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Abstract

This work investigates the potential industrial applications of two sodium bentonite samples
(white and yellow), obtained from raw Ca-rich bentonite from Maputo Province in Southern
Mozambique. Bentonite bio-organoclays were successfully developed from two Mozambi-
can montmorillonite clays through the intercalation of protonated dimer fatty acid-based
polyamide chains using a solution casting method. X-ray diffraction (XRD) analysis con-
firmed polymer intercalation, with the basal spacing (dgo;) increasing from approximately
1.5 nm to 1.7 nm as the polymer concentration varied between 2.5 and 7.5 wt.%. However,
the extent of intercalation was limited at this stage, suggesting that polymer concentration
alone had a minimal effect, likely due to the formation of agglomerates. In a subsequent
optimization phase, the influence of temperature (30-90 °C), stirring speed (1000-2000 rpm),
and contact time (30-90 min) was evaluated while maintaining a constant polymer concen-
tration. These parameters significantly enhanced intercalation, achieving d001 values up to
4 nm. Statistical Design of Experiments and Response Surface Methodology revealed that
temperature and stirring speed exerted a stronger influence on d001 expansion than contact
time. Optimal intercalation occurred at 90 °C, 1500 rpm, and 60 min. The predictive models
demonstrated high accuracy, with R? values of 0.9861 for white bentonite (WB) and 0.9823 for
yellow bentonite (YB). From statistical modeling, several key observations emerged. Higher
stirring speeds promoted intercalation by enhancing mass transfer and dispersion; increased
agitation disrupted stagnant layers surrounding the clay particles, facilitating deeper pen-
etration of the polymer chains into the interlayer galleries and preventing particle settling.
Furthermore, the ANOVA results showed that all individual and interaction effects of the
factors investigated had a significant influence on the dgp; spacing for both WB and YB clays.
Each factor exhibited a positive effect on the degree of intercalation.
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1. Introduction

Bentonite is a sedimentary rock commonly classified as claystone or mudstone in
geological contexts. It forms cohesive, consolidated deposits, making it suitable for extrac-
tion through mining and quarrying, much like other rock materials. Essentially, bentonite
is a rock rich in clay or primarily composed of clay minerals, with montmorillonite as
its principal component [1-4]. In industrial practice, the terms ‘bentonite’ and ‘montmo-
rillonite” are often used interchangeably. The choice of terminology typically depends
on whether the emphasis is on its mineralogical composition or its geological origin and
physical properties.

Belonging to the smectite group of minerals, bentonite is among the most widely
utilized industrial clays globally, with diverse applications across numerous industries. Its
unique physicochemical properties, including high cation exchange capacity, fine particle
size, notable swelling behavior, plasticity, rheological characteristics, adsorption capacity,
lubrication, and bonding strength, make it an indispensable material in sectors such as
petroleum drilling, cement manufacturing, environmental remediation, civil engineering,
bleaching earth, foundries, cosmetics, pharmaceuticals, agriculture, coatings, and paper
production [1-11].

Formed primarily through altering volcanic ash and tuff, bentonite is generally classi-
fied based on its dominant interlayer cations as sodium and calcium-bentonite. Sodium
bentonite (Na-bentonite), typically of marine origin, exhibits superior swelling capabilities,
whereas calcium bentonite (Ca-bentonite), more common in freshwater environments, is
often non-swelling [12-14]. Despite its versatility, natural bentonite has inherent limitations
for specific applications where surface functionality and interlayer compatibility with
organic molecules are crucial.

Chemical modifications, particularly the development of organoclays, have been
extensively studied as a means of addressing the above inherent limitations of natural clays,
such as their hydrophilicity and limited compatibility with organic matrices. Organoclays
are a class of modified clays in which the naturally occurring inorganic exchangeable
cations, typically Na* or Ca?*, within the interlayer spaces of smectite-type clays such as
montmorillonite are replaced with organic cations, typically long-chain alkylammonium
ions derived from quaternary ammonium salts. This ion-exchange reaction not only renders
the clay surface more organophilic (hydrophobic), facilitating its dispersion in nonpolar
media, but also expands the interlayer spacing (basal spacing or d-spacing), allowing the
intercalation of larger organic molecules [15-17].

This tailored modification significantly enhances the compatibility of the clay with
a variety of organic systems and broadens its application potential. Organoclays are
now widely used in water treatment (for adsorbing hydrophobic contaminants), polymer
nanocomposites (as nanofillers improving mechanical and barrier properties), paints and
coatings (as rheological modifiers), adhesives (for thermal and mechanical reinforcement),
and oil drilling fluids (for controlling rheology and improving thermal stability) [18-22].

Extensive research has focused on the synthesis and utilization of organoclays, partic-
ularly those modified with long-chain quaternary ammonium salts, cationic surfactants of
the type [(CH3)sNR]* or [(CH3),NR]*, where R denotes alkyl or hydroxyl chains [18,23—40].
However, concerns regarding their environmental persistence and potential health hazards,
such as dermal irritation, have prompted the search for more sustainable alternatives.

Instead of relying on traditional cationic surfactants, the research team has explored a
surfactant-free organo-modification approach using biodegradable polymers derived from
plant oils, such as soybean oil. This method involves solution intercalation, which operates
on the principle of ion exchange by substituting inorganic ions with organic ones. The
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focus has been on bio-based polyamides bearing terminal amine groups, with dimer fatty
acid-based polyamides serving as a key example.

