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In this study, kaolinite—poly(urea—formaldehyde) was successfully prepared through the polymerization of

urea intercalated within the kaolinite structure. Polymerization was carried out under ambient conditions by

immersing kaolinite—urea in formaldehyde. Evidence of urea intercalation and polymerization was obtained
from FTIR, XRD, and thermal analysis (TG-DSC). The XRD pattern of the kaolinite—poly(urea—formaldehyde)
composite shows that polymerization induces exfoliation of the kaolinite layers, leading to the formation of

a nanocomposite. Textural analysis through nitrogen adsorption on raw kaolinite and kaolinite—urea

demonstrates that polymerization mainly occurs within the interlayer. Water resistance tests show that
poly(urea—formaldehyde) within the nanocomposite is less sensitive to decomposition when immersed
in water compared to pristine poly(urea—formaldehyde). Additionally, a self-healing effect was observed
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for poly(urea—formaldehyde) in the nanocomposite, indicating that fragments from the decomposition

of the intercalated polymer when immersed in water remain trapped within the composite matrix owing
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1. Introduction

Formaldehyde-based resins have found extensive applications
in various sectors, including adhesives,” the wood industry,**
agriculture®” and encapsulation.>*** However, the release of
formaldehyde by these polymers is still challenging, given that
formaldehyde is classified as a Group 1 carcinogen by the
International Agency for Research on Cancer (IARC).*** Hence,
formaldehyde's high reactivity, volatility, and toxicity demand
a robust mitigation strategy. To address this issue, researchers
have focused on synthetic pathways that reduce formaldehyde
content''** or incorporate highly reactive molecules to
capture formaldehyde.>'*?**?* Although effective in reducing
emissions, these methods often result in materials with
compromised water resistance and mechanical properties.
Recent advancements have explored the incorporation of
mineral fillers, specifically kaolinite, to enhance both formal-
dehyde mitigation and overall resin performance.**>%20:21,23-25
These studies demonstrate a successful reduction in
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to interactions with kaolinite mineral layers. Modeling of kaolinite—poly(urea—formaldehyde) interactions
allows for the proposal of a mechanism for the interlayer polymerization of intercalated urea.

formaldehyde emissions alongside an improvement in the
mechanical properties of the resulting resins.

Chen et al* investigated the incorporation of reactive
kaolinite into poly(urea-formaldehyde) and reported notable
results, including low formaldehyde emissions, good thermal
stability, and improved water resistance. However, the strong
internal cohesion of kaolinite hinders its homogeneous
dispersion within the polymer matrix, thereby limiting inter-
actions between the mineral and the polymer. Kaoliniteisa1:1
phyllosilicate comprising alternating siliceous tetrahedral sites
(SiO,) and aluminous octahedral sites (Al(OH);) with interlayer
space. Within this space, neighboring octahedral and tetrahe-
dral sites are strongly bound through hydrogen bonds and
dipole interactions arising from the layer's asymmetry,>®*”
making the structure poorly dispersible. It can therefore be
postulated that increased kaolinite dispersion may result in
improved properties of kaolinite-polymer composites. Studies
on kaolinite structural organization show that the weakening of
interlayer bonding is a key process for improving dispersion,
which is achievable through a convenient intercalation-dein-
tercalation process.*®?*®

The cohesive nature of kaolinite can be weakened by inter-
calating small polar molecules into its interlayer spaces.’®
Among the directly intercalated molecules, dimethyl sulfoxide,
formamide, and urea are largely reported in the literature.**>*
The case of urea is of interest for the preparation of a kaolinite-
poly(urea—formaldehyde) composite. The intercalation of urea

© 2025 The Author(s). Published by the Royal Society of Chemistry
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into kaolinite is favored by its numerous interaction sites.*-**
The presence of amino and carbonyl groups in urea enables its
retention within the interlayer space by establishing hydrogen
bonds respectively with the hydrogen atoms of octahedral
hydroxyls and the basal oxygen atoms of the tetrahedral sites.*®
Additionally, the nitrogen atom in the amino group also forms
hydrogen bonds with the hydrogen atoms of hydroxyls in the
octahedral sites.**** This retention opens up the possibility of
a urea-formaldehyde polymerization process within the
kaolinite interlayer space.

The polymerization mechanism of urea-formaldehyde
resins is well-documented in the literature.>'***® The process
involves an initial methylolation (hydroxymethylation) of urea,
followed by a polycondensation reaction. Recent studies by
Wibowo et al.™ identify four stages in the formation of this
resin, depending on the synthesis process. The first stage, cor-
responding to the addition reaction phase, results in short-
chain polymers such as mono-, bis- and tris(hydroxyethyl)
urea, which exhibit good crystallinity. The second and third
stages, related to the condensation phase, lead to an amor-
phous polymer characterized by numerous cross-links through
oxymethylene. Finally, the fourth stage results in a long-chain
polymer that also possesses good crystallinity due to the
linear structure, which is formed due to the formation of
a methylene bridge.

