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Article Info Abstract

Bentonite clay particles, measuring less than 2 pm, comprise stacked layers of
tetrahedral and octahedral units in a 2:1 configuration (T-0-T). These negatively
charged layers were subsequently neutralized with cations. However, the
exchange or modification of the cation affects its structure and properties. This
study investigates the effect of Fe-ion pillaring on the bentonite layer and the
intercalation of Mg ions into Fe-pillared bentonite via ion exchange. The
materials were characterized using Scanning Electron Microscopy with Energy
Dispersive X-ray Spectroscopy (SEM—-EDX) to observe surface morphology and
elemental composition, Particle Size Analyzer (PSA) to observe average size and
size distribution of particle, Fourier-Transform Infrared Spectroscopy (FTIR) to
identify the active site and layer structure, and X-ray Diffraction (XRD) to
determine their structural and compositional changes. The results confirm the
pillaring treatment effect on a higher average particle size of 469.3 nm, with a
polydispersity index (PDI) of 0.495, compared to natural bentonite (414.8 nm and
0.586 nm, respectively). Meanwhile, the intercalating treatment showed a lower
average particle size of 433.4 nm and a PDI value of 0.613. FTIR identified the
silanol and siloxane functional groups, as well as the aluminosilicate layer.
Pillaring by Fe.O; increased the basal spacing of bentonite from 13.6 Ato17.35 4,
as indicated by the shift of characteristic bentonite peaks to lower 26 angles.
However, intercalation by MgO into Fe-pillared bentonite actually slightly
decreased the basal spacing to 15.16 A. Meanwhile, Mg intercalation occurred
within the interlayer of the aluminosilicate layer, resulting in a peak shift toward
higher 26 angles and an increase in crystallinity to 58.924%, compared with Fe-
pillared bentonite (45.376%). This phenomenon is likely related to the presence
of the Mg metal intercalant, which has basic properties and can attract the
aluminosilicate sheets.
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isomorphic substitution within the layers, contribute up
to 90—95% of the total surface charge [2].

1. Introduction

Clay comprises colloid-sized particles rich in

hydrated aluminum silicates, commonly originating from
sedimentary or weathering processes. Mineralogically, it
is dominated by hydrated phyllosilicates containing Si, O,
OH, and H-0, with elements such as Al, Mg, Fe, K, and Ca
influencing their structure [1]. Clay particles (< 2 nm)
form layered crystals of tetrahedral and octahedral units.
The stacking of these units results in 1:1 (T-0) or 2:1 (T-
O-T) structures. Negative charges, primarily arising from

Based on their crystalline structures, clay minerals
are classified into kaolinite, illite, and montmorillonite,
with montmorillonite being the dominant component of
bentonite. Formed from volcanic rock weathering,
montmorillonite is a member of the smectite group that
features a 2:1 layer structure composed of silica
tetrahedra and an octahedral sheet of Al¥* or Mg+
coordinated with oxygen and hydroxyl groups. This
structure hosts exchangeable cations, typically Na* or
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Ca2*, between the layers. Bentonite exhibits a fine particle
size, a high surface area, notable cation exchange
capacity, swelling ability, and strong interaction with
both organic and inorganic compounds [3, 4, 5].

Bentonite is a 2:1 clay mineral comprising two silica
tetrahedral sheets and a central alumina octahedral
sheet, with interlayer water molecules that enable
significant swelling and high cation exchange capacity.
Despite its utility as a catalyst [6, 7] and an adsorbent [8,
9], natural bentonite has limitations due to the presence
of impurities and a narrow interlayer spacing [10]. These
drawbacks can be addressed through modification
techniques, particularly pillaring [11]. Cation exchange
with metal species, followed by oxidation, leads to the
formation of metal oxide pillars (e.g., Al, Zr, Ti, Fe, Cr)
between the layers [12, 13, 14]. These pillars stabilize the
interlayer structure, increase surface area, and enhance
thermal and chemical stability. The pillaring process
introduces permanent inorganic frameworks that not
only expand the interlayer distance but also improve
bentonite’s performance in adsorption and catalysis.

