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Abstract— The modification of the external surface area and the two types of microporosity of palygorskite
(structural and interfiber porosity) were examined as a function of the temperature of a vacuum thermal
treatment to 500°C. The methods used included: controlled-transformation-rate thermal analysis, N, and
Ar low-temperature adsorption microcalorimetry, conventional and continuous gas-adsorption volumetry
(for N, and Ar) at 77 K and CO, at 273 and 293 K, water vapor adsorption gravimetry, and immersion
microcalorimetry in water. At temperatures < 100°C only 18% of the structural microporosity was available
to N,, 13% to Ar, and 100% to CO, at 273 K. In both experiments the channels filled at very low relative
pressures. At temperatures between 70° and 130°C the structure folded, and the mineral transformed to
anhydrous palygorskite, which showed no structural microporosity. The interfiber microporosity was
found to be independent of the temperature treatment, and the external surface area decreased slightly
from 65 to 54 m?/g. The water adsorption isotherms showed that the folding of the structure was reversible
up to final outgassing temperatures >225°C.
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INTRODUCTION

Palygorskite and sepiolite belong to a family of hy-
drous silicate minerals, rare in nature, but used by man
for centuries because of their many diverse and useful
sorptive properties. For example, Nederbragt and de
Jong (1946) and Nederbragt (1949) described the ad-
sorption on palygorskite of n-paraffins dissolved in
pentane and of analogous branch-chain paraffins. They
reported a selectivity in the adsorption of n-paraffins
on the mineral. Several investigations have been un-
dertaken, under systematically altered conditions of
outgassing, to determine whether, and how readily,
intracrystalline sorption by palygorskite occurs (Barrer
and Mackenzie, 1954; Barrer et al., 1959). These au-
thors concluded that water and ammonia could diffuse
into the channels after appropriate initial outgassing,
with much less penetration by simple alcohols. Sorp-
tion of most species, including nitrogen and other non-
polar molecules, has been reported to be confined to
corrugated external surfaces of the fibers or to sites just
at the channel entrances. In fact, the sorption has been
found to be substantial because of the extremely fine
fibrous nature of the crystal and its correspondingly
large external area (Fernandez Alvarez, 1978).

The structure of palygorskite can be regarded as con-
sisting of ribbons of 2:1 phyllosilicate structure, one
ribbon being linked to the next by inversion of SiO,
tetrahedra along a set of Si-O-Si bonds. The ribbons
are parallel to the X axis of the structure and have an
average width along Y equivalent to two linked py-
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roxene-like single chains. The linked ribbons, thus, form
a 2:1 layer continuous along X, but of limited lateral
extent along Y. The average half unit-cell parameters
of palygorskite are: ¢ = 5.2 A, b=179 A, ¢sinf =
127 A (Bradley, 1940; Drits and Sokolova, 1971).
Channels in the structure exhibit internal pores 3.7 A
X 6.4 A in size, which are parallel to the fiber length.
In the channel two water molecules are coordinated to
each magnesium ion at the edges of structural ribbons.
For a half unit cell, four H,O molecules are bound to
each octahedral cation, and four others are present as
zeolitic water. On heating, the bound water molecules
are lost in two stages: after the first two water molecules
are lost, the structure collapses by alternate rotation of
ribbons (Sema et al,, 1974, 1975; Rautureau and
Tchoubar, 1976; Rautureau ez al., 1979; Van Scoyoc
et al., 1979), followed by a decrease in surface acces-
sible to N, (Fernandez Alvarez, 1978; Jones and Galan,
1988). Palygorskite shows a nearly cylindrical habit.
Generally, individual fibers are separated substantially
from one another, and typically the fibers form bundles
with frayed ends. The association of fibers produces
an interfiber microporosity (Grillet e al., 1988). The
external surface consists predominantly of {011} crys-
tal corrugated faces (Fenoll Hach-Ali and Martin Vi-
valdi, 1968; Martin Vivaldi and Fenoll Hach-Ali, 1969).
Theoretical average external and internal surfaces have
been estimated as 300 m?/g external and 600 m?/g
internal for palygorskite from Attapulgus, Georgia
(Serna and Van Scoyoc, 1979). In palygorskite, the
surface area available depends mainly on the nature of
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the molecules (size, shape, polarity) used as an adsor-
bate to penetrate the intra- or structural microporosity,
the pretreatment (temperature and extent of outgas-
sing), and the method used for adsorption (Grillet et
al., 1988; Michot et al., 1990).

