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Abstract

The effect of flash decrease of pressure on the dehydroxylation process of montmorillonite
(Yamagata Prefecture, Japan) was studied. The experimental technique based on flash dehydro-
xylation means that the sample under atmospheric pressure was transferred to vacuum in a
moment. The properties of flash dehydroxylation sample and the heating samples under con-
stant pressure were investigated by means of X-ray, DTA, TG, and IR, etc..

The dehydroxylation temperature of lattice water was shifted to lower temperature with
the decreasing pressure. The time for diffusion process of water molecules accompanied with
dehydroxylation was rapidly redued below 100 mmHg. The basal spacing of two heating samples
under constant pressure gave 9.73 A and that of flash dehydroxylation sample gave 9.60A. The
gap of 0.13A might depend on the different shift of potassium ion situated between the crystal
layer. Namely, the exchangeable cation which occupied the space between the crystal sheets
just before dehydroxylation shifted into vacant space in silicon-oxygen sheet which had come
from dehydroxylation by means of flash pressure change. New pattern of 20—26A were
appeared in X-ray diffraction of flash dehydroxylation samples prepared by alkali-treatment.
The influence of the water molecules diffusion on crystal structure of montmorillonite might

be minimized by flash change of pressure.

1. Introduction

There have been many investigations on the dehydration phenomena of clay minerals under
constant pressure. Murray and Whitel), Allison?, Vaughan®, and Tuzuki and Nagasawa®
studied the kinetics of decomposition of clay minerals. Murray and White measured the rates
of isothermal dehydration of clay and calculated the kinetic constants of the materials. They
found that the first order reaction law was obeyed over 80—90% of the decomposition range.
Evan and White®, Brindley and Nakahira®, and Murray etc., also studied the dehydration
process. According to Evan and White, in the montmorillonite lattice the OH ions occured in

the two oxygen sheets of the octahedral layer and the reaction could be written as
(OH™)2=H20+0%"
Brindley and Nakahira regarded the reaction as

OH-+OH= (0H)*+ (0OH)*-Hs01+0
(OH)* : activated state.

They also pointed out the importance of vavour pressure on dehydration mechanism. Avrami?

studied the rate of nucleation during decomposition and Kopsted®, Giess?, Sharp!® derivated
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the equation of solid state reaction on assumption of some process, Holt, Cutler and Wads-
worth!D studied the kinetics of decomposition of kaolinite under 1-10 zHg.

Above work have been investigated under constant pressure, but there was no work for
the dehydration of montmorillonite by means of flash pressure change near dehydration tempe-
rature.

The dehydroxylation process of clay minerals involve the following steps.
formation of nucleation and growth.

diffusion of water molecules through the channel of crystal structure.
dispersion of water molecules from crystal edge.

diffusion of water molecules through the opening between grains,

I I

rearrangement of crystal lattice (exothermic reaction).
Among above steps, the steps of 2—4 are related to the method of flash pressure change, This
report have been undertaken to study the effect of flash pressure change on dehydroxylation

process of montmorillonite.

2. Specimen and Method

Specimen : The purified montmorillonite from Geppu, Yamagata Prefecture, Japan, was
ground to the grain size of 100—200 mesh and dried at 200°C to dehydrate the adsorbed and
interlayer water, The samples treated for 1—6 hours by 5N NaOH at 80°C, neutralized by
10 % HsS04 and washed by distilled water were also used for dehydration study. The alkali-
treatment was carried out for the removal of silica which was naturally involved in montmoril-
lonite as impurities or was independent of montmorillonite crystal structure.

Apparatus : Flash dehydroxylation study was carried out using the apparatus illustrated

in Fig. 1. The apparatus consists of vessel in which the samples are set, a reducing pressure
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Fig. 1 Flash dehydration apparatus
A-Sample sealed up in glass tube, B-Furnace,
C-Cooling water, D-Mercury manometer, E-Desiccant

F-Gas tank, G-Connection to vacuum pump, )
H-Thermocouple "H
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equipment and a vertical nicrome-wound furnace. The sample vessel had the volume of 800cm?
and the sample sealed in glass tube was set on the bottom of the vessel. The inner pressure
of the vessel could be reduced to 1 mmHg. The sample vessel was set into furnace and heated
by heating rate of 10°C per minute.

Method of flash pressure change : The dehydration samples of three categories were pre-
pared by following technique.