The surfactant-free organo-modification method, previously detailed in our earlier
studies [41-43], involves the use of dimer fatty acid-based polyamides, which are bio-based
polymers of low molecular weight that are soluble in various organic solvents. These
polyamides possess amine end groups that become protonated in appropriate carboxylic
acids, enabling the direct intercalation of polymer chains into clay layers via the solution
casting method. This suggests that organo-clays can be prepared without the need for
conventional surfactant-based organo-modification.

Structurally, dimer fatty acid-based polyamides are composed of over 99% triglyc-
erides. These amorphous co-polyamides are synthesized by dimerizing unsaturated veg-
etable fatty acids. The resulting dimer acids are then reacted with other diacids and selected
aliphatic diamines through polycondensation to produce the target polyamides [41]. Fur-
ther details on the intercalation technique and polymer-based organoclays synthesis are
provided in the Materials and Methods section.

Building upon previous research conducted by our group on polymer-clay nanocom-
posites [41-43], which focused on elucidating intercalation mechanisms within polymer
matrices, this study optimizes the organo-modification process. Using Statistical Design
Modeling and Response Surface Methodology (RSM), key parameters affecting polymer in-
tercalation into bentonite, namely temperature, polymer content, contact time, and stirring
speed, were investigated. Due to their accessibility and relevance, two bentonite samples
from Mozambique were selected.

The research seeks to validate a novel, sustainable organo-modification technique
and demonstrate its potential for producing high-performance, biodegradable organoclays.
The outcome will offer a viable, eco-friendly alternative to conventional surfactant-based
materials, supporting current environmental imperatives while expanding the technological
options available in sectors dependent on organoclay functionalities.

2. Materials and Methods
2.1. Materials

Two sodium bentonite samples (white and yellow), obtained from raw Ca-rich ben-
tonite collected in the Boane region of Maputo Province, Southern Mozambique, were
pre-activated with Na,COj3 in our laboratory. Their chemical compositions are presented in
Table 1 [44]. The deposit is located approximately 40 km southwest of Maputo City, on the
slopes of Montes dos Pequenos Libombos and about 9 km from the Boane district headquar-
ters. It is accessible via the Maputo—Namaacha and Maputo—Ressano Garcia roads, as well
as by smaller trails. The raw bentonite is extracted through open-pit mining over an area of
around 40,000 m?, specifically in the “Depésito Cooperativa 1” and “Depésito Cooperativa
2”7 [34]. The purification and NayCOj activation procedures followed the methodology de-
scribed in our earlier work [44]. The white and yellow bentonite clay samples were labelled
WB and YB, respectively. Acetic acid (glacial, 100% purity; CAS No. 64-19-7) and sodium
carbonate (CAS No. 497-19-8) were procured from Merck Chemicals (Pty), located in Ger-
miston, Gauteng Province, South Africa, and supplied by Tecnotraguas-Mozambique. Both
reagents were used as received. The amorphous co-polyamide (dimer fatty acid polyamide),
Euremelt 2140 (E2140), was supplied by Huntsman Advanced Materials (Deutschland)
GmbH & Co. KG, Trottdcker, Bad Sackingen, Germany.
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Table 1. Chemical composition of white and yellowish bentonite clays.

Composition (wt.%)

Sample

Si02 A1203 F9203 CaO Kzo NaZO MgO MnO TiOZ P205
WB 79.6 13.4 2.52 0.49 0.21 0.64 297 0.01 0.17 0.01
YB 68.7 9.74 2.32 0.35 0.24 0.76 2.05 0.01 0.12 0.01

2.2. Preparation of Organoclays

The preparation of organoclays was done in two main stages, based on an adaptation
of the method proposed by Macheca et al. [41] and Macheca et al. [42]. In the first stage,
three samples of each clay type, white and yellow, were prepared with polyamide at
concentrations of 2.5, 5.0, and 7.5 wt.%. Key process parameters, including temperature
(30 °C), contact time (30 min), and stirring speed (1000 rpm), were kept constant in all the
experiments carried out.

The preparation procedure involved dissolving a measured amount of polyamide
in acetic acid to create a 10 wt.% polyamide solution. Separately, a 500 mL stainless steel
container was mixed using a shear mixer at room temperature for 5 min. The 10 wt.%
dropwise additions of polyamide solution were made to the mixture. Once the addition
was complete, mixing continued for an additional 25 min. Next, distilled water was added
during stirring to help loosen the clay structure. This was followed by a seven-day washing
process to remove excess acetic acid, during which the water was replaced daily. The
organo-modified clays were then separated by decantation and dried for 48 h at 60 °C in an
oven. The resulting polymer-modified clays were labeled according to their composition:
WBXPA for white bentonite and YBxPA for yellow bentonite, where “x” indicates the
polymer concentration (2.5, 5.0, or 7.5 wt.%) and “PA” denotes polyamide. For example,
WB2.5PA refers to white bentonite modified with 2.5 wt.% polyamide. Neat polyamide
polymer was also subjected to the same procedure to prepare the sample used for property
comparisons, specifically for XRD and TGA analysis.

The second stage focused on optimizing the organo-modification process by enhancing
polymer chain intercalation within the bentonite layers. Unlike the first stage, this phase
involved varying three key parameters: temperature (30-90 °C), contact time (30-90 min),
and stirring speed (1000-2000 rpm), while keeping the polymer concentration constant. The
sample from the first stage that exhibited the highest degree of intercalation was measured
by the basal spacing (d001) using Bragg’s Law. Optimization was performed using the
Statistical Design of Experiments (DOE) approach.

