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{Abstracts>

The Past, Present and Future Trends in Environmental Problems
— Toward Ecologically Conscious Society and Technology

Ryoichi YOSHIDA

This paper summarizes R & D related to environmental problems in the Hokkaido National Industrial
Research Institute (HNIRI), and also gives an overview of the present state and the future subject of
their relating technologies.

Key Words : Environmental problems, Recycled resources, Global environment

Characterization of Silicon Carbide-Silicon Nitride Composite
Ultrafine Particles Synthesized Using a CO, Laser by
Silicon-29 Magic Angle Spinning NMR and ESR

Masaaki SUZUKI, Yoshihisa HASEGAWA, Masayuki AIZAWA
Yoshinori NAKATA and Takeshi OKUTANI

The structure of silicon carbide-silicon nitride (SiC-SigN4) composite particles synthesized using a COj
laser was studied by magic angle spinning nuclear magnetic resonance (MAS-NMR) and electron spin re-
sonance (ESR). The structure around Si atom changed by introducing nitrogen. Carbon atoms around
Si were substituted by N atoms and N-rich configurations around Si atom increased stepwise as the N
content increased. The low N content composite particles consisted of mainly SiC phase containing dis-
solved nitrogen. Nitrogen atoms were partly present in B -SiC microcrystal and partly in the grain
boundary layer in the particle. Nitrogen atoms were tetrahedrally surrounded by four Si atoms in B
-SiC microcrystal and were trivalent state bonded to three Si atoms in the grain boundary layer. The
high N content particles consisted of SiC, SigN4, and amorphous phases, whose amount depended on N
content.

Key Words : Silicon carbide, Silicon nitride, Ultrafine particles, CO4 laser, MAS-NMR, ESR



Fabrication of Al/Ceramic Composites by Hot Pressing

Yoshinobu UEDA, Yoshikazu SUZUKI,
Katsuyoshi SHIMOKAWA and Kazuyuki MURAKAMI

Ceramic powder dispersed or whisker-reinforced Al composite was produced by hot pressing at 973K
and exposure to high temperature of 1523K. The mechanical properties and micro structures of each
compositewere examined by a three-point bending test, hardness tester, scanningelectron microscopy,
X-ray diffraction patterns and XMA analysis.

The present method was found more effective for obtaining the whiskerreinforced Al composite than a
powder dispersed Al composite. The powderdispersed Al composite following heat-treatment at high
temperature maintained its mechanical strength owing to fewer pores and cracks.

Key Words : Al/Ceramic composites,Hot pressing, Three-point bending test,Hardness test

Separation and Purification of Lactic Acid : Fundamental Studies
on the Reverse Osmosis Down—stream Process

M.K.H. LIEW, Shigenobu.TANAKA and Mikio. MORITA

The physico-chemical properties and effects of lactic acid and lactates in the reverse osmosis process
were investigated using a polyamide composite membrane. The membrane was found to swell at pH 2.2,
yet has no detectable solute-membrane affinity. The decrease in flux and increase in the solute reduction
factor of lactic acid (0.66 m*.m 2.d7': 5.8), ammonium lactate (0.30 m*.m?.d”; 18.3) and sodium lac-
tate (0.18 m®*.m™?.d%>80) were found to be related to the concentration of ions dissociated into solu-
tion as affected by the pH of the feed. The effects of operating parameters such as pressure, feed con-

centration and stirring speed were also discussed. Optimum operating conditions were found to be 7
MPa and 900 rpm.

Key words : Polyamide composite membrane; Lactate; Lactic acid; pH; Ion dissociation; Reverse osmosis




Raman Spectroscopic Analyses on the Growth Process of CO, Hydrates

Tsutomu UCHIDA, Akifumi TAKAGI, Junichi KAWABATA,
Shinji MAE and Takeo HONDOH

COz hydrate crystals with polyhedral facet were observed to grow from COg solution. For both COs
hydrates and COg solution, raman spectroscopic analyses were carried out. Raman spectra of COy and
H;0 molecules in CO; hydrate were different from those in CO; solution. We presented an attempt to
estimate the density of COz hydrate by the raman intensity ratio, and found that the densities of COq
hydrates were considerably smaller than those used in some modeling studies.

Key Words : CO, hydrate, Raman spectroscopy, deep sea, COs sequestration

Effect of Heating Rate on Yield of Levoglucosan in Wood Pyrolysis

Masakatsu Miura, Shigenobu Tanaka and Koji Ando

The Yield of levoglucosan (LG:one kind of anhydrosugar) from wood particles by pyrolysis was studied
using infréred—ray furnace under various heating rates.

A slight reduction of pressure was found to increase the yield of levoglucosan. The increase of heat-
ing rate resulted in an increase of the yield of levoglucosan and a decrease of the yield of solid pro-
duct, as was the case for the reduction of pressure. However, at an extremely high heating rate, the
yield of levoglucosan decreased. As the result of pyrolysis of Karamatsu under 88 kPa, maximum yield
of levoglucosan was obtained at heating rate of nearly 1.3 K/s.

Key Words : Rapid pyrolysis, Cellulosic materials, Wood , Anhydro sugar, Levoglucosan, Heating
rate, Infrared furnace



Refractive Index Measurements of Natural Air - hydrate Crystals
in Antarctic Ice Sheet

Tsutomu UCHIDA, Wataru SHIMADA, Takeo HONDOH, Shinji MAE and N.I. Barkov

The refractive index of air-hydrate crystals found in the deep Antarctic ice sheet was measured for
the first time using a Mach-Zehnder interferometer. A very small difference between the refractive in-
dices of the air-hydrate crystals and the matrix ice crystal was measured by a fringe-shift method. It
was found that the refractive indices of all air-hydrate crystals were larger than those of ice, and the
average difference was 5.3 x 1073, even considering the refractive index anisotropy of ice crystal. Be-
cause the refractive indices depended on the occupancy ratio of the cage-like cavities by air molecules,
the experimental results are compared with the calculated values using the Onsager cavity model. It is
suggested that the present method is useful for estimation of the cavity occupancy ratio of air-hydrate
crystals, and also of the amount of air molecules in polar ice cores.

Key Words : Air hydrate, Refractive index, Mach-Zehnder interferometer, Onsager Cavity model,
cage occu pancy

Determination of Silicon in Electrolyte Solutions by Electrothermal Atomic
Absorption Spectrometry Using Platinum as a Matrix Modifier

Masami FUKUSHIMA, Toshio OGATA*, Kensaku HARAGUCHI, Kohichi NANAGAWA,
Saburo ITO,Masao SUMI and Naoto ASAMI

A method has been developed for the determination of silicon by electrothermal atomic absorption spec-
trometry using platinum as a chemical modifier.The sensitivity for the determination was improved by a
factor of 15 in the presence of platinum as compared with that in the absence of a chemical modifier. The
calibration curve for silicon was linear over the range 0~0.8 ng, and the detection limit was calculated
(as 30 of the blank absorbance)to be 8 pg.The concentration of silicon in the electrolyte solutions of fuel
cells was determined using the platinum modifier and Zeeman-effect background correction,with 0.1 mol™?
of litium chloride present as a matrix matching reagent.

Key Words : Silicon, Chemical modifier, Platinum, Electrolyte solutions, Electrothermal atomic absorption
spectrometry
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Characterization of Silicon Carbide-Silicon Nitride Composite
Ultrafine Particles Synthesized Using a CO; Laser by Silicon-29
Magic Angle Spinning NMR and ESR*'

(Key Words : Silicon carbide, Silicon nitride, Ultrafine particles, CO. laser, MAS-NMR, ESR)

Masaaki SUZUKI*?, Yoshihisa HASEGAWA™*?®, Masayuki AIZAWA*?,
Yoshinori NAKATA*?, Takeshi OKUTANI*?, and Kohei UOSAKI**

1. Introduction

High-resolution solid-state magic angle
spinning nuclear magnetic resonance
(MAS-NMR) spectroscopy has become a
powerful and popular tool for investigating
the local structures of solid materials.
Most of the applications to date have been
in organic systems such as polymers.

Recently, the MAS-NMR is finding
new applications in solid inorganic systems
such as silicate and zeolitel). In addi-
tion, this technique is also useful for the
study of non-oxide materials®?"

In last few years, a number of NMR
investigations about the structure of SiC
and SisN; have been reported. Most of
them were concerned with well-known
structures such as a«- and B -SiC and @
- and B -Si;N: and their polytypes™ .
Other studies were done to characterize
the commercial products®™ and to in-
vestigate the behavior of boron used as a
sintering aid for SiC*¥. These studies re-
vealed that high resolution solid state NMR
was a powerful and useful method for the
study of ceramic materials, because of its
high sensitivity to the local structure.
Moreover, NMR is a bulk analysis techni-
que. Information can be obtained with re-
gard to the local structure over the entire
sample under study, which is notably dif-

o 1 This paper was reproduced from Journal of the Ameri-
can Ceramic Society.Vol.78,No.1(1995)pp83-89 by
the permission of the American Ceramic Society.

ferent from other surface analysis methods
such as X-ray photoelectron spectroscopy
(XPS) .

In our previous paper”, we have re-
ported the synthesis of silicon carbide-s-
ilicon nitride (SiC-SisN;) composite ultra-
fine particles. The results of XPS, lattice
constant measurement and electron energy
loss spectroscopy (EELS) have indicated
that Si, C and N atoms were intimately
mixed in the composite powder. In this
paper, we have applied the *Si MAS-NM
R technique to clarify the local structure
of the SiC-Si3N, particles.

)

2. Experimental Procedure

The powders were synthesized by irra-
diating SiHs, C;H,, NHs; gas mixtures with
CO, laser at atmospheric pressure. In
this study, NMR spectra were taken for
the powders prepared at a laser power de-
nsity of 0.92 kW/crf and beam diameter of
4 mm. Preparation of SiC-SisN, ultrafine
powders was described in Ref.14 and 15
in detail.

The crystalline phases of the powders
were analyzed by X-ray diffraction (XRD)
and the mean crystalline sizes were deter-
mined by the line width of diffraction line.
(Scherrer’s method) ™.

Solid-state ®Si MAS-NMR spectra were
acquired at 53.7 MHz using a JNM-GX270
spectrometer (JEOL). The samples were
packed into 17mm height x 5 mm diameter
zirconia rotars with polyimide endcaps.

| The spinning speed was between 5.7
and 6.2 kHz. The spectra were obtained
following 90° pulse (4.5 ms, pulse width)

‘ % 2 Materials Division
, * 3 Ressources and Energy Division

i % 4 Hokkaido University
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All the chemical shifts were quoted rela-
tive to the signals for tetramethylsilane,
although secondary external reference
(poly-dimethylsilicone, -22 ppm) was
used. The line width (FWHM) was deter-
mined from the spectra without broadening
factor, while the spectra with broadening
factor were shown in the figures to im-
prove S/N ratio. The spin-lattice relaxa-
tion time (T:) was defined by nonlinear
inversion recovery (IR) method' .

T, was measured for the several repre-
sentative samples, and were in the range
from 9.0 to 49.5s. It was considered
that a relaxation delay of 5 times T, was
long enough for the resulting spectra to be
quantitatively representative of the sample”. -
Even though we did not measure T, for all
samples, it was unlikely that T; value of
other unmeasured samples showed extreme-
ly longer value than 49.5 s. Therefore,
pulse delay (PD) of 300 s was considered
to be long enough to get the quantitatively
representative spectra. Most NMR spectra
were taken at pulse delay of 400 s to
make sure the quantitativity. In some
cases, PD = 60 and 300 s were used to
save measuring time. In any case, the
condition at a relaxation delay of 5 times
T: was satisfied.

ESR spectra were obtained using
JES-FE3X spectrometer (JEOL) with a
standard rectangular x-band cavity at 303
K. The samples of 3 to 15 mg were used
for ESR measurement. The microwave
power was 0.2 mW and it was confirmed
that ESR signal was not saturated at 0.2
mW by changing the microwave power.
The spin concentrations of the powders
were measured using 0.25 mg solid DPPH
as a standard.

Fourier transform photoacoustic emission
spectra (FT-PAS) of the powders were
obtained using FTS-65 (Bio-RAD) spec-
trometer.

