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"DEALUMINATION" AND ALUMINUM INTERCALATION OF 
VERMICULITE 
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Abstract-Dealumination of vermiculite was carried out using (NH.)2SiF6 solutions. The dealuminated 
products were studied by high-resolution solid state 29Si and 27 Al nuclear magnetic resonance. A decrease 
in the cation-exchange capacity (CEC) resulted from the partial removal of Al from the tetrahedral layer, 
which decreased the framework negative charge, and from the partial replacement of Mg by Al in the 
octahedral layer, which increased its positive charge contribution. The lowest CEC was obtained by 
swelling the structure with butyl-ammonium prior to the reaction with (NH.hSiF6. Thus, CECs in the 
range observed for beidellite were measured; however, the lowest (AVSi)IV ratio was still more than twice 
as high as in beidellite. In addition, the dealurnination reaction yielded noncrystalline silica as a by
product. 

In contact with a solution of Al hydroxypolymer (Al,,), the dealuminated vermiculite showed no 18-A 
reflection characteristic of Al,,-intercalated smectite; instead it showed an ill-defined interstratification. 
For some samples, however, a significant increase in the specific surface area (as much as 230 m2/g) was 
observed, suggesting that an intercalation of Al moieties did occur. The 27 Al resonance spectra of the 
intercalated structure showed at least two components in octahedral coordination. On thermal activation, 
a resonance line attributable to pentacoordinated Al was observed. 

Key Words-Aluminum, Cation-exchange capacity, Dealumination, Intercalation, Nuclear magnetic res
onance, Vermiculite. 

INTRODUCTION 

Vermiculites are swelling trioctahedral micas con
taining Al-for-Si substitutions in tetrahedral layers and 
AI-, Fe-, and Ti-for-Mg substitutions in octahedral lay
ers. They have been extensively studied, and an ex
cellent review of their hydrated and cation-exchanged 
structures was recently published by de la Calle and 
Suquet (1988). Because of the tetrahedral and octa
hedral substitutions, the overall negative charge of the 
structure results from an imbalance between the neg
ative charge of the tetrahedral layer and the excess 
positive charge of the octahedral layer. 

The present work was undertaken to investigate (1) 
the possibility of lowering the net negative charge by 
substituting Al by Si in the tetrahedral layer, and (2) 
the possibility of pillaring the negative-charge-depleted 
vermiculite with the Al hydroxypolymer Keggin-like 
cation Al130i0H)24(H20)127+ (abbreviated here as Al l3). 

The procedure for substituting Si for Al in the tetra
hedrallayer has been used successfully on zeolites (Breck 
et aI., 1985). It consists of a mild treatment with 
(NH4)2SiF6 in aqueous solution. The use of this reagent 
for modifying layered silicates was suggested earlier by 
Miyake et al. (1987). 

As is shown below, the procedure suggested by Breck 
et al. (1985) resulted in a decrease of the cation-ex
change capacity of vermiculite, the tetrahedral and oc
tahedral compositions both being affected. Although 
Al species were introduced in the interlayer, as evi
denced by a noticeable increase in specific surface area, 

pillaring in the classical was not achieved, inasmuch 
as no rationale d(OOl) reflections with d(OOl) ~ 18 A 
were observed. Instead, an ill-defined interstratified 
structure was obtained. This result is rich in infor
mation concerning the cation-exchange mechanism in
volving Al l3 • 

MATERIALS 

Vermiculite 

Two different samples of vermiculite were studied. 
Low-charge vermiculite from Benahavis having a half
unit cell composition (Lopez Gonzalez and Barrales 
Rienda, 1972) of M~.24 CaO.03 (Si2.81 AIl.lo Fe 3+ O.09)IV 

(Mg2.46 Tio.11 Fe3+0 .43)VI 01O(OH)2 was ground to <2 
Jim (Stoke's radius). This material was converted into 
the sodium form by repeated contact with aiM NaCI 
solution and stirring at room temperature. The excess 
NaCl was washed out with distilled water, and the 
slurry was separated by centrifugation until Cl- free. 

High charge Llano vermiculite having a half-unit cell 
composition (Raussel-Colom et al., 1980) of M~.45 
(Si2.78 AlI.22)IV (Mg2.94 Alo.1 Tio.o2 Fe3+ O.OI)V10 lO(OH)2 
was treated with dilute H2S04 until no magnesite could 
be found in the X-ray powder diffraction diagram. It 
was then ground to <250- and <2-~m particle sizes. 
The more severe comminution did not noticeably af
fect the crystallinity, as evidenced by the similarity of 
the XRD patterns. 

Both fractions were converted into the sodium form, 
as explained above. The Llano vermiculite was poorer 
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in paramagnetic centers than the Benahavis vermicu
lite. Consequently, the study of the Si-for-AI substi
tution by high-resolution, solid-state magic-angle spin
ning nuclear magnetic resonance (MAS-NMR) was 
possible, whereas such a study could not be achieved 
with the Benahavis vermiculite. 

EXPERIMENTAL 

Dealumination procedures 

Several procedures, all based on the use of(NH4)2SiF., were 
applied and are designated by lower case a, b, and c. A fol
lowing subscript will refer to experimental conditions, such 
as reaction time, reagents concentrations, and pH. Note that 
the solubilities ofhexafluorosalts in water at 25°C are generally 
small. Linke (1965) quoted the following values: (NH4)3A1F6, 
0.04molelliter; Na3A1F6, 0.002 molelliter; Na2SiF., 0.04 mole! 
liter; in contrast with (NH4)2SiF6, 1.274 mole!liter and MgSiF6' 
'" I mole/liter. Because these salts could have formed during 
the reaction, their solubility is an important and apparently 
overlooked factor. 