The interlayer space of bentonite can accommodate
various materials, with its exchangeable cations acting as
the driving force for intercalation. Intercalation involves
inserting atoms or molecules into the interlayer galleries
without disrupting the clay’s layered structure. These
intercalants, typically cationic species, replace loosely
bound native cations, such as Na*, K*, Ca?*, and even
transition-metal ions, via cation-exchange processes
[15]. This modification not only increases access to
internal pore spaces but also introduces new active sites
between layers [8]. Magnesium, as an earth alkaline
metal, has an intrinsic basicity and surface chemical
properties. MgO is a well-known basic oxide that can
introduce Lewis base sites, thereby modulating the
surface acidity—basicity balance of the pillared bentonite
[16].

Previous studies have demonstrated that Fe-Al
pillaring  enhances bentonite’s  physicochemical
properties, as indicated by an expanded interlayer
spacing and a downward shift in XRD peaks, while
maintaining structural integrity. Subsequent addition of
Ca0- enabled its use as a catalyst for H.O, in degrading
trichloroethylene in contaminated soil and groundwater
[17]. Despite these advances, existing Fe—Al pillared clay
systems predominantly emphasize interlayer expansion
and surface area enhancement, while the potential of
post-pillaring modification to fine-tune interlayer
chemistry and  structural ordering remains
underexplored [11]. In particular, the role of secondary
alkaline-earth species introduced after pillaring has
received limited attention. In this study, a sequential
modification strategy is proposed in which Fe-pillaring is
first employed to stabilize and expand the bentonite
interlayers, followed by Mg-based intercalation as a
post-pillaring functional modification, potentially
effective for dye adsorption [16].

2. [Experimental

2.1. Materials

The materials used in this experiment included raw
bentonite sourced from Pacitan, East Java, Indonesia;
silver nitrate (AgNO;); ferric chloride hexahydrate
(FeCly6H.0); magnesium  chloride  hexahydrate
(MgCl»6H,0); hydrochloric acid (HCI, 37%); hydrogen
peroxide (H202, 30%); and ammonia solution (25%). All
chemical reagents were of analytical grade and obtained
from Merck. Additional materials included Whatman No.
41 filter paper and aluminum foil. The equipment used in
this study included a non-mercury glass thermometer
(Iwaki), dropper pipettes, a Buchner filtration setup,
standard laboratory glassware (Pyrex), universal pH
paper (MColorpHast), mortar and pestle, an analytical
balance (Fujitsu FSR-A320; max capacity: 300 g;
readability: 0.001 g), a hotplate with magnetic stirrer,
muffle furnace, and several characterization instruments.

2.2. Procedures
2.2.1. Bentonite Preparation

Bentonite was prepared using the sedimentation
method. The bentonite was dispersed in distilled water at
a 1:10 (w/v) ratio, followed by continuous stirring for 30
minutes. To remove magnetic impurities, a magnet was
placed underneath the beaker containing the suspension
and left undisturbed for 7 days. During this period,
impurities were attracted and settled at the bottom of the
beaker due to magnetic forces. The purified bentonite was
then separated from the accumulated impurities by
decantation. Finally, the bentonite was dried overnight at
90°C.

2.2.2. Pillarization with Fe Species

Fe-pillared bentonite was synthesized via a
pillarization method. A pillaring solution was prepared by
slowly adding 400 mL of 0.2 M NaOH to 200 mL of 0.2 M
FeCl36H.0 under stirring until the pH reached 4, then
stirring for 4 hours at room temperature. Separately, 20 g
of purified bentonite was dispersed in 200 mL of distilled
water (1:10 w/v), homogenized manually, and then stirred
mechanically for 2 hours. Subsequently, 100 mL of the
pillaring solution was added dropwise to the bentonite
suspension, which was stirred continuously for 18 hours.
The resulting mixture was filtered, and the solid was
washed with distilled water until no Cl- was detected (as
determined by AgNO;). The sample was dried at 75°C
overnight, calcined at 400°C for 2 hours, then ground and
sieved through a 200-mesh screen.
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Mg(OH)2 precipitate Dried and furnaced

MgQ abtained

and sieved 200 mesh
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in 100 mL aquadest Fe-Mg bentonite.

