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MODIFICATION OF THE POROUS STRUCTURE AND SURFACE AREA
OF SEPIOLITE UNDER VACUUM THERMAL TREATMENT
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Abstract—Modifications of the external surface area and the two types of microporosity of sepiolite
(structural microporosity and inter-fiber porosity) were examined as a function of the temperature of a
vacuum thermal treatment to 500°C. The methods used included: reciprocal thermal analysis, N, and Ar
low-temperature adsorption microcalorimetry, gas adsorption volumetry (for N,, Ar, and Krat 77 K and
CO, at 273 and 293 K), water-vapor adsorption gravimetry, and immersion microcalorimetry into liquid
water at 303 K. If the sample was not heated >100°C, only 20% of the structural microporosity was
available to N,, whereas 52% was available to CO, at 293 K. In both experiments, the channels filled at
very low relative pressures. At >350°C, the structure transformed to anhydrous sepiolite, which showed
no structural microporosity. The inter-fiber microporosity decreased from 0.031 to 0.025 cm?/g (as seen
with N,), and the external specific surface area decreased from 120 to 48 m?/g. The water adsorption
isotherms showed a lower and lower affinity of the external surface of fibers for water as the temperature
of thermal treatment increased. The thickness of the bound water on the external surface was estimated
to be <3.5 monolayers, i.c., less than 10 A.
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INTRODUCTION

Sepiolite is a fibrous magnesian silicate having a for-
mula that may be written as Si,;,Mg,O,,-nH,0. Its
structure was first determined by Nagy and Bradley
(1955), and then, more accurately, by Brauner and
Preisinger (1956) and Brindley (1959) who used X-ray
powder diffraction data, and finally by Rautureau and
Tchoubar (1976) who used selected-area electron dif-
fraction data. These studies have shown that sepiolite
is made up of talc-like layers arranged in long ribbons
stuck together to form the fibers. A cross section, as
seen by the “lattice imaging” technique, shows nu-
merous {110} faces in which the talc-like ribbons are
arranged in staggered rows separated by channels par-
allel to the fiber axis. These channels are referred to as
structural micropores (size = 13.4 x 6.7 A). Larger
pores, having diameters of 20-200 A, are also present
between fibers (Rautureau and Tchoubar, 1976; Rau-
tureau and Mifsud, 1977).

Thermogravimetric analysis at <200°C shows an
initial weight loss of about 12%, corresponding to zeo-
litic water contained in the channels. A further weight
loss of about 6% between 200° and 600°C may be at-
tributed to the removal of the water bonded to Mg?*
on the edges of the talc ribbons. A final weight loss of
about 3% at >650°C corresponds to the dehydroxy-
lation of the mineral (Prost, 1975). The zeolitic water
mentioned above may also be removed by simple out-
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gassing at room temperature. Concurrent with the sec-
ond dehydration at >350°C, sepiolite transforms into
“anhydrous sepiolite” (Preisinger, 1963), in which the
talc-like layers are tilted with respect to each other.

Fibrous clay minerals have numerous industrial
(Barrer et al., 1959) and pharmaceutical applications,
mainly due to their high surface area and to their struc-
tural channels. Actually, the location of the “micro-
pores” (Sing et al, 1985) responsible for sepiolite’s
adsorption capacity is somewhat controversial. Barrer
and Mackenzie (1954) and Dandy (1968, 1971) sug-
gested that the availability of these structural channels
to the nitrogen molecules is limited. The loss in BET-N,
surface area observed on outgassing at >200°C has
been attributed to a sintering of the external fiber sur-
face (Dandy and Nadiye-Tabbiruka, 1975). On the oth-
er hand, Moller and Kolterman (1965), Delon and Cases
(1970), Fernandez Alvarez (1970, 1978), and Jimenez-
Lopez et al. (1978) suggested that the nitrogen molecule
may easily enter the structural channels after the zeo-
litic water is removed.