“Flash dehydroxylation sample”

The glass tube in which the sample was sealed up was set on the bottom of the sample
vessel (reference Fig. 1) and the inner pressure of the vessel was reduced to 2mmHg. Then
the sample in glass tube was heated to dehydroxylation temperature 670°C. At this tempera-
ture a steel ball set on the upper part of the sample vessel was diopped, so that the glass
tube cracked and the sample under atomospheric pressure scatterred into vacuum in a moment.
Authors named the material maked by this method as the flash dehydroxylation sample.

“Heating sample under reduced pressure”

The sample was scattered into vacuum at room temperature and then heated to 670°C in
apparatus.

“Heating sample”

The sample was set in sample vessel at room temperature and heated to 670°C under
atomospheric pressure.

The physico-chemical properties of these dehydoxylation samples were investigated by means

of X-ray, DTA, TG, and IR, etc.

3. Results and Discussion

3-1 The relation between condition of pressure and dehydration temperature.

The relation between condition of pressure and dehydration temperature of montmorillonite
was indicated in Fig. 2. The temperature of maximum deflection in differential thermal analy-
sis at which the reaction rate is maximum was shifted to lower temperature with decreasing
pressure. The peak temperature of DTG curve ran parallel to the peak temperature of DTA
curve with decreasing pressure and below 100 mmHg it became rapidly low approaching to peak
temperature of DTA curve. From the results it is assumed that the diffusion time of water
molecules through channel of crystal structure was shortened with further decreasing pressure,
as the pressure was reduced below 100 mmHg, mnamely the water molecules radiated out of
crystal more speedily. It seems that the forming rate of nucleus in crystal was also more
increased, since vapour pressure in crystal was more decreased. At the point A of intersection,
there might be no diffusion process. It is assumed that the pressure at this point was at least
below 1 #Hg, for Holt etc. reported that the rate of reation increased with decreasing pressure
under 1—10 1#Hg.

The heat of dehydration was calculated 455 cal/g using Claperon-Clausius equation. Basing
on the equation derivated by Freeman and Carroll!?, Alog. dw/dt/Alog. Wr vs A(T~1)/Alog.
Wr was plotted and from a slope the activation energy was calculated 53 Kcal/mole and from

intercept the reaction was first order,
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Fig. 2 Relation between pressure and dehydroxylation temperature of montmorillonite

3-2 The change of (00¢) reflection in X-ray diffraction.

There was no change in X-ray powder diffraction except that the ¢ dimension was shifted
from 14.9A to 12.3A and the pattern was slightly reduced in intensity due to dehydration
of adsorbed and interlayer water. Some structural change took place with the lose of the
hydroxyl group, as would be expected, such that the pattern intensity at 12A of (001) reflec-
tion was reduced gradually and one at 9.8 A was increased in oppsition. The (00¢) reflection
of dehydroxylation sample was considerably reduced in intensity comparing with that of original
sample. Since the sample just before dehydration gave the basal spacing of 12.3 A, it was
expected that there were the adsorbed ions between the crystal sheets. The cations would be
shifted into vacant spaces in tetrahedral layer or on the basin of the hexagonal network with
advance of dehydroxylation reaction, so that montmorillonite would turn to the structure which

had been referred to by Bradley and Grim!® as the anhydrous phase of montmorillonite.

3-3 The effect of flash pressure change.

The X-ray diffraction pattern of dehydration samples of three categories gave no difference
except the intensity and values of (00¢£) reflection. The (001) reflection of each dehydration
sample was shown in Fig. 3. Though (001) reflection of the flash dehydroxylation sample gave
9.6 A. The pattern of the flash dehydroxylation sample showed the very sharp and symmetrical
peak comparing with that of the two heating sample. The pattern of the flash dehydroxylation
sample was reduced only in intensity slightly comparing with that of the sample just before
dehxdroxylation. Namely it is assumed that the diffusion of water molecules through opening
of crystal structure were minimized by mean of flash change of pressure. So the layer structure
of flash dehydroxylation sample was piled up more regularly than that of heating samples.

