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Abstract

required for complete crystallization.

The external skeleton, frustule, of a diatom is composed of hydrous amorphous silica and amino acids. In this study,
the structural changes in the frustule of Chaetoceros calcitrans after thermal treatment up to 1200 °C were investigated
using X-ray diffraction and attenuated total reflection infrared spectroscopy and Raman spectroscopy. Their structural
changes after thermal treatment give important information to elucidate the unheated structure of the frustule and
its crystallization process. In addition, this study is almost the first report to discuss the structure of diatom frustule

in detail with Raman spectrum. The unheated structure of the frustule has the relatively ordered and dominant six-
membered ring structure made of SiO, tetrahedra. The sample heated at 800 °C has the more ordered six-membered
ring structure observed in quartz or cristobalite. Water molecules and silanol (Si—-OH) included in the frustule are
dehydrated at this temperature. This dehydration may promote the formation of ordered and polymerized structure.
The structure of the frustule after heating at 1200 °C is similar to that of low-cristobalite. However, additional heating is
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Background

Diatoms are extremely prosperous algae that exist in
a variety of water environments (freshwater, brackish-
water, and seawater). Diatom has an external skeleton
called a frustule, which is composed of hydrous amor-
phous silica formed by precipitation of silica within silica
deposition of vesicle during cell division (Vrieling et al.
1999a, 1999b). The system of bio-silicification in the frus-
tule is related to silaffins which can precipitate of silica
and generate silica nanospheres (Kroger et al. 1999).

On the other hand, the information of network fash-
ion of SiO, tetrahedra is useful to know characteristics
of diatom frustule. But, the studies on these structures
of silica in frustules were very limited. Gendron-Badou
et al. (2003) revealed that the frustules of living and fos-
sil diatoms have a de-polymerized amorphous silica net-
work structure due to the presence of silanol (Si—-OH)
using nuclear magnetic resonance (NMR) and infrared
(IR) spectroscopies. However, the information on the
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and indicate if changes were made.

nanostructure of frustule, especially ring structure which
made of SiO, tetrahedra, is not sufficient. Raman spec-
troscopy could give information of the ring structure in
amorphous silica materials. For example, four-membered
ring is prominent in the structure of hydrous amorphous
silica, synthetic opal and silica gel (Kamiya and Nasu
1998; Arasuna et al. 2013). This ring structure is charac-
terized by the strong Raman band around v = 480 cm™*
attributed breathing mode for four-membered ring of
SiO, tetrahedra denoted as D; band (Galeener 19824,
1982b). On the other hand, silica glass which is mainly
composed of six-membered ring (Shimada et al. 2002)
has the strong broad Raman band around v = 430-
460 cm ! attributed to the Si—-O-Si symmetric stretching
band of six-membered ring (Galeener and Geissberger
1983; Sharma et al. 1984; Okuno et al. 1999). This broad
band is not prominent in the spectra of silica gel and syn-
thetic opal. It is very interesting that the distribution of
the ring structure constituting the amorphous silica show
large variation for different silica material. However, no
previous studies have used Raman spectroscopic analy-
sis to conduct a detailed structural study for the diatom
frustule. This may be due to the thinness of the frustule
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through which the laser transmits to the underlying sub-
strate. Also, the strong luminescence often occurs during
Raman measurement prevents to obtain clear Raman sig-
nal. The information of the ring structure in the frustule
is also important to understand the structural change of
the frustule during diagenesis described as following.

The frustules of diatom are changed to opal-CT and
quartz by deposition on the sea floor and successive
metamorphism (Isaacs 1982). Although the high possibil-
ity that there is a difference in the structure among the
amorphous silica materials as mentioned above, there is
no research to elucidate the process of structural change
of frustule with paying attention to details of the amor-
phous structure of diatom, especially its ring structure.
It is thought that siliceous materials such as diatom frus-
tules greatly affect the formation of the crust and the sur-
face of the earth. Therefore, it is important for geologists
to clarify the conversion process of diatom frustule under
temperature to elucidate changes of the earth’s surface
and topography. In addition, the structural changes of the
accumulated hydrous amorphous silica to silica glass or
crystalline material are expected to provide information
useful for material development at low-temperature con-
dition in the study of material science.