Figure 1. Schematic diagram for Mg intercalated onto
pillared bentonite
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2.2.3. Intercalation with Mg Species

The Mg-based intercalation process was initiated by
inserting Mg?* ions into the Fe-pillared bentonite. A total
of 3 g of Fe-pillared bentonite was mixed with 9 g of
MgCl, (1:3 ratio w/w) in a 100 mL beaker, followed by the
addition of 10 mL of distilled water and 1 mL of HCl. The
resulting mixture was stirred and subsequently filtered
using a vacuum Biichner funnel. The obtained solid was
dried at 120°C and sieved through a 200-mesh standard
sieve. Next, 7mL of NHyH,O was added to the mixture,
followed by the dropwise addition of 7 mL of excess H»0-
into 20mL of cold Fe—Mg>*-intercalated bentonite
suspension under continuous stirring. H.0, was added to
ensure complete oxidation of residual Fe2* to Fe3*, thereby
stabilizing the iron oxide pillars. This step was carried out
inside a fume hood. The appearance of a white coloration
indicated the formation of magnesium hydroxide,
Mg(OH)., which is expected to undergo dehydration to
MgO upon subsequent thermal treatment. The final
product was then dried at 80°C and calcined at 400°C for
3 hours. Figure 1 shows the schematic diagram of MgO
intercalated onto pillared bentonite.

2.3. Characterization of Modified Bentonite

2.3.1. Morphology and Elemental Constituent
Characterization

The morphological and elemental composition of the
samples was examined using Scanning Electron
Microscopy coupled with Energy-Dispersive X-ray
spectroscopy (SEM-EDX; JEOL NeoScope JCM0700). The
analysis was conducted at an accelerating voltage of 15.0
kv, with magnifications of 500x, 1000%x, 5000%, and
10,000x. Elemental mapping was performed to identify
and localize the distribution of dominant metal elements.
The samples analyzed included Fe-pillared bentonite and
Fe-Mg-intercalated bentonite.

2.3.2. Particle Size Characterization

The particle size distribution of bentonite was
determined using a particle size analyzer (PSA) (Malvern
Zetasizer Nano ZS Zen 3000). Sample preparation
involved dispersing the bentonite powder in deionized
water to obtain a homogeneous suspension. The analysis
was performed under liquid conditions to ensure a clear
and well-dispersed system prior to measurement. The
samples analyzed included Fe-pillared bentonite and
Mg-intercalated Fe-pillared bentonite.

2.3.3. Functional Group Characterization

Fourier Transform Infrared (FTIR) analysis of the
bentonite samples was performed using the KBr pellet
method. The spectra were recorded in the range of 400—
4000 cm™ using a Shimadzu IR-Prestige21 FTIR
spectrophotometer. The analyzed samples included
purified bentonite, Fe-pillared bentonite, and Fe-pillared
bentonite further intercalated with Mg species.

2.3.4. Composition and Crystalline Characterization

The crystalline structure of the bentonite samples
was characterized by X-ray diffraction (XRD) using an
X’Pert PRO PANalytical diffractometer equipped with a Cu

Ko radiation source (A = 1.5406 A). The instrument
operated at 40 kV and 30 mA. Diffraction patterns were
recorded over a 20 range of 5°-90°. The analyzed samples
included Fe-pillared bentonite and Fe-pillared bentonite
further intercalated with Mg species. Then, the
crystallinity of bentonite was measured by Equation (1)
after deconvolution of the diffractogram with OriginLab.

