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Abstract— Acrylamide has been polymerized between the layers of kaolinite by heat treatment. Acrylamide
monomer was first intercalated by the displacement reaction between a kaolinite-N-methylformamide
(NMF) intercalation compound and a 10% acrylamide aqueous solution. The resulting intercalation
compound showed a basal spacing of 11.3 A. Infrared (IR) spectroscopy and *C nuclear magnetic
resonance spectroscopy with cross polarization and magic angle spinning ('*C CP/MAS-NMR) indicated
the replacement of NMF by acrylamide. IR spectroscopy also showed the formation of hydrogen bonds
with the hydroxyls of kaolinite. When the kaolinite-acrylamide intercalation compound was heated at
300°C for 1 hr, the basal spacing increased to 11.4 A, and IR and '*C CP/MAS-NMR showed the
disappearance of C=C bonds, indicating the polymerization of acrylamide. The heat-treated kaolinite-
acrylamide intercalation compound was resistant to 30 min-washing with water, whereas the untreated
kaolinite-acrylamide intercalation compound collapsed after the same treatment, an observation consis-
tent with acrylamide polymerization between the layers of kaolinite. IR spectroscopy revealed that poly-
acrylamide was hydrogen bonded to kaolinite, but in a manner different from the hydrogen bonding of

acrylamide.
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INTRODUCTION

Kaolinite is known to take up certain molecules to
form intercalation compounds. Guest molecules are
stabilized mainly by hydrogen bonding. Hydrogen bond
formation results in the perturbation of OH-stretching
bands at 3695, 3670, and 3655 cm~!, while the 3620-
cm~! band is not affected (Theng, 1974). Intercalation
of guest molecules also influences 2°Si NMR signals.
Thompson (1985) observed slight shifts of the 2°Si NMR
signals to a higher field because of the additional shield-
ing by the intercalated molecules.

Guest molecules (e.g., amides) contain groups that
strongly interact with the kaolinite hydroxyl groups,
such as carbonyl groups. To date, six amides have been
intercalated; formamide (FA), N-methylformamide
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(NMF), N,N-dimethylformamide (DMF), acetamide,
N-methylacetamide (NMA), and N,N-dimethylacet-
amide (DMA) (Weiss et al., 1963; Ledoux and White,
1966; Weiss ef al., 1966; Cruz et al.,, 1969; Olejnik ez
al., 1970; Olejnik et al., 1971a, 1971b; Adams et al.,
1976; Adams, 1978a, 1978b). Similarly, the interca-
lation of lactams, which also have a NHC=0 group,
has been reported (Sugahara et al., 1986).

In a related field, the polymerization of organic
monomers in the interlayer space of smectites has at-
tracted considerable attention (Theng, 1979). Recently,
the present authors reported the polymerization of
acrylonitrile between the layers of kaolinite after in-
tercalating acrylonitrile by using ammonium acetate
intercalation as the intermediate step (Sugahara et al.,
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1988). The polymerization process was complicated,
because both the acrylonitrile monomer and ammo-
nium acetate were present between the layers.

The present study deals with the polymerization of
acrylamide between the layers of kaolinite. Acrylamide
possesses both amide and vinyl groups and is easily
polymerized as follows:

NCH=CH  —> 4CH,~CH,
C-NH, C-NH,
0 0

In this study, acrylamide was intercalated into kaolinite
by the displacement of an intermediate intercalated
compound and was subsequently polymerized by heat.

EXPERIMENTAL
Materials

Kaolinite (API clay standard No. 9, Mesa Alta, New
Mexico) was ground to pass a 100-mesh sieve. No
crystalline impurities were detected by X-ray powder
diffraction (XRD) analysis. Acrylamide (Wako Pure
Chemical Industries, Osaka) was purified by recrys-
tallization. Polyacrylamide was obtained from a com-
mercial 10% polyacrylamide aqueous solution (Wako
Pure Chemical Industries).

