba Ltd) after the samples
were sputter-coated with platinum under an argon pressure of 10 Pa
for 1 min at a current of 10 mA.

The chemical and structural surroundings of both Si and Al ions
were measured using 2’Al and 2°Si magic angle spinning (MAS)
solid-state nuclear magnetic resonance (NMR). The 2’Al and 2°Si
solid-state MAS NMR spectra were collected with a Varian Unity
INOVA 400 spectrometer (9.4 T) equipped with 4-mm and 7.5-mm
chemagnetics double-resonance MAS probes, respectively. The reso-
nance frequency at this magnetic field was 104.19 MHz for 2’Al and
79.44 MHz for 2°Si.

For %Al MAS NMR measurement, the spectra were taken after /2
pulse irradiation (1.1 ps as a pulse width) with a recycle time of 1 s.
The number of transients was selected as 1024 in order to improve
the signal/noise ratio and the samples were spun at 10 kHz. For 2°Si
MAS NMR measurement, /2 pulse irradiation (4.0 us as a pulse
width) was also used. The recycle time, the number of transients,
and the sample spinning rate were 10 s, 4096, and 5 kHz. The chem-
ical shifts for 27Al and?°Si were referenced to the positions of
[Al(H,0)g]>* of 1 M Al(NO3)5 aqueous solution and tetramethylsilane
(TMS).

The thermal behavior was determined by thermogravimetry/
differential thermal analysis (TG/DTA 6300, Seiko Instruments Inc.) at
a heating rate of 5 °C/min under air with a flow rate of 260 ml/min.

The pore volume and pore size distribution were measured by the
Cranston-Inkley (CI) method (Cranston and Inkley, 1957) using a ni-
trogen adsorption-desorption approach (BELSORP-mini, Bel Japan,
Inc.). The specific surface area was estimated by the t-method
(Lippens and de Boer, 1965).

2.3. Adsorption experiments

Adenine was purchased from Kanto Chemicals, Japan, and 5’-AMP
from Wako Pure Chemicals, Japan. 10 mg of a synthetic allophane,
natural allophane, or a precursor gel was dispersed in 10 ml of
0.1-2.0 mM aqueous solutions of adenine or 5'-AMP and shaken for
60 h at room temperature. The dispersions were then centrifuged
at 5000 rpm for 10 min. The total organic carbon (TOC) and total ni-
trogen (TN) in the supernatants were measured by an Analytik Jena

multi N/C 2100S instrument, using the combustion method at 800 °C
after four-point calibration.

2.4. Molecular modeling of adsorbates

Using a molecular dynamics program (MM3 Scigress, ver.2.1,
Fujitsu Ltd.), we proposed the molecular dimensions of adenine and
5’-AMP by taking their van der Waals radii into account. Optimization
of the molecular structure was based on the minimization of the total
energy of the molecular system.

3. Results and discussion
3.1. Morphological features

Based on the morphology of the allophane samples, Fig. 1 shows
the probable structure of the spherule wall, the wall perforations,
and the intra-spherule void. The overall size of a single allophane par-
ticle is ~5 nm. The functional groups (HO)AI(OH,) exposed on the
wall perforations play a significant role in the adsorption processes.

The nitrogen adsorption-desorption isotherms of two synthetic
allophanes (Fig. 2) were type IV isotherms with some hysteresis
loops indicating mesopores (Mohanan et al., 2005). For 100 Si/Al-
1.0, the loop area and the amount of adsorbed nitrogen were less
than those of 100 Si/Al-0.5.

The pore-size distribution of natural and synthetic allophanes and
precursor showed a peak at ~1.9nm (Fig. 3). Natural allophane
(NP76) and synthetic allophane (100Si/Al-0.5) had a similar Si/Al
ratio but different pore sizes and volumes. The larger specific pore
volume of 100Si/Al-0.5 compared to100Si/Al-1.0 (Table 1) was pre-
sumably due to the contribution of the pore radius (R) in the range
of ~3.0 nm (Fig. 3). For the allophanes, but not for the precursors,
the appearance of a peak at ~1.9 nm was a common feature.