In this study, the structural changes of diatom frus-
tules after thermal treatment up to 1200 °C are elucidated
using X-ray diffraction (XRD) measurement and attenu-
ated total reflection infrared (ATR-IR) and Raman spec-
troscopic analyses. Raman spectroscopic analysis will
give important structural information such as the ring
structure in the diatom frustule. Convenient KBr pellet
IR spectroscopy is not suitable for precise analysis for
water species. Therefore, we use ATR-IR spectroscopy for
obtaining precise information on water species and the
information on the silica network structure after ther-
mal treatment. XRD measurement may give information
for average nanostructure of the frustule and its crystal-
lization process by heat treatment. Our results provide
important information about the unheated nanostruc-
ture of the frustules and the transformation processes of
frustule during diagenesis.

Experimental
Specimen
The seawater diatom, Chaetoceros calcitrans, (cultured by
Marinetech Co., Ltd) was used in this study. The compo-
nents of a culture solution of diatom were sodium nitrate,
ammonium sulfate, potassium dihydrogen phosphate,
sodium metasilicate nonahydrate (silicon source), a trace
metal such as Fe-EDTA, vitamin group, and artificial
seawater.

SEM micrograph of original sample is shown in
Fig. 1. SEM observation of this sample was performed
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Fig. 1 The SEM micrograph of non-bleached Chaetoceros calcitrans

using JCM-6010LV (JEOL). Samples were mounted on
brass specimen supports and coated with gold. SEM
observations were conducted with accelerating voltage
of 20 kV.

The heat treatments and successive analyses need
several tenth mg of the diatom sample. However, it is
not easy to obtain the natural diatom enough for these
experiments. The diatom cultured in our laboratory
was not enough for this study. Fortunately, several Japa-
nese companies have succeeded in cultivating Chae-
toceros calcitrans as a valuable feed for aquaculture
(Yamauchi 2003). For this reason, we purchased the
cultured diatoms that can be continuously and stably
procured.

Chaetoceros calcitrans were washed in distilled water
by centrifugation at 3000 rpm for 20 min and dried at
30 °C for 48 h for desalination. The centrifugation was
repeated five times. During the centrifugations, the
frustule lost its original figure (It does not affect the
nanostructure). In addition, to complete the removal of
organic matter, the desalted samples were powdered. The
Pipe Unish method (Inagaki 2011 and references therein)
was adopted for the removal of organic matter. The
Pipe Unish is a commercial cleaning solution including
hypochlorite and the sodium hydroxide. 50 mg of desali-
nated frustule, 10 ml of distilled water and 2 pl of Pipe
Unish were stirred together for 20 min. At first, the solu-
tion containing frustules from which organic matter had
been removed was centrifuged at 2000 rpm for 10 min,
and then the frustules from which organic material had
been removed were washed in distilled water by centrif-
ugation at 2000 rpm for 10 min. The centrifugation was
repeated four times. All centrifugations were conducted
at room temperature. The resulting sample was referred
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to as the “bleached sample” In this study, silica gel, one
of hydrated amorphous silica material, synthesized using
the sol-gel method (Arasuna et al. 2016) was used as the
reference material.

Thermal treatment

The 5 mg of powdery bleached samples were heated
at 600, 800, 1000, and 1200 °C for 1 h using an elec-
tric furnace and quenched by turning off the electric
power. The range of heating temperature was decided
with reference to those of the heating experiments for
synthetic opal (Arasuna et al. 2013) and pennate dia-
tom (Okuno et al. 2003). Heat experiments on syn-
thesized hydrated amorphous opal showed that water
molecule and silanol groups disappeared at around
600 °C (Arasuna et al. 2013). Moreover, the ring struc-
ture was thermally reconstituted near 1000 °C and
the sample crystalized to low-cristobalite at 1200 °C.
Okuno et al. (2003) reported the change of SiO, tet-
rahedra and their network structure in the frustule of
pennate diatom by heat treatment up to 1000 °C. But
they conducted only IR analysis for the heated sample,
the details of the complicated structural change did
not become clear.

Ca. 2 mg of the heated sample and 5 mg of the bleached
sample and silica gel were provided for the XRD analysis.
For ATR-IR and Raman analyses, it was possible to meas-
ure it with the samples of about 1 mg or less.