Most of the studies quoted above were based upon
adsorption isotherms which reveal no information
about relative pressures <0.07. Hence, the usual meth-
od to detect and study microporosity (Lippens and de
Boer, 1965; Sing, 1967) could not be applied to reveal
various types of microporosity of sepiolite (Dubinin,
1966).
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Our approach to understand better the microporous
structure of sepiolite is based on a well-controlled ther-
mal treatment and outgassing procedure and makes
use of nitrogen- or argon-adsorption microcalorimetry
(at 77 K), which yields information in the low-pressure
range, and of 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 sepiolite studied here was from Vallecas, Spain,
and was supplied by Tolsa S.A. It is a defibrated se-
piolite (trade name, Pangel) obtained by wet-process
micronization. Its mineralogical purity was >95%, and
the equivalent spherical diameter of all particles was
<10 pm.

Reciprocal thermal analysis

In conventional thermal analysis 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 successive dehydration or out-
gassing steps. In the present study this problem was
overcome by applying reciprocal thermal analysis
(RTA), also called controlled- (or constant-) transfor-
mation-rate thermal analysis (Rouquerol, 1970, 1987).
In this process the rate of dehydration or outgassing is
kept constant (or controlled) over the entire temper-
ature range of the experiment by means of an appro-
priate 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 temper-
ature-dependent property of the substance (here, the
water content) is modified at a constant (or controlled)
rate..In RTA, the rate of dehydration of the clay may
be controlled at any value low enough to ensure a sat-
isfactory elimination of the temperature and pressure
gradients within the sample, i.c., to ensure a satisfac-
tory separation of the successive steps of the dehydra-
tion. The simplest assembly is that of Rouquerol (1970),
in which the flow of gas evolved from the sample sub-
mitted to a dynamic vacuum is used to control the
heating of the furnace. For a constant composition of
the gas evolved (here, water vapor), the temperature
vs. time data may be immediately converted into tem-
perature vs. mass-loss data (inasmuch as the rate of
dehydration is constant), and therefore to a conven-
tional thermogravimetric curve. The experimental
conditions selected in the present study were a sample
mass of about 0.5 g, a residual pressure of 4 mtorr over
the sample, and a dehydration rate of 1.24 mg/hr.
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Gas-adsorption microcalorimetry at 77 K

Gas-adsorption microcalorimetry (Rouquerol, 1972)
allows a simultancous recording of the adsorption iso-
therm of nitrogen or argon and the corresponding de-
rivative enthalpy. For that purpose, the adsorbable gas
is introduced into the adsorption cell at a slow and
constant flow rate under quasi-equilibrium conditions.
The adsorption cell is surrounded by an isothermal
microcalorimeter kept at 77 K by total immersion in
a liquid nitrogen bath. The microcalorimeter makes
use of two heat-flow Tian-Calvet thermopiles (1000
thermocouples each, around a cylindrical cell of 50
cm?®) connected in a differential assembly.

Both the quasi-equilibrium pressure (by means of a
diaphragm pressure transducer which, for these exper-
iments, is of the Barocel Datametrics capacitance type)
and the heat flow due to the adsorption phenomenon
may then be recorded as a function of time. A computer
program derives the adsorption isotherm, the content
of a monolayer (as calculated from the BET equation),
and the derivative (or “differential”) enthalpy of ad-
sorption vs. coverage (the latter being taken equal to
1, for the completion of the monolayer).

Prior to each experiment, 150-mg samples were out-
gassed under the conditions of RTA given above up
to final temperatures of 25°, 100°, 200°, 250°, 350°, or
500°C.

Adsorption gravimetry of water vapor

The experimental apparatus (Rouquerol and Davy,
1978) was built around a Setaram MTB 10-8 sym-
metrical microbalance. A 60-mg sample was outgassed
under vacuum from 25° to 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 (here, mass adsorbed at 303
K vs. quasi-equilibrium pressure) was directly record-
ed on a simple X-Y recorder.

Immersion microcalorimetry in water

Immersion microcalorimetry was used to determine
the enthalpy of immersion in water of sepiolite samples
vs. the pre-equilibration P/P, relative pressure of water
vapor. This enthalpy curve was then used to derive the
external (i.e., non-microporous) surface area by apply-
ing a modified Harkins and Jura method (Partyka et
al., 1979; Cases and Frangois, 1982; Fripiat ez al., 1982).