2.3. Characterization Methods

Elemental composition of bentonites and structural analysis of composites (polymer-
based organoclays), including neat polymer, were performed using a multifunctional
equipment X-ray diffraction (XRD)/XRF model PANalytical X'Pert Pro from Malvern
Panalytical Company (Malvern, UK) equipped with an X'Celerator detector. Using X'Pert
High Score Plus software 5.1, mineralogy was determined by the pattern that best fits
the measured diffraction pattern from the ICSD database. Thermogravimetric analysis
(TGA) of bentonites and their polymer-modified hybrids, including neat polymer, was
done using a model Perkin Elmer 4000 TGA equipment, from PerkinElmer, Inc. (Waltham,
MA, USA). The test was conducted in an open 150 pL alumina pan filled with roughly
15 mg of the sample, under an airflow rate of 50 mL/min, at a temperature range of 25 °C
to 950 °C, under a heating rate of 10 °C/min. The SEM images were performed at 1 kV
resolution, using Zeiss Ultra 55 FESEM Field from Carl Zeiss AG Company (Oberkochen,
Germany). The composites were coated with carbon before SEM analysis. The surface
area was calculated by the BET method [45]. Particle size results were also obtained from
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BET analyses. Except for XRD, all the characterization techniques discussed were applied
exclusively to samples prepared during the first stage.

2.4. Statistical Design of Experiments
Full Factorial Design

A 2K full factorial design was used to investigate the factors and their interactive effects
on the extent of polymer chain intercalation into the bentonite galleries, as measured by
the basal spacing (dgo1) [46—48]. Factors such as temperature, polymer content, contact
time, and stirring speed were taken as the independent variables (k = 3) and dgg; as the
dependent variable (response). A low level denoted the least number of factors employed,
while a high level showed the highest number of factors. The factor levels were recorded
as — (low-level) and + (high-level). Each of the three components’ center points was coded
as “0,” as shown in Table 2.

Table 2. Factorial levels using central composite design for dgp;.

Symbol Coded Levels
Factors
— -1 0 +1
A: Temperature, °C X1 30 60 90
B: Contact time, min Xo 30 60 90
C: stirring speed, rpm X3 1000 1500 2000

Given the current focus on the central point of the factors, a second-order statistical
design of experiments is appropriate, and the following equation best represents this model:

k k
Y =Bot+ ) BiXi) BiuXi + )Y BiXiX; +e 1)
i=1 i=1

i<j

where X; is the coded factors, ¢ is the error, By is the offset term, B; is the linear effect, §;; is
the squared effect, f;; is the interaction effect, and Y is the expected response.

The optimal conditions for the organo-modification process were determined using
Response Surface Methodology (RSM) with a central composite design (CCD) [44,46—48].
Equation (1) describes the degree of intercalation, representing the actual functional linkage
between the polymer chains and the bentonite layers, as a function of the independent
variables and their interactions. The central composite design is derived from a 2* factorial
design by adding six axial points, coded as £ «, along with nine axial center locations
where all factors are set to zero. The value of o is determined via Equation (2):

= (2")1/4 )

where K represents the quantity of components. Considering there are three variables in
this investigation, thus « is 1.682.

The lower —a (Z;,—«) and upper +« (Z;,+a) positions, which represent the realistic
variable’s levels determined by Equations (3) and (4):

Zitu = Zip+ al; 3)

Zi o= Zip— ah; (4)
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where A; represents the center, or basic levels, and Z; is the factor’s variation range,
parameters calculated by Equations (5) and (6):

Zio=1/2(Z;, + zi,z) )

A =1/2(Z;; — Zi,z) (6)

where the factors” upper and lower levels are denoted by Z; 1 and Z; ».

The central composite design, showing the corresponding combinations of indepen-
dent variables, is listed in Table 3. Components (Z1, Z,, and Z3) represent the realistic
variable values, corresponding to temperature (°C), contact time (min), and stirring speed
(rpm), respectively. The connection between the actual values (Z; ;) and the coded values
(Xi,) is expressed by Equation (7):

Zij=Zio + AiXj; @)

Table 3. Central composite design matrix for dgp;.

Run Zl Zz Z3

1 90 90 2000
2 30 90 2000
3 90 30 2000
4 30 30 2000
5 90 90 1000
6 30 90 1000
7 90 30 1000
8 30 30 1000
9 110.46 60 1500
10 9.54 60 1500
11 60 110.46 1500
12 60 9.54 1500
13 60 60 2341
14 60 60 659
15(C) 60 60 1500
16(C) 60 60 1500
17(C) 60 60 1500
18(C) 60 60 1500
19(C) 60 60 1500
20(C) 60 60 1500
21(C) 60 60 1500
22(C) 60 60 1500
23(C) 60 60 1500

(C) = Axial center points.

From Equations (3)—(6), Zi +«, and Z; _ 4 levels were calculated, and are summarized
in Table 4. Analysis of variance (ANOVA) was used to design and analyze the experimental
data using StatSoft Statistica software, version 8.0.360.0 (English), Palo Alto, CA, USA. The
interaction of independent factors was studied using RSM. The p-value with a 95% confi-
dence level was used to determine whether to accept or reject the model terms. Coefficient
R? represented the statistical design model’s quality of fit.
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Intensity (a.u)

Table 4. Use of central composite design for the factors coded and actual levels for dgg;, applying RSM.