The FE-SEM image of NP76 clearly shows the spherical nature of
allophane observed (Fig. 4a). The high resolution image of transmis-
sion electron microscope (Yuan and Wada, 2012) showed clustered
or agglomerated particles, rather than singular particles. Removal of
the humic substances from this natural allophane by 10% H,0, at
100 °C for 12 h (Hashizume and Theng, 2007) resulted in the disinte-
gration of the bulk into smaller aggregates (Fig. 4c). The EDX spec-
trum of NP76 (Fig. 4(d)) confirmed the presence of impurities such
as Fe-containing minerals, which also appeared in the spectrum of
H,0,-treated allophane (image not shown).

The average value of the particle size, was estimated from the SEM
images (Fig. 5) as described by Sinha et al. (2003). The particle size of
synthetic allophanes increased from 18.0 + 3.8 to 22.9 + 4.2 nm with
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Fig. 1. Schematic representation of allophane structure.
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Fig. 2. Nitrogen adsorption-desorption isotherms of synthetic allophanes: (a) 100Si/
Al-0.5; (b) 100Si/Al-1.0.

increasing Si/Al ratio due to the increased amount of Si in the inner
sheet of the particles. The average particle size was much larger
than that of the primary particles of allophane because of aggregation.
The size of the precursor, Pre-100Si/Al-0.5 without pores (Fig. 5c),
was much larger than that of the corresponding synthetic allophane.
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Fig. 3. Pore-size distributions of (a) NP76; (b) Pre-100Si/Al-0.5; (c¢) 100Si/Al-0.5; (d) 100
Si/Al-0.75; (e) 100Si/Al-1.0.

The reason is presently not obvious. However, the precursor showed
a spherical morphology. As revealed by 2’Al and?°Si MAS NMR ana-
lyses (Fig. 9), the hydrothermal reaction densified the structure of
the precursor particles.

3.2. Structural changes

Fig. 6 shows the characteristic FTIR spectra of NP76 and synthetic
allophanes in the region of 1800-400cm~'. A band located at
3450 cm~ ! (data not shown) was assigned to the structural OH
stretching mode, (v(OH)), and the band at 1645 cm™! was due to
the hydroxyl bending vibration (8(OH,)) from absorbed water. The
characteristic bands were observed in the range of 1200-800 cm ™!
(stretching mode: v(Si—0) and/or v(Al-0)) and 800-400 cm !
(v(Si-0-Si) and/or v(Al-0-Si)). The bands at 1025cm~"! and
974 cm ™ ! were characteristic of gibbsite, showing an increased gibb-
site formation with increasing Si/Al ratio (Loyghnan, 1969). The pres-
ence of well-ordered gibbsite in 100Si/Al-0.5 was also confirmed. The
intensity ratio of [v(Si—0) and/or v(Al-0)]/[v(Si—0-Si) and/or
v(Al-0-Si)] increased with the Si/Al ratio in the parent solutions.
This trend adversely affected the formation of gibbsite. The bands
at 670 and 430 cm ™~ ! originated from the peculiar wall structure
of allophane ((HO)Si(OAl)3) (Parfitt, 1990). The FTIR spectra of
H,0,NP76 and NP76 with similar bands imply that the removal of
humic substances did not affect the internal structure of the natural
allophane.

The WAXD patterns of NP76 and synthetic allophanes showed a
broad reflection at 20 ~26° (0.34 nm) and ~40° (0.23 nm), indicating
the amorphous nature. However, a small shoulder at 26 =6-12°
(0.74-1.5 nm) suggested the short-range order of allophanes (Van
der Gaast et al., 1985). Thus, allophanes are more appropriately de-
fined as nanosized, short-range ordered aluminosilicates (Fig. 7).

The strong 002, 200, and 312 reflections at 20=18.18°, 20.18°
and 40.48° were assigned to gibbsite. The enhanced formation of
a gibbsite phase at a high ratio of Al (Si/Al=0.5) was accompanied
by the appearance of three different pore radii (1.06, 1.91 and
3.09 nm) (Fig. 3).

The sharp reflections observed in NP76 were due to the Fe-
containing impurities, as also confirmed by the EDX data (Fig. 4d).
This natural allophane might have a significant structural variation
due to irregularities in the pore structure.

The TGA curves of H,O,NP76 indicated a 5% decrease in mass com-
pared with NP76 due to the removal of the humic substance by H,0,
(Fig. 8). The natural and synthetic allophanes showed similar TG ther-
mograms. They lost absorbed water between 50 and 110 °C. 100Si/Al-
0.5 exhibited a significant mass loss at around 250 °C, accompanied
by a corresponding endothermic peak which was due to the dehydra-
tion and decomposition of gibbsite. The natural allophane showed a
much lower mass loss at 500 °C. Its thermal stability was much better
than that of the synthetic allophanes, presumably due to the various
cationic impurities in the balance of spherule structure.