For that purpose, a glass bulb (with brittle end) con-
taining about 90 mg of sepiolite was successively out-
gassed, pre-equilibrated with vapor pressure at the de-
sired conditions, sealed, and then introduced into the
experimental cell (half-filled with water) of a conven-
tional Tian-Calvet microcalorimeter (Setaram, 100-cm?
cells). About 3 hr was needed for a satisfactory thermal
equilibrium (i.e., to ensure that in any point of the
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Figure 1. Reciprocal thermal analysis of Vallecas sepiolite.

calorimetric assembly the temperature was constant
within 10-% K). The brittle end was then broken by
depressing a glass rod to which the bulb was attached.
The immersion liquid entered the bulb and wet the
sample, and the resulting heat flow was recorded as a
function of time. The total heat effect was determined
by integrating the curve, whereas the corrections due
to the heat of vaporization of water in the void volume
of the bulb and to the heat of breaking of the bulb were
taken into account to derive an enthalpy of immersion
dependent only on the sample and temperature and
not on the calorimetric apparatus or procedure. The
experiment at 303 K was repeated for increasing values
of the pre-equilibration pressure.

Nitrogen-, krypton-, and CO,-adsorption volumetry

For checking purposes, a few BET surface areas were
determined by nitrogen or krypton adsorption, using
a conventional BET volumetric equipment. Similar
equipment was also used to study the microporosity
of the samples by CO, adsorption volumetry at 273
and 293 K and by nitrogen adsorption at 77 K, using
a method described elsewhere (Guérin et al., 1970).

RESULTS

Figure 1 shows the reciprocal evolved-gas-detection
thermal analysis curve for the sepiolite sample. The
successive dehydration steps previously shown by ther-
mogravimetric analysis (TGA) (Rautureau and Tchou-
bar, 1976) are clearly evident. Region I, between room
temperature and 75°C, corresponds to the evolution of
the zeolitic water proper (9.7% of the initial sample
mass). The next two regions correspond to the expul-
sion of water bound to the Mg atoms on the edges of
the sheet: half (i.e., 2.7% of the initial sample mass)
was lost in region II (70°-300°C), and the other 2.7%
was lost in region III (300°-650°C). The final 2.4% lost
in region IV (>650°C) was due to dehydroxylation of
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Figure 2. Derivative enthalpy of adsorption (solid line) and
equilibrium pressure (dashed line) vs. coverage for the se-
piolite-nitrogen systems at 77 K.

the mineral. The total loss was in accord with Brauner
and Preisinger’s model. The temperatures correspond-
ing to the highest reaction rates were 25°C for region
I, 154°C for region I1, 428°C for region III, and 725°C
for region I'V.

The curves representing the derivative enthalpy of
adsorption of nitrogen vs. coverage, at 77 K, on a series
of six samples brought to different extents of outgassing
are shown in Figure 2. The corresponding adsorption
isotherms are shown in the same illustration, but not
in the conventional way. Inasmuch as coverage is al-
ready included in the abscissa (for the presentation of
the enthalpy data), the equilibrium pressure is used as
the ordinate. Coverage was calculated by assuming it
to be unity at point B of the adsorption isotherm (Em-
mett and Brunauer, 1937). This point is close, but
slightly less than, the point at which the enthalpy of
adsorption merges into the enthalpy of liquefaction.
This information, which will clarify in the discussion
of these complex enthalpy curves, is practically un-
available by the isosteric method, which lacks accuracy
in the low-pressure range involved and which is based
on the assumption —here unlikely—of an exactly sim-
ilar state of the adsorbed phase at the two temperatures
of observation needed by the method. A similar set of
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Figure 3. Derivative enthalpy of adsorption (solid line) and
equilibrium (dashed line) vs. coverage for the sepiolite-argon
systems at 77 K.

curves (derivative enthalpy and corresponding adsorp-
tion isotherm) obtained for argon, also at 77 K, is given
in Figure 3.