Most studies have been based on adsorption iso-~
therms obtained from conventional volumetric ad-
sorption apparatus, typically using N,. Such tech-
niques, however, are unable to reveal information at
relative pressures <0.07. Hence, the usual method to
detect and study microporosity (Lippens and de Boer,
1965; Sing, 1967; Sing et al., 1985) cannot be used to
reveal various types of microporosity (Dubinin, 1966)
of palygorskite.

The present study of the microporous structure of
palygorskite is based on the well-controlled thermal
treatment and outgassing procedures used to study se-
piolite (Grillet et al., 1988), i.e., nitrogen or argon ad-
sorption microcalorimetry (at 77 K), a continuous vol-
umetric procedure for gas adsorption, which yields
information in the low pressure range; and immersion
microcalorimetry in water, which allows surface area
to be determined by the so-called “absolute” method
of Harkins and Jura (1944).

EXPERIMENTAL
Materials

The palygorskite studied here was from the Mon-
tagne de Reims, France, and was supplied by B.R.G.M.
(Orléans, France). The approximate structural formula
has been calculated according to a method recently
proposed by Yvon et al. (1990) that takes into account
of bulk chemical analysis, X-ray powder diffraction
data, and electron microprobe analysis. The calcula-
tions, based on the model of Drits and Sokolova (1971)
led to the formula: Sig(Al, ;3 Fe’*,,, Fe?*,,,000.89)O0,0-
(OH),(H,0),H,0).K ;3Nag ¢, Cag o, where O symbol-
izes a vacant site. The mineralogical purity of this sam-
ple was >93%. The major impurities were quartz (4%),
anorthite (0.8%), calcite (0.6%), anatase (0.5%) and mica
(1%).

Under the transmission electron microscope, fibers
ranged in size from 0.5 to 2 um in length, and 250 to
360 A in width.

Controlled transformation-rate
thermal analysis (CTRTA)

The method was described under the name of “re-
ciprocal thermal analysis” by Grillet et al., 1988 and
Rouquerol (1970, 1989). In conventional thermal anal-
ysis, a physical property of a substance is measured as
a function of temperature. The substance is subjected
to a controlled temperature program, which is nearly
always linear with time. For clay minerals, this type of
procedure usually results in a partial overlap of suc-
cessive dehydration or outgassing steps. In the present
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study, this problem was overcome by applying con-
trolled transformation-rate thermal analysis (Rou-
querol, 1970, 1989). In this process, the rate of de-
hydration or outgassing is kept constant (or controlled)
over the entire temperature range of the experiment
by means of an appropriate heating control loop, which
results in an a priori unknown temperature program.
The system operates in the reverse way of conventional
thermal analysis, because the temperature is measured
while a temperature-dependent property of the sub-
stance (here, the water content) is modified at a con-
stant (or controlled) rate. In CTRTA, the rate of de-
hydration of the clay may be controlled at any value
low enough to ensure a satisfactory elimination of the
temperature and pressure gradients within the sample,
i.e., to ensure a satisfactory separation of the successive
steps of the dehydration. This simplest assembly is that
of Rouquerol (1970), in which the flow of gas evolved
from the sample submitted to a dynamic vacuum is
used to control the heating of the furnace. For a con-
stant composition of the gas evolved (here, water va-
por), the temperature-vs.-time data may be immedi-
ately converted into temperature-vs.-mass-loss-data
(inasmuch as the rate of dehydration is constant), and
therefore to a conventional thermogravimetric curve.
The experimental conditions selected in the present
study were: a sample mass of 250-270 mg, a residual
pressure of 2 Pa over the sample, and a dehydration
rate of 2.77 mg/hr.

Gas adsorption microcalorimetry at 77 K

Gas-adsorption microcalorimetry (Rouquerol, 1972;
Grillet et al., 1988) allows a simultaneous recording of
the adsorption isotherm of nitrogen or argon and the
corresponding derivative enthalpy. For that purpose,
the adsorbable gas is introduced into the adsorption
cell at a slow and constant flow rate, under quasi-equi-
librium conditions. The adsorption cell is surrounded
by an isothermal microcalorimeter kept at 77 K by
total immersion in a liquid nitrogen bath. Both the
quasi-equilibrium pressure (by means of a diaphragm
pressure transducer) and the heat flow, due to the ad-
sorption phenomenon, may then be recorded as a func-
tion of time. A computer program derives the adsorp-
tion isotherm, the content of a monolayer (as calculated
from the BET equation), and the derivative (or differ-
ential) enthalpy of adsorption vs. coverage (the latter
being taken equal to 1, for the completion of the mono-
layer). In the present study, prior to each experiment
300-400-mg samples were outgassed, under the
CTRTA conditions given above, to final temperatures
of 25°, 100°, 130°, 150°, 225°, 380° and 500°C.

