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1)
In the previous paper some of the authors have studied the toxicity of silica particles

on the intraperitoneal monocytes of rats by endogenous respiraton, counting of cell number
and morphelogical change, but we could not find out any remarkable high toxicity of
crystalline silica particle demonstrated by Marksz.) After the above mentioned study,
tridymite No. 5691 was kindly supplied to us from Dr. G. Nagelschmidt, and this
sample showed a very high toxicity to monocytes in experimental method.

A lower toxicity of our tridymite comparing to tridymite No. 5691 may by explained
by the difference of preparation method, but we could not understand the difference
of toxicity of quartz between ours and Marks’s.

When we were studying to clarify this problem, we have noticed the change of
quartz toxicity by dust preparing method, especially by the grinding time. In this paper
we should like to report the effect of grinding for preparing quartz powder on the

shape, surface feature, dissolution, structure and toxicity of quartz.

Table 1. Quartz used in this work.

i VI e Content of metals in original minerals
Specimen Orng;\l Locality } (())f{ | = (detected by emission spectmgrdphy)X -
minera ‘occurtnce‘ Ni | Ca | Ti ‘ Cu B | Fe | Mn ‘ Mg Al ‘ S5i
... | Takekoma = . F e |
Q —I in_l%lI‘tA | “(Japan) —vem77|7j ‘ - ~‘ — ‘ -+ _t — ‘ —H— H ‘
Q — Y Quartz S(T%;;aanno)o pegmat1te| — | fr. ‘ tr. | — : + | tr ‘ + -H- ] 4 ‘ H
Q — B Quartz ‘ Brazil ‘ vein tr. | — ‘ - | - ‘ - ‘ o+ | — ‘ 14 ‘ - ‘ H#
T B SN - -
Q — I | Quartz & ('I:‘;Zfl;mal pegmatite| — ‘ N | — | L | + ‘ H |
Q — 8 IQuartz (Ti;i?l) vein = -+ ! —_ ++ _ — | tr. | + ‘ Hr ‘,t{LH .
3% Determined by N. Hara. Note : — none tr, trace + small amount
+H medium # large amount

In this study, various samples were prepared by Hamada, dissolution was studied by Hamada
and Hayashi, electronmicrography, X-ray and electron diffraction by Shimazu, infrared absorption
spectrum by Soda, toxicity by Koshi and Kawai, and the studics were directed and summarized

by Sakabe.
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1. PREPARATION OF SAMPLES

In this study we used five sorts of quartz, quartz from Takekoma(Q-T), Yamanoo
(Q-Y), Ishikawayama(Q-1), Sado(Q-S) in Japan and Brazilian quartz(Q-B), considering
that any different toxic action by natura! producing condition of quartz may exist. Lo-
cality, mode of occurrence, and content of metal impurities are shown in Table 1. These
silica samples contained free silica over 99%, and showed a typical quartz by X-ray
diffraction pattern. Besides these quartz samples, vitreous silica prepared from Q-I and
a few kinds of amorphous silica were used.

Small blocks of each quartz were wrapped in a gauge, and crushed by a small
hammer on an anvil. Small particles of the size under 18 mesh separated from crushed
particles were ground in a mechanical agate mortar for a required time. After grind-
ing, particles of about 0.5z in mean diameter were collected by sedimentation and
centrifugal separation in distilled water.

1) Quartz particles with different grinding lime:

Mauinly we used the specimens of grinding time of 2 minutes or 6 hours. These
were designated as 2M or 6 H, so, for example, quartz from Ishikawayama ground
for 2 minutes was designated as Q-I-2M. But in some cases, quartz particles ground
for 1.25, 2.55, 20 and 40 minutes, 24, 100 and 280 hours were used,

2) Leached quartz particles:

Ground quartz particles were leached with 10 % NaOH solution by the method
which will be described in the next chapter. These leached quartz specimens were
designated as —L, for exsample, quartz from Ishikawayama ground for 2 minutes
and then leached with alkali as Q-I-2M-L.

Mean particle sizes of various quartz specimens are shown in Table 2, and size
distribution curves of two quartz specimens are shown as examples in Figs. 1and

2. As seen in Table 2, mean particle sizes of eight specimens were 0.35~

Table 2. Mean particle sizes of various quartz specimens

Specimens D) Numbizuc;ftg:(iirticle
Q-B-2M 0.49 248
Q-B-6H 0.44 195
Q-1-2M 0.52 143
Q-1I-6H 0.41 249
Q-T-zZM 0.50 208
Q-T-6H 0.35 240
Q-Y-2M T0.49 211
Q-Y-6H : 0.41 178

Particle size was determined by electronmicrograph
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0.52u. The other quartz particles were also prepared in the same size range.

These sizes were measured electronmicroscopically,
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Fig. 1. Cumulative distribution curve of particle size of Q-1
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1.0
0.5
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Fig. 2, Cumulative distribution curves of particle size of Q-B
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Fig. 3. Electron micrograph of Fig. 4. Electron micrograph of
Q-I1~2M particles Q-1-24H particles

7. Replica image of

Fig. 6. Replica image of Fig.
Q-1-2M particles Q-1-24H particles
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I . ELECTRONMICROGRAPHIC STUDY

The change of shape and surface feature of quariz particles by grinding of various
times were studied electronmicroscopically. As shown in Figs. 3 and 4, the shape of
Q-2M particles was sharp and edgy, but it was changed to rather spherical or oval form
with the increase of grinding time, and very [ine particles adhered to the surface were
seen. After quartz specimens ground for various times were leached with 10 % NaQH
solution, they showed a more sharp and edgy shape than 2M specimens of thesc
quartz samples and very fine particles disappeared as shown in Fig. 5.

To study the surface feature, replica image of quartz particles was examined by
“ low pressure moulding method’”. Figs. 6 and 7 show the replica image of Q-1-2M
and Q-I-24H respectively. As seen in the figures the former has a comparatively flat
face but the latter a granular., It is not yet clear whether this granular face is the true

face or due to the very fine particles coagulated on the flat face.

Il . DISSOLUTION OF QUARTZ PARTICLES IN 10 ¢ NaOH SOLUTION

EXPERIMENTAL PROCEDURE AND RESULTS

In this experiment, we used Q-I-2M, Q-I-6H, Q-B-2M and (Q-B-6H as test particles.
One gram of each quartz particles was added to 25 ml. of 10 2 NaOH solution, and
agitated for 30 minutes in polyethylene vial. Then the dissolved silicic acid in the
supernatant oktained by centrifugal separation for 30 minutes at 3,000 r.p.m. was
measured colorimetrically. Precipitated quartz particles were again dissolved in 25 ml,
of 10 2% NaOH solution, and the amount of dissolved silicic acid was determined
in the samz way as in the first time. The same procedure was repeated until the
amount of dissolved silicic acid in the supernatant reachcd the constant value.

For the silicic acid determination, molybdenum-blue method was used. Ten ml.
of the supernctant was pipetted into a 100 ml. volumetric flask, and 40 ml. of
distilled water was added. After the addition of onc drop of phenolphthalein solution
and two drops of 0.5 N KOH solution, the solution coloured pink. Then 0.1 N HC!
soluticn was added till the pink colour disappeared. At 8 to 12 minutes after the
succesive addition of 1.40 ml. of hydrochloric acid solution and 8 m!. of 10% ammonium
molybdate solution, 8 ml. of 2095 tartaric acid solution and 2 ml. of aminonaphtol sulfonic
acid solution were added, and then the solution was made up to 100 ml. with distilled
water. The mixture was stirred for 30 minutes. The intensity of fully developed
colour was measured at 815 mg with spectrophotometer.

Data of these dissolution experiments are shown in Figs. 8 and 9. Remarkable
difference in dissolution velocity was found between 2M and 6 H specimens of each
quartz, but not between Q-I and Q-B of the same grinding time. The amount of dissolved
silicic acid from 6 H was about six times as much as that from 2M in the first time
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Fig. 8. Dissolution of quartz particles Fig. 9. Dissolution of quartz particles
in 1096 NaOH solution in 1095 NaOH solution

dissolution. This initial high solubility of 6 H decreased promptly and became to show
the similar solubility as 2M., After about ten times dissolution all specimens were
difficult to dissolve, and seemed to reach equilibrium.

- Quartz particles washed with water repeatedly after these treatments were used as

leached quartz {Q-1) in this experiment.

DISSCUSSION

The existence of a highly sgluble surfacg:) layer on quartz particles was foreshadowed
by the work of Briscoe et al. and King. King stated * all size of quartz particles
behahed as if a soluble fraction of silicic was being leached from their surfaces, leaving
a relatively insoluble residue, or core, which seems to be resistant to the dissolving
action of water.” In this experiment, also, solubility of quartz particles decreased
gradually, and seemed to reach the equilibrium. But, initial solubilities of quartz
particles were quite differnt with the grinding time. High solubilty of quartz particles
prepared after a more longer grinding time may be explained by high soluble layer,
but we cannot neglect the possibility of high solubility of very fine particles adhered
to the quartz particles,

IV. DISSOLUTION OF QUARTZ PARTICLES IN PHOSPHORIC ACID SOLUTION
EXPERIMENTAL PROCECURE AND RESULTS

. . * . G)
The Ti)malytlcal techniques used in this study were those described by Talvitie and
Schmidt.



SURFACE CHANGE OF PARTICLE BY GRINDING

To 100 mg. of quartz particles in a conical beaker was added 6ml. of 85% phosphoric
acid, and heated in a cylindrical hole of a heating apparatus. This heating apparatus
was a copper cylinder with 100 mm in diameter and 120 mm in height. and a cylindrical
hole with 40 mm in diameter and 40 mm in depth in the center of upper face. This
copper cylinder was kept at 250°C during the dissolution experiment.

When the sample was heated for a long time, the beaker was agitated for 3 seconds
at each one minute. After the sample was heated for a required time, the beaker
was took out and cooled at room temperature, and then 125 ml. of hot water and 10ml.
of fluoboric acid were added. After standing for one hour, the contents were filtered
through a filter paper which ash was known. The residue was washed with cold 1:9
hydrochloric acid solution five times, with the same hot solution five times, and then
with distilled water repeatedly. The residue was ignited repeatedly to constant weight,

and then weighted.

1ch

T T T ——
10 30 10

20
= Heuting time (Min.)

Fig. 10. Dissolution of Q-1 by phosphoric acid

(copper mantle temperature : 280°C)

Table 3. The amounts of silicic acid dissolved by phosphoric acid solution

) % of dissolved silicic acid
Specimens

|
|
i -2M -6H

Q- i 14.7 28.0
0-Y | 15.0 24.8
Q-B ; 25.4 29.8
Q-1 ‘ 15.3 24.9
Q-1-1 6.9 5.0
Q-5 ‘ 15.4 26.2
Vitreous silica ‘ 50.0 80.0

Experimental results are shown in Fig. 10 and Table 3. As seen in Fig. 10, dissolu-

tion of quartz particles by phosphoric acid at 280°C increased with heating time, but the
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dissolution velocity was very small over 10 minutes. And the clear difference in
solubility between Q-I-2M and Q-I-6H was seen. Q-I-6H was more soluble with phos-
phoric acid than Q-I-2M. Table 3 shows the amounts of silica dissolved from various
quartz particle specimens by phosphoric acid at 280°C for 14 minutes.

Q-B showed the highest solubility among these quartz samples tested. It may be
noticed that the vitreous silica produced by melting Q-1 had a very high solubility.
Concerning the grinding ¢fect on the solubility, 6H showed a higher solubility than 2M.
But, Q-B and Q-I-L did not show remarkable difference between 2M and 6 H. Leached
specimens Q-I-2M and Q-I-6H had the lowest solubility among these specimens.

DISCUSSION

Phosphoric acid method for the determination of free silica introduced by Talvitie
has been used widely, but we have some doubt on its reproducibility. In this report,
the modified method by Schmidt was used, and was very satisfactory. Discussion
on the determination of free silica by phesphorie acid method will be published later
in this bulletin.

In this study, it was clearly demonstrated that quartz particles of 6 hours grinding
were more soluble than those of 2 minutes grinding, and quartz particles eached with
atkaline solution had the lowest solubility among the quartz specimens used in this
experiment. Quartz particles behaved similarly in phosphoric acid solution as in
alkaline solution, and they seemed to have core which was difficult to dissolve. In-
crease of solubility of quartz particles by grinding may be explained by some change
of surface structure, as vitreous silica showed a remarkable high solubility, but the
effect of high solubility of very fine particles attached to the ground quartz particles
can not be neglected.