Furthermore, previous studies have reported the exfoliation/
delamination of kaolinite through in situ polymerization
processes.>”*** It is reported that for exfoliation to occur, the
departure of the pre-intercalated molecule and the insertion of
the monomer must happen simultaneously. This result clearly
indicates that a prior intercalation process is necessary to allow
the insertion of the monomer into the interlayer space of the
mineral. Furthermore, it is well established that the classic in
situ polymerization process is generally initiated by a reaction
damper.””?****  The formation of kaolinite-based nano-
composites through polymerization at room temperature ((28 +
1)) °C) of molecules that can be directly intercalated in its
interstitial space may be of interest as the displacement stage of
the intercalated species is suppressed. Such a process is of
interest for an efficient and rapid synthesis of kaolinite-based
nanocomposites, which reduce the use of chemicals and the
need for intermediate complexes.

Mechanisms of urea intercalation into kaolinite, as well as
the polymerization of urea and formaldehyde to form poly(-
urea-formaldehyde) (UF), are well-established. However, the
interlayer polymerization of intercalated urea with formalde-
hyde is not reported, whereas the formation of the kaolinite-
urea complex suggest that one could induce interlayer poly-
merization for the preparation of the kaolinite-poly(urea-
formaldehyde) composite. In particular, it is expected that an
exfoliated kaolinite-poly(urea-formaldehyde) nanocomposite
will be formed. Additionally, the exfoliation of kaolinite layers
will probably influence the polymer properties, which could be
tuned for improved or new applications.

Hence, the proposed aim of this study is to elaborate the
kaolinite-poly(urea-formaldehyde) (KUF) composite through
interlayer polymerization at room temperature of urea directly
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intercalated in the kaolinite interlayer. The mechanism of this
polymerization is proposed through the modeling of the urea-
kaolinite and urea-formaldehyde interactions. The structural
characteristics ~ (exfoliation/delamination, = microstructural
changes) and some physico-chemical properties (water resis-
tance, thermal stability) of this novel material were evaluated
using Fourier-transform Infrared Spectroscopy (FTIR), X-ray
diffraction (XRD), and thermogravimetric analysis coupled
with differential scanning calorimetry (TGA-DSC). Prior to
interlayer polymerization, textural analyses of the intercalated
precursor (kaolinite-urea) was done through nitrogen adsorp-
tion in order to access the reactive surface and estimate surface
vs. internal polymerization.

2. Materials and methods

The kaolinite sample (K) used in this study was sourced from
the locality of Mayouom in Cameroon. It was wet sieved at 45
um, dried at ambient temperature ((28 + 1) °C), then ground
and sieved over a 160 pm mesh, and stored in a closed glass jar.
Its chemical composition and crystallinity, reported in previous
studies,** indicate a high content (76.4%) in kaolinite with
good structural organization (Hinckley index: 0.74; P0O: 1.24;
Slope Ratio: 0.92). The chemical composition of major elements
(in oxide percentages) in the clay is as follows: % SiO,: 44.28; %
AlLO;: 34.21; % Fe,03: 1.97; % K,0: 1.23; % MgO: 0.24; % CaO:
0.04; % MnO: 0.01; % TiO,: 3.39; % P,0Ox: 0.26 and LOIL: 13.7%.
Analytical grade urea (purity: 98%) and formaldehyde (40%)
were utilized for the intercalation and polymerization
processes.

The intercalation of urea into kaolinite was conducted in an
aqueous suspension, following a modified approach by Mako
et al® Typically, a mixture of kaolin with a half-saturated
aqueous urea solution at a mass/volume ratio of 1:3 was
prepared at ambient temperature ((28 £ 1) °C). The suspension
was then stirred in a closed jar for 15 minutes and left to stand
for 14 days to ensure optimal intercalation under soft condition.
The resulting suspension was filtered, dried, ground, and
labeled as KU.

For the interlayered polymerization process, approx-
imatively 20 g of the cake obtained after filtration from the
intercalation process was collected and dispersed in 60 mL of
formaldehyde at an approximate mass/volume ratio of 1:3 at
room temperature. The mixture was agitated daily for 5
minutes in a closed glass jar for 14 days, filtered, dried, ground
and labeled as KUF.

The synthesis of UF resin was adapted from Park et al. and
Ferra et al.»* 52 mL of formaldehyde was placed in a reactor
kettle, heated to 60 °C, and the pH was adjusted to 8 with
sodium hydroxide. Subsequently, 20 g of urea was added, and
the mixture was heated to 90 °C for 45 minutes. The pH was
then adjusted to 5 with acetic acid for condensation. A second
addition of urea was done sequentially with 7 g in order to
control the cross-linking while ensuring a urea/formaldehyde
ratio greater than 1, which limited the formation of oxy-
methylene bridges by the condensation of formaldehyde
molecules.»* After this stage, a control was prepared to verify
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the effective formation of the polymer through the adsorption
of a small amount of solution using a dropper and then drop-
ped into a beaker filled with water until a white mist appeared.
The appearance of this mist indicates that the polymer was
successfully synthesized and the reaction was stopped by add-
ing a sodium hydroxide solution (6 M) until the pH reached 9.
After 7 minutes, the heating was stopped and the resin, without
washing, was cooled to room temperature, air-dried and labeled
as UF.