Adsorption gravimetry of water vapor

The experimental apparatus (Poirier et al., 1987)
derived from the apparatus described by Rouquerol
and Davy (1978). It was built around a Setaram MTB
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Figure 1. Controlled transformation rate thermal analysis

of Montagne de Reims palygorskite.

10-8 symmetrical microbalance. Prior to each exper-
iment, 100-mg samples were outgassed at a residual
pressure of 0.1 Pa for 18 hr and at temperatures of 25°,
70°, 100°, 130°, 225° 300° 380° and 500°C. Water
vapor was supplied from a source kept at 41°C, here
again at a slow flow-rate (through a Granville-Philips
leak valve) to ensure quasi-equilibrium conditions at
all times. The adsorption isotherm (i.e., mass adsorbed
at 303 K vs. quasi-equilibrium pressure) was directly
recorded on a simple X-Y recorder.

Immersion microcalorimetry in water

Immersion microcalorimetry was used to determine
the enthalpy of immersion in water of the palygorskite
sample vs. the pre-equilibration P/P, relative pressure
of water vapor. The enthalpy curve was then used to
derive the external (i.e., non-microporous) surface area
by applying a modified Harkins and Jura method (Par-
tyka et al., 1979; Cases and Frangois, 1982; Fripiat et
al., 1982). Details of the method were described by
Grillet et al., (1988). In the present study a sample
mass of about 0.4 g was used, and the sample was
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outgassed at 25°C under the conditions given above
for adsorption gravimetry of water vapor.

Nitrogen, argon, and CO, adsorption volumetry

Complete nitrogen adsorption-desorption cycles were
determined using a conventional BET volumetric
equipment (Delon, 1970). Prior to each experiment,
0.5 g of sample was outgassed at a residual pressure of
0.1 Pa for 18 hr and temperature of 25°, 100°, 130°,
225°, 300°, and 380°C.

The quasi-equilibrium gas adsorption procedure re-
ported by Michot et al. (1990) was used to examine
surface heterogeneity and microporosity of palygor-
skite in more detail. With this method a slow, constant
and continuous flow of adsorbate (here, nitrogen and
argon at 77 K, CO, at 273 and 293 K) was introduced
into the adsorption cell. From the recording of the
quasi-equilibrium pressures (0.01-5 x 10* Pa) vs. time,
the adsorption isotherms were derived. The experi-
mental conditions were a sample mass of about 0.4 g,
outgassing at 0.1 Pa to final temperatures of 25°, 70°,
130°, 150°, 225°, 300°, and 380°C for N, and Ar.

RESULTS

Figure 1 shows the controlled transformation-rate
thermal analysis curve for the palygorskite sample. The
curve can be divided into three parts: (I) a low-tem-
perature region; (I) a central region and (III) a high-
temperature region. In the low-temperature region
(<75°C), the curve shows a sharp decrease at 25°C
(weight loss = 8.95% of the final mass) followed by a
gradual decrease to 75°C, the point of inflexion of the
first subplateau. This region corresponds mainly to the
loss (10.17% of the final mass) of zeolitic and adsorbed
water on external surfaces (Table 1). In the central
region (75°-370°C), the total weight loss is 10.48% of
the final mass due to loss of coordination water. Ac-
cording to Serna et al. (1975), the crystal folds if about
half the water of hydration (i.e., water coordinated at
the edge Mg atoms inside the channels) is removed. In
these conditions, under vacuum, the region between
75°and 150°C (weight loss = 5.24%) corresponds main-

Table 1. Theoretical and observed water losses (wt.%) for palygorskite.
Total weight
Low-temperature region Central region High-temperature region losses
Temperature range (°C) 25-72 72=-370 >370 -
72-150 150-370
Theoretical weight losses 10.48 5.24 5.24 2.62 23.58
from structural formula
(wt.%)
Zeolitic water Bound water Structural water
Practical weight losses 10.17 5.24 5.24 6.62 27.27
(wt.%)
Zeolitic and Bound water Structural and trapped —
adsorbed water, decarbonation
water
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Figure2. Derivativeenthalpy ofadsorption (solid circle)and

equilibrium pressure (open circle) vs. coverage for palygor-
skite-nitrogen system at 77 K.

Iy to the folding of the structure, i.e., the removing of
two of the four coordinated water molecules per half-
cell. In the high-temperature region (> 370°C) the weight
loss represents dehydroxylation of the structure (2.61%
of the final mass), the removal of the remaining water
in collapsed channels (3.70% of the final mass), and
decomposition of calcite (0.30%). The difference be-
tween the total weight loss and the theoretical weight
loss calculated from the approximate structural for-
mula (3.39%) can be mainly attributed to adsorbed
water on external surfaces of the initial sample.

