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Abstract-Griffithite, a high Fe content saponite (Griffith Park, California) was pillared with Al polymeric 
solutions, using different AUclay ratios. The cation exchange began when Al-polycation solutions were 
added, being completed during the dialysis of the samples. Pillared solids were obtained by calcination 
of intercalated precursors at 500°C. The content of A120 3 increased from 7.35% in the natural griffithite 
to about 14% in the pillared samples, equivalent to the fixation of about 1.4 mmol Al per g of clay. The 
surface areas of the pillared griffithite were between 230-300 m2 g-l. The intercalation and pillaring of 
griffithite were easier than that of a less-crystalline nonferrous saponite. 
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INTRODUCTION 

Intercalation of layered clays by bulk inorganic po­
lycations and calcination of the intercalated precursors 
yield porous solids with regular porosity and a high 
number of acid sites. Polycations of different elements, 
such as AI, Zr, Ga, Cr or Ti, have been used. Mont­
morillonite is the most common layered silicate and it 
has been the most used in pillaring studies. The pil­
lared solids improve the thermal stability of natural 
clays and have good catalytic properties (Figueras 
1988; Occelli 1988). 

Saponite, a magnesic smectite, is a product of the 
hydrothermal alteration and weathering of basalts and 
ultramafic rocks. This mineral is much less common 
than the aluminous smectite montmorillonite. Saponite 
is mainly tetrahedrally charged. Its octahedral sites are 
occupied by Mg(II) cations, but in its ferrous variety 
Fe(I1,III) they substitute Mg(U) octahedral cations; this 
substitution is important when the ratio Mg/Fe is lower 
than 5:1 (De la Calle and Suquet 1988). 

Although montmorillonite is the preferred clay min­
eral used in pillaring studies (Lahav et al. 1978; Fi­
gueras et al. 1990; Fetter et al. 1994; Ge et al. 1994; 
Kloprogge et al. 1994; Lahodny-Sarc and Khalaf 
1994; Mokaya and Jones 1994; Storaro et al. 1995), 
saponite has also been intensely studied in the recent 
years. Both natural saponites (Usarni et al. 1992; 
Chevalier et al. 1992; Chevalier, Franck, Suquet et al. 
1994; Chevalier, Franck, Lambert et al. 1994; Schoon­
dheydt et al. 1992, 1993, 1994; Li et al. 1993; MalIa 
and Komarneni 1993; Lambert et al. 1994; Suquet et 
al. 1994; Bergaoui, Lambert, Suquet and Che 1995) 
and synthetic saponites (Bergaoui, Lambert, Franck et 

Copyright © 1997, The Clay Minerals Society 761 

al. 1995; Bergaoui, Lambert, Vicente-Rodriguez et al. 
1995) have been used in these studies, and new data 
about the mechanism of pillaring process have been 
obtained. Applicability of pillared saponite as catalysts 
(Usarni et al. 1992; Chevalier, Franck, Lambert et al. 
1994; Suquet et al. 1994) and in metal retention (Ber­
gaoui, Lambert, Suquet and Che 1995) has been in­
vestigated. 

Griffithite (Griffith Park, California) is a high Fe 
content saponite with a ratio Mg:Fe of 1.85. The acid 
activation of this clay has been recently reported (Vi­
cente Rodriguez et al. 1994, 1995). In the present 
study, it was intercalated with Al oligomers. The pil­
lared solids were obtained by calcination of interca­
lated precursors at 500°C. At the same time, a non­
ferrous saponite from Yunclillos (Toledo, Spain) was 
also pillared. The pillaring process and the textural 
properties of the solids obtained by pillaring of both 
saponites were compared. 

EXPERIMENTAL 

Pillaring of Saponite 

Griffithite was obtained by aqueous decantation of 
the <2 fJ..m fraction of the basaltic rock from Griffith 
Park deposit (California, supplied by Minerals Un­
limited, Ridgecrest, California). The structural for­
mula of the <2 fJ..m sample was found to be: 
[Si6.92 Al1.08] 0 20 (OH)4 [Mg2.92 Fe1.58 Alo.28 Tio.04 MnO.06] 
[Cao.62Nao.20Ko.04] and its cation exchange capacity 
(CEC) was 0.86 meq/g (Vicente Rodriguez et al. 
1994, 1995). 

Griffithite was intercalated with Al oligomeric solu­
tions, obtained by hydrolysis of AICI3·6H20 with 
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Figure 1. XRD patterns of samples before (b) and after (a) 
dialysis in griffithite 7.5 series. 

