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The laitice structure of a synthetic ammonium dioctahedral clay (designated 
SMM) is shown to Ire similar to muscovite mica. The two differ in that SMM has 
irregularly interstraiified expandable and nonexpandable layers before activation. 
Thermal activation of SMM causes deamination and a loss of structural hydroxyl, 
accompanied by a collapse of the interlayer spacing (d,,,) to 9.4 A. This dehydroxyla- 
tion, which probably occurs by pairwise loss of adjacent hydroxyls, is partially re- 
versible leading to high temperature water sorption (P,,,o = 24 Torr. T = 5OO”C, for 
example) by activated SMM. During synthesis, F/OH substitutions are possible; the 
presence of fluoride in hydroxyl sites enhances the water sorption capacity. The ap- 
pearance of an hydroxyl band at 3470 cm-’ in t,he activated material is attributed to 
the presence of protons in the tetrahedral vacancies of the octahedral layer. Am- 
monia and pyridine adsorption experiments show the presence of both Lewis and 
Bronsted acidity, the relative amounts of each being dependent on the severity of 
previous outgassing. Total acidity (2.4 X 10” sites/g) estimated hy pyridine adsorp- 
tion, is small in comparison to that of the zeolitic catalysts (32 X 10” sites/g). The 
high activity of SMM is thus believed to be due to decreased diffusion limitations 

INTRODUCTIO~X regularities which occur, single crystal 
This paper describes the structure and X-ray studies are not possible. Nonetheless, 

acidic properties of a synthetic clay-like infrared and X-ray diffraction analyses 

aluminosilicate which has considerable ac- show the relationship of SMM to certain 

tivity as a catalyst for hydrocarbon reac- naturally occurring layer silicates and allow 

tions. For reasons to be discussed later, the reasonable conjecture as to the modifica- 

material is designated as SMM, which tions which take place upon thermal 

stands for synthetic mica-montmorillonite. activation. 

Previously, Granquist anci Pollack (1) have For coverage of a wide range of informa- 

dealt with the structure and small-scale tion without waste of space or undue con- 

synthesis of fluoride-free SMM, and Gran- fusion to the reader, the paper has been 
quist and Kennedy (2) have discussed the organized on unorthodox lines. It will first 
high temperature (500°C) sorption of water relate SMM to the clay minerals in order 
by this substance with particular attention to orient the reader to the general structura1 
to the roles of lattice fluoride and exchange features, deal next with bulk composition, 
ions. Later papers will deal extensively with morphology and surface area, and then dis- 
the catalytic properties of SMM, and this cuss, for both uncalcined and calcined 
writing is designed to present necessary SMM, structural information obtainable 
background information. from X-ray and infrared analysis. Because 

Unfortunately, due to both the small size of its importance to catalysis, the heat-acti- 
of SMM crystallites and the stacking ir- vated structure is considered in detail. The 
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paper closes with a discussion of the ad- 
sorptive and acidic properties of the heat- 
activated mineral, a section based primarily 
on infrared evidence. Experimental details 
have been kept to a minimum. Methods are 
either familiar to everyone in the field, or 
referenced so that the details can be found 
elsewhere. 

RELATIONSHIP TO CLAY MINERALS 

The infrared spectra of SMM and musco- 
vite mica in the region of their lattice vi- 
brations are compared in Fig. 1. It is ap- 
parent that these two materials are quite 
similar in atomic structure. The small spec- 
tral differences which do exist can probably 
be attributed to the lower lattice aluminum 
content of SMM, greater (Si,Al) ordering 
in muscovite, and higher fluoride/hydroxyl 
substitution in SMM. 

The structure of muscovite, from which 
the structures of dioctahedral clay minerals 
are inferred, has been well established by 
single crystal X-ray diffraction studies (3). 
Briefly, the basic layer of muscovite con- 
sists, in turn, of three layers, a gibbsitic 
alumina layer (the octahedral layer) sand- 
wiched between and sharing two-thirds of 
its oxygens on either side with @LO,-) 
sheets (the tetrahedral layers). The re- 
maining oxygens in the octahedral layer 
belong to the structural hydroxyl groups 
-which project at an angle into each pseudo- 
hexagonal hole in the tetrahedral layers. 
Fluoride may substitute in varying degrees 

Fro. 1. Comparison of lattice spectra of SMM 
and muscovite. KBr pellets containing 0.20 mg/cm2. 

for hydroxyl. Because only 2/3 of the cation 
positions in the octahedral layer are occu- 
pied (see Fig. 13A) the term dioctahedral 
is applied. The entire three layer structure 
is called a 2: 1 layer. 

Varying amounts of layer charge are gen- 
erated by isomorphous substitution in the 
lattice. In muscovite and SMM the layer 
charge is caused by partial Al for Si sub- 
stitution. For both substances, the unit cell 
formula can be written as 

[(A14)oCta(Sis-.Al,)tetraO~0(OH, F)J- 

. 2 Mn+, 

where x is the number of 4-coordinated alu- 
minum cations and hence the net negative 
charge on the unit cell. M is the charge- 
balancing cation(s). For muscovite, z is 
very nearly 2 and M = K+. In the case of 
SMM, M is predominantly NH,+. As dis- 
cussed in the next section, it is probable 
that part of the unit cell charge is balanced 
by a small unknown amount of hydroxy- 
aluminum species of uncertain charge. 

BULK COMPOSITION 

Typical uncalcined SMM has a fluoride/ 
silicon ratio of 0.1 and contains 175 meq 
NH,+/100 g (dry basis). If ammonium were 
the only exchange ion, then knowledge of 
the bulk composition would allow calcula- 
tion of the average value of the parameter, 
x, in the unit cell formula. Such an x: value 
calculated from NH,+ content is somewhat 
smaller than that derived from the silica/ 
alumina ratio, which suggests that not all 
the aluminum occurs in the lattice. In addi- 
tion, a weak band at 3440 cm-l in the infra- 
red spectrum can be enhanced by washing 
SMM with AlCl, solution. Thus, it seems 
likely that in addition to NH.,+, aluminum, 
or more probably one of its partial hy- 
droxides, also serves as a charge-balancing 
cation. 

