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and diatomite, and the Si-O-Al(OH) groups were formed during the condensation reaction. Al incorpo-
ration by the condensation reaction of hydroxyl groups of Al;3 with single silanols of diatomite occurred

i‘f{m‘gfiration more readily than that with geminal silanols. The Al incorporation increased solid acidity of diatomite
Diatomi?e after Al incorporation. The acidity improvement was various for different types of acid sites, depending
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Solid acidity increased greatly after heating at 250 and 350 °C, but only L acid sites significantly improved after heat-

ing at 500 °C. These results demonstrate that the structural incorporation of AI** ions into diatomite can
occur by the condensation reaction of the hydroxyl groups of the Al precursors and diatomite. Moreover,
the rich solid acid sites of Al-incorporated diatomite show its promising application as a solid acid
catalyst.
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1. Introduction

Diatomite, also known as diatomaceous earth or kieselguhr,
arises from the assemblage of the mineralized exoskeletons of dia-
toms, which have various macroporous structures with pore sizes
extending from the nanometric to the micrometric domains [1,2].
Diatomite is primarily composed of amorphous hydrated silica
(Si0,-nH,0), which is categorized as non-crystalline Opal-A,
according to the mineralogical classification [3,4]. Diatomite is
easily obtained at very low cost and has many unique physical
and chemical characteristics, enabling their wide uses in a variety
of applications for high-performance technologies; thus and
widely utilized [5-8,2,9-12].

Aluminum (Al) also exists in diatomite in addition to other
major elements of silicon (Si) and oxygen (O). Because the exis-
tence of Al in the structure of diatomite is demonstrated to effec-
tively lower the solubility of diatomaceous silica and is beneficial
to the preservation of diatomite [13-17], many studies focus on
the properties of structural Al in diatomite, such as its content
and coordination number (tetrahedral or octahedral coordination)
[18-22]. In addition, researchers have estimated the transport of Al
from the oceans’ surface to the sediment [23-25] by studying the
structural Al in diatomite. This is an effective estimator because
the Al/Si ratio can be as high as 0.16 [14,15,26], and the diatoma-
ceous earth form is the most abundant form of silica on earth [27].

The existence of Al in the structure of diatomite affects the
structure and surface properties. For example, the size of the
nano-silica balls, which are the basic components of the diatom
shell [28,29,2], most likely changes with the presence of Al in their
framework because of the different sizes of Al and Si. In addition,
the surface charge and solid acidity vary before and after Al incor-
poration into the structure [1,9]. However, the effect of Al incorpo-
ration on the structure and surface properties has not been
investigated.

Moreover, the uptake of structural Al into diatomite is believed
to contribute to the biological uptake by living diatoms
[30,31,14,32,33,22] and the post-mortem enrichment during the
digenetic process [26,22,34]. For the former, Al uptake of diatoms
during frustule biosynthesis does not exceed 0.8%, even when the
diatoms are grown in high Al concentrations [24,33]. For the latter,
previous studies have shown the Al incorporation into the frame-
work of diatomite by mimicking the deposition process of the dia-
tom shell at the sediment-water interface [26,22,34]. A new
aluminosilicate phase might form during the process and coat
the surface of the diatom frustules [22]. However, to best of our
knowledge, no definitive mechanism of Al incorporation into the
diatomite framework has been provided.

In this study, hydroxyl aluminium polymer (Al;3) was loaded
onto the surface of diatomite, and then the obtained composition
was heated to various temperatures to incorporate Al into the
structure of diatomaceous silica. Detection of the incorporation
was performed by combining X-ray diffraction (XRD), solid-state
nuclear magnetic resonance (NMR) and Fourier transform infrared
spectroscopy (FTIR) to investigate the feasibility and possible
mechanism of structural incorporation of Al into diatomite as well
as the effect of Al incorporation on the solid acidity of diatomite.

2. Materials and methods
2.1. Diatomite

Diatomite (CAS: 6179053-2) was purchased from Sigma-
Aldrich, Inc., which was sourced from the diatomite mine of Jilin

Province, China. The dominant diatoms in the diatomite were of
the genus Coscinodiscus Ehrenberg (Centrales) and were

disk-shaped, with a highly developed macroporous structure. The
diatomite samples were denoted as Dt (for the morphology, chem-
ical compositions and porosity, see the Supplementary Data).