3. Results
3-1. NMR
3-1-1. SiC and low N content composite
powders

Figure 1 shows the *Si NMR spectra
of ultrafine SiC powder synthesized by

951

N=5.8wt "’

N=0.45wt %

Fig. 1 2Si NMR spectrum of ultrafine SiC pow-
dersynthesized by laser and the change of *Si
NMRspectra by introducing nitrogen into SiC
powder. The spectra were taken at the fol-
lowing condition;SiC; a pulse delay (PD) of 400
s, line broadening ( LB ) of 20 Hz and 148

scans.N = 0.45 wt%; PD =60 s, LB = 10 Hz,
200 scan.N = 5.8 wt%; PD = 400 s, LB = 50
Hz, 168 scan
1-135 [-13.2
100 —100 100 —100
ppm ppm

Fig. 2 ”Si NMR spectra of low N content
SiC-Si;N, composite powders synthesized using
a laser.(a) N = 0.45 wt%, C = 27.0 wt%, PD =
60 s, LB = 10 Hz, 200 scans (b) N = 2.6 wt%,
C=27.2 wt%, PD=400 s, LB=50 Hz, 269 scans
(¢) N=5.8 wt%, C=25.3 wt%, PD=400 s, LB =
50 Hz, 168 scans(d) N = 10.3 wt%, C=19.5 wt
%, PD=400 s, LB=50 Hz, 168 scans

laser and the change of the spectra by in-
troducing nitrogen into SiC powder. The
NMR spectrum of ultrafine SiC powder ex-
hibited one main peak (-15.9 ppm) and
two shoulders (-20.3, -24.8 ppm). The
main peak position agreed well with that
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Fig. 3 X-ray diffraction patterns of SiC ultrafine
powder and low nitrogen content SiC-SisN,
composite powders synthesized using a laser.
(a) N= 0.45wt%, C=27.0wt% (b) N=2.6wt%, C
=27.2wt% (¢ ) N =5.8wt%, C=25.3wt% (d ) N
=10.3wt%, C=19.5wt%

of B -SiC and the positions of two shoul-
ders agreed well with those of a-SiC™™.

While X-ray diffraction (XRD) pattern
showed only a broad A -SiC pattern (Fig.

3), the NMR spectra indicated that the
ultrafine SiC powder synthesized by the
laser consisted of mainly £ -SiC and small
quantity of @-SiC. The line width (FWH-
M) of the main peak at -15.9 ppm, which
was determined without precise peak de-
convolution, was approximately 3.0 ppm.
The spin-lattice relaxation time, T: was
estimated to be 18.8 s for the ultrafine
SiC powder.

Figure 2 shows the ®Si NMR spectra
of low nitrogen content SiC-SisNs; powders.
Figure 3 shows the XRD patterns of these
powders. The XRD patterns of these
powders were similar and showed broad
b-SiC patterns. A very small and broad
peak of Si was observed in a few pow-
ders (Fig.3 (a), (b), (d)). The NMR
spectrum of SiC-SizN, composite powder

1~48.2

(a) 1-193 (c) (T40.3s)

=214
(Ti=49.5s)!

l—46.7

-80.9

1

1 1
100 0 -100 100 0 -100
ppm ppm

Fig. 4 *Si NMR spectra of high nitrogen con-

tent SiC-Si;N, composite powders synthesized
using a laser. (a) N = 13.1wt%, C = 17.9wt%,
PD = 300s, LB = 50Hz, 160scans ( b ) N =
19.5wt%, C = 11.5wt%,PD = 400s, LB = 50Hz,
200scans (c) N = 28.0wt%, C= 6.7 wt%, PD =
400s, LB = 50Hz, 100scans (d) N = 30.9 wt%,
C = 2.8wt%, PD = 300s, LB = 10Hz, 60scans

with nitrogen content of 0.45 wt% (Fig.2
(a)) was similar to that of ultrafine SiC
powder (Fig.1). It exhibited a main peak
at -15.1 ppm and a shoulder peak at
-19.9 ppm, while the wltrafine SiC Showed
two shoulder peaks. The component of low
magnetic tield (between-5 and +30 ppm) in-
ceneased compared to the case of ultvafine
SiC powder. In the case of the powder with N
content of 2.6,5.8and 10.3wt% (Fig.2(2)
,(c).and(d)),the NMR spectra weve guite simi-
lar to each other They exhibited a main peak
between -14.8 and -13.2 ppm and had
broad components at low magnetic field
(between -5 and +30 ppm). These NMR
spectra of the composite powders showed
small broad peaks around -100 ppm,
which came from sica of the surface oxide
layer. The T, values of the NMR peaks
were 9.0 s for 0.45 wt% N content and
19.3 s for 5.8 wt%.

3-1-2. High N content composite powders
Figure 4 shows “Si NMR spectra of high
nitrogen content SiC-SizN, powders. Fi-
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Fig. 5 X-ray diffraction patterns of high nit-
rogen content SiC-SizN, composite powders. (a)
N=13.1 wt%, C=17.9wt% (b) N=19.5wt%, C=
11.5wt%, (c) N=28.0wt%, C=6.7wt% (d) N =
30.9wt%, C = 2.8 wt%

Amplitude
1.6x100
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Fig. 6 Typical ESR spectra of SiC and
SiC-Si;N, ultrafine composite powders synthe-
sized using a laser. microwave power: 0.2 mW,
modulation: 100 kHz, 0.4 G temperature: 303 K

gure 5 shows their XRD patterns. Crys-
talline SisN; phase clearly appeared above
19.5 wt%. The XRD pattern of the pow-
der of Fig. 5(a) showed a broad /3 -SiC
pattern including very small amorphous
component, which was observed as a base
line increase at a very wide range from
about 20 to 45 degrees. The NMR spec-
trum showed a main broad peak at -19.3
ppm and a small shoulder at -46.7 ppm,

which corresponded to Si:N,”. The low
magnetic field component (between -5 and
30 ppm) became very small. The XRD
pattern of the powder of Fig. 5(b) was
the mixture of broad /S -SiC pattern, crys-
talline SizN;, small Si peak and a small
amount of amorphous component. The
NMR spectrum showed a broad peak at
-18.7 ppm and a relatively sharp peak at
-48.3 ppm ( FWHM, approximately 10
ppm). In addition, it contained a small
peak at -80.8 ppm and around -110 ppm,
which corresponded to elementary silicon
and silica, respectively. As the nitrogen
content increased and reached 28.0 wt%
(Fig 5(¢)), crystalline SizNy increased and
SiC decreased in the XRD pattern. In
addition, an amorphous phase was
observed more clearly. The NMR spec-
trum showed that the peak at -21.4 de-
creased and the peak at -48.2 ppm in-
creased and became a little sharper
(FWHM, approximately 6.3 ppm). When
the nitrogen content was 30.9 wt% (Fig.5
(d)), XRD pattern was the mixture of
sharp a-SizN; and b-Si;

The T, values of the two peaks in Fig.4
(c) were estimated to be 40.3 s for -48.2
ppm, and -49.5 s for -21.4 ppm, respec-
tively.

3-2. ESR

ESR spectra were taken for these ultra-
fine powders. Figure 6 shows the typical
ESR spectra of SiC and SiC-SizN, compo-
site ultrafine powders synthesized using
the laser. These powders showed strong
ESR signals, which indicated that these
powders had a lot of paramagnetic defects.
The ESR spectra of the powders exhibited
a single line shape without any satellites
and shoulders, even though the spectra of
SiC and low nitrogen content SiC-SisN,
were somewhat asymmetric.

Table 1 lists the g value, peak to peak
line width (AHpp) and spin concentration
(Ns). No correlation could be drawn be-
tween nitrogen content and paramagnetic
spin concentration. The Ns of SiC-SizN,
powders were smaller by at least one
order of magnitude than nitrogen content
of the powder. For example, the Ns of
the powder with nitrogen content of 0.45
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Table 1. g Value Spin Concentration and Peak-to-Peak Line Width of ESR Spectra of
SiC and SiC-Si;N; Composite Powders

Peak-to-peak

Spin conc. line width

Sample g value (spings/g) AHpp(G)
SiC(commercial) 2.0026 1.0X10% 4.6
SiC 2.0027 1.1X10"% 5.1
SiC-SizN,

N=0.45wt% 2.0030 1.1X10" 5.4
N= 5.8wt% 2.0025 1.9X10* 4.9
N=11.0wt% 2.0026 4.8X10" 5.6
N=13.1wt% 2.0026 3.4X10" 5.0
N=19.5wt% 2.0025 8.9 10" 8.5
N=28.0wt% 2.0025 1.9Xx10" 8.5
N=30.9wt% 2.0025 3.9X10" 10.5

wt% (0.66 mot% ) was 0.037 mot% and
the Ns of the powder with nitrogen content
of 30.9 wt% ( 45.8 mot% ) was 0.13
mol%. This fact revealed that most of
nitrogen in the composite powders were
present in a non paramagnetic form.

4, Discussions

4-1. NMR
4-1-1. SiC and low N content compo-
site powders

Carduner et al.’” have studied seven
commercial B -SiC powders. . From the re-
sults of Carduner, it seemed that there
were typically two kinds of powders. A
kind of powders showed broader NMR
spectra (FWHM 5 to 6 ppm) with peak
maxima at about -18 to -19 ppm. The
other kind of powders showed relatively
narrower peak (FWHM 0.8 ppm) with
peak maxima at -16 ppm. They showed
that the existence of much stacking faults
broadened the spectra and shifted the peak
position towards high magnetic field. But
our laser synthesized SiC powder seemed
to be different type from those reported
by Carduner, because it showed a re-
latively broad (FWHM, approximately 3.0
ppm ) peak at -15.9 ppm.  This laser
synthesized SiC powder consisted of very
fine particles and the mean crystalline size
was 4.4 nm' . This powder might have
many defects besides stacking faults, or
contain amorphous phase. Crystal imper-
fections as well as amorphous phase
seemed to broaden the NMR spectrum” .
The very similar spectra were observed in

polymer derived SiC” and SiC based
materials'® .

The spin-lattice relaxation time, T,
was estimated to be 18.8 s for the ultra-
fine SiC powder. In general, the NMR
relaxation time is dependent on molecular
motion, but in the case of solid systems
molecular motion is not vigorous enough to
be efficient. Therefore, silicon carbide
generally has long T, values. The longest
T, value of 35 =4 min was reported for
highly pure 6H-SiC,). Our laser-synthesi-
zed ultrafine SiC showed a very short T,
value. In addition, SiC-SizNs; composite
ultrafine powders showed very short T
values. The ultrafine powders had a lot
of paramagnetic defects, which are shown
in the ESR results. Because the relaxa-
tion probably occurred via paramagnetic
centers*'?, these ultrafine powders showed
short T, values.

It was interesting to take MAS-NMR
spectra at different relaxation delays, be-
cause it was expected that the species in
the vicinity of paramagnetics showed faster
relaxation time. The information on dis-
tribution or local structure in the vicinity
of paramagnetics might be obtained by tak-
ing MAS-NMR spectra at shorter pulse de-
lays. The powder of 5.8 wt% nitrogen
content (T, = 19.3 s) was measured at
PD = 400, 20, 5 seconds. These NMR
spectra were the same and any difference
was not observed. Further investigation
would be needed to get the information
about the local structure in the vicinity of
paramagnetics by NMR measurements at
shorter pulse delays.
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It was expected that a relationship be-
tween Ns and T, might be observed, be-
cause it was considered that spin-lattice
relaxation would occur via paramagnetic
centers. However, any distinct relation-
ship between them was not observed.
The spin concentration of our laser synthe-
sized powder were in the range from 8.9
x 1017 to 3.9 x 1019 spins/g. All the
Ns of powders, even a 8.9 x 1017 spins/
g, might be too high to exhibit the dif-
ferent effects on T;.

As illustrated in Fig.1, the low magne-
tic field component was increased by intro-
ducing nitrogen. The mean crystalline
sizes of SiC in these composite powders
were in the range from 2.4 to 4.3 nm and
they were almost the same size as that of
ultrafine SiC powder. Therefore, the de-
gree of broadening by small crystalline
size was expected to be the same as that
of SiC ultrafine powder. The low magne-
tic field component in NMR spectra sug-
gested that there existed Si atoms with dif-
ferent structure from SiC.

The chemical shift value of low magne-
tic field component was different from
those of SiC, SizNy, SiO. and Si. In addi-
tion, it was difficult to determine the
structure around Si atoms, with a low
magnetic field shift, by comparing the che-
mical shift with those of the standard in-
organic materials. This is because there
are few standard inorganic materials,
which consist of silicon, carbon and nit-
rogen atoms and have structurally and
chemically well known phases.