In vacuum, the observed temperature ranges were
lower than those observed under atmospheric pressure
(Jones and Galan, 1988). Except for the first two water
molecules bound to Mg, however, the assignement of
the water percentage calculated from the CTRTA curve
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Figure 3. Derivative enthalpy of adsorption (solid circle) and

equilibrium pressure (open circle) vs. coverage for palygor-
skite-argon system at 77 K.

to the different types of water is more difficult here
than for sepiolite (Grillet ef al., 1988).

Shown in Figure 2 are derivative enthalpies of ni-
trogen vs. coverage, at 77 K, for a series of seven sam-
ples outgassed to different extents, along with corre-
sponding adsorption isotherms. Coverage, defined as
the ratio between the adsorbed quantity to the mono-
layer capacity, was calculated by assuming it to be unity
at point B of the adsorption isotherm (Emmet and
Brunauer, 1937). This point was close to, but always
slightly less than, the point at which the enthalpy of
adsorption merges into the enthalpy of liquefaction.
These complex enthalpy curves could not be obtained
by the isosteric method, which lacks accuracy in the
low-pressure range, if adsorption isotherms were de-
termined from conventional adsorption volumetric ap-
paratus (Figure 4), A similar set of curves obtained for
argon also at 77 K is given in Figure 3.

Adsorption-desorption isotherms obtained with ni-
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Figure4. Adsorption-desorption isotherms of nitrogen at 77
K for palygorskite obtained from conventional adsorption
volumetric equipment.
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trogen, using a conventional volumetric apparatus, are
given in Figure 4. These isotherms have the charac-
teristic feature of the type IV isotherm, with very lim-
ited hysteresis loops, which were probably due to cap-
illary condensation in mesopores. This behavior is
characteristic of low degree of mesoporosity. The ad-
sorption isotherms given in Figure 4 were replotted
following the procedure of de Boer et al. (1966) in the
form Va vs. t, where t is the mean thickness of the
adsorbed layer (which is known from a reference curve
obtained using the same adsorbate, but with a non-
microporous adsorbent); and Va the total amount of
adsorbate in the adsorbed layer, expressed as volume
at s.t.p. In this plot, an upward deviation commencing
above point B indicates the inception of capillary con-
densation. The original slope of the t-plot indicates the
total surface area, whereas a positive intercept i (con-
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Table 2. Equivalent specific surface area (m?/g) obtained with
nitrogen conventional volumetric apparatus.

lzin‘al BET parameters t plot
gasl;ing V., lig S C Seout Vo lig Sext
tempera- (cm?3/g) (m?*/g) (m?/g) (cm>/g) (m?/g)
ture (°C) 1 2 3 4 5 6
25 0.0871 247 1129 0.0500 125
100 0.0445 126 132 124 0.0038 114
130 0.0440 125 132 126 0.0062 111
225 0.0462 131 184 0.0069 116
300 0.0429 122 121 122 0.0062 103
380 0.0437 124 139 125  0.0074 107

(1) Monolayer capacity calculated from the BET equation
per unit mass of adsorbent as calculated with the density of
the liquid adsorptive; (2), (4) total specific surface area;
(3) energetic constant of BET theory; (5) micropore volume
per unit of adsorbent as calculated with the density of the
liquid adsorptive; (6) external specific surface area.

verted to liquid volume) indicates the presence of mi-
cropores having a total volume equivalent to i. The
corresponding slope of this new straight line allowed
the remaining surface area to be determined (outer
surface and/or surface in wide pores), as noted in Table
2 (the column labeled S,,,). The t-curve was, if possible,
chosen to have the same value of the energetic constant
C as the system under consideration (Mikhail et al,
1968).

Adsorption isotherms obtained by the quasi-equi-
librium gas adsorption procedure allowed surface het-
erogeneity to be examined in the low-pressure range.
Results are given in Figure 5 for nitrogen and in Figure
6 for argon as surface coverage vs. undersaturation
(Cases, 1979). The undersaturation is the napierian
logarithm of the relative pressure P/P,, P is the equi-
librium pressure and P, the saturation pressure of the
pure adsorbate at the temperature of the measurement.
The equivalent specific surface areas calculated from
the BET equation are given in Table 3.