Since the average charge on the charge- 
balancing hydroxyaluminum species is un- 
known, it is not possible to calculate the 
average unit cell formula from the bulk 
composition alone. If, however, M in the 
unit cell formula is represented by 
wNH,+ + y [Al (OH) ,-,I z+, mutually com- 
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FIG. 2. Mutually compatible w, z, y, and z param- 
eters for unit cell composition 

[(AII~“~(S~~-~A~~)~~~~~O~~(OH, F)4]. 
b N&+ + y Al(OH);:A. 

Derived from bulk composition of typical SMM 
product. 

pat~ible w, 5, y, and z paramete.rs can be cal- 
culated. Figure 2 shows plots of w, 2, and y 
as functions of x, the average hydroxyalu- 
minum charge. For most of the range of z, 
z lies close to 3/2. 

While in theory the correct z value might 
be found from determination of the rela- 
tive amount of fourfold-coordinated Al 
(from apparent AlK, shift in X-ray spectra, 
see Ref. 4) or the loss-on-ignition value, in 
practice neither figure is a strong function 
of x and in both cases uncertainties in inter- 
pretation arise. The actual per cent Al CIV)l 
observed (about 27% if it is assumed the 
,41 in exchange sites has the same K, energy 
as the octahedral Al) indicates a high value 
for z. The typical ignition loss value (about 
9%) at 1000°C after drying at 2OO”C, how- 
ever, favors a low value. This loss presum- 
ably includes deamination and dehydroxyl- 
ation of both the silicate and the 
hydroxyaluminum. 

MORPHOLOGY AKD SURFACE AREA 

lets are seen to have average “diameters” 
on the order of 1OOOA. Individual platelets 
are made up of stacked parallel 2: 1 layers ; 
the exchange ions, which balance the lattice 
charge, occur between the layers and at the 
facts of the platelets. The particles which 
result, from spray-drying ShIM are spher- 
ical aggregations of many platelets. 

An estimate of the number of 2: 1 layers 
per platelet may be made from surface arca 
measurements and also from X-ray diffrac- 
tion data, as will be shown in a later sec- 
tion. At low outgassing temperatures 
(2OO”C), the nitrogen BET surface area is 
typically close to 160 m”/g. By assuming a 
platelet diameter of lOOOii, a density of 
2.55 g/cm” derived from X-ray unit, cell 
measureniciits, and inaccessibility of the 
interlamellar space to the N, molecule, the 
average number of layers per platelet is 
calculated to be about, 5. This value cor- 
responds to an average platelet thickness 
of 50A. 

The surface area of SMXI is found to be 
a smooth monotonically decreasing function 
of the outgassing or pretreatment temper- 
ature up t,o 950”, the temperature at which 
the structure breaks down and high tem- 
pcraturc phases are crystallized. Activation 
at 650°C causes the surface area to drop 
from 160 to about 135 m”/g. Since neither 
infrared nor X-ray diffraction analyses sug- 
gcst the devclopn~cnt of a new high temper- 
ature lon- surface arca phase, the loss in 
arcn (can probably be ascribed to increased 
platelet-to-platelet, association. 

Of particular importance to catalysis is 
the large amount of edge area present in 
WM. Earlier work (5) on clay catalysts 
and the infrared data to be presented later 
in this paper suggest that much of the 
catalytic activity of layer silicates is asso- 
ciated with edge sites. 

Figure 3 is an electron micrograph of X-RAY DIFFRACTION 
SMM before activation and shows the 
platelikc nature of the mineral. The plate- Figures 4 and 5 show X-ray diffract- 

ometer patterns (Phillips diffractometer 

‘The notations (IV) and (VI) designate the with 1” collimation, Cu tube at 40 kV/30 
coordination state of the aluminum atom, posi- mA, proportional counter with Ni filter and 
tioning it in either the tetrahedral or octahcdrnl pulse height analyzer) given by oriented 
layer. respecti\-rly. and random samples, respectively, of SMM 
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FIG. 3. Electron micrograph of uncalcined SMM. 

before and after activation at 650°C for pressed the nonbasal lines. The random pat- 
3 hr in air. The oriented sample was pre- terns were obtained using the standard 
pared by air drying a (approximately) 2% Phillips backloading holder. Since the 
aqueous slurry on a half-length microscope spray-dried product was in the form of 
slide. This procedure caused the platelets 20-80 p spheres, orientation effects are mini- 
to orient parallel to the slide and thus en- mized in Fig. 5. 
hanced the basal 004 reflections and sup- It is apparent from Fig. 4 that uncalcined 
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FIG. 4. Oriented X-ray diffraction patterns (Cu K,) of SMM before and after ealcination (650°C for 
3 hr in air). 

SMM gives a nonintegral 0% sequence 
with irregula,rly shaped peaks. This situ- 
ation, quite commonly encountered in dif- 
fraction by clay minerals, is indicative of 
mixed layering. That is, each platelet con- 
tains a nonregular ordering of at least two 
different basal plane spacings (center-to- 
center distances between adjacent 2: 1 
layers). 

It is possible to recover information re- 
garding the magnitude of the basal spac- 
ings, their relative frequencies, and degree 
of randomness in order of occurrence by 
means of a MacEwan transform (6). This 
method is a cosine transform of the oriented 

diffraction pattern after correction for geo- 
metrical, instrumental, and structure factor 
effects. Figure 6 is the result for an uncal- 
cined sample of SMM. The function p(R) 
gives the probability of finding a diffracting 
layer at distance R from the center of any 
arbitrary layer. If, for example, all of the 
layers were 10 A apart, p(R) would have 
peaks of diminishing intensity (due to the 
finite height of the platelets) at 0, 10, 20, 
30, , . . A. 