Finally, it must be noticed that no marked difference of solubility was found
between 2M and 6H specimens of Brazilian quartz, despite the fact that 6H specimens
showed nearly double solubility of 2M in Japanese quartz.

¥ X-RAY DIFFRACTION AND ELECTRON DIFFRACTION OF QUARTZ
PARTICLES

X-RAY DIFFRACTION STUDY

On the X-ray diffraction of powdered specimens the following items were examined :
the intensity of X-ray diffraction, aspects on the separation of X-ray diffracted
lines, vanishing of any particular line or appearance of new line,
() Intensity of X-ray diffraction '
Each quartz specimens (0.5¢ in mean size} was mixed homogeneously with fluorite

(2¢ In mean size) which was used as internal standard material. The diffraction

8
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intensity of quartz particles was expressed by the linear (not integraﬁ intensity-ratio
of quartz to fluorite as seen in Fig.1l. The ratio was obtained from the line profiles
on chart after re-mixing and re-setting the specimen in every time.

The data in Table 4 are the mean values of five times measurements,

(2) Aspects of the separation of X-ray diffracted lines.

This would be estimated by observing the line profiles of «;, and a, of an identical
index (hkl) reflection, or of the adjacant lines of different indices reflection, but for
conveniencc we used so-called ‘‘fivefold lines of quartz’’.(see Fig. 12)

(3) Disappearance of any particular line or appearance of new lines
The diffracted patterns within 2¢=2°~90° {Cu Ka/Ni) were examined.

Table 4: The relative values of the intensity of (101) reflection of various quariz specimens
prepared by dry mechanical grinding, by leaching with 109 NaOI solution at
room temperature, and by heating at 800° C in air for 7 days.

Rerativ value of intensity of (101} 3¢
Specimens reflection in the case of assuming
—_ o
extor : fbout 5 % Q-B-2M=100%

Q-1 2M 1080.0 94.4
2M-L 116.0 109.5
6H 82,1 77.5
6H-L 120.6 113.3
6H-H 92.0 86.8
24H 72.6 68 6
100H 68.0 64.2
209H 23.1 21.8
280H 5.4 5.1
3001 tr tr
Q-B- 2M 100.0 100.0
6H 80.0 80.0
Q-T- 2M 100.0 93.4
6H 85.4 84.0
Q-Y- 2M 100.0 96.8
6H 86.0 84.0
Q-5- 2M 100.0 91.2
6H 91.2 83.2

Notice : 3Cu/K.Ni, primary voltage=40V, tube current=15mA, scanning speed =(1/8)°/min, chart
driving speed =10 mm/min, time constant=>5 sec., divergence slit=1.5mm(1%), inter slit=
1.0mm, receiving slit=0.2mm, full scale=500C.P.S.

% Among specimens the apparent half value breadth of (101) were equal within measuring
error, therefore each linear intensity is proportional to each integral intensity, and the
difference of linear intensity would mean that there are difference in integral intensity
émong specimens.



SAKABE, KAWAI, KOSHI, SODA, HAMADA, SHIMAZU, HAYASHI

Fig. 11. Intensities of x-ray diffracted lines of (101) - reflection in quartz samples, Q-I1-2M,
Q-I-6H, Q-I-280H, and Q-I-6H-L. In the figure, Q shows the diffracton line
of quartz and I shows that of fluorite as reference material.

Experimental resulis

The results are listed in Table 4.

(1) The intensities of (101) reflection of quartz specimens from different localities
were nearly equal within measuring error, when the specimens were prepared under
the equal size distribution and with equal grinding time, for example, the intensity of
Q-1-2M was 94,9, Q-T-2M 98.4 etc., assuming the intensity of Q-B-2M as standard
and taking it as 100%.

(2} The more the grinding time increased, the more the intensity of diffraction line
decreased, namely, on the Q-I specimens the intensity of 2M was 100, 6H 82.1, 24H
72.6, 100H 68.0, if we took the intensity of Q-1-2M as 100.

(3 The intensity of diffraction line of leachd quartz particles was stronger than that
of non-leached particles.

(4 When the specimen Q-I-6H was heated at 800°C in air for 7 days (designated as
), its intensity more increased than that of unheated specimen.

10
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() Disappearance or appearance of particular diffracted line was not found except
the halo pattern of amorphous silica which showed a very broad and diffused band with
apex at about 4 A as seen in the pattern of silica-gel. To the Q-I-300H specimen showed

only this amorphous pattern and did not show the diffraction lines of crystalline quartz.

P

w1 28

Wb 2w d e Yo e oy

i3 ETaEE
BT T

Fig 12. Aspect of the separation of x-ray diffracted lines of quartz samples, Q-I-2M,
Q-1-6H,Q-1-24H, and Q-I-280H. X-ray radiation: Cuk/Ni

ELECTROMICRODIFFRACTION STUDY

For the electromicrodiffraction study of ground quartz particles, two kinds of
particle size on each quartz were used. The one was .5 micron size which was used
generally in this study, and the other was very fine particles which was collected
from the supernatant after sedimentation of 0.5 micron particles. These fine particles
were designated by the notation of F, for instance, as Q-I-2M-F.

Both the diffraction of a number of particles in one visual field under electron

1
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microscope and the electromicrodiffraction of one particle by selected area diffraction
method were studied.
From these studies it was observed that the intensity of diffraction of guartz

particles decreased with the increase of grinding time in general.

Fig. 14. Electron micrograph and electron diffraction pattern of Q-T-24H-F particles

Figs. 13 and 14 show the electromicrodiffraction patterns of Q-1-2M-F and Q-I-24H-F.
In both figures left side shows the electromicrograph and right side the electromicro-
diffraction of particles in left side. As seen in the figure many ciear diffraction spots
of quartz were observed in Q-1-2M-F, but less clear in Q-1-24-H-F. And these diffraction
spots were hardly appreciable in Q-I-100H, 209H and 280H. Namely, the tendency
was found that the intensity of electromicrodiffraction of quartz particles decreased

with increase of grinding time. This tendency was more clear in F group than in 0.5

12
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micron group. The case was the same in the result of study on the electromicrodiffraction
patterns of one quartz particle, and the decrease of intensity and number of diffraction
spots with grinding was recognized more definitely on such a fine quartz particles as
0.1 micron or less in size.

Finally, in Figs. 13 and 14 the change of shape of quartz particles by grinding
is clearly shown as in 0.5 micron specimens. Quartz particles below 0.5 micron also
lost their initial spiculate form and were transformed to the spherical or oval form

with the increase of grinding time.
DI1SCUSSION

From these results it may be assumed that the quartz particles are disturbed in
structure to change into something like amorphous state on the surface part by grinding
for many hours, and this change is strengthened with the increase of grinding time.

The changing process to amorphous, however, is not clear in details.
VI INFRARED ABSORPTION SPECTRUM OF QUARTZ PARTICLES

Tt was assumed that the surface structure may be changed by grinding of quartz.
It was possibly considered to detect such a change of surface structure by means of
the molecular spectroscopy, because the spectrum was one of the reflection of molecular
structure, in other words, properties of chemical bond, geometrical structure of
compound, and electronic properties.

MATERIAL
Silica :

In this study, Q-I-2M, Q-I-6H, Q-[-24H, Q-I-2M-L, Q-I-6H-L, Q-B-2M, Q-B-6H, Q-
T-2M, Q-T-6H, Q-Y-2M, and Q-Y-6H were used as quartz particles. DBesides these,
tridymite, vitreous silica, and two kinds of amorphous silica were tested.

Tridymite was tridymite No. 5691 supplied from Dr. G. Nagelschmidt. One of
the amorphous silica was Carplex which was very fine silica powder supplied [rom

Shionogi Co. Ltd., and another was prepared from sodium silicate and CO, gas.

Chemicals :

KBr of c.p. grade was pulverized in agate mortar and sieved to the size of 200 to
300 mesh. Then the sieved powder was heated over 200° C for about one day and
stocked in desiccated dried by calcium chloride anhydride.

Nujol oil (fluid paraffin) was ordinary c.p. grade.

MEASUREMENT
Potassium bromide pellet preparation:
1) Suspending fine dust particles in the supernatant which was obtained after the

centrifugal separation in the last step of preparation of particles of 0.5 ¢ in mean

13
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size were freeze dried after addition of adequate amount of pure potassium bromide.
This method was the same as those in the article which will be published in this
bulletin by Soda.

2) The quartz particles described in chapter 1 were mixed with an adequate amount
of potassium bromide powder in agate mortar.

3) Mixed powder samples obtained with these procedure were dried by heating over
150°C for about 2 hours and powdered again in agate mortar moderately, Then
the samples were put into the die for briquetting and pressed in vacuo to shape the
suitable pellet of 10 to 13 mm. in diameter and of 1 to 2 mm. in thickness under

the pressure of 10 tons per square centimeter by oil press.
Nugol mull method :

Silica samples were mixed with an adequate amount of nujol oil in agate mortar.
This is called nujol mulling method. For using this method silica particles should be
well dispersed,

S pectrum ;

The pellet mounted with a suitable cell for the measurement of infrared spectrum.
The nujol suspension sample was sandwitched between two rocksalt windows and
mounted with a demountable cell for the measurement of solid samples,

Infrared spectra were observed by Perkin Elmer Model 137 Infracord Spectrophoto-
meter. Spectrum was recorded in the wavelength range of 2.5 to 15 4. The calibration
of polystyrene film spectrum,

The wave number in cm.™® was obtained by dividing 10* by wavelength in .
RESULTS

The orientation effect of spectrum was tested comparing the spectra obtained with
the nujol mulling method and with the potassium bromide pellet method, and those
spectra were approximately same. Therefore, there was no orieniation effect.

The hydration of potassium bromide which is hygroscopic substance was observed
in the range of 3 ¢ of spectrum which was attributed to the stretching vibration of QH
bond, but this effect was not so intense that the band did not interfere spectrum of
silica. The reproducibility of spectrum especially due to the mixing of samples with
matrix substance (potassium bromide or nujol 0il) was examined in a few cases. When
the mixing was carried out carefully the reproducibility (the shape of spectrum and
the band intensity) was obtained almost satisfactorilly,

Spectra of quartz, and amorphous silica are observed as illustrated in Fig. 15 to 18.
Spectra quartz particles were changed with grinding time. The longer the grinding time,
the more intense the OH vibration bands near 3300 cm.”' and near 950 cm.™! were.
Furthermore the difference of the aspect of the band group in the range of 1200 to 1000

-1

cm.”" was clear compared with those of the other regions of wavelength. The band 1060

14
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cm.! became stronger and broader with the grindig time, and the band 1100 cm.™?
was appeared as like as shoulder of the band 1060 c¢m.™. The band 1180 cm.™, also
became the shoulder of the 1060 cm.™ and the 1150 cm.™! disappeared when the

4009 3100(1) ZOIOU 15|00 CI\{I"I fi(]l()()l 900  8oo

700
100 s il el ads FEUTS IS TV P IS S
80 T
60

r
/NS R | R N B R KN P I

0=y
WAVE  LENGTIH{MICRONS)

Fig. 15. Spectra of quartz particles (1) (a) Q-I-2M (b) Q-1-6H {c) Q-1-2¢H (d} Q-I-2M-L
{e) @-1-6H-L .

grinding time was over 20 hours. But the bands near 800, 780 and 690 cm.™’ were

scarecely changed. These aspects were same even in the different particle sizes except
slightly small change observed in the band near 1150 cm.™. :

When the quartz particle was leached with NaOIl, the spectrum approached to
that of quartz particle with shortest grinding time. The bands 1170, 1150 and 1070
cm.”! became sharp and were separated each other.

The relationship hetween the grinding time and aspects of spectral bands were
summarized in Table 5.

15
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In order to understand these changes with grinding time the spectra of a few kinds
of amorphous silica were observed. Amorphous silica showed the bands near 1100 cm, "

similar to that of quartz sample which was ground for long time. The band 950 ¢m. -

10003000 2000 | 1500 CM =, 1009 900, B9 700
|

(a)m
(b}
m Fig. 16. Spectra of quartz particles (9
(c) (a) Q-B-ZM
C
() Q-B-6H
{c) Q-T-2M
(@ ©-T-6H
(d)m @) Q-Y-2M
{f) Q-Y-6H
)m
B N A S (| W O T
S RAVE LENGTHMICRONS) ?
1N 3000 2000 1500 ChY 1000 000 {00 700
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o
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- \// &)

=
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Fig. 17. Speectra of gnartz particles(3) 2
. . . e,
Fine particles in supernatant i
ortion from a) Q-Y-2M 7 — th)
P @) Q gztn V
and {b) Q-Y-6H =

1]

9
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was observed only in the spectrum of carplex which showed the strong band in region
of OH stretching vibration bands, but vitreous silica and another amorphous silica showed
no band near 950 cm.™! and no strong band in the region of OH stretching vibration.
These three non-crystalline silica showed the weak and broad band near 750 em, !