Coded and Real Levels
Factors
—u -1 0 +1 +a
A: Temperature, °C 9.54 30 60 90 110.46
B: Contact time, min 9.54 30 60 90 110.46
C: Stirring speed, rpm 659 1000 1500 2000 2341

3. Results and Discussion
3.1. X-Ray Diffraction (XRD)

The XRD patterns of the neat PA, starting with the white and yellow bentonites (WB
and YB), and polymer-based organoclays are shown in Figure 1. As expected, the XRD
pattern of neat dimer fatty acid-based polyamides displays a broad amorphous halo [41],
and the polymer-modified bentonite hybrids exhibit a characteristic (001) peak, indicating
intercalation of polymer chains into the clay layers and structural organization absent in the
neat polymer. From the figure, it is clear that clays exhibited d001 reflections corresponding
to 1.48 nm for white bentonite and 1.46 nm for yellow bentonite, which is typical of clays
containing an exchangeable cation of Na* and Ca?* [14]. The presence of Ca®" ions in both
bentonites reflects their natural calcium saturation, typical of Boane bentonites [49-51],
while the presence of Na* results from the modification process with Na,COj3 applied to the
bentonites. The asymmetric broadening of the dgo; reflection in the white bentonite suggests
reduced crystallinity, limited swelling capacity, and lower hydration power compared to
the yellow bentonite [18,52].

(B)
dgp1=1.73 nm (A)
../\ WB7.5PA
dgg;=1.73 nm YB7.5PA
&
WB5.0PA
dgor=1.72 nm Y YB5.0PA
<
2
-/\; g
WB2.5PA dyo;=1.46 nm YB2.5PA
dgp;=1.48 nm
% A WB YB
Neat PA Neat PA
4 6 8 10 12 14 16 1 4 6 8 10 12 14 16 18
CoKa 2Theta (°) CoKa 2Theta (°)

Figure 1. X-ray diffraction spectra of the neat PA, starting white bentonite-WB (A), yellow bentonite-
YB (B) and their polymer modified hybrids corresponding to 2.5 wt.%, 5.0 wt.%, and 7.5 wt.%.

The basal spacing values of the polymer-modified samples increased from 1.48 nm to
a maximum of 1.73 nm for white bentonite (Figure 1A) and from 1.46 nm to a maximum of
1.79 nm for yellow bentonite (Figure 1B) as the polymer content was varied from 2.5 wt.%
to 7.5 wt.%. This increment behavior suggests that treatment with protonated dimer fatty
acid-based polyamide chains affected the clays. From the configuration structure, the dgp;
values of 1.73 nm and 1.77 nm observed for the two organo-modified clay samples (WB
and YB) suggest the appearance of two layers of ions in the interlamellar region [32,53],
which typically show a basal spacing dgg; of 1.70 nm.
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No significant changes were observed in dg; across the three polymer contents
(2.5 wt.%, 5.0 wt.%, and 7.5 wt.%) for both WB and YB samples. However, the yellow
bentonite sample has a slightly larger dgo; than that of the white bentonite sample, suggest-
ing that the yellow bentonite gives a better response to polymer modification. The higher
cristobalite (SiO;) content in white bentonite (35.1 wt.%) compared to yellow bentonite
(23.3 wt.%) [50,54] may explain the lower response of white bentonite to polymer treatment.

3.2. Thermogravimetric Analysis (TGA)

TGA curves for the neat WB, YB, and their polymer-modified hybrids are shown in
Figure 2A,B. Only two major thermal events were observed in the TGA curves of neat
polyamide. The first stage of degradation involved major mass loss, commencing at about
350 °C. Above 350 °C, the neat polymer showed a rapid mass loss. The polymer was then
completely oxidized to volatile products between 600 and 900 °C. Both neat clays, white
bentonite (WB) and yellow bentonite (YB), demonstrated similar thermal behavior across
the temperature range, showing four distinct regions of mass loss, characteristic of smectite
clays [14]. The first mass loss, between 20 °C and 100 °C, correlates with the free water
released from the clay surface. Between 100 °C and approximately 400 °C, the mass loss is
ascribed to the interlayer water and organic matter. The subsequent loss between 400 °C
and 700 °C is due to the dihydroxylation of aluminosilicates [55]. Finally, mass loss beyond
700 °C results from the decomposition of the clay’s crystal lattice, leading to the formation
of a new crystalline phase [7,14]. As expected, the polymer-modified hybrids from both
clay families exhibited a higher mass loss above 400 °C than their unmodified counterparts.
This increased mass loss is due to the decomposition of the polyamide. The breakdown of
organic species is typical of organic molecules when they are adsorbed onto the surface of
clay layers [56].

100 100
"\ \ (A)
80 - 80 -
g 2
2 2 —YB
< o
g 60 1 £ 60 -
= — WB2.5PA = —YB25PA
5 5
% WB5.0PA G YB5.0PA
5 40 - o 40 -
£ —WB7.5PA 2 —YB7.5PA
= =
& —Neat PA & —Neat PA
20 - 20 -
0 — T — — 0 r r r r r r r r T r r 7 T T T T T
0 150 450 600 750 900 0 150 300 450 600 750 900

Temperature (°C)

Temperature (°C)

Figure 2. TGA curves of the neat PA, starting white bentonite—WB (A), yellow bentonite—YB (B) and
their polymer modified hybrids corresponding to 2.5 wt.%, 5.0 wt.%, and 7.5 wt.%.

