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Abstract Many kaolinites are known to exhibit 
limited intercalation capacity which affects their 
usage. Some reports have linked this lack of reactiv-
ity to particular structural features or to slow kinet-
ics; others recommended increasing intercalation 
temperature as a remedy. The purpose of the current 
study was to investigate systematically the N-meth-
ylformamide (NMF) intercalation capacity of three 
kaolinites differing in layer stacking order (KGa-1b, 
KGa-2, and Imerys Hywite Alum) in the 5–150°C 
temperature range. Near-infrared spectroscopy (NIR) 
was employed to record the full kinetics of intercala-
tion in closed systems with excess NMF. Increasing 
intercalation temperature accelerated the reaction, but 
the NMF uptake decreased and eventually vanished. 
Complementary thermogravimetric analysis (TGA) 
confirmed this unexpected trend. All kaolinites 

exhibited the same behavior, but the amount of inert 
material was in the order of their stacking-fault con-
centration at all temperatures: KGa-2 > Hywite > 
KGa-1b. Subjecting the samples to stepwise tem-
perature changes showed that, once intercalated, the 
NMF could not deintercalate and was removed from 
equilibrium with the surrounding fluid. Thus, inter-
calation capacity was not a unique feature of the 
material because it depended on thermal history. As 
stacking order and thermal history had no detectable 
effect on the NMF-hosting environment, the unusual 
temperature dependence was attributed tentatively to 
the adverse effect of temperature on the adsorption of 
NMF on the edges of the crystallites, which is a pre-
requisite for intercalation.

Keywords Intercalation capacity · Kaolinite · 
N-methylformamide · Near-infrared spectroscopy 
(NIR) · Thermogravimetric analysis (TGA)

Introduction

Certain molecules such as hydrazine, DMSO, 
small amides, K-acetate, etc., are known to inter-
calate spontaneously the interlayer space of kao-
linite (a 1:1 dioctahedral clay mineral) shifting its 
X-ray diffraction (XRD) 001 reflection from ~7.2 
to 10–14 Å (Kloprogge, 2019; Lagaly et al., 2006). 
A common finding in kaolinite intercalation studies 
is that, regardless of the type of guest molecules, 
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there is a population of kaolinite that is resistant to 
intercalation (Lagaly et al., 2006; Rausell-Colom & 
Serratosa, 1987). The intercalation capacity (other-
wise referred to below as ‘yield’) of kaolinite for 
particular guest molecules should be considered 
at virtually infinite reaction time. The amount of 
intercalation-recalcitrant material has been consid-
ered as an intrinsic, but poorly understood, prop-
erty of the kaolin material. This property deter-
mines the value of kaolinite in many technological 
applications (e.g. Dedzo & Detellier, 2016; Seifi 
et  al., 2016). Experimentally, the limited interca-
lation capacity of a given kaolinite should not be 
confused with the rate of its intercalation, despite 
the fact that both properties may exhibit a similar 
dependence on kaolinite type (Rausell-Colom & 
Serratosa, 1987).

Both the crystallite size and the stacking order of 
kaolinite have been considered as determining the 
intercalation capacity. Distinguishing between the 
two is not straightforward because crystallite size is 
often related to crystal imperfection (Gomes, 1982; 
Rausell-Colom & Serratosa, 1987). There is evidence 
that high-defect kaolinites have low intercalation 
yields, but low-defect samples with little tendency for 
intercalation are also known (Frost et al., 2002; Uwins 
et  al., 1993). Smaller kaolinite particles intercalate 
less than their larger counterparts, if at all (Lagaly 
et al., 2006 and references therein). For example, the 
intercalation yield of nine kaolinites subjected to the 
same intercalation agent (N-methylformamide, NMF) 
and protocol were measured by Uwins et al. (1993). 
Bulk kaolinites exhibited yields between ~70 and 
95%, whereas their finer fractions demonstrated sys-
tematically smaller yields, as low as ~30%. Accord-
ing to the literature, particle size seems to be the pri-
mary determinant of intercalation capacity. The low 
reactivity of kaolinite is often attributed to the fact 
that smaller particles display slow kinetics of interca-
lation (Deng et al., 2002; Lagaly et al., 2006; Uwins 
et al., 1993; Weiss et al., 1970). Recently, Fashina and 
Deng (2021) suggested that, for the same size frac-
tion, increasing stacking disorder decreases reactivity 
toward K-acetate intercalation and NaOH dissolution.