NaOH. The ratio OH-/AP+ was 2.2 and the volume of 
the pillaring solutions was 450 mL. Under these con­
ditions, most of Al polymerizes to [AIl30iOH)z4 
(H20)nl7+, a polycation designated 
as Keggin ion or AI l3, but other Al species also exist 
in solution (Fu et al. 1991). These solutions were main­
tained at room temperature for 24 h and added to pre­
viously prepared suspensions of 6 g of the clay in 550 
mL of water, followed by stirring for 24 h. Ratios of 
2.5,5.0 and 7.5 mmol Al per g of clay were used. The 
samples were then centrifuged and washed by dialysis 
until chloride-free. Then they were centrifuged and 
dried at 60°C, giving the intercalated solids (designated 
as IS2.5GR, IS5.0GR and IS7.5GR; the numbers refer 
to the Allclay ratios). Calcination at 500 °c for 4 h, 
with a heating rate of 1 °c min-1 from room tempera­
ture up to 500 °c, gave the pillared compounds (des­
ignated as PS2.5GR, PS5.OGR and PS7.5GR). 

The <2 fLm fraction of the nonferrous saponite from 
Yunclillos deposit (Toledo, Spain, supplied by TOLSA, 
Madrid) was also obtained by aqueous decantation. The 
structural formula of this sample is [Si7.42Alo.5s]02oCOH)4 
[Mg5.16Feo.14Alo.26 Tio.o1sMno.004] [Mg024Cau.124N au.o2oKo.oS4], 
and its CEC is 1.15 meqlg (Vicente et al. 1996). This 
sample was intercalated with Al oligomer solutions fol­
lowing the described procedures and using a 2.5 mmo1 
A1 per g of clay ratio (IS2.5YU sample). Pillared Yun­
clillos saponite (PS2.5YU sample) was obtained by cal-

cination of the intercalated solid in the same conditions 
as described for griffithite. 

Techniques 

Elemental analyses were carried out by plasma 
emission spectroscopy, using a Perkin-Elmer emission 
spectrometer, model Plasma II. Previously, the solids 
were digested under pressure, in a nitric-hydrofluoric 
acid mixture, in a polytetrafluoroethylene (PTFE) au­
toclave. X-ray diffractograms were obtained on a Sie­
mens D-500 diffractometer at 40 kV and 30 rnA (1200 
W) with filtered CuKa line. The equipment is con­
nected to a DACO-MP microprocessor and uses 
Diffract-AT software. For obtaining X-ray diffraction 
(XRD) patterns before and after dialysis, a few drops 
were taken from the suspensions and oriented films 
were prepared. Intercalated and pillared solids were 
studied by the powder method. Fourier transform in­
frared (FTIR) spectra were obtained in the region 
4000-350 cm-1 on a Perkin-Elmer 1730 FTIR spec­
trometer, equipped with a 3700 data station, by the 
KBr pellet technique. Specific surface areas were de­
termined from the corresponding nitrogen isotherms at 
77 K, obtained from a Micromeritics ASAP 2010 an­
alyzer, after outgassing the samples at 110 °c for 8 h 
to a residual pressure of 10-5 mm Hg. The Brunauer­
Emmett-Teller (BET) method was used for the cal­
culations. 

RESULTS AND DISCUSSION 

The intercalation and pillaring processes were stud­
ied by XRD at 4 different stages: 1) after addition of 
AIJ3 solution and stirring for 24 h (studied as oriented 
film); 2) after dialysis (also studied as oriented film); 
3) the intercalated solids; and 4) the pillared solids. 
The diffractograms show that the ion exchange process 
begins, in all cases, during the addition of AIl3 solu­
tions, and it is completed after the dialysis process 
(Figure 1). For griffithite, reflections at 18.66, 19.44 
and 18.75 A appear after addition of the AIl3 solution 
(Table 1). These peaks have shoulders at lower spac­
ings, thus proving that not all the sheets have been 
intercalated. In Yunclillos saponite, there is a broad 
peak centered at 16.95 A, indicating that the ion ex­
change process is less complete than in griffithite. Af­
ter dialysis, the basal spacings remain constant in grif­
fithite (18.71, 19.07 and 18.91 A), while in Yunclillos 
saponite, the spacing increases until 18.33 A. The 
peaks are now narrower and more symmetric than be­
fore dialysis, indicating that the washing of the sam­
ples completes the intercalation process, as has been 
observed by other authors (Labav et al. 1978; Figueras 
et al. 1990; Fetter et al. 1994). 