The adsorption isotherms given in Figures 2 and 3
were re-plotted following the procedure of de Boer et
al. (1966) in the form V, vs. t, where t is the mean
thickness of the adsorbed layer, which is known from
a “universal” reference curve obtained with the same
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adsorbate but with a non-microporous adsorbent. Any
non-microporous solid normally yields a linear “t-plot”
(i.e., V, vs. 1) passing through the origin. Its slope is
proportional to the specific surface area of the solid
examined. On the other hand, microporous solids yield
a non-linear “t-plot” corresponding to the filling of the
micropores (large uptake and steep slope) followed by
adsorption on the non-microporous parts of the surface
(generally smaller uptake and always less steep slope),
which may be called the “external” surface, S.,,. The
latter part of the t-plot is commonly linear. Its slope
yields a value of S,,,, whereas its intercept with the V,
axis allows the microporous volume to be derived, after
converting V, into a liquid volume V, (liq), which is
given, together with S_,,, in Table 1. The t curve was
chosen to have the same energetic constant C value (C
~270) as the system under consideration in order to
ensure thatS,,,,, was equal to Sy (Mikhail et al., 1968).

The equivalent specific surface area of the sample
outgassed at <100°C was determined in various ways:
(a) by using the BET method (point by point volumetry
at 77 K) either with nitrogen (324 m?/g with a cross-
sectional molecular area of 0.163 nm?) or with krypton
(314 m?¥/g with a molecular area of 0.143 nm?), or (2)
by using the “point B” method (318 m?/g) on the low-
temperature adsorption calorimetry data (cf. Figure 6).

CO, adsorption at 273 and 293 K was used to study
the changes in microporosity during outgassing. Du-
binin’s equation (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 which, once adsorbed, is able to fill com-
pletely the micropores; and P, is the saturating vapour
pressure (here, 3,485,565 Pa at 273 K and 5,727,809
Paat 293 K). V, may be converted into a liquid volume

Table 1. Equivalent specific surface areas and micropore volumes of sepiolite.
Low-tem-
perature
. adsorption
Final N, adsorption at 77 K t plot calorimetry CO, adsorption H,O adsorption at 303 K
outgassing
temper- V, lig S total Sext Sy V, lig S Vo lig S
ature (cm?/g) (m?/g) (m?/g) (m?/g) T {cm?/g) (m?¥g) {cm?/g) (m%/g)
C) 1 2 3 4 K) 5 6 7 8 9
25 0.040 364 240 211 0.0655 324 44
100 0046 340 195 183 ER R 0.0649 321 29
273 0.0208 56
200 0.034 321 222 193 203 0.0208 55 0.0672 332 5,6
273 0.0233 63
250 0 196 293 0.0196 52 0.0402 199 3,8
350 no linear relationship S o015 fé 0.0237 117 5,2
500 0 120 0.0264 131 2,8

1, 5 = Total micropore volume per unit mass of adsorbent as calculated with the liquid adsorptive. 2, 6, 8 = Total specific
surface area. 3 = External specific surface area. 7 = Monolayer capacity calculated from the BET equation per unit mass of
adsorbent as calculated with density of the liquid adsorptive. 4 = Equivalent surface area of structural and inter-fiber

microporosity. 9 = Energetic constant of BET theory.
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Figure 4. Influence of outgassing temperature on adsorption
isotherms of water on sepiolite at 303 K.

V, (lig) (using a density of 1.08 and 1.05 g/cm? for
liquid CO, at 273 and 293 K, respectively; Anony-
mous, 1976) as reported in Table 1, column 7. An
equivalent specific surface area may also be derived
from V,, taking a cross-sectional molecular area of
0.182 and 0.185 nm? at 273 and 293 K, respectively
(cf. Table 1, column 8 and also Figure 6) (Guérin et
al., 1970).