Procedure "a" was suggested by Breck et al. (1985) for 
zeolites. About 0.5 g ofNa vermiculite was suspended in 100 
ml ofa 1 M ammonium acetate buffer solution (PH = 7.8). 
An aqueous solution of (NH.)2SiF. was added dropwise (about 
10 drops/minute) to the vigorously stirred suspension at - 600c. 
The final concentration of the (NH.)2SiF6 solution was ad
justed such that the atomic ratio (Si added! AlIV in vermiculite) 
was between 0.5 and 1. After the addition of (NH')2SiF., the 
reaction was allowed to proceed for an additional 12 and 36 
hr. After cooling, the solid was washed 10 times with distilled 
water and back exchanged into the sodium form, as described 
for the preparation of the initial Na-vermiculite. 

In procedure "b" about 0.2 g of thoroughly ammonium 
exchanged vermiculite was suspended in 100 ml of a 0.007 
M (NH.),SiF6, ammonium acetate buffer solution. The same 
conditions as in procedure "a" were maintained, except for 
the washing step, which was made with warm (-70°C) water. 
After the reaction, the solid was back exchanged with sodium. 
The rational for the difference between procedure "a" and 
procedure "b" was to avoid the presence of sodium in the 
reacting mixture and therefore to prevent the formation of 
the poorly soluble salts mentioned above. 

In procedure "c" the Na-vermiculite was thoroughly ex
changed with butyl-ammonium chloride (BACl) or fluoride 
(BAF) at a pH of7.9. The sample was then stirred in a 0.01 
M(NH.hSiF6 aqueous solution containing the corresponding 
butyl-ammonium chloride and fluoride salt (BACl or HAF) 
in an amount in excess of 5 or 50 times the cation-exchange 
capacity (CEC) of the solid. The other conditions were the 
same as in procedures "a" and "b." The reaction was carried 
out for 12 hr at ..... 600c under vigorous stirring. The product 
was washed thoroughly with water at 25°C. In one experiment, 
the product was washed with a NaOH solution at pH = 9. 
The rational for procedure "c" comes from the observation 
that the ammonium-exchanged Llano vermiculite did not swell 
extensively in water, whereas it swelled in BACI and BAF 
solutions. Thus, procedure "c" combined the advantages of 
eliminating the sodium and of making the interlayer space 
more available to (NH4)2SiF •. 

Pillaring procedure 

Attempts were made to pillar some of the dealuminated 
vermiculite samples with AI" following the optimized pro
cedure described by Schutz et al. (1987) or Plee et al. (1987). 

Characterization techniques 

Cation-exchange capacity. CECs were obtained by displacing 
the exchangeable Na+ with ammonium acetate as described 
by Bain and Smith (1987). The Na content so extracted in 
the exchange solution was analyzed by atomic emission spec
troscopyat 589 nm, as described by Thompson and Reynolds 
(1978). 

Aluminum content. Samples were dissolved in a platinum 
crucible according to the HF-H2S04 method (Angino and 
Billings, 1972). The Al content was determined by back-ti
tration of AI-EDTA complex (Farrah and Moss, 1966). 

X-ray powder diffraction (XRD). A home-computerized Phil
ips goniometer and Ni-filtered CuI<.. radiation were used to 
record the XRD pattern of oriented films of untreated and 
treated vermiculites. The exit slit was 1°; the entrance slit was 
0.006 inches. 

Magic-angle spinning nuclear magnetic resonance (MAS
NMR). The 27 Al and 29Si NMR one-pulse signals were re
corded at 130.3 and 99.3 MHz, respectively. For 29Si, pulse 
width of about 5 J.lS, acquisition time of 25 ms, and 2-s delay 
time were the standard conditions. For 27AI, the pulse width 
was between I and 2 J.lS, the acquisition time was 51 ms, and 
the delay time was <0.1 ms. For both nuclei, the number of 
accumulations was between 5000 and 10,000. The chemical 
shifts of the 29Si and 27 AI resonance lines were referred to 
tetramethylsilane (TMS) and a 0.1 M AICl3 solution, respec
tively. 

Surface area measurements. The specific surface area was 
measured in a volumetric all-glass BET instrument using N2 
as the adsorbate at -196°C. The samples were pretreated at 
100·C under vacuum prior to N2 adsorption. Some were ther
mally activated as described below. 

RESULTS AND DISCUSSION 

Dealumination 

The measured CEC of the coarse fraction (> 250 ~m) 
of the Llano and of the fine fraction «2 ~m) of the 
Benahavis samples, not corrected for hydration, were 
215 and 110 meq/100 g, respectively. Dealumination 
procedure "a" was applied to the Llano sample for 12, 
24, and 36 hr. The variation of the relative CEC (i.e., 
CEC at time tlinitial CEC) is shown in Figure 1. The 
formal ratio R = (Si added/ AFY), is 1 in these exper
iments. A correlation is apparent between the decrease 
of the relative CEC and the square root of the reaction 
time (hr). The absolute error in the relative CEC is 
0.06, and the slope is - 0.11 hr- ''' . This Vt relationship 
suggests that the reaction was diffusion limited; how
ever, the diffusion of the reagent within the interlayer 
was apparently not limiting. Otherwise, a much smaller 
decrease of the CEC for the coarse «250 ~m) Llano 
sample used in procedure "a" (samples Llanoa in Fig
ure 1), as compared to the fine «2 ~m) fraction used 
in procedure "b" (sample Llanob24), should have been 
observed. Hence, the results in Figure 1 suggest that 
the rate-limiting step was the diffusion of AllV out of, 
or the diffusion of Silv into the tetrahedral layer. In 
addition, dealumination by either procedure "a" or 
"b" did not seem to have brought about significant 
differences. 
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Figure 1. Decrease of observed relative cation-exchange ca
pacity (CEC) vs. square root of reaction time. R = lSi added 
as (NH4)2SiF/(AI)IVl = 1; temperature = 60°C. From left to 
right: (D) Llano, Llano.l2, Llano.24, Llano.36; (0) Benahavis, 
Benahavis.; (.6) Llanob24. Solid line = linear regression ob
tained for Llano. a y't(hr); arrows represent errors in mea
sured relative CEC. 