Preparation

The kaolinite-NMF intercalation compound was
prepared by the method reported by Olejnik et al.
(1970). Direct treatment with aqueous 10% acrylamide
solution produced no intercalation.

The kaolinite-acrylamide intercalation compound
was produced by reacting the kaolinite-NMF interca-
lation compound with aqueous 10% acrylamide solu-
tion. This was achieved by stirring about 1 g of the
kaolinite-NMF compound in 100 ml of the 10% ac-
rylamide solution for 30 min. Solid and liquid were
separated by centrifugation, and the solid was stirred
again in 100 ml of the same solution for 24 hr. After
centrifugation, the solid product was dried under re-
duced pressure, then stirred twice in 100 ml CCl, for
30 min to remove excess acrylamide on the external
surface.

The effect of the concentration of the acrylamide
aqueous solution was studied by stirring ~1 g of the
kaolinite-NMF compound with aqueous solutions of
1-12% acrylamide for 24 hr. These products were
centrifuged and dried as before. The washed product
prepared with aqueous 10% acrylamide solution was
heated in the range 100° to 400°C for 1 hr to induce
polymerization.

The kaolinite-acrylamide intercalation compounds
(100-mg quantities) were washed with 10 ml of water
for 30 min before and after the heat treatment to study
the resistance of the intercalated species to washing.
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Analyses

XRD patterns of the products were obtained using
a Rigaku RAD-IB instrument and Ni-filtered CuK«a
radiation. Infrared (IR) spectra of the products were
recorded on a JASCO FT/IR-5M spectrophotometer
(KBr method, ~0.5 wt. %). Solid state *C and 2°Si
nuclear magnetic resonance spectra with cross polar-
ization and magic angle spinning (‘*C and 2°Si CP/
MAS-NMR) of the products were collected using a
JEOL GSX-270 instrument. The frequencies were 67.74
and 53.67 MHz for '*C and ?°Si nuclei, respectively.
Repetition time was 5 s, and 72-808 free induction
decays were accumulated. Chemical shifts were re-
ported relative to tetramethylsilane used as an external
reference.

RESULTS AND DISCUSSION

Preparation of the kaolinite-acrylamide
intercalation compound

Figure 1 shows XRD patterns of the products. The
kaolinite-NMF intercalation compound had a basal
spacing of 10.8 A, similar to those reported previously
for the same complex (10.76 A, Weiss ez al., 1966; 10.6
A, Cruzer al., 1969; 10.7 A, Olejnik et al., 1970). After
treatment with the aqueous 10% acrylamide solution,
the 001 peak shifted to 11.3 A and the intensity de-
creased, suggesting a decrease in the stacking order.

The IR spectrum of the kaolinite-NMF intercalation
compound (Figure 2b) was similar to those reported
earlier (Cruz et al., 1969; Olejnik et al., 1971a). After
the 10% acrylamide treatment, the IR spectrum changed
drastically, as characteristic bands of NMF (e.g., at
3420 and 1529 cm™') disappeared and new bands due
to adsorbed acrylamide appeared (Figure 2c). These
bands were identified by a comparison with the band
positions of acrylamide dissolved in CHCI; (Table 1).
The band positions of a saturated acrylamide CHCI,
solution were reported by Jonathan (1961). Most of
these acrylamide bands were observed in the spectrum
of the product; however, more bands were observed
in the NH-stretching region of the product than in the
same region of the dilute acrylamide CHCI; solution,
evidently due to the presence of several environments
of the amide groups in the product. The presence of a
small amount of acrylamide on external surfaces may
also have complicated this spectral region.

The '*C NMR spectroscopy also supported the pres-
ence of acrylamide in the product. Figure 3a shows a
13C CP/MAS-NMR spectrum of the product, and Fig-
ure 3b depicts the spectrum of acrylamide. The spectra
are similar, indicating that acrylamide was present in
the product.

