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Abstract—The thermal decomposition of a kaolinite:dimethyl sulfoxide intercalate has been studied by
thermogravimetry. The decomposition is complete by 175°C and has a AH of 58 = 5 kJ/mole of dimethyl
sulfoxide. For the first 70-80% of the reaction a plot of log(1 — «) vs. time is linear, where « is the reaction
fraction complete. A two-dimensional, contracting-circle type of mechanism is consistent with this linear-
ity, provided that the nucleation process is considered to be exponential rather than instantaneous. An
activation energy of 105 + 8 kJ/mole of dimethyl sulfoxide has been derived. This value is inconsistent with
the simple assumption that the rate-determining step is the freeing of single organic molecules from their
bonding to the clay layers. The mechanism of this decomposition is different from that found for kaolin-
ite: N-methyl formamide, and the activation energy is considerably greater than that found for that material

(30 = 3 kJ/mole).
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INTRODUCTION

Sheet silicates have recently received considerable
attention as very selective catalysts for organic synthe-
sis (e.g., Thomas et al., 1977) of molecules which are
difficult to synthesize by conventional means (Adams
et al., 1978). While it is true that most of the catalysts
studied have been smectites, it is important to obtain
knowledge about the rate and mechanism of insertion
and release of organic molecules in layered silicates in
general. Such knowledge does not appear to exist at
present, and work on relatively simple kaolin interca-
lates may lay the groundwork for the study of more
complicated systems in the future. In particular, there
is merit in knowing whether diffusion control is impor-
tant or whether the nucleation process is rate deter-
mining in such processes.

The thermal decomposition of a kaolinite:N-methyl
formamide (K:NMF) intercalate was studied by Adams
(1978a). However, the dimethyl sulfoxide (DMSO)
molecule is sufficiently unlike NMF that any assump-
tion of a similar decomposition mechanism would be
unsound. In addition, the rationale of bonding between
the organic molecules and kaolin layers suggested by
Adams (1978b) would make the number of strong hy-
drogen bonds in the K:DMSO and K:NMF intercalates
the same, i.e., three bonds from clay hydroxyls to the
oxygen atom of the DMSO or NMF. Thus, a determi-
nation of the activation energy of the decomposition is
of interest since similar values of the correct magnitude
would suggest that the energy barrier to be overcome
was the breaking of H-bonds, whereas if the values are
significantly different, some other process must deter-
mine the rate.

EXPERIMENTAL

The intercalate was prepared by immersing a kaolin-
ite sample obtained from the Greensplatt Pit, St. Aus-
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tell, England, in an excess of DMSO for 72 hr. The lig-
uid was decanted, and the sample was dried at 60°C for
48 hr. The intercalate was then ground until it passed
through a 300-mesh sieve, i.e., until the particle size
was <53 pm. A preliminary thermogravimetric analy-
sis (TGA) run in static air at 5°C/min gave weight losses
of ~1% of loosely bound surface material (below 100°C)
and ~19% DMSO removed by 220°C. The weight loss
data suggest a formula of AlSi,O,(OH),(DMSO), ,,-

The ratio of DMSO to clay is lower than was reported
by Sanchez Camazano and Gonzalez Garcia (1966) and
Weiss et al. (1966), although Olejnik et al. (1968) also
reported relatively minor intercalation by DMSO. The
ratio is also lower than would be expected for the type
of bonding between DMSO and clay hydroxyl groups
suggested by Adams (1978b). X-ray powder diffractom-
etry (XRD) showed that a small proportion of the ka-
olin layers had not expanded. The area of the 001 peak
of the intercalate at 11.18 A was, however, consider-
ably greater than that of the 001 clay peak at 7.16 A.
When corrections to the peak areas had been made for
structure-factor and Lorentz-polarization effects it was
evident that approximately one quarter of the layers
still had the kaolin spacing. The TGA results are there-
fore consistent with the XRD measurement. It is pos-
sible that in addition to the fraction of clay layers which
are not expanded by DMSQO, incomplete filling of some
of the intercalate layers could exist. TGA under flowing
dry nitrogen gas showed a marked reduction in the tem-
perature below which all the DMSO was removed from
the clay compared with TGA under static conditions.
At a nitrogen flow of 20 cm®*min there was no further
effect, i.e., the minimum temperature of complete
DMSO removal was 175°C. All experimental runs were
therefore made at 20 cm®/min nitrogen flow so that the
reaction was not impeded. A series of isothermal runs
from 133° to 157°C was made on a Stanton Redcroft
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Figure 1. Graphof(l — a)in(l — @) +a« vs. time for the ther-
mal decomposition at 150°C. For lamellar particles, of equal
radius, such a plot should be linear for a diffusion controlled
reaction.