The intercalated and pillared compounds show sim­
ilar XRD patterns in all the series considered (Figure 
2). In griffithite, the basal spacings of intercalated sol­
ids is about 18.8 A, which corresponds to the inter-
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Table 1. Basal spacings of 001 reflection of oriented films 
and powder samples and FWHM index of 001 reflection peak 
for powder samples. 

Basal spacing FWHM 
Sample (A) (°26) 

BD2.5GR 18.66 
AD2.5GR 18.71 
IS2.5GR 18.70 0.576 
PS2.5GR 17.42 0 .673 
BD5.OGR 19.44 
AD5 .OGR 19.07 
IS5 .0GR 18.87 0.531 
PS5.OGR 17.58 0.617 
BD7.5GR 18.75 
AD7.5GR 18.91 
IS7.5GR 18.89 0 .523 
PS7 .5GR 17.73 0.646 
BD2.5YU 16.95 
AD2.5YU 18.33 
IS2.5YU 18.07 1.345 
PS2.5YU 17.43 1.525 

Key: BD = oriented film before dialysis; AD = oriented 
film after dialysis; IS = intercalated solids; PS = pillared 
solids; GR = griffithite; YU = Yunclillos saponite. 

calation of AID polycations with their major axis per­
pendicular to the layers of the clay. The value decreas­
es in pillared solids to about 17.6 A after calcination 
at 500°C. In Yunclillos saponite, the intercalated sam­
ple has a basal spacing of 18.1 A, decreasing to 17.4 
A in the pillared sample. The full widths at half max­
imum (FWHM index), given in Table 1, indicate that 
well-ordered intercalation compounds are obtained, 
the solids obtained by treatment of griffithite being 
more crystalline than those obtained from Yunclillos 
saponite. For the pillared compounds, the intensity of 
the d(ool) peak. is similar in the 3 series. In Table 2 
the 00 1, 002, 004 and 006 spacings of intercalated and 
pillared samples are given. The product (Bragg I index 
X Basal spacings) indicates that samples have good 
crystallinity, the greater deviations corresponding to 
006 reflection. The crystallinity is similar in the 3 se­
ries considered and better for intercalated than for pil­
lared samples. 

The FTIR spectra of natural and intercalated sapo­
nite are displayed in Figure 3. Only small differences 
are observed between the raw and the intercalated sap­
onite, differences that confirm the intercalation pro­
cess. At 3616 cm- I, a band is clearly observed in in­
tercalated solids while it appeared only as a shoulder 
in griffithite, this band being assigned to AI-O-H 
stretch. The band at 519 em- I, corresponding to the 
Si-O-AI mode, increases with intercalation, being es­
pecially significant in the sample intercalated with 2.5 
mmol Al per g of clay, while in natural griffithite it 
appears only as a shoulder. At 920 cm-I, a shoulder 
due to (Mg,AI)-OH bonds can be observed in the in­
tercalated solids (KJoprogge et al. 1994). These modes 
are more intense in the intercalated than in the natural 

b 

Figure 2. XRD patterns of samples intercalated (a) and pil­
lared (b) in griffithite 2.5 series. 

griffithite; the differences between the natural and the 
intercalated samples can be clearly observed because 
of the low content of AI in the natural sample. At the 
same time, the band corresponding to Fe-OH bonds, 
which appears at 584 cm- I in raw griffithite, is not 
observed in the intercalated solids . 

The AI content in natural and intercalated solids is 
given in Table 3 and increases in intercalated griffithite 
by about 7% with respect to the raw material. The 
percent increases correspond to the fixation of about 
1.4 mmol AI per g of clay. This amount is very similar 
in all samples and independent of the concentration of 
Al in the intercalating solutions. In Yunclillos sapo­
nite, a 6 .93% increase in Al20 3 content is observed in 

Table 2. The 001 , 002, 004 and 006 spacings of intercalated 
and pillared samples. 

drOOl) d(002) d(004) d(006) 
Sample (A) (A) (A) (A) 