In practice the transform must be trun- 
cated at some value of l/d. This fact 
coupled with other theoretical and prac- 
tical limit,ations, such as imperfectly known 

FIG. 6. Random X-ray diffraction pat,krns (CII K,) of SMM before and aft,er calcination (65(YC for 
3 hr in air). Montmorillonite hk indices givetl. 
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FIG. 6. MacEwan transform for SMM showing 
probability p(R) of finding 2:l layer at distance 
R from center of arbitrary 2: 1 layer. 

structure factor values and lack of perfect 
orientation, gives rise to spurious peaks and 
limited resolution in the p(R) function. De- 
spite these limitations, it seems clear from 
Fig. 6 that spacings of 10.4 A (A) and 
12.5d (B) occur in the proportion 2/l. 
Analysis of the AA, AB, and BB peak 
heights indicates that the two spacings oc- 
cur essentially at random with perhaps a 
slight tendency for AB ordering. 

Scott and Reed (7) report a 10.4 A spac- 
ing for ammonium-exchanged muscovite. 
Quite generally 2: 1 clay minerals with one 
layer of water between the silicate layers 
have spacings near 12.5 k (8). Thus, the 
MacEwan transform indicates that SMM 
has a random interlayering of mica (anhy- 
drous) and montmorillonite-like (hydrated) 
spacings. Since the mica spacings persist at 
100% humidity, these layers (like musco- 
vite) are not readily expandable. The fact 
that only part of the ammonium in SMM 
can be easily removed by the usual ion- 
exchange procedures is also evidence of the 
micaceous character of the mineral. On the 
other hand the 12.5JL spacings exhibit 
montmorillonite-like behavior in that they 
swell to 17.3 A upon addition of ethylene 
glycol and collapse to about 10.811 in 
dry air. 

In dry air, SMM gives an almost integral 
OOC sequence due to the near equality of 
the two spacings, Under these circumstances, 
it is possible to obtain a platelet height esti- 
mate (i.e., number of 2:l layers in a stack- 
ing domain) from the diffraction line 
widths. If a plot of observed half-width 
vs diffraction order is extrapolated through 

the origin and a Poisson platelet height 
distribution assumed, an average thickness 
of 4.5 layers is obtained. This calculation 
is in reasonable accord with the platelet 
size determined from the BET area. 

The X-ray pattern given by uncalcined, 
nonoriented SMM (Fig. 5) is compatible 
with the concept of mixed layering. If 
neighboring 2: 1 layers were skewed so that 
no basal (a,b) plane order existed, broad 
hk bands with low angle band heads would 
be observed, as is the case with montmoril- 
lonite. If these neighboring layers were per- 
fectly ordered with respect to each other 
then the pattern would have discrete hkl 
reflections, as in the micas. SMM, in fact, 
shows evidence of both of these features. 
While the majority of the nonbasal diffrac- 
tion maxima resemble those of montmoril- 
lonite, the lines near 36” 28 clearly indicate 
partial a,5 order. 

An accurate theoretical calculation of 
the total diffraction pattern of such a mixed 
layer clay is for all practical purposes im- 
possible, particularly since micas may have 
a variety of a,b shifts in their stacking se- 
quences. If it is assumed that the mica 
layers of SMM are of the 1 M polymorph 
(8) then the unit cell parameters are cal- 
culated to be: a = 5.19, b = 8.965, c = 
10.55Ii and ,8 = 99”27’(b2/a’ = 2.983). 

The diffraction patterns given by heat- 
activated SMM (the bottom curves in Figs. 
4 and 5) clearly show the retention of a 
high degree of order. Since heat activation 
is necessary to develop optimum catalytic 
activity, the irreversible basal spacing col- 
lapse to 9.4 A indicates that only the plate- 
let edges and faces are of catalytic im- 
portance. The hk reflections are seen to 
change very little in position. Thus the de- 
hydroxylation and deamination processes 
involved in calcination appear to cause only 
minor alterations in the unit cell structure. 

INFRARED ANALYSIS 

The laminar nature and drying charac- 
teristics of SMM are such that sample 
preparation for infrared analyses presents 
no difficulties. Thin selfsupporting films are 
easily prepared by filtering a dilute slurry 
through a 0.22 p Millipores filter. The film 
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which forms on the filter is readily re- 
moved after air drying and can be cut to 
a size suitable for infrared examination. 

Films prepared in this manner have a 
high degree of orientation. In some cases 
this orientation can provide additional in- 
formation derived from t,he change in band 
intensities with angle of beam incidence. 
On the other hand the relative band in- 
tensities of species adsorbed on SMM can 
be expected to differ from those noted when 
optically isotropic catalysts such as silica- 
alumina gels and the synthetic faujasites 
are used. 

The evacuable ir cell has been described 
in detail elsewhere (2). All of the spectra 
presented in t#his paper were obtained at 
room temperature with a Beckman IR 12, 
purged with dry air, operated in the ab- 
sorbancc mode (linear within 2%) and at 
2X the standard slit program. Indene cali- 
bration runs showed the wavenumber ac- 
curacy to be _‘2 cm-l. The wave numbers 
reported here have not been corrected to 
vacuum conditions. Depending on the spec- 
tral detail being observed, scanning speed 
varied from 20-80 cm-‘/min. 