Figure 2 also shows that the organoclay samples were more stable than neat polyamide
under thermo-oxidative degradation conditions. The formation of the composite through
the mixing of clay and polymer appears to enhance thermal stability. This improvement is
likely due to the barrier effect of the clay, which hinders oxygen diffusion into the composite
matrix and restricts the release of small molecular fragments produced during thermal
decomposition [41]. These findings corroborate the XRD results, which indicated minimal
changes in the d-spacing of the polymer-modified clays.
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3.3. SEM Micrographs

Figure 3 indicates the SEM images of the neat white bentonite and composites. The
starting clay sample shows rounded, nano-sized particles with some pseudo-hexagonal
crystalline edges and varying degrees of roughness. Additionally, irregularly shaped ag-
gregates are also visible. The polymer-modified hybrids display similar morphologies to
the neat bentonite. However, in the modified samples, the aggregates are larger and more
wrinkled. The agglomerate size increases with rising polymer concentration, suggesting
poor compatibility between the clay nanoparticles and the polymer matrix. Higher polymer
concentrations have a more compact clay surface, reflecting the clay’s hydrophobic charac-
ter. Compared to untreated bentonite, the hydrophobized clay particles exhibit a stronger
tendency to cluster, as the polymer chains neutralize the clay’s negative charge and reduce
electrostatic repulsion between layers [57]. This agglomeration behavior supports the idea
that much of the polymer adsorbs onto the clay surface at higher concentrations. This is
consistent with the use of acetic acid, which has a dielectric constant that is lower than
water [41], allowing protonated amine groups on the polyamide chains to disperse the

clay’s surface charges in the mixture. The increase in aggregate size in polymer-modified
clay samples could also be due to the surface energy incompatibility of uncoated silica
nanoparticles and polymer-coated bentonite flakes [34].

Figure 3. SEM micrographs of the starting and modified bentonite clays. (A) Starting with white
bentonite, (B) WB2.5PA, (C) WB5.0PA, and (D) WB7.5PA.
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Figure 4 shows SEM images of the yellow bentonite and its polymer-modified hy-
brids at different loadings. The unmodified yellow bentonite has a heterogeneous surface
morphology characterized by irregularly shaped, nano-sized particles forming loosely
packed aggregates. Similar to the white bentonite, some pseudo-hexagonal edges and flaky
structures are observed. Upon polymer modification, the yellow clay exhibits an increase
in aggregate size and surface wrinkling, particularly at higher polymer concentrations
(5.0 wt.% and 7.5 wt.%). These features indicate increased interparticle interactions and
partial exfoliation, consistent with reduced electrostatic repulsion and enhanced hydropho-
bic interactions induced by the polymer matrix. Despite minor textural differences, the

overall morphological behavior of yellow bentonite composites closely resembles that of
the white clay hybrids.

Figure 4. SEM micrographs of the starting and modified bentonite clays. (A) Starting yellow bentonite,
(B) YB2.5PA, (C) YB5.0PA, and (D) YB7.5PA.

3.4. BET Surface Area, Particle Size and Pore Volume

Table 5 summarizes the BET specific surface area, particle size, and pore volume
of both white and yellow bentonite samples. Across all polymer-modified hybrids, a
consistent trend was observed relative to the unmodified clays: both BET surface area and
pore volume decreased significantly, with the reduction being more pronounced in the
yellow bentonite. At a polymer concentration of 7.5 wt.%, the surface area of the yellow
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bentonite decreased by nearly 2.5 times, while its pore volume declined by approximately
1.7 times. Despite these reductions, the values remained within the acceptable range for
technological applications. This behavior is attributed to the adsorption of polymer chains
onto the clay particles, forming a coating layer. As the polymer concentration increased,
this layer became more uniform and thicker, likely accounting for the progressive decline
in BET surface area and pore volume with higher polymer loadings [38].

Table 5. BET surface area, particle size, and pore volume of the natural and modified bentonite clays.

Clay Type Surface Area (m?/g)  Particle Size (nm) Pore Volume (cm3 g—1)

WB 43.39 77.06 0.147
WB2.5PA 39.24 109.48 0.129
WB5.0PA 37.12 138.42 0.116
WB7.5PA 31.69 150.49 0.109

YB 46.12 50.02 0.088
YB2.5PA 35.39 128.04 0.068
YB5.0PA 2491 146.48 0.062
YB7.5PA 18.12 172.10 0.052

Regarding particle size, the organo-modification process affected the white and yellow
bentonites. The particle size increased with higher polymer concentrations. For white
bentonite, the particle size grew from 77.00 nm to 109.48 nm, 138.42 nm, and 150.49 nm for
polymer-modified hybrids with 2.5 wt.%, 5.0 wt.%, and 7.5 wt.% polymer, respectively. A
similar pattern of increasing particle size was observed for hybrids derived from yellow
bentonite. However, yellow bentonite exhibited a higher affinity for the polymer. At
7.5 wt.% PA, the particle size of yellow bentonite increased nearly threefold compared to
the original sample, while the particle size of white bentonite increased by almost twofold.
This difference may be due to the higher silica content in white bentonite (79.6%) compared
to yellow bentonite (approximately 68.7%). The particle size increase for all polymer-
modified hybrids is due to polymer adsorption on the clay surface, leading to aggregation
and formation of larger hybrid structures.

3.5. Screening of Factors for dyy;

Figure 5 illustrates Pareto charts of the standardized effects at the p = 0.05 level
of significance for both WB and YB clay families, in which values above 0.05 indicate
significant effects. The results show that all independent factor terms, whether linear and
quadratic, and their interactions, significantly affect the extent of intercalation in polymer
chains, with 95% confidence. The linear terms’ significance for the two clay families
follows the order: temperature > stirring speed > contact time, while the quadratic terms’
significance is in the order: stirring speed > contact time > temperature. The significance of
the combined or interaction effects appears in the following order: temperature/stirring
speed > temperature/contact time > contact time/stirring speed.

Tables 6 and 7 show the ANOVA results for the interaction influences of the factors
on dgg; for WB and YB, respectively. All factor effects, for both individual and interaction,
were found to significantly influence the degree of intercalation in both clay types (WB and
YB), as they all exhibited positive signs, consistent with the Pareto charts presented in the
previous section.
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Figure 5. Pareto charts of the standardized effect of the degree of polymer chain intercalation of WB
and YB.