The quasi-equilibrium gas adsorption procedure us-
ing CO, at 273 and 293 K was used to study changes
in microporosity during outgassing. Dubinin’s equa-
tion (1966) was applied:

log V = log V, — D[log[P,/P]]*

where V is the volume of gas adsorbed, V, is the vol-
ume of gas (cm?/g), which, once adsorbed, is able to
completely fill micropores, and P, the saturating vapor
pressure. 'V, was converted into liquid volume V,, (liq)
using densities of 1.08 and 1.05 g/cm? for liquid CO,
at 273 and 293 K, respectively (Anonymous, 1976).
The results are presented in Table 4.

The adsorption-desorption isotherms of water at 303
K at the different outgassing temperatures are given in
Figure 7. The location of the monolayer, as calculated
by the BET method, is indicated on each isotherm by
Q.. The exact value of V,, the liquid volume (cm?/g)
of water corresponding to the monolayer capacity, is
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Figure 5. Adsorption isotherms of nitrogen at 77 K for pal-

ygorskite obtained from quasi-equilibrium gas adsorption
procedure.
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given in Table 5, column 3. The corresponding value
of the BET energetic constant C (column 5) and the
equivalent specific surface area calculated with a mo-
lecular area of 14.8 A? (Hagymassy et al., 1969) are
also given (column 4 and Figure 8).

The enthalpy of immersion of palygorskite in satu-
rated solution, after outgassing and increasing precov-
erage relative pressures, decreased from 91.2 J/g for
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Figure 6. Adsorption isotherms of argon at 77 K for paly-
gorskite obtained from quasi-equilibrium gas adsorption pro-
cedure.

the immersion of the bare solid to an approximately
constant value of 7.5 J/g for precoverage relative pres-
sure >0.75. This value was used to derive the external
specific surface area, following the Harkins and Jura
method, using a value of 119 mJ/m? for the internal
energy of the water surface at 303 K (Cases and Fran-
cois, 1982). The result was 63 m?/g for the sample
outgassed at a final temperature of 25°C.

Table 3. Equivalent specific surface areas obtained with nitrogen and argon from quasi-equilibrium gas adsorption procedure.

. Nitrogen Argon

Final

som, gas;inufe (‘c,x'x“ﬁl/iq) (m§/ ) ¢ (V m 31/iq) (m§/ ¢ (Vo) Ar

l()f*eé) 1 . 2 . cn; & 6 ® 7 (V) N,
25 0.0845 240 1300 0.0664 197 306 0.786
70 0.0884 251 936

100 0.0445 126 177 0.0360 107 58 0.808

150 0.0464 132 109

225 0.0414 118 306 0.0372 112 55 0.898

300 0.0364 108 48

380 0.0428 122 202 0.0370 110 48 0.864

(1), (5) Monolayer capacity calculated from the BET equation per unit mass of adsorbent as calculated with the density of
the liquid adsorptive; (2), (6) total specific surface area; (3), (7) energetic constant of BET theory.
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Table 4. Micropore volumes V, (liq : cm?/g) of palygorskite
obtained from CO, adsorption.

Adsorp-
tion Final outgassing temperature (°C)

tempera-

ture (K) 25 70 100 130 150
273 0.2279 0.2556 0.1438 0.0241
293 0.2274 0.0719 0.0373

INTERPRETATION OF THE ADSORPTION
ENTHALPY DATA

As previously described for sepiolite (Grillet et al.,
1988), three distinct ranges of relative pressure may be
identifed for samples outgassed at <130°C. These are
denoted by «, 8, and v in Figures 2a (nitrogen adsorp-
tion) and 3a (argon adsorption).

Range « extends to point A on the curves, For this
range, the derivative enthalpy of adsorption was con-
stant with adsorption. The same has been observed for
adsorption on homogeneous surfaces, such as molec-
ular sieves. This range appears to correspond to the
filling of structural micropores. The « domain disap-
peared if the sample was outgassed at > 130°C due to
the folding of the structure if about half of the bound
water was driven off (Figure 1, Table 1).

Range § lies between points A and C; here the de-
rivative enthalpy decreased with coverage. Commonly,
point C is an inflection point or a point at which the
slope changes. The point C is often the point at which
the straight line extrapolated from the straight line of
range vy leaves the experimental curve. By analogy with
sepiolite (Grillet et al., 1988), range 8 probably cor-
responds to the filling of wider micropores than those
filled in range «, although this range (8) existed at very
low pressures. As seen in Figures 2 and 3, point C was
always reached for relative pressures <0.01, except for
the system argon-palygorskite outgassed at 25°C (rel-
ative pressure 0.035). These latter micropores may rep-
resent either inter fiber microporosity or, more prob-
ably, defects in the arrangement of structural units
(Rautureau and Tchoubar, 1976). The wide range of
derivative enthalpies suggests a wide range in micro-
pore size. This type of micropore will be referred to as
interfiber microporosity.