The adsorption isotherms of water at 303 K on the
differently outgassed sepiolite samples are given in Fig-
ure 4. The location of the monolayer as calculated by
the BET method is indicated on each isotherm by V_,.
The exact value of V,, (the liguid volume (cm3/g) of
water corresponding to the monolayer) is given in Ta-
ble 1, column 9. The corresponding value of the BET
energetical constant C (column 11) and of the equiv-
alent surface area (calculated with a molecular area of
0.148 nm? (Hagymassy et al., 1969) (column 10 and
Figure 6) are also given.

The enthalpy of immersion of sepiolite in water, after
a common outgassing at 105°C for 5 hr, but for in-
creasing precoverage relative pressures, is given in Fig-
ure 5. The enthalpy drops to an approximately constant
value for relative pressures >0.7. This value was used
to derive the specific surface area, following the Har-
kins and Jura method, using a value of 119.5 mJ/m?
for the internal energy of the water surface at 303 K
(Cases and Frangois, 1982). The result was 125 m?/g.

DISCUSSION

Interpretation of the adsorption enthalpy data

As shown in Figures 2 (nitrogen adsorption) and 3
(argon adsorption) for samples outgassed at <250°C,
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Figure 5. Enthalpy of immersion vs. precoverage relative
pressure for the sepiolite-water systems at 303 K.

three main ranges (given by the letters «, 8, and v in
Figures 2a and 3a) may be separated:

1. Range « extends to point A on the curves. For
argon in this range the derivative enthalpy of adsorp-
tion, A,.h, steadily increases with adsorption. The same
was observed for adsorption on homogeneous surfaces
(e.g., those of graphite or molecular sieves) in which
the energetic interaction between adsorbed molecules
increases simultaneously over all the adsorbed phase.
These observations mean that there is no screening
effect due to surface heterogeneities which would give
rise to a decrease of A,.h vs. coverage. This range
appears to correspond to the filling of the structural
micropores. The more complicated shape of the nitro-
gen adsorption curve in the same coverage range may
be explained by the quadrupole moment and the small-
er size (in one direction) of the nitrogen molecule whose
dimensions are 3 and 4.1 A (Pauling, 1940), as com-
pared with 3.83 A for the argon molecule. Under these
conditions, the nitrogen molecule is more sensitive to
surface heterogeneities, which are progressively made
available during outgassing and which give rise to an
initial decrease in A,.h vs. coverage. For the sample
outgassed at 100°C, this decrease completely cancelled
the increase observed for the sample outgassed at 25°C.
In contrast, both phenomena were clearly superim-
posed for the samples outgassed at 200° or 250°C. The
o domain disappeared when the samples were out-
gassed at =350°C because the silicate layers became
tilted and the structural microporosity vanished.

2. Range 8 extends between points B and C; here,
a drop of A,y h vs. coverage was observed. Point C is
in most cases an inflection point (Figures 2a, 2b, 3e,
and 3f) or a point where the slope changes (Figures 2d—
2f), whereas, as in Figures 3a-3c, the point C abscissa
is the intersection of the straight lines extrapolated from
the straight part of range 8 and from the end of range
~. Range (8 probably corresponds to the filling of wider
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Table 2. Low-temperature adsorption calorimetry results for sepiolite.
Final N, adsorption at 77 K Ar adsorption at 77 K
outgassing
temper- S,otal Ve lig \'A S o (Vg)Ar
ature (m¥g) (cm¥/g) (cm¥/g) (m%g) Siotm Vs lig v; S o _
C) Range 1 2 3 4 (m¥g) (cm?/g) (cm3/g) (m¥g) {(Vg)N,
25 351 0.1248 123 332 0.1120 108 0.90
a 0.049% 0.0560
B 0.0312 0.0197
total 0.0811 0.0757
100 318 0.1130 119 311 0.1049 131 0.87
o 0.0480 0.0525
B8 0.0226 0.0083
total 0.0706 0.0608
200 325 0.1156 106 307 0.1034 108 0.90
a 0.0474 0.0491
B8 0.0306 0.0181
total 0.0780 0.0672
250 190 0.0676 76 182 0.0614 91 0.89
@ 0.0187 0.0138
8 0.0226 0.0169
total 0.0413 0.0307
350 129 0.0460 55 122 0.0411 55 0.90
B8 0.0265 0.0226
500 119 0.0423 48 113 0.0381 48 0.90
B8 0.0254 0.0219