Fig. 9 shows 2’Al and 2°Si MAS NMR spectra of allophanes. The
peak at — 78 ppm of the 2°Si spectrum corresponds to the wall struc-
ture ((HO)Si(OAl)3) consisting of Si tetrahedra attached to three alu-
minol groups (Al-OH) of the gibbsite sheet and one silanol group
((Q33YiAl) by Engelhardt (1996)). In the notation Q", where Q is the
Si atom bound to four O atoms with a tetrahedral structure and n in-
dicates the connectivity. No significant peak shift at —78 ppm was
observed for all precursors and synthetic allophanes. There was a
broad resonance between — 83 and — 89 ppm. This peak may suggest
that the different chemical structure surroundings of the Si atoms
shift the resonance to higher or lower values with the number of Al
atoms bound to the central Si atom.

With increasing Si/Al ratio, the broad peak around —85 ppm
shifted towards a lower value. This trend was more obvious for
the precursors than for the corresponding synthetic allophanes,
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Table 1

Properties of natural and synthetic allophanes.
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Samples Particle size/nm Molar Si/Al® ratio Pore size” 2R,/nm Pore specific volume/mm?>/g Specific surface area/m?/g
NP76 - 0.53 3.82 - ~900°

100 Si/Al-0.5 18.04+3.8 0.56 2.12,3.82,6.18 464 700

100 Si/Al-0.75 20.6+4.2 0.82 3.64 - -

100 Si/Al-1.0 229+42 1.07 3.80 109 630

Pre-100 Si/Al-0.5 21.3+£52 0.63 nil - -

@ Calculated by EDX except for NP76 (calculated from acid ammonium oxalate extractable Al and Si contents).

b Estimated by the CI method.
¢ Hashizume and Theng (2007).

indicating that allophanes were structurally more stable than precur-
sors. In this study, a clear explanation could not be obtained. However,
the major chemical shifts of Q>1VAl (—84 to —91 ppm) and Q32V'Al
(—81 to —86 ppm) (Engelhardt, 1996) were due to the formations
on the convex surface of the spherule wall of allophanes with Si/Al
ratio.

In the case of NP76, the resonance at — 93 ppm was related to the
impurities, as suggested by Hiradate (2004). These impurities includ-
ed volcanic glasses and silica gels.

In the 27Al NMR spectra, the 5 ppm peak indicates Al atoms with
octahedral coordination (V'Al) while the peak at 60 ppm corresponds
to tetrahedrally coordinated Al atoms ("VAl) (Hiradate and Wada,
2005). The Al atoms were substituting the Si atoms of the outer-
sheet and represent the octahedral gibbsite layer. A weak peak at
35 ppm in the spectra of the precursors indicated fivefold coordinate
Al atoms of the disordered structures. Due to the structural transfor-
mations of the precursor into the allophane formation, both iv and v
Al atoms disappeared. The reduction of the Si/Al ratio (from 1.0 to
0.5) exhibited a decrease in the integral intensity (Iiv)/Iviy) of the
synthetic allophanes due to the formation of octahedral gibbsite
layers (Fig. 10).

3.3. Adsorption properties

The adsorption isotherms of adenine and 5’-AMP on natural and
synthetic allophanes (Fig. 11) were fitted by the Freundlich equation
(r’>0.90),

Quas = KelA]" (1)

where K is the relative adsorption capacity of the adsorbent and N is
the adsorption intensity, which describes the shape of the isotherm
(Table 2). The adsorption isotherms exhibited a marked curvature,
with slopes (1/N) significantly <1.0, indicating a convex curvature
or L-type isotherm. The slope of the isotherms decreased with in-
creasing adsorptive concentration because the vacant sites became
less accessible with progressive covering of the adsorbent surface
(Giles et al., 1960).