All the aforementioned literature studies of 
intercalation capacity were based on XRD determi-
nations of the relative intensity of the 001 reflec-
tions from pristine and intercalated interlayers. 
The accuracy of these determinations has been 

questioned by a recent real-time study of NMF 
intercalation by XRD and near-infrared spectros-
copy (NIR), cross-verified by thermal analysis 
(Andreou et al., 2021). Τhe fraction of KGa-1b and 
KGa-2 kaolinites resisting intercalation by NMF 
was much greater than originally estimated by 
XRD (20–25% and 55–60%, instead of 7 and 23%, 
respectively). This difference was attributed to the 
erroneous assumption that the Lorenz polarization 
and structure factors of the two basal reflections in 
the XRD were equal (c.f. Hach-Ali & Weiss, 1969). 
The NIR spectroscopic methodology introduced 
by Andreou et  al. (2021) is particularly conveni-
ent for recording dense kinetic data of sealed kao-
linite/NMF mixtures containing excess NMF and 
reacting over long times (several days) as a func-
tion of temperature. These authors demonstrated 
that, owing to changes in mechanical anharmonic-
ity, NIR is capable of distinguishing a minority of 
intercalated NMF molecules with dangling N–H 
bonds from the majority of H-bonded NMF present 
in the surrounding liquid or on the external alu-
minol surfaces of the crystallites. Further, NIR is 
capable of detecting the intercalated molecules by 
their local chemical environment without requiring 
long-range structural coherence, as in XRD.

Intercalation is typically a slow process, fre-
quently accelerated by increasing temperature 
(Lagaly et al., 2006). If the amount of non-interca-
lated kaolinite were controlled by slow kinetics, as 
suggested in the literature (e.g. Deng et al., 2002), 
it could be reduced or even removed at higher 
temperatures. Relevant variable-temperature data 
of NMF intercalation capacity in the XRD-based 
literature are scarce and do not support a strong 
temperature dependence (Hach-Ali & Weiss, 
1969; Makó et al., 2019). This lack of temperature 
dependence may, however, be due to the overesti-
mation of intercalation capacity by the XRD inten-
sity ratio method, as proposed by Andreou et  al. 
(2021). The present investigation aimed to study 
the effect of temperature on kaolinite intercalation 
capacity for NMF in order to examine the hypothe-
sis that the low uptake of guest molecules is deter-
mined by slow kinetics. This was done by employ-
ing the toolbox developed by Andreou et al. (2021) 
to study the intercalation of NMF in the interlayer 
of three different kaolinites over a broad tempera-
ture range (5–150°C).
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Materials and Methods

Materials

Three kaolinite samples were considered in this 
study: KGa-1b and KGa-2 obtained from the Source 
Clays Repository of The Clay Minerals Society, and 
Hywite Alum raw kaolinite from Imerys, UK. The 
latter was a sample included in recent studies by Drits 
et al. (2019, 2021) and kindly provided by V.A. Drits. 
According to these authors, Hywite Alum (hereafter 
Hywite) is a “ball clay” from Devon, UK. It is ~85% 
pure with ~6% organic matter and minor admix-
tures of quartz (~5%), illite (3%),  Fe2O3 (<1%), and 
anatase (<1%). For the removal of adsorbed  H2O, 
the as-received samples were dried at 100°C for 2 h 
and kept sealed. N-methylformamide (NMF) (99% 
purity), obtained from Sigma-Aldrich (St Louis, Mis-
souri, USA), was also dried using 4 Å molecular 
sieves.

The kaolinite samples studied differ in their layer 
stacking order, as reflected in the XRD patterns 
(Hinckley index of the order of 1.1, 0.6, and 0.3 for 
KGa-2, Hywite, and KGa-1b, respectively; Fig.  S1 
in Electronic Supplement). According to Drits et  al. 
(2021), who successfully simulated the XRD pat-
terns using a physical mixture binary system, KGa-
2, Hywite, and KGa-1b samples contain 4, 18, and 
37%, respectively, of the so-called high-order kaolin-
ite (HOK) population containing almost exclusively 
t1 (–a/3) vector layer displacements. The remaining 
population is a low-order kaolinite (LOK) modeled 
using a random interstratification of enantiomorphic 
t1 (–a/3) and t2 (–a/3+b/3) layer displacements with 
roughly 0.6 to 0.4 proportions (Sakharov et al., 2016).