XRD measurement

The XRD measurements of the samples were obtained
using a Rigaku RINT 2200 with Cu Ka radiation. The
0-26 scanning technique was used over a range of
260 = 2°-60° with a scan step of 0.1° for all samples. The
applied acceleration voltage and current were 40 kV and
30 mA, respectively.

ATR-IR measurement

The ATR-IR spectra were recorded using a Thermo Sci-
entific Nicolet iS10 instrument equipped with a diamond
crystal. Spectra of all samples were recorded in the range
of v = 525-4000 cm ™! with a band path of 4 cm™!. The
cumulative number of each measurement was 32.

Raman measurement

The Raman spectra for samples were recorded using
micro-Raman spectrometer (Horiba Jovin Yvon LabRAM
HR800). The v = 514.5 nm line (green) of an Ar™ laser
light was used to excite Raman scattering, and the
Raman light was collected in the back scattering geom-
etry. The pixel resolution of our Raman spectrometer was
1.78 cm™! pixel ™!, All observed Raman spectra were cor-
rected for background.
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Results

XRD analysis

The XRD profiles of the bleached sample and silica gel
are essentially similar and show only a diffuse scatter-
ing maximum centered at around 20 = 22.5-23.0° with-
out crystalline peaks (Fig. 2). A broad shoulder can be
observed at around 26 = 5° in the XRD profile of the
bleached sample. Similar diatom samples were investi-
gated by Inagaki (2011), who considered this effect to be
due to the remaining organic material, even after chemi-
cal treatment.

With thermal treatment at 800 °C, the XRD profile
shows the weak diffraction peaks at around 28 = 31° and
35-36° (Fig. 2). Moreover, the sample heated at 1000 °C
shows peaks at around 26 = 22°, 28°, 30-31° and 35.6".
The XRD profile of the sample heated at 1200 °C shows
sharp diffraction peaks that basically correspond to those
of low-cristobalite (Graetsch 1994).

ATR-IR spectroscopic analysis

The ATR-IR spectra for silica gel, bleached sample and
heated samples are shown in Fig. 3. The ATR-IR spec-
trum for the bleached sample has bands at v = 800 and
1020 cm™}, which are attributed to the Si—-O-Si bend-
ing vibration and the Si—O stretching mode, respec-
tively (Handke and Mozgawa 1993). The weak band at
around v = 1650 cm™! can be assigned to the H-O-H
bending vibration (Benesi and Jones 1959). A broad band
appeared at around v = 3000-3700 cm !, which could be
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Fig. 2 The XRD profiles for bleached sample and silica gel, and
heated samples. Solid circle is the peak of cristobalite (Graetsch 1994)
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Fig. 3 The ATR-IR spectra for silica gel, bleached sample and heated
samples. Solid circle is the peak of cristobalite (Etchepare et al. 1978)

the superposition of the several bands of O—H stretching
vibration of water molecules and silanol groups (Anedda
et al. 2003; Davis and Tomozawa 1996). A band attrib-
uted to the Si—OH stretching vibration of silanol (Kamiya
et al. 2000) is clearly observed at v = 950 cm™! in the
spectrum for silica gel used in this study.

The band due to Si—O stretching vibration is broader
in the spectrum for the bleached sample than in that
of the silica gel. However, this band becomes sharper
with increasing temperature. The broad band at around
v = 3000-3700 cm™! are not observed above 800 °C.
After the thermal treatment at 1000 °C, a new peak
appears at around v = 960 cm™'. Moreover, the spec-
trum for the sample heated at 1200 °C has a band at
v = 620 cm ™! which may be attributed to the band of typ-
ical low-cristobalite (Etchepare et al. 1978).

Raman spectroscopic analysis

The Raman spectra for the bleached and heated sam-
ples show a low S/N ratio, and a signal is not obtained
above v = 800 cm™! because of strong luminescence.
However, the bleached sample shows the distinct dif-
ferent spectrum from that of silica gel (Fig. 4). The
spectrum for silica gel have a relatively sharp band at
around v = 485 c¢cm™!, denoted as D, band (Galeener
1982a, 1982b). In contrast, the Raman spectrum of the
bleached sample only shows a broad band centered at
around v = 455 cm™!, which becomes sharper with ther-
mal treatment at 800 and 1000 °C. The Raman spectrum
for the bleached sample heated at 1200 °C shows strong
sharp bands around v = 405 cm™'. The well-crystalized
low-cristobalite has the strongest Raman band around
v = 421 cm™! attributed to the six-membered ring in
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Fig. 4 Raman spectra for silica gel, bleached sample and heated
samples

cristobalite structure (Kingma and Hemley 1994). There-
fore, the Raman spectrum for the sample heated at
1200 °C may indicate the crystallization of sample to low-
cristobalite, however, the Raman band of the heated sam-
ple located at 15 cm™! lower than that of the position of
the band reported by Kingma and Hemley (1994).