A % 100% (1)

(Ac+Aa)

Crystallinity (%) =

Where, Ac is the area of the crystalline peak, and Aa
is the area of the amorphous in the XRD diffractogram.

3. Results and Discussion
3.1. Bentonite Preparation

The prepared bentonite samples were characterized
using SEM to observe morphological bulk features. Figure
2 shows that SEM analysis of natural bentonite reveals a
thick, flaky structure with a coarse surface texture,
attributed to the presence of impurity minerals.
Following the purification process, bentonite retains its
flaky morphology but exhibits improved surface
characteristics, including flatter surfaces, clearer particle
boundaries, enhanced dispersion, and visible pores or
cavities [18]. The purification also reduces surface
roughness, reflecting a decrease in impurities.
Furthermore, bentonite generally shows a non-
homogeneous particle distribution due to variations in
grain size within its layered structure [19]. Meanwhile,
particle size analysis of natural bentonite revealed an
average particle size of 414.8 nm, with a particle size
distribution of 0.586 nm. EDX analysis (Table 1) shows the
elemental distribution in natural bentonite. Pacitan
bentonite contains higher Al and Si than Iraqgi natural
bentonite reported by Jawad et al. [20].

The ratio of Si: Al: O is approximately 2:1:5, which is
ideal for bentonite. The data indicate that the analyzed
minerals belong to the (alumino)silicate class, where
negatively charged layers are balanced by exchangeable
cations such as Na, Mg, and Ca. In addition, the presence
of C, O, and Ca suggests the occurrence of carbonate
minerals.

Figure 2. SEM image of natural bentonite
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Table 1. Element distribution of natural bentonite

Table 2. FTIR peaks of natural bentonite

Element Mass (%) w/w
C 6.22
0 54.97
Na 2.85
Mg 1.88
Al 10.24
Si 23.15
Ca 0.69
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Figure 3. FTIR spectrum of natural bentonite

On the other hand, the FTIR spectrum (Figure 3)
shows absorption bands corresponding to Si—0/Al-0 and
Si—0-Si/Si—0—Al bonds. The Si—O groups include Si—OH
(silanol), which are acidic in nature because they can
release H* and readily undergo cation exchange.
Exchangeable cations such as Ca2*, Mg?*, and particularly
Na* enable the material to bind various molecules.
Meanwhile, Si—0-Si (siloxane) groups form part of the
silicate sheet structure. Further details on the absorption
bands observed in the FTIR spectrum of natural bentonite
are presented in Table 2. However, the presence of
carbonate minerals is not clearly indicated in the FTIR
spectrum, as the characteristic strong absorptions
around 1400-1500 cm< and 870-880 cm™ are not
distinctly observed.

Montmorillonite (M)
Natural Bentonite

Intensity (a.u)

T T T T T T T T T
10 20 30 40 50 60 70 80 90

26(°)

Figure 4. XRD diffractogram of natural bentonite and
montmorillonite (RRUFF R110052)

Functional Wavenumber Referen(i)e
Group (cm-) wavenumber Ref.
(cm-?)

—OH group 3645 3628 [21]
O—H stretching 3536 3525 [22]
O—H stretching 3433 3428 [23]

. [21,
O-H bending 1634 1639 24]
81—0—111/81—0— 1047 1051 [24]
Si-0 t d
oA 796 798 [21]
Si—-0-Al
stretching 527 524 (23]
Si—0 bending
and Fe-0 473 473 [21]
stretching

The XRD data of the natural bentonite sample
(Figure 4) reveal multiple diffraction peaks, confirming
its heterogeneous composition. Comparison with the
standard montmorillonite reference (RRUFF R110052)
confirms montmorillonite as the dominant phase,
evidenced by peaks at 26 = 6.27°,19.51°, 34.74°, and 72.9°.
This result corresponded with the findings reported in
[25]. However, additional peaks indicate the presence of
basal spacing of natural bentonite around 13.6 A (6.27°)
and of impurities, including quartz (20.76°, 26.66°),
muscovite (27.98°), and hematite (~50°, 59°) with
crystallinity of 34.750 %. Table 3 shows the mineral
composition of natural bentonite. These findings align
with typical bentonite mineralogy, where
montmorillonite coexists with non-clay minerals due to
natural geological processes [26].