The average basal spacings of two heating samples under constant pressure were calculated

9.73A. On the other hand, that of flash dehydroxylation sample gave 9.60 A. Since there
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Fig. 3 X-ray diffraction pattern of various Fig. 4 Hexagonal arrangement of silicon-oxygen
dehydration samples tetrahedra in a silica sheet

Table 1 Chemical composition of montmorillonite from Geppu, Yamagata Prefecture, Japan. 19

Si0, | TiO, |ALO, |Fe; | Ca0 |MgO [NaD | K.O |lg.losgTotal
75.01 | 0.10 {1275 | 1.41 | 1.00| 1.04 | 2.63| 1.04 | 4.72 19970

were no difference between two heating samples and the flash dehydroxylation sample about
infrared spectra or intensity and disorder at larger angle side of (02, 11) reflection, the dif-
ference of 0.13A (9.73—9.60A) might be due to interlayer distance. Basing on the result
of chemical analysis illustrated in Table 1, Na* (ionic diameter 1.94A), K*(2.66A), Ca?*
(1.98A), Mg?* (1.32A) could be regarded as the exchangeable cations. The relation between
exchangeable cation and silicon-oxygen tetrahedral sheet was shown in Fig. 4. The reserve side
of paper was the surface of crystal layer in Fig. 4A. After dehydroxylation there would leave
the vacant space of diameter 3.48 A which was shown by adotted larger circle. The exchangeable
cation would pass through a hollow which was shown by the dotted smaller circle to drop into
above vacant space. The cation such as Na®. Ca*?, Mg?* would be able to pass through this
hollow, but K ion would be unable to pass and be fixed on the basin of hexagonal network,
for potassium diameter is larger than the diameter of the hollow by 0.02A. On this occation,

potassium ion would have the 0.14A proection from the layer surface (reference Fig. 4 B).
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So the basal spacing (L) of two ordinary heating samples were given by
L=9.57A+0.14A=9.71A

9.57A in above equation was the theoretical value of basal spacing. As the observed basal
spacing of the heating samples were 9.73A, there left 0.02A. 9.57A was the value in case
that lattice layer was ideally piled up, and actually the pile of layer had the irregular displace-
ment of -=nb/3 in direction of b axis. The gap of 0.02A might depend on these irregular
displacement. The basal spacing of the flash dehydroxylation sample similarly involved the
gap of 0.02 A. The value of 9.73A, however, was the averrage of various basal spacing, for
the (00¢) reflection was broad. In the case of flash change of pressure, it is assumed that
potassium ion occupied the basin would be shifted into vacant spaces in silicon-oxygen sheet
which came from dehydroxylation, because a large number of water molecules rapidly passed
through interlayer between the crystal sheets in a moment. These phenomena were also expected
by the fact that cation exchange capacity of the flash dehydroxylation sample was extremely
smaller than that of two ordinary heating samples (reference Table 2). Since the flash dehydrox-

] s ]
Table 2 The cation exchange capacity ylation sample had not the pro,ection from layer surface,

of two dehydroxylated materials the basal spacing was narrower than that of two heating

e CEClaea/100g ) samples by 0.13A. Depending on TG, the flash dehydro-
f1ach conyaration 18 xylation sample had yet 41 per cent of lattice water. The
material

water molecules dehydrated with flash change of pressure

heating material 80 needed to have already formated in crystal directly before

the flash change of pressure was done. So the rate of for-
mation of nucleus which might be involve (OH)* according to Brindley and Nakahira or (OH)~
ion according to Evan and White was 59 % in all. These statement was supported by a fact
that the amount of water loss of the flash dehydroxylation sample almost corresponded with
that of heating sample.

It seems that the dehydration reaction was taken place more easily with the removal of
silica in tetrahedral layer by alkali-treatment. So the sample treated by alkali was used for
the flash dehydroxylation. The X-ray powder data of flash dehydroxylation sample were illu-
strated in Table 3. The (02, 11) reflection’s intensity of each sample were regarded as Io. The
(00 ¢) reflection of alkali sample by flash pressure change was reduced in intensity with in-
crease of treated time. This phenomenon was also observed on the samples before dehydration.
It is worthy of notice that there appeared new pattern of 20—26 A in X-ray diffraction of
flash dehydroxylation samples prepared by alkali-treatment. The heating samples under constant
pressure did not give the new pattern. The intensity of new pattern of 1-—3 hours alkali-treat-
ment samples was reduced reversely. The sample, of which layer structure was completely
broken down by further alkali-treatment, did not give this pattern. Since new pattern was
influenced with heating and ethylene glycol treatment, it was probably the reflection caused
by the sheet parallel to the direction of a and b axises. The flash dehydroxylation treated for
1 hour by 7N and 10N NaOH at 80°C gave also the new pattern of 22 A. Infrared absorption
spectra in the region 1600—600cm ™! were shown in Fig. 5. In the case of the sample b treated
by alkali for 3 hours comparing with original sample ¢, the band due to 8i-O at 790 cm™!, the
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Table 3 X-ray powder date of flash dehydroxylation samples treated for various times by 5N NaOH,