Near-infrared Spectroscopy

Approximately 2 g mixtures of kaolinite with excess 
NMF were prepared in ~5 mL glass vials using pre-
dried stock materials. The kaolinite/NMF mixtures 
were 1:1 by mass in the case of KGa-1b or KGa-2, 
and 1:0.7 for Hywite, to achieve the same paste con-
sistency. Real-time NIR spectra of all kaolinite/NMF 
mixtures in the 30–100°C range were measured using 
the procedure described by Andreou et  al. (2021). 
The KGa-1b series at 30, 45, and 70°C and their 
KGa-2 counterparts at 30 and 45°C were taken from 
Andreou et al. (2021).

The NIR spectra were measured on a diffuse reflec-
tance infrared Fourier transform instrument (Vector 
22N by Bruker, Ettlingen, Germany) by means of a  
1.5 m long fiber optic bundle probe (9000–4000  cm–1).  
All NIR spectra were acquired as averages of 100 
scans for KGa-1b and KGa-2 and 400 scans for Hywite 
at a resolution of 4  cm–1 (Δν = 2  cm–1). Fourier trans-
form was computed using a Blackman-Harris 3-term 
apodization. Post-processing of the ΝΙR absorbance 
spectra was based on subroutines of the Bruker Opus 
software and involved the calculation of the  2nd deriva-
tives (Savitzky-Golay algorithm, 9-point smoothing), 
as well as vector normalization. The latter is a normali-
zation procedure applied to a group of spectra, which 
are converted so that their vector norm over a chosen 
frequency range (i.e. the sum of the intensities squared) 
equals unity. For the vectorial definition of a spectrum 
and its applications in vibrational spectroscopy, see 
Chryssikos and Gates (2017).

Immediately after the mixing of the sample, the 
vial was attached to the tip of the probe, sealed and 
immersed in a thermostatic  H2O or silicone oil bath, 
depending on temperature (30–100±0.5°C). Peri-
odic spectral measurements were initiated immedi-
ately after immersion. The temporal resolution was 
between 2 and 30 min, depending on temperature.

Low-temperature (5°C) intercalation was per-
formed ex situ. The sealed samples were kept refrig-
erated for 3 months and measured through the bottom 
of the glass vial using the NIR probe at frequent inter-
vals, after brief equilibration at room temperature.

Additional high-temperature intercalation experi-
ments at 125 and 150°C were performed in a labora-
tory oven, without NIR monitoring. After allowing for 
sufficient reaction time at the desired temperature in a 
sealed vial, the product was evaluated by NIR spectros-
copy at room temperature. Intercalation experiments at 
30 and 100°C were performed at least in duplicate.

Thermogravimetric Analysis

At the end of the intercalation experiments, ~100 mg 
of the intercalates were rinsed with 1,4-dioxane to 
remove excess liquid NMF (Tunney & Detellier, 1996) 
and air-dried at ambient temperature for 2–3 h. Then, 
10±1 mg of the air-dried material was subjected to 
thermogravimetric analysis (TGA) on two instruments: 
Q500 and Discovery by TA Instruments (New Castle, 
Delaware, USA), located in the Athens and Krakow 
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laboratories, respectively. The samples were scanned 
from room temperature to 800°C at 10°C/min under 
dry  N2 purging (60 mL/min).

Results

Temperature-compensated Proxy of NMF 
Intercalation

The first overtone of the NH stretching fundamen-
tal mode (2νNH and νΝΗ, respectively) of interca-
lated NMF was the main NIR proxy introduced by 
Andreou et al. (2021) to monitor the amount of inter-
calated NMF. The use of this proxy was justified by 
its good separation from the corresponding mode of 
excess liquid NMF, especially when  2nd derivatives 
are employed, as well as by its remarkably stable 
position and width. The latter were independent of 
reaction progress and kaolinite type at any tempera-
ture studied (Andreou et  al., 2021), a finding which 
is now extended to include Hywite, in addition to 
KGa-1b and KGa-2 (Fig. 1). Clearly, the NMF mol-
ecules probed the same interlayer environment in all 
three kaolinites and, within the sensitivity of the NIR 
experiment, this environment did not change during 
intercalation. As a result, if the temperature is fixed, 
the intensity of the 2νNH probe band is well corre-
lated with the degree of NMF intercalation, regard-
less of the kaolinite host.