In the field of organosilicon compound,
a lot of ®Si NMR data is available. The
chemical shift of SiC-SizN, powder was
compared with those of organosilicon com-
pounds to determine the local structure
around Si atoms in the composite powders.
In general, ®Si chemical shift is affected
by not only the nearest neighbor atoms
but also the next nearest neighbor atoms.
It was necessary to take into account both
the nearest and the next nearest neighbor
atoms for precise interpretation of *Si che-
mical shift. However, the nearest neigh-
bor atoms have greater effect on chemical
shift than the next nearest neighbors. As

the first approximation, only the nearest
neighbors were taken into consideration.
In B -SiC crystal, Si atom is surrounded
by four C atoms. Therefore, organosili-
con compounds, which have a Si atom
surrounded by four C atoms, such as
(CH;) ,Si, and their substituted could be
used as reference materials.

The chemical shift of (CH;).Si was 0
ppm, and the chemical shifts of its substi-
tute by -N(CH;); group were in the range
from 5.90 to 6.90 ppm for ( CH; ) sSiN
( CHs ) 2, from -1.30 to -1.85 ppm for
(CHa):Si(N(CHs)2) 2, from -16.30 to -17.50
ppm for CHsSi(N(CHs;),)s and from -28.10
to -28.60 for Si(N(CHs),)+¥. The che-
mical shift of ®Si shifts towards a lower
magnetic field, when one of the four car-
bon atoms around silicon atom was substi-
tuted by a nitrogen atom. When two of
the four carbon atoms were substituted by
two nitrogen atoms, it shifted again
towards a higher magnetic field. Then, it
further shifted higher as three and four
carbon atoms were substituted by nit-
rogen. This behavior of *Si chemical
shift, which is observed in the case of
stepwise substitution of SiR, type com-
pound by another more electronegative

group, is known as the "sagging be-

havior”™. In addition, this "sagging be-
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Fig. 7 The change of the integrated intensity
ratio of the component between -5 and 30 ppm
with nitrogen content of the powder. The
dotted line shows the calculated atomic ratio
of Si atom with SiC;N configuration.
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havior” was predicted by semi-empirical
and empirical treatments considering the
electronegativity of the substituent. Be-
cause nitrogen has higher electronegativity
than carbon, if one of the four carbon
atoms was substituted by nitrogen atom in
B -SiC lattice, ®Si chemical shift was con-
sidered to move towards a lower magnetic
field compared to that of a pure B -SiC.
Therefore, the low magnetic field com-
ponent in Fig. 1 was considered to come
from the silicon atoms surrounded by three
carbons and one nitrogen (SiCs

It was known that Si-C ( H ) units
showed the chemical shift in this low
magnetic region®. It was possible that
amorphous Si-C (H) species contributed the
tail of spectra in the low magnetic field.
But this contribution of Si-C (H) species
was probably small, because C-H and
Si-H vibration could not be observed in
the FT-PAS spectra of the powders, even
though the direct chemical analysis of re-
sidual hydrogen was not carried out.

In order to see some compositional
trend about the SiC:N configuration, inte-
grated intensity was calculated. It was dif-
ficult to estimate precisely the degree of
the broadening by poor crystallinity and
the effect of the different next nearest
neighbor atoms on NMR chemical shift.
For instance, nitrogen atoms were consi-
dered to bond three or four silicon atoms,
as discussed later. The coordination num-
ber of nitrogen could affect on *Si chemic-
al shift, even though that effect was prob-
ably low compared to the effect of nearest
neighbor atoms. At the present stage,
MAS-NMR can not distinguish between
SiC3/4N1/3 and SiC3/4N1/4. Babonneau et 8.118)
quantitatively analyzed the MAS-NMR data
of SiCuypOx (x = 0 to 4) by peak decon-
volution. In this study, peak deconvolu-
tion was not performed. It was simply
assumed that the low magnetic component
with the chemical shift from -5 to 30 ppm
came from Si atom with SiC;N configura-
tion, and measured the integrated intensity
of that range. Peak deconvolution with
some assumed different components may be
suitable for discussions on subtle change
of spectra, however compositional trend of

spectra would be seen by this simple cal-
culation.,

Figure 7 shows the change of the inte-
grated intensity ratio of the low magnetic
field component with nitrogen content of

the powders. The ratio of SiC:N in-
creased rapidly with nitrogen content of
the powder and became maximum at around
8 wt% nitrogen content. Then, it de-
creased with the nitrogen content. The
dotted line shows the change of the atomic
ratio of Si atom having SiC3;N configuration
with nitrogen content, calculated by
assuming that C atom was randomly sub-
stituted by N atom in the £ -SiC crystal
and each N atom shared four Si atoms
i.e. SiCyuNyy. If N atom shared three Si
atoms i.e. SiC;uNys, this dotted line show-
ed the same tendency, but peak position
shifted from 8.6 to 11.2 wt%. The inte-
grated intensity ratio of low magnetic field
component showed a similar behavior to
the calculated

atomic ratio of Si with SiC;N configura-
tion. This fact probably suggested that a
SiCy unit was changed to SiCsuNiu or
SiCsuNi3 by random substitution of C atom
for N atom.

4-1-2. High N contennt composite
powders

Carduner et al.? reported that the
NMR spectra of a-Si;N, showed two peaks
(-46.8 and -48.9 ppm) and b-SisN, show-
ed one peak (-48.7 ppm). Even though
XRD pattern of the powder of Fig. 5(d)
included both a- and £ -Si;N,, the NMR
spectrum exhibited only one peak at -48.3
ppm. The mean crystalline sizes of Fig.
5 (d) estimated by Scherrer’s method were
35nm for @ -SisN, and 44 nm for £ -SisN,.

In addition, the three peaks of a -
and £ -Si:N, exist within 2.1 ppm. There-
fore, in this experiment, the three NMR
peaks could not be resolved because of the
broadening by their poor crystallinity.

The chemical shift values of each Si
configuration were considered to be in the
following order, judging from the sagging
behavior, SiC:N < SiC4, SiC;N; < SiCNj <
SiNs. In the case of high nitrogen content
of the powder, low magnetic field com-
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ponent decreased and high magnetic field
component increased with increasing nit-
rogen content. This fact suggested that
C-rich configuration such as SiC;N and
SiC3N; decreased and N-rich configuration
such as SiCN; and SiN, increased with in-
creasing nitrogen content.

In order to see some compositional
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Fig. 8 The change of integrated intensity ratio
of various components with nitrogen content of
the powder.
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Fig. 9 The change of the calculated atomic
ratio of Si atoms having various configurations
with nitrogen content, assuming that C atoms,
tetrahedrally coordinated around Si atom, were
randomly substituted by N atoms.

trend about the Si configurations, inte-
grated intensity was calculated as in the
case of low N content particles. A cal-
culation was done by simply assuming the
chemical shift range for each silicon carbo-
nitride unit as follows;

SiNg unit  —42.5 to —57.5 ppm

SiCN unit —27.5 to —42.5 ppm

SiC;N; unit —5 to —27.5 ppm

SiC unit =5 to —27.5 ppm

(overlapped with SiC;N3)
Figure 8 shows the change of the inte-
grated intensity ratio of these chemical
shift ranges. Figure 9 shows the change
of atomic ratio of Si atoms having various
configurations, calculated by assuming that
C atoms, tetrahedrally coordinated around
Si atom, were randomly substituted by the
introduced N atoms and each nitrogen
shared four silicon atoms. If nitrogen
atoms shared three silicon atoms, the
calculated curves changed its value. For
instance, SiN4 ratio became 1.0 at 33.3
wt% N content in the case of sharing four
silicon, and at 39.9 wt% in the case of
sharing three silicon. But the composi-
tional trends were the same. The trends
of each integrated intensity ratio in Fig. 8
were very similar to the corresponding
curves in Fig. 9. These results suggested
that nitrogen rich tetrahedral configuration
of Si atom increased in a stepwise manner
as the nitrogen content of the powder in-
creased. At the present stage, 2Si

MAS-NMR can not distinguish between N
atoms sharing three or four Si atoms.
Further investigation would be needed for
more precise interpretation of NMR spec-
tra.

i i
C\Si/C C\Sli/C
C C
* / C C
/Sl\ /Sl\c
C Si c C
C
(a) (b)

Fig. 10 The configuration of nitrogen atoms in
the low nitrogen content SiC-SisNs composite
particles.
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4-2. ESR

The g value of ultrafine SiC was 2.0027,
and changes in its values by introducing
nitrogen were very small. The following
were reported g values for several para-
magnetic centers g = 2.0055 for a Si
dangling bond with only Si nearest neigh-
bors,?™, g =2.003 and AHpp =14 G for-

Si dangling bond with N nearest neigh-

bors®® | g = 2.0027 and A Hpp = 6.1 G
for C dangling bond®®, g = 2.0024 for
nitrogen in diamond®, g = 2.004 +0.002
for nitrogen in 6H-SiC®.
These g values were very close to each
other except g = 2.0055 for Si dangling
bond with only Si nearest neighbors. It
was difficult to identify the paramagnetic
defect centers only by g values.

When the nitrogen content exceeded
19.5 wt%, the AHpp of ESR spectra be-
came larger and the Ns increased with in-
creasing nitrogen content and SizN, phase.
Those paramagnetic defects seemed to be
characteristic of SisN, phase. Warren et
al.? reported that the AHpp of Si dang-
ling bond with N nearest neighbors was
broadened by hyperfine ‘interaction between
“N and Si dangling bond. Therefore, the
increase of the AHpp suggested that the
paramagnetic center with nitrogen neigh-
bors, such as Si(N)s, became dominant
when nitrogen content exceeded 19.5 wt%.

4-3. Structure of composite particles
4-3-1. Low N content composite powder
In the previous study, transmission
electron microscopic (TEM) observation
showed that the low nitrogen content
SiC-SisN, composite particles contained
very small SiC crystals in a particle, and
the lattice constant of crystalline SiC phase
drastically decreased with nitrogen con-
tent. It was suggested that a composite
particle consisted of small SiC crystals and
grain boundary layer between crystals and
that SiC microcrystals contained dissolved
nitrogen by substituting C atoms™. The
MAS-NMR results showed that the SiCsN
configuration was appeared by introducing
nitrogen. However, at the present stage,
®Si NMR can not distinguish between

SiCsuNiy and SiCyuNys units in these com-
posite particles.

In B -SiC microcrystals containing dis-
solved nitrogen, nitrogen atoms were cons-
idered to be tetrahedrally surrounded by
four Si atoms in the lattice ( SiCsuNyu,
Fig. 10(a)). In this case, nitrogen atoms
in B -SiC lattice should be paramagnetic
centers by unpaired electrons because of
the valence difference of nitrogen and car-
bon. However, the results of spin con-
centration measured by ESR showed that
most of the nitrogen atoms in the powder
were present as a non paramagnetic form.

There could be two possible non para-
magnetic nitrogen forms. One was a tri-
valent nitrogen bonded to three Si atoms
(SiCsuNyss, Fig. 10(b)). The ultrafine SiC
particles had a lot of paramagnetic de-
fects. Even though those defects had not
been identified, dangling bonds such as C
(Si); were considered to be present in
ultrafine particles. If nitrogen atoms sub-
stituted the carbon dangling bond, nitrogen
could exist as a non paramagnetic trivalent
form (N(Si);). This might be the reason
that spin density tended to decrease with
increasing nitrogen content in the case of
low nitrogen content of SiC-SizNj.

The composite particles showed only a
broad SiC pattern, until nitrogen content
became up to about 10 wt%. However,
trivalent nitrogens were unlikely to be pre-
sent in the £ -SiC crystalline lattice at
large amounts up to about 10 wt%, be-
cause they distort the tetrahedral SiC lat-
tice much. Trivalent nitrogen atoms might
exist in grain boundary layer.

Another possible non paramagnetic
form was positively charged nitrogen atom
bonded four Si atoms (@®N(Si).,) making
pairs of negatively charged defects such as
©Si(C)s or ©OC(Si);. In this case, nit-
rogen atoms could exist in £ -SiC lattice,
because nitrogens bonded to four silicons
were expected to distort the [ -SiC lattice
less than trivalent nitrogens. Nitrogen
might reduce the paramagnetic defect in
the SiC phase, because Ns tended to de-
crease with increasing nitrogen content un-
til nitrogen content reached to 19.5 wt%.
However, further investigations will be
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needed to clarify the defect structures.