The spectrum of trydymite was observed to know the relationship between the

16
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molecular structure of silica crysial and the origin of spectral band. The spectrum

gshowed the two significant aspects.

The aspect of spectrum near 1100 cm.”! was

Table 5. The relationship between infrared absorption bands znd various kinds of dust particle

Kinds of silica

Band aspects

800 to 600 em™*

E near 3400cm-!

three sharp bands

very weak

weaker

apparent band

I

not obseived

single sharp band

not ohserved

refatively
intense hand

1100cm= regin ' 950 em~ |
Q-1-2M and relative sharp three no hand
Q-B-2M etc. bands at 1180, 1150 at 800, 780 and
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similar to that of amorphous silica and single strong band was observed near 780 cm.™’

DISCUSSION

From the experimental results cited, following suggestion is obtained concerned
with the band assignment, that is, which mode of vibration of the silica structure will
give rise to which infrared absorption band.

(1} A band near 3300 cm.™ is generally accepted to assign to the stretching vibration
of O-H bond, or that of N-H bond. C-H stretching vibration gives rise to band near
3000 cm.”!. In this experiment all samples did not containe the bond N-H and C-H.
If there were some samples containing the bond N-H or C-H, other vibration mode
due to these bonds would be appeared in other regions, but all spectra showed no such
aspects. Therefore the band near 3300 cm.™ is decidedly assigned to OH stretching
vibration. It is assumed reasonably that O-H bond is constructed around the surface
or the end of the silica structure and the structure may be written as 3i-O-H (silanol
group structure).

@ A band group near 1100 cm.™" is assigned to the stretching vibration of a Si-O
band and this band resembles each other even if the structure of silica is changed. In
this region shapes and positions of the absorption bands are not so ditferent among
amorphous silica, quartz and tridymite etc., that this band group indicates silica structure.
But in detail this band group differs according to the kind of the structure of silica
(i.e. the bond length of Si-O valence, bond angle of oxygen atom, accordingly electronic
structure of silica) as illustrated in Fig. 15, 16 and 18, and as summarized in Table 5

and 6.

Table 6 Tentative assignment of infrared absorption bands of quartz

Observed positions of bands Assigment

near 3300 em™ Stretching vibration of O-H bond around surface of particles
(silanol group and adsorbed water),

2280, 2250 and 2070cm.! Stretching vibration of Si-O bond, this couples weakly with
the deformation and torsional vibration or lattice vibration of
silica skeletal structure (Antisymmetric stretching vibiation),

800, 780 and 695 cm™! Stretching vibration of Si-O bond, this couples strongly with
the lower vibration modes such as deformation, toi1sional and
lattice vibrations, and is very sensitve to structure. (Symmetric

stretching vibration).

950 cm.™* ‘ Deformation vibration of $1-O-H bond (or Overtone or Combination
vib ation of lower skeletal vibration modes).

(8) A band group near 800 to 600 cm.~! shows a various aspect with the kind of silica.
Quartz gives rise to three bands at 800, 780 and 690 cm.”’, tridymite one band at 780
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c¢m,”! and cristobalite two bands at 800 and 620 cm™'. These bands are sharp and depend
obviously upon the skeletal structure of silica. Amorphous silica gives rise to broad
and relatively weak band near 800 cm.™'. All these bands are very sensitive with the
silica skeletal structure. The assignment of the band in the region is not determined
decidedly, but it will be generally accepted to assign all three bands to the other mode
of the stretching vibration of Si-O bond than that of the bands near 1100 ¢m."'. The
former may be attributed to the symmetric stretching vibration of $i-O bond and the
latter to the antisymmetric stretching vibration, Frequency of the latter is higher than
that of the former and the former is easily coupled with bending vibration and torsional
vibration which are sensitive to the molecular structure. In general the dependence of
the absorption band of stretching vibration upon the structure became when the coupling
with other lower vibration such as particularly the bending vibration of the neighbour
bonds is large.

@) The broad weak band is given rise to near 950 cm.™', in carplex and in quartz
ground for long time. This band assignment is not seen in the literature. From the
rough consideration of mass of atoms constructing the silica structure and the order of
restoring force of each bond{the force constant), it may be suggested that the deformation
vibration of the O-H bond of the silanol group gives rise to the band near 950 cm. .

From the study of grinding cffect on the spectrum of silica the followings may
be suggested.

A part of the structure of crystal silica deforms during the grinding but the original
body structure doss not, as the change of the spectrum, the aspect of the band group
near 1100 cm.”™, the intensity of the band near 3300 cm.™?! and the appearance of a
new band near 950 em.™', is intensitied with the grinding time and this change of
spectrum recovers after leaching of ground silica particles. In addition the bands 800
to 600 ¢m.™! are not influenced by grinding and leaching. Therefore it could be considered
that the structure change meszns the deformation or modification of some part of crystal
structure of silica and it is very natural to assume that the ground quartz particles has
both character of crystal structure and modified or deformed (destroyed) structure.
This phenomenon is explained in two ways. One explanation is that the fine particles
produced during the grinding, coagulates to the larger partcles and this fine particle
has a deformed structure. (Coagulation of fine particles was observed electron micosco-
pically as mentioned already). The other explanation is that during the grinding the
surface structure of silica crystal is destroyved to take the modified structure. If the
spectrum of the deformed structure is produced by the fine particle aggregated around
the larger particle, it must be expected that the spectrum of finer particles in supernatant
shows a less intense band characterizing the crystal structure and a more diffuse band
characterizing the deformed structure than that of particles in precipitant. But the
spectrum of the fine particle obtained from the supernatant by the centrifugal separation

is nearly the same as that of the larger quartz particles obtained by the centrifugal
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precipitation, as shown in Fig. 17. Therefore from the experiment, it is logical to
conelude that the layer of the modified structure exists around the surface of the quartz
particle itself after the grinding. Above argument is further developed by following
consider-ation. As shown in Fig. 19, spectrum of ground quartz particle can be schems-

WAVE NUMBER N CM"
RO A L AR il i il
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b 1 B 4 R0 n 0
WAVE LENGTR IN MICRON

Fig. 19. Schematic diagram synthesized spectrum of ground gquartz.

atically drawn as the result of combination of two spectra of leached quartz and carplex

obtained by taking into account the intensity of band near 950 cm.™".

First, the intensity
of the spectrum of carplex is reduced at all wavelength to make the intensity of band 950
em.™! of carplex equal to that of ground quartz particle. Then the spectrum of leached
quartz particle is drawn to make the intensities of bands 695 and 800 c¢m.,™ of leached
quartz equal to those of ground quartz particle. These two spectra are combined to
get the absorbance log.(To/T) at each wavelength equal to the sum of those of two
spectrum at same wavelengths, where T, and T are the transmittance of blank and
sample spectra respectively. In this synthesized spectrum the spectrum of ground
quartz particle is qualitatively the same as sum of the spectra of carplex and leached
quartz, This means obviously that the ground particle is constructed from large portion
of pure quartz and small portion of deformed silica structure.

From above discussion, a speculative concept may be obtainzd as regards to the
structural change of the quartz particle during the grinding and leaching. When the
particles of quartz crystal are ground in agate mortar, the crystal is divided into two
or more particles and the surface of the particle is scrubbed and pushed. The ground
surface suffers under strong pressure locally and its structure is destroyed at the weak
point of crystal lattice such as dislocation of crystal lattice, lattice defect and vacancy
of atoms in the crystal lattice. The deformed structure expands with the grinding and
the surface of particles ground for longer time is covered with different deformed
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structure from the essential crystal structure. But bulk of the particle has the same
structure as the original crystal structure of quartz. With grinding the surface area
increases., the amorphous structure is built up around the surface of the particle and

the silanol group increases.

SUMMARY

Quartz particle showed the various infrared absorption spectra by the preparation
of dust particle, particularly grinding time and leaching. These changes of the spectra
indicate obviously the fact that the particle surface and not in the bulk, suffers the
mechanical pressure and changes its original structure into the modified and pethaps

random structure and the silanol group increases (perhaps the surface area also).*

VI EFFECT OF QUARTZ PARTICLES ON THE PHAGOCYTIC
CELLS IN VITRO

From preceding studies, it was assumed that the surface of quartz particles was
changed by grinding. Tn this section we have studied on the effect of quartz particles

ground for various time to the cultured phagocytic cells.
EXPERIMENTAL METHOD

1 Cells:

Exsudate were induced in peritoneal cavity of male rats of Wistar strain by intraperi-
toneal injection of 5 ml. of sterile Tyrode’s solution containing 0.01 95 glycogen. The
exsudate obtained 2 days after the injection was washed out with steril Tyrode’s solution
containing 12 units of heparin per ml., and then the cells were separated from this
heparinized solution by centrifugal separation at 1,000 r.p.m. for 5 minutes and washed
twice with sterile Tyrode’s solution. The cells were suspended in the culture medium.

2 Medium:

Tyrode’s solution containing 30 % of rat serum was used as culture medium. Strepto-
mycin and penicillin were added to the medium at final concentration of 50xg and 50
units per ml. respectively.

3 Culture procedure and estimation of cell activity :

1). Deiermination of dehydvogenase activity:

A test tube with double rubber cap was used as culture chamber. and it was 150
mm. in length and 22 mm. in diameter, and had a capacity of approximately 20 ml..

Quartz dusts were added to 2 ml. of medium containing 4 million cells, and the

*The author expresses his hearty thanks to Mr. §, Masuda in Laboratory of Chemistry, Faculty
of Science, Unversity of Tokyo, for the measurement of the infrared absorption spectrum of almost

all of this work.
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culture was incubated for 48 hours at 37° C in a incubator. After incubation, dehydro-

8
genase activity was determnid with tetrazolium reducing method by Marks and James.
2). Morphological examinaiion:

As culture chamber a square tube with a capacity of 10 ml.

in which a small piece
ol cover glass was placed was used.

After incubation at 37° C for 48 hours, cover glass on which cells adhered was

taken out from culture tube. And then the cells on the glass plate were fixed with
methanol and with Giemsa solution.

EXPERIMENTAL RESULTS

1) Grinding time and toxicity of quartz :

Q-1 specimens with various grinding times, 1.25, 2.5, 5, 20 and 40 minutes, § and
100 hours, were used as quartz particle specimens.

Dehydrogenase activity of the cells was decreased by addition of quartz particles,
but the longer the grinding time of quartz, the more the effect on dehydrogenase activity
was reduced, and the activity of cells added with quartz particles ground for 100 hours

was nearly the same to that of the control cells to which no quartz was added,

These
are shown in Fig. 20.
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Fig. 20. The relationship between toxicities and grinding time of quartz particles.

2) The variation of toxic dosis of quartz by grinding or loeality
Marks showed that the toxicity of Madacascar quartz was about thirty fimes as
great as that of Belgian quartz. Therefore, toxicities of Q-T, Q-Y, Q-T and Q-I-L were
examined on the two speciemens ground for 2 minutes and 6 hours of each quartz,
The dehydrogenase activities of cell cultures were determined after the incubation
with 30, 60, 120 and 240z g of each dust for 48 hours, and control cultures were made

without dust. The average degree of the dehydrogenase activity was plotted against
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the logarithm of the dose of dust and from the curve was read off the amount of dust
per culture required to depress activity to 50 % of control level. This amount was

termed the toxic dosis. The data are summerized in Table 7. Among 2M specimens,

Table 7. Dust dosis of 50 % depression of dehydrogenase activity.

Specimens -2M -6H
Q-Y 55¢1g 220pg
Q-T 52 240
Q-B 96 230
Q-1 44 290
Q-1-L 38 56

incubation time, 48 hours
cell number, 4.0:x10°
temperature, 37°C

gas phase, air

Condition of culture :

Q-B showed the lowest toxic effect, Q-I-L the highest, and the other three almost
similar. On 6H specimens, noticeable difference was found among four samples non-
treated with alkali solution, but Q-I-L exhibited very high toxicity comparing the other
four samples. Concerning the grinding effect, remarkable difference of toxicity was
found between 2M and 6H specimens except the leached. And 2M and 6H speciemens
of Q-1 showed the similar toxicity if they were leached with alkali solution.