When comparing 2νNH intensities from spectra 
measured at different temperatures, the temperature 
dependence of the proxy band is no longer negligible. 
One way to study the temperature dependence of the 
kaolinite/NMF spectra without affecting the degree of 
intercalation is by subjecting an infinitely intercalated 
sample to temperature variations. For this purpose, a 
sealed KGa-1b/NMF paste (1:1 by mass) was left to 
intercalate for 3 months at ambient temperature to reach 
its maximum degree of intercalation, and then adapted 
to the NIR optical fiber probe. The as-assembled reac-
tor and sample were introduced in a thermostatic bath 
and stepwise heated (and subsequently cooled) from 30 
to 80°C (and back to 30°C), every 10°C.

The broadening of the 2vNH band upon increas-
ing temperature from 30 to 80°C caused a significant 
decrease in the  2nd derivative intensity accompanied 

by a slight red-shift of its position by ~1  cm–1 (Fig. 2, 
lower). The strong 2vOH band of the inner OH 
groups, which was nearly unaffected by progressing 
intercalation (Andreou et  al., 2021), also exhibited 
reduced intensity and minor shifting upon heating 
from 30 to 80°C (Fig.  2, upper). As temperature-
induced changes affected both overtone bands simi-
larly, their relative intensity 2νNH/2νOH was found to 
be independent of temperature within a narrow exper-
imental error, however (Fig.  S2). The same behav-
ior and similar relative intensities were obtained for 
KGa-2 and Hywite. A temperature-independent semi-
quantitative proxy of the actual NMF uptake could, 
therefore, be obtained by normalizing the  2nd deriva-
tive intensity of the 2vNH band to that of its 2vOH 
counterpart. For practical reasons, this was done by 
performing a vector-normalization of the derivative 
spectral intensities (see Materials and Methods) over 
the 2νOH frequency range (7100–7025  cm–1) before 

Fig. 1  Intensity-normalized 2νΝH  2nd derivative spectra for 
KGa-1b (red), KGa-2 (blue), and Hywite (black) during inter-
calation with NMF at 30°C (upper) and 70°C (lower). Approx-
imately 50–100 spectra per sample are overlain in each panel
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recording the intensity of the 2νNH (Fig.  3). The 
application of this mathematical pre-treatment to the 
spectra of samples intercalated at various tempera-
tures is illustrated in Figs. S3 and S4. This treatment 
did not change the shape of the sigmoidals reported 
by Andreou et al. (2021) but enabled for the first time 
the NIR assessment of the relative degree of interca-
lation at various temperatures.

Effect of Temperature on the Intercalation Capacity 
of Kaolinite

The normalized 2vNH intensity proxy described in the 
previous section enabled the semi-quantitative assess-
ment of the sigmoidal NMF intercalation kinetics of the 
three kaolinites as a function of temperature (5–100°C, 
Fig. 4). After 3 days at 30°C the proxy took the values 
of 0.074, 0.063, and 0.043 for KGa1-b, Hywite, and 
KGa-2, respectively. These values scaled very well 
(rule-of-thumb factor of x10) with the NMF uptakes 
calculated from the relative decrease of the 001 reflec-
tion intensity of pristine KGa-1b and KGa-2 at ambient 

temperature (0.73±0.02 and 0.44±0.02, respectively, 
Andreou et  al., 2021). Hywite appeared to be inter-
mediate between KGa-1b and KGa-2 in terms of final 
NMF uptake at 30°C (Fig.  4). Upon increasing tem-
perature, the sigmoidals of all kaolinites maintained 
approximately their shape and shifted to shorter times, 
as expected, but underwent a reduction in the final pla-
teau intensity. This reduction suggested a remarkable 
decrease in the NMF uptake: from 5 to 100°C the rela-
tive drop in the intercalation capacity of KGa-1b was 
~40%, compared to ~70% for Hywite, and ~80–90% for 
KGa-2. Intercalation of NMF in KGa-2 at 100°C was 
so suppressed that it was hardly detected (Fig. 4).