These observations clearly indicate the formation of
a kaolinite-acrylamide intercalation compound, formed
by replacing NMF by acrylamide and increasing the
basal spacing slightly from 10.8 to 11.3 A.
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Table 1. Infrared assignments of acrylamide and kaolinite-
acrylamide intercalation compound.

Wavenumber {cm™')

Acrylamide
(in CHCly) .
Kaolinite-
Observed acrylamide
Observed by Jonathan intercalation
in this study? (1961 compound Assignments'
3695 »OH)
3651 (Kaolinite)
3627 Hydrogen-bonded
3600 »OH)
3566 (Kaolinite)
3546%
3530 3540
3502 3489 v (NH,)
{monomeric)
3514 3423 3468 Veym(NH;)
(monomeric)
3335 3359 v, (NH,)
3189 3202 Voym(NH,)
3021 5ym(CHo)
1688 1686 1685 »C=0)
1644 1647 1658 »WC=C)
1618 1618 1621
6(NH,)
1593 1592 1597
1413 1416 1430 6(CH,)
1336 1342 1355 8(CH)
1262 1277 1283 W CN)

! Jonathan (1961).

2 Concentration: 0.01 mole/liter.

3 Saturated solution.

4 This can be assigned to both hydrogen-bonded »(OH) and
»(NH,).

The interaction between kaolinite and acrylamide
was further studied by monitoring the IR spectrum in
the OH-stretching region (Figure 4). In the spectrum
of the kaolinite-acrylamide intercalation compound
(Figure 4b), the 3694- and 3669-cmm~! bands were per-
turbed relative to the bands of the raw kaolinite (Figure
4a). New bands due to hydrogen-bonding of hydroxyls
with acrylamide appeared at 3651, 3627, 3600, and
3566 cm™'. These observations suggest strong hydro-
gen bonding, in which the hydroxyls of kaolinite in-
teract with carbonyl or amine groups of acrylamide.
No shift of the C=0 stretching band was observed after
the intercalation (Table 1), suggesting that the C=0
group was not involved in hydrogen bonding.

The interaction between kaolinite and acrylamide
was also investigated using 2°Si CP/MAS-NMR (Figure
5). The raw kaolinite showed a doublet at —91.0 ppm,
which is in line with the value reported by Thompson
(1985). In the spectrum of the kaolinite-NMF inter-
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Figure 1. X-ray powder diffraction patterns of (a) raw ka-
olinite, (b) kaolinite-N-methylformamide intercalation com-
pound, and (c) kaolinite-acrylamide intercalation compound.

calation compound, a singlet was observed at —91.0
ppm. The kaolinite-acrylamide intercalation com-
pound showed a singlet at —91.6 ppm, indicating a
change in shielding upon replacement of NMF with
acrylamide. Two shoulders at about —91.0 ppm can
be ascribed to unexpanded kaolinite.

The effect of the concentration of the aqueous ac-
rylamide solution on intercalate formation is shown in
Figure 6. The approximate yield of acrylamide inter-
calation was estimated on the basis of the ratio of the
001 peaks of the kaolinite-acrylamide intercalation
compound and unexpanded kaolinite (Theng, 1974).
It should be noted that the stacking order can affect
the estimated values. If the aqueous concentration of
acrylamide was 1 or 2%, the kaolinite-NMF interca-
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Figure 2. Infrared spectra of (a) raw kaolinite, (b) kaolinite-
N-methylformamide intercalation compound, and (c) kaolin-
ite-acrylamide intercalation compound.

lation compound completely collapsed, but 4-12%
caused the kaolinite-acrylamide intercalation com-
pound to form readily. The yield increased gradually
with an increase in acrylamide within the concentra-
tion range of 4-10%, but leveled off at higher concen-
trations.

These observations suggest two things: (1) If the
amount of acrylamide exceeded a particular threshold
value, the intercalation reaction proceeded to a con-
siderable extent. (2) A relatively low concentration of
acrylamide in aqueous solution was sufficient to obtain
the highest yield; the use of a saturated solution was
not necessary.

