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Abstract

Diatoms are plankton of unicellular whose cell walls (exoskelton,
flustule) are made of amorphous silica and organic materials. Therefore,
diatom is interested in the fields of material science and biomineralization. In
this study, the nano-structure of diatom flustules was investigated by means
of X-ray diffraction measurements and micro FTIR spectroscopy. Obtained
X-ray diffraction profile of diatoms indicated that diatoms were composed by
non-crystalline SiO, materials. Its relatively high intensity small angle
scattering suggested that the basic structure of this non-crystalline matter is
similar to silica gels. The IR spectrum of diatom shows the Si-OH band as
well as Si-O band. This is consistent with the result of X-ray measurement.
Further, The relative intensity of Si-O-Si band of diatom is lower than the
fully polymerized SiO, materials such as quartz and vitreous SiO,. These
facts may indicate that network structure of silica base non-crystalline
materials of diatom includes some Si-OH bonds and large pore. The
structural evolution of this silica base flustule by heat treatment up to
1150 °C was also investigated by means of IR spectroscopy. By the heat
treatment up to 400 °C, diatom lose organic matters, OH and Si-OH bond.
This may indicate the polymerization of SiOj tetrahedra advanced by

dehydration of fulustule. Heat treated diatoms show more sharp Si-O band in



IR spectra than non treated ones. This suggests that heat treated diatom has a

relatively order SiOy tetrahedra in its basic structure.
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INTRODUCTION

The diatom is the photosynthesis algae of unicellular which has siliceous
exoskeltons (frustules). The frustule is formed in silica deposition vesicle (SDV) which
exists in the cell membrane (Vrieling et al. 1999a and 1999b). Some kinds of amino
acids with hydroxyl residue in the cell wall protein have been observed (Hecky et al.
1973). Therefore, it is considered that silica of the diatom frustule unites with the
hydroxyl residue of the amino acid. Nakashima and Ito (1996) suggested that a
silica-protein complex is made on the diatom frustle and silica is important for chemical
evolution of the primitive life.

The silica frustules of diatoms deposit and accumulate on the sea floor, after the
diatoms die. These made diatomaceous earth and diatom ooze. The diatom earth is used
for various industrial materials by their characters such as absorption and heat
resistibility.

By the IR spectroscopic study, it was reported that silica flustules of diatoms have
some variations among species (Kamatani 1971; Perry 1989). Asada et al. (2002)
analyzed the structure of diatom silica frustule by polarized micro IR spectroscopy and
reported an anisotropy of their nano-scale structure.

In this study, the structure of diatom flustule is investigated precisely by X-ray
diffraction measurement and micro FTIR spectroscopy. Further, the structural evolution
of diatom frustules by heat treatment was also investigated by means of IR spectroscopy

and we analyzed the detailed characters of nano scale structure.

SPECIMEN AND EXPERIMENTS
Specimen
Pennate diatoms were collected from acidic hot springs at Kamuiwakka Falls,

Shiretoko Peninsula, Hokkaido, Japan (Asada et al. 2002). This hot spring water shows



low pH between 1.3 to 1.9 and were well investigated in our previous works (Asada and
Tazaki 2001; Asada et al. 2002). Figure 1 is an optical micrograph of the pennate
diatom. It shows broad linear valve and the rectangular girdle bands. The diatoms were
also observed by a scanning electron microscope equipped by energy dispersive X-ray
analyser (SEM-EDX; JEOL JSM-5200LV). SEM observation reveals that long-axis of
pennate diatom is about 30 pm in length (Fig. 2). EDX analyses showed that

exoskeleton of diatoms are composed of large amount of Si with a little S.
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Structural analyses of diatom at ambient temperature
X-ray Powder diffraction analysis
The samples were washed by distillated water to remove the contamination derived
from hot spring solution. About 10 mg of diatom samples was mounted on a Si plate
that show no Bragg diffraction. X-ray diffraction measurements at ambient temperature
were carried out on a powder X-ray diffractometer (Rigaku RINT2200). Cu Ko
radiation was used for the measurements. A profile of vitreous SiO, was also measured

as a reference material.

FTIR analyses

The structural analysis of the frustules of diatom at ambient temperature also
carried out by means of Fourier Transform Infrared micro spectroscopy (micro-FTIR).
Measurements of IR spectra were carried out under a micro-FTIR system consisted of a
FTIR spectrometer (JASCO FTIR-610) and an IR microscope (JASCO MICRO-20)
with x32 objective by transmission method in the range of v = 650 — 4000 em™.

A drop of cell suspension of diatom was mounted on a fluorite (CaF,) disk (0.5
mm in thickness, 10 mm in diameter). After air-drying, several cells were selected
under the IR microscopy by a rectangular masking aperture about 30 um x 40 pm. 100
spectra are accumulated to obtain one final spectrum. In order to compare with the
spectrum of diatom, those of SiO, gel, low quartz, and vitreous SiO, were also

measured.