At the present stage, it seemed most
likely that nitrogen atoms in the powder
partly dissolved into S -SiC crystal as tet-
rahedral form bonded to four Si atoms,
and were partly present in the grain
boundary layer as trivalent forms bonded
to three Si atoms.

4-3-2. High N content composite powder

In the case of high nitrogen content
SiC-SisNy composite particles, XRD results
showed that SiC, SizNy, Si and amorphous
phases were present in the powder and
their relative amount changed according to
the nitrogen content of the powder. The
previous study” showed that the lattice
constants of SizN, phase in composite par-
ticles were different from those of pure
Si3N4.

The NMR results showed that these par-
ticles consisted of SiC, SizNg, amorphous
phases,and contained the configuration of
SiC(4-x)/4Nx/4 or SiC(4_X)/4Nx/3 with x = O to
4. The proportion of N-rich Si configur-
ations such as SiN; and SiCN; increased
stepwise with increasing nitrogen content
of the powder. As the N-rich configura-
tion increased, the crystalline phase
changed from SiC to SizNgy or an amor-
phous phase. Finally, the powder with
nitrogen content of 30.9 wt% was com-
posed of crystalline Si;Ngy and Si.  SiC
phase was not completely pure phase, and
contained nitrogen. SisN,; phase showed a
different lattice constant, but direct evi-
dence was not found of the presence of C
in crystalline SizN; phase by MAS-NMR.

The local structure of SiC-SizN; compo-

5 .Conclusions

site particles was studied by MAS-NMR
and ESR. The low N content particles
consisted of very small crystalline SiC con-
taining nitrogen. The SiC;N configuration
was appeared by introducing nitrogen. It
was suggested that nitrogen atoms in the
low nitrogen content composite particles
were partly present in /3 -SiC microcrystal
tetrahedrally surrounded by four Si atoms
and partly present in the grain boundary

layer between SiC microcrystals in the
particles as trivalent state bonded to three
Si atoms.

In the case of high nitrogen content
powder, N-rich Si configurations increased
with increasing nitrogen content of the
powder, and the crystalline phase changed
from SiC to SizNg or amorphous phases.
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Fig. 2 Optical micrographs of surface of com-
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Fig. 3 X-ray diffraction
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tion patterns of Al/SiC
composites.

2.5}
K8 1523K (P)3//«<1523K (P)
w 1=
2 20~ -7
e ' A<HP 973K
1523K (W) 4,
> 1.5
x
-
H
§ / H.P 973K (P)
£ 1ok Gons 1523K (W)
Al HP 973K
1] 1 1
08 10 15 20
SlaNa (vol%)

Fig. 5 Vickers hardness of Al/Si;N,

composites.
25
&
% 201
1523K (P) H.P 5.73K (W)
A== &
> 1.5
2 Lo
" -~ 1523K (W)
° AT
c -
& P
H o]
LI -
1.0 0—/04 973K (P)
Al HP 973K)
0.5 1 [ [
10 15 20
sic (vol%)
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Fig.10 Fracture surface of Al/SizN, and Al/SiC
composites after bending test.
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Separation and Purification of Lactic Acid : Fundamental Studies

on the Reverse Osmosis Down-stream Process*!

(Keywords: Polyamide composite membrane, Lactate; Lactic acid, pH, Ion dissociation, Reverse osmosis)

M.K.H. Liew*?, Shigenobu TANAKA*®, Mikio MORITA™*®

1. Introduction

Lacti acid can be obtained via a chem-
ical or a fermentation process. Although
the chemical process offers a product with
a relatively low production cost, an opti-
cally inactive racemic mixture of 50%
L-type and 50% D-type lactic acid is
always produced. Conversely, by fer-
mentation, the selectivity of lactic acid can
be attained by using an appropriate bac-
teria species and/or by genetic engineering
of the species. In this project L-lactic acid
is preferred as it can produce biodegrad-
able plastic material, material with high
dielectric constants for liquid crystals, and
optical isomeric reagents. This is produced
via fermentation process using potato
starch as raw material, which is a com-
mon agricultural product in Hokkaido,
Japan.

In order to maximize the production of
lactic acid in a fermentation process, spe-
cial caution has to be taken in the choice
of the pH-controlling agent adopted. This
is because certain pH-controlling agents
were found to have inhibitory effects on
cell growth due to their salts produced
[1] and/or fouling effects on microfiltra-
tion and ultrafiltration processes [2-4].
Hongo and co-workers [1] studied the
effects of lactic acid and various lactates
on the cell growth using L.delbrueckii, in
which sodium lactate, ammonium lactate

% 1 This paper was reproduced from Desalination,
Vol. 101,‘(1995)pp.269-277 by the permission
of Elsevir Science-NL, The Netherlands.

* 2 STA Fellow

% 3 Booscience and Chemistry Division

and calcium lactate (1.0% each) were
found to offer only 50%, 67% and 72% of
cell growth, respectively. Although cal-
cium lactate had the least detrimental
effect on cell growth, its low solubility
could lead to solidification within the
broth, resulting in severe fouling during
membrane separation process. This option
was therefore not considered in this
study. Alternatively, sodium hydroxide or
ammonium hydroxide could be used to con-
trol pH without causing a significant det-
rimental effect on cell growth, on condi-
tion that a microfilter is used to continual-
ly release the lactates produced [5,6].

The adverse effects of these lactates
on the performance of the RO down-stream
process have, however, yet to be evalu-
ated. This forms the objective of the pre-
sent study. In particular, the physico-chem-
ical and operating effects of lactic acid and
lactates will be studied, and any solute
membrane interaction that exits, character-
ized. The results obtained from this study
might facilitate the selection of the best pH
controlling agents to be used in the lactic
acid production process. To substantiate
the physico-chemical effects being species-
originated, the effective pH range of this
polyamide composite membrane will also be
considered.

2. Materials and Methods

Three broth-free feed solutions of sodi-
um lactate, ammonium lactate and lactic
acid (Wako Pure Chem. Ind. Ltd.) were
concentrated using a flatsheet polyamide
composite membrane (Nitto Denko Co.,
NTR7199) which was placed in a stirred-
cell with working volume of 300 ml. The



Separation and Purification of Lactic Acid @ Fundamental Studies on the Reverse Osmosis Down-stream Process
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Fig.1 Schematic diagram of the apparatus used
to concentrate broth-free solutions.

stirred-cell was placed on a magnetic stir-
rer (Iwaki Glass Co., BS-190), and inert
gas was used to regulate the pressure ap-
plied ; a schematic diagram of the ex-
perimental set-up is depicted in Fig. 1.

Flux was measured volumetrically:
permeate concentration was detected using
a standard HPLC method ( Tosoh Co.,
Co0-8020); pH value was recorded using a
pH meter (Horiba Co., M.8L): and osmotic
pressure was measured by the RO mem-
brane permeating method [7]. In addition,
the bulk concentration (C,), total solute
loss (Tsl), rate of solute loss (Rsl), solute
rejection (Res) and concentration efficiency
(7) were obtained from the equations
listed below (it was assumed that densities
were identical to that of water).

(CPV5)-(C, D)

= X100 1)
' [Py (Vi-VD)
(Co V)

Tsl= —<——~—X100 2)
T Ge (
Rsl,= AAT:Z =gradient of graph Tl vs ¢ (3)
Rsl,= ﬁ%l =gradiennt of graphTs! vs Vp (4)

—71-Cs
Rups=[1— Cb] X100 (5)
AC, C,C
7= b Lo tf (6)
Cy Cr

where C, £, V and t denote concentra-
tion, density, volume and time, respec-
tively; and the subscripts b, f, i and p
refer correspondingly to bulk solution,
feed, initial and permeate.

3. Results and Discussions

3. 1 Effective pH Range

Fig. 2 shows the pH effect on the
polyamide membrane as investigated using
hydrochloric acid or sodium hydroxide
solutions. When the pH of the solution
was increased from 4.2 to 10.1, the mem-
brane flux decreased gradually from 0.69
to 0.50 m'.m?.d" (27.5%), while the pH
of permeate increased from 6.1 to 7.8
(27.9%) in the vicinity of neutral pHs.
These new neutral pHs of permeate
obtained, as expected, were most likely
due to the surface forces and the electrical
potential jumps on the membrane bound-
aries, caused by the difference in distribu-
tion coefficients for H™ and OH™, as have
been discussed in details by Starov and
Churaev [8]. However at pH 2.2 a drama-
tic increase in flux to 1.85 m’.m™?.d" (an
increased of =2170%) with extensive solute
leakage was observed; equal values of pH
were attained for both permeate and feed.
This suggests that this particular type of
membrane swelled in the low pH range,
around pH 2.2, as a result of the varia-
tions in membrane charge brought about
by pH changes. This result is in agreement
with Hurndall's work [9].

2
1.8 x e
. O/‘ o4
R 1.6 —
T 14
z
S 12
5§
E 1
-
E o3
3 0.6 S — Y
= ° [ Tx ~—x  Flux +
0.4
0.2
0
0 2 4 6 S 10 12
pH of Feed
Fig. 2 Effects of pH on polyamide composite
membrane
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3. 2 Physico—chemical Effects

The membrane performances of three
different feed solutions (3.0%), concen-
trated at 7 MPa and 900 rpm were com-
pared. The results showed a decreasing
order of flux for lactic acid, ammonium
lactate and sodium lactate. For instance,
at a permeate volume of 250 ml, lactic
acid had a flux of 0.66 m’.m™?.d™"; ammo-
nium lactate, 0.30m’.m™.d™"; and sodium
lactate, 0.18n’.m™?.d™. Conversely, an in-
creasing order of solute reduction factor
(C,/C,) for the above feeds was found,
as illustrated in Fig. 3. The solute reduc-
tion factors for 3.0% feeds of lactic acid,
ammonium lactate and sodium lactate at
250 ml were 5.8 (equivalent to a rejection
of 83%), 18.3 (rejection of 91%) and >
80.0 (rejection of > 99%), respectively.
The values attained were the result of dif-
ferent degrees of solute leakage as indi-
cated in Fig. 4, where the permeate con-
centration for the above feeds were 1.8%,
0.82% and 0.14% at 250 ml. This illus-
trates the well-known trade-off between
solute rejection and permeate flow rate in
RO systems [10].

The differences in flux and solute re-
duction factor for these three different
feeds were found to be a function of their
pH values; the pH values for lactic acid,
ammonium lactate and sodium lactate were
found to be 2.2, 5.4 and 7.2, respective-
ly. To further confirm the pH effects of
feeds on the flux and solute retention,
further experiments with 3.0% lactic acid

80.00 T -
70.00 4 * Lacticacid - //
60.00 {—{ * NHdLac /
$0.00 +— © Nalac //
40.00
Lo
30.00 d
20.00 / [ s 1
10.00 -
/)//A I "

0.00 - - N

0 50 100 150 200 250 300

Permeaic Volume(ml)
Fig. 3 Comparison of solute reduction factors
for three different feed solutions at
3.0%

Permeate Cone

1.80

] Lactic acid

1.60 1

1.40

(%
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K
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o o =~
3 8 8

I\ A
\ x Vx

/

0.40
0.20 =
000 4—— |

0 50 100

X Na Lac

O\LO

150
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Permeate Volume(ml)

Fig. 4 Permeate concentration profile for dif-
ferent feeds

adjusted to pH 5.6 and sodium lactate ad-
justed to pH 11.5 using NaOH(s), were
also conducted. All these results are
summarized in Figs. 5 and 6, showing
that with an increase in pH, flux and
permeate concentration were decreased,
while the solute reduction factor was in-
creased.

The chemical compositions for these
feeds at different pH values were calcu-
lated and confirmed with the assistance of
equilibrium diagrams [11,12], as shown
in Table 1. The data indicate that at pH
2.2 there were only 0.01 Mions, yet
0.33 M lactic acid molecules were present;
whereas at pHs ranging from 5.4-11.5
concentration of ions remained relatively
constant at 0.54 M, with an insignificant
concentration of molecules. Fig. 6 further
depicts that at pHs where a low concentra-
tion of ions was present, the permeate
concentration or solute leakage was en-
hanced; this was the case for pH 2.2. At
pHs where a high concentration of ions ex-
isted (i.e., pH 5.4-11.5), the permeate
concentration or solute leakage was re-
duced accordingly. This suggests that
solutes in ionic state are preferentially re-
tained as compared with their counterpart
(i.e. molecules). This was likely to be
attributed to the larger sizes of ions
attained as a result of the potential hydra-
tion they inherit by merit of their -charge
densities [13,14]. The larger sizes of hy-
drated ions, compared with the molecules,
would reduce their rates of diffusion, re-
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Fig. 6 Relationships between pH of feed, per-
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sulting in lower permeate concentrations.
The increase in osmotic pressure due to
the enhanced dissociation with pH, was

Cb/Cp

[Total Ion] (molf1)

believed to result in the reduced flux.
Miyaki and Fujimoto {15] have also
observed the ion dissociation effect on flux
in the dialysis of acetic acid, citric acid
and ascorbic acid with a charge-mosaic
membrane.