Untreated SMM 

The top tracings in Figs. 7 and 9 ahow 
the spectrum given by unmodified SMM in 
the range 12OWlOOO cm-’ after evacuation 
to lo-” Torr at 25°C for 2 hr. Similar to 
other dioctahedral layer aluminosilicates, 
SMM has a sharp, strong band at 3640 cm-l 
arising from the O-H stretch of the struc- 
tural hydroxyls. N-H stretching bands of 
the ammonium ion occur at 3035 and 3300 
cm-l. In agreement with the proposed strdc- 
ture for SMM, Farmer and Russell (9) have 
shown the 3035 cm-l band to occur only in 
those clay minerals with tetrahedral Al 
substitution. The strong band at 1432 cm-l 
and weak band at 1677 cm-l are N-H 
bending modes. The appearance of the lat- 
ter is a result of the less-than-cubic sym- 
metry of exchange sites since this band is 
infrared forbidden for the free ion. The 
shoulder at 2820 cm-l is probably an over- 
tone of the 1432 cm-* band. A small amount 
of residual water is evidenced by the ab- 
sorpt.ion at. 1650 cm-‘. 

The small peak at 3440 cm-l is believed 
to be associated with the previously dis- 
cussed hydroxyaluminum exchange species. 
This band is found to persist after all 
molecular water has been removed and can 
be enhanced by washing the film with 
AICI, soIution and rinsing prior to air 
drying. 

Low Temperature Deuteration 

In order to gain further information con- 
cerning the mixed layer nature of SMM, a 
low temperature deuteration study using 
D,O vapor (21 Torr) was carried out. Prior 
to each spectral run, the cell was evacuated 
for 10 min to remove most of the interlayer 
D,O. All cvacuat’ions were done at room 
temperature t’o minimize dehydroxylation 
and deamination. Figure 7 shows selected 
spect’ra from this experiment. A cross-plot 
of the integrated absorbances of NH,+ vs 
structural OH and a table of temperature 
and eorresponding contact time for each 
point are presented in Fig. 8. 

It is seen that, breaks occur in the cross- 
plot at A and B. In order to distinguish be- 
tween deuteration associated with the platc- 
let faces and with the montmorillonite 
layers, both of which sorb water, a similar 
experiment was performed using ammonium 
exchanged rectorite (la), a naturally oc- 
curring 1: 1 regularly interstratified mica/ 
montmorillonite which has proportionately 
much less platelet face area than SMM. 
Comparison of the results suggests the fol- 
lowing interpretation of Fig. 8. In runs l-4, 
the exterior and montmorillonite-associated 
ammonium ions were deuterated with very 
little lattice hydroxyl exchange taking 
place. In runs 5-7, exterior (platelet face) 
hydroxyls were exchanged with no addi- 
tional ammonium exchange. Sufficient time 
and temperature in runs S-15 allowed slow 
deuteration of some of the remaining 
hydrogens. 

If the number of 2: 1 layers in a platelet 
has a Poisson distribution centered at 4.5 
(from X-ray data), it follows that 30% 
of the hydroxyls occur in the particle faces; 
the actual degree of exchange at breakpoint 
B is 31%. From a knowledge of the ratio of 
mica to montmoi-illonite spacings (2/I), 
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FIQ. 7. Selected spectra from low temperature deuteration experiment. Curve A from run 1; B, run 4; 
C, run 7; D, run 15 (see Table in Fig. 8). Film wt. (fresh) of 1.80 mg/cmt. 

average unit cell ammonium content (1.16 
for this particular experiment), and the 
fraction of nondeuterated ammonium at 
breakpoint A (77%), the unit cell am- 
monium content of the mica layers can be 
determined. The calculated value of 1.95 
agrees quite well with the “ideal” value of 
2 for muscovite mica, though this agree- 
ment may be fortuitous because of the un- 
certainty in some of the data. 

ov I I I I I I I 
0 0.5 I.0 I.5 2.0 2.5 3.0 35 

OH Integrated Abs., in* 

FIQ. 8. Cross-plot of integrated intensities at 
1432 cm-l NHd+ and 3640 cm-1 OH bands with 
table of Da0 (21 Torr) contact times and tem- 
peratures. 

The spectrum in Fig. 7 taken at break- 
point B shows the hydroxyaluminum band 
to be almost entirely deuterated, an indica- 
tion that this species probably does not 
occur in the mica-like interlamellar spaces. 
Thus the calculated value of 1.95 NH,+ per 
unit cell should represent the average de- 
gree of Al substitution in the tetrahedral 
layers associated with the m:ca-like 
spacings. 

Since the average charge z (see Fig. 2) 
of the hydroxyaluminum species is un- 
known, it is not possible to calculate the 
average degree of substitution in the non- 
micaceous tetrahedral layers. By assuming 
various values of z, however, a range of 
substitution values may be established. For 
this particular case, the Al for Si substi- 
tutional parameter in these layers is found 
to be 0.59, 0.99, 1.09 and 1.15 for z equal 
to 0, 1,2 and 3, respectively. (Note that the 
values of z plotted in Fig. 2 refer to t,he 
bulk composition composed of both kinds 
of layers.) It seems clear that the difference 
between the mica and montmorillonite-like 
layers is at least in part due to a real com- 
positional variation in the lattice. 

Dehydroxylation and Deamination 

Of greater interest to catalysis is the 
structure of SMM after thermal activation. 
The overall reactions which occur are loss 
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FIG. 9. Selected spectra from vacuum activation experiment. Film wt. (fresh) of 1.77 

of ammonia, with accompanying release of 
protons to the lattice, and dehydroxylation. 
These reactions, which occur simultane- 
ously to a large extent, are easily followed 
by infrared analysis. 

Figure 9 shows selected spectra of the 
same sample of SMM, uncalcined at the 
start of the experiment, after heat’ing for 
2 hr at 50°C increments under vacuum 
conditions (< 1O-5 Torr, typically). A plot 
of the integrated absorbances of the 3640 
cm-l hydroxyl and 1432 cm-l ammonium 
bands ve temperature is given in Fig. 10. 