3 Morphological change of phagocytic cells :

The phagocytic cells cultured for 43 hours without quartz particles are shown in
Fig. 21a. Fig. 21b shows the cells which phagocytosed the particles of Q-1-6H, and no
noticeable changes of the cells were seen notwithstanding that the cells were laden
with a lot of particles. The cells cultured with Q-1-2M and Q-I-6H-L are shown in

Fig. 21c and d. In these, the cells were severely damaged.

DISCUSSTION

1) In the previous paper we had studied on the effect of silica dust on the cultured
phagoceytic cells, and it was noticed that the activities of dust laden cells were not
different from that of control cells. But Marks showed the high toxicity of quartz
particles. At first we could not understand why this marked difference of quartz toxicity
was produced, but from this study it may be assumed that this is in part due to the
condition of grinding for preparing dust particles, as the quartz particles used in the
previous experiment were ground for long time. Tt was clearly demonstrated that the
toxicity of quartz particles is controlled by the condition of grinding for preparing
particles specimens.

Marks demonstrated the difference of toxicity between Madagascar and Belgian

quartz, but there was not found any noticeable difference among quartz particles from
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Fig. 21. Morphological changes of intraperitoneal monoeytes cultured with quartz particles,

. 200 #g of each quartz particles were added to 2ml. of medium containing 4 million
cells, and then the culture was incubated for 48 house at 37° C.

Fig. 21. a. Control calture. Fig. 21. b. Monocytes cultured with Q-I-6H,
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Fig. 21. c. Monoeytes culturcd with Q-1-2M. Fig, 21. . Monocytes cultured with Q-I-6H-L.
Cells arc severely damaged and Severely damaged and very scanty
very scanty. celles,

four different localities in our studies.

2) 1t was observed that the toxicity of quartz particles decreased with grinding, and
was recovered aiter leaching with alkali solution. Tt is difficuit to assume that the toxic
effect of quartz is due to the dissolved silica from quartz particles, as far as quartz
does not dissolve in a quite different way in the cells from in the simple solution, since
the quartz particles ground for a long time has low toxicity in spite of their high
solubility. The decrease of quartz toxicity with grinding may be explained by the

change of surface.

SUMMARY

Intraperitoneal monocytes of rat were incubated with quartz particles from various
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localities and of different grinding time, and their capacity to reduce tetrazolium (dehyd;o-
genase activity) was measured. If we assumed the decrease of this reducing capacity
as toxicity to the cells, no significant difference of toxicity was found among quartz
samples from different localities used in this experiment, but the longer the grinding
time of quartz particles was, the lower its toxicity was. And the toxicity of quartz

particles Jowered by grinding was recovered after the leaching with alkali solution.

VI GENERAL DISCUSSION

1) Many theories have been proposed to explain pathogenesis of silicosis, and recently
Nagelschmidt ) and Schcpersm reviewed silicosis theories. Tt is reasonable to assume
that there are many succesive biological reactions such as chains before the formation
of silicotic nodule. Perhaps, the first step of these biological reactions is that the
particle is phagocytosed by phagocytic cells. Therefore it is a very interesting and
important problem to understand the effect of quartz particles on these cells.

Marks showed the remarkable decrease of tetrazolium reducing power of the
intraperitoneal monocytes of guinea pigs by crystalline silica particles. We also have
studied the influence of silica on the monocytes from the intraperitoneal cavity of rat.
but we could not find out any noticeable impairment of cell activity by quartz as
reported in the previous paper.

In the study planned to clarify this discrepancy. we found out the grinding condition
have an effect on quartz toxicity. Therefore, very low toxicity of our quartz may be
explained in part by rather long grinding time, although there remains the problem of
different locality.

As reported in this paper, it must be noticed that the toxicity of quartz decreases
with increase of grinding time, for instance quartz particles ground for 100 hours almost
lose its toxicity, and these decreased toxicity is recovered by alkali leaching. Accord-

ingly we must be very careful in preparing dust particles in the study of pneumoconiosis.

Formerly, Sakabe and Koshin)lzs?tudied on the dissolution of quartz dust and reported
the possibillity of dissolution of s%i)cic acid in colloidal form from parent quartz
particles, but Paterson and Wheatley could not find colloidal polymerized silicic acid
in the quartz extracts. This conflict may be caused by the grinding condition of
quartz together with the difference of locality.

Tissue reactions by quartz particles with various grinding times introduced intratra-
cheally will be reported in next number of this hulletin.

14)
It may be interesting to rediscuss the inertness of sand in Sahara desert from the
standpoint of grinding effect,

2) The toxicity of quartz decreases with increase of grinding time, and at the same
fime various changes take place in quartz particle itself. These are summarized in

Table 8. Tn the Table. only quartz ground for 6 hours is listed as example of long
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Table 8 Changes of shape, solubility, structure and toxicity of quartz particles by grinding and leaching

Electron
Dissolution X-ray diffraction micro- Infrared absorption spectrum Toxicity
diffraction
Dissolved Absorption band .
. . Dust dosis
Snec] amounts in assigned to of 50 %
pectmens | Shape Dissolution | heated Diffraction| Separaton antisymmetric Stretching depre .e
ression
velocity in | phosphoric| intensity of Diffraction stretching vibration P ¢
o
1095NaOH | acid {arbitrary | diffraction-| intensity vibration of Si-O of O-H dehyd
ehydro-
solution solution unit) lines _ (3300em™Y) y
. genase
(15min. at 1150cm, ** | 1080cm. | 950cm-* activit
280°C) _ Y
Quartz ; m W
1 ! Strong and | Relativel L
groanc Spiculate | low 17.6% 100 Sharp rong and 5 - SAlvEY Nome . S8 44 5
for clear , Sharp | | intense
2 min. W | : W
e S -] —— e Sl L - _
t : . . M.
DE&.M Rather _ | Weak . Broad . Hon
! H . roa iniense
groun spherical High 26.6% 80 Diffuse | and 1 peak ;. Appear s 190 r
for [ h b © band . and
ot ov obscure :
G hr. 4 _ W ' broad
38 r
Quartz (for 2min.)
e Strong o
ieached . Difficult Similar pattern to quartz ground for
Spiculate . 5.0% 120 Sharp and )
by to dissolve . 2 min, and more clear.
clear
alkali 46 r

(for Ghr.)
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time ground quartz.

1) After long time grinding, quartz particles lose its initial sharp edges transformed
into a spherical or oval form. And often very fine particles adhere to its surface. After
leaching with alkali solution, ground quartz particles take a more sharp and edgy form
and very fine particles disappear.

ii) Initial dissolution velocity of quartz in alkali or hot phosphoric acid solution
increases with grinding.

iii) From the study with X-ray diffraction, electron diffraction and infrared spectrum,
it is assumed that the original surface structure of quartz is changed to take a disturbed
and perhaps a random structure by grinding. These changes are intensified with increase
of grinding time. But, if the ground quartz particles are leached with alkali solution,
changes attributable to grinding disappear. Therefore, how short a grinding time may
be, quartz surface suffers the structural change.

From these data it may be assumed that the toxicity of quartz to the monocytes
is not caused by the dissolved silicic acid from quartz, but by the activity of surface.
It is not yet clear what kind of surface property of quartz is responsible for the toxicity.
Silanol group of silica surface may be considered, but it is not a sole cause of toxicity,
as the silanol g}'ﬁ()}ti%]increases with grinding.

Many works on the surface of quartz have been reported, and the thickness of
disturbed surfacz layer is estimated to be approximately 300A. It is obseure whether
the decrease of structural disbarance by grinding is due to the progress of change of

each particles or to the spreading of disturbed surface.
X SUMMARY

Change of quartz particles by grinding and its toxicity to monocytes was studied.
The former was examined by electronmicroscope, dissolution, X-ray diffraction, electron
diffraction, and infrared absorption spectrum, and the latter by the tetrazolium reducing
capacity and morphological change. With the increase of grinding time quartz particles
of the same size showed a more spherical shape, more granular surface, higher initia}

solubility, more disturbed structure of surface, and less toxicity.
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DETERMINATION OF QUARTZ DUST IN THE ATMOSPHERE
BY MEANS OF INFRARED SPECTROSCOPY

Reisuke SODA

Until recently, the amount of atmospheric quartz dust has been determined by
wwo methods, that is, the X-ray analysis and chemical analysis with phosphoric acid.
These methods have been improved in some points but are not satisfactory. An X-ray
analysis needs ordinarily the sample size of the order of 100 mg or more and the particle
size of above 10 microns. Phosphoric acid method which dissolves the other components
than free silica, determines chemically the quantity of quartz after dissolving the other
components, {1) It is not yet decided clearly, whether the various silica crystals other
than quartz are not digsolved by heated phosphoric acid, and whether the other minerals
are dissolved completely. (@) The dissolution rate is finite, so the quantity of the free
silica determined by phosphoric acid method may be changed with dissolution time. (3)
As dissolution is influenced strongly by the surface area of dust, particle size may
affect the amount of free silica determined with this method. (4) Solubility alsc may
depend on the other conditions such as the concentration of sample in phosphoric acid,
stirring and the temperature.

New method for determination of quartz with an infrared spectrum in the mine air
was reported by M. F. Gade and K. F. Luft?) They determined the amount of gquartz
after the elimination of absorption band due to clay minerals by heating the samples
above 800°C,

Each infrared absorption band is attributable to the vibrations of the special functional
group and of the characteristic structure of the compound. Therefore when the particle
contains the structure of quartz as component, the infrared spectrum gives rise to the
band due to the quartz structure and would not be influenced by the particle size and
the absorption intensity would be proportional to the amount of the portion of quartz
structure. The other structure than quartz gives rise to each characteristic absorption
bands®). By this method the ambiguity and the difficulties in the above stated method
of the determination of the quartz dust would be overcome. In this report the author
states a few experimental results obtained by the infrared analytical method of quartz

dust collected in impinger with water.

EXPERIMENTALS

The dust was collected in the impinger with about 10 cc. of water for a proper
time. This aqueous dust suspension was freeze dried after the addition of 100 to 150
mg. Potassium bromide powder. This process may influence the spectrum from a
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Fig. 1. Schematic figure of freezing-drying apparatus (all-joint system)

e for preparaion of KBr pelllt and briguetting press. (Maekawa shikenki seisakusha).
Parts of die: {1). Bottom steel disk (magnetized), (2). Top plunger (12mm. dia-
meter and 19mm. long), (3). Bottom plungr (12mm. diameter and 4mm. thickness),
{4). Enclosing steel chase with a hole at center (12mm. diameter and 16mm. depth),
(5). Steel base with a little hole and a hose connection outlet for evacuation and
(6. Rubber wall with steel guide.

. Setting of assembly.
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(c). Pressing by oil (briquetting) press.
procedure: {1). The chase is put on the bottom steel disk. (2} The bottom plunger
is inserted into the hole of the chase. (3). The sample powder is poured

into the hole and piled up to the center of the hole by a spatula as far
as possible. {4). The top plunger is inserted and rotated several times to
make the powder flat. (5). Then this assembly is put on the base steel.
(6). The rubber wall is capped on and the total assembly is pressed by
the oil press as (¢). {7). The pressed assembly is discharged and the
pellet is pushed out smoothly using the oil press.
potossium bromide disk obtained with the following method, The freezed sample was
prevented from melting during the drying. Apparatus as shown in Fig. 1 is suitable for
this process. The freeze dried powder was heated up over 180°C * for about three
hours to dry and to evaporate the organic substances which may interfere the measure-
ment of spectrum. To make the pellet the dried powder was inserted into the die
as illustrated in Fig. 2. The charged die was evacuated under the pressure of 2 mm,
Hg for 5 to 10 minutes and then pressed at 10 ton per square centimeter for about 3
minutes. The die was pressed twice by turning it with the briquetting oil press, in
order to minimize the influence of unbalance of the press. The pressed disk would
be pushed out smoothly, as the disk will be broken when this procedure is carried
out violently. The thickness of this disk was about 1 mm, Prepared disks were
transparent but in sometimes slightly opaque pellets were shaped. The infrared
transmittance of the latter was not so weakensd that there was no need to be careful
to produce the quite transparent disk. But when the mixing was not sufficient or the
powder size was rather large for the sake of unsuccessful treatment of the freeze drying

Dust in the air

Collection into midget impinger with 10 cc. of water
l*t—Adding KBr of 100 to 150 mg.

_ Freeze drying

_(Grind in an agate mortar if necessary)

¥
Heating over 3 hours above 80°C. (800°C. if necessary).
|

Y
Insert into the die to briquet the pellet.
|

* «<-Evacuation under 2 mm, Hg. for

.5 to 10 minutes.