The final samples of each NIR run, as well as the 
final samples of runs at 125 and 150°C which were not 
monitored by NIR, were rinsed with 1,4-dioxane to 
remove excess liquid NMF (Tunney & Detellier, 1996) 
and dried at ambient conditions. The as-produced 
intercalated powders were subsequently studied by 
TGA (Fig. 5). The degree of intercalation of the dried 
powders was determined by both the aforementioned 
NIR relative intensity method, as well as from the 
mass loss in the 50–300°C range, in comparison to the 

Fig. 2  Dependence of the 2vNH (lower) and inner 2vOH 
modes (upper) of a KGa-1b/NMF sample at its maximum 
intercalation after 3 months, as seen by the  2nd derivatives 
upon increasing temperature from 30 to 80°C

Fig. 3  Same as Fig.  2, following the vector-normalization of 
the derivative spectra over the full range of the 2νOH band 
(7100–7025  cm–1). For details, see text

800



1 3

Clays Clay Miner. 

kaolinite dehydroxylation loss in the 300–800°C range 
(Adams, 1978; Xie & Hayashi, 1999, Fig. 6). The latter 
determination involved normalizing the TGA traces to 
the % mass loss at 300°C and correcting for the purity 
of kaolinite (14% mass loss due to dehydroxylation). 
The low-temperature loss event normalized on the 

dehydroxylation of kaolinite was attributed to the loss 
of NMF and led to an estimate of the degree of interca-
lation by assuming that full intercalation corresponds 
to 2 NMF molecules per unit cell (Adams, 1979), i.e. 
22.9 g NMF per 100 g kaolinite, as in Andreou et al. 
(2021). Full TGA data before and after the aforemen-
tioned normalization procedure on all kaolinites and 
temperatures investigated can be found in the Elec-
tronic Supplement (Figs. S5 to S7).

The two determinations of the degree of NMF 
intercalations were based on different assump-
tions, exposed to different sources of error and pro-
duced slightly different, albeit highly correlating, 
results (Fig.  6). For example, in all samples treated 
at ≥125°C, TGA indicated non-zero mass loss, con-
trasting with NIR. This mass loss may well originate 
from micropore-adsorbed, non-intercalated amide 
because it was not accompanied by the characteristic 
6700  cm–1 sharp NH overtone of intercalated NMF. 
Yet, both the NIR and TGA methods proved indepen-
dently that the intercalation capacity of all kaolinites 
investigated decreased with increasing temperature 
and that intercalation practically stopped at tem-
peratures in the 125–150°C range. The intercalation 
capacity vs. temperature curves of the three kaolinites 
were similar in shape within error. At any tempera-
ture, the intercalation capacity decreased in the order 
KGa-1b > Hywite > KGa-2 due to the progressive 
shift of the curves to lower temperatures.

Fig. 4  Semiquantitative NIR intercalation kinetics at vari-
ous temperatures from 5 to 100°C of KGa-1b/NMF (upper), 
Hywite/NMF (middle), and KGa-2/NMF (lower). The ampli-
tudes of the  2nd derivative 2νNH mode at 6700  cm–1 are plot-
ted as a function of time, following vector-normalization over 
the 2νΟΗ range as in Fig. 3

Fig. 5  TGA diagrams of KGa-1b/NMF slurries intercalated at 
various temperatures in the 5–150°C range, after washing with 
dioxane. The dehydroxylation losses (~13.5%) were normal-
ized to 14% to represent 100% pure substrate
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Response of Intercalation Capacity to Temperature 
Changes

The unusual effect of temperature on intercalation 
capacity was further investigated by subjecting sealed 
kaolinite/NMF samples to stepwise temperature 
changes under real-time NIR monitoring. For exam-
ple, a sealed KGa-2/NMF sample was left to interca-
late at 70°C for 1 day (~24 h), then transferred to a 
45°C bath for 1 day, and to a third bath at 30°C for a 
further day (Fig. 7). Due to its small mass, the tem-
perature equilibration of the sealed sample between 
baths was instantaneous. After 1 day at 70°C, inter-
calation had reached a clear plateau and the reaction 
appeared stalled. Switching the temperature to 45°C 
caused the revival of the reaction and increase in the 
intercalation yield. Next, the decrease in temperature 
to 30°C triggered an additional NMF uptake process 
(Fig.  7). The uptakes of the 45 and 30°C segments 
extrapolated to those of the corresponding single-
temperature kinetics for all kaolinites investigated.