1 = Total specific surface area. 2 = Monolayer capacity obtained from the point B per unit mass of adsorbent as calculated
with density of the liquid adsorptive. 3 = Micropore volume per unit mass of adsorbent as calculated with density of the

liquid adsorptive. 4 = External specific surface area.

micropores than those filled in range o, although the
range persisted at very low pressures. As seen in Figures
2 and 3, point C was always reached for relative pres-
sures <0.007 (out of range of most pressure gages used
in this type of study). The latter micropores may be
due cither to inter-fiber microporosity or to defects in
the arrangement of the structural units (Rautureau and
Tchoubar, 1976), and the wide range of A,h suggests
a wide range in micropore size.

3. Range vy extends beyond point C, where the
monolayer was progressively built up on the external
surface of fibers as the equilibrium pressure increased
appreciably. The difference in A,,h between the ni-
trogen and the argon experiments allows the deter-
mination of the “specific” interaction of the nitrogen
molecule with this surface, due to its quadrupole mo-
mentum, which is 2-3 kJ/mole.

The amounts of either nitrogen or argon adsorbed
in ranges « and § may be converted into liquid volumes
using the values 0.808 and 1.427 for the specific gravity
at 77 K of liquid nitrogen and liquid argon, respec-
tively, as reported in: Table 2, column 5. Moreover,
the liquid volume Vg corresponding to the amount
adsorbed at “point B” (as defined by Emmett and Bru-
nauer, 1937) may also be calculated, and an “equiv-
alent” specific surface area, S, may be derived, taking
into account a cross-sectional area of 0.162 and 0.138
nm? for the nitrogen and argon molecules, respectively
{(McClellan and Harnsberger, 1967), as also shown in
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Table 2. The word ““equivalent” is, of course, used here
to point out the partial inadequacy of the above cal-
culation for a microporous solid in which the adsorbed
molecule does not cover at all the same area as on a
flat surface (Sing et al., 1985). Finally, the amount
adsorbed in range vy to point B yields information on
the external surface area of the fibers, S.,,, as is also
given in Table 2.

These hypotheses on the physical meaning of the «,
8, and vy domains can be confirmed by the following
ways:

1. Calculation of the external area of fibers. For the
sample outgassed at <100°C, the external area of fibers
may be determined by three procedures. The first pro-
cedure relies on the enthalpy of immersion (Harkins
and Jura “absolute” method) and yields a value of 125
m?/g (Figure 6). The second procedure makes use of
the statistical measurement by electron microscopy of
the mean thickness of the elementary fiber, which is
close to 160 A. Assuming a square cross section leads
to a surface area of about 120 m?/g. The third proce-
dure uses a detailed analysis of the water-adsorption
isotherms at 303 K at relative pressures of <0.15. Three
ranges may be distinguished (cf. Figure 7); the upper
one (for 0.06 < P/P, < 0.13) probably corresponds to
the filling of a monolayer on the external surface. The
amount adsorbed over range III leads to an external
specific surface area of about 115 m?¥/g.
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Figure 6. Effect of heat treatment on the equivalent specific
surface area and external surface area of sepiolite obtained
with different adsorbates and methods.

Thus, the recognition of three adsorption ranges,
which were made first simply on the basis of the ni-
trogen- (or argon-) adsorption enthalpy curves (cf. Fig-
ures 2 and 3), has been supported by independent de-
terminations. Indeed, the external surface areas which
were derived from the amount adsorbed over range y
(to point B) (cf. Table 2) are 123 and 119 m?/g (N,
adsorption on samples outgassed below 25°C or 100°C,
respectively) or 108 and 131 m?/g (Ar adsorption on
the same samples), which compare well with the values
calculated above. The arithmetical mean of all the above
values is 120 m?/g, and may be taken as the external
specific surface area of the sepiolite samples outgassed
at <100°C.