Polymerization of acrylamide between the
layers of kaolinite

Acrylamide is usually polymerized in agueous so-
lutions in the presence of free radicals. Typically, an
aqueous 10% acrylamide solution containing 1.2% hy-
drogen peroxide is heated at 90°C for 150 min (Schulz
et al., 1954). In the present study, the kaolinite-acryi-
amide intercalation compound was thermally poly-
merized without using an initiator to generate free rad-
icals.

The XRD patterns showed that the layers were still
expanded after heat treatments as high as 300°C. Figure
7a shows the XRD pattern of the product heated at
300°C. On heating at 100°C, no change was observed
in the XRD pattern. After the heat treatments at 200°
and 300°C, the basal spacing increased by 0.1 A. If the
kaolinite-acrylamide intercalation compound was

(a)

(b)

(c)

(d)

— | 1 1 ]

200 150 100 50 O
6 ppm from T™MS

Figure 3. '3C nuclear magnetic resonance spectra with cross
polarization and magic angle spinning of (a) kaolinite-acryl-
amide intercalation compound, (b) acrylamide, (c) kaolinite-
acrylamide intercalation compound heated at 300°C for 1 hr,
and (d) polyacrylamide. Spinning side bands are marked by
asterisks.

heated at 400°C, the layers collapsed to 7.2 A (Figure
7b).

IR spectra were not affected by heating the sample
at 100°C. At 200°C, the C=C stretching band, which
is at 1658 cm™! in Figure 2c¢, decreased in intensity
(Figure 8a), and on heating the sample at 300°C, it
completely disappeared (Figure 8b). The spectrum of
the product was then similar to that of polyacrylamide
(Figure 8c¢), verifying that polymerization was com-
plete at 300°C.
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Figure 4. Infrared spectra in the OH-stretching region of (a)
raw kaolinite, (b) kaolinite-acrylamide intercalation com-
pound, and (c) kaolinite-acrylamide intercalation compound
heated at 300°C for 1 hr.

The 3C NMR spectroscopy also indicated the po-
lymerization of acrylamide by the 300°C treatment.
Figure 3c shows the '3C CP/MAS-NMR spectrum of
the kaolinite-acrylamide intercalation compound after
the 300°C treatment. A '3C NMR signal due to the
C=0 group (183.0 ppm) and those ascribed to carbon
having sp? hybrid orbitals (34.1, 37.5, and 41.8 ppm)
were detected. In the C=C bond region (~130 ppm)
only a weak spinning side band was observed. Al-
though a weak peak could have been obscured by the
spinning side band, the spectrum indicated that most
of the C=C bonds had disappeared. Furthermore, the

-91.0
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-91.0
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- 916
(c)

-910

-
-
-
-
-
-

-90
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Figure 5. 2°Si nuclear magnetic resonance spectra with cross
polarization and magic angle spinning of (a) raw kaolinite, (b)
kaolinite-N-methylformamide intercalation compound, (c)
kaolinite-acrylamide intercalation compound, and (d) kaolin-
ite-acrylamide intercalation compound heated at 300°C for 1
hr.

spectrum was similar to that of polyacrylamide (Figure
3d).

The results taken as a whole indicate that no poly-
merization occurred at 100°C, although pure acryl-
amide melts and is subsequently polymerized at ~85°C
(Carpenter and Davis, 1957). Between the layers of
kaolinite, acrylamide monomers did not polymerize at
100°C, probably because of their restricted motion and
intermolecular separation.

If the kaolinite-acrylamide intercalation compound
was heated at 300°C, both IR and '*C CP/MAS-NMR
spectra showed the polymerization of acrylamide. In-
asmuch as the layers were still expanded, polymer-
ization must have occurred between the layers. On
heating at 400°C, the layers collapsed, indicating the
degradation of the polymer.