The water resistance of both dried pristine UF and KUF was
evaluated by immersing 1 g of each material in 20 mL of
distilled water for 5, 10, 20 minutes, and 1 hour and in 40 mL
during 3 hours with continuous agitation at 200 rpm, followed
by drying to a constant weight. The remaining UF quantity
after immersion was determined using eqn (1) for pristine UF
and eqn (2), which utilizes FTIR spectra for UF within the
composite.

% UF = 7 % 100 1)
my
1
UF band
0 %:( ands) 100
—(3621) ’
)

where m; and m, represent the masses of the pristine UF before
. . . I .
and after immersion, respectively; T (UF bands) : the relative
0
intensities of bands at 1653, 1544, 1388 and 1270 cm ' of UF in

the composite; — (3621): the relative intensity inner hydroxyls

1
Io
band of kaolinite at 3621 cm™ ' determined using the baseline
method from the FTIR spectra and 7.42 is the ratio value of

> IL(UF bands)
OI— in the composite before immersion. The
—(3621)
I

inner hydroxyls band of kaolinite at 3621 cm™
a reference, given that its intensity is not affected by the
modification of H-bonding in the kaolinite due to exfoliation/

delamination.

L is used as

2.1. Nitrogen adsorption at 77 K

Nitrogen adsorption-desorption isotherms at 77 K were ob-
tained using a self-built setup, where pressures were monitored
with Baratron-type pressure sensors provided by Edwards. The
samples were outgassed at 110 °C under vacuum before
adsorption using high-purity nitrogen (N55 > 99.9995%). The
specific surface area (SSA) was calculated utilizing the Bru-
nauer-Emmett-Teller (BET) equation, assuming a cross-
sectional area of 16.3 A? for nitrogen. The study estimated the
error in SSA determination at 1 m” g~ *. Mesoporous structure
analysis was conducted using a modified Kelvin equation for
slit-shaped pores on the desorption branch between 0.4 = P/P,
= 0.98 following the method of Delon and Dellys,* with
nitrogen-adsorbed layer thickness (f) calculated using the Jura &
Harkins***¢ equation.
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2.2. Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) spectroscopy analysis was
performed in the diffuse reflectance mode using a BRUKER
Alpha P Fourier transformed spectrometer in the range from
400 to 4000 cm . Each spectrum was obtained as an accumu-
lation of 40 scans.

The interlayer changes were monitored by evaluating the
interlayer cohesion or hydrogen bond extension in the inter-
layer space using the P, test (eqn (3)).2474®

I
1,(3620 cm!
p, = D80 emT) ©

Iy (3690 cm™)
where I/], is the relative intensity of the corresponding band in
the FTIR spectra.

2.3. X-ray diffraction

The X-ray diffraction patterns of the samples were obtained
from the University of Liege using a Bruker AXS D8 advance
diffractometer equipped with Cu Ka radiation (A = 1.5406 A),
operating under a voltage of 40 kV and an intensity of 40 mA.
The diffraction patterns were recorded at a step size of 0.02° for
a step time of 2 seconds over the 2 theta range from 5° to 70°.
The <2 pm fraction for oriented slides was obtained through the
dispersion of clay in water from which drops of the supernatant
were deposited on a glass slide. After air drying, the oriented
samples were subjected to glycolation and thereafter to firing at
550 °C. The XRD patterns of the oriented, glycolated, and fired
samples were recorded at the University of Lorraine using
a Bruker D8 advance diffractometer equipped with a 1D LynxEye
linear detector. The diffraction patterns were recorded using
Cu-Ko radiation (A = 1.5406 A) operating under a voltage of 40
kV and a current of intensity of 40 mA. Scanning was performed
at a step rate of 0.035°/3 s from 5° to 35° (26).

The structural changes were evaluated by determining the
coherent scattering domain size (D) using the full width at half
maximum (height) (8) of the reflection associated with the dgo,
and d,, basal spacing (with a preference for dyg,) and Scher-
rer's equation (eqn (4)).* For this calculation, the level of
disorder in the direction associated with the reflection used was
assumed to be the same. The number of layers per crystallite
(NL) was obtained by dividing the preferential coherent scat-
tering domain thickness by the main basal spacing associated
with the 001 reflection of the mineral.

o K2 s .
D<A> = B eos 0(Scherrer s equation) (4)

K = 0.89 (constant), A = 1.5406 (A)

6 = Reflection full width at half maximum. 6 = Scattering angle.

The intercalation level of urea in kaolinites was assessed by
calculating the intercalation ratio.>® This parameter was ob-
tained using the intercalation reflection intensity and the
residual kaolinite basal reflection intensity in the treated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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kaolinite.”**® For this calculation, the degree of orientation of
the intercalated and non-intercalated particles was assumed to
be the same.