2.2. Preparation of Al-incorporated diatomite and measurement of
solid acidity

Al-incorporated diatomite was prepared as follows. The tride-
cameric aluminium polymer [AlO4Al;5(OH),4(H20)15]7" (alu-
minium chlorohydroxide solutions, named Al;3; for details see
the Supplementary Data) was loaded onto the surface of the diato-
mite, and then the obtained diatomite-Al;3 composite was heated.
Heating was performed in a programmable temperature-
controlled muffle oven at 250, 350 and 500 °C for 3 h. The obtained
samples were ground into powder in an agate mortar and denoted
as Dt/Alyso, Dt/Alssg and Dt/Alsgo, respectively. The morphology
and macroporous structure of the diatomite remained intact after
Aly3 loading and heating (see the Supplementary Data, Fig. S1).

NH;3 adsorption was performed at room temperature. Approxi-
mately 0.3 g of diatomite and Al-incorporated diatomite was
spread on the bottom of a ceramic crucible to form a thin layer
and was evacuated for 1 h. NH; was then slowly introduced and
maintained airtight for 48 h. Then, the samples were heated at
120°C for 1 h under vacuum to remove the physically adsorbed
NHs. The resulting NHz-adsorbed samples were denoted as Dt-
NH3, Dt/Alzgo-NH3, Dt/Al350—NH3 and Dt/Al500-NH3. Moreover, the
re-adsorption of NH3 was carried out for KBr pellets prepared by
KBr and NH3-adsorbed diatomite or Al-incorporated diatomite fol-
lowed by the above processes before FTIR analysis. The NH5 re-
adsorption was to avoid the replacement of NH3 by water during
the preparation of KBr pellets.

2.3. Characterization

The XRD patterns were obtained using a Bruker D8 Advance
diffractometer with a Ni filter and Cu Ko radiation (4 =0.154 nm)
using a generator voltage of 40 kV, a generator current of 40 mA,
and a scan rate of 1° (20)/min.

The solid-state NMR experiments were performed at Bo=9.4 T
on a Bruker AVANCE Il 400 WB spectrometer. The corresponding
resonance frequency of 29Si was 79.5 MHz. The samples were
packed in a 7 mm ZrO, rotor and spun at the magic angle (54.7°)
with a spinning rate of 7 kHz. 2°Si MAS NMR spectra were acquired
using a 90° pulse of 6.01s and a recycle delay of 60s. The 2°Si
chemical shift was referenced to kaolinite at 91.5 ppm.

FTIR spectra were obtained using the KBr pressed pellet method
with a Bruker VERTEX 70 Fourier transform infrared spectrometer.
The KBr pellets were prepared by pressing the mixtures of 0.9 mg
powder and 80 mg KBr. All of the spectra were collected at room
temperature using 64 scans over the range of 4000-400 cm™! with

a resolution of 4 cm™!.

3. Results and discussion
3.1. Al incorporation into the diatomite structure

3.1.1. XRD

The XRD pattern of Dt (Fig. 1) is characteristic of one broad
reflection centred at approximately 22.5° (20), which is in good
agreement with that of the reference amorphous Opal-A [10]. A
wide and asymmetrical shoulder reflection is displayed in the
XRD pattern of Dt and is centred at approximately 6.5° (20)
(Fig. 1). The reflection is attributed to the clay minerals attached
to the surface of diatomite. Note that it is difficult to attribute
the reflection to one (or more than one) specific clay mineral(s)
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Fig. 1. XRD patterns of Dt and its Al-incorporated products.

based on only one characteristic reflection. The clay minerals
impurity, however, is also contained in Dt, which is proved by
the reflection, although its quantity is small (<5 wt.%, based on a
semi-quantitative calculation). After Al incorporation of diatomite
at various temperatures, no evident difference in the 22.5° reflec-
tion was observed, and no new reflection appeared, indicating that
the framework structure of diatomaceous silica is well maintained
and that no new crystallized mineral is formed during Al incorpo-
ration of diatomite. Note that Al;3 should transform into y-alumina
(y-Aly03) after heating at 500 °C and should show broad and weak
characteristic reflections, as reported by studies in the literature
[35-37]. However, the typical reflection of y-Al,05, similar to the
result of Al;3 pillared interlayered clay [37], cannot be observed
in the calcined composition of Al;3 and diatomite (Dt-Alsgo), which
was because only the y-Al,0; microcrystals, rather than well-
crystallized y-Al,05 particles were formed. Moreover, the d spacing
of the 6.5° reflection decreases from 1.6 nm for Dt to 1.0 nm for Dt-
Alsgo, which is due to the desorption of interlayer water in the clay
minerals or deconstruction of clay minerals.
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Fig. 2. 2°Si MAS NMR spectra of Dt and its Al-incorporated products.