The adsorption of 5'-AMP by NP76 showed a much larger value of
K¢ (0.18) than that of adenine. The removal of humic substances
by H,0, slightly increased the K; The humic substances and the
metallic impurities of NP76 significantly reduced the adsorption in

1.00ury

VES  60.000 cps
d
Fe
Sca Fe Pt
W W ‘ - -
0.00 keV 10.24 keV

Fig. 4. (a) FE-SEM image of (a) NP76, (b) the magnified HR-TEM image of the inset region, (c) FE-SEM image of H,0O, reacted NP76 and (d) EDX spectra of NP76. The arrows indicate

the unit particle of aluminosilicate allophane with an outer diameter of 3.5-5.0 nm.
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$4700 3.0V 6.1mm x 100k SE(M)

100Si/Al-0.75

[
$4700 3.0kV 9.0mm x100k SE(M)

Fig. 5. FE-SEM images of synthetic allophanes: (a) 100Si/Al-0.5; (b) magnified image of the inset region; (c) precursor of 100Si/Al-0.5; (d) 100Si/Al-0.75.

comparison with synthetic allophanes. The absence of pores might
have contributed to the low K; value of the precursor.

Because of the incompatible dimensions of the wall perforations
(~0.3 nm) of allophane and the size of adenine and 5-AMP (Fig. 12),
the adsorptives could not enter the internal cavity of allophane. Thus,
the SiOH groups on the internal surface of allophane did not contribute
to the adsorption of adenine and 5-AMP. However, the allophane
spherules existed as aggregates and not as single particles. The intersti-
tial space between the spherules could accommodate adenine and 5’-
AMP molecules. Electrostatic, hydrogen bonding and van der Waals
interactions also contributed to the adsorption of these molecules.

Analysis of the adenine and 5’-AMP adsorption isotherms suggest
that the adsorbed molecules likely form monolayers. The larger K¢
value for 5'-AMP (Table 2) compared to adenine suggests a superior
adsorption. The adsorption of 5'-AMP was facilitated by the interaction

of the phosphate groups with the Al- OH groups on the wall perfora-
tions, involving the formation of inner-sphere complexes through a
ligand-exchange reaction between Al-OH and (HO),OP=0 groups
(Hashizume and Theng, 2007).

4. Conclusions

Three allophanes with Si/Al molar ratios of 0.5, 0.75 and 1.0 were
synthesized and compared with a natural allophane sample. The nat-
ural and synthetic allophanes were poorly crystalline and consisted
of hollow spherules of ~3.8 nm internal diameter and a characteristic
wall structure composed of (HO)Si(OAl)s groups. The adsorption of
5’-AMP (K;) on the natural allophane sample was three times higher
compared to adenine. The strong adsorption of 5’-AMP by allophane
may be due to the formation of inner-sphere complexes between the
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Fig. 6. (a) FT-IR spectra of natural and synthetic allophanes in the region of 1800-400 cm ™. Data on the Y-axis were shifted to avoid overlapping. (b) intensity ratio of [v(Si—0)

and/or v(Al-0)]/[v(Si—0-Si) and/or v(Al-0-Si)] versus Si/Al ratio.
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Al-0H and (HO),0P=0 groups. The average K; value (0.39) for the
5’-AMP adsorption on the synthetic allophanes was distinctly higher
than for the natural allophane (0.18). This may be explained by the
higher purity of the synthetic allophanes. The influence of the Si/Al
ratio on the adsorption of 5'-AMP by the synthetic allophanes was
not consistent. In the applications side, the possibility of using alter-
nating layers of natural and synthetic allophanes in a filter system for
water purification may be considered for a better cost-effectiveness.
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Fig. 8. TGA/DTA curves of (a) NP76 and H,0,NP76; (b) synthetic allophanes of 100Si/
Al-0.5 and 100Si/Al-1.0.
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Table 2
The adsorption parameters of allophanes calculated from the Freundlich equation.
Adsorbates Adsorbents K mmol/g mmol/L~ "N N— 22
Adenine NP76 0.05 1.1 0.96"
H,0,NP76 0.06 1.1 0.90
5’-AMP NP76 0.18 13 0.98
100 Si/Al-0.5 0.39 1.2 0.97
100 Si/Al-0.75 0.31 12 0.93
100 Si/Al-1.0 0.48 1.5 0.96
Pre-100 Si/Al-.05 0.09 1.0 0.99

2 The values are calculated by a log-log linear regression.
* Significant at p=0.05 level.

a

Fig. 12. Molecular dimensions of adsorptvies: (a) adenine; (b) 5'-AMP.
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