TG770 thermobalance with aluminum sample pans.
XRD measurements made on small portions of sample
during the decomposition showed that there was a con-
tinnous smooth reduction in the area of the 11.2 A in-
tercalate peak and a concomitant increase in the area
of the 7.16 A kaolinite peak.

The AH for the loss of the organic species was mea-
sured using a Perkin-Elmer DSC1b differential scan-
ning calorimeter with aluminum sample holders, cali-
brated with tin (AH for fusion = 60.7 J/g) and was
found to be 58 = 5 kJ/mole DMSO.

RESULTS AND DISCUSSION

Where exchange of chemically identical organic
molecules in the interlamellar regions of layered sys-
tems has been studied, e.g., ammonia exchanged with
deutero-ammonia in tantalum disulfide (Riekel, 1978),
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Figure 2. Graph of a/t vs. time for the decomposition of ka-
olinite:DMSO at 138°C. The negative slope implies a deceler-
ating reaction. .
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Figure 3. Plot of 1 — (1 — )" vs. time for the decomposi-
tion at 138°C. The deviation from linearity shows that the stan-
dard contracting-circle formulation is not a good description
of the process.

the extent of reaction, «, has been found to be approx-
imately proportional to Jtime, suggesting that the pro-
cess is diffusion controlled. However, in none of the
small number of studies on the kinetics of intercalation,
or ‘‘deintercalation,’” has it been observed that the pro-
cess is controlled by diffusion, with the exception of the
dehydroxylation of kaolinite (Brindley et al., 1967). To
test this possibility, a graph of (1 — &)In(l — &) + & vs.
time ‘was constructed (Figure 1). This function is ex-
pected to be linear for diffusion into lamellar particles
of constant size (Holt ef al., 1962). The observed lack
of linearity implies that diffusion is not rate-controlling,
unless the effect of having a range of particle sizes is
considerable. Scanning electron micrographs taken of
the screened intercalate showed a range of sizes, al-
though the distribution peaked between 30 and 50 pm.
The possible influence of the particle size range cannot,
therefore, be entirely ruled out.

A different approach has been adopted using solid-
state kinetic formulations which have been found useful
in many studies of endothermic decomposition (Gar-
ner, 1955). Plots of o/time vs. time were made for the
isothermal weight loss data (Figure 2) since this plot can
give an indication of the type of mechanism of the de-
composition (Guarini and Spinicci, 1972). Significantly,
the shape of the curve is not consistent with an Avrami—
Erofeev expression for the process, which requires a
maximum in the a/time vs. time curve, usually at « =~
0.6 or 0.7. This type of expression assumes a random
nucleation of product phase followed by growth of the
nuclei and, in the later stages, overlapping of these nu-
clei. The Avrami-Erofeev law has often been found
useful in kinetic studies of intercalates and has, for ex-
ample, been found to describe quite well the interca-
lation of ammonia into tantalum disulfide (Riekel and
Scholthorn, 1976} and the intercalation of NMF into
kaolin (Hach-Ali and Weiss, 1969), as well as the con-
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Figure 4. Plots of log(1 — @) vs. time for a series of temper-

atures from 133°C to 157°C. In all cases the plots show good
linearity until @ =-0.7 or 0.8. O 133°C, @ 140°C, (1 144°C, B
150°C, A 157°C.

verse, i.e., the thermal decomposition of the K:NMF
intercalate (Adams, 1978a).

The negative slope of the curve shows that the re-
action is deceleratory. This feature is found for the con-
tracting-solid type of mechanism where instantaneous
surface nucleation is followed by movement of an in-
terface into the bulk at a constant propagation rate. The
lamellar nature of the clay particles suggests that the
contracting-circle model would be more appropriate
than the contracting-sphere model. Plots of 1 — (1 —
a)¥? vs, time are not, however, linear (Figure 3). It is
possible that although the basic mechanism may be of
contracting-circle type, two reasons may exist for the
non-linearity of the curves: (1) the contracting-circle
model assumes that all particles have the same radius—
this is clearly not true, although all the kaolinite parti-
cles used in this study must be <53 um; and (2) the
nucleation of the reaction might not be instantaneous
on the surface of all of the particles.