Finally, the external surface areas were derived as
for sepiolite (Grillet et al., 1988) from the amount ad-
sorbed over range v (to point B) (cf. Table 6, columns
6 and 10), in which the surface coverage increase cor-
responds to an appreciable increase of the equilibrium
pressure.

The amount of either nitrogen or argon correspond-
ing to the filling in range « and 8 may be converted
into liquid volume using the values of 0.808 and 1.427
(Anonymous, 1976) for the specific gravity of liquid
nitrogen and liquid argon, respectively (Table 6, col-
umns 5 and 9). The liquid volume Vy corresponding
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Figure 7. Influence of outgassing temperature on adsorption
isotherms of water for palygorskite at 303 K.

to the monolayer capacity, i.e., the amount adsorbed
at “point B’ (Emmett and Brunauer, 1937), may also
be calculated, and a specific surface area “S,.,,”” may
be derived, assuming cross sectional areas of 16.2 and
13.8 A2 for the nitrogen and argon molecules, respec-
tively (McClellan and Harnsberger, 1967) (Table 6,
columns 3, 4, 7, and 8). The word “equivalent” is
included to emphasize the partial inadequacy of the
above calculation for a microporous solid in which the
adsorbed molecules do not cover at all the same areca
as on a flat surface (Sing et al, 1985). Finally, the
amount adsorbed in range vy to point B yields infor-
mation on the external surface area of the corrugated
fibers S.,, (Table 6, columns 6 and 10). To confirm the
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Table 5. Equivalent specific surface area and energetic con-
stant as calculated from the BET theory and obtained from
water adsorption.

Final
outgassing Q. Ve Sigur
temperature  (mmole/g) (cm?/g) (m?/g) C
€y [4)) @ (3) @
25 3.32 0.0580 287 114
70 4.55 0.0819 406 156
100 4.47 0.0805 399 109
130 4.30 0.0774 381 96
225 4.47 0.0819 399 22.5
300 1.10 0.0198 98 25
380 1.10 0.0198 98 50
500 1.15 0.0270 135 13

(1) Monolayer capacity amount; (2) monolayer capacity
liquid volume calculated from the BET equation per unit mass
of adserbent; (3) total specific surface area; (4) energetic con-
stant of BET theory.

hypothesis on the physical meaning of the three ranges,
a series of complementary studies was undertaken.

Determination of the external area of fibers

For the sample outgassed at 25°C, the external arca
of fiber was determined by three procedures. The first
used the Harkins and Jura procedure and the plot of
enthalpy of immersion vs. relative pressure of water
precoverage (Grillet et al., 1988). The result was 63
m?/g. The second procedure made use of the statistical
measurement by transmission electron microscopy. The
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Figure 8. Effect of heat treatment on the equivalent specific
surface area and external surface area of palygorskite obtained
with different adsorbates and methods.

Table 6. Low-temperature adsorption calorimetry results for palygorskite.

Fiﬂ:il N, adsorption at 77 K Ar adsorption at 77 K
out-
gassing Seotat Vs li \ Seq (V) Ar
tempera- (m¥/g) (cm¥/g) (em?/g) (m¥/g) Seotat Vs lig \A S —_—
ture (°C) Range [3) [#)) 3) ) (m?/g) (cm?/g) (cm*/g) (m?/g) Vo) N,
25 238 0.0839 66.5 213 0.0718 56.7 0.856
o 0.0388 0.0265
g 0.0217 0.0262
total 0.0605 0.0527
100 238 0.0838 65.6 215 0.0724 54.2 0.864
a 0.0369 0.0256
8 0.0238 0.0286
total 0.0607 0.0542
130 223 0.0787 63.3 184 0.0619 57.1 0.786
o 0.0347 0.0199
B8 0.0217 0.0228
total 0.0564 0.0427
150 126 0.0444 64.5 98.3 0.0331 50 0.746
B 0.0216 0.0162
225 130 0.0457 65.7 100.5 0.0339 56.1 0.741
8 0.0226 0.0150
380 132 0.0465 69.5 99 0.0334 53.4 0.718
0.0220 0.0154
500 132 0.0465 54.5 101 0.0342 53.3 0.735
B8 0.0273 0.0163