According to Kielland [16], the di-
ameters of hydrated ions H", Na' and
NH," are 9A, 4-4.5A and 2.54, respec-
tively. In terms of size, the bigger ions
had lower rates of diffusion and were ex-
pected to have lower permeate concentra-
tion. However, the capability of the HT
and NH," ions to form hydrogen-bonds
with the carbonyl groups of the polyamide
membrane could promote ionic passage. At
similar ionic concentrations, the larger hy-
drated size and the non-hydrogen-bonding
characteristics of Na™ as compared with
NH," are believed to have contributed to
the lower permeate concentration and
greater solute reduction factor of sodium
lactate compared to that of ammonium lac-
tate. These effects are even more obvious
at a higher operating pressure (Table 2).
Lactic acid (at pH 2.2) did not attain the
greatest solute reduction factor (Fig. 3)
and its lowest permeate concentration
(Fig. 4), despite the largest hydrated size
of H", was likely attributed to its lowest
ion concentration ( Table 1 ) and its
hydrogen-bonding capability, in addition to

Table 1 Chemical compositions of various feeds at different pH values (mol/!l)
Feed
LacH NH,Lac LacH NaLac NaLac
(pH 2.2) (pH 5.4) (pH 5.6) (pH 7.2) (pH 11.5)
[H*] 7.08E-3 3.98E-6 2.51E-6 6.31E-8 3.16E-12
[Na*] - — 0.266 0.268 0.271
[NH4"] - 0.269 - -
[Lac7] 7.08E-3 0.269 0.266 0.268 0.268
[OH] 1.41E-12 2.51E-9 3.98E-7 1.58E-7 3.16E-3
[LacH] 0.326 1.41E-3 4.37E-3 1.10E-4 5.50E-9
[NH.] — 1.78E-5 — _
[Total ions] 0.014 0.538 0.537 0.536 0.542
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Table 2 Fluxes and solute reduction factors at 3 and 7 MPa for different feeds (readings

taken at 200 mi of permeate)

MPa Feed

Sodium lactate

Ammonium lactate

Lactic acid

Flux Cp/Cp Flux

(. m?.d7)

(. m2.dh

3 0.18 73 0.25
7 0.40 85 0.70

the swelling of polyamide membrane (Fig.
2) . The unexpected increase in permeate
concentration for ammonium lactate in the
latter half of the filtration process (Fig.
4) was believed to be due to concentration
polarization; its small hydrated ion size
and hydrogen-bonding capability also
helped to enhance the solute leakage.

At this stage, ammonium hydroxide
(at 3.0%) offering a rejection of 91%, de-
spite the concentration polarization effect
its lactate incurred in the latter half of
the process, is considered to be the opti-
mum pH-controlling agent to be used in
lactic acid production. Moreover, its capa-
bility to augment cell growth and produc-
tivity by acting as a nitrogen source [17]
has further supported its use. On the
other hand, sodium lactate, despite its
high solute retention capability, offered an
extremely low flux, and permeate collec-
tion was time consuming; for instance it
took 600 min to collect 250 ml of permeate
as compared to 360 min to collect ammo-
nium lactate. Sodium hydroxide is there-
fore not recommended in this process.

3.3 Operating effects
3.3.1. Pressure applied

Figs. 7 and 8 illustrate the relation-
ship of applied pressure to flux (1),
observed solute rejection (Rops), permeate
concentration (Cp) , bulk concentration
(Cb), rate of solute losses (Rsl; and Rslv)
and total solute loss (Tsl) using a 1.0%
ammonium lactate solution concentrated at
900 rpm; data were taken at the 150th min
of filtration process for comparison. As
the pressure was increased from 3 to 7

Cb/Cp Flux Cp/Cp
(n.m2.47%)
32.1 0.63 2.48
36.9 1.01 9.33
8 T
;—:7 x Tst ]
S.llew | /
E s 1 ° Cp ,/
i + Rslt
$a
2, e _
= ———
9, —
E 1
0 -
0 1 2 3 4 5 6 7
Pressure(MPa)

Fig. 7 Pressure effects on total solute loss,
permeate and bulk concentrations, and
rate of solute loss
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Fig. 8 Pressure effects on solute rejection,
rate of solute loss and flux using 1.0%
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MPa, flux, bulk concentration, solute re-
jection, rate of solute loss (Rsl;) and to-
tal solute loss were increased, with an in-
significant change in permeate concentra-
tion and rate of solute loss (Rsly). Fig. 9
further shows that the increase in bulk
concentration with increasing pressure was
attributed to the larger quantity of perme-
ate obtained as a result of higher flux.
The lower flux and the greater permeate
concentration at 1 MPa (i.e., Cp of 0.16%
as compared to 0.08% recorded at the
other pressures) have resulted in a higher
Rsl, and hence a lower Robs at this partic-
ularly low pressure at a given time.
However, the increasing Rsl; with pressure
has incurred a greater loss in the total
amount of solute (Tsl). In conclusion, an
increment of pressure would offer a
greater flux, which overweighs the effect
of increasing total solute loss and conse-
quently contributes to an increase in solute
rejection. Glueckauf and Sammon [18] ex-
plained the increased rejection with in-
creasing pressure on the basis of dielectric
constant of water content. 7 MPa is consid-
ered to be an optimum operating condi-
tion in this process, with the cost of los-
ing a certain amount of solute (i.e., Tsl
of 7.59%) .

Table 2 compares the flux and solute
reduction factor for various feed solutions.
These results indicate an increase in solute
reduction factor with an increase in
pressure, suggesting that lactic acid,
sodium lactate and ammonium lactate did
not show a strong solute-membrane affin-
ity. A strong solute-membrane affinity

10 1.2
9 L
. Py n 7 1,
. X ol ol /]
. A + 0.8
p \ Flux ) /
s i\ v — 06
. ~_ — —

Tsl Sl /97/ | 0.4

3 ) J\L of

+ ‘37
2 T,

| e + 0.2

o} 0

Feed Concentration(%)

Fig. 10 Effects of feed concentration on flux,
concentration efficiency, bulk concen-
tration difference and total solute loss
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Fig. 13 Effects of stirring speeds on flux and
solute reduction factor using a 1.0%
ammonium lactate solution

system would show a decrease in solute
reduction factor with an increase in ap-
plied pressure, as is the case for certain
low molecular weight organics in water
such as benzene, toluene and phenol deriva-
tives, which have been thoroughly studied
by several authors [19-23].

Cb/Cp
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3.3.2. Feed concetration

Fig. 10 depicts the relationship be-
tween C, and flux, Tsl, bulk concentration
change (ACy), or concentration efficiency
(7) using ammonium lactate solution fil-
tered at 7 MPa and 900 rpm:; data were
taken when 150 ml of permeate was
obtained. As feed content was increased
from 0.92% to 5.80%, flux was decreased
from 0.92 ¥ .m?.d" to 0.25 m® .m™2.d",
while Tsl was increased from 2.86% to
9.66%. This has resulted in a reduced
concentration efficiency from 1.04 to 0.81,
despite the increment of Cy, from 0.96% to
4.68%. The increase of osmotic pressure
from 0.7 MPa to 1.4 MPa obtained ex-
perimentally and the increase of viscosity
of solution as a result of increased molecu-
lar interaction [24], resulting in higher
resistance to flow, could well explain the
decrease of flux when feed was increased
from 0.92% to 5.80%. Fig. 11 reports an
increase of permeate concentration or sol-
ute leakage with feed concentration. Also,
the permeate concentration at all feed con-
centrations studied shows a similar profile
of an initial decrease followed by an in-
crease, with volume of permeate obtained.
The latter increase was attributed to the
concentration polarization where the effect
was further augmented with feed concen-
tration as indicated by a greater positive
gradient (Fig. 11). This leads to a re-
duced solute rejection as filtration pro-
ceeded, especially as feed concentration in-
creased, =3.80% in this case, as illus-
trated in Fig. 12.

3.3.3. Stirring speed

Fig. 13 illustrates the effects of
variations in stirring speed on the flux
and solute reduction factor using a 1.0%
ammonium lactate solution concentrated at
7 MPa. The results indicate an increase of
flux from 0.70 m’.m™.d" to 0.88 n.m™.
d? (i.e., +25.7%) from 300 rpm to 600
rpm, yet decreased to 0.84m’.m™.d” (.e.,
4.5 % ) with a further increase up to
1200 rpm. However, the increase in flux
at 600 rpm was also accompanied by a de-
crease in the solute reduction factor from
64.5 to 46.5. In spite of the similar

fluxes and reduction factors attained at
900 rpm and 1200 rpm, mechanical insta-
bility was observed at 1200 rpm. This
indicates an optimum stirring speed of 900
rpm.

4. Conclusions

The physico-chemical and operating
effects of lactic acid, sodium lactate and
ammonium lactate on the RO process have
been investigated using a polyamide com-
posite membrane. This particular type of
membrane was found to swell at pH 2.2
but had no detectable solute-membrane
affinity. The flux and permeate concentra-
tion were found to be an inverse function,
whereas the solute reduction factor was a
direct function of the pH value of feed.
This was attributed to the greater concen-
tration of ions dissociated into the solution
as the pH was increased, and the fact
that hydrated ions possess larger sizes
than molecules by merit of their charge
densities is believed to help enhance rejec-
tion. by their lower rates of diffusion.

At this stage, ammonium hydroxide is
considered to be the optimum pH-controll-
ing agent for lactic acid production by vir-
tue of its reasonably high flux and solute
rejection as well as its capability to aug
ment cell growth by acting as a nitrogen
source. In terms of operating conditions,
an increase in pressure from 1 MPa to 7
MPa has contributed to a higher flux,
which overweighs the effect of the increas-
ing total solute loss and consequently leads
to an increase in solute rejection. On the
contrary, an increase in feed concentra-
tion, especially to=3.80%, has incurred
pronounced effects on concentration polar-
ization, leading to a reduced solute rejec-
tion and concentration efficiency. The opti-
mum operating conditions were estimated
to be 7 MPa and 900 rpm.
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5. Symbols
C —Concentration, wt%
C  —Concentration difference, wt%
] —Flux, m’.m?2.4*

Robs —Observed solute rejection, %

Rsl;, —Rate of solute loss based on time,
wt%.h™

Rslv —Rate of solute loss based on volume
of permeate, wt%.L"

t —Time, h

At — Time difference, h

Tsl —Total solute loss, wt%

V  —Volume, m’

7 —Concentration efficiency

©  —Density, kg.m>

Subscripts

b —bulk solution

f —feed solution

1 —initial volume

p  —permeate volume
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Raman Spectroscopic Analyses on the Growth Process of

CO, Hydrates*!

(Key Word : CO; hydrate Raman spectroscopy, Deep sea, CO. sequestration)

Tsutomu UCHIDA*?, Akifumi TAKAGI*?, Junichi KAWABATA™*,
Sinnji MAE™*® and Takeo HONDOH **

1. Introduction

Carbon dioxide disposed in the ocean
at depths below about 500 m will form a
CO; hydrate layer at the interface with sea
water. This hydrate layer is expected to
control the CO, dissolution into the sea
water, and the acidity of sea water”. The
injection of CO; hydrates themselves in the
ocean has been proposed as an option of
CO, disposal because of their physical sta-
bility?.

CO; hydrate (CO, nH,0) is crystalline
molecular complex which includes a large
quantity of CO, molecules, and is stable at
high pressure and low temperature con-
ditions. n is the molecular fraction of
water reacted with a mole of CO;, which
is called a hydration number. The struc-
ture of the CO, hydrate is a unit cell con-
sisting of 46 water molecules enclosing two
small and six large cages, each of which
can include a CO; molecule. If all cages
are occupied by CO; molecules, n becomes
5.75 and the density of CO, hydrate is
about 1.13 g cm™, which is larger than
that of sea water.