Pressing undera bout 10 tons for 3 minutes, twice.

Pushing out a prepared pellet.
—ZUSRINg ONt 2 preparec pelet.

I
into the Cell.

The thickness of pellet is about 1 mm. and diameter about 10 mm.
Figure 3. Schematic diagram of the procedure of dust collection, freezing drying and pre-
paration of KBr pellet.

1
* 1f necessary the sample would be heated up about 800°C.
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operation, the shuped dislt was completely opaque and the white spots were seen, Such
a disk was not suitable for measurement of an infrared absorption spectrum and the
obtained spectrum showed a very poor figure and analysis of the spectrum could not be
carried out satisfactorily. Therefore, it was desirable to obtain the transparent disk as
far as possible. The process of this operation is schematically illustrated in Fig. 3.

In order to make the calibration curve, leached quartz of particle size gf about 1
micron obtained by the method reported in this bulletin by H. Sakabe et al. was used,
This quartz particles were mixed with purified potassium bromide powder in agate
mortar and dried by heating at about 200°C. for 3 hours. The dried sample was shaped
into disk by the same method as mentioned above,

Potagsium bromide powder was made as follows. Potassium bromide of special
grade was heated above 150°C. for an hour. Tt was not necessary to use potassium
bromide recrystallized from its aqueous solution by adding concentrated hydrobromic
acid. Dried potassium bromide was ground in agate mortar and then the powder of
partilce size of 200 to 300 mesh was separated by the stainless steel sieve. This sieved
powder was dried above 200°C. for about 3 hours. This powder was stocked in the
desiceator with phosphorous pentoxide and used for calibration. The potassium bromide
powder of the other size was used for the above mentioned freeze drying method,

Samples used were quartz from Ishikawayama (Q-I), from Yamanoo (Q-Y), from
Takekoma (Q-T), from Yamanashi-ken (Q-Yn) and Brazilian quartz (Q-B). Samples were
ground mechanically for 2 minutes (-2M), 6 hours (-6I1), 24 hours (-24H) and 100 hours
{-100H). Some sample was ground by hand without shearing effect in agate mortar
(-O) and some was leaching with 102 of NaOH agueous solution (-L). As non-crys-
talline silica, three kinds of silica were used. They were (1) carplex supplied from
Shionogi Co. Ltd., (2} vitreous silica and (43), amorphous silica prepared from silicate.

H. Sakabe et al. report in this bulletin more precisely about these silica symbols
such as Q-I-L ete. and preparation of sample. For the comparison of spectrum kaolin
and tale were also used.

The prepared disk was inserted in special cells for the measurement of an infrared
spectrum. The cell is illustrated in Fig. 4. One cell held the sample disk and the
other the reference disk which contained potassium bromide alone. The spectrum
was recorded with Perkin Elmer Model 137 Infracord Spectrophotmeter and Perkin
Elmer Model 221 Spectrophotometer.

Fig. 4. Cell for KBr pellet.
Left to right: pellet holder eell
made brass, polyethylene stopper
(screwed) and set cell for

megsurement.

An absorbance of the absorption band was expressed as logu{Tiw/T), where T,
was the transmittance (2 transmission) of 100 9 line obtained with the sample beam

32



QUARTZ DUST BY INFRARED SPECTROSCOPY

passed through the potssium bromide disk which contained no sample and T was the
transmittance of the sample, as illustrated in Fig. 5. Absorbance per milligram of
quartz powder was designated as absorption coefficient E” and so

E = (Y/w) log.(T/T),
mhere w was the amount of quartz in milligram. If more precise determination is
required, the band area must be measured but practically it is not necessary to use
band area because the area is approximately proportional to absorbance. Value of position

1

of absorption band is written as the wave number in cm.”'. v, which is the reciprocal

of wave length in micron, 4, as follows.

v =10"/1
WAVE NUMBER IN CM™
100 9.0.0m. —_— 8()0 e ‘70-0= —— Fig. 5. The base line method (the
— : e 100%
LINE conventional method) to obtain
80 r the absorbance of the absorption
band.
. The base line is the same as
&g 100 % line which ig the tangent
I Tia line at the maximum transmit-
40 tarce points of both sides of the
absorption band. 0% line is a
20 back ground which is obtained
by a ‘shut-out’ of the sample
ob L vl da% LINE beam. (complete shut-out).
B S S ¢ R VR - A (5
WAVE LENGTH IN MICRON

RESULTS

Typical infrared absorption spectrum of quartz for the calibration is illustrated in
Fig. 6. Spectra of the other crystalline modification of silica are shown in Fig. 7

WAVE NUMBER N CM-
1 O RO O O

| TRIDYMITE
CRISTOBALITE

[
WAVE LENGTH IN MICRON

Fig. 6. A typical infrared absorption spectrum
of quartz (Q-I-L) . Particle Size is about 1 1 § i ] 17 it B
micron. Upper spectral curve is obtained WAVE LENGTH IN MICRON
by diluting the sample which presents Fig. 7. Infrared absorption spezctra

lower curve, of tridymite and cristobalite |
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WAVE NUMBER IN CM-t -
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Fif. 8. Infrared absorption spectra
of non-crystalline silica

modifications.

) I VT

"l LeRaTH N B
and those of the non-crystalline silica in Fig. 8. In the region of the wave length of
8 to 9 microns all the compounds gave rise to the strong absorption band groups but
in the region of 12 to 15 microns each compound showed the characteristic bands of
the medium intensities respectively. The positions of absorption bands of each compound
are summarized in Table 1. Quartz gave rise to three characteristic bands at 800, 780
and 694 c¢m.™!, tridymite single band at 792 cm.™', cristobalite two bands at 798 and
620 cm.”'. Carplex gave rise to single weak and broad band at 798 cm."!, vitreous silica
at 801 em.” and amorsphous silica at 791 ¢m.™'. All of these arose similar and strong
band at 1080 to 1100 cm.™*! with followers of one or two bands of medium intensities
near 1200 and 1150 c¢m.”'. Kaolin and talc showed similar band groups as above
stated samples in the region of wave lengths of 8 to 9 microns but showed five
characteristic bands in the region of 800 to 600 cm.™* respectively.

WAVE NUMBER IN CM™-

2000 2000 1100 WAVE NUMBER IN Gh # 50003000 2500200016001 40012001 06000 800 __700,
400K I%E(% lﬁﬂn" 1200y 1000e00 BN ZONIAEN, KON S50 500 i) A
S o dp

3to Lo \,\/
bnder 1,7, \/

g § 10 121 151§ 96 2 A
WAVE LENGTH IN MICRON
2 i 8 10 12 14 16
WAVE LENGTH IN MICRON
Fig. 9. The effeet of the particle size on the Fig, 10. The effect of the particle size
infrared absarption spectrum of quartz (1), on the infrared absorption spec-
(Q-1-LD. trum of quartz (2), (Q-1-100H>

The particle size had some influence on the spectrum as shown in Fig. 9 and 10.
Spectra in Fig. 9 were obtained using the quartz particle ground mechanically and
leached with 10 % aqueous solution of sodium hydroxide and in Fig. 10 were obtained
with quartz dust ground mechanically for about 100 hours. As shown in next chapter.
bands at 800, 780 and 694 cm.”? were suitable to obtain the relation hetween the
absorbance and the weight of sample. Table 2 shows the weight of quartz and
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694(w)
694( w)
694(w)
694(w)
694(w)

694(w)
694(w)
694(w)
094 (w)

694(w)
694 (w)
694w )
694(w)
694(w )
694(w)
694(w)
695w )
694(w)
604(w)
693 (w)
694(w)
604(w)

620(w)

620(m)

694(w)

) 764(m) 696(111) 644(m

797(w) 718(w) 663(m) 641(m) 620(m)

Table 1. The absorption band position (in em ) of various kind of quartz and silica
Sample Band positions (4000 to 600 em.-!)

Q-1-L |

10 to 5 p [ 1160(w) 1130(sh) 1086(m ) 1080(m ) 795(m) 777(m)
5to 3 ‘ 1166( )1130\511) 1081( s ) 1046(m ) 79%6)m) 777(m)
3 to 1.5 ‘ 1166(m) 1139(m) 1081(s ) (1054) 796(m) 777(m)
1.5 to 0.5 1170(m) 1145(m) 1079( s ) 798(m) 779(m )
0 5 under ‘ 1174( 1143(1‘11 10?9( ) 798(m) 779(m)
Q [-100H

51t 3 p 3300( w) 1161(m) 1087(s ) 1087(s ) (948)7 796(m) 776(m)
1.5 to 0.5 3300(w) 1164(m) (1142)? 1088(s ) (948) 799(m.) 779(m)
0.8 to 0.4 3300(w) 1166(m) 1142(w) 1088( s ) (948) 799(m) 779(m)
0.4 to 0.2 3300( w) 1167(m) 1142(w) 1088( s ) 948(w) 799(m) 780(m)
Q-1-24H 3400(w) 1170(m) (1145) ~ 1080(s ) 960(w) 800(m) 780(m)
Q-1-6H 3500(w) 1168(m) ? 1082( s ) 9487 799{m) 779(m)
Q-1-2M 1171(m) 1145(m) 1074(s ) 799(m) 779(m)
Q-1-0 1175(m) 1145(m.) 1074(s ) 799(m) 779{m)
Q-1- 1175(m) 1145(m) 1075( s ) 800(m) 760 (m)
Q-1- 1175(m) 1145(m) 1075( s ) 800(m) 780(m)
Q-B-0 34007 1170(m) 1140(m) 1050(s ) 799(m) 778(m)
Q-B-2M 300(w) 1180(m) 1150(m) 1080( s ) 800(m) 780(m)
Q-B-6H 3400(w) 1U75(m) (1140)  1085(s ) 50 (w) 799(m) 778(m)
Q-T-2M 1180(m) 1160(m) 1080 s ) 00(m) 780(m)
Q-T-6H 3400(w) 1180(m) 1080(s ) 950 (w) 00(m) 780(m)
Q-Y-2M (8400) 1180(m) 1180{m) 1080( s ) 799(m) 779(m)
Q-Y—GH | 3000(w) 1170(m) 1140(sh) 1070( s ) 799(m) 780(m)
Tr;dyrrute* | 1175 (m) 1109(s ) 1090( s ) 792(m)
Cristobalite* ‘ 1204(m) 1160(sh) 1104(s ) 798(m)
Carplex** ‘ 3400(m) 1175(sh } 1149(sh) 1085( s ) 948 mw) 798(wr)
SHOTpOUS. | sy 119(m) 1093('s ) 1056(m) 791(m)
Vitreous Ailica  (3400) 1175(sh) 1093( s ) 801(w)
%;‘;{atgaéﬁ?m ‘ (3200 Usk(m) P 10e(s) (1063) 9ds? 79%9(m) 779(m)

. 3650(m) 3509 (w) 1105(m) 1034(s ) 1007('s ) 834(m)  912(m) 795(w) 787(w

Kaolin 363 (sh)
Talis 3676(m) 3460(w) 1178(w) 1079(m) 1014(s ) %5(s)

* Tridymite was supplied from Dr.
2)

from reference

#*Carplex is the trade name of amorphous fine silica particle (Shionogi Co.

Band intensity,
s, strong ;

m, medium ;: mw. medium weak ; w,

1168(w)

Nagelschmidt,

sh, shoulder band of neighbour (strong) band :

35

weak ;

Cristobalite was not observed and it takes

Ltd.,)
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Table 2. The weight of quartz and absorbance at 800, 780 and 694 cm.™

‘?‘:\\\\H""“wa o Band | Absorbance log,, (T 100 /TD.
. : ~
Kind = ™. WelghtCme:> \ 800cm, ! 700cm. ! 694cm. !
- ~

Q-1-100H below 0.854mg. 1.317 0.859 0.230
1 p particle size 0.431 0.789 0.554 0.137
0.358 0.695 0.493 0.121
0.204 0.305 0.220 0.067
0.087 0,138 0.093 0.019
0.078 0.116 0.079 0.017
Q-I-L 10 ~5 2.330 — — 0.721
1,5~0.54 1.65 — — 0.572
5 ~3 p 1.160 — — 0.382
3 ~1.54 1.05 — — 0.398
0.5~ 0.75 1.534 o 1,190 0.288
16 ~5 g 0.482 — — 0.142
5 ~3 p 0.410 — — 0,132
0.6p~ 0.357 0.648 0.486 0.134
1.5~0.5p 0.320 0.505 0.368 0.096;
3 ~1.5¢ 0.204 0.321 0.243 0.073;
10 ~5 p 0.104 — — (4.032
1.5~0.5u 0.087 0.157 0.113 0.029
0.5p~ 0.084 0.164 0.110 0.027
3 ~1.5pu 0.056 0.096, 0.069 0.025

absorbances, and particle size of sample Q-I-100H was about one micron but Q-I-L
sample had various sizes. At 800 and 780 cm.™' the spectrum was saturated with quartz
of over 1 mg., therefore in such a spectrum, absorbances of these bands could not be
obtained accurately. Samples Q-I-L which contained quartz about 0.48, 0.41 and 0.10
mg. were those of particle sizes of 5 to 10 mirons. When particle size was larger than
3 microns doublet band at 800 and 780 cm.”! lost its sharpness as shown in Fig. 9 and
10, and so absorbarce was not suitable to measure the amount of quartz with such a
particle size. But band at 694 cm.”! was not influenced by this particle size range.
Therefore the amount of quartz of various sample sizes and particle sizes could be
measured by the use of band at 694 cm."'.