To this point, the dealumination process behaved as 
expected. Consequently the material obtained after 36 
hr of treatment "a" of the coarse Llano sample (Lla
no.36) was carefully inspected by 29Si and 27 Al MAS
NMR. The relative CEC ofthis sample was 0.33. The 
deconvolution of the 29Si and 27 Al signals are displayed 
in Table 1. What is not shown in this table is the 
noticeable contribution of a broad 29Si line centered at 
-Ill ppm, corresponding to a 4Q environment. The 
initial sample had a narrow and weak contribution at 
about this frequency, which can be attributed to resid
ual quartz or cristobalite. 

The ratio (AlISi)IV in the vermiculite structure was 
obtained quite accurately from the equation 

(
Al)IV n-3 
Si = ~ ~ I(Si, nAl), (1) 

where I(Si,nAl) is the relative intensity of the 3Q(Si,nAl) 
contribution to the overall intensity of the framework 
29Si. The results in Table 1 were duplicated for other 
samples (vide infra). 

Table 1. Magic-angle spinning nuclear magnetic resonance 
results obtained by deconvolution of the 29Si and 27 Al spectra. 

Integrated intensities 

Vermiculite lQ lQ 'Q 
sample' (Si,2A1) (Si,IAl) (Si,OA1) (Al/Si)'" (AI"/ AIm"") 

Na-Llano 41 53 6 45% 10% 
Na-Llano. 362 28 49 22 35% 16.5% 
o(TMS) (ppm) -84 -88 -93 
o(AP+) (ppm) 68 3 

1 See text for descriptions. 
2 This is the coarse Llano submitted to dealumination pro

cedure "a" during 36 hr (cation-exchange capacity = 70 meq/ 
100 g). 

3 Obtained using the Lowenstein rule (Eq. 1). 

a 

c 
Figure 2. Schematic representation of effect of APV_by_Si'v 
substitution mimicking trend (described in Table 1) in vari
ation of silicon environment. 0, AI; ., Si; 0, O. (a) Apv has 
no Apv as second neighbor. Its substitution by Si'v leads to 
the creation of four [Si,3Si] sites and the disappearance of 
three [Si,ISi,2Al] sites. (b) Apv has one Apv as second neigh
bor. Its substitution by Si'v leads to the creation of three 
[Si,3Si] sites and the disappearance of one lSi, 1 Si,2AI] and of 
one [Si,2Si,IAI] sites. (c) the Allv has two Apv as second 
neighbor. Its substitution by Si'v leads to the creation of one 
[Si,2AI,ISi] and of two [Si,3Si] sites and the disappearance 
of two [Si,2Si,IAl] sites. 

From the data reported to this point, dealumination 
seems to have affected significantly the site lSi, ISi,2Al], 
i.e., a silicon site surrounded by one Si and two AI 
atoms, as well as the site [Si,3Si]. The relative intensity 
of the latter increased at the expense of the former. 
This observation is schematically accounted for in Fig
ure 2, in which the [Si,3Al] site has been neglected 
because its contribution was too weak to be clearly 
detected. 

If a maximum oftwo Al per pseudo-hexagonal ring 
existed for reasons of electrostatic stability described 
by Herrero (1985), the substitution of one of them by 
Si increased the [Si,2Si,IAl] contribution, whereas the 
substitution of Al by Si in this environment increased 
the [Si,3Si] contribution. Hence, if substitution oc
curred at random, the relative intensity of the (Si,IAl) 
environment did not change much, as observed in Ta
ble 1. 

The overall (AlISi)IV ratio decreased from 45% to 
35%. If the dealumination reaction affected only the 
tetrahedral layer, the relative CEC should have de
creased from 1 to 0.84 instead of from 1 to 0.33, as 
was observed. On the other hand, the ratio of the six
fold coordinated Al signal to the overall 27 Al signal 
increased significantly from 10% to 16.5% (Table 1). 
This information is only qualitative because the two 
27Al resonances at about -68 and about 3 ppm do not 
behave similarly under the radio-frequency excitation. 
According to the chemical formula, in the initial ver-
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miculite this ratio was about 9%. Thus, some of the 
Al extracted from the tetrahedral layer was probably 
not washed out as (NH4)3AlF6' The solubility of this 
salt was low, as indicated above, but the dilution of 
the reacting solution and the subsequent washings 
should have removed it. In addition to observing an 
increase in the (AlvI/total Al) ratio, the very significant 
increase of a 4Q component in the z9Si spectrum, which 
indicates the formation of extra-framework silica, can
not be neglected. If some kind of silica gel was formed 
at the expense of the reagent, it could have combined 
with the extracted Al, resulting in the formation of a 
noncrystalline silica-alumina whose z9Si resonance 
would have been split into a 4Q(Si,4Si) signal at about 
-110 ppm and a weaker 4Q(Si,3Si, 1 AI) signal between 
-100 and -105 ppm (Man et al.. 1990). If this gel 
had a low CEC, the overall observed CEC would have 
been less than what could have been predicted from 
the (AlISi)IV ratio in the vermiculite framework. 

From these conditions, the lowering ofthe CEC may 
have resulted from three factors; (1) the removal of 
Apv from the tetrahedral layer, (2) the translocation of 
extracted Al from the tetrahedral layer into the octa
hedral layer (APV -4 AlvI) and extraction of Mg from 
the octahedral layer, and, (3) formation ofextra-frame
work silica. The Allv -4 AlvI translocation would have 
increased the positive charge in the octahedral layer 
and lowered the overall negative charge of the struc
ture, already depleted by the AFV-by-SiIV substitution 
in the tetrahedral layer. The following scheme accounts 
for different reactions that could have occurred. The 
octahedral substitutions by other elements than Al have 
been neglected for sake of clarity. 