The reversibility of the reaction was tested as fol-
lows: KGa-2 intercalated at 70°C for 1 day was trans-
ferred to 30°C for the next 3 days and then returned to 

70°C for 1 further day. During all three stages, interca-
lation was monitored in situ by the normalized 2vNH 
intercalation index (Fig.  8). The first stage at 70°C 

Fig. 6  NMF intercalation capacity of the three kaolinites investigated as a function of intercalation temperature, estimated by TGA 
(left) and NIR (right) after rinsing the samples with dioxane. Lines are used to guide the eye. Error bars represent the average cumu-
lative effect of duplicate runs and dioxane treatment

Fig. 7  Semiquantitative NIR intercalation kinetics of KGa-2/
NMF at 70°C (1), with subsequent insertion at 45°C (2), and 
then at 30°C (3). The single-temperature kinetics are depicted 
for comparison
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resulted in the expected fast, but incomplete, NMF 
uptake (Fig.  8a, c.f. Fig.  7). Decreasing temperature 
from 70 to 30°C caused a second intercalation step 
which eventually doubled the original 70°C uptake of 
NMF (Fig. 8b), as expected from Fig. 7. The return of 
the system to 70°C caused no detectable decrease of 
intercalated NMF, however (Fig. 8c). During the two 
70°C segments, the 2νNH band maintained the same 
position and width (data not shown, c.f. Fig. 1). Main-
taining this sample at 70°C for an additional period of  
6 days and measuring its NMF uptake ex situ during 
this period provided no evidence for deintercalation. 
This meant that the NMF which was successfully inter-
calated during the 30°C step became trapped in the 
interlayer upon return to 70°C and did not deintercalate.

Discussion

Temperature Dependence of Intercalation Capacity

Despite the fact that NMF is a common probe mol-
ecule for studying the systematics of kaolinite inter-
calation (Hach-Ali & Weiss, 1969; Makó et al., 2019; 
Olejnik et al., 1971a; Uwins et al., 1993), the present 

study provided the first solid demonstration of the 
temperature effect on intercalation capacity. No such 
effect of temperature (7–65°C) was reported in the 
early study of Hach-Ali and Weiss (1969) on a kao-
linite from Hirschau, Bavaria. Neither did Makó et al. 
(2019) report any change in kaolinite intercalation 
capacity upon increasing the reaction temperature 
from 20 to 60°C, although a small decrease by ~5% 
may be seen in their data. Note that the latter authors 
quantified the degree of intercalation by the incorrect 
relative XRD intensity method which assumes that 
the 001 reflections of pristine and intercalated kaolin-
ite are of equal Lorentz polarization and structure fac-
tors (c.f. Andreou et al., 2021). Uniquely, a study by 
Kovács and Makó (2016) reported that cooling well 
below 0°C not only improved the intercalation capac-
ity of kaolinite for ammonium acetate, but also accel-
erated the rate of intercalation!

The current investigation demonstrated for the first 
time by means of NIR spectroscopy and TGA that the 
kaolinite intercalation capacity or, conversely, the frac-
tion of kaolinite resistant to intercalation by NMF, is 
heavily dependent on temperature. The spectroscopic 
evidence was obtained by recording the full kinetic 
curves at all temperatures, thereby excluding the 

Fig. 8  Amplitude evolution of the  2nd derivative (Δv = 2  cm–1, 9-point smoothing) of the 2vNH band normalized to that of the 
inner-hydroxyl 2vOH band in KGa-2/NMF. Three sequential experiments are shown: a 24 h intercalation at 70°C, followed by b 72 h 
at 30°C, and c another 24 h at 70°C
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possibility that incomplete intercalation was due trivi-
ally to an inadequate observation-time window. Sur-
prisingly, intercalation capacity decreased with increas-
ing reaction temperature, despite the expected reaction 
acceleration, and could be essentially eliminated at tem-
peratures in the 125–150°C range (NMF boiling point: 
183°C). Counterintuitively and unlike common practice 
(e.g. Lagaly et al., 2006), increasing temperature is not 
the way to improve intercalation capacity.

All three different kaolinites investigated dis-
played a similar temperature dependence of their 
intercalation capacity, suggesting that the underlying 
mechanism is common and independent of their indi-
vidual characteristics. All three were nearly inert to 
NMF intercalation at high temperatures and tended 
monotonically towards full capacity upon decreas-
ing temperature. As a result, the maximum intercala-
tion capacity was observed at the lowest temperature 
investigated (5°C). Full capacity was not observed, 
perhaps because the proximity of the freezing point of 
NMF (–4°C) and the very slow intercalation rate both 
set a practical limit. The slopes of decreasing capacity 
with increasing temperature were similar within error, 
but the curves of the three kaolinites were shifted so 
that, at any temperature investigated, the capacities 
were in the order KGa-1b > Hywite > KGa-2. Sig-
nificant amounts of kaolinite were inert at the lowest 
temperature in this study (5°C). Allowing for some 
losses of intercalated NMF due to the dioxane rinsing 
that preceded the TGA determinations, at least 20% 
of KGa-1b, 50% of Hywite, and 60% of KGa-2 were 
resistant to NMF intercalation (Fig. 6).