2. Evaluation of structural microporosity. It is worth-
while to compare the thermal analysis curve (Figure
1) with the different specific surface areas of the se-
piolite (Figure 6), either “total equivalent” (cf. upper
curves) or “external” (cf. lower curve). In range 11 the
thermal analysis curve is similar to the curve of total-
equivalent specific surface area available to CO,. In-
deed, at the beginning of range II, this area amounts
to about 300 m?/g and decreases to about 55 m?/g as
the sample loses water (steep-break in the middle of
range II of the thermal analysis curve, Figure 1) by
outgassing at <200°C. This water corresponds to half
the water initially bound to the Mg ions located on the
edge of the talc ribbons. Apparently the resulting struc-
ture change is such that the initial microporosity (i.c.,
the microporosity formed by the staggered arrange-

https://doi.org/10.1346/CCMN.1988.0360304 Published online by Cambridge University Press

Porous structure and surface area of sepiolite

239

ment of the talc ribbons making up the fibers) is no
longer available to the CO, molecule. A similar de-
crease in surface area (Figure 6) was shown by the other
adsorbates (argon, nitrogen, water), but only after out-
gassing at a somewhat higher temperature (at least 300°C
instead of 200°C). These data suggest that, although
almost no water was evacuated between 200° and 300°C
(Figure 1), the structure of the fibers changed progres-
sively such that, after the silicate layers were tilted,
their internal micropores became unavailable even to
the water molecule.

The microporous volumes calculated (Table 1) from
de Boer’s t-plot (1966) (0.040 cm?®/g after outgassing
at 25°C and 0.046 cm?/g after outgassing at 100°C), are
relatively close to those calculated from the adsorption
enthalpy data and which correspond to adsorption range
a (Table 2). For example, the micropore volumes for
nitrogen was 0.049 and 0.048 cm3/g for the outgassing
temperatures listed above. Nevertheless, they are con-
siderably smaller than those calculated from CO, ad-
sorption (0.11 cm3/g at 273 K and 0.13 cm?/g at 293
K) or from the theoretical dimensions of the channels
(0.2478 cm?/g, Rautureau and Tchoubar, 1976) or from
the other literature sources (0.1700 cm?/g, Fernandez
Alvarez, 1978; 0.1366 cm?/g, Delon and Cases, 1970).

3. Evaluation of inter-fiber microporosity. As men-
tioned above, adsorption range 8 (Figures 2 and 3) is
probably due to filling of inter-fiber micropores and of
structural defects. This hypothesis is supported by the
fact that the external surface calculated from the t-plot
(Table 1, column 4) contains in fact both the external
surface of the fiber and the surface due to inter-fiber
microporosity. The values obtained are close to that
calculated from low-temperature gas-adsorption mi-
crocalorimetry, taking into account only the extension
of 8 and vy domains (Table 1, column 5).

The volume of these micropores available to nitro-
gen decreased from 0.031 to0 0.025 cm?/g when the final
outgassing temperature was increased from 25°C to
500°C. At the same time, the sticking (or sintering) of
the fibers appreciably reduced the external surface of
fibers (from 120 to 48 m?/g; cf. Table 2 and Figure 6).

Provisional conclusions

From the above considerations, depending on the
method used, the starting structural microporosity ap-
pears to be 0.050 cm?/g (N, or Ar adsorption) or 0.13
cm?/g (CO, adsorption), i.e., 20 to 52% of the theo-
retical microporosity, as calculated from the structural
parameters (Rautureau and Tchoubar, 1976). The in-
ter-fiber microporosity of the commercial sepiolite
sample (which had undergone an appropriate treat-
ment) is about 0.030 cm?/g.