Discussion

Frustule structure of Chaetoceros calcitrans

The Raman spectrum for the bleached sample show the
lack of the D, band and the presence of the broad band
around v = 455 cm ™. It may indicate that the distribu-
tion of the ring structure may be different from silica gel.
The four-membered ring may not be dominant in the
structure of the bleached sample.

The position of the first sharp diffraction peak (FSDP)
(Q=4msinf/1) can be estimated from XRD data; this
assists in evaluating the size of the medium-range struc-
ture (Elliott 1991). The variations in FSDP positions are
listed in Table 1. Kamiya and Nasu (1998) elucidated that
the medium-range structure of alkoxy-derived silica gel
fibers and films based on the data obtained by NMR, and
IR spectroscopies and XRD analysis and concluded that
the network structure is mainly formed of a four-mem-
bered ring structure comprising SiO, tetrahedra. This
type structure for silica gel is also confirmed in this study
by the presence of the strongest D; band observed in the
Raman spectrum. The value of the FSDP position for sil-
ica glass (Q = 1.52) is lager than that for silica gel, which
indicates that a six-membered ring structure is dominant
in its network structure (Shimada et al. 2002). The value
of the FSDP position for the bleached sample is Q = 1.59,
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Table 1 FSDP positions Q of X-ray scattering profiles
for amorphous silica (Q is 47 sinf/A): A is wavelength
of X-ray)

Sample Q@A
Bleached sample 1.59
Silica gel (used in this study) 1.63
Silica gel (Kamiya and Nasu 1998) 1.60-1.70
Silica glass (Shimada et al. 2002) 1.52

and the order of Q values is silica glass < bleached sam-
ple (diatom) < silica gel. These results indicate that the
medium-range structure of the bleached sample may be
smaller than that of silica glass but larger than that of silica
gel. This result is consistent with that of Raman analysis.

A previous study revealed that silica gel and synthetic
opal showed no evidence of crystallization during ther-
mal treatment up to 1000 °C (Arasuna et al. 2013). On
the other hand, the partial ordering to low-quartz or the
formation of precursor of low-cristobalite may occur
with thermal treatment at 800 °C for the bleached sam-
ple (see details below). It may indicate that the medium-
range structure of the bleached sample has the relatively
ordered six-membered ring which observed in the low-
quartz/cristobalite structure.

Structural changes and crystallization of frustule
Disappearance of the weak shoulder at around 26 = 5° in
the XRD profile for the sample heated at 600 °C indicates
the decomposition of the residual organic matter. This
event could be related to the sharpness of the IR band
at around v = 1020 cm ™! in the spectrum for this sam-
ple. Moreover, this IR band becomes much sharper with
increasing temperature, indicating the ordering of struc-
tures in the heated samples.

Well-ordered low-quartz has a strong Raman band at
around v = 465 cm ™! (Kingma and Hemley 1994). There-
fore, the Raman band (at around v = 455 cm™!) observed
in the spectrum for the sample heated at 800 °C may indi-
cate the possibility of the presence of partially ordered
law-quartz in its structure, although this Raman band
is considerably broader. Two weak diffraction peaks are
observed in the XRD profiles for the sample heated at
800 °C. The low-quartz has following diffraction peaks,
the strongest peak located at 260 = 26.7°, the secondary
peak at 20 = 20.9° and smaller peaks at 260 = 36.6° and
39.5° and above 40° (Levien et al. 1980). Therefore, the
peaks observed in this sample cannot simply be attrib-
uted to the quartz structure. However, the weak peak
at around 26 = 36° is present in both the XRD profiles
of low-cristobalite (around 36° Graetsch 1994) and
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low-quartz (Levien et al. 1980; Graetsch 1994); therefore,
the peak at around 26 = 35-36° may be associated with
low crystalline SiO, material.