Table 6. ANOVA results for dgg; of WB.

Term DF SS MS F p-Value
Xi 1 4.7295 4.7295 47,294.67 0.0000
X;2 1 1.0065 1.0065 10,065.27 0.0000
X5 1 0.5320 0.5320 5319.940 0.0000
X,2 1 1.6335 1.6335 16,334.75 0.0000
X3 1 0.6818 0.6818 6817.60 0.0000
X532 1 2.3247 2.3247 23,247.26 0.0000
X1X, 1 0.1953 0.1953 1953.13 0.0000
X1 X3 1 0.9730 0.9730 9730.13 0.0000
X5 X3 1 0.1128 0.1128 1128.13 0.0000
Lack-of-fit 5 0.1704 0.0341 340.85 0.0000
Pure error 8 0.0008 0.0001 - -
Total 22 12.2954 -

Table 7. ANOVA results for dggp; of YB.

Term DF SS MS F p-Value
X3 1 5.2120 5.2120 46,907.69 0.0000
X;2 1 0.9322 0.9322 8339.84 0.0000
X5 1 0.3594 0.3594 3234.52 0.0000
X,? 1 1.5384 1.5384 13,845.63 0.0000
X3 1 0.9131 0.9131 8218.11 0.0000
X532 1 2.2110 2.2110 19,899.30 0.0000
X1X5 1 0.0780 0.0780 702.11 0.0000
X1X3 1 0.6786 0.6786 6107.51 0.0000
X5X3 1 0.0406 0.0406 365.51 0.0000
Lack-of-fit 5 0.2139 0.0427 385.00 0.0000
Pure error 8 0.0009 0.0001 - -
Total 22 12.1171 -

Tables 8 and 9 present the estimated effects and coefficients of the factors for dgp; in WB
and YB, respectively. As shown in the Pareto charts, temperature had the most significant
impact on the degree of intercalation, followed by stirring speed and contact time.
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Table 8. Effect estimates for dgyy; of WB.
Term Effect Coeff. SE Coeff. T p-Value
Constant 3.78695 3.78695 0.00333 1136.83 0.0000
X1 1.17696 0.58848 0.00271 217.47 0.0000
Xz 0.39474 0.19737 0.00271 72.938 0.0000
X3 0.44686 0.22343 0.00271 82.569 0.0000
X;? —0.50337 —0.25169 0.00251 —100.33 0.0000
X,? —0.64126 —0.32063 0.00251 —127.81 0.0000
X532 —0.76500 —0.38250 0.00251 —152.47 0.0000
X1Xp 0.31250 0.15625 0.00354 44.194 0.0000
X1X3 —0.69750 —0.34875 0.00354 —98.641 0.0000
X2 X3 0.23750 0.11875 0.00354 33.588 0.0000
R?=98.61% R?(adj) = 97.64%
Table 9. Effect estimates for dgg; of YB.
Term Effect Coeff. SE Coeff. T p-Value
Constant 3.82703 3.82703 0.00351 1089.91 0.0000
X1 1.23554 0.61777 0.00285 216.82 0.0000
Xs 0.32444 0.16222 0.00285 56.873 0.0000
X3 0.51715 0.25858 0.00285 90.654 0.0000
X;2 —0.48443 —0.24222 0.00264 —91.596 0.0000
X,2 —0.62232 —0.31116 0.00264 —117.667 0.0000
X532 —0.74606 —0.37303 0.00264 —141.065 0.0000
X1X3 0.19750 0.09875 0.00373 26.497 0.0000
X1X3 —0.58250 —0.29125 0.00373 —78.151 0.0000
X X3 0.14250 0.07125 0.00373 19.118 0.0000

R?=98.23% R?(adj) = 97.00%

The main effects of the linear terms for both clays displayed positive values, indicating that
their presence in the process contributes to an increase in dgg;. However, the quadratic terms
showed negative values, suggesting that, despite being statistically significant, they help in a
reduction in dgp;. This implies that higher levels of these three factors lead to this reduction.

The interaction effects between temperature and stirring speed also showed negative
values, indicating that, while both factors individually play a significant role in increasing
dgo1, their combination leads to a decrease.

3.6. Optimization of the Organo-Modification Conditions

Figures 6 and 7 show the response surfaces and contour plots depicting the depen-
dency of temperature and agitation on dgg; for the two clays, generated with Statsoft
Statistica 8. The presence of curvatures indicates a significant and relevant interaction
effect between temperature and agitation. This is consistent with the conclusions drawn
from the evaluation of interaction effects using the Pareto charts (Figure 5), as well as
from the ANOVA and estimated effects tables (Tables 6-9). As expected, Figure 7 confirms
that dgo; is influenced by both temperature and agitation speed, with the increase in dgp;
being notably more sensitive to temperature rise than to changes in agitation speed. At
very high agitation speeds, dgg; tends to decrease. These outcomes align with the data
in Tables 8 and 9, which confirm that dgg; is more responsive to changes in temperature.
In both clays, temperature increases result in nearly a 1.2% rise in dgg; compared to an
approximately 0.5% increase in agitation speed. This fact is further supported by the higher
temperature coefficient, which is twice as large as that of the stirring speed factor.
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Figure 6. Response surface plots dependency of temperature and stirring speed on dgg; for WB and
YB (The white dots represent the levels of the factors used during the experiment, including the
critical points).
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Figure 7. The contour plots show the relationship between temperature and stirring speed on dgg; for
WB and YB (The white dots represent the levels of the factors used during the experiment, including
the critical points).