The XRD analysis of natural bentonite shows
diffraction peaks corresponding to the crystallographic
planes of montmorillonite and associated impurities. The
basal spacing (doo:) of the montmorillonite is
approximately 13.6 A. The characteristic (110) plane of
montmorillonite appears at 19.51° (26), while the (124)
plane is observed at 34.74° (20), confirming the presence
of well-ordered smectite layers. A peak at 26.66° (28)
corresponds to the (210) reflection of quartz (SiO.),
indicating its presence as a common impurity in the
bentonite matrix. These reflections indicate that natural
bentonite consists mainly of montmorillonite with
crystalline quartz, reflecting its geological origin and
suggesting that purification may be required depending
on its intended application [27].

Table 3. Minerals in natural bentonite

Mineral Composition (%)
Montmorillonite 47.74
Hematite 20.80
Quartz 23
Muskovite 8.46
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3.2. Pillared Bentonite

The pillared bentonite samples were systematically
characterized using a suite of analytical techniques. SEM
coupled with EDX provided simultaneous morphological
examination and elemental composition mapping.
Particle size distribution profiles, including the average
particle size and polydispersity index (PDI), were
quantified through PSA. FTIR spectroscopy identified
modifications in functional groups and bonding
configurations. XRD analysis revealed changes in the
crystallographic structure and interlayer spacing. This
multi-technique approach comprehensively evaluates
the physicochemical alterations induced by pillarization
and intercalation processes.

Figure 5(a) shows the SEM image of Fe-pillared
bentonite, revealing a layered, porous morphology
characteristic of modified clay. Elemental mapping
(Figure 5(b)) confirms the incorporation of Fe (green)
into the bentonite matrix, shown by its homogeneous
distribution with Si (red) and Na (blue). The coexistence
of these elements suggests that the pillaring process
preserved the aluminosilicate layers while introducing Fe
species, likely as iron oxides or hydroxides, within the
interlayer spaces. This modification is expected to
enhance the bentonite’s catalytic and adsorption
properties due to an increased surface area and the active
sites provided by the Fe pillars [11]. Figure 5(c) shows Mg-
intercalated bentonite with a more compact, aggregated
structure than the Fe-pillared variant. Elemental
mapping (d) shows Mg (blue) distributed with Si (red) and
residual Fe (green), indicating effective intercalation of
Mg ions into the bentonite layers. The elemental
distribution is homogeneous, suggesting the formation
of a cation-exchanged structure [28].

In addition to morphological examination, the
successful modification of bentonite was further verified
through PSA. This technique provides quantitative
evidence of structural alterations by measuring changes
in average particle size and polydispersity index, offering
complementary data to the morphological observations
from SEM analysis.

Figure 5. (a, b) SEM images and EDX mapping of pillared
bentonite, and (c, d) SEM images and EDX mapping of
intercalated bentonite
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Figure 6. a) particle size distribution of pillared
bentonite, (b) Correlation between number and volume
in pillared bentonite, (c) particle size distribution of
intercalated bentonite, (d) Correlation between number
and volume in intercalated bentonite

Figure 6 provides a comprehensive comparison
between Fe3*-(a and b) and Mg?*-intercalated bentonite
(c and d). The intensity-based histograms display the
relative frequency of particle size distribution, while the
number—volume correlation plots further elucidate the
dispersion characteristics within the samples. The
average particle size of pillared bentonite was recorded at
469.3 nm, whereas intercalated bentonite exhibited a
slightly smaller average size of 433.4 nm. Interestingly,
this result contrasts with the distribution curves, in which
intercalated bentonite shows a narrower, monomodal
peak within the 100-200 nm range, while pillared
bentonite displays a broader, bimodal distribution
extending beyond 400 nm. On the other hand, the big
difference in average particle size between natural and
modified bentonite occurred because particle sizes reflect
the apparent size of particle aggregates under dispersion
conditions.