The distance at which the surface still has an ener-
getical effect on water adsorption, i.e., the thickness of
the layer in energetical interaction with the surface (Fri-
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Figure 7. Adsorption isotherm for the sepiolite-water sys-

tems at 303 K and low relative pressures: outgassing tem-
perature = 100°C.

piat et al., 1982), may also be estimated on the basis
of the enthalpies of immersion in water for several
increasing precoverage pressures (Figure 5). The en-
thalpy of immersion remained unchanged for precov-
erage relative pressures of >0.7, which means that the
thickness of the adsorbed layer was enough to screen
completely the energetical effect of the surface. From
the water adsorption isotherm on the same sample
outgassed at <100°C, the amount adsorbed between
relative pressures 0.06 and 0.7 (and therefore supposed
to be adsorbed on the external surface of the fibers, cf.
Figure 7) may be determined and, hence, the number
of water monolayers adsorbed on the external surface
of the fibers can be calculated provided its area (120
m?/g) and the cross-sectional area of a water molecule
(0.148 nm?). The corresponding number of monolayers
is 3.5. The actual number is probably smaller because
a higher density (cross-sectional area of a water mol-
ecule, 0.106 nm?) may be expected for the second and
third layers of the bound water because the state of
water molecule is closer to that of the liquid state than
to that of the structured first layer. In this condition
the lowest value would be 2.5.

The maximum volume of water in energetical in-

https://doi.org/10.1346/CCMN.1988.0360304 Published online by Cambridge University Press

et al. Clays and Clay Minerals
;
/
[/ 200°C
1\ 350°C
i\
1 monolayer / / ) ',,

surface coverage

0 1 L ! J
0

-2 -1
undersaturation /KT

Figure 8. Adsorption isotherms for the sepiolite-water sys-
tems at 303 K in the plane (6, In P/Po).

teraction with the surface may then involve: (1) the
external layer (0.085 c¢cm?/g, from the adsorption iso-
therm); (2) the inter-fiber microporosity (0.030 cm3/
g); and (3) the structural microporosity (at most, 0.248
cm?/g, Rautureau and Tchoubar, 1976). The total vol-
ume (0.363 cm?/g) is similar to that estimated by Fri-
piat et al. (1984) from nuclear magnetic resonance
determination of deuteron relaxation time (0.480
cm?/g).

In Figure 8, the water adsorption isotherms are plot-
ted in the form 4 (where § = n,/n,) vs. In (P/P,), where
n, represents the number of molecules adsorbed and
n,, the monolayer capacity. Under any give conditions,
the value of In (P/P,) at which the adsorption takes
place is directly related to the strength of the “normal”
adsorbate adsorbent interaction (Cases, 1979). The dis-
placement of the adsorption isotherms towards the right
as the final outgassing temperature is increased to
>100°C may be due to a lowering of the “normal”
interaction. This assumption is confirmed, in the same
way, by the strong decrease observed in the value of
the BET energetical constant C (cf. Table 1, last col-
umn).

Finally, the ratio (V) argon/(Vy) nitrogen (which is
given in the last column of Table 2 and which is only
slightly above the minimum ratio of 0.81), the ratio
found in a fully microporous sample (Rouguerol et al.,
1984), confirms the major role of microporosity in
adsorption up to point B. If this ratio is close to the
ratio of the molar volumes of the two adsorbates ob-
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tained from the density in the liquid state, nitrogen
does not strongly interact with the wall of the channels.

SUMMARY AND CONCLUSIONS

The present study determined the “external” specific
surface area of the fibers of sepiolite from Vallecas,
Spain, and detected two types of microporosity. Struc-
tural microporosity, due to the staggered arrangement
of talc ribbons in the fibers, was partly available to N,
(20%) or CO, (52%) molecules and amounted (from
the structure parameters) to about 0.25 cm?/g. Inter-
fiber microporosity was at most equal to 0.03 cm?3/g
in the commercial product. The structural micropo-
rosity may have been completely eliminated by out-
gassing at >350°C under conditions of reciprocal ther-
mal analysis. This structural modification (i.e., tilted
silicate layers) occurred simultaneously with sintering.
The water adsorption isotherms suggested sharp de-
crease in adsorption energy for outgassing tempera-
tures of >100°C. On the external surface of the fibers,
between 3.5 and 2.5 monolayers of water were influ-
enced by the surface field.
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