(1) Total specific surface area;”(2) monolayer capacity volume obtained from the B point per unit mass of adsorbent;
(3) micropore volume per unit mass of adsorbent as calculated with density of the liquid adsorptive; (4) external specific

surface area.
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fibers were found to range from 0.5 to 2.0 um in length,
and ~250 to ~360 A in thickness. Assuming a square
cross-section and taking into account a mean width of
300 A and a specific gravity of 2.3 (Hénin and Caillére,
1975) leads to an external surface area of about 58
m?/g. The third procedure made use of the value of
the external surface area obtained from the amount
adsorbed over range v to point B (cf. Table 6, columns
6 and 10). The surface areas by this method were 66.5
and 56.7 m?/g for nitrogen and argon, respectively. The
arithmetical mean of all of the above values is about
60 m?/g and may be taken as the external specific sur-
face area of the palygorskite sample outgassed at 25°C.
This value was apparently unaffected by the change in
final outgassing temperature. The arithmetical mean
obtained with nitrogen (64 m?/g) was greater than for
argon (54 m?/g). The difference can be attributed to
effective values of the cross sectional area of nitrogen
and argon adsorbed on the surface. These values, as
assumed for the calculation of the specifc surface area,
are only valid for flat surfaces without roughness, i.e.,
not for corrugated palygorskite surface.

In contrast with previous results presented for se-
piolite (Grillet et al., 1988), no sintering was observed
with vacuum thermal treatment.

Evaluation of structural microporosity

From Figures 1 and 8 and the results in Tables 2-
6, the sharp diminution of weight by the loss of water
observed on the CTRTA curve between 100°and 132°C,
which corresponds to the expulsion of about half of
the bound water and the folding of the structure, is
clearly related to the decrease of the surface area. The
equivalent surface area obtained with nitrogen ranged
from 243 to 126 m?/g and from 208 to 105 m?/g with
argon (arithmetical mean of all the volumes obtained).
The BET or B point surface-area decrease was probably
due to destruction of structural microporosity. The
temperature of the first structural change (folding) was
dependent on the pressure during outgassing and was
between 70° and 100°C (Tables 2 and 3) and at about
130°-150°C (Table 6) for 0.1 and 2 Pa, respectively.
For sepiolite, the decrease of equivalent surface area
was found to be between 200° and 300°C, which is far
from the weight loss due to bound water (150°C). In-
asmuch as almost no water was evacuated between
200° and 300°C, these data suggest a progressive change
in the structure of the fiber.

The microporous volume, calculated from the t-plot
of de Boer et al. (1966), was found to be 0.0500 cm?/g
after outgassing at 25°C (Table 2), relatively close to
that calculated from the adsorption enthalpy data. The
microporous volume that corresponds to adsorption
range « (0.0369 cm?/g for nitrogen, 0.0260 cm3/g for
argon) was nil for the folded structure, considerably
smaller than those calculated for CO, adsorption
(~0.227 cm?/g at 25°C and 0.2556 cm?/g at 70°C) or

https://doi.org/10.1346/CCMN.1991.0390211 Published online by Cambridge University Press

Vacuum-induced porous structure of palygorskite

199

from the theoretical dimension of the channels (0.2096
cm?/g).

All these results show that the sorptive ability of
palygorskite depended greatly on the outgassing pre-
treatment. Sorption of CQ, was enhanced by the re-
moval of water from channels by outgassing in vacuum
at 70°C; this adsorbate completely filled the structural
microporosity. Nitrogen was not able to penetrate into
the channel structure easily, and argon was able to
penetrate to an even lesser extent. Adsorption was,
thus, predominantly in intermicroporosity and on ex-
ternal surfaces (Table 6). Only 17.6% and 12.6% of the
structural microporosity were available for nitrogen
and argon, respectively. These results may be explained
by sizes calculated from the van der Waals sphere
method of the CO, molecule (cylinder of 2.8 A di-
ameter and 5.12 A length), N, molecule (cylinder of 3
A diameter and 4 A length), and Ar molecule (3.83 A).
The influence of the size was confirmed by results of
the t-plot {Table 2); the calculated external surface area
was close to the equivalent surface area for all the
outgassing temperatures > 100°C. These results are only
dependent on the intermicroporosity and external sur-
face area.

The sorption of water (Figure 8 and Table 5) was
enhanced by the removal of water from channels by
outgassing in vacuum to 225°C. The folding corre-
sponding to the first structure change was reversible to
the loss of the second part of the bound water. The
decrease vs. surface area was in the same range of out-
gassing temperatures that has been reported for se-
piolite (Grillet et al., 1988).