2.4. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC)

Thermal analyses were conducted using a combined TGA-DSC
device SETARAM at the University of Liege. Forty milligrams
(40 mg) of each sample was placed in an alumina crucible and
heated at a rate of 10 °C min " from room temperature to 800 °C.

3. Results and discussion

3.1. Texture, mineralogy and thermal behavior of raw and
urea-intercalated kaolinite

3.1.1. Texture and porosity of raw and intercalated
kaolinite. Both raw and intercalated kaolinite exhibit type IV
nitrogen adsorption isotherms with a hysteresis loop and more
intense adsorption/desorption around relative pressures of 1 for
the intercalated kaolinite (Fig. 1a). This suggests the presence of
slit-shaped mesopores at the edges of clay particles, with
distributions of mean pore opening depicted in Fig. 1b. The
calculated BET specific surface area for kaolinite was 14.3 m>

60 1
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Fig. 1
pore openings; (c) distribution spectra of mean pore openings.
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g ', and the cumulative surface area of mean pore openings
(Fig. 1b) yielded a surface area of 12.46 m* g™, suggesting that
approximately 87% of the specific surface area is due to meso-
pores. After intercalation, the cumulative surface area of mean
pore openings obtained is almost equal to that obtained with
the BET equation, which was 10.1 m® g~* for the intercalated
kaolinite (Table 1). Thus, all the specific surface areas of the
intercalated kaolinite can be attributed to the surface of

Table 1 Kaolinites and pristine poly(urea—formaldehyde) structural
parameters®

Samples K KU KUF UF
Reflection 001 002 001 002 001 002 4
d (&) 714 3.8 107  3.58  >44.1  3.59

D (A) 190 174 229 209 / 210 69
NL 24 20 <5 /
Test P, 1.24 0.74 0.97 /
Sper 14.3 10.1 / /

> Apore 12.46 10.02 / /
IR (%) / 86 / /

¢ d: Basal distance; D: crystallite sizes; NL: number of layers per
crystallite; Sger: BET specific area; Y Apore: Cumulative pore area and
IR: Intercalation Ratio.
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o2,5 1
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©
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(a) Nitrogen adsorption—desorption isotherms of raw (K) and urea intercalated kaolinite (KU) at 77 K; (b) spectra of specific areas of mean
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mesopores. Larger surface openings between 3 and 50 nm are
observed in kaolinite (Fig. 1b), with a greater dominance of
mean openings at 3.4 and 4.5 nm (Fig. 1c). The increase and
appearance of openings observed in the intercalated kaolinite
(Fig. 1b and c) are probably due to the recrystallization of urea
in the mesopores. These openings characterize the interparticle
space of kaolinite** and are potential sites for non-interlayer
polymerization. The peak observed at 2.5 nm could be an arti-
fact reflecting the specific surface tension of nitrogen.*

3.1.2. Mineralogy and microstructural changes from raw to
intercalated kaolinite. The X-ray diffraction pattern of the raw
sample (Fig. 2a) shows the presence of clay minerals kaolinite
(K) (which is the major clay mineral) and muscovite (M), which
is associated with non-clay mineral quartz (Q) and anatase (A).
The identification of these clay minerals is confirmed on the
oriented (KLO), glycolated (KEG) and heated at 550 °C (K550)
samples (Fig. 2b). On the KEG, no swelling clay could be
revealed and under heating, only the reflection peaks related to
kaolinite disappear while the muscovite-related peaks remain
unchanged.

After the intercalation of urea, the reflection of kaolinite
shifts to 10.7 A (Fig. 2c), characteristic of the monolayer inser-
tion of urea molecules in the interlayer space of kaolinite.** The
evaluated intercalation ratio indicates a value of 86%, reflecting
a good insertion of urea relative to the low defects on the

(b)

714K

Intensity (a.u.),

<+3.34 Q+M
&—‘mm
<+—5M
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kaolinite sheets used.*® The low intensities of reflections char-
acteristic of excess urea are due to the appropriate choice of the
saturation ratio of the urea aqueous solution.

3.1.3. Interactions from raw to intercalated kaolinite. The
FTIR spectrum of the raw sample (Fig. 3a) shows characteristic
vibration bands of ordered kaolinite. The band at 3688 cm ™" is
related to the in-phase stretching vibration band of hydroxyl
groups at the surface of the sheet; the bands at 3671 and
3648 cm ' are the out-of-phase stretching vibration of the
surface hydroxyl groups in the interlayer and the band at
3620 cm™ ' is assigned to the stretching vibrations of inner sheet
hydroxyls.*>** The bands at 1117 cm ' and 757 cm ™' are
attributable to the stretching vibrations of Si-O bonds, while
those at 457 and 412 cm™ ' characterize their bending vibra-
tions. At 677, 1027 and 1002 cm™!, the bands show the
stretching vibrations of Si-O-Si. At 909 and 796 cm ', the
bending and translational vibration bands of AI-OH are located,
respectively. The band at 524 cm ™" is related to the vibrations of
the apical oxygen groups Si-O-Al.