FIG. 10. Int,egrated NHa+ and OH peak inten- 
sities vs vacuum activation temperature. Peak 
areas normalized to 100 for fresh SMM. 

It is apparent that in the early stages of ac- 
tivation the ammonia loss closely parallels 
hydroxyl loss. Final deamination, however, 
somewhat precedes final dehydroxylation. 

During the deamination process the hy- 
droxyl band shifts from 3640 to 3670 cm-‘. 
This shift probably results from the change 
in exchange cation (NH,+ + H+) since it 
has been observed (11) that the hydroxyl 
frequency of clay minerals is somewhat de- 
pendent on the nature of the charge-bal- 
ancing ions. A band at 3470 cm-l also de- 
velops during deamination. The growth of 
this band is not easily followed because of 
the simultaneous decrease in the 3440 cm-’ 
hydroxy-aluminum band. Though it is not 
obvious from Fig. 9, subtraction of the 
residual ammonium absorption in the re- 
gion 2200-3500 cm-’ shows that a broad 
band covering this region appears concur- 
rently with the 3470 cm-l band. Since both 
of these features appear more clearly in the 
spectra dealing with the rehydration char- 
acteristics of SMM, they will be discussed 
in more detail later. 

The spectra in Fig. 9 also show a small, 
sharp peak at 3747 cm-l. This band is be- 
lieved to arise from edge silanol groups 
since it is perturbed by adsorbed species 
such as water, ammonia, and pyridine, and 
can be readily deuterated by D,O vapor. 

Similar experiments with fluoride-free 
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SMM differ in two respects. First, the ab- 
sence of fluoride lowers by approximately 
100°C the final loss of 3670 cm-l hydroxyl. 
Second, the 3470 cm-l band persists to 
higher temperatures when fluoride is absent. 

Rehydration of Activated SMM 

One of the unusual properties of calcined 
SMM is its ability to sorb appreciable 
water at elevated temperatures. Granquist 
and Kennedy (2) demonstrated that SMM 
sorbs about 1% water at 49O’C and 24 Torr 
H,O vapor pressure, and that lattice fluo- 
ride appears to be responsible for much 
of this uptake. 

Infrared studies show that such sorption 
is accompanied by partial regeneration of 
structural hydroxyl. Rehydroxylation is an 
activated process which proceeds very 
slowly at room temperature, but approaches 
apparent equilibrium within several hours 
at 200°C. The word “apparent” is used be- 
cause at PHzO = 24 Torr the reaction vir- 
tually ceases after recovery of only about 
35% of the original hydroxyl band inten- 
sity. This amount roughly corresponds to 
the percentage of hydroxyl which occurs in 
the 2:l layers making up the faces of the 
platelets after allowance for the decrease 
in surface area upon activation. To rehy- 
droxylate the interior 2: 1 layers of a given 
stacking domain, high temperature and 

FIG. 11. OH stretch region spectra showing 
thermal behavior of partially rehydroxylated SMM. 
Film wt. (fresh) of 1.77 mg/cm2. 

higher H,O vapor pressures would be re- 
quired, since a dehydroxylation/rehydroxyl- 
ation process giving net H,O transport be- 
tween the layers probably is involved. 

The top tracing in Fig. 11 is the spectrum 
of the clay film used in Fig. 9 after rehy- 
dration at P,,, = 24 Torr and 400°C for 
16 hr. The lower spectra show the effect of 
heating at 100°C increments for 2 hr under 
vacuum. It is seen that in addition to the 
lattice hydroxyl band, the 3470 cm-l band 
and the apparently associated 2200-3500 
cm-l underlying absorption are also regen- 
erated by H,O addition. These latter two 
features are observed to exhibit greater 
temperature stability than the 3670 cm-’ 
band. The 3470 cm-l band appears to be- 
come a doublet having components at 3450 
and 3510 cm-l as dehydroxylation proceeds. 
Because of the breadth of the bands it is 
possible that this doublet is actually present 
in the upper spectra but masked by a less 
stable 3470 cm-l component. 

The 3670 and 3470 cm-l bands and the 
underlying absorption are readily deu- 
terated by D,O vapor. The effect of 1.5-hr 
contact time at 110°C is shown in Fig. 12. 
Comparison of the O-D and O-H bands, 
with compensation for the decreased inten- 
sity of O-D vs O-H, leads to the conclu- 
sion that, all three features are about 60% 
exchanged. Further, the H,D exchange 
seems to proceed at the same rate for these 
three features, an observation suggestive 
of a high degree of proton mobility. 

DISCUSSION OF ACTIVATED STRUCTURE 

The structure of dehydroxylated diocta- 
hedral clay minerals is a subject of con- 

FIG. 12. Spectra showing OL-OH exchange of 
partially rehydroxylated (H,O) SMM (see text). 
Film wt. (fresh) of 4.76 mg/cm2. 
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FIG. 13. Octahedral layer of dioctahedral clay minerals. A: before dehydroxylation; B: after dehydroxyla- 
tion (Bradley and Grim); C: after dehydroxylation (Wright, Granqnist and Kennedy). 

troversy (12). The high degree of vari- 
ability possible for these materials, in 
terms of lattice substitution and charge- 
balancing ions, is no doubt responsible for 
much of the confusion. For SMM the most 
pertinent studies are those involving musco- 
vite. The ideas set forth here, while based 
on such studies and encompassing our rc- 
suits on SRlM, should be considered as 
working hypotheses. 