Correlation with Mineral Structure

A common underlying mechanism should account 
for both the decrease in intercalation capacity with 
increasing temperature and the large differences in 
the intercalation-resistant fraction observed at any 
temperature. The mechanism should comply with 
the conclusions of Andreou et al. (2021), who proved 
that intercalation displayed a binary behavior with the 
crystallites switching between the pristine and fully 
intercalated states. As the original material presents a 
distribution of crystallites, the distribution of interca-
lation events in time is lognormal and leads to appar-
ent sigmoidal kinetics.

The present results suggested that the intercalation 
capacity of any of the three kaolinites investigated 

was not solely dependent on temperature, but also on 
thermal history. Upon cooling a kaolinite/NMF mix-
ture pre-intercalated at high temperature, the inter-
calation capacity increased. On the contrary, heating 
a low-temperature pre-intercalated kaolinite did not 
result in decreased capacity (Fig. 8). Once the inter-
layer became intercalated it acted as an NMF sink 
and, in a closed system, the interlayer NMF was not 
in equilibrium with that in the surrounding liquid. 
This is an important feature of the mechanism sought.

The interlayer interactions of the intercalated phase 
are determined by the weak H-bonding between the 
N–H bond and the adjacent siloxane sheet (Adams, 
1979). Any differentiation of the kaolinites inves-
tigated in terms of these bonding interactions ought 
to be reflected in changes in the position and width 
of the 2νΝΗ mode. No such changes were observed 
and the proxy band was remarkably independent of 
the kaolinite studied (Fig. 1), which was fully consist-
ent with the XRD-based conclusion by Andreou et al. 
(2021) for the binary state (pristine or fully interca-
lated) of the NMF-treated kaolinite. The present data 
indicated that the proxy was also independent of ther-
mal history. The relatively small amount of material 
originally intercalated at 70°C and the much larger 
amount intercalated at 30°C and then equilibrated at 
70°C were indistinguishable in terms of interlayer 
structure and bonding.

In discussing the limited intercalation capacity of 
the finer kaolinite particles, Deng et  al. (2002) pro-
posed that the misfit between the linked tetrahedral 
and octahedral sheets of kaolinite caused the accu-
mulation of structural stress in the H-bonding pattern 
of the interlayer, which was thought to be released 
when the guest-molecules entered into the interlayer 
space. The magnitude of the original stress in pris-
tine kaolinite was, therefore, considered to control 
intercalation. Although this stress may be tempera-
ture dependent, the stability of the kaolinite struc-
ture in nature suggests that the massive switching-off 
of intercalation over a relatively narrow (for a solid 
mineral) temperature range could not be attributed to 
the temperature dependence of the layer or interlayer 
structure. Instead, it should correspond to the range 
of change in liquid properties (NMF freezing point 
–4°C, boiling point 183°C) and liquid–mineral edge 
interactions.

Qualitatively, the portion of reactive mate-
rial at any temperature ≤100°C was in the order 
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KGa-1b > Hywite > KGa-2. This order followed 
the amount of the low-defect, high-order kaolin-
ite (HOK) phase in the samples which was 37, 18, 
and 4%, respectively (Drits et  al., 2021; Sakharov 
et  al., 2016). The trend appeared to support the 
interpretation by Fashina and Deng (2021) who 
linked the limited intercalation capacity (as well 
as the low reactivity toward alkaline leaching) 
with the stacking disorder of the kaolinite layers. 
No simple quantitative correlation between inter-
calation capacity and the high-ordered fraction was 
found, however. In fact, KGa-1b with only 38% 
HOK content achieved an intercalation capacity of 
almost 80% at ambient temperature, ‘pushing’ the 
intercalation capacity of the many kaolinites with 
HOK >37% (e.g. Drits et  al., 2021) into a higher, 
but very narrow range (80–100%). Any correlation 
between stacking order and intercalation capacity 
would be premature without the study of samples 
with greater HOK contents.