(1) cation substitution in the tetrahedral layer: 

M+(x-y)[Si(4-X), Alx1IV[M~3_y), Aly]VIOlO(OH)z 

+ (x - x')(NH4)zSiF6 

-4 (NH4 +)(x'_y)[Si(4-x')' Alx,]IV[M~3_y), Aly]VIOIO(OH)z 

(2) 

If M+ is NH4+ (procedure "b"), the last right-hand 
member is (x - x')(NH4)3AlF6' 
(2) cation substitution in the octahedral layers, the 
last right-hand member in (2) being abbreviated (x 
- x')M3AIF6 • 

(x - x')M3AlF6 + (NH4 +)(x'-y)[S~4-X')' Alx,]IV 

. [M~3_y), Aly]VIOlO(OH)z 

..... (NH4 +)(X'_y,)[Si(4-x')' Alx,]IV[M~3_y')' AqvIOlO(OH)z 

+ [(x - x') - (y - y')]NH4MgAlF6 

+ [(x - x') - (y - y')]M3AIF6, 

where y - y' :::; x - x'. 

(3) 

...... 
:!:: C 

>- c: 
I- ::J 

iii~ 
Z 0 
~~ b 
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a 
o 
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5 10 15 20 25 

°28, Cu Ka radiation 
Figure 3. X-ray powder diffraction (CuI<..) patterns of ori
ented samples: a, Na-Benahavis; b, Na-Benahavisa24, R = 

lSi added as (NH4)2SiF6/(Al)IV] = 0.5, relative CEC = 0.64; 
c, Na-Benahavisa 12, R = 1, relative CEC = 0.54. Samples 
were equilibrated with atmospheric moisture at room tem
perature. 

as 
Finally, the hydrolysis of (NH4)zSiF6 can be written 

(NH4)zSiF6 + 2 HzO ---; 4 HF + 2 NH4F + SiOz. 
(4) 

Note that NH4MgAIF6 is insoluble and easily charac
terized in an XRD pattern by sharp reflections at 5.77, 
3.01,2.88, 2.03, 1.92, and 1.76 A. For example, the 
reaction of (NH4)3AIF6 with the magnesium mineral 
sepiolite leads to extensive formation ofNH4MgAIF6, 
easily identified by XRD. 

By and large, the dealumination of vermiculite is not 
a simple, neat reaction. The formation of silica having 
a 4Q(Si,4Si) resonance at -111 ppm yields HF (Eq. 
(4». This acid may extract Mg from the octahedral 
layer. Al may also be extracted from the tetrahedral 
layer sites by HF and may fill the octahedral site left 
vacant by Mg. A fraction of the extracted Al can also 
be washed out as M3AlF6 or precipitated as NH4MgAlF6 
(Eq. (2», if the solubility product is reached. 

The XRD lines of NH4MgAIF6 were not observed 
in the XRD diagram represented in Figure 3 and ob
tained for the Na-Benahavis and Na-Benahavisa sam
ples at two different degrees of dealumination. The 
three samples were equilibrated at room temperature 
with atmospheric moisture. Whereas the initial Na
Benahavis sample showed the reflection of the two
layer hydrate, the dealuminated samples swelled to 
about 11.8 A. This spacing is typical of the one-layer 
hydrate. The reduced swelling was expected from the 
decrease of the layer charge. An appreciable loss of 
crystallinity was evident from the broadening of the 
001 reflection. Note, that if NH4MgAIF6 had been 
washed out, M3AIF6 with M = Na or NH4, which is 
more soluble, would have been removed as well upon 
washing. 

Thus, from the above data, an appreciable fraction 
of the tetrahedral aluminum was probably transferred 
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sity of the 29Si MAS-NMR signal. Figure 4 illustrates 
a reaction in which the precipitation of extra-frame
work silica (reaction 4) was evidenced by a noticeable 
contribution at about - III ppm in the 29Si MAS
NMR spectrum. This precipitation occurs in spite of 
the fact that in this particular sample (LlanocBACl50(b) 
in Table 2) r(Si) = (Al/Si)IV did not significantly de
crease. In Eq. (5), x and y can be obtained as follows. 
Let us define 

AllY 
r(Si) =

Silv (6) 

ppm (TMS) and 

Figure 4. Example of deconvolution of the 29Si magic-angle 
spinning nuclear magnetic resonance (MAS-NMR) spectra 
into 50% gaussian, 50% lorentzian lines. The two samples 
shown here have about the same (AIISi)IV framework com
position. (a) Mg-L1ano vermiculite; (b) sample 
LIanocBACI50(b) (Table 2). Full line: observed spectrum. 
Dashed line: sum of the nQ contributions. There are three 
contributions for LIano: 3Q(Si,2AI), 3Q(Si, 1 AI) and 3Q(Si,OAI) 
from left to right. LIanocBACI50(b) shows the additional 4Q 
contribution at about - 110 ppm attributed to extra-frame-
work silica. Dotted lines = residuals. 

by combined steps (I) and (2) into the octahedral layer. 
Reactions (2) and (3) are only formal chemical repre
sentations. It may be that Al translocation occurs with
out redissolution. On the basis of this hypothesis, rel
ative CEC can be calculated in the following way: per 
half unit cell (1f2 uc), the CEC is proportional to (x -
y), and the relative CEC is proportional to (x - y)/(xo 
- Yo), where Xo and Yo refer to the initial composition 
of the vermiculite structure. In addition, because extra
framework Si02 is formed during the dealumination 
process, the relative CEC is 

. (x - y) 3Q 
relatIve CEC = ( _ )' S'( )' (5) 

Xo Yo 1 t 

where 3Q is the sum of the intensities of the three 29Si 
framework contributions and Si(t) is the overall inten-

AIYI 
r(Al) =

Allv ' 
(7) 

where r(Si) is given by Eq. (1). r(Si) can be obtained 
quite accurately from the 29Si MAS-NMR spectrum. 
Because, per 1/2 uc, Apy + SilY = 4, 

4r(Si) 
x = ---'--'--

I + r(Si) , 
(8) 

and 

y = x'r(Al), (9) 

assuming that all AlVI is within the vermiculite frame
work. reAl) can be estimated from the deconvolution 
of the 27 Al MAS-NMR spectrum, but this procedure 
is not very accurate. Indeed, 27 Al being a quadrupolar 
nucleus, and the quadrupolar coupling constant of Allv 
and AlVI being different, the widths of the radio fre
quency pulses produced to observe the maximum in
tensity ofthe ± 112 resonance line are different. Another 
way to estimate y in the dealuminated sample is: 

y = Yo + (xo - x). (10) 

In Eq. (10), no Al is assumed to have leached out in 
the dealumination process. The advantage of using Eq. 
(10) vs. Eq. (9) is that the approximate value ofr(Al) 

Table 2. Observed and calculated relative cation-exchange capacity (CEC) in dealuminated LIano vermiculite. 