For detailed assessment of the be-

% 1 This paper was reproduced from Energy Con-
vers. Mgmt., Vol.36,No0.6-9, (1995)pp.547-550
by the permission of Elsevir Science Ltd., Great
Britain.,

Resources and Energy Division

the Department of Applied Physics, Faculty of
Engineering, Hokkaido Univ.

Material Division

the Institute of Low Temperature Science, Hok-
kaido Univ.
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havior of the CO; injected in deep oceans,
it is necessary to clarify not only the
growth process of CO; hydrate, but also
its physical properties. If n depends on
its growth conditions, the density of the
formed CO; hydrate would change.

However, such physical properties of CO;
hydrate have not been well studied. It is
therefore important to study both the
growth process and physical properties of
CO; hydrate simultaneously. In the present
study, we observed the growth process of
CO; hydrate and performed the Raman
spectroscopic analysis on the formed CO;
hydrate. The typical raman spectra of
both CO, and H;O molecules in CO; hy-
drate were determined. Then we will pre-
sent an attempt to evaluate the density of
CO; hydrate with these raman spectra.

2. Experimental Procedures

A pressure vessel with about 4 crf in
volume had silica glass windows. These
windows allowed us to observe the growth
processes of CO; hydrate and to measure
its raman spectra simultaneously. A cool-
ing rod was inserted in the vessel to form
the CO, hydrate at the center of the ves-
sel. At a suitable temperature and press-
ure conditions, the CO, hydrate was
formed only around the rod and trans-
parent CO,; hydrates grew slowly. This
optical setting gave clear images of the
growth process and prevents the dispersion
of laser beam at any unexpected site in
the vessel.



Raman Spectroscopic Analyses on the Growth Process of CO;  Hydrates

Ar" laser (A=488 nm) and JEOL-JRS-
400T type spectrometer with triple monoc-
rometer were used for raman spectroscopic
analysis. The scattered light was multi-
plied by photomultipler (Hamamatsu TV
R585) and recorded by a computer. Ex-
perimental conditions were as follows:
temperature and pressure of the vessel
were Tv=278.3-282.7 (+0.1) K and P =
3.93-4.60 (£0.06) MPa, respectively.
Temperature of the cooling rod (Ter) was
set between 263.4 and 276.2 K.

3. Results and Discussions

Fig. 1 shows transparent CO; hyd-
rates growing around the cooling rod
under conditions of Tv = 282.2 K, Ter =
268.9 K and P = 4.56 MPa. The growth
rate of CO; hydrate decreased logarithmi-
cally of order from 107 to 10™° mm hour".
Here the growth rate was regarded as the
increasing rate of CO, hydrate thickness.
At the boundary between CO; hydrates
and CO; solution, we observed polyhedral
facets of CO; hydrate crystals (Fig. 1b
and ¢). The formation of facets indicates
that formed CO. hydrates were crystalline
solids.

Then, raman spectra of formed CO;
hydrates were measured. Fig. 2 shows the
typical example of raman spectra of the
CO; hydrate (solid line) and CO; solution
(dashed line). Two large peaks of CO,
molecules are observed between 1250 and
1450 ¢m™'. Other peaks are the raman

Fig. 1:In situ observation of crystal growth process
of CO, hydrate. a) initial state, b) after 1
hour,c)after 14 hours. r: cooling rod, H: GO,
hydrate, W: CO, solution. 1mm

I [ J [ I
CO, hydrate
Jry
&2) CO, solution
|
4000 3000 2000

Wave length [em™]

Fig. 22 Raman spectra of CO, hydrate (solid line)
and CO; solution (dotted line)

spectra of H;O molecules. We found some
characteristics of raman spectra of CO, hy-
drate as follows: (i) raman intensities of
CO; molecules in CO, hydrates were con-
siderably larger than those in CO; solu-
tion. (ii) Raman peaks of CO; molecules
in the CO; hydrate were 1380.7 and 1277.
8 (£0.5) em-1 and those in CO; solution,
1382.5 and 1276.5 (+0.5) cm *. (iii)
Raman peaks of H.O molecules in the CO;
hydrate were similar to those of ice. (iv)
Raman intensity ratio of both CO, and H:O
molecules between CO; hydrates and CO,
solution varied with growth conditions of
CO; hydrates.

Result (i) indicates that CO, hydrates
formed in the present study included a
large amount of CO, molecules. Result (ii)
would be caused by the fact that molecular
vibrations of CO; in a cage were slightly
disturbed. Result (iii) shows that the CO,.
hydrate was the crystal whose hydrogen
bonds were similar to those of ice crys-
tals. This is supported by the structural
analysis of CO; hydrate by X-ray diffrac-
tion®. According to these characteristics,
we can distinguish raman spectra of CO;
hydrate with those of CO. solution.

Result (iv) indicates that molecular
concentrations of a CO, hydrate grown
form CO, solution depended on its growing
conditions. Here we present an attempt to
estimate the hydration number, n, by the
comparison of raman intensities. As we
measured raman spectra after the growth
rate of CO, hydrate reaching to zero, we
considered the concentration of CO, mole-
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cules in CO; solution to be saturated.
Then the molar fraction of CO; in the
solution, [CO.]lw / [H.O]lw, was repre-
sented by CO; solubility data®, and the
molar fractions of H:O and CO; in CO. hy-
drate, [H,0], / [CO.ly, = n, can be obtai-
ned as follows:

_ M0l _ [noln
[COJn  [Tmolw

where [I moln / [I moly is the intensity
ratio of H,O molecules between in CO; hy-
drate and in CO, solution, and [I cozly /
[I coz]w is those of CO; molecules. Here
we assumed that, in the present study
conditions, the raman intensities of both
H,O and CO; depend linearly on their
molar fractions. By substituting each value
into equation (1), we obtain n to be about
7.68 at Tv =282.2 K, Ter =268.8 K and P
=4.56 MPa. At another condition, that is
Tv =282.7 K, Ter =276.2 K and P = 3.93
MPa, nis about 7.24. These are consider-
ably larger than 5.75, which corresponds to
the hydration number of the CO; hydrate
whose cages are fully occupied by CO; mole-
cules.

The CO; hydrate whose cages are fully
occupied has larger density than liquid CO,
and sea water under deep sea conditions?.
However, CO; hydrates formed in the pre-
sent study had small densities. The density
of CO; hydrate (#) can be calculated with n
as follows:

[HZO:] w

[I COZJ h_, [COZ:I y (1)

(co. lw

0 =46 18+ R 2~

1.09 T T T T
Co, liquid

CO, saturated sea water

1.05
—— o —— e e =

1.04 —

sea water

1.03 -

1.01 : L !
2000 2500 3000 3500 4000 4500

Depth [m]

Fig. 3: Approximate estimation of relation be-
tween density and depth of the ocean.

co, hydrate (n=7.24)

- E‘OZ hydrate (n=7.68)

where R is Avogadro constant and a is
the lattice constant. With considering the
temperature dependence of a¥, £ is about
1.04 g cm™ for n = 7.68, and 1.06 g cm™
for n=7.24. Fig.3 shows a rough estima-
tion of the relation between densities and
depth of sea water below 2500 m. This fi-
gure indicates that at the depths larger
than 3700 m the density of liquid CO; is
larger than that of CO; saturated sea
water” . However, densities of CO, hyd-
rates formed in the present study are
smaller than not only liquid CO, but also
CO; solution at a depth deeper than about
3000 m. The density change of CO; hy-
drate would seriously affect its stability
and the CO,; dissolution rate into sea
water. We are now investigating how the
density of CO; hydrate depends on the
formation and growth conditions of CO,
hydrates.
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Nomenclature
Hr = heating rate [K/s]
P = pressure (kPa]
T = temperature (K]
t = reaction time [s]
ts = holding time at maximum temperature [s]
Uy, = superficial nitrogen gas velocity [em/s]
Yic = Yield of levoglucosan (wt%]
Yc = Yield of char [wt%]
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Refractive Index Measurements of Natural
Air-Hydrate Crystals in an Antarctic Ice Sheet*!

(Key Words : Air Hydrate, Refractive Index, Mach-Zehnder interferometer, Onsager cavity model, Cage occupancy)

Tsutomu UCHIDA*?*, Wataru SHIMADA*?,
and N.I.Barkov?*®

Shinji MAE**

1. Introduction

Ice-trapped bubbles are unique tools
for the reconstruction of the composition of
air. In the natural ice of glaciers, the
ancient atmosphere has been trapped for
hundreds of thousands of years. This
occurs some 50-100 m below the surface
of the polar ice sheets. At such depths,
the snow gets so sintered that it trans-
forms into ice, and the open pores be-
tween the snow crystals are definitively
closed, thus trapping samples of the con-
temporaneous atmosphere.”

At the depths of more than several
hundred meters, these air bubbles change
to air-hydrate crystals which are stable at
high pressure and low temperature. Shoji
and Langway2> first observed air-hydrate
crystals in deep ice cores from Dye-3 Sta-
tion, Greenland. They reported that the
air-hydrate crystals were transparent and
their diameters were less than 1 mm.
Air-hydrate crystals also have been
observed in some other polar ice cores.®?

The air-hydrate crystal is a molecular
complex known as-a clathrate, which is
formed from mixtures of water and air

%1 This paper was reproduced from Applied Optics,
Vol.34,No.25, (1995)pp.5746-5749 by the per-
mission of Optical Society of America,U.S.A.

%2 Resources and Energy Division

*3 the Institute of Low Temperature Science,Hok-
kaido Univ..

*4 the Department of Aplied Physics, Faculty of En-
gineering, Hokkaido Univ.

%5 the Arctic and Antarctic Research Institute, Rus-
sia.

Takeo HONDOH*?,

molecules. Because air-hydrate crystals
formed in the deep ice sheet are large
single crystals, they give us more informa-
tion than artificial polycrystal samples.
X-ray diffraction studies on air-hydrate
crystals in deep ice cores recovered at
Dye-3 Greenland” and Vostok Station,
Antarctica,” revealed that the space group
is cubic Fd3m, and that a unit cell con-
sisted of 136 water molecules enclosing 16
small and 8 large cage-like cavities in
which air molecules (mainly N; and O,)
can be enclathrated.

The refractive index of air-hydrate
crystals was revealed to be slightly higher
than that of the surrounding ice matrix by
the qualitative Becke test on air-hydrate
crystals in deep ice cores.”™ Davidson et
al.” suggested that the measurement of the
refractive index together with use of the
Onsager cavity model can yield good com-
position data for air-hydrate crystals, and
they estimated the refractive index of
air-hydrate crystals with some assump-
tions. However, because they are stable
only in an ice matrix, no quantitative
measurements of the refractive index of
air-hydrate crystals have been performed.

The Onsager cavity model shows the
relation between the refractive index of the
air-hydrate crystal and the site occupancy
ratio of air molecules for each cage, 6 .
Since the air volume stored in an air-hyd-
rate crystal depends linearly oné , it is
important to measure § for a paleoclimatic
study on polar ice cores. Some attempts
have been made to estimate 6 of air-hydrate



Refractive Index Measurements of Natwral Air-Hydrate Crystalsin in an Antarctic Ice Sheet

crystals in polar ice. For example, an
X-ray diffraction study on air-hydrate
crystals in Dye-3 ice cores (1500 m depth)
showed that 6 was about 0.8.% Furth-
ermore, the comparison between the
air-hydrate volume and total air volume in
Vostok ice cores indicated that # varied
from 0.58 to 1.0 in the depth range from
1250 to 2542m, indicative of ancient clima-
tic changes.? However, previous methods
of  estimation were difficult, and included
significant errors. However, the refractive
index of air-hydrate crystals should pro-
vide precise values of 6 by using the
Onsager cavity model.

In the present study, we measured
the difference of the refractive index be-
tween air-hydrate crystals and the sur-
rounding ice matrix using a Mach-Zehnder
interferometer. Using this unique techni-
que, we can measure quantitatively the re-
fractive index of each air-hydrate crystal
easily. The ice samples we measured were
deep ice cores from Vostok Station,
Antarctica. These ice cores are important
for the study of ancient climates, and for
the study of air-hydrate crystals.

The results showed that the refractive
index of air-hydrate crystals was slightly
higher than that of the ice matrix, even
considering the anisotropy of ice refractive
index. We then applied the Onsager cavity
model to relate the refractive index of
air-hydrate crystals to their cage occupan-
cy ratio.