The problem caused by non-instantaneous surface
nucleation of lamellar particles was first studied some
time ago by Bradley et al. (1932) for crystals of
CaCOj;-6H,0 which decompose thermally to give the
anhydrous product. These authors assumed that the
particles were of equal radius and that decomposition
was by movement of an interface into the solid. How-
ever, they postulated a non-instantaneous mucleation
of product. Specifically, the number of crystals nucleat-
ed at a time t from the start of the reaction in the time
interval dt is kn,exp(—kt)dt, where k is the nucleation
rate constant and n, is the initial number of particles.
Bradley ef al. (1932) derived an expression for such a
decomposition as log(l — o) = constant —kt/2.303.
Suitable plots of log(1 — &) vs. t were indeed found
to be linear up to large values of a (Figure 4)-for
all temperatures studied. This mechanism is therefore
compatible with the present experimental results, al-
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Figure 5. Arrhenius plot of log k vs. 10°T/K for the decom-
positions shown in Figure 4. The activation energy from the
decomposition is 78 kJ/mole (i.e., 105 kJ per mole of DMSO).

though the derivation requires equal size particles. It
should be noted that the plot of log(l1 — «) vs. t is
known in another context as the first-order decay law
and is observed in the last 10% or so of many solid-state
reactions. It is rare, however, for the law to apply over
such a wide range of a.

Evaluation of the slopes of the lines in Figure 4 gave
values for the rate constant, k, which were used in an
Arrhenius plot (Figure 5) to obtain an activation energy
for the decomposition process. The activation energy,
E,, is insensitive to the model used and only depends
upon the temperature variation in the rate of reaction.
A mechanistic interpretation can initially be disregard-
ed in its derivation. The activation energies found here
are considerably different from that found for K:NMF
(30 + 3 kJ/mole), and indeed taking the stoichiometries
of the materials into account, E, values of ~30 and
~105 kJ per mole of NMF and DMSO, respectively,
have been found. Thus, it is inherently unlikely that the
rate-determining step is the same in both cases.

The crystal structure of a dickite:NMF intercalate
has been determined (Adams, 1979a), and the hydrogen
bonding parameters are known. Three O-H---O hy-
drogen bonds of ~2.95 A exist between the kaolin lay-
ers and each NMF molecule. The enthalpy of formation
of these bonds can be approximated (Pimentel and
McClellan, 1960) as ~—43 kJ/mole of NMF. This value
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contains a large uncertainty, and it could well be in ac-
cord with the activation energy derived from the de-
composition, i.e., 30 kJ/mole. A crystal structure study
of a similar dickite:DMSO intercalate is in progress
(Adams, 1979b), but the hydrogen bonding parameters
have not been fully defined at present. If a bonding pat-
tern exists that is similar to that found for the NMF in-
tercalate, a similar enthalpy of formation for the triple
O-H- - -O hydrogen bonds would result. In any case,
it is unlikely that the hydrogen bonds would be shorter
than 2.74 A, which would increase the enthalpy of for-
mation to ~—356 kJ/mole of DMSO (Pimentel and
McClellan, 1960). This value is lower by a factor of two
than that found in the present study for the activation
energy. It would seem, therefore, that a naive model
requiring the rate-determining step to be the freeing of
single molecules of the organic species from their bond-
ing to the clay layers is oversimplistic.

In general, it is exceedingly difficult to fit a mecha-
nism to solid state reactions unless the reaction can be
monitored by external means such as optical micros-
copy. Although the linearity of log(1 — &) vs. t is com-
patible with a contracting-circle type mechanism (mod-
ified for exponential nucleation), the model has not
been conclusively proved. Nevertheless, if this mech-
anism is correct, the values of k, used to determine E,,,
are nucleation rate constants, and E, is the activation
energy required to form a nucleus of the product kaolin
phase.
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Pezrome—M3yuanocs TepMUUYECKOE Pa3sIOKEHAE KAOJIHHUTA: IHMETHI CYJThpOKCHIHBIX BKIIOYEHHH Tep-