Spectra in Fig. 11 were obtained by the freeze drying method. Blank curve obtained
by potassium bromide alone gave rise to bands in two regions, 3,300 to 3,400 cm.™? and
near 1,600 cm.™', attributable to water contaminant and another broad weak band near
9 microns due to impurities. But no appreciable absorption band was observed in the
region of 12 to 15 microns. Spectra obtained with freeze dried sample of Q-Y and
Q-B had nearly the same pattern as those obtained by other methods. If freeze dried
sample was not heated up 180°C. for 3 hours, the spectrum decreased its transmiitance
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WAVE NUMBER IN CM-
5000 3000250020001606140012001000960 800 _ 700

8 Fig. 11.  Infrared absorption spectra of the
/ {ine particle suspended in water.
3 Specirum No. 1 is the blank carve (KBr

4 alone) ,
Spectrum No. 2 is  the Q-Y-2M  sample
/\/—\fwfv\ dried over 180° C for 3

hours,
“pectrum No. 3 is Q-B-6H sample non-
treated.
Spectrum No. 4 is Q-Y-2M sample non-
5 treated.

] O 10 15
WAVE LENGTH IN MICRON

steeply at shorter wave length but in the longer wave length region the decrement
was not so large that analysis of quartz from this spectzum was able to be carried out
without difficulty. Therefore, if freeze dried sample did not contained any impurities,
the heating the dried sample over 180°C. for 3 hours would be unnecessary, From
the spectra illustrated in Fig. 11, and in Fig. 6, 9 or 10, it would be clear that the
spectrum obtained with freeze dried sample was the same as those of sample prepared
by other process such as mixing of dry particle with potassium bromide powder in
agate mortar or nujol mulling method. The latter method is used easily and generally
but was not reported in this paper. H. Sakabe et al.¥ will report that the spectrum
Table 3 The

kind of quartz and the value of E’ at 800, 780 and 694 cm,—

Band Absorbance per milligram F’

Kind 800cm, - l 780cm. =1 \ 694cm. 1
Q-1-0 | 1.45 1.05 0.27
Q-1-2M 1.50 1.07 0.29
Q- T -6H* 1.30 0.90 0.22
Q-1-2411 1.45 1.05 0.24
Q-1-100H 1.55 1.03 0.28
Q-I-L-2M 1.75 ca. 1.2 ca. 0.3
Q-T-L-6H : 1.65 1.21 ca. 0.3
Q-1-L 1.82 1.83 : 0.35
Q-B-0 0.8 0.5 0.2
Q- B-2M* 0.5 0.35 0.1
Q- B-6H* 0.9 0.6 0.15
Q-T-2M 1.17 0.65 0.21
Q-T-6H 0.96 0.63 0.16
Q-Y-2M 1.24 0.91 : 0.24
Q-Y-6H 1.00 0.65 0.19

* The weight of quarts sample may be not so correct. E’ has an unit, mg.—!
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with nujol mulling method is essentially the same as that by potassium bromide pellet
method. Therefore, it is suitable for analysis of quartz to use the spectrum obtained
from freeze dried sample. In Table 3, the absorption coefficients of various quartz

samples with different preparation methods and localities are summarized.

1. hor o

00cm™'BAND

A
411,00 Fig. 12. Calibration curve of quartz
2 ' 779%m BAND sample at the absorption bands,
& 800, 780 and 694 cm~', The
e
8 standard sample is Q-I-L
g . . .
<. 5ok ) which has particle size under

3 microns.
JAY
694cm ' BAND
(1
00 0,10 0 30 0,40 U, 5U {). 0.7

Wl IGHl OF QUAR]/ 1IN IKBr l‘Fl]L[(M[LLIGRAM)

Calibration curve was obtained with Q-I-L sample and illustrated in Fig. 12. Absorbance
of band 800 ¢m.~! or 780 cm.”' was higher than that of band at 694 c¢m.'. From the
inclination of these calibration curves, the absorption coefficient was also obtainable
as the mean value. As shown in Fig. 12, linear relation between absorbance and
weight of quartz was obtained. Values in Table 3 and 4 were calculated by this
method. From these tables and figures, it was obvious that value E’ of well leached

quartz had the highest and this value decreased with grinding time. Relation between

Table 4. The particle size of guartz and the value of E' at 800, 780 and 694 cm,™"

T Absorbance per milligram E’

Kind afE_Pﬁm\ 800em. LM T0em. __! 694cm, =t
Q I L 10 toc 5 microns 0.989 0.880 0.301
51t0 3 microns 1.37 1.057 0.353

3 to 1.5 microns 1.659 1.228 0.422

1.5 to 0.5 microns 1.68 1.219 0.308

under 0.5 microns 1.89 1.259 0.334
Q-1-100H 5 to 3 mierons 1.25 0.716 0.305
1.5 to 0.5 microns 1.75 1.21 0.281

0.8 to 0.4 microns 1.78 . 1.22 0.31
0.4 to 0.2 microns¥* 1.41 0.98 0.2567
* The welght of qua_gz sample may be not so correct. “E'7 has an unit, mg.™
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particle size and absorption coefficient E’ is illustrated in Fig. 13 and Table 4. The
figure shows evidently that absorption coefficient of band at 694 ¢cm™' is not influenced

by particle size but other two bands are apparently influenced.

2.00 BAND POSITION IN CM:'
) l 800 780 694
Q1L O O @
QI100H [0 ¥ &

= O

= (=

= 1. 50

= O

g |@

fr,

i

S

é 1. 00

a,

7 .
x
7

M

<

0,00

0 1 2 3 1 n [§ 7 8
PARTICLE SIZE IN MICRON

Fig. 13. Particle size of quartz sample and the absorbance E’ at 800, 780 and 694 cm.~!,

In this report value 0.35 mg.”' was used as the absorption coefficient of hand
P p

at 694 cm.™', 1.33 mg.”" as that at 780cm.~' and 1.82 mg.7" as that at 800 cm.™'. If
the value 0.35 mg.”' was used, detectable amount of quartz was 30 y or less, and if

the other values were used for absorption coefficient, the amount was about 10y,

DISCUSSION

An infrared absorption spectrum

is a representative of structural character of com-
pound. An absorption band

arises from a characteristic structural factor and a chemical
functional group, hence it can be inferred from the properties of bands that what

functional group or what kind of structure is found in the compound. Furthermore it

is possible in principle to guess an appearance of a spectrum from the chemical
geometerical structure of the compound, more precisely,

and

the structural factor which
expresses physical properties of the structure of the compound. Silica has the unit of
the structure SiO,*~ and a Si atom combines four oxygen atoms and the directions of
these valence bonds take an angle of 109° 28’ each other, i.e., the angle of tetrahedral
structure. The bond angle of Si-0-Si takes several values

according to the species of
silica modifications.

Silica gel and sol take the angle at about 110° to 120°,

39

quartz



R. SODA

approximately 140° and tridymite or cristobalite near 180°. The bond length of $i-O
linkage also is different according to silica modifications®), Therefore infrared spectra
of silica modifications show similar appearances but there appear some bands which
differ partly each other caused by fine strutural factors of modifications. The regmrzl :?f
wave length of 8 to § microns represents the former and the other regions the latter.
The analysis, particularly quantitative, utilizes the characteristics of a compound.
Therefore, the region of 12 to 15 microns is suitable for a quantitative analysis and
furthermore this region is measured easily by the ordinary spectrophotometer. If longer
wave length is able to be observed, the region of 25 to 30 microns and further longer
wave length region are more suitable for an analysis. But these region can be measured
only with special spectrophotometer at present. In this paper, the discussion is limited
to the former spectral region for general use.

An infrared absorption spectra of co-polymers are similar in spite of different
degree of polymerization if the co-polymers are relativily large molecule (co-polymers
are composed of above hundred monomer molecules). The particle of 0.1 microns
of quartz in diameter has about 24 x 10° of Si0,*” unit structures. Therefore, as far
as the unit structure of quartz is the same, the spectrum would show the same pattern
even if the particle size is different. This is the case of Fig. 9 and 10. The spectral
region of the wave length of 8 to 9 microns show the different appearance according
to the particle size on the quartz particle above 3 mirons but below 3 mirons spectra
are not so different with the particle size. The changes of absorption bands with the
particle sizes will be discussed in other paper**and here only the result of the observation
of the infrared absorption spectrum is shown. The band 694 cm.”' (14.4 microns) has
the same aspect and same absorbance even if the particle size is different. Therefore
this. band can be used for quantitative analysis of guartz. When the particle size is 3
microns or less the band at 780 cm.™* or 800 cm.™* is able to be used for the analysis.
In general the band at 694 cm.™ is most suitable for this purpose,

From Fig. 11, Table 3 and above stated results it may be concluded that this freeze
drying method is very suitable for the determination of amount of quartz dust in atmos-
phere. By this method fine spectrum is obtained and the interference due to organic
substance and clay etc. may be removed out with heating up sample.

X-ray analysis of the free silica generally requires the content of quartz of 10 to
100 mg. and it is convenient to examine the rather large particles such as above 10
microns. The phosphoric acid method uses in it chemical reaction, so the method
may be expected ‘o give high accuracy but has several questions as mentioned previously,
In this respect the freeze drying method with the infrared absorption spectrum is an
excelient method for the analysis of quartz in atmospheric dust. If it is combined

with above two methods the result obtained may be guite accurate,

** Presented partly in “The 9th meeting for infrared and Raman spectrum” held at Osaka
University, QOetober 13th, 1960.
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The detectable amount of quartz with this method is the order of 10 y and if the
other components do not interfere the absorption band of quartz, the order of 1 % of
quartz is detectable in the dust of 1 mg. The accuracy is about 5 % of the amount of
quartz obtained by this method.

Clays and other several minerals show the absorption bands near 690 cm.™ (14.5
microns) and 800 cm.™" (12.5 microns) which interfere the bands of quartz, 800, 780, and
694 cm.“i' )but these interfering bands are eliminated when the compounds are heated
up to 800°C.»  Some silicate and silica compouds show weak broad bands near 800
em.”! but no bands near 690 cm.™' The case in which all three bands are interfered by
other components is very rare and even in such a case, one or two bands may be used

' is the most

for the determination of quartz amount. Particularly the band at 694 cm.”
reliable characteristic one which is scarecely interfered.

The bands in the region about 1100 em.™' exhibit the characteristic aspects by the
different preparation method of the particle sample, i.e., the grinding time or the
treatment of the surface layer. This phenomenon is illustrated in Fig. 14. The bands
at 800, 780 and 694 cm.'' did not show such a phenomenon. But the intensities of
these bands vary with above stated treatment as illustrated in Table 3. This means
that the some part of quartz particle changes to the disturbed structure different from
the parent quartz structure’). Therefore the leached sample must be adopted for cali-

bration.

WAVE NUM%ER IN CM-!

R0 . T 1 11 I B0 6050 40 il

o2 T Y A TR
WAVE LENGTH IN MICRON

1 4 B 8
Fig. 14. Infrared absorption spectra of mechanically
ground quartz and leached quartz,
Tn this study, as the cell is so small that the infrared beam is partly cut off, the
loss of incident beam to sample disk and to the photometer is large. Therefore the

S/N ratio is small. If the improvement of this method such as the reduction of disk

size and prevention of loss of infrared beam is made, the order of 0.1y or less of
quartz may be detectable. In the next report, the author will show the results which

will be carried out as the field work.
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SUMMARY

The content of quartz in the suspended dust in the atmosphere can be determined
by means of an infrared absorption spectroscopy to the order of 10 y with the method
reported in this paper, i.c., the freeze drying method. The particle size has no
influence on the sensitivity and accuracy. The absorption hand at 6% ¢m. (14.4
microns) is the most reliable and characteristic one for the analysis of quartz. Absorbance
per milligram of quartz with this band was 0.35 mg.”*  For the determination of quartz
by this method, leached quartz must be used as the standard sample for the calibration,
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ADDENDUM

The author has just read the report by Tuddenham and Lyon* who state the similar
argument as this report. The author has great interest to their work and is glad to
see the same result.