Evaluation of interfiber microporosity

The corresponding volume (converted to equivalent
liquid volume) was calculated from the adsorption range
B (Figures 2 and 3, Table 6). It was probably due to
inter-fiber micropores and structural defects. The vol-
ume of these micropores, always available to nitrogen
(or CO,), was found to be independent of the outgassing
temperature (0.0223 cm3/g between 25° and 380°C),
but increased at 500°C, because of the formation of
new structural defects due to dehydroxylation of the
structure. Argon was unable to penetrate into all the
interfiber microporosity. The values obtained (0.0163
cm?/g) were lower than for nitrogen. In addition, the
volume of these micropores available to argon de-
creased from 0.0228 to 0.0162 cm?/g if the final out-
gassing temperature was increased from 130° to 150°C.

ENERGETIC CONSIDERATIONS

Along each abscissa in Figures 2 and 3, the difference
in the derivative enthalpies between the nitrogen and
argon allowed the determination of the specific inter-
action of the nitrogen molecules with the surface due
to its quadrupole momentum: the values obtained were
about —3.2 kJ/mole during the filling of range «, —0.7
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to —2.25 kJ/mole at point C, except for final outgassing
temperature of 225° and 500°C, at which the differences
were about 0.9 kJ/mole. The affinity of nitrogen for
palygorskite was commonly greater than that of argon.
Figures 2 and 3 show that an increase of the pretreat-
ment temperature produced, for low surface coverages,
an increase of the derivative enthalpies of nitrogen to
380°C, and then a decrease linked to the loss of the
second part of the bound water, and a constant decrease
for argon and outgassing temperature > 100°C.

The nitrogen energetic constant of BET (Tables 2
and 3) decreased sharply from 25° to 150°C, reached
a maximum at 225°C, and then decreased constantly
to 380°C. For argon, a constant decrease was always
observed (Table 2). The values calculated from the
energetic constant are usually in good agreement with
that observed on the derivative enthalpies in ranges 8
and v, taking into account values of —6.7 and —5.6
kJ/mole for the enthalpies of liquefaction of nitrogen
and argon respectively (Table 3).

The ratio (V) argon/(Vy) nitrogen (given in the last
column of Tables 3 and 6) was always about 0.808,
the ratio of the molar molecule of the two adsorbates
obtained from the density in the liquid state. This ratio
was also found in a fully microporous sample (Rou-
querol et al., 1984), meaning that nitrogen did not
strongly interact with the surface or with the wall of
the channel in range o.

In Figure 9, the water adsorption isotherms are plot-
ted in the form 6 (where 8 = N,/N ) vs. In (P/P,), where
N, represents the number of molecules adsorbed and
N,, the monolayer capacity. Under any given condi-
tions, the value of In (P/P,) at which the adsorption
took place was directly related to the strength of the
normal adsorbate-adsorbent interaction (Cases, 1979).

The displacement of the isotherms toward the high
relative pressures suggests a loss of the normal inter-
action. The shape of the isotherms characterizes an
important energetic heterogeneity. The affinity of water
molecules for surface active sites increased slightly from
25° to 70°C, then decreased to 225°C, increasing again
to 380°C, and then decreasing. The evolution was con-
firmed, in the same way, by the variation of the BET
energetic constant C (Table 5, last column). For ex-
ample, for a surface coverage value of 0.5, the gain of
affinity for a mole can be estimated (Figure 9) to 1.1
RT between 225° and 380°C, and 0.8 RT from cor-
responding BET energetic constants. The variation ob-
served in the range of the loss of the second part of the
bound water (Figure 1) immediately before the dehy-
droxylation of palygorskite was probably due to a re-
versibility of this phenomenon in ranges 8 and v.

SUMMARY AND CONCLUSIONS

From the present textural study of palygorskite from
the Montagne de Reims the external surface area of
the fiber was determined and two types of micropo-
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Figure 9. Adsorption isotherm for the palygorskite water
systems at 303 K in the monolayer range and in the plane (8,
undersaturation /kT).

rosity were detected. Interfibers or structural micro-
porosity was fully available to CO, to about 0.21 cm?/g
and partly available to N, (17.6%), Ar (12.6%), and
H,O. The structural porosity completely disappeared
by outgassing the sample at >130°C in the conditions
of controlled transformation-rate thermal analysis and
>70°C for smaller pretreatment pressures because of
the folding of the structure. This phenomenon was partly
reversible with water to 225°C, corresponding to the
beginning of the loss of the second portion of the bound
water. Sintering was not observed with increasing pre-
treatment temperature. Water adsorption isotherms
revealed a maximum for the affinity of water for an-
hydrous palygorskite at about 380°C, suggesting that
the loss of the second part of the bound water was a
partly reversible phenomenon.
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