Structure analyses of heat treated diatom

In order to investigate the structural changes of biogenic silica of diatoms by heat
treatment, a micro-FTIR spectroscopy was also adopted. A drop of cell suspension of
diatoms was put on a platinum disk and held in an electric furnace at 50, 100, 200, 300,
400, 500, 600, 700, 800, 1000, and 1150 °C under the ambient pressure. The duration of
heat treatment is about 24 hours for each run. Then, the specimens were rapidly cooled
down in air. After the heat treatment, the samples were moved on a CaF, disk for
micro-FTIR measurement. Measurements were carried out under the same procedure as

that for non-treated diatom.



RESULTS

X-ray powder diffraction analyses of the non-treated diatom

Figure 3 shows obtained X-ray powder diffraction profile of non-treated diatom
together with that of vitreous SiO,. The profile of diatom shows no distinct diffraction
peaks but a broad peak around 26 = 20°. This fact suggests that diatoms are composed

by non-crystalline SiO, materials.
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IR spectrum of non-treated diatoms
Figure 4 shows the IR spectrum of several cells of non-treated diatoms. It shows

seven distinctive bands. These bands may be assigned to O-H stretching (3100 - 3700
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materials with Si-OH bonds. The C-H, C=0, and C-N-H bands mainly results from

organic matter such as polypeptides and polysaccharides in the diatoms.

IR spectrum of heat-treated diatoms

Figure 5 shows the infrared spectra of heat-treated diatoms. These spectra show
some temperature variations of band shape and intensity. The intensities of O-H, C-H,
H,O, C=0, C-N-H, and Si-OH bands decrease with increasing temperature of treatment,
and these bands disappear at 400 °C. The intense broad band of v = 1062 cm™ has high
frequency shoulder. This band separate to two components as increasing temperature,
and shows distinct two bands above 600 °C. These two bands gradually shift toward
high frequency with temperature. A band at v = 1062 cm™ (RT) shift to 1075 cm™ (1150
°C). The other band at v ~ 1200 cm™ (shoulder, RT) shift to 1220 cm™ (1150 °C).

Absorbance

800 1200 1600 2000 2400 2800 3200 3600 4000
Wavenumber [cm™!]

Figure 5 The infrared spectra of the heated diatoms. RT: room temperature.



DISCUSSION

Average structure of non-crystalline frustules of diatom

The X-ray powder diffraction profiles of non-treated diatom shows no sharp peaks
like vitreous Si0O;. Therefore, diatoms may be made of non-crystalline SiO, materials.
Comparing this profile with that of vitreous SiO,, some small differences were observed
(Fig. 3). The intensity in the low 26 range 20 < 10° of diatoms is higher than that of the
vitreous Si0,. On the other hand, SiO; gel also has similar low angle scattering intensity
(Kamatani 1971). SiO, gel have primary structures of 10 - 100 nm scale. Therefore, it is
possible that micro structure of diatoms have structural units with 10 - 100 nm scale.

Obtained IR spectrum in the region of v = 700 - 1500 cm™ for non-treated diatom
was compared with the spectra of SiO, gel, low quartz and vitreous SiO; (Fig. 6). All
these spectra show strong bands at v ~ 1100 cm™ and weak band at for v ~ 800 em™.
These bands have been assigned to Si-O stretching and Si-O-Si bending modes,
respectively (Williams et al. 1993). These facts suggest that basic micro structure of
diatoms may be the network of SiO, tetrahedra. However, the band intensity at v = 800
cm” of diatoms is weaker than those of low-quartz and vitreous SiO,. Further, the

spectrum of diatom shows another band at v = 950 cm’™. This band is assigned to Si-OH

Figure 6 Comparison between

IR spectra of heated diatoms:
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(B), silica gel (C), low-quartz
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stretching mode. These features of IR spectrum of diatom are also observed on the
spectrum of SiO, gel. Moreover, the intensity of this band is larger than SiO, gel.
Therefore, the number of Si-OH bands in diatoms are larger than ones of SiO; gel.
These results are consistent with the structural model of diatoms that is a complex
of non-crystalline SiO, materials and organic matter. However, the shape of the band v
~ 1100 cm™ of diatom is slightly different from that of SiO, gel. The band width for the
spectrum of diatom is wider than that of SiO, gel. Asada et al. (2002) explained this
wide band width of Si-O mode in diatoms by the strong anisotropy of SiO, networks

based on the polarized IR data of diatoms.

Structural evolution of diatom by heat treatments
By the heat treatment, the C=0, C-N-H, O-H, and H,O bands in IR spectra of

diatom disappear at 400 °C (Fig. 5). This fact suggests that organic matters in diatoms
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biomineralization of unicellular microbes (Asada and Tazaki 2001) and non-crystalline
mullite phase formation by sol-gel method (Okuno et al. 1997).

The position of Si-O band (v = 1062 cm™ in non-treated diatom) shifts to higher
wavenumber (v = 1075 cm™ at 1050 °C) and a shoulder of this band (v ~ 1200 cm™ in
non-treated diatom) also shifts to v ~ 1220 cm™ at 1050 °C and becomes a sharp clear
band. This result may indicate that Si-O bonds in non-crystalline diatom cell become
strong and more ordered by heat treatment. Probably this change may relate to
dehydration and polymerization of network structure. Asada et al. (2002) reported a

similar variation of Si-O band in a pennate diatom cell by polarized IR measurement.
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