Despite the exfoliation which usually 
occurs when muscovitc is rapidly dehy- 
droxylated, a crystalline structure remains. 
From a high temperature, high pressure 
infrared study, Vedder and Wilkins (13) 
concluded that the reaction is probably re- 
versible. Eberhart (14) has shown by one- 
dimensional Fourier synthesis that the net 
result of dehydroxylation is a loss of four 
oxygens from their normal positions 
(? 1.1 A) in the octahedral layer and a 
gain of two oxygens at the ccnt.er of the 2: 1 
layer (0 A). To explain his data he favors 
the Bradley and Grim (15) octahedral 
layer arrangement shown in Fig. 13B. 

An alternate arrangement, which also 
accommodates Eberhart’s one-dimensional 
synthesis and which easily explains various 
obcervations on SMM, is shown in Fig. 13C. 
This alteration occurs with minimum dis- 
ruption of the unit cell, in agreement with 
the fact that, the strong features of the lat- 
tice infrared spectra of both SMM and 
muscovite change very little upon dehy- 
droxylation. In addition, the ease with 
which SMM partially rehydroxylates under 
moderate conditions is more readily under- 
stood since a concerted movement of many 

atoms is not required. The overall equilib- 
rium process can be represented schemat- 
ically as shown below. 

A complicating factor is the presence of 
fluoride proxying for hydroxyl (about 0.65 
F-/unit cell). Dehydroxylation of an 
(OH,F) pair should take place with greater 
difficulty since the loss of eit’her a proton 
or a hydroxyl from such a pair would result 
in a charged species. This situation is in 
agreement with the observation noted 
earlier that fluoride-free SMM undergoes 
final dehydroxylation more easily than the 
usual product. Conversely, once dehydroxyl- 
ated, fluoride-containing SMM should more 
readily take up water at high temperatures 
in accord with the observations of Gran- 
quist and Kennedy (,2j. 

It is probable that the protons resulting 
from the deamination process do not re- 
main in the interlamellar space, but rather 
enter sites in the aluminosilicate lattice. 
Such protons, about 1.15 H+/unit cell, can 
be considered “excess” in a structural sense, 
since they were initially exterior to the 2: 1 
layer structure. Use of the term “excess 
protons” does not imply any charge im- 
balance; in fact, these protons are charge- 
balancing ions. 

Part of the excess protons are probably 
lost by the reaction 
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% during dehydroxylation or rehydration. It 
A( ‘Al + H’ -_ [AI....F....Al]+ + H,O. seems certain that these two features are 
\F/ -.- in some manner associated with the excess 

protons in the deaminated mineral. Because 
The resulting species assumes the charge- the presence of fluoride allows loss of some 
balancing role of the proton lost in the of the protons by the mechanism discussed 
reaction. earlier, the 3470 cm-l band occurs more 

The fate of the remaining protons remains strongly in fluoride-free SMM at high tem- 
a puzzle. That these protons are eventually peratures. Though comparable levels of hy- 
lost is shown by the complete absence of dration are difficult to achieve, comparison 
OH bands in the infrared (other than the of fluoride-containing to fluoride-free SMM 
small 3747 cm-l band) after 24 hr of evacu- also appears to show that lattice fluoride 
ation at 650°C. Perhaps a mechanism simi- considerably enhances the broad under- 
lar to that proposed by Uytterhoeven, lying band. 
Christner, and Hall (16) for ammonium Russell and White (17) believe the 3470 
faujasites is also operative here; i.e., cm-l band to be due to proton perturbed 

I ’ 
Octahedral lnyer 

This process generates Lewis sites in the 
tetrahedral layers. Studies of pyridine sorp- 
tion, to be discussed later, do show the de- 
velopment of another type of Lewis site 
under extremely anhydrous conditions, but 
the density of such sites seems too small 
to correspond to removal of remaining pro- 
tons by the above mechanism. 

Steam purging of SMM under severe con- 
ditions (76O”C, 15 psi flowing steam) causes 
a gradual loss of fluoride. A possible ex- 
planation for this phenomenon is the small 
but finite probability for HF loss from the 
(OH,F) pairs; i.e., 

Analytical data suggest that any liberated 
HF immediately reacts with the silicate 
lattice to form SiF, which in the presence 
of steam is converted to H,SiF,. 

Experiments involving addition of both 
ammonia and pyridine vapor demonstrate 
the same effect for activated SMM. Figure 
14 shows the spectrum of the hydroxyl 
region of activated SMM before and after 
pyridine addition. The curves are displaced 
horizontally to aid comparison of peak 
heights. The addition of pyridine causes 
generation of pyridinium. Very similar spec- 
tra result when ammonia is added. These 
effects will be discussed in a later section 
of this paper. 

Russell and White (17) report that the Additional evidence for the assignment of 
development of a 3470 cm1 band by Russell and White is provided by orienta- 
thermal treatment is characteristic of am- tion studies. The 3670 and 3470 cm-l bands 
monium or hydrogen dioctahedral clays are found to change in intensity in the same 
containing 4-fold coordinated aluminum. In manner ( +2%) as the angle of incidence 
agreement with their findings, sodium ex- of the infrared beam is varied (up to about 
changed SMM shows neither this band nor 60” from normal). Thus the hydroxyl 
the underlying 350&2200 cm-l absorption groups giving rise to these bands must have 

lattice hydroxyl groups. The presence of an 
electron withdrawing excess proton near the 
oxygen of an hydroxyl group would be ex- 
pected to weaken the O-H bond and thus 
lower its stretching frequency. As con- 
vincing evidence for their assignment they 
showed that addition of ammonia causes 
disappearance of the 3470 cm-l band with 
regeneration of ammonium ion and unper- 
turbed lattice hydroxyl. 
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FIG. 14. OH spectra of partially rehydroxylated 
SMM before (A) ,znd aft.er (B) pyridirle adsorptiorl 
(room temp. vapor pressure for :<O min at, 150°C 
followed by 1 hr evacuation at 1.5O”C). Film wt. 
(fresh) of 8.85 mg:cm2. 

very nearly the same average angle of in- 
clination from the basal plane. 