Natural bentonite typically exists as large tactoids
composed of strongly stacked montmorillonite platelets,
resulting in micron-scale aggregate sizes. Fe pillaring
expands the interlayer spacing and weakens inter-
platelet interactions, while subsequent Mg-based
intercalation and alkaline treatment further enhance
surface charge heterogeneity and electrostatic repulsion.
These combined effects promote partial delamination
and improved dispersion, leading to much smaller
apparent particle sizes in the nanometer range.
Therefore, the observed size reduction is attributed to
changes in aggregation state rather than primary particle
size.

This discrepancy can be attributed to the different
physical interactions introduced during modification. In
pillared bentonite, the insertion of Fe3* polycations,
followed by thermal treatment, leads to the formation of
metal oxide pillars that permanently fix the smectite
layers [29]. This process often causes interparticle
bridging and agglomeration, particularly in the volume-
based analysis, which tends to be weighted heavily toward
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larger particles. As a result, although smaller particles are
still present, the calculated average size is skewed by the
presence of larger agglomerates, resulting in a higher
mean diameter. Conversely, intercalation with Mg2*
predominantly involves ion exchange within the
interlayer space without inducing significant structural
rigidity or thermal condensation [30]. This leads to better
particle dispersion and a more homogeneous particle size
distribution, as evident in both number- and intensity-
based plots. The smaller mean size of intercalated
bentonite reflects the effective exfoliation and reduction
of aggregation, which can enhance surface accessibility
and interlayer diffusion, critical parameters in adsorption
and catalytic applications.

Integrating the PSA data with the average particle
size and PDI (Figure 7) provides a clearer understanding
of the effects of modification on bentonite structure. After
pillaring with Fe3*, the average particle size increased to
469.3 nm, while the PDI decreased to 0.495, suggesting
that although the particles tend to agglomerate due to the
formation of oxide pillars, the distribution becomes more
uniform. Mechanistically, the formation of rigid Fe.O;
pillars promotes interlayer fixation and particle—particle
bridging, leading to controlled agglomeration rather than
random clustering. This behavior is consistent with SEM
images, which show compact, stacked platelet aggregates
with relatively homogeneous morphology. This aligns
with the volume-based distribution data, which shows
that pillared bentonite shifts toward larger particle
populations. The stabilization of the structure through
thermal treatment during pillaring likely contributes to
the reduced polydispersity, despite the presence of larger
aggregates [31].
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In contrast, intercalated bentonite exhibited a lower
average particle size (433.4 nm) but a higher PDI (0.613)
than the pillared sample. This combination of smaller
mean size and higher PDI reflects a transition from
agglomeration-dominated behavior (pillaring) to
exfoliation-dominated behavior (intercalation). This
behavior suggests that while Mg>* intercalation promotes
better dispersion and exfoliation at the microscopic level,
it also introduces greater particle-size variation due to
the dynamic ion-exchange process, which lacks
structural fixation, such as pillaring. The presence of both
smaller exfoliated sheets and occasional agglomerates
results in a higher PDL

Overall, both modifications (pillaring and
intercalation) successfully altered the physical
characteristics of natural bentonite. Pillaring enhanced
structural regularity and reduced size variation, while
intercalation improved particle dispersion. Although Mg
intercalation reduces the average particle size, the PDI
increases, indicating a broader size distribution rather
than poorer dispersion. This arises from the non-uniform
nature of Mg intercalation, which produces a mixture of
highly delaminated fine particles and partially stacked
aggregates. This structural heterogeneity is directly
observed in SEM micrographs, which reveal thinner,
more dispersed plate-like features alongside irregular
agglomerates. Furthermore, Mg>* hydrolysis under
alkaline conditions introduces surface-chemical
heterogeneity, promoting both electrostatic repulsion
and localized reaggregation. Consequently, the system
exhibits a smaller mean particle size but increased size
heterogeneity, reflected in the higher PDI. Similar
behavior has been reported for Mg-modified and post-
pillared clay systems.