The intercalation of urea into kaolinite is highlighted by the
appearance of new bands and the displacement of characteristic
vibration bands of kaolinite (Fig. 3b). These phenomena indicate
the interactions between kaolinite and urea. The disturbances
observed on the characteristic vibration bands of kaolinite
hydroxyls and the loss in intensity of the stretching vibration
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“—334M

X
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(a) < ——K 550
- . —KLO
d 5 15 25 35
] 3 20 ()
<t
le]
To}
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- Py N
=1 “
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2 X B 31273
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s i g l —KU
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5 15 25 29() 35 45 55 65 5 15 25 3 45 55 65
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26 (°)

Fig. 2 XRD patterns of raw and urea-intercalated kaolinite: (a) bulk sample; (b) oriented, heated at 550 °C and glycolated, and (c) urea-inter-

calated (KU).
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bands of C-N bonds at 1480 cm ™" and C=O0 at 1676 cm™ " from
the urea spectrum indicate the formation of hydrogen bonds
between the heteroatoms (nitrogen and eventually oxygen atoms)
of urea and the hydrogen atoms (AlO-H) of the octahedral site of
kaolinite. The appearance of a bending vibration band at
1627 cm ™! attributable to new N-H bonds reflects the hydrogen

(a)‘ X _-1%

S

" 4

0

©

=
6% & BAE R
—K 95%
—KU
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25 225 425 625

Temperature (°C)
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bonds formed between urea hydrogen atoms and oxygen atoms
(Si-O) of the tetrahedral site of kaolinite.*® The characteristic
bands of the stretching vibration of interlayer urea H-N-H bonds
appear at 3515 and 3409 cm ', and the bending vibration is
related to the bands at 3273 and 1613 cm ™. At 1164 cm™ ", the
stretching vibration band of the C-N bond was observed.

425 625

Temperature (°C)

25 225

Fig. 4 Thermal analyses of urea (U), raw kaolinite (K) and urea-intercalated kaolinite (KU): (a) TGA; (b) DSC.
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3.1.4. Thermal behavior of raw and intercalated kaolinite.
The thermal analysis results are given in Fig. 4a for TGA and
Fig. 4b for DSC. The DSC of the raw kaolinite sample (Fig. 4b)
exhibits two endothermic events. The first at about 37 °C is
associated with a mass loss of about 1% in the kaolinite TGA
(Fig. 4a) and attributed to the removal of hydration water. The
second event at 536 °C (Fig. 4a) corresponds to a TGA mass loss
of 10.8% (Fig. 4a), which is associated with kaolinite dehy-
droxylation, leading to the formation of metakaolinite.

The thermogram of the urea-intercalated sample (KU)
exhibits four additional endothermic events on its DSC curve
(Fig. 4b). First, an event at 145 °C is not associated with any
mass loss on TGA (Fig. 4a) and is attributed to the melting of
non-intercalated urea.***> The second endothermic event is
located at 202 °C and is associated in the TGA curve (Fig. 4a) to
a mass loss of about 6.4%, related to the beginning of decom-
position of urea, which continues at the third DSC phenomenon
at 254 °C with an additional mass loss of about 9.7%. The
starting at 202 °C is dominated by the non-intercalated urea,
while at 254 °C; it is mostly dominated by the intercalated urea.
The decomposition products are made of biuret, cyanuric acid,
ammelide, and melamine,***> and their evaporation is indi-
cated by the fourth endothermic event at about 308 °C, resulting
in a residual mass loss of about 1.6% in the TGA curve (Fig. 4a).
The presence of urea within the interlayer space of kaolinite was
further confirmed by the decreased dehydroxylation tempera-
ture of kaolinite to 517 °C, with an associated TGA mass loss
estimated at 9.5%. In comparison to dehydroxylation loss of
10.8% in the raw kaolinite, it was suggested that kaolinite sheet
dehydroxylation starts earlier and is associated with interca-
lated urea decomposition within the KU complex.

3.2. Characterization of pristine poly(urea—formaldehyde)
(UF) and kaolinite-UF intercalated resin: bonding evolution,
crystallinity change and thermal analysis

3.2.1. FTIR analysis: bonding evolution. The FTIR spectra
of a dried poly(urea-formaldehyde) resin (UF) and pure urea are
displayed in Fig. 5a. The effectiveness of polymerization is
obvious from a variety of characteristic bands corresponding to
UF bond vibrations. Bands at 3457 and 1603 cm™ ' (amide II)
represent stretching and bending vibrations, respectively, of the
H-N-H bond in urea, suggesting a low presence of terminal
NH, groups at certain polymer sites. Bands at 3337 (amide A)
and 787 cm ™' correspond to stretching and bending vibrations
of N-H and O-H bonds. The vibrations of C-H bonds are
observed at 2997, 1391, and 1357 cm ™!, which is absent in the
urea spectrum, indicating new CH,-O and CH,-N bonds. The
shift of the C=0O stretching vibration band of urea to lower
wavenumbers at 1629 cm ™ reflects a change in the structure of
amide I, likely due to hydrogen substitution in the amino
groups by methylene (N-methylolation). The decrease in the
intensity of the C-N elongation vibration band at 1441 cm ™"
from urea in favor of strong bands at 1548 and 1251 cm™
characterizing new C-N vibrations in UF indicates the restruc-
turing of amide II (N-methylolation). The intense vibration
band of C-O-C and possibly CH,-N-CH, bonds at 1135 cm ™"