Venniculite Ob •. rei. Cal. reI. Calc. reI. Framework: 
sample' CEC CEC,,,' CEC" ,' r(Si) r(Al) ob •. 'QISi(t) pH reaction rei CEC' 

Na-LIano l.00 l.00 1.00 0.45 0.12 1.00 I 
LIanoc BAF5 0.32 0.22 0.31 0.33 0.57 0.56 5.5 0.57 
LIanoc BAF50 0.33 0.3 0.24 0.30 0.40 0.58 6.4 0.57 
LIano.362 0.33 0.53 0.44 0.35 0.20 -0.7 5.5 0.47 
LIanoc BACIS 0.46 0.35 0.55 O.4S 0.44 0.55 4.3 0.88 
LIanoc BACISO 0.03 -0 0.18 0.32 ~l 0.36 4.2 0.08 
LIanoc BACISO (b)3 n/a 0.58 0.60 0.41 0.15 0.77 5.5 n/a 
LIanoc BACISO (C)4 0.98 0.90 0.86 0.39 0.13 l.00 7.3 -0.98 

1 See text for descriptions. 
2 This is the sample analyzed in Table I . 
3 This sample has been washed several times with an NaOH aqueous solution at pH = 9 to remove colloidal silica. 
4 Same preparation as L1anoc BACISO sample, except for pH = 7.3. 
5 Using Eq. (9). 
6 Using Eq. (10). 
7 Framework relative CEC is obs. reI. CEC/PQ/Si(t)]. 
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Table 3. Chemical determination of Ai contents (10-3 mole/g 
of material). 

Relative 
cation~ 

Vermiculite Si added! exchange Relative Al 
sample' Apv framework AI content capacity content 

Llano 3.47 I I 
Llano. I 2 I 3.15 0.7 0.96 
Llano.24 1 3.1 0.42 0.945 
Llano.36 I 3.27 0.32 0.99 
Benahavis.24 0.5 2.75 0.63 1.03 
Benahavis. l2 I 1.95 0.54 0.73 

J See text for descriptions. 

obtained from 27 Al NMR is not needed and that Yo = 

Xo' r o(Ai) is obtained quite accurately from the chemical 
analysis of the starting material. 

Thus, the relative CEC can be calculated using Eq. 
(5) in which x is obtained from Eq. (8) and y is either 
obtained from Eq. (9) or from Eq. (10). In the last 
procedure: 

. 2x - [1 + ro(Ai)]Xo 3Q 
relative CEC = [1 _ ro(Ai)1Xo . Si(t)' (11) 

whereas in the first (i.e., Eq. (9»: 

. [1 - r(Al)1x 3Q 
relative CEC = [1 _ ro(Al)1xo' Si(t)" (12) 

To check the validity ofEq. (5}-(12) and the under
lying hypothesis that the actual reaction occurring be
tween the vermiculite and (NH4)2SiF 6 was a two-step 
reaction, seven samples of dealuminated vermiculite, 
obtained according to procedures "c" (six samples) and 
"a" (one sample), were studied using 29Si and 27 Ai MAS
NMR, and by measuring the CEC. The results are sum
marized in Table 2. Note that procedure "c" was ap
plied to the <2-/Lm fraction of the Llano vermiculite. 
The chemical determination of the Al contents shows 
that little, if any, Al was removed by the reaction with 
(NH4)2SiF6' Per gram of starting material, the Al con
tents of the two samples were 3.28 x 10-3 and 2.68 x 
10-3 mole, according to the structural formulae. As 
shown in Table 3, after reaction, the Ai contents de
creased by less than 5% in the Llano. series of reacted 
materials and in the Benahavis.24 sample. The exper
imental error in the Ai analyses was in the order of 
±5%. The Benahavis.12 sample was somewhat more 
depleted in Ai, but no correlation between the relative 
CECs and the Ai contents in the five analyzed samples 
was obvious. In addition, for the Llano.36 sample, for 
which chemical composition of the reacted material 
could be calculated from the NMR data, good agree
ment exists between the calculated and the measured 
absolute Al contents. Indeed, from Table 2, the com
position of this material should be: 

0.7 [(Si294All.04)lv(Mg2.sAlo.2)VIOIO(OH)21 + 0.3 Si02, 

from which the calculated Ai content is 3.15 x 10-3 

1.0 .-~--------------......, .. 

-"tI 0.8 
CD -tI 
"5 
0 0.6 
"ij 
0 ...., 
u 
LoJ 
u 

f 0.2 

O.O~----~------~----~------~--~~ 
0.0 0.2 0.4 0.6 0.8 1.0 

rei. CEC(observed) 

Figure 5. Correlation between observed relative cation-ex
change capacity (CEC) and the calculated relative CEC shown 
in Table 2. Arrows show experimental error in measured 
relative CEC. Error in the calculated relative CEC is at least 
as large as in observed CEC. (O}calculated relative CEC using 
r(AI)NMR and Eq. (12); (.) calculated relative CEC using Eq. 
(I I). 

mole/g. The measured Al content is 3.27 x 10-3 mole/ 
g. If the Ai extracted from the tetrahedral layer had 
been washed out, the Al content in the solid would 
have been 2.44 x 10-3 mole/g. 