Based on the discussion above, the variability 
in NMF intercalation capacity and its pronounced 
temperature dependence cannot be explained by 
the kaolinite layer stacking differences alone nor 
by the response of the kaolinite structure to tem-
perature. The partition of NMF molecules between 
the liquid and the liquid–solid interface as well as 
its temperature dependence seem, instead, to pro-
vide a more plausible explanation for the observed 
experimental trends. The presence of the surround-
ing fluid is of paramount importance for maintain-
ing the interlayer intercalated as in Fig. 8, because 
thermal deintercalation is very common and rela-
tively fast in open systems (e.g. Adams, 1978; Frost 
et  al., 1999, 2000; Kristóf et  al., 1999; Olejnik 
et  al., 1968, 1971a, 1971b; Ruiz Cruz & Franco, 
2000; Zhang et  al., 2015, 2017). The adsorption 
of NMF molecules on the edges of the crystallites 
provides the critical number of ’wedges’ which is 
necessary for expanding the interlayer, accord-
ing to the model of Weiss et  al. (1981) (see also 
Lagaly, 1984). Edge adsorption seems to govern 
other stacking-order-dependent kaolinite reactions, 
such as the alkaline hydrolysis studied by Fashina 
and Deng (2021). The mobility of the NMF in 
the liquid increases with increasing temperature 
(thereby accelerating the reaction), but its sticking 
coefficient on the edges may be decreasing (thereby 
decreasing the efficiency of wedging).

Conclusions and Perspectives

Three kaolinites with intermediate or large fractions 
of stacking defects, KGa-1b, KGa-2, and Hywite, 
were all found to exhibit a significant tempera-
ture dependence of their intercalation capacity for 
N-methylformamide (NMF). Intercalation acceler-
ated with increasing temperature, as expected, but 
intercalation capacity decreased and eventually disap-
peared. These findings were based on the dense NIR 
recording of the full kinetics of sealed kaolinite/NMF 
slurries in the 5–150°C range, accompanied by TGA 
analysis of the final products. Whether this type of 
behavior is generally observed with all types of guest 
molecules or solely with NMF is unknown.

The proportion of the intercalated material at any 
given temperature (below 100°C) was dependent on 
the kaolinite studied and followed the order: KGa-1b 
> Hywite > KGa-2. Qualitatively, this trend paral-
leled the content of the HOK phase (37, 18, and 4%, 
respectively) determined by the analysis of the XRD 
patterns (Drits et  al., 2021; Sakharov et  al., 2016). 
The smallest amount of non-intercalated material was 
recorded at the lowest temperature studied (~20% in 
KGa-1b, 50% in Hywite, and 60% in KGa-2, at 5°C). 
The interlayer acted as a sink for NMF which, once 
intercalated at some low temperature in a closed sys-
tem, could not deintercalate upon increasing tempera-
ture. Intercalation capacity should not, therefore, be 
used to characterize kaolinite without reference to 
both intercalation temperature and thermal history.

The unusual effect of temperature and its depend-
ence on the type of kaolinite could not be attributed to 
differences in the interlayer energetics of the three sys-
tems investigated. The interlayer bonding of the inter-
calated phases, as probed by the position and width of 
the 2νNH mode of intercalated NMF, was independ-
ent of kaolinite type, reaction progress, and thermal 
history. It was, therefore, concluded that the intercala-
tion capacity depends on the edges of the crystallites 
offering docking sites for NMF. A critical number of 
such edge-adsorbed NMF molecules is required to 
create the “wedge effect” described by Weiss et  al. 
(1981). It is reasonable to assume a link between the 
layer stacking pattern in a kaolinite particle and the 
exact structure of its edges. It is also reasonable to 
assume that the sticking coefficient of NMF to these 
sites may be decreasing with increasing temperature. 
Unfortunately, these edges are the least known part of 
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the structure because they are not observed directly by 
either XRD or spectroscopic techniques.

Testing the aforementioned working hypothesis 
requires research focused on the chemical structure of 
the crystallite edges. The role of stacking translations 
and their sequence in the structure of the edges needs 
to be sought explicitly. Systematic studies of intercala-
tion capacity need to be extended to kaolinites which are 
more ordered than KGa-1b. The present work was based 
on pre-dried kaolinite and NMF; the pioneering work of 
Olejnik et al. (1968, 1970) has indicated, however, that 
the concentration of  H2O in the surrounding NMF fluid 
can have a non-monotonic effect on the kinetics of inter-
calation. The competitive or synergetic role of  H2O on 
edge adsorption also deserves further study.
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