1
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and C-C-0 bonds at 1031 cm ™ * suggest the significant presence
of methylene and oxymethylene (ether) linkages. These results
well correspond to the stage #1' of the obtained resin,
including a great presence of the methylene ether linkage.
Various polymerization mechanisms of UF and probable
structures of the obtained polymers are clearly outlined in the
literature.***%%*

In kaolinite-UF intercalated resin (KUF), in addition to the
characteristic bands of kaolinite bonds, the characteristic of UF
bonds with higher wavenumbers are observed in the FTIR
spectrum in Fig. 5b. This difference in the vibration wave-
numbers of UF within the kaolinite compared to the pristine UF
clearly characterizes an in situ position within the interlayer
space of kaolinite. Furthermore, the restructuring of the
hydroxyl vibration bands of kaolinite back to their initial states
indicates that the hydrogen bonds previously formed with urea
have been broken. However, the changes observed in the
intensities and wavenumbers of these hydroxyl bond bands are
due to the new hydrogen bonds they establish with the water
molecules formed during polymerization (see section 3.3.3). At
about 3400 cm ™!, the observed rounded vibration band char-
acterizes the bonds of water formed during polymerization. The
vibrational bands of methylene (-CH,) bonds characterizing
CH,-N and N-CH,-N groups were observed at about 2995, 1419,
1388, and 1367 cm™*. Those characterizing CH,-O and O-CH,-
O groups were observed at about 2633 and 1341 cm ™", respec-
tively. Additionally, the bending vibration band of -C-H in the
O-CH,-N group was observed at about 1471 and 1464 cm ™. At
1653 cm ™, the carbonyl (C=0) vibration band manifests with
a high intensity, indicating its freedom (unbound) in the
interlayer space. The intensification of the new C-N bands at
1544 and 1270 cm ' characterizes the numerous N-methylene
cross-links formed during condensation. The absence of char-
acteristic -N-H vibration bands indicates complete amino
group methylation during the process. The very low intensity of
CH,-O bands indicates the low presence of methylene ether
linkages.

3.2.2. Xray diffraction: crystallinity change. The X-ray
diffraction pattern of UF displays five (05) main reflections
(Fig. 6a), indicating the crystallinity of the material. This crys-
talline structure best corresponds to the urea bis(hydrox-
ymethyl) resin formed at the end of the addition stage, as
reported by Wibowo et al.** Furthermore, the average crystallite
size, evaluated using the Scherrer equation, was 69 A, which
further agrees with Wibowo et al.,** where the reported size for
the end was 64.5 A. Hence, the resin form was made of short-
chain polymers consistent with Goncalves et al.*” This is why
a relatively high crystalline resolution was observed (Fig. 6a) and
suggests the low presence of methylene linkage crosslinking.

The X-ray diffraction pattern of KUF (Fig. 6b) reveals the
complete disappearance of the main reflection of urea-
intercalated kaolinite at 10.7 A. Additionally, the residual
main kaolinite reflection at 7.16 A was low as compared to the
one in the raw kaolinite. It was then concluded that polymeri-
zation induces the exfoliation of the kaolinite. Consequently,
the polymer chains formed effectively dispersed the mineral
layers, which lost their periodicity, imparting to the new

© 2025 The Author(s). Published by the Royal Society of Chemistry
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material a dimension along the ¢ axis that is undetectable by
XRD analysis. The residual dgo; of kaolinite was probably
associated with the part of kaolinite that was not intercalated by
urea and the deintercalation domain occurring from the
displacement of some urea out of the kaolinite interlayer in the
formaldehyde solution. The characteristic reflections of UF are
non-observable due to the dominance of the mineral reflection

© 2025 The Author(s). Published by the Royal Society of Chemistry

(b) kaolinite (K), urea-intercalated kaolinite (KU) and intercalated kaolinite—

peak. A total absence of excess urea characteristic reflections
was also noted, indicating a complete polymerization of urea
both in the interlayer and at the surface of the clay sheets.
3.2.3. Thermal behavior. Thermal analysis of UF (Fig. 7a)
reveals several key events. Up to 204 °C, a mass loss of 8.2%
occurs, corresponding to the dehydration of poly(urea-formal-
dehyde) and potentially the departure of terminal OH and NH,
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groups. Subsequent mass losses of 8.9% at 257 °C and 37.5% at
306 °C indicate the cleavage of ether and methylene bridges.>
This cleavage is followed by a notable polycondensation at 315 °©
C, as evidenced by a mass increase in the TGA curve. Finally, the
material undergoes complete decomposition at about 356 °C.
Notably, the pristine synthesized UF exhibits no glass transition
temperature (T), in accordance with its crystallinity observed in
XRD analysis.