MorpaBuMeTpuei. PaznoxeHue 3aBepuiaercs npu 175°

C numeet AH 58 + S kmpk/Mosb iuMeTH CYibGOK-

cupa. Ins navanbubix 70-80% peakuun rpaduk sasucuMoctd log(l — @) OT BpeMeHH ABJISETCSA NHHEH-
HBIM, [Jle a—3aBepUIeHHAst 10N peakuuu. C 3TOH TMHEHHOCTLIO COrNACyeTCs THI MEXaHU3Ma IByMEPHOTO
COKMMAIOUIETOCs Kpyra NpH YCJIOBHH, YTO Npouecc o6pa30BaHUs sep pacCMATPUBAETCs KaK 3KCIOHEH-
UMalbHbId, a He MIHOBEHHBIA.Bbina nonydyeHa akTuBanMOHHAas 3Heprusi pasHasi 105 + 8 Kmxk/Monb
AUMETHI CYJbGhOKCHAA. ITa BEJMYMHA HE COTJACYeTCsl ¢ MPOCThIM NpenooKeHueM, uto dasa, onpe-
AE/IIOmAs CKOPOCTh PEaKMy, 3TO pa3pyUIeHHE CBsI3el OJJMHAPHBIX OPraHWYECKNIX MOJIEKYJI CO CJIOSIMH
rHEbI. MeXaHu3M 3TOro passIoKeHHsi OTIMYAETCS OT MEXaHW3Ma, HAMIERHOro 1Sl KaoauHuTa: N-MeTHII
dopMaMiyia, ¥ aKTHBALMOHHAS SHEPIrusl 3HAUMTEJILHO GoJiblle, YeM Ajs oToro martepuana (30 x 3 kmx/

moib). [N. R.]
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Resiitmee—Die thermische Zersetzung einer Kaolinit-Dimethylsulfoxid-Wechsellagerung wurde mittels
Thermogravimetrie untersucht. Die Zersetzung ist bei 175°C vollsténdig und hat ein AH von 58 + 5 kJ
pro Mol Dimethylsulfoxid. Fiir die ersten 70 bis 80% der Reaktion ist die graphische Darstellung von
log(1 — «) gegen die Zeit linear, wobei « die vollstiindige Reaktion darstellt. Ein zweidimensionaler Mecha-
nismus in der Art eines sich kontrahierenden Ringes geht mit dieser Linearitdt einher, vorausgesetzt
der KeimbildungsprozeB verlauft eher expotential als plotzlich. Eine Aktivierungsenergie von 105 = 8 kJ
pro Mol Dimethylsulfoxid wurde abgeleitet. Dieser Wert stimmt nicht mit der einfachen Annahme iiberein,
daf} der geschwindigkeitsbestimmende Schritt die Freisetzung einzelner organischer Molekiile von ihrer
Bindung an die Tonschichten ist. Der Mechanismus dieser Zersetzung unterscheidet sich von dem, der bei
Kaolinit-N-Methylformamid gefunden wurde. Die Aktivierungsenergie ist betrachtlich groier als die fiir
dieses Material (30 = 3 kJ/Mol) gefundene. [U. W.]

Résumé—La décomposition thermale d’une kaolinite intercalate sulfoxide diméthyl a été étudiée par ther-
mogravimétrie. La décomposition est compléte a 175°C et aun AH de 58 + 5 kJ/mole de sulfoxide diméthyl.
Pour les premiers 70 a 80% de la réaction, le graphe de log(1 — «) vis a vis du temps est linéaire, ou « est
la fraction de réaction compléte. Un genre de mécanisme de cercle contractant, en deux dimensions, est
consistant avec cette linéarité, a condition que le procédé de nucléation est considéré comme étant ex-
ponentiel plutt qu’instantané. Une énergie d’activation de 105 + 8 kJ/mole de sulfoxide diméthyl a été
dérivée. Cette valeur est contradictoire I’hypothése que I’étape déterminant le taux est celle de la libération
de molécules organiques simples de leurs liens avec les couches d’argile. Le mécanisme de cette décom-
position est différent de celui trouvé pour la kaolinite:formamide N-méthyl, et I’énergie d’activation est
considérablement plus élevée que celle trouvée pour cette matiére (30 = 3 kJ/mole). [D. 1.]
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