IS2.5GR 18.70 9.47 4 .57 3.17 
PS2.5GR 17.42 8.97 4.56 3.20 
IS5 .0GR 18.87 9.47 4.59 3.17 
PS5.0GR 17.58 8.95 4.55 3.19 
IS7 .5GR 18.89 9.49 4.59 3.19 
PS7.5GR 17.73 8.97 4.58 3.20 
IS2.5YU 18.07 t 4 .53 3.20 
PS2.5YU 17.43 t 4.52 3.16 

t Masked by a mica peak at 9.9 A. 
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Figure 3. FfIR spectra of raw (a) and 2.5 mmol Al per g intercalated (b) griffithite. 

intercalated sample with respect to the natural one. 
The concentration of the pillaring solutions is in the 
range usually reported for pillaring of montmorillonite 
and saponite in the literature, in which solutions from 
as diluted as 1.8 mmol Al per g of clay (Ge et al. 
1994) or 2 mmol Al per g of clay (Lahodny-Sarc and 
Khalaf 1994) to very concentrated solutions (Schoon­
dheydt et al. 1992, 1993, 1994) have been used. 

Specific surface areas of both intercalated and pil­
lared solids were determined from their nitrogen iso­
therms by using the BET method; data are given in 
Table 4. The surface area of intercalated griffithite is 
about 300 m 2 g-l, while in Yunclillos saponite the in­
tercalated solid has a surface area of 221 m 2 g-l. In 
pillared griffithite, the surface area decreases by about 
20%, except for the sample PS7.5GR, whose area is 
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Table 3. Si and Al content (wt% in oxides) of natural and 
pillared samples. 

Sample Si02 A120 3 Al,03t 

Griffithite 44.02 7.35 7.35 
IS2.5GR 38.08 14.14 16.34 
IS5.OGR 39.12 14.17 15.94 
IS7.5GR 41.61 13.93 14.74 
Yunc1illos saponite 52.90 4.35 4.35 
IS2.5YU 46.03 11.28 12.96 

t Referred to Si02 content in natural saponites (44.02% in 
griffithite and 52.90% in Yunc1illos saponite). 

practically constant with respect to the intercalated 
sample, having a high surface area of 293 m 2 g-l. In 
Yunclillos saponite, the pillared sample has a low sur­
face area, 201 m 2 g-l, with a decrease of only 10% 
with respect to the intercalated sample and only slight­
ly higher than that of natural sample, 161 m2 g-l. It 
must be considered that natural Yunclillos saponite has 
a surface area higher than that usually reported for 
natural saponites, probably due to the sedimentary or­
igin of the Madrid Basin, in which the Yunclillos de­
posit is located. 

Surface areas of 425 and 403 m2 g-l have been re­
ported for Ballarat saponite intercalated and pillared at 
500°C, respectively (Chevalier, Franck, Lambert et al. 
1994; Suquet et al. 1994). MalIa and Komarneni 
(1993) have also pillared this sample, and found a sur­
face area of 320 m2 g-l when calcining at 500°C. 
Schoonheydt et al. (1993, 1994) have reported surface 
areas between 214 and 247 m2 g-l when pillaring sap­
onite with different OHIAI ratios and calcining at 550 
0c. When studying the intercalation and pillaring of 
variable charge layer Fe-free synthetic saponites (7.5 
mmol Al per g of clay), Bergaoui, Lambert, Suquet 
and Che (1995) and Bergaoui, Lambert, Franck et al. 
(1995) have found values between 360 and 457 m2 g-l 
for intercalated solids and between 280 and 417 m2 

g-l for pillared (500°C) samples. The surface area of 
pillared griffithite is similar to that reported for non­
ferrous pillared natural saponites but lower than that 
reported for synthetic saponites, while the surface area 
of intercalated and pillared Yunclillos saponite is low­
er than that found in other saponites, but similar to 
that reported by Schoonheydt et al. (1993, 1994). 

The surface area of the pillared solids seems to be 
related to the crystallinity of original samples and to 
the origin of their layer charge. The influence of the 
layer charge has been reported in the literature. Klo­
progge et al. (1994) have observed that when the neg­
ative charge in the layer is originated from Si-Al sub­
stitutions in the tetrahedral sheets, the existence of 
Si-OH-Al groups favors the pillaring process. Plee et 
al. (1987), studying the pillaring of beidellite and 
montmorillonite, have observed a more ordered distri­
bution of pillars in the clays rich in tetrahedral substi-

Table 4: B~T surface ar~a of natural, intercalated and pil­
lared gnffithIte and Yunchllos saponite. 