Thermal analysis of KUF reveals four (04) events. At 82 °C,
a 0.8% mass loss occurs, attributed to the removal of hydration
water and potentially excess formaldehyde. The evaporation of
interstitial water formed during the condensation process
occurs at about 198 °C, accounting for 1.6% of the material.
Unlike the pristine poly(urea—formaldehyde), the UF within the
kaolinite decomposes in a single step at 298 °C (Fig. 7¢) to form
low reactive products such as carbon dioxide, water and
nitrogen with a 6.4% mass loss (Fig. 7b), indicating its stabili-
zation by interactions with the clay sheets. This suggestion is
supported by the higher decomposition temperature compared
to the pristine polymer. The UF interactions with the kaolinite
layers are also revealed by the dehydroxylation of the clay, which
occur at 534 °C in the KUF, whereas in the KU, it occurred at
517 °C. This relatively higher dehydroxylation temperature of
kaolinite layers after the formation of the poly(urea-formalde-
hyde) polymer within the interlayer is associated with an
increase in the extent of hydroxyl groups associated with the
bonding extension caused by water molecules, produced during

3034 | RSC Adv, 2025, 15, 3026-3039

Temperature (°C)

(a) TGA-DSC of pristine poly(urea—formaldehyde); (b) TGA and (c) DSC of kaolinite (K), urea-intercalated kaolinite (KU) and intercalated

the polycondensation step. The urea-formaldehyde polymer
contributes to hydroxyl interactions extension, which induce
increased cohesion of the kaolinite layer, resulting in a shift
(increase) in the dehydroxylation temperature. This hydroxyl
interaction extension is supported by the P, test (Table 1), from
which the hydroxyl interaction extension is more prominent in
KUF than in KU, justifying a higher dehydroxylation tempera-
ture for kaolinite in KUF. The mass loss of 11% associated with
this dehydroxylation is coherent with that of the raw kaolinite
(10.8%) (Fig. 7b).

3.2.4. Probable mechanism of in situ polymerization in
kaolinite. The analysis of results obtained from FTIR, XRD,
TGA/DSC and N, adsorption clearly indicates the presence of
poly(urea—formaldehyde) within the interlayer space of the
kaolinite. The exploitation of intercalation results, associated
with existing literature data,*** provides insights into the
predominant orientation of urea within the interlayer space of
kaolinite (Fig. 8a).

The in situ polymerization process would start with a clas-
sical methylolation: firstly, the activation of the carbonyl group
of formaldehyde molecules by the surface hydroxyl protons
within the interlayer space, followed by the formation of -NH-
CH, bonds by the attack of the carbonyl electrophilic site
(Fig. 8b). For condensation, the formed methylols react with
adjacent urea-formaldehyde monomer nitrogen atoms,
releasing interlayer water molecules that would form stronger
hydrogen bonds (Fig. 8c) with octahedral and tetrahedral sites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 Proposed mechanism for the in situ polymerization of urea—formaldehyde in kaolinite interstitial space: (a) urea-intercalated kaolinite; (b)

first methylolation; (c) condensation; (d) final methylolation.

A final methylation occurs with the formation of terminal 1,3-
oxazetidine cycles (Fig. 8d), releasing more interstitial water
molecules. This indicates that UF within the interlayer space is
only bound to kaolinite by low van der Waals' interactions.
Furthermore, monitoring interstitial cohesion using the P, test
indicates values of 1.24 for raw kaolinite, 0.74 for intercalated
kaolinite and 0.97 for the nanocomposite (Table 1). This
suggests that the strong cohesion in raw kaolinite has been
disrupted by urea intercalation and that a more symmetrical
repartition of internal and external AlO-H is observed after
polymerization. This symmetrical repartition indicates the

© 2025 The Author(s). Published by the Royal Society of Chemistry

exfoliated structure of the layer after polymerization. Moni-
toring the d-spacing using the Bragg equation reveals an
increase to 3.56 A after urea intercalation. Subsequently, a loss
of periodicity, indicating an expansion of the interlayer space
beyond the detectable range of XRD (>44.1 A), occurs after
polymerization (Table 1) relative to the raw kaolinite. These
structural changes may account for the increase in the pore
openings shown in the pore spectra (see section 3.1.1), which
account for progressive exfoliation/delamination following the
different stages of the process. Additionally, evaluating the
number of layers per crystallite (NL) provides an initial value of
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24 for the raw mineral, then 20 for the urea-intercalated
kaolinite, and less than 5 for the clay-polymer composite,
indicating an exfoliated structure for the kaolinite in the ob-
tained nanocomposite.