Any structure for the proton perturbed 
hydroxyls must be largely speculative. Rus- 
sell and White (17) schematically show the 
proton associated with both a lone struc- 
tural hydroxyl oxygen and the octahedral- 
layer oxygen belonging to 4-fold coordi- 
nated aluminum. It is difficult to see how a 
lone hydroxyl can exist in the absence of 
fluoride since reversible dehydroxylat,ion 
would seem to require the pairwise loss of 
adjacent, hydroxyls. Yet it is an experi- 
m&al fact that the 3470 cm-’ band can 
exist in the absence of the 3670 cm-l band. 
Hence a pairwise perturbation of the hy- 
droxyls appears to be more likely. 

One hypothesis which accounts for many 
of the experimental observations is that the 
protons drop into the empty tetrahedra ad- 
jacent to t.he (OH,OH) or (OH,F) pairs in 
the octahedral layer (Fig. 13A). A side view 
of the proposed structure is shown below. 
The actual bonding of the tetrahedral pro- 
ton would probably involve resonant asso- 
ciations with all four oxygens. 

Such tetrahedral protons would be ex- 

pccted to generate a doublet (previously 
described in the section on rehydration) be- 
cause their associated hydroxyls are no 
longer symmetrically equivalent. Even if 
fluoride were present a doublet might result 
if the two tetrahedra have about equal site 
energies. Actually t,he situation may be 
considerably more complex since the degree 
of perturbation is likely to be a function of 
the number and disposition of the aluminum 
tet.rahcdra sharing oxygens with the site 
tetrahedra. In any case, a multiplet struc- 
ture in the perturbed band would be 
expected. 

The underlying 3500-2200 cm-’ absorp- 
tion can be attributed to the translational 
motions of the tetrahedral protons. It is 
reasonable to expect the presence of fluoride 
to enhance this band. Another possible as- 
signment for the broad absorption is the 
O-H stretch of hydronium ions. It seems 
unlikely, however, that this ion could fit in 
the small interlamellar space left after acti- 
vation. If hydronium were a surface species, 
deuterat#ion should be rapid and total, con- 
t,rary to observation. In addition, this band 
is observed to form during the initial de- 
amination process. It is doubtful that hy- 
dronium would have greater stability than 
ammonium even with allowance for steric 
effects. 

Several objections to this proposal can 
be raised. The quantitative measurements of 
Russell and White (17) indicate the regen- 
eration of only one, rather than two, unper- 
turbed hydroxyls for each ammonium ion 
formed upon ammonia addition. Due to the 
quartz optics used in their study, they were 
unable to observe the 1430 cm-l ammon;um 
band and instead used the N-H stretch 
for their measurements. Possibly the pres- 
ence of adsorbed ammonia caused an over- 
estimate for the amount of regenerated am- 
monium. In order to help resolve t,his issue, 
similar work on fluoride-free SRilRl is 
planned. 

In order to account for the high thermal 
stability of the proton-perturbed hydroxyl 
band, the tetrahedral site energy for the 
proton must be very favorable. If this is so 
then why is the band not observed in na- 
tural clay minerals? Hydrogen is itself the 
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least energetically favored exchange ion and 
other ions such as sodium, potassium, or 
calcium are highly preferred. It is only in 
comparison to other possible proton sites 
that the tetrahedral site is favored. 

The greater thermal stability of metal 
cation clays compared to ammonium or hy- 
drogen clays suggests that the dehydroxyla- 
tion is proton catalyzed. That this dehy- 
droxylation process must be highly specific 

II-H20 

from a steric point of view is one further 
implication of this tetrahedral proton hy- 
pothesis. If this were not true then one 
might envision the tetrahedral protons 
simply combining from the interior with 
hydroxyls to give water molecules which 
leave via the hexagonal cavities in the 
tetrahedral layer. However, if it is as- 
sumed that the proton attack on an hy- 
droxyl must come from outside the octa- 
hedral layer, the special stability of the 
perturbed hydroxyls is understandable since 
a tetrahedral proton would repel the ap- 
proach of the attacking proton. 

ADSORPTIVE AND ACIDIC PROPERTIES 
OF ACTIVATED SMM 

Water 

AdAorbed molecular water is held with 
moderate tenacity by activated SMM. 
Evacuation at temperatures in excess of 
150°C is necessary to completely eliminate 
water as evidenced by its bending mode 
band at 1650 cm-l. A reduction in intensity 
of the 3747 cm-l peak when adsorbed water 
is present indicates some interaction of the 
edge silanol groups. No evidence is seen for 
the formation of hydronium ion, though the 
broad spectral features of this species make 
detection difficult. 

Ammonia 

Addition of ammonia (100 Torr for 1h hr 
at 170°C followed by evacuation for l/z hr 
at 150°C) to completely dehydrated SMM 
results in the formation of small amounts 
of ammonium ion plus Lewis-bound am- 
monia. The ammonium is apparently 
formed by reaction with the edge silanol 
groups since the 3747 cm-l band loses about 
1/s of its intensity. Weak bands occurring 
at 1620, 1680, 3280 and 3340 cm-l are be- 
lieved to arise from ammonia at Lewis sites. 
From the overall lack of intensity in the 
bands indicative of sorbed species, it is 
estimated that no more than 5 meq am- 
monia/100 g is present on the clay under 
these conditions. 

As previously discussed with reference to 
the 3470 cm-l hydroxyl band, ammonia re- 
acts with partially hydroxylated SMM to 
form larger amounts of ammonium as well 
as the above mentioned Lewis-bound spe- 
cies. From measurements of the 1432 cm-l 
band it was found that a film which has 
been exposed to NH, (1 atm at 150°C for 
3 hr followed by evacuation at 70°C for 
16 hr) contained 11 meq ammonium/100 g. 