(hkl) 1 hour 2 hours 3 hours 4 hours 5 hours 6 rours
d A il d A& [udR [ud i [l dia ijd A [

—
—
o

210131 23.9 121 26.03|26.0/6]239 [3[19.2 |3

(007 9.60%5| 960|6| 960l6| 960/6]| 960(3| 9603

(002) L7706l 477031 47704 4773 47713 4773

(02 1) | 4.4610| 4 46010| 446(10| 44610| & .46)10 4 4610

(003 316 17| 3.16|6| 320 6| 318]5| 3.18[5| 3185

(- 2539 25208 252/ 9] 25119 2525 285

(005) 1.90| 2

(24 15) 1 68(2| 1.68| 2] 1.68/ 2| 1.68/ 2| 168[1] 1.68|1

(06 39 | 1.50]2| 1.50| 2} 150 1| 1.50] 1} 1.50{1 1 1.50/1

(40 26) | 1.29| 1) 1.29) 1| 1.290 1] 1.29/ 1| 1.29{1| 1.29]1
shoulder at 1130cm™ and the band 7 8 9 10 11 12 13141516
due to Si-O, Al-O at 1100—1000cm™! a

were reduced in intensity. Since the
intensity of X-ray diffraction or in- b
frared spectra of samples treated by
alkali over three hours were suddenly ¢
reduced, it seems that free silica
involved in montmorillonite were
removed away with alkali-treatment
till three hours and over three hours

the removal of the silica in tetrahed-

ral layer of montmorillonite began 7606 1‘5@ 1400 1300 1200 1100 1000 900 800 700 600

(em™)

to take place by alkali-treatment.

Fig. 5 Variation of infrared spectra (1600~600 cm~'rang)
of flash dehydroxylation samples

tions with the maximum intensity of a: sample treated by 5N NaOH for 6 hours

new pattern of the samples treated b: sample treated by 5N NaOH for 3 hours
for 3 and 4 hours c: original sample

The water molecules might pass through the hexagonal vacant space surrounded with oxy-

These phenomena would have rela-

gen atoms in silicon-oxygen sheet (reference Fig. 4) and break abruptly into interlayer between
the crystal layer. Since there occured the high pressure gap between inside and surface of
crystal in a moment of flash decrease of pressure, the water molecules passed through inter-
layer between crystal sheets with the flow (@) indicated as Knudsen flow of following formula

and scattered out of clay crystal.
4 I
Q= 3‘71%]/—2—&’ (P1—Py)
m

a : radius of tube, 1: length of tube, K : boltzman constant,

T: absolute temperature, m : weight of molecule
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Thus, the influence of the diffusion of water molecules were minimized by means of flash
change of pressure. This, however, would be true in only case that the amount of water loss
are small and the structure of crystal is porous to some extent, in other word, there are enough
space in crystal for water molecules to pass through. In other case that crystal structure is
close and the amount of water loss are much, the crystal will be completely broken down by

the great flow of water molecules in a moment.

4, Summary

(1) The temperature at which the dehydration reaction rate is maximum was shifted to
lower temperature correlating with decreasing pressure. The diffusion process of water molecules
through channel of crystal structure rapidly began to shorten below 100 mmHg.

(2) The basal spacing of two heating samples under constant pressure gave 9.73 A and
that of flash dehydroxylation sample gave 9.60A. The gap of 0.13A might depend on the
different shift of potassium ion situated between the crystal layers. Namely, the exchangeable
cation which occupied the space between the crystal sheets just before dehydration shifted into
vacant space in silicon-oxygen sheet which had come from dehydration by means of flash pressure
change.

(3) The flash dehydroxylation samples prepared by alkali-treatment gave new pattern of
20—26 A caused by the sheet parallel to the direction of @ and b axises in X-ray diffraction.

(4) The pattern of (00£) reflection of flash dehydroxylation sample showed the very
sharp and symmetrical peak comparing with that of two heating samples. So in a case that
the crystal structure is porous to some extent and the amount of water loss are small, the
influence of the water molecules diffusion on crystal structure may be minimized by means of

flash change of pressure.
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