3.1.2. 2°Si MAS NMR spectra

The chemical shift signals of the 2°Si MAS NMR spectrum of Dt
at —112.2, -101.3,and —-92.7 ppm (Fig. 2) are assigned to the silox-
ane bridge (Si(0Si),), single silanols (Si(OSi)3(OH)), and the gemi-
nal silanol (Si(OSi),(OH),) of diatomaceous silica, respectively
[12]. The signal of the Si(0Si), group is much stronger than the
others, showing a predominant formation among all of the silicon
groups of Dt. The weak shoulder peaks of the single and geminal
silanols imply that their amounts are small, which is consistent
with the results in our previous study.

After Al;3 loading and subsequent heating from 250 to 500 °C,
the signal of the Si(OSi)3(OH) group is gradually weakened and
cannot be distinguished in the Dt/Alsqg sample (Fig. 2). However,
blank tests without Al;3 loading reveal that heating at these tem-
peratures does not affect the group (see Supplementary Data,
Fig. S2). In this case, the decrease of the signal is attributed to
the condensation reaction of the hydroxyl groups of Al;3 and diato-
mite. In addition, the heating temperature affects the condensation
reaction, indicating that for higher temperatures, an increased
number of single silanols of diatomite reacted with Aly3 hydroxyl
groups. Note that no new signal attributed to the products of the
condensation reactions appears, which is due to the low product
amount and its signal overlapping with those of other silicon
groups. Moreover, the signal shift of another silicon of diatoma-
ceous silica, the geminal silanol (Si(OSi),(OH),), shifts higher; how-
ever, the peak pattern after Al;3 loading and heating at 250 and
350°C and the relative area of the signal display no evident
changes. The nearly complete disappearance of the signal shift
occurs after Al loading and heating at 500 °C, indicating that the
condensation reaction of the hydroxyl groups of Al;3 with single
silanols is substantially more difficult than that with geminal
silanols.

Based on these fundamental results, one possible mechanism
for the structural incorporation of AI** ions into diatomite is attrib-
uted to the condensation reaction of hydroxyl groups, which is pro-
posed in this study for the first time. Therefore, the structural Al in
natural diatomite is demonstrated as sourced from the post-
mortem enrichment of Al, except for the biological uptake by living
diatoms.

313 IR

The bands at 1103, 470, and 800 cm™! in the Dt spectrum are
attributed to in-plane Si-O stretching, Si—-O-Si deformation, and
symmetric Si-O stretching of diatomite, respectively [38,39,12].
In addition, the weak shoulder band at 3745 cm™! is assigned to
the isolated O-H stretching of diatomite [12]. The bands at 3420
and 1630 cm ™! are attributed to the O-H stretching and deforma-
tion of adsorbed water on the Dt surface [38], respectively. More-
over, the bands at 3625 and 910 cm™! in the Dt spectrum are
assigned to the O-H stretching and deformation vibrations of the
clay minerals attached to the surface of diatomite, respectively,
and the 536 cm™! band is attributed to the Si-O-Al vibration of
the clay mineral impurity [40]. The clay mineral bands are weak,
indicating that only a few clay minerals are attached to the surface
of diatomite.

The intensity of the O-H band at 3745 cm™! decreased, as
observed in the spectra of Dt/Aly59 and Dt/Alzso, which is attributed
to the condensation reaction of the O-H groups on the surface of
diatomite and those of Aly3. This result shows good agreement
with the 2°Si MAS NMR spectrum. A new weak shoulder band
appears at approximately 745 cm~! in the spectrum (Fig. 3a,
insert) of Dt/Alyso obtained by Al loading and then heating at
250 °C. This new band is attributed to the Si-O-Al vibration of
the Si-O-Al-OH sourced from the condensation of Si-OHs from dia-
tomite and Al-OHs from Al;s3 during 250 °C heating [41]. The
absence of the 745 cm™! vibration band provides evidence that
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Fig. 3. FTIR spectra of diatomite and Al-incorporated diatomite obtained at various heating temperatures (insert: 3 times magnified band signals) (a) before and (b) after NH;

adsorption.