From Figure 7, it can be observed that optimal dgg; values can be obtained in the range
of temperature of 60 to 120 °C and stirring speeds between 1000 and 2000 rpm. Under these
conditions, dgg; reaches a maximum of around 4 nm.

The increased dgp; with increasing temperatures can be attributed essentially to three
factors: (a) Molecular mobility: Higher temperatures raise the kinetic energy of both
the polyamide chains and the clay particles, likely increasing the mobility and reactivity
of the amine groups, enabling them to penetrate the interlayer spaces of bentonite clay
more easily; (b) Swelling thermodynamics: Bentonite clay, a layered material, experiences
swelling when interacting with water or organic solvents [13,14,58]. High temperatures
promote better swelling of the clay layers in the polymer solution, creating more space for
polymer chains to intercalate; and (c) Reduced viscosity: Rising temperatures enhance the
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solubility of the polymer solution in acetic acid by disrupting hydrogen bonds, which leads
to a reduction in viscosity. The lower viscosity enhances the diffusion of polyamide chains,
facilitating their movement into the interlayer spaces of the bentonite.

The increase in intercalation degree with higher stirring speeds is primarily due to
the following factors: (a) Enhanced mass transfer: Faster stirring improves the interaction
between polyamide chains in the solution and the clay surface by disrupting stagnant layers
around the clay particles. The polymer chains penetrate more effectively into the clay’s
interlayer space, and (b) improved mixing and distribution: Agitation ensures the even
distribution of polyamide chains throughout the mixture, preventing clay particle settling.

As previously mentioned, at very high stirring speeds, dgg; tends to decrease. Figure 7
shows that above 2000 rpm, dgg; decreases, indicating that the increase in dgy; is affected
at such high speeds. Although increasing stirring speed generally promotes intercalation,
Figure 7 shows that at speeds above 2000 rpm, doy; begins to decrease. This suggests that
excessively high shear forces generated at such speeds may disrupt the intercalated structure
or cause mechanical degradation of the polymer chains, such as chain scission. A recent study
by Morelly and co-workers [59], combining theoretical analysis and experimental results,
demonstrated that increasing the shear rate during the mixing of polymers and particles
leads to polymer chain scission, resulting in reduced molecular weight and viscosity.

Figures 8 and 9 illustrate the response surfaces and contour plots that demonstrate
how the temperature and contact time of the two clays influence dgy;. The curvature of the
response surfaces and contour lines indicates a significant interaction effect between these
two factors, as evidenced by the data presented in Tables 6—9. Optimal dgg; values were
obtained at a temperature range of 60 to 120 °C and a contact time between 30 and 90 min.
Under these conditions, dgg; also reaches a maximum of approximately 4 nm.
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Figure 8. Response surface plots dependency of temperature and contact time on dgg; for WB and YB (The
white dots represent the levels of the factors used during the experiment, including the critical points).
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Figure 9. The contour plots show the relationship between temperature and contact time on dg; for
WB and YB (The white dots represent the levels of the factors used during the experiment, including
the critical points).

From Tables 8 and 9, it is clear that simultaneous heating and contact time confers
a positive effect on dgp;. However, the increase in dgg; appears to be more sensitive to
increasing temperature than contact time.

Contact time has a relatively minor impact on the organo-modification process com-
pared to temperature and stirring speed. The time impact on the organo-modification
process can be attributed to the saturation of intercalation and kinetic limitations, as ex-
plained in studies related to polymer crystallization and intercalation phenomena [60-62].
Temperature and agitation possess a stronger impact on the degree of intercalation. This
suggests that under suitable temperature and agitation conditions, the system reaches
equilibrium relatively quickly. At this point, the availability of polymer chains to access the
interlayer spaces seems to become a limiting factor, rather than the duration of diffusion.
Therefore, extending the contact time is unlikely to further influence the intercalation
process once the chains have already entered the interlayer spaces.

The sensitivity of dgg; to temperature increase may be linked to the low molecular
mass of bio-based polyamides, influenced by its glass transition temperature (Tg). Below
Tg, polymer chains are restricted in their movement, making the polymer rigid, while
above Tg, the chains gain mobility, increasing flexibility [63,64]. This demonstrates that
Tg is the boundary between low and high molecular mobility. Dimer fatty acid-based
polyamides have a very low Tg, around 10 °C [41,42], which explains why any rise in
temperature results in an increase in dgg;. Additionally, the polymer being in solution may
further enhance chain segment mobility. The presence of solvent molecules disrupts the
polymer chains’” intermolecular interactions, reducing the energy barrier for segmental
motion, hence, enhanced mobility of polymer chains, enabling them to move more freely
at lower temperatures compared to the pure polymer. The solvent acts as a plasticizer by
inserting itself between the polymer chains, effectively lowering the Tg by reducing the
rigidity of the polymer structure [65-67].

Figures 10 and 11 illustrate the response surfaces and contour plots that demonstrate
how contact time and agitation of the two clays influence dgg;. The curvature of the
response surfaces and contour lines indicate a significant interaction effect between these
two factors, as evidenced by the data presented in Tables 6-9.
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Figure 10. Response surface plots dependency of agitation and contact time on do; for WB and YB (The
white dots represent the levels of the factors used during the experiment, including the critical points).
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Figure 11. The contour plots show the relationship between agitation and contact time on dgg; for
WB and YB (The white dots represent the levels of the factors used during the experiment, including
the critical points).

Although the combination of agitation and contact time contributes to an increase
in dggy, the effect is relatively modest compared to other factor combinations, such as
temperature with agitation speed or temperature with contact time. This is consistent with
the results in Tables 8 and 9, which demonstrate that, in absolute terms, the combination of
agitation speed and contact time has a smaller impact on the increase in dgg;. Optimal dgg;
values can be achieved with stirring speeds between 1200 and 2000 rpm and contact times
ranging from 50 to 90 min.