2. Experimental Methods and Results

Air-hydrate crystals measured in the
present study were found in an ice core of
2542 m depth, which was recovered at
Vostok Station, Antarctica. This ice core
is considered to include atmospheric air
from about 220,000 years before the pre-
sent.? Microscopic observations of these
air-hydrate crystals” showed that most of
them were ellipsoid shape, and that their
mean diameter was about 125 s m.

Ice samples, with a dimension of about
3X3X30 mm®, were prepared from this
ice core. Each ice sample included more

(b)

Fig. 1 Natural air-hydrate crystal observed by
both (a) Schlieren system and (b) Mach-
Zehnder interferometer. (a) An ellipsoid
air-hydrate crystal is observed in the ice
matrix. The diameter of this crystal is
about 400 um (b) The interference fring-
es on ice are parallel, but they shift
about 1.4 times a line interval on the
air-hydrate crystal.

than ten air-hydrate crystals. The ice
samples were placed in the a cooling li-
quid in a cell made of optically flat
glass plates,which was designed by
Furukawa and Shimada.® The cell was
cooled to about 270.2 K by blowing col-
dair over it. In order to prevent chemical
etching of the ice surface and to diminish
the light scattering at the surface, a mix-
ture of Fluorinert FC70 and FC75 (Sumito-
mo 3M) was used as the cooling liquid.
This cooling liquid gave clear images for
the observation of air-hydrate crystals in
the ice sample.

Air-hydrate crystals in the ice sample
were observed using a Mach-Zehnder in-
terferometer.”? Through the Mach-Zehnder
interferometer, interference fringes are
observed on the ice sample. When the re-
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ference light of the interferometer is block-
ed by a chopper, this optical system
changes to a Schlieren system, and the
outline of the air-hydrate crystal can be
observed clearly. Fig. 1 shows pictures of
an air-hydrate crystal observed by (a) the
Schlieren system and (b)the Mach-Zehnder
interferometer.

The interference fringe shift at the
air-hydrate crystal is dependent on both
the crystal thickness and the refractive in-
dex difference between air-hydrate crystals
and the ice matrix. In this case, the re-
fractive index difference, An, is given as

An=3s/d, (1)

where d is the thickness of an air-hydrate
crystal, A= 0.6328 #m (at room tempera-
ture) is the wave length of a He-Ne laser,
and s is the shift of interference fringes.
In order to minimize systematic errors, we
measured only air-hydrate crystals with a
thickness greater than 125 g m, which is
the average diameter of air-hydrate crys-
tals of the 2542 m depth ice core.”

Table 1 lists the results obtained, which
include the thickness of air-hydrate crys-
tals and values of An given by equation
(1). All of the values of An are positive,
indicating that the refractive index of the
air-hydrate crystals is larger than that of
the surrounding ice matrix. The average
value of An with its standard deviation is

Ap = 5.3X10% (+£0.9X107), (2)

This value was in qualitative agreement
with results obtained from Becke line
tests. >

3. Discussion

The absolute refractive index of air-hyd
rate crystals was estimated using the fol-
lowing procedure. The refractive index of

the ice matrix depends on its c-axis
orientation varying from 1.3077 to 1.3090
at A= 0.6238 #m and 270.3 K.'” In the
present study, the c-axis orientations of
the ice matrix were random in each sam-

Thickness d(#m) Refractive-Index Difference An

138 7.1X107°
145 5.7X107%
152 6.3X10°°
155 5.7X107°
161 4.7X1073
168 4.9x107°
168 6.0X10"°
172 4.0X10°°
174 6.5X107°
185 4.8X107°
185 4.8X107°
194 4,7X107¢
194 5.7X107°
197 5.8X107°
203 4.4X107°
299 4.4X107°

Elongated ellipsoid

ple, so the refractive index of the ice mat-
rix was estimated to be 1.3084(40.0007).
This variation is smaller than the standard
deviation of our measurements. It is there-
fore concluded that the mean refractive in-
dex of an air-hydrate crystal, n,p, is

nan = 1.3137 (£0.0016). (3)

This value is slightly smaller than that
predicted by Davidson et al.”, which was
between 1.3176 and 1.3186 at the sodium-
D wavelength.

We then estimated the cage occupancy
ratio of air-hydrate crystals from the
obtained refractive index in equation (3).
The refractive index of air-hydrate crys-
tals, n,p, is related to their cage occupan-
cy ratio, 6, using the Onsager cavity mod-
el by the following equations,

(an® = 1) @ng2+1) 4

QnahZ “El_n-Nw
A w ag
17 +36
( 1—fwaw l—fgag) @)
_o2npt—2
= Gn,r1) 7 ®)

where Ny, and ay, are the number density
and the polarizability of water molecules,
respectively, a, is the polarizability of air
molecules, f is the reaction field factor,
and r is the radius of the spherical cavity
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in which an air molecule is considered to
lie. We evaluated each parameter as de-
scribed in the following paragraphs.

The value of Ny was determined by
Ny =136 / x°, where x is the lattice pa-
rameter of a cubic unit cell of the air-hydrate
crystal. x was obtained from X-ray dif-
fraction analysis®® and found to be 17.213
A at 243.2 K. In order to estimate the
value at 270.2 K, the thermal expansion
of air-hydrate crystals should be consi-
dered. Because the thermal expansion of
air-hydrate crystals in an ice matrix will
be the same as that of the ice lattice, we
used the expansion coefficient of ice',
and estimated x as about 17.24 A at
270.2 K.

A factor to be taken into account in
applying equations (4) and (5) to the pre-
sent data is the finite dependence of mole-
cular polarizability, that is, the electronic
states of the molecule, on the environ-
ment. To minimize this effect, we adopted
the value of a/ (1-fy ay) to be that of
ordinary ice at 270.2 K and A = 0.6328
¢#m because the hydrate lattice has a
hydrogen-bonded water structure similar to
that of ice lattice.

On the other hand, as air molecules
are a mixture of N; and O; molecules, we
considered two cases to evaluate ag:en-
clathrated air (i) has the same composition
as atmospheric air (79% N;, 21% O.) and
(ii) is enriched in oxygen and consists of
63% N, and 37% O, a value which was
obtained from Raman spectroscopic analy-
sis.'” Then ag is obtained from the polar-
izability of gaseous N, and O;”, and (i)
ag = 1.73 A® or (ii) ag = 1.70 Al

Normally the radius of a spherical
cavity, r, is estimated by setting the
volume of the sphere equal to the average
molecular volume. Here r for use in eva-
luating f; in equation (5) may be conve-
niently taken as the average free radius of
small and larges cages containing air mole-
cules. Thus r = 2.40 A for small cages
and r = 3.45 A for large cages. Such a
replacement of a poorly defined conceptual
cavity in Onsager’s treatment of liquids by
a physically well-defined cage has already
been used” to account for some of the

dielectric properties of clathrate hydrates.

Substituting these values into equations
(4) and (5) gave values of the dependence
of cage occupancy ratio # on n,, as
shown in Fig. 2. This Figure indicates
that ¢ increases almost linearly with both
increasing n,; and increasing O, concentra-
tion in the enclathrated air. The calculated
value for n,, = 1.3137 (a thick solid line)
with errors (thin broken lines) are also
shown in Fig. 2. The cross points be-
tween the measured n,p line and the calcu-
lated N;:O, mixture lines indicate that (i)
6 =0.921 (£0.032) and (ii) € = 0.935
(£0.033) in the air-hydrate crystals mea-
sured in the present study.

These values are similar to the value
of 0.91, estimated by comparison between
the air-hydrate volume and total air
volume in a 2542m depth Vostok ice core.”
The dependence of NyO; ratio on 6 sug-
gests that the composition of air molecules
included in observed air-hydrate crystals
is similar to that of the present atmospher-
ic air. These values, however, disagree
with the result obtained by Raman spec-

1 —— — T T T
L ) : s
2'02 . L
- =+-079:021 : i ]
reeees 0.63:0.37 » s 1
0.95 N ! e
@ It PR
e e
> -
15 L - _
g‘ 0.9 R
g e
[ . ,/ N N
0.85 - Pt ' : 7
e : n, 413137
0.8 - 1 . N - N 1
1.308 1.31 1.312 1.314 1.316 1.318

Refractive index n,

Fig. 2. The dependence of the cage occupan-
oy, © on the refractive index of air-hydrate
crystals n., calculated by the Onsager
cavity model (eqs. (4) and (5)). Two
air compositions are considered; (i)
normal air (N,:0,=0.79:0.21;thin broken
line) and (ii) oxygen-enriched air (N;:O,
= 0.63:0.37; thin broken line). The mea-
sured refractive index (thick solid line),
na=1.3137, is shown together with the
experimental errors as thin dotted lines,
=+ 0.0016.
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troscopic analysis on air-hydrate crystals
in Dye-3 ice cores.’” The Dye-3 ice cores
are much younger than our samples and
the difference in results may indicate dif-
ferent climatic conditions at the time of air
enclathration.

In view of the experimental difficulties
and low accuracy of both X-ray diffraction
analysis and measurements of the air-hydr-
ate volume and total air volume, the pre-
sent method of refractive index measure-
ments is preferred for more accurate deter-
mination of the cage occupancy ratio of
air-hydrate crystals. Therefore we suggest
that the refractive index measurement pro-
vides a new tool for paleoclimatic study on
polar ice cores.
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Determination of Silicon in Electrolyte
Solutions by Electrothermal Atomic

Absorption Spectrometry Using Platinum
as a Chemical Modifier™!

(Key Words : Silicon; mateix modifier; platinum; electrolyte solutions; electrothermal atomic absorption)
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1. Introduction

The determination of silicon is impor-
tant for evaluation of the quality of adv-
anced technology products, e.g., semicon-
ductors and ceramics."? Electrothermal ato-
mic absorption spectrometry (ETAAS)is
known to be a direct method for the deter-
mination of silicon,in addition to being
simple and having excellent sensitivity and
precision.*”

Frech and Cedergen investigatde the de-
termination of silicon by ETAAS.® Silicon
is diffcult to determine by ETAAS because
of the problems of atomization. The use of
a platform furnace®® and the addition of
chemical modifiers®® have been studied for
the determination of silicon to improve the
sensitivity and to reduce interferences from
diverse elements. A chemical modifier is
advantageous as it can simplify the analy-
tical procedure, such as the separation
and concentration of the analyte stages. It
has been reported that silicon concentra-
tions of the order of #gml™ can be deter-
mined by the addition of an alkali metal
fluoride,® a lanthanum-calcium mixture’ or
palladium® as the chemical modifier.

% 1 This paper was reproduced from Journal of
Analytical Atomic Spectroscopy, Vol.10, Novem-
ber (1995) pp999~1002 by the permission of The
Royal Society of Chemistry

* 2 The Institute of Applied Energy, New Hydrogen
Energy Laboratory

* 3 Bioscience and Chemistory Division

%4 To whom corresponce should be addressed.

In the present work, the addition of pla-
tinum as a chemical modifier was found to
be useful for enhancement of the peak
height absorbance of silicon during
ETAAS. The effect of platinum as a mod-
ifier was investigated, as was: the effect of

diverse elements on the peak height
absorbance signal. The addition of plati-
num as a chemical modifier for ETAAS
was investigated for the determination of
silicon in electrolyte solutions (1 moll™
LiOD in deuterium oxide) of a fuel cell
being studied for the generation of excess
heat.

EXPERIMENTAL

Reagents

A silicon standard solution (1000mgl™),
prepared by dissolving Na,SiO; in 0.4
moll™ solution of Na;CQs;, was purchased
from Wako Pure Chemicals (Tokyo,Japan)
. A platinum standard solution for AAS
(1000mgl™, Wako Pure Chemicals) was
used as the chemical modifier. Deuterium
oxide (D;0,ISOTEC, Tokyo,Japan)was used
as supplied.

Apparatus

A Varian atomic absorption spectrometer,
Model Zeeman SpectrAA-40, equipped
with a programmable autosampler, was
used. A silicon hollow cathode lamp was
utilized at a working current of 10 mA,
using the 250.6 nm spectral line and a
0.2 nm bandwidth. Argon was used as
the purge gas.
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The temperature programming of the
furnace is given in Table 1.A 20 #1 por-
tion of the standard or sample solution
was diluted and mixed with 5 #¢ of the
modifier solution using the auto-mixing
mode of the autosampler. A Varian
pyrolytic graphite coated graphite tube (Part
No0.63-100012-00 ) was used. An induc-
tively coupled plasma mass spectrometry
(ICP-MS) instrument, Model PMS-2000
(Yokogawa Analytical Systems. Tokyo, Jap-
an), was used for the determination of di-

Table 1 Furnace operating conditions

Stage Step No. Temperature/C  Time/s  Gas flow/l min

Dry 1 85 5 3
2 95 40 3
3 120 10 3
Ash 4 700 5 3
5 700 3
6 700 2 0
Atomize 7 2700 0
8* 2700 2.3 0
Clean 9 2700 3

*“The absorbance was read during this step

verse elements in the electrolyte samples.
Water used throughout the experiments
was obtained from Barnstead RO-Pure and
NANO-Pure systems (Barnstead/
Thermolyne, Dubuque, IA, USA).