The relationship between the relative CEC calculated 
in using either Eq. (9), relative CEC(I)' or Eq. (I 0), 
relative CEC(2)' and the observed relative CEC is shown 
in Figure 5. No systematic difference between the CEC(l) 
and CEC(2) sets of values was noted. Therefore, the 
r(Al)obs value obtained from 27 Al NMR is within the 
uncertainty of the other steps of the calculation. Some 
examples of deconvolution of 27 Al MAS spectra are 
shown below (see Figure 10 and Table 4). In addition, 
the calculated relative CECs are within ± 0.1 of the 
observed relative CECs. This large margin of error may 
be due to several reasons; possibly the residual hydra
tion of the air-dried dealuminated minerals was not 
the same as that of the original mineral, as shown on 
Figure 3. Overestimating the hydration can lead to 
underestimating the CEC. Also, the correction intro
duced by multiplying (x - y)/(xo - Yo) by 3Q/Si(t) in 
Eq. (5) is a rough estimate because the 4Q 29Si NMR 
line was rather broad. 

Figure 6 shows the XRD obtained for the Na-Llanob 
samples with increasing degrees of dealumination. Their 
observed relative CECs are shown in Figure 1. At equi
librium with atmospheric moisture, the starting Na
vermiculite samples had rational d(OO 1) basal spacings 
at 14.6 ± 0.1 A and the XRD reflections were sharp. 
As dealumination proceeded the widths ofthe 001 re
flections increased. Samples having relative CECs <0.7 
had d(OOl) values of 12 ± 0.2 A under the same con
ditions of humidity. This decrease in d(OOI) of the Na 
samples is in agreement with the observation reported 
in Figure 3. Reducing the layer charge limited the swell
ing to the one-layer hydrate in both vermiculite sam
ples. The broad reflection at about 3.49 A intensified 
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Figure 6. X-ray powder diffraction patterns of dealuminated 
Llano •. From (a) to (c) are the diffraction patterns of samples 
Na-LlanoaI2, Na-Llanoa24 and Na-Llanoa36 (see also Figure 
1). 

as dealumination (obtained by procedure "b") in
creased. This peak was not identified. 

Also, the 060 reflections of the dealuminated sam
ples did not shift from their position in the XRD pat
terns of initial vermiculite (d(060) ::::: 1.54 A). For most 
dioctahedral minerals, d(060) ::::: 1.49 A. Thus, no in
termediates between dioctahedral and trioctahedral 
structures nor a mixture of both were formed on dealu
mination. 

Possibly, most of the reaction led to the formation 
ofa noncrystalline phase. The 29Si MAS-NMR spectra 
suggests that this transformation did not bring about 
a major contribution, as long as the pH of the reaction 
was not too low. 

Lowering the pH had two consequences: (1) it de
creased the 3Q/Si(t) ratio, which means that reaction 
5 was favored; (2) it favored the removal of the octa
hedral Mg and eventually the translocation of AI. Con
clusions regarding the translocation of Al are supported 
by the data in Table 2, with the exception of the Lla
nocBACl50 sample, in which for an unknown reason, 
the r(Al)ob. was much higher than for all other samples 
and in which the observed CEC was almost zero. As 
long as the pH > 5.5, amorphization does not take 
place to any great extent. 

From the above discussion, the hypothesis that there 
is no overall loss of aluminum but a transfer of Al from 
the tetrahedral to the octahedral layer appears to be 
correct, at least to the first approximation. Thus, "alu
minum translocation" more adequately represents the 
actual reaction mechanism than does "dealumina
tion." 

With regard to the lowering of the structural charge, 
designated as framework relative CEC in Table 2, the 
residual framework CEC is always ~0.5 ; i.e., the ab
solute CEC ofthe Llano dealuminated material is never 
less than about 125 meq/ IQO g. In addition, the lowest 
observed r(Si) is about 0.3, which means that the lowest 
x is about 0.92 Allv per lh uc. The decrease of the 

e - d :: 
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Lo.I 0 
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~ 
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°28, Cu Ka radiation 
Figure 7. X-ray powder diffraction patterns of Na-Bena
havis, Na-Benahavisa24, and Na-Benahavisa 12 samples un
reacted and reacted with AIl3 solution, air dried and equili
brated at atmospheric moisture (see text). (a) Na-Benahavis 
sample reacted with AI l3; (b) Na-Benahavis.24 sample; (c) 
Na-Benahavisa24 sample reacted with AI l3; (d) Na-Benaha
visa 12 sample; (e) Na-Benahavis.12 sample reacted with AI l3. 
The specific area ofNa-Benahavis.12 sample reacted with the 
AI l3 solution is 286 m2/g after outgassing at 85"C, and 236 
m'/g after outgassing at 300"C. 

negative tetrahedral charge is very limited, inasmuch 
as the starting material contains 1.22 APv. Therefore, 
the so-called dealuminated material is still very rich 
in tetrahedral substitutions compared, for example, with 
beidellite, in which the AlIV content, per liz uc, is about 
0.5 AlIV. The residual framework CEC of the most 
dealuminated Llano sample is quite large, compared 
with - 90 meq/ IQO g for beidellite (Plee et aI. , 1985). 
The dealuminated Benahavis vermiculite may have a 
smaller framework CEC, but because the paramagnetic 
centers in the structure preclude NMR investigations, 
the residual structural composition cannot be calcu
lated. 

Pillaring 

Repeated attempts to pillar dealuminated vermic
ulite with AIl3 failed in the sense that rational interlayer 
spacings in the range of 18 A were never produced. On 
the other hand, experimental evidence was obtained 
to show that the Benahavisa , Llanob, and Llanoc dealu
minated samples reacted with AIl3 solutions. 