Table 10 presents the stationary points for the maximum values of dgy; for both WB
and YB clays. On average, the maximum dgg; is achieved at approximately 105 °C, with a
contact time of 75 min and a stirring speed of 1400 rpm. These values are within the range
of the independent variables under investigation. Under these conditions, dgg; for both
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clays reaches a maximum of about 4 nm. However, the analysis of the response surface
and contour plots suggests that this maximum can also be attained at 90 °C, with a stirring
speed of 1500 rpm and a contact time of 60 min.

Table 10. Stationary points for the maximum values of dgg; for both WB and YB clays.

Factor Minimum dgoq Critical Values Maximum dgg1
Z1 (WB) 9.5462 108.040 110.454
Z> (WB) 9.5462 79.054 110.454
Z3 (WB) 659.1036 1330.315 2340.896
Z1 (YB) 9.5462 104.547 110.454
Z, (YB) 9.5462 74.244 110.454
Z3 (YB) 659.1036 1406.124 2340.896

Based on the analysis shown in Tables 8 and 9, it is evident that temperature, stir-
ring speed, and contact time impact the degree of polymer chain intercalation into clay
galleries. XRD analysis demonstrated that the dg; spacing increased from 1.73 nm to
3.79 nm for WB and from 1.77 nm to 3.83 nm for YB, as the organo-modification tem-
perature, contact time, and stirring speed were adjusted from 30 to 90 °C, 30 to 90 min,
and 1000 to 2000 rpm, respectively. Similar d-spacings were reported for Boane’s white
organo-bentonites [32]. These were organo-bentonite samples containing quaternary am-
monium surfactants that were purified and modified with soda ash. The d-spacings of
1.73 and 1.77 nm to approximately 4 nm observed in the two clays indicate the presence of
lateral bilayer, pseudotrimolecular layer, and paraffin-type bilayer structures [18,32,53].

Plots of the standardized residuals with normal probability are commonly used to
evaluate how well the fitted model represents the real system. Figure 12 displays the
graphs for dgo1, where most of the data points align with the straight line or predicted data,
suggesting that the errors are attributed to a normal distribution for many responses.
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Figure 12. Normal probability plots of dgg; for both WB and YB.

3.7. Statistical Design Model

Statistical experimental design was utilized to build a second-order regression model,
as outlined in Equation (1). The model was constructed based on the coded variables
derived from the coefficients and effect estimates for dgp;, shown in Tables 8 and 9. Using
the coefficients from column 3 of these tables, Equations (8) and (9) were developed to
serve as a representation of the statistical design model for dg; of the variables (X;). All
terms, including linear, quadratic, and interaction effects for the two clays, were significant
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Predicted Values

at the 95% confidence level and were therefore incorporated into the respective models, as
illustrated below.

do1(WB) = 3.787 + 0.588X; + 0.197X, + 0.223X5 — 0.252X;2 — 0.321X,2 — 0.383X52 + 0.156X1 X, — 0.349X; X3 + 0.119X,X;5  (8)

and

doo1(YB) = 3.827 + 0.618X; + 0.162X, + 0.259X5 — 0.242X;2 — 0.311X,2 — 0.373X32 + 0.099X; X, — 0.291X; X3 + 0.071X, X5 (9)

Figure 13 compares the experimental and predicted dgy; values based on statistical
design models (Equations (8) and (9)), with R? values of 0.9861 for WB and 0.9823 for YB,
indicating satisfactory predictive accuracy for dgg;.
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Figure 13. Predicted values versus experimental values plots of dgg; for both WB and YB.

4. Conclusions

This study explored the preparation of bentonite bio-organoclays using protonated
dimer acid-based polyamine chains, synthesized from two Mozambican montmorillonite
clays via a solution casting technique. XRD analysis confirmed the successful intercalation
of polyamide chains within the clay interlayer spaces, indicated by an increase in dgp;
values. In the initial stage of the experiment, varying polymer concentrations at a constant
temperature (30 °C), contact time (30 min), and stirring speed (1000 rpm) resulted in
limited intercalation, with dgp; values reaching only 1.7 nm, compared to initial values
of approximately 1.5 nm for both clays. This indicated that polymer concentration did
not strongly influence the process. The limited intercalation could be attributed to the
formation of agglomerates of the clays observed by SEM. However, in the second stage,
where temperature (30-90 °C), contact time (30-90 min), and stirring speed (1000-2000 rpm)
were varied while maintaining constant polymer concentration, significant increases in dgo;
were observed, achieving values around 4 nm. Statistical Design Modeling and Response
Surface Methodology revealed that all factors and their effects of interactions significantly
influenced dgp; in a 95% degree of confidence, with temperature and stirring speed having
a greater impact than contact time. The optimal activation conditions for maximum dgg;
(4 nm) were determined to be at 90 °C, a stirring speed of 1500 rpm, and a contact time of
60 min.

Additionally, the predictive statistical model exhibited a strong linear relationship with
R? of 0.9861 for WB and 0.9823 for YB, demonstrating high predictive accuracy for dgo; . Finally,
the combination of bentonite with polyamide was regarded as highly significant, as it facili-
tated the development of bentonite-based bio-organoclays that minimize or eliminate harmful
effects on humans, animals, and the environment. Furthermore, the statistical design model
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employed in this study proved effective for predicting the optimal processing and prepara-
tion conditions required to obtain bio-organoclays with the desired material properties—an
important consideration for scaling up these materials for practical applications.
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