Sample 

Griffithite 
IS2.5GR 
PS2.5GR 
IS5.0GR 
PS5.0GR 
IS7.5GR 
PS7.5GR 
Yunclillos saponite 
IS2.5PU 
PS2.5PU 

35 
306 
255 
299 
233 
294 
293 
161 
221 
201 

tutions. We can now compare the behavior of 2 sap­
onites with differences in crystallinity and in the origin 
of the layer charge. Griffithite is much more crystal­
line that Yunclillos saponite, a difference that is main­
tained in the corresponding intercalated and pillared 
samples, as was indicated when discussing the results 
of Table 1. Natural griffithite is a very well-crystal­
lized sample and its charge is mainly originated by 
tetrahedral Si-AI substitutions, while in Yunclillos sap­
onite, less crystalline than griffithite, the layer charge 
is more related to octahedral holes. These 2 effects 
justify the better pillaring ability observed in griffithi­
teo 

The porosity of the different solids was studied by 
numerical analyses of their nitrogen isotherms. A com­
puter program was used (Rives 1991), mainlyemploy­
ing the "t" (Lippens and de Boer 1965) and "/' 
(Cranston and InkIey 1957) methods. The microporos­
ity in griffithite samples decreases from intercalated to 
pillared solids, as shown by the extrapolation of t plots 
(Figure 4). The same behavior is observed in Yunclil­
los saponite. The pore size distributions, obtained from 
the adsorption branch of the nitrogen isotherms, are 
similar for the different solids. The pore distributions 
of all the pillared solids are given in Figure 5. A sig-
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Figure 4. A t plot of intercalated and pillared griffithite in 
2.5 series. 
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Figure 5. Pore size distribution of pillared griffithite (the "zero" of each representation is indicated in the vertical axis). 

nificant fraction of pores is found in the micropore 
region and all samples show an important amount of 
pores between 20-40 A in diameter, the sample 
PS7.5GR, that has the largest surface area, has also 
the largest porosity. 

The comparison of the nitrogen adsorption process 
is made by using the f plot. A similar behavior is ob­
served for all samples in the entire relative pressure 
range. Thus, if the adsorption in pillared samples is 

studied using the intercalated samples as reference, a 
parallel line at f = 0.8 is observed, the lower amount 
of nitrogen adsorbed by the pillaring sample being the 
only difference in the adsorption process. In series 7.5, 
the adsorption process is very similar, both in form 
and in amount, before and after calcination, in agree­
ment with the maintenance of surface area. When 
comparing the adsorption process of the intercalated 
solid corresponding to each of the 3 series, no signif-
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Figure 6. a) An f plot of pillared griffithite, the sample 
PS2.5GR being the reference. b) An f plot of 2.5 pillared 
griffithite compared to 2.5 pillared Yunclillos saponite (ref­
erence). 

icant differences were observed; the same behavior 
was observed when the 3 pillared solids were com­
pared (Figure 6a), the higher amount of nitrogen ad­
sorbed by the sample PS2.5GR being the only differ­
ence. When comparing pillared griffithite with pillared 
Yunclillos saponite, the higher amount of nitrogen ad­
sorbed by griffithite was observed, the main difference 
being in the region of low pressure (Figure 6b), that 
is, in the region corresponding to rnicroporosity, in 
agreement with the porosity indicated by the pore size 
distributions. 

CONCLUSIONS 

Griffithite, a high Fe content saponite, has a great 
ability to form intercalation compounds with Al pol­
ymeric species. The cation exchange process begins 
during the addition of Al solution and it is completed 
during the washing dialysis of the solids. 

The obtained solids fix a high amount of Al (about 
6.7% of AI20 3). The larger fixation of Al is obtained 
when a relation of 2.5 mmol AI per g of clay is used, 
the smaller ratio employed. The surface area of the 
solids obtained is about 300 m2 g- I for intercalated 

solids and decreases approximately 20% when calcin­
ing, except for 7.5 series, in which the pillared sample 
has a surface area of 293 m 2 g - I. The intercalation and 
pillaring ability of griffithite is higher than that ob­
served in Yunclillos saponite. The crystallinity of nat­
ural sample (higher in griffithite) and the origin of the 
layer charge (tetrahedral in griffithite and octahedral 
in Yunclillos saponite) justify this better ability of grif­
fithite to form intercalated and pillared solids. No sig­
nificant differences in the porosity or in the texture are 
observed when comparing the intercalated and pillared 
griffithite with the solids obtained from the intercala­
tion and pillaring of the nonferrous Yunc1illos sapo­
nite. 
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