For examples, initial Na-vermiculite from Benaha
vis and dealuminated Na-Benahavisa 24 (Si added! AJlv 
= 0.5)and Na-Benahavisa I2(Siaddedl AJiv = 1) having 
relative CECs of 1, 0.64, and 0.54, respectively, were 
reacted with AIl3 solutions containing about 30 meq 
AI3+ /g clay. They were dialyzed as described in the 
experimental section. As shown in Figure 7, after re
action and drying at room temperature, all three sam
ples were characterized by an XRD reflection at -13.9 
A, whereas a reflection at 11.9 A was observed for the 
dealuminated samples under the same condition, i.e., 
at equilibrium with atmospheric moisture. In addition, 
the XRD patterns of the dealuminated samples showed 
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Figure 8. X-ray powder diffraction patterns of Na-Lianob 

sample reacted with All3 solution. (a) dried at room temper
ature; (b) calcined for 1 hr at 350°C; (c) calcined for 1 hr at 
500°C. 

a shoulder on the low-angle side of the 13.9 A peak. 
The XRD pattern of the dealuminated Llanob l2 (rel
ative CEC = 0.42) reacted at room temperature with 
AI13 (Figure 8) showed one sharp peak at 14 A. After 
1 hr calcination at 350°C, two 001 peaks at -14 and 
10.8 A were observed. Further calcination at SOO°C for 
1 hr yielded a broad reflection in the XRD pattern 
having a maximum at 10.5 A and a weak reflection at 
3.34 A. The fine-grained «2~m) dealuminated Llanoc 
BAClSO sample contacted with AIl3 gave a sharp peak 
at 14 A on drying at room temperature, whereas the 
basal reflection broadened and shifted to lower spacing 
after the sample was heated at 350°C. 

Obviously, an interlayer spacing of -4.5 A, i.e., the 
basal spacing (14 A) minus the thickness of the ver
miculite layer (9.S A), was too small to accommodate 
the bulky Al13 cation with its four planes of oxygen. 
Hence, the XRD spectra in Figures 7 to 9 suggest that 
another Al species was intercalated. A 14-A spacing 
could have been associated with the two-layer hydrate 
of AP+ cation obtained by the hydrolysis of Al 13. In 
other words, the equilibrium 

Al13 .,. ... .,. dimer .,. AP+ (13) 

would have been shifted towards the right if the struc
ture selectively adsorbed AP+. On thermal activation 
at > 350°C, the interlayer cation loses its hydration 
layer and the basal spacing shrinks to about 10.S A. 
Thus, the presence of AlH alone in the interlayer can
not explain the low-angle shoulder. 

Surface area measurements were carried out on the 
Benahavis.12 sample (relative CEC = 0.S4) that had 
been contacted with the Al l3 solution and dialyzed. 
After outgassing at 8SoC, the specific surface area was 
286 m2/g; it decreased to 236 m2/g after outgassing at 
300°C in vacuum. Because the surface area of the start-
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o 10 20 30 40 50 60 
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Figure 9. X-ray powder diffraction of dealuminated 
LianobBACI50(b) sample (see Table 2) reacted with AII3 so
lution. (a) dried at room temperature (b) calcined for 1 hr at 
350°C. 

ing Benahavis sample was < 1 m2/g and that of the 
dealuminated sample was <20 m 2/g, interlayer alu
minum moieties clearly were present after the treat
ment with AI l3. Plee (1984) reported similar results, 
but lower surface areas on contacting the Benahavis 
vermiculite with AI13. 

To obtain information on the nature of these Al 
moieties, the 27AI spectra of LlanocBACISO(b) con
tacted with Al l3 (XRD pattern shown in Figure 9) and 
dried at room temperature or calcined at 3S0°C were 
deconvoluted, as shown in Figure 10. 

In the room-temperature dried sample, the 
r(AI)=(AlvI/ AllY) ratio increased from about lS% in 
the dealuminated sample (spectrum a) to 48% in the 
intercalated sample (spectrum b). Such an increase can 
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Figure 10. Deconvolution of27Al magic-angle spinning nu
clear magnetic resonance spectra into 50% gaussian, 50% 10-
rentzian lines. (a) LianocBACI50(b) sample; (b) intercalated 
LianocBACI50(b) sample dried at room temperature; (c) same 
after heating at 500·C. Solid lines = observed spectra. Dashed 
lines = sum of AllY contribution at -68 ppm and two AlYI 
contributions in spectrum (b), or three AlYI contributions in 
spectrum (c) (see text). In spectrum (c), there is an additional 
contribution at - 30 ppm. The spinning side bands are easily 
observable on the left ofthe AllY contribution (at -68 ppm). 
Dotted lines = residual. 
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Table 4. Deconvolution of27AJ magic-angle spinning I)uclear magnetic resonance spectr;t. 

Integrated intensities 

Vermiculite sample l AI'v SSB(2) AI'V SSB(I) Apv AI" Aivi r(AI) ob~. 

Lc BAF50 14.8 11.8 44.6 (68) 28.8 (2.5) 0.40 
LcBACISO(b) 2.4 8.8 76.2 (68) I.S (9.S) 0.15 

11.2 (-1.5) 

Intercalated L_BACISO(b) 2 7.6 SO.9 (67) 2.S (8.3) total 0.48 
dried at room temperature 7.S (-1.7) lattice 0.17 

18.9(1) 
Intercalated LcBACISO(b) 22.7(68) 29 (31) 38.3 (2) 

calcined at SOOOC 

1 See text for descriptions. 
The intensity of the spinning side bands (SSB) are taken into account: SBB(i) indicates the ±io harmonic SSB of the 27 AJ 

contribution. Between parentheses is the shift (ppm) of the main lines. 

be qualitatively explained in the following way. Ac
cording to Table 2, the relativeCEC of this sample was 
about 0.6. Thus, the framework relative CEC, or 0.6/ 
eQ/Si(t», was 0.78 for the dealuminated residual 
framework. If the CEC was entirely saturated by AP+, 
(0.78 x 0.9)/ 3 = 0.23 Al must have been present as 
(Ap+)VI per liz uc. The net layer negative charge per lh 
uc of the original material was 0.9. In the dealuminated 
structure of the LlanocBACI50(b) sample, 1.16 AlIV and 
0.18 AIV' are present per lh uc, as easily verified by 
using the data for this sample in Table 2 and Eqs. (5}
(9). Thus, the total AlVI content should have been (0.23 
+ 0.18) = 0.41, and the ratio AlVI/AlIV should have 
been 0.41/1.16 = 0.35 instead ofthe observed of 0.48. 
The numerical results of the deconvolution procedure 
are reported in Table 4. 