* Tuddenham, W. M., and Lyen, R. J. P., Anal. Chem., 32, 1630 (1960),
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GAS CHROMATOGRAPHIC ANALYSIS OF
ATMOSPHERIC POLLUTANTS IN INDUSTRIES

Yoshimi MATSUMURA and Reisuke SODA

Gas chromatographic technique is useful to analyse the multicomponeht mixtures
of gases or liquids simultaneously in one process and it has been conveniently applied
to the measurement of the atmospheric pollutants by many investigators. Levadie et
al.’) and Mansur et al.®investigated the analytical methods of organic vapors in industrial
atmospheres by gas chromatographic methods. In their methods, the vapors were
collected in a sampling bottle with an adequate solvent and then the samlped solution
was quantitatively analysed by gas chromatography. In another method, the vapors
were collected in a cooled column packed with a suitable adsorbent in it. For the
satisfactory measurements in field reseaches, a sampling apparatus having high sampling
efficiency as well as a property not greatly influenced by slight structural irregularities
of the apparatus has been required.

The present paper reports on sampling efficiency of organic vapors by ébsorbing
method which employs an organic solvent with several sampling bottles, and the method
of quantitative analysis of the sampling solution by gas chromatography. As a quan-
titative determination method, the authors discussed the relationship between concentra-
tion and the peak area ratio of the solute against solvent on the gas chromatograph

chart.

EXPERIMENTALS

Sampling of vapors:

Six kinds of sampling bottles were examined for their sampling efficiencies and the
distribution ranges of the efficiencies. The types of bottles are shown in Fig. 1 and
their detailed structures and test conditions are summarized in Table 1. In this
experiment, toluene was used as a sampling solvent and benzene as a test vapor.

A certain amount of benzene was vaporized by heating in a closed cubic chamber
of volume of 27 m® to prepare the atmosphere of suitable benzene vapor cancentration
and the inside air was stirred with a fan set on the ceiling of the chamber during the
entire period of experiment, Ten minutes after the start of fan, the test air was led out
of the chamber through glass tubes with their openings at the center of the chamber,
Sampling apparatus was composed of two sampling bottles of the same type, one flow
rate meter, one dry gas meter for total air volume and one suction pump in series,
From one to four such series were set and driven to collect the test vapor into the

bottles at the same time.
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T3 —a

Fig. 1

Types of sampling bottles
Table 1 Characteristics of bottles and conditions of gas collection.

Test ‘Type Structure

No.

1

2-1

2-2

6-1

Solvent | Alr flow | Total air |Test vapor

volume ‘ rate flow concentra- Note
No. | description (ce.) ‘ {I/min) |volume (I)ltion (ppm)

1 |Midget impin- | Originally devised as a dust
er 10 2 ‘ 40 183 | sampler but often used for gas
oo (eempling
Midget impin-‘ 40 144 | Glass beads used in No. 3, 2
ger with 10cc.‘ 10 2 -— and 5 are about 3mm in dia-

glass beads 1 | 10 972 meter. ‘

3  Midget impin-} ! | More than 5 cc. of solvent
\ger with 25ce.! B ‘ 0.7 40 ‘ 195 | would overflow when bubbled
Iglass beads ‘ ‘

4 |Midget impin-| ‘ Sintered glass ball filter at
ger with a ‘ 10 2 15 i 178 | the nozzle, producing fine bub-
‘ball filter | | i bles of 1 to 2 mm. in diameter

5 |Midget impin-! | The same structure as No. 3,
ger with 20cc| 10 | 11 40 i 244 but there is no afraid that the
glass beads | " solvent should overflow.
Dautreband 75 l 144 Highly effective for dust
R 50 16 — sampling.

6 |impinger | 200 | 244 pling

Quantitative deleyminaiion o f the sample solutions by gas chromq_togmph ¥

The gas chromatographic ap

A katharometer was
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paratus used in this experiment had been constructed
in this institute by one of the anthors.
of the detector,
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And its out-put was connected through the attenuator to in-put of the
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recorder of 3 mV full scale. The 1esponse of the recorder was changeable from 1/,
to '/ 1000 times by changing attenuation.

Chromatographic column was a copper coiled tubing of 2 m long and 4.5 mm.
inside diameter, packed with Celite of 30 to 65 mesh coated by dioctyl phthalate {weight
ratio 3 to 1). The temperature of column and detector was 110 = 1°C and helium was used
for the carrier gas, the flow rate of which was about 40 cc./min.. Bridge current was
about 150 mA.,

0.05 ce. of a sample solution was inleted with a syringe into the gas chrematograph
through a serum cap. On the chromatogram, benzene peak was recorded at the highest
sensitivity (*/,) and toluene peak at lower sensitivity (/). The peak areas of benzene
and toluene were measured with = planimeter and the benzene concentration was
determined from the ratio of these two peak areas using the calibratin curve. The
procedures are shown in Fig. 2 and the calibration curve is illustrated in Fig. 3.

;l;rlluti?uemiun A

Benzene
(Attenuation ¥)

Inert Gas

Peal Height

Start
Peak Area v J

___________ LY N

Fig. 2 Gas chromatogram of benzene in toluene.
_ {Benzene peak height)

(Benzene peak area) . X 10*
—— —— ' (Toluene peak height ) X35
(Toluene posk area)x 50 X190 h P ight )X 50
*m;‘_

8 3
B ©:Peak area ratio
@ O : Peak height ratio

© 33— .2

: 3

° 1t=

w,
2— k-
e
3
—11 A
=
0 i L. l o] ] 1 i { .o
0 [ 10

PR+ [ 10® Benzene /10ce. Toluene
Fig. 3 Calibration curve for the determination of benzene concentration in toluene.

Curves of concentration against peak area ratio and peak height ratio.
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Benzene concentration in toluene solution was written as the product of the vapor
concentration (ppm.) and the total volume of collected air().

Benzene sampling efficiencies of the bottles were determined as follows. If the
efficiencies of the two bottles set in a series are the same, the efficiency E is expressed
as

E= Cl —Cz
C,
where C, is the benzene concentration in the first bottle and C, in the second bottle.
The vapor comcentration in the sampled air, C,, was obtained as follows.

Com CHEIXGIIOX(21) 30

where C, is the concentration of the sampled vapor in the first bottle (ppmX!/10cc.
toluene): E, the efficiency of the bottle: v, the volume of the solvent present in
the first bottle at the end of the air sampling (cc.): V, the total aspirated air volume
(I): t, the temperature of the air (°C).

A dust chamber was used for the experiment, It was enclosed with cement wall
and glass windows and the duct was set at the one side of the walls to exhaust the
inner air. Benzene vapor for the test was dispersed by evaporation in this chamber
and the fan was driven. The vapor concentration decreased slowly and.almost linearly
with time, although the test air was not pumped out. In this experimeht, one running
time of sampling was short, about twenty minutes, hence the change of the concen-
tration could be neglected,

RESULTS AND DISCUSSIONS

Table 2 Gas sampling efficiencies of various types of bottles.

Test No. Type No. ‘ Efficiencies (%)
1 1 | 60, 68, 70, 82
21 72, 72, 69
2-2 ? 100, 90, 87
3 3 59, 50, 51
4 4 88, 88
5 5 9%, 9%
6-1 70
6 .
6-2 54

From the experimental results shown in Table 2, it is able to select the most suitable
type of bottle for the purpose of this work. For a bubbler to show high efficiency,

47



Y. MATSUMURA AND R. SODA

enough gas-liquid contact time and contact surface are needed so as to reach equili-
brium. Among the six types of sampling bottles, the bottle No. 5is the most suitable
one for this requirement. The bottle No. 1 can not be properly used, as it showed the

low efficiency and large fluctuation. This may be caused by the irregularity of the
structure of its nozzle, and by the short contact time as well as small contact surfaces

as a result of large bubbles. The efficiencies of the hottles No. 2 and 5 are better than
those of No. 1 as illustrated in Table 2. In these bottles, the irregularity of the struc-
ture and the generation mechanism of bubbles are improved with the small glass beads
packed in the bottom of the botties. Perhaps the glass beads and the solvent are used
with a most satisfactory amount in the bottle No. 5, therefore its efficiency is the highest
of the three types with glass beads. In No. 3 bottle, the solvent volume was too small.
The solvent volume influences on the efficiency. When a small amount of solvent
exists as a thin film among glass beads, the diffusion of the solute once dissolved in
the solvent into the inner part of the solution may not occur smoothly and the re-evapora-
tion of the solute from the solution may not be neglected. Therefore, the solute captured
in the solvent is necessary to diffuse rapidly into the inner part of the solution to
obtain the high sampling efficiency and its comncentration must not become high partly,
particularly at the bubble surfaces. Dautreband impinger is made for dust sampling
and its characteristics are the generation of the solvent mist and the impingement of
the dust with the mist. This impinger shows high efficiency for dust collection but
in this experiment it shows lower efficiency for gas sampling. The mist is well generated
when the air velocity is high, but it rather affects negatively for gas sampling,
because for absorption of the gas, slower air velocity is advantageous to approach to
the equiliblium state. The ball filter used in the bottle No. 4 makes fine hubbles
but it has too large flow resistance to obtain a sufficient air flow by ordinary pumps.
It may show comparatively higher efficiency if only the contact time of bubbles in

the solvent is increased.

? ppm- { X10%Benzene /10cc, Toluene
Q
£2.0
ES A
g
5
S | __ CoB
- ToTE
210 C_ .-
& -
o1 Pt
o ZIIIIIET
v -
w1 -
£ ST }
3 S a bec
= il )] J ] i il
500 1000 1500
Trtal air flow volume
Fig. 4. Schematic diagram for illustration of sampling efficiency

against air flow volume.
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The total sampled air volume had some influence on the efficiency as shown in
Table 2. That is, the efficiency is apparently higher with the volume of 107 than
with 407 at the bottle No. 2. 1In the course of sampling of vapors, the concentration
of solutes in a solution increased as the air continues to flow, According to the theory of
gas-liquid equilibrium, the rate of dissolution of vapor component from gas phase to
liquid phase will be Jowered as the solute concentration in the solution increases. This
may be the reason of the efficiency drop with the increase of aspirated air volume.
Such an influence of sampled air volume on the sampling efficiency is illutrated in Fig.
4. Curve A gives the relation between the solute concentration in the solution and the
total air flow volume, when the vapor is completely trapped in the solvent. However,
even if the sampling bottle is the most suitable one, that is, the equilibrium is
established between the gas phase and the liquid phase in that bottle, the air passed
through the sampling solution contains the amount of vapor at the pressure responsible
to the concentration of the solute in the liquid phase. Then the curve is shown as
Curve B in this case which reaches a saturated state if the total air flow is very large.
Practically, bottles never have such ideal characters as to reach gas-liquid equilibrium
in the course of bubbling and then the concentration accumulated should be smaller than
Curve B. This is the case of Curve C. (From another experiment and consideration,
the fact has been cleared that only about half of gas-liquid equiliblium was reached
with No. 2 bottle.) Sampling efficiency is given by c¢/a. Many structural improve-
ments will approach its value to b/a, and in addition b/a will be approach to 1 by the
the control of the sampling temperature. As shown in Fig. 4 these three curves
approximately coincide when total air flow volume is relatively small, and in this
region of small air flow volume, it is not necessary to consider the amount of gas or
vapor in the passzd air undissolved into the liquid in the impinger or re-evaporated from
the solution. Therefore, if the sensitivity of detection is very high, the sampling time
can be sufficiently shortened and the analysis becomes more precise.