AI** jons can be incorporated into the SiO,4 structure of diatomite
by the condensation reaction of Si-OHs and Al-OHs, as revealed
by the results of the 2°Si MAS NMR spectrum.

3.2. Effect of Al incorporation on the solid acidity of diatomite

NH5-FTIR analysis is applied in this study to differentiate
Brensted (B) and Lewis (L) acidity because the reaction of B and L
acid sites with NHs results in different characteristic vibration
bands. Compared with the original diatomite, several new vibra-
tion bands appeared at approximately 1640 and 1405 cm™! in
the FTIR spectra of NHs-adsorbed diatomite (Fig. 3b). The
1640 cm™! band is attributed to NH; coordinated to the Lewis acid
sites (denoted as L:NHs), and the 1405 cm~! band is attributed to
NH} [42]. This result indicates the coexistence of B and L acid sites
in Dt. These acid sites primarily arise from the Si-OHs (B acid sites)
of diatomaceous silica, AlI-OHs (B acid sites) of clay mineral impu-
rities, and unsaturated AI** jons (L acid sites) of clay minerals
[9,42]. After Al incorporation and heating at 250 °C, the areas of
the two characteristic bands greatly increase, indicating the
appearance of new B and L acid sites. These newly appeared acid
sites are attributed to the incorporated Al;3, which contains
numerous Al-OHs and unsaturated AI** ions with B and L acidity.
In contrast to Dt/Al,50-NHs, the 1405 cm™! band of Dt/Alsso-NH3
is weakened, and the 1640 cm~! band is strengthened. This finding
is due to the dehydroxylation of the associated Al;3 and the forma-
tion of y-Al,05; microcrystals, decreasing the amount of hydroxyl
groups while increasing the unsaturated Al** ions, which increases
the L acidity. After heating at 500 °C, Al-incorporated diatomite
shows a weak band, which is due to the few hydroxyl groups of
the y-Al,03 microcrystals. In addition, the newly formed unsatu-
rated AI** ions sourced from Al;; dehydroxylation greatly increase
the amount of L acid sites, strengthening the 1630 cm™! band, as
observed in the FTIR spectrum of Dt/Alsqo-NHs (Fig. 3b).

The results demonstrate that the Al incorporation into the
structure increases the number of acid sites, and the increase of
various types of acid sites depends on the heating temperature of
the Al-incorporated diatomite preparation.

4. Conclusions

In this study, Al was incorporated into the structure of diato-
mite by the condensation reaction of the hydroxyl groups of Al;3
and diatomite, which greatly increased the solid acidity of diato-
mite. Loading and subsequent heating at various temperatures
did not affect the integrated amorphous structure of diatomite,
as revealed by the XRD results, but did result in a decrease of
hydroxyl groups of diatomite for the condensation reaction with
those of the Al;s. Al incorporation proceeds more readily by the
condensation reaction of hydroxyl groups of Al;3 with single sila-
nols than by that with geminal silanols. The Al-incorporated diato-
mite possesses a new surface functional group, Si-O-Al(OH),
resulting from the condensation reaction of Al;3 and diatomite.
The newly appeared groups change the solid acidity of diatomite
and increase the number of B and L acid sites of diatomite. The
improvement of acidity with the different types of sites depends
on the heating temperature of the preparation process for Al-
incorporated diatomite. By heating at 250 and 350 °C, the B and L
acid sites increase drastically due to the AI-OH content of the
incorporated Al;3; however, by heating at 500 °C, the newly
appeared B acid sites disappear and transform to L acid sites via
the dehydroxylation of Al;3, and the number of L acid sites dramat-
ically increases.

These fundamental results provide the empirical evidence and
the new insight for the proposal that Al can be incorporated into
the structure of diatom shell and post-mortem enrichment of Al
naturally occurs [26,22,34]. Moreover, the influence of Al incorpo-
ration on the surface properties (surface solid acidity) of diatomite
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is firstly investigated: the solid acidity is tuneable by heating and L
acid sites appear in the diatom shell which was proposed to pos-
sess only B acid sites [43]. Rich solid acid sites of Al-incorporated
diatomite are promising for applications as solid acid catalysts.

It is noteworthy that Al incorporation into silica texture of zeo-
lite by isomorphous substitution has been widely accepted [44,45].
Whether can Al be incorporated into the structure of diatomite by
substitution? We are focusing on it.
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