Pyridine 

The use of pyridine to characterize acidic 
sites has become almost routine for several 
reasons (see, for example, Ward (18)). 
First, pyridine is a weak Bronsted base and 
thus should interact only with the stronger, 
more catalytically interesting protonic sites. 
Second, the bands of the adsorbed species 
are sharp allowing easy distinction between 
pyridinium ion and Lewis-bound pyridine. 
In addition, the frequency of the line con- 
sidered most diagnostic of Lewis-bound 
pyridine (near 1450 cm-l) gives an indica- 
tion of the site strength. 

Spectrum b in Fig. 15 was taken after 
addition of excess pyridine (30 min at 
150°C followed by 2.5-hr evacuation at 
200°C) to a film of dehydroxylated SMM. 
The small peak at 1547 cm-l, characteristic 
of pyridinium, is formed at the expense of 
the 3747 cm-l edge silanol band. At least 
two species of Lewis-bound pyridine are 
evidenced by the lines at 1463 and 1456 
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FIG. 15. Pyridine adsorption on dehydroxylated 
SMM followed by incremental addition of Hz0 
(see text). 4~ scale expansion used in 1400-1700 
cm-’ region. 

cm-‘. The former is found to be more tightly 
held if evacuation at elevated temperature 
is carried out at this point. Spectra c and d 
show the effect of successive additions of 
about 15 mmol H,O/lOO g clay (no evacua- 
tion; 14 hr at 200°C equilibrium). Though 
most of the water is observed to rehydroxyl- 
ate the clay, a conversion of Lewis- to 
Bronsted-bound pyridine is seen. The 1463 
cm-l site is also destroyed by water 
addition, 

When pyridine is added to partially hy- 
droxylated SMM the proportion of Lewis- 
t’o Bronsted-bound species is found to be a 
strong function of the residual water con- 
tent of the film. If previous evacuation is 
carried out at room temperature only, al- 
most all of the pyridine is sorbed as pyri- 
dinium ion. Previous evacuation at 200°C 
results in approximately equal amounts of 
the two species. Quantitative measurements 
suggest a reversible one-to-one interconver- 
sion of sites. 

The integrat,ed absorption coefficients of 
Hughes and White (19) were used to esti- 
mate the absolute numbers of pyridine sites 
on activated, partially hydroxylated SMM 
(evacuated at 150°C for 1 hr). (In typical 
catalytic use, SMM will have appreciable 
structural hydroxyl.) Changing the angle 
of infrared beam incidence did not dramat- 
ically change the 1547 and 1456 cm-l peak 
intensities so orientation effects probably 

were not large. Values of 2.5 meq BrGnsted- 
and 1.5 meq Lewis-bound pyridine per 100 g 
clay were calculated, giving a total acidity 
of 4 meq/lOO g. Considering the uncertain- 
ties involved, this latter figure corresponds 
well with the result, 3 meq/106 g, of gravi- 
metric measurements using a quartz spring 
balance. 

DISCUSSION OF ACIDITY 

If the structural discussion of activated 
SMM is correct, evidence that both the par- 
ticle edges and faces contribute to the 
acidity of SMM is provided by the pyridine 
sorption experiments. That the face regions 
are involved is shown by the change in the 
3470 cm-l band when pyridine is sorbed. 
The presence of a tetrahedral proton would 
be expected to greatly enhance the acidity 
of the associated structural hydroxyls. Thus 
the following equilibria may hold: 

II 
,o\ 

A< Ii .\I 
,“< /’ 

t: 
-.\I H :\I H Ii t:il AI H ,I / 1) - 

0 w’ ‘0’ II H H 
347il < 11,~’ 3fiin cnr’ 

The Lewis acidity of partially hydroxyl- 
ated SMIM can most reasonably be at- 
tributed to trigonal aluminum at the edge of 
the tetrahedral layers. If all of the edge 
tetrahedral aluminums were involved, about 
20 meq/lOO g of acidity would be antici- 
pated. That the actual amount of Lewis 
acidity is less is not surprising since only 
a fraction of these aluminums would have 
a trigonal configuration. The conversion of 
these sites from Lewis to Bronsted by addi- 
tion of water probably occurs as shown 
below. 

0 
Cl\ 1% :\I ‘. i Il.0 - -x A<, ,011 II :,I 

0 iI 

In view of the high catalytic activity of 
SMM, the density of acidic sites as mea- 
sured by pyridine, 2.4 X 1019/g, seems sur- 
prisingly low compared to the site density 
of 32 X 10lg/g reported for faujasites (19). 
(This difference is greatly reduced, however, 
if site density is expressed on the basis of 
unit area: SMM, 1.7 X 10” sites/mz; syn- 
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thetic faujasite, 5 X 1Ol7 sites/m2.) The 6. MACEWAN, D. M. C., Koll. Zeit. 149 (2), 96 

probable explanation for this apparent dis- (1956). 

crepancy lies in the respective geometries 7. SCOTT, A. D., AND REED, M. G., “Clays and 

of the catalysts. Because of the plate-like, Clay Minerals. Proceedings of the 13th Con- 

poreless structure of SMM, the measured ference,” p. 247. Pergamon Press, New York, 

acidity is likely to be representative of the 1966. 

useful acidity. In contrast, due to diffusion 
8. BROWN, G. (ed.), “The X-Ray Identification 

limitations, only a small fraction of the 
and Crystal Structures of Clay Minerals,” 

measured acidity of zeolites is actually use- 
Chap. 5. Mineralogical Society, London, 
1961. 

ful under dynamic conditions (20). 9. FARMER, V. C., AND RUSSELL, J. D., “Clays and 
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