The AlVI resonance of the dry intercalated Lla
nocBACI50(b) sample clearly contained a sharp peak 
at about 0 ppm on top of a broad peak. The intensity 
of the broad contribution divided by the intensity of 
the framework Allv contribution yields a AlVI/ Al'v ratio 
of 16%, in close agreement with the reAl) ratio shown 
in Table 2. The sharp peak at 0 ppm was most probably 
the resonance of Al3+. 

After thermal activation at 500°C, the 27 Al MAS 
spectrum of the intercalated LlanocBACl50(b) sample 
changed dramatically. The Allv resonance contribution 
broadened to a lesser extent than the Alv, resonance 
contribution; in addition, another broad contribution 
appeared at about 30 ppm. If thermal activation had 
removed the interlayer hydration only, the dehydrated 
AP+ cations would have been squeezed in the pseudo
hexagonal cavities. Because the Al nucleus was more 
shielded in this position, its resonance frequencies would 
have shifted upfield, that is, shifted to <0 ppm, and 
the resulting line would have broadened, as observed 
by Laperche et al. (1990) for other exchangeable cat
ions, such as Na2 + or Cd2+ in vermiculite. This may 
explain the upfield broadening of the Alv, signal in 
spectrum c. The framework Alvl resonance was cen
tered at about 3 ppm. 

The new contribution at - 30 ppm has been observed 

on thermal activation of layered silicic acid that had 
intercalated Al moieties (see, e.g., Deng et al. (1989) 
and references therein). This contribution was assigned 
to pentacoordinated AI. The observation of this peak 
in the spectra of intercalated vermiculite suggests that 
a fraction of the intercalated Al was not present as AP+, 
but as slabs of polymeric units. Such a suggestion is in 
line with the formation of ill-defined interstratified 
structures having relatively high surface areas. 

The question now arises as to why the charge-de
pleted vermiculite did not intercalate the AIl3 polymer, 
but instead adsorbed selectively either AP+ or oligomer 
with higher charge per Al than AI13 • In dealuminated 
vermiculite, the (Al/Si)IV ratio was always greater than 
-0.3. The (NH4)2SiF6 reagent increased the (SilAl)'V 
ratio from 2.2 in the initial sample to about 3.3 in the 
most dealuminated Llano sample. Though noticeable, 
this increase is less than that reported in the original 
patent for zeolites (Breck et aI., 1985); e.g., in zeolite 
Y having an initial (Sil Al)IV ratio of 2.15 (close to that 
of vermiculite), dealumination treatment "a" yielded 
a final ratio of 4.15. 

In phyllosilicates having Al substitutions in tetra
hedral sites, the negative charge on the oxygens in the 
basal planes was higher than in smectites having oc
tahedral substitutions. In other words, the charge is 
more localized. The failure of intercalating dealumi
nated vermiculites with Alt3 suggests that the localiza
tion of negative charge on basal oxygens prevented the 
intercalation from being selective for the AIl3 polymer. 
Beyond some threshold, which must correspond to a 
(Sil Al)IV ratio <7.7 (the beidellite ratio), the selectivity 
in the cationic exchange switched in favor of AP+ or 
oligomeric Al species to achieve a better local neu
tralization of the localized negative charge. Thus, to 
insure a better local electroneutrality, the nominal 
charge per Al must have increased and therefore the 
equilibrium in reaction (13) shifted to the right. 

SUMMARY AND CONCLUSIONS 

If, as suggested above, the reaction of (NH.)2SiF6 
with vermiculite has the side effect of trans locating Al 
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from AFv to AlVI within the structure by the removal 
of magnesium, the (Sil Al)IV ratio cannot be increased 
beyond a limit of about 4. Indeed, to extract Al from 
the tetrahedral layer, the reagent must have access to 
the interlayer. In other words, the layered silicate must 
retain its swelling property. 

Consider a hypothetical but realistic vermiculite, of 
composition M+ l.os[Si2.7SAlI.25]IV[Mg2.gAlO.2]VIOlO(OH)2' 
Such a structure would be neutral and unable to swell 
when the following composition is reached 
[Si3.2gAlo.n]IV[Mg2.2gAlo.n]VIOIQ(OHb with (Sil Al)'v = 

4. The consequence ofthe Al translocation is to prevent 
the (Sil Al)IV ratio from increasing beyond a limit at 
which swelling is no longer possible. Thus, dealumi
nation of the tetrahedral layer should stop if the Al'v 
content, x, exceeds 0.72 or if (Sil Al)lv ~ 4. 

Assume now that dealumination proceeds to the point 
where the framework CEC is about 90 meq/lOO g, 
corresponding to the idealized composition 

M + o.45[Si3.osAlo.9s]IV[Mg2.sAlo.s]VIOlO(OHh with (Sil Al)IV 
= 3.2, 

compared with the idealized composition of diocta
hedral beidellite, 

M + oAsfSi3.5SAlOASJ'V[Al2]VIOlO(OH)2' 

Per oxygen in the basal plane, the excess negative charge 
is either 0.16 for dealuminated vermiculite or 0.07 for 
beidellite. In vermiculite, 0.08 positive charge exists 
per 0 or OH in the octahedral layer. The internal com
pensation of the negative and positive charge in ver
miculite leads to the same framework charge as in bei
dellite. In both minerals, the interlayer exchangeable 
cations attracts the negative charge of the basal plane. 
In vermiculite they also repulse the positive charge on 
the 0 and OH ofthe octahedral mid-layer plane. Thus, 
locally, the interlayer cations are in contact with basal 
planes bearing a density of negative charge twice as 
large in dealuminated vermiculite as in beidellite. This 
higher local negative charge calls for a higher density 
of positive charge in the interlayer cation. With mono
valent cations, this requirement is met. With bulky 
cations, such as Al 13, which has a cross-sectional area 
of -110 A 2 and an overall charge between 4 + and 7 + 
(Bottero et aI., 1982), the nominal charge per Al in the 
intercalated species is not large enough, and either AP+ 
or oligomers having higher charge per Al than AI13 are 
intercalated. 

The intercalation of smaller Al moieties prevents the 
formation of galleries regularly propped apart by - 8 
A. Instead, smaller and randomly distributed spacings 
are obtained. 
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