Generally, organic solvents used in industries, for example, thinner, gasoline and
even industrially pure solvents, are mixtures of many components, each of which has
various partial pressures. Then, even if they are sampled in one bottle, the efficiencies
are different for each component. Hence, it is necessary to determine the efficiency
for each component, case by case. Such consideration can be neglected for rough
estimation of vapor concentrations but it is necessary when the precise determination
is required. By the gas chromatographic measurement, both peak area ratio and peak
height ratio show sufficient linearity aganist benzene concentration in toluene, so each
can be used for the determination of benzene. Peak height ratio is obtained more easily
than peak area ratio and hence it is more practical to be used, but it deviates easily
from the calibration curve by little fluctuation of the conditions of operation, such as
a rate of carrier gas flow, sample size and the tcmperature ete.. From this reason, the

peak area ratio was used in these experim:zints. The peak height ratio can be used
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practically if operations were performed with enough cautions.

In selection of the solvent, it is necessary to consider the solubility of the object
vapors into the solvent, volatility of the solvent and relative retention times of vapors
and solvent on the gas chromatogram. It is desirable that the retention times of solvent
differs as far as possible from those of vapors for the purpose to avoid the overlapping
of tails each other. The more the both peaks overlap; the less the precision of the
results becomes, When the components of object vapor mixture are unknown, it is
necessary to use two kinds of organic solvents, whose retention times are different,
because the peaks of the vapors are, sometimes, masked by a solvent peak. From
comparison of the two gas chromtograms of different solvent, it is able to analyse all

components, even if some of them are masked by solvent peaks.

Solvent
Methanol

(o)

Start

Solvent
Toluene
(})
4
(3) 1 ‘
()
/‘JL\S lart

. ] § [
™in. 10 an 20 ) 10 0

Fig. 5 “anatysis of the vapors in a dyeing factory.
~-(3as' chromatograms of the samples in the first bottle of two pairs of apparatus. Total air flow

volumes are 17.47 for methanol solvent and 61.8! for toluene solvent.
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FIELD TEST OF THIS METHOD

One of the authors determined the concentrations of organic vapors in some dyeing
factory. Toluene and methanol were used as solvents in sampling bottle No. 5. Results
at the position where the highest concentration was expected were shown in Table 3.
Each component was determined by observing the change of gas chromatogram after
adding the known substance in the sample. If the peak of a component increased and
the shape of the peak did not changed, then the component responsible for this peak
on the chromatogram was the same as the added one.

Results were shown in Table 3.

Table 3 Results of measurements of organic vapors in a dyeing factory.

Peak No. Component ‘ Sampling efficiency( %) Vapor&f;;e)mration
1 | " Methanol 53.2 | 102
__2 Ethyl acetate | 40.9 | 118
3 | Benzenc | Y | 81
- 4 ‘ Unknown 7 _ 73.8 170
- 5 | : Unknown _‘ 75.6 .‘ 2776 -
6 [ m-, p-Xylene
— |- — 8.5 730
7 o-Xylene [
SUMMARY

Using six kinds of sampling bottles and toluene as a solvent, benzene vapor was
collected and the trapped concentration was determined by means of gas chromatography.
From the experimental results about the sampling efficiencies of these bottles, long
midget impingers with glass beads at the bottoms were found the best one. And the

important factors for gas sampling were discussed.
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NITROGLYCOL POISONING IN
AN EXPLOSIVES PLANT

Masayoshi YAMAGUCHI, Hiroyuki SAKABE, Akira KAJITA
Hiroshi YOSHIKAWA, Minoru HASHIZUME, Hidetsuru MATSUSHITA
and Yoshimi MATSUMURA

In Japan, four fatal cases presumed as nitroglycol poisoning were reported for two
years from 1959 to 1960. These are the first reported cases of nitroglyecol poisoning
in Japan, although if thorough investigation be carried out, there would be found more
fatal cases. Until the occurence of these victims no preventive measures for nitroglycol
poisoning were taken. Labor Standards Burean, Ministry of Labour planned to take an
administrative steps against nitroglycol poisoning, and by the request of the Bureau
we have studied on the health of workers and environmental conditions in an explosives
plant, though in very short period. In this plant, no fatal cases but three severe cases
were experienced. Mixing rate of nitroglycol increased gradually from 30 22 in 1955 to
50-60 25 after 1958, and when we investigated the plant, it was 40 2. Small amount

of nitroglycol was also used before 1955, but the exact mixing rate was not clear,

CASE HISTORIES

Case 1. T.S. a 36-year-old man. He had worked in this plant since 1953, and as dy-
namite extruder since 1956. For about ten days after he began to work in the extruding
house, he felt headache, but soon was accustomed to it, And he had worked healthy till
an attack in summer of 1960.

On the morning on Monday, July 11, 1960, before the breakfast, he felt a weakness
of the arm and stiffness of the shoulder, then headache and tightness of the breast,
and scon fell unconscious. He recovered after about 20 minutes and perspired profusely.

Case 2. G.S. a 44-year-old man, He had been engaged in explosives manufacture in
this plant since 1937, and had worked as dynamite extruder since 1955. He had headache
for about half a month after he began to work as extruder, and occasionally he felt
weakness of the arm, oppression in the breast, and nausea on the morning in May and
June of 1960.

On Monday morning, July 18, 1960, when he was reading a newspaper before the
breakfast, he felt weakness of the arm, heaviness in the breast and nausea, and soon lost
consciousness. After the injection of some medicament by physician, he recovered
consciousness and sweated profusely. On the next morning he suffered again from the
same symptoms as on the previocus day, but consciousness was not lost. On the 20th
July, he had same but slight symptoms, and he went to hospital.

Case 3. 5.3. a 46-year-old man, He had worked in this plant since 1943, and as
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dynamite extruder since 1956. He had worked healthy after accustomed to headache,
and his only complaint was the lowering of tolerance to alcohol. He took a holiday
on Monday August 22, 1960, and so he was free from the work for two days. In the
early morning of Tuesday, August 23, 1960, when he had sat down for the breakfast,
he felt cold in head, and lay down. But the symptoms were not improved and he felt
nausea. Then he went to lavatory expecting the improvement of the symptoms after
defecation, and there he felt a severe tight sensation in the breast and fell unconscious.
Soon after, he recovered consciousness and sweated on the whole body. He had no
attack on the 24th August, but on the 25th he suffered from the same symptoms except
unconsciousness.

It may be noticed that these three cases occurred among the workers in dynamite
extruding house. TIn this plant, extruding work seemed to be particularly prone to
produce poisoning. This may be explained by the fact that the evaporation surface of
gelatinous dynamite is great and nitroglycol and nitroglycerine are absorbed through
the skin in addition to by inhalation, as the workers handled the gelatinous dynamite

with the naked hand.

BLOOD PRESSURE AND SUBJECTIVE SYMPTOMS OF WORKERS

We had examined the blood pressure and subjective symptoms of the workers who
seemed to be heavily exposed to nitroglycol. The blood pressure was measured
before and after the work on Monday in consideration of the acute nitro-effect. Data
are shown in Fig. 2 (P.63). As seen in the Figure 2, the systolic blood pressure was
much lower than the mean value of Japanese, but the diastolic did not show any
remarkable difference from normal value. It was not yet decided whether this low
systolic pressure was produced by nitro-compounds or was the common symptom of
the residents in this district. The changes of blood pressure before and after the work
are shown inFig. 3 (P.64). After the work, systolic pressure was lowered, diastolic
raised, and the pulse pressure lowered compared with each value before the work. It
seems difficult to say that the nitro-effect is responsible to these changes, as normal
workers also show such trend of changes in factories where nitro-compounds are not
manufactured. And we could not find out any workers having the signs of chronic
nitroglycol poisoningdescribed by Forssman et al.

Subjective symptoms of these workers are shown in Table 2, (P.65). Main symptoms
were headache, fatigue, palpitation of the heart, pain in the breast, dizziness, nausea,
sensory and motor disturbance of the hand, stiffness of the shoulder, menstrual
disturbance, and the depression of the tolerance to alcohol. However, some of these
symptoms might be caused by other factors.

Symptoms may be divided into two categories, that is, the one is the symptoms
similar to abstinence symptoms which appear after the separation from the exposure to

nitroglycol, and the other which is observed during exposure.
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ATMOSPHERIC CONCENTRATIONS OF NITROGLYCOL VAPOR

For the determination of nitroglycol vapor concentration, the air containing nitro-
glycol and nitroglycerine vapors was sampled in ethanol and then the solution was
quantitatively analysed by colorimetry using phenol disulfonic acid reagent. Concen-
trations of nitroglycol and nitroglycerine were not determind separateiy in this method.
As vapor pressure of pure nitroglycol was considered by about 100 or more times
greater than that of nitroglycerine, the concentration of the trapped nitrates vapors
might be considered almost equal to that of nitroglycol.

SAMPLING AND ANALYTICAL PROCEDURE

The air was aspirated by a hand-worked suction pump and sampled in a midget
impinger with 20 cc. glass beads of 3 mm. in the diameter and 10 cc. ethanol. The
aspirating flow rate was 2//min.. When 20] was aspirated, 5 cc. ethanol was newly
added in the impinger and sampling was continued till the total aspirated volume was
504. The sampling efficiency of this method proved to be 9514 2 by another experiment.

The sampling solution obtained as described above were poured through a glass
wool filter into another impinger to remove glass beads. The glass beads and glass
wool were washed with another 5 cc. ethanol and this washing liquid was also added
to the sample solution, Clean air filtered by resine dust filter and active carbon was
passed through the sampling solution and solvent ethanol was vaporized at room
temperature till the total sample volume become 2 ce. Two ce. of phenol disulfonic acid
reagent was added to this residue. Then immediately, cooling the solution in water,
20 cc. of 6N ammonium water was added to neutralize the liquid. The optical density
of the colored solution was measured in 400 mg within 30 min, after coloration and the

nitroglycol concentration in the solution was determined from the calibration curve,

PREPARATION OF CALIBRATION CURVE

Pure nitroglycol was synthesized by nitration of cthylene glycol in mixed acid and
purified by many time washing with water and sodium carbonate solution. Solutions
of various nitroglycol concentration in ethanol were prepared as to correspond the
concentrations of nitroglycol in the sample solution in which 50 L. of air containing
from 0 to 1 ppm. nitroglycol was aspirated. They were colored in the same method
as in the case of the sample solutions. Calibration curve was obtained from the relation
of optical densities against nitroglycol concentrations of these solutions. The curve is
described as a straight line in Fig. 4 (P.67).

DISCUSSTONS ON AN ANALYTICAL METHOD

(a) Phenol disulfonic acid reaction is generally sensitive for organic nitrate esters and
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inorganic nitrates but insensitive for organic and inorganic nitrites, and nitrates vapors
or dusts in the air except nitroglycol, for instance, nitrocellulose and ammonium nitrate,
were expected to interfere if any were present at the sampled air. These effects could
not be eliminated.
(b) General method of phenol disulfenic acid reaction was modified in some respects.
In general, nitrate esters trapped in ethanol solution are hydrolyzed with concentrated
potassium hydroxide solution and then the solvent is vaporized at room temperature
almost to dryness. The produced nitrate ions are brought to the reaction with phenol
disulfonic acid reagent. In this method, hydrolyzation factor must be determined and
this factor is difficult to be fixed. In our method, similar to Goldman’s method, the
solvent was vaporized to 2 cc. at room temperature and the reagent was added. The
sample volume after the evaporation influences on the sensitivity of coloration. The
influence of the sample volume on the coloration is shown in Fig. 5 (P.68).
(¢) During sampling procedure, water vapor is also trapped in ethanol with nitroglycol.
To determine the influence of this trapped water on the nitroglycol analysis, the
nitroglycol solutions containing from 0 to 50 95 of water (0-1 cc. in 2 cc. solution.)
were prepared. The optical densities were not influenced with the content of water in
the solution.
(d) After the sample solution were colored, the optical density increased with time.
Considering this time effect, measurement was performed within 30 min. after coloration.
This time effect is shown in Fig. 4 (P.67).
(e) The optical densities of sodium nitrate solution and nitroglycol solution of the same
concentration showed good agreement with each other. From this result, nitroglyco!

in ethanol solution seemed to react completely with phenol disulfonic acid reagent.
ATMOSPHERIC CONCENTRATION OF NITRO-COMPOUNDS

Concentration of nitro-compounds in the air was expressed as nitroglycol concen-

tration. Daia are shown in Table 3 (P.68).
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Table 3. Atomspheric concentration of nitro-compounds

Working place i Concentration as nitroglycel, ppm
Settling and washing house 0.89
Transfusing house 0.74
Kneading house 0.30
Hand extruding house 0.59
Packing houge of gelatinous dynamite 0.60 .
Cartrldgmg house of powdery dynamite 2.68>'<

Note : Concentration of nitro-compounds in the air was expressed as nitroglycol concentration.

¥ This high value includes perhaps the inorganic nitralcs.
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