3.3. Water resistance of the UF-intercalated kaolinite
compared to pristine UF

Upon immersion of pristine UF and the nanocomposite in
water, variations are observed in terms of masses and adsorp-
tion bands from FTIR, as depicted in Fig. 9. The percentages of
the remaining UF after immersion were obtained using eqn (1)
and (2) for the pristine UF and the composite, respectively. The
remaining mass of the UF after immersion in water shows
a decrease in the amount of UF with increasing immersion time
(Fig. 9¢). Using the FTIR bands for the UF within the composite
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also shows a decrease in the UF up to twenty minutes of
immersion; thereafter, the UF seems to recombine within the
kaolinite layers. This decrease in both UF and the KUF of the
polymer is attributed to its degradation through the cleavage of
ether linkages and the opening of 1,3-oxazetidine rings. The
actual rate of decrease seems to be higher for pristine UF due to
its direct exposure to water molecules, while when associated
with kaolinite, the mineral layer seems to play a barrier role that
limits the degradation of UF in the composite material. The
decrease observed in the composite is further confirmed by the
intensity of O-H stretching associated with the free water
molecule bands at 3400 cm ™ (Fig. 9a). This significant decrease
in intensity is believed to result from the opening of the 1,3-
oxazetidine ring, leading to the formation of methylol groups,
thus enabling the modification of H-bonding in the kaolinite
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vibrational bands domain and (c) percentages of UF in the composite and percentages of pristine UF after different immersion times.
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interlayer due to the involvement of methylol groups. This
suggestion is confirmed by the changes in the vibrational bands
of the surface hydroxyls in the kaolinite interlayers (Fig. 9b).

The re-increase in the amount of UF in the composite, as
observed from 1 hour of immersion, suggests that the degra-
dation induced by water leads to fragments that remain trapped
by the mineral layers and, these fragments recombine to
regenerate the polymer, indicating the self-healing capacity of
the nanocomposite. The same observation is made after 3 hours
of immersion. This regeneration of the UF within the KUF from
1 hour and beyond is also supported by the increase in the
stretching band of O-H from the free water molecule at
3400 cm ™ from 1 hour, which is more obviously visible after 3
hours. It is also evident from the kaolinite interlayer O-H
stretching, which is almost similar after 3 hours to those of the
pristine KUF (Fig. 9b).

4. Conclusion

In this study, the kaolinite-poly(urea-formaldehyde) (KUF)
composite was synthesized for the first time through the
interlayer polymerization of urea-intercalated within the
kaolinite. The evidence of this polymerization was accessed
using XRD, FTIR, thermal analysis and the water resistance
tests. The polymerization mechanism of urea-formaldehyde
within the kaolinite interlayer was also discussed.

The analysis of the kaolinite structural changes, from urea
intercalation to polymerization, initially indicated the appear-
ance of characteristic vibrational bands of intercalated urea
molecules and the hydrogen bonds they formed within the
kaolinite, as observed via FTIR spectroscopy. This was further
confirmed by X-ray diffraction, thermal analyses (TGA/DSC),
and nitrogen adsorption, showing shifts in the main reflec-
tion of kaolinite from 7.14 A to 10.7 A, an increase in the
decomposition temperature of the intercalated urea, while the
kaolinite dehydroxylation temperature decreases. B.E.T analysis
from nitrogen adsorption reveal a widening of the average pore
openings. The urea intercalation ratio was found to be 86%
from the XRD patterns. Subsequently, results from FTIR and
thermal analyses indicated the appearance of bands and
thermal events characteristic of crosslinked poly(urea-formal-
dehyde) in the composite material. This presence within the
kaolinite interlayer space was confirmed by the disappearance
of the reflection of urea-intercalated kaolinite and the
enhancement of UF thermal behavior. The kaolinite in the ob-
tained material was mostly exfoliated, as indicated by the low
intensity of the characteristic reflection of kaolinite at 7.14 A.
This domain was associated with urea displacement from the
kaolinite-urea complex when immersed in formaldehyde. The
exfoliated structure was also confirmed by the evaluation of the
number of layers per crystallite. As the characteristic peak of
urea was not observed on the kaolinite-poly(urea-formalde-
hyde) composite, it was concluded, regarding the intercalation
ratio, that polymerization largely occurs within the interlayer
space.

The analysis of these results led to a proposed polymeriza-
tion mechanism of urea-formaldehyde in kaolinite, which

© 2025 The Author(s). Published by the Royal Society of Chemistry
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consists of a hydroxymethylation step of urea by formaldehyde,
followed by a polycondensation step, predominantly forming
methylene linkages and a final methylolation step, leading to
the formation of 1,3-oxazetidine cycles. In the first step, the
stabilization of the reaction is enhanced by H-bonding with the
mineral in the second stage; the released water molecules from
polycondensation contribute to enhanced mineral-organic H-
bonding. The released water from the second to the third step
generated van der Waals interactions that ensure bridging
between the formed polymer chains and the mineral surface,
indicating that poly(urea-formaldehyde) in the interlayer space
interacts with the kaolinite surface and improve the extension
of hydroxyl bonding. Such a configuration is of interest in
controlled release or adsorption processes.

The water resistance test on the obtained composite shows
a moderate decomposition of poly(urea-formaldehyde) and the
retention of the decomposition fragments by the mineral layers,
which allow the self-healing behavior of the composite after 1
hour of immersion. The synthesized poly(urea-formaldehyde)
within the kaolinite interlayer space is more water-resistant
than the conventionally synthesized urea-formaldehyde resins.
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