On the other hand, the Raman band at v = 455 cm™!
observed in the spectrum for the bleached sample is still
observed after thermal treatment at 1000 °C, although
the stable SiO, phase at this temperature is tridymite
(Sosman 1927, 1955). Moreover, the XRD profile for the
sample of 1000 °C shows the very weak peak at 260 = 22°
attributed to low-cristobalite (Graetsch 1994). These
results may indicate that another following possibil-
ity for explanation for the Raman band at v = 455 cm ™.
Amorphous SiO, materials such as silica glass show the
broad Raman band around v = 430-460 cm ™! attributed
to the six-membered ring constituting amorphous net-
work structure (Galeener and Geissberger 1983; Sharma
et al. 1984; Okuno et al. 1999). Moreover, Shimoda et al.
(2004) revealed that the Raman bands of a precursor
crystal appeared at a position different from those of
original material. Therefore, the Raman band at around
v = 455 cm ™! is also possible to be a band for precursor
for cristobalite. After all, we think that another precise
structural study is necessary to explain all these data. On
the other hand, six-membered ring is a basic structural
unit of cristobalite and quartz. Therefore, more ordered
six-membered ring observed in the structure of cristo-
balite/quartz could be present in the sample heated at
800-1000 °C. The crystallization temperature is relatively
lower than those of silica gel and synthetic opal. There-
fore, the bleached sample has the relatively ordered and
dominant six-membered ring which observed in the low-
quartz/cristobalite structure.

The ATR-IR band of silanol at v = 950 cm™! observed
in the spectrum for silica gel is unclear in the spectrum
for the bleached sample because of the broadness of the
Si-O stretching band. However, the higher wavenumber
side (v > 3600 cm™}) of the broad band for O—H stretch-
ing vibration at v = 3000-3700 cm™' may indicate that
the presence of silanol groups (Davis and Tomozawa
1996) in the structure of the bleached sample. Therefore,
thermal treatment up to 800 °C is considered to result in
dehydration of silanol groups and polymerization to form
partially ordered structure.

A band appears at around v = 960 cm™! in the ATR-
IR spectrum for the sample at 1000 °C. As mentioned
above, hydrous amorphous silica generally has the band
of silanol at around this wavenumber region (Kamiya
et al. 2000; Arasuna et al. 2013). However, the broad band
(v = 3000-3700 cm™!) relating to the presence of water
molecules and silanol is not observed at this tempera-
ture. Thus, we presume that the band at v = 960 cm™! is
not related to silanol. In addition, decomposition of the
residual organic material occurs at 600 °C. Therefore, this
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band may be due to the Si-O stretching band of newly
formed relatively ordered structure.

In agreement with the results of XRD and ATR-IR
measurements, the Raman spectrum of the sample
heated at 1200 °C shows the crystallization to a low-
cristobalite structure, although the stable phase of SiO,
between 870 and 1470 °C is tridymite (Sosman 1927,
1955). This phenomenon may be explained based on the
Ostwald’s step rule as observed in the report of the ther-
mal experiment of synthetic opal (Arasuna et al. 2013).
The difference of the Raman band position attributed to
the six-membered ring of the cristobalite between the
heated sample and the well-crystallized cristobalite indi-
cates that heating at a higher temperature is necessary for
bleached samples to completely crystallize to cristobalite.

Conclusions

In this study, we investigated the structural changes of
bleached frustule of Chaetoceros calcitrans after ther-
mal treatment using XRD analysis, ATR-IR and Raman
spectroscopies. The information of structural change of
frustule gave insight into the unheated nanostructure
involved in ring structure in the bleached frustule.

The bleached sample heated at 800 °C shows release
of water molecules and dehydration of silanol in the
sample, resulting in the formation of a partially ordered
low-quartz or the precursor of low-cristobalite. Six-
membered ring is basic structural unit of cristobalite and
quartz. Therefore, it is presumed that the unheated struc-
ture of the bleached frustule has the relatively ordered
and dominant six-membered ring in its structure. The
frustule crystalized to low-cristobalite by heating at
1200 °C. However, additional heating is required for com-
plete crystallization.

Our preliminary experiment indicated that there is a
difference in the distribution of the Raman bands attrib-
uted to the ring structure for different types of diatom
frustule. Therefore, the nanostructure of different dia-
toms living in seawater and other water environments
(for example, in fresh water) will be investigated using
mainly Raman spectroscopy in our future work.
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