Electrolyte Solutions

The electrolyte solutions (1 moll™
LiOD in D;O) were obtained from the New
Hydrogen Energy Laboratory, Energy Ap-
plied Institute (Sapporo, Japan), where
the electrolysis of an LiOD-D;O system
with a palladium cathode has been studied
in order to generate excess heat.

The electrolysis cell for the generation
of the excess heat was a fuel cell type
and the set-up has been repored in the
literature.10.11 The electrolyte solutions
were stored in PTFE bottles. These solu-
tions were diluted 50-3000-fold with water
just prior to the determination of silicon.

Polyethylene containers (Nargen, NY,
USA ) were used but no glassware, to
avoid any contamination by silicon.

RESULTS AND DISCUSSION

Modifiers
It could be expected that other platinum
group metals,i.e.,platinum and nickel,
would be effective as chemical modifiers
since palladium is effective for the deter-
mination of silicon by ETAAS.® The peak
absorbance profiles for 0.76 ng of silicon
without and with any chemical modifier
are shown in Fig.l. As is shown in Fig.1
(a), only a small absorbance signal for
silicon was observed wihtout the modifier.
When 25 ng of palladium, nickel or plati-
num were added as the modifier, the sig-
nal was enhanced [Fig.1(b),(c)and(d)].
Howevre, the enhancement of the sig-
nal with the palladium or nickel modifier
was smaller than that with platinum. The
addition of 2.5 #g of palladium or nickel

(a)
e g ARt e e A et

(b)

()

Absorbance —

(d)

[o:

Blank

1 1 1
0 2 4 6
Time/s

Fig.1 Absorption profiles of silicon with various
chemical modifiers (25 ng) added:(a)
without modifier, 0.023 absorbance;(b)
with Pd, 0.048 absorbance;(c) with Ni,
0.080 absorbance;and (d) with Pt, 0.313
absor-bance. Pt, Pd and Ni were added
as H,PtCl; Pd(NOs), and NiCl, respective-
ly, and background correction was not
used. Ashing temperature,900C and ato-
mization temperature, 2700C
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Fig.2 Effect of(a)ashing temperature (atomization
temperature, 2700C) and (b) atomization
temperature [ashing temperature, 400C
(without Pt), 700C (with Pt)] on peak
height absorbance: A, in the absence of
modifir (100 ng ml~™" Si);and B, in the
presence of Pt(38ng ml”" Si and 25 ng Pt)

was necessary in order to obtain the same
signal enhancement as that of 25 ng of
platinum, as is shown in Fig.1(d). The
peak height absorbance for the addition of
250 ng of the platinum modifier was also
the same as that for 25 ng of plati-
num. Therefore, platinum is the most
effective of the three chemical modifiers in-
vestigated for the determination of silicon.

Effect of Ashing and Atomization Tempera-
ture

The relationship between ashing tempera-
ture and the peak height absorbance is
shown in Fig.2(a). When platinum was
not added as a modifier [Fig.2(a)line A]
,the peak height was almost constant up
to 400C and then decreased with an in-
crease in the ashing temperature above
400°C . This is probably due to the forma-
tion of silicon oxide, which is difficult to
atomize. According to the phase diagram,
silicon oxide exists in a non-crystalline
form at lower ashing temperatures (<400
C), which seems to atomize comparatively
easy, buy is present as a crystalline form
at higher temperatures (>400 °C), which
is more difficult to atomize than the
non-crystalline form. However, with the
addition of 25 ng of platinum [Fig.2(a)
line B), The peak height was constant up
to 800C and decreased on increasing the
ashing temperature above 800C . This

shows that silicon is stabilized at higher
temperatures by the addition of platinum.
The effect of platinum on the atomization
temperature was also investigated [Fig.2
(b)]. When platinum was not added as
the modifier [Fig.2(b)line A] , the peak
height absorbance increaed with tempera-
ture. This result supports the fomation of
silicon oxide, which is difficult to atomize
during the ashing stage. On the other
hand, when platinum was added [Fig.2(b)
line B] ,a plateau region was obtained be-
tween 2600 and 2900C, which shows that
shows that addition of platinum helps to
improve the atomization efficiency of sili-
con.

When palladium is used as a mod-
ifier, intermetallic compounds are formed
and the analyte is stabilized to a higher
temperature.””” Therefore, since silicon
tends to form alloys wiht a range of
metals, the modifier effect of platinum
could also be attributable to the fomation

2700

1 700

2700

Temperature/°C

1700

0 1 20 1 20 1 20 1 2
Time/s

Fig.3 Effect of lithium, sodium and potassium
on the background signal (38 ng ml" Si):
(a) and (e) without alkali metals;(b) and
(f) 0.1mol1™" LiCl;(c) and (g) 0.1 moll™
NaCl;(d) and (h) 0.1 moll” KC1. (a)—
(d) Without Zeeman-effect background
correction and(e) — (h) with Zeeman-effect
background correction. Peak absorbance
of silicon:(a) 0.332;(b) 0.321;(c) 0.343;(d)
0.377;(e) 0.328;(f) 0.317;(g) 0.320;and (h)
0.326. Blank, 0.1 moll” alkali metals+
25ng Pt. Signal of silicon(Si)and back-
ground (BC) shown and dotted line, temper
ature
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Table 3 Determination of silicon in electrolyte solutions

Calibration curve Standard additions

Sample* Si/ng ml™* RSDt,%  Si/ng ml™ RSDT,%
D0 6.0 1.2 5.8 4.4
Cell A 5.9 2.0

Cell B 47 1.7

Cell C 52 0.5 53 2.4
Cell D 38 2.5

Cell E 31 2.6

Cell F 140 4.6

Cell G 58 4.7 57 4.5
Cell H 95 2.6 98 3.7

*Cell A, 1 mol 17 LiOD solution before electrolysis;Cell B,
1 mol 17 LiOD solution after Ni calibration '*" Cells C-H, 1
mol 17 LiOD after 45d of electrolysis.

tRSD, Relative standard deviation (n=3).

of intermetallic compound between silicon
and platinum. An ashing temperature of
700C and an atomization temperature at
2700C were subsequently adopted for the
determination of silicon in electrolyte solu-
tions.

Effect of Alkali Metals

The absorbance profiles of silicon in the
presence of 0.1 moll™ alkali metal chlor-
ides are shown in Fig.3 A significant
background signal was observed in the
presence of alkali metals, probably owing
to the molecular absorption of alkali metal
salts.” The. signals for the molecular
absorption of alkali metal salts appear be-
fore that for silicon, as shown in Fig.3.
It is generally known that Zeeman-effect
background correction cannot be used
effectively at an absorbance of higher than
2. Since the bacground absorbance in the

case of lithuum [Fig.3(b)] was lower than
2, the background signal disappeared when
using the Zeeman-effect background correc-
tion [Fig.3(f)] . However, the back-
ground signals due to sodium and potas-
sium [Fig.3(c) and (d)] were greater
than 3, and these background signals
overlapped slightly with the silicon signal.
Although the background signals from
sodium and potassium could not be ade-
quately eliminated with the use of Zeeman-
effect background correction [Fig.3(f)] .
However, the background signals due to
sodium and potassium [Fig.3(c) and (d)]
were greater than 3, and these background
signals overlapped slightly with the silicon
signal. Although the background signals
from sodium and potassium could not
beadequately eliminated with the use of
Zeeman-effect background correction [Fig.3
(g) and (h)] , these signals were com-
pletey separated from those due to silicon
when the correction system was used. The
absorbance of silicon in the absence of
alkali metals was not changed by Zeeman-
effect background correction as shown in
Fig.3(a) and (e). Moreover, the absorb-
ance of silicon in the presence of alkali
metals [Fig.3(f) — (h)] was the same as
that in the absence of alkali metals [Fig.3
(e)] . Therefore, Zeeman-effect back-
ground correction was applied for the de-
trmination of silicon in the electrolyte solu-
tions.

Since the electrolyte solutions contain
large amounts of lithium ions, the effect of
lithium concentration on the peak height
absorbance of silicon was investigated.

Table 2 Effect of diverse elements in electrolyte solutions on the determination of silicon

Concentration range in electrolyte

Concentration of diverse element

Diverse element solutions/ #g ml" Added as added/ #g ml” Relative error, %
None * — — — 100
B 0.03-4.3 H.BO, 1 101

10 65

Al 0.3-1.2 AlCl, 1 101
5 85

Na 0.13-3.5 NaCl 1 102
10 101

Cr 0.004-0.010 K:Cr;0, 0.025 98
Zr 0.001-0.010 ZrOCl; + 8H:0 0.025 99
Mo 0.001-0.010 (NHs) M0;0,, 0.025 102

* Without any diverse elements present;Si concentration 25 ng ml™
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The results showed that the peak height
was constant for lithium concentrations of
between 0.025 and 0.2 moll™ and was the
same as the peak height in the absence of
lithium. Howevre, lithium was added to
the standard and sampls solutions to main-
tain the lithium concentration at 0.1 moll™
as a matrix matching reagent.

Effect of Diverse Elements

Several electrolyte solutions were
analysed by ICP-MS in order to identify the
elements that could affect the determination
of silicon. Only the elements listed in
Table 2 were found in the sample solu-
tions as diverse elements. The concentra-
tions of boron, aluminium and sodium
were in the range 30 ng mI* — 4.3 X g
ml™, and chromium, molybdenum and zir-
conium were in the range 1-10 ng ml™.
The effect of each of these elements on the
determination of silicon was studied.

As shown in Table 2, the absorption

signal of silicon decreased to 60-65% of

the original by the addition of 10#g ml™
of boron, whereas 1#g ml" of boron .had
no effect on the absorption signal of sili-
con. Similarly, the signal decreased to
85-90% in the presence of 5 # g ml™ of
aluminium. However, boron and aluminium
were present in the electroyte solutions at
concentrations of only up to 4 and 1.3#g
ml™?, respectively. As the electrolyte solu-
tions were diluted 50-3000-fold for the de-
termination of silicon, the concentration
levels of these elements would cause no
problems in the detemination of 10-100 ng
ml™? level of silicon.

Analysis of Electrolyte Solutions

For a 20 #1 aliquot of sample, the
calibration curve of silicon was linear
within the range 0-40 ng ml™ in the pre-
sence of platinum as a modifier. The rela-
tive standard deviation (n=5) was typically
1.5% at the 25 ng ml™’ of silicon level,
and the relative correlation coefficient was
0.9995. The detection limit for silicon,
calculated as the 3 ¢ value of the blank
absorbance, was about 0.4 ng ml™, i.e.,
8pg.

The silicon concentration was then de-

termined in eight electrolyte solutions and
in the solvent, D;O, by the calibration
curve method. The standard additions
method was also applied to some of these
solutions. The results are summarized in
Table 3, and as can bo seen, the concen-
trations of silicon in the samples obtained
by the standard additions method are in
good agreement with those obtained by the
calibration curve method.

Therefore, the method proposed in the
present study is suitabie for the determina-
tion of silicon in electrolyte solutions. The
concentrations of silicon in the electrolyte
solutions after electrolysis (Cells B-H)
were at the 30-180 #g ml™ level. However,
silicon in the DO and in the electrolyte
solution before electrolysis (Cell A) was
at 6 #g ml™'. These results indicate that
large amounts of silicon are dissolved in
the solution from the cell wall during elec-
trolysis.

The addition of platinum was effective
for enhancing the absorption signal of sili-
con, and it was possible to determine #g
ml™? levels of silicon. As lithium, sodium
and potassium did not affect the absorp-
tion signal of silicon, the proposed method
could possibly also be applied to the deter-
mination of trace amounts of silicon, the
proposed method could possibly also be
applied to the determination of trace
amounts of silicon in natural waters and
biological fluid by ETAAS.

We thank Mr K.Nakajima of Varian In-
struments, Japan Branch Office for many
useful comments.
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