The polymerization of acrylamide between the layers
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Figure 6. The effect of the concentration of aqueous acryl-
amide solution on the yield of the kaolinite-acrylamide in-
tercalation compound estimated on the basis of the 001 peak
ratio.

of kaolinite was further indicated by the change in
resistance to washing with water. When the untreated
kaolinite-acrylamide intercalation compound was
washed with water, the 11.3-A peak in the XRD pat-
tern disappeared; a weak broad peak, possibly due to
hydrated kaolinite, was detected at ~9 A in addition
to the 7.2-A peak of kaolinite (Figure 7c). On the other
hand, the XRD profile barely changed if the kaolinite-
acrylamide intercalation compound was heated at 300°C
and washed similarly (Figure 7a and 7d). This result
is attributed to the very slow deintercalation of the
polymer.

The change in the interaction of the guest molecule
with kaolinite after the polymerization was studied us-
ing IR and ?°Si NMR spectroscopy. Polyacrylamide
was hydrogen-bonded to the hydroxyls of kaolinite in
a manner different from acrylamide. Figure 4¢ shows
the OH-stretching region of the IR spectrum of the
kaolinite-acrylamide intercalation compound after
heating at 300°C. After the heat treatment, the 3695-
cm~! band was still perturbed. However, the relative
intensity of the 3669-cm~! band, which was perturbed
in the spectrum of the untreated kaolinite-acrylamide
intercalation compound (Figure 4b), returned to an
intensity comparable to that of the raw kaolinite (Fig-
ure 4a), whereas a new OH band appeared at ~3630
cm™'. The shifted bands, identified in the spectrum of
the untreated kaolinite-acrylamide intercalation com-
pound, disappeared.

The 2°Si CP/MAS-NMR spectrum of the kaolinite-
acrylamide intercalation compound after heating at
300°C is shown in Figure 5d. The spectrum is similar
to that of the raw kaolinite (Figure 5a) displaying a

(a)

(b)

(d)

| 1 1

5 10 B
28, CuKq radiation

Figure 7. X-ray diffraction patterns of (a) kaolinite-acryl-
amide intercalation compound heated at 300°C for 1 hr, (b)
kaolinite-acrylamide intercalation compound heated at 400°C
for 1 hr, (c) kaolinite-acrylamide intercalation compound af-
ter washing with water for 30 min, and (d) kaolinite-acryl-
amide intercalation compound heated at 300°C for 1 hr after
washing with water for 30 min.

doublet at —91.0 ppm. The presence of the doublet in
the spectrum of the 300°C-heated kaolinite-acrylamide
intercalation compound is surprising, because the re-
ported spectra of the intercalation compounds
(Thompson, 1985) and the spectra of all the other in-
tercalation compounds in this study showed singlets.
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Figure 8. Infrared spectra of (a) kaolinite-acrylamide inter-

calation compound heated at 200°C for 1 hr, (b) kaolinite-
acrylamide intercalation compound heated at 300°C for 1 hr,
and (c) polyacrylamide.

Thompson and Barron (1987) assumed that the dou-
blet in the raw kaolinite was due to the presence of two
different kinds of Si environment as a result of differ-
ences in hydrogen bonding;, however, the reason for
the appearance of a singlet after intercalation was not
explained. Hence, the present observation of a doublet
in the 2°Si NMR spectrum of the heated kaolinite-
acrylamide intercalation compound cannot be inter-
preted.

SUMMARY AND CONCLUSIONS

Acrylamide, intercalated by displacing NMF, was
thermally polymerized between the layers of kaolinite.
Polymerization of acrylamide was observed at tem-
peratures as low as 200°C, but a 1-hr treatment at 300°C
was required to complete the polymerization. After the
heat treatment, the basal spacing slightly increased from
11.3to 11.4 A. IR and '*C CP/MAS-NMR confirmed
polymerization by detecting the disappearance of the
C=Cbonds. IR and ?°Si CP/MAS-NMR suggested that
the hydrogen bonding and surface-organic interactions
changed after the polymerization. The resulting ka-
olinite-polyacrylamide intercalation compound was
resistant to decomposition by water washing.
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