X
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Figure 7. (a) Comparison of average particle size, (b) Comparison of polydispersity index of pillared and intercalated
bentonite
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Figure 8. (a) FTIR spectra and (b) XRD diffractogram of pillared and intercalated bentonite
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Table 4. FTIR spectra of Mg intercalated pillared
bentonite

Wave number (cm™?) Functional group

3698 OH bending
3631 H-OH stretching
3423 H-OH stretching
1635 H.0
1410 Peroxide (0-0)
1044 Si-0-Si
797 Si-O quartz and silica
528 Si-0-Al stretching
469 Mg-0, Fe-0O

On the other hand, Figure 8a shows that the success
of Fe-pillaring is confirmed by the presence of Fe—0O
bonds at 473 cm™ in the FTIR spectrum. The spectrum
exhibits characteristic montmorillonite peaks, including
hydroxyl stretching vibrations at 3645 cm-! (attributed to
Al-Al-OH and Al-Mg-OH in octahedral sheets) and
3536 cm™ (associated with 2:1 layer OH stretching).
Abroad absorption band at 3433 cm™ suggests surface-
bound H.O or OH stretching, further supported by the
H- O—H bending mode at 1634 cm-. The OH groups may
originate from both interlayer water and structural
hydroxyls in the octahedral sheet (Al-OH). The Si—0-Si
asymmetric stretching vibration appears at 1047 cm™,
while a shift from 1038 ¢cm-* to 1051 cm [24] indicates
Fe,0; formation in the interlayer. Impurity phases, such
as quartz (weak Si—O band at 796 cm), are present in
trace amounts. Additional bands at 527 cm (Si—0-Al)
and 473 cm (Fe—0-Si) further corroborate the pillared
structure. Moreover, the peak positions of the FTIR
spectra of intercalated bentonite are shown in Table 4,
compared with those reported in the previous study.

Table 4 highlights key differences between modified
and pillared bentonite. A weak absorption band at 1410
cm in the modified sample suggests peroxide (—0—-0-)
formation, consistent with Mg oxide synthesis from
MgCl, and H,0.. This is supported by the Mg—0 stretching
vibration at 469 cm-. The spectrum of Mg oxide derived
from MgCl, also displays bands at 3693 cm-and 3441 cm™!
(hydrated OH groups), 1638 cm* (HO bending), and 493
cm™' (Mg-0), aligning with reported data [32].

The FTIR spectra reveal distinct interaction
mechanisms between Fe- and Mg-modified bentonite
and the clay framework. In Fe-pillared bentonite, shifts
and intensity changes in the —OH stretching (3645-3428
cm™') and bending (~1635 cm™) bands indicate strong
interactions between Fe species and interlayer hydroxyl
groups, consistent with the formation of Fe—0-Al/Si
linkages. The presence of Fe—O vibrations near 473 cm™!
further supports the anchoring of iron oxide pillars to the
silicate layers. In contrast, Mg-intercalated bentonite
exhibits broader —OH stretching bands (3698—-3423 cm™)
and a Mg-O vibration around 469 cm™, reflecting
weaker, predominantly electrostatic interactions and

increased hydroxyl heterogeneity. The persistence of the
Si—0-Si (~1044 cm™) and Si—0-Al (~528 cm™) bands
confirms that the silicate framework remains intact after
both modifications. Overall, FTIR indicates that Fe
modification induces stronger chemical bonding and
structural fixation, whereas Mg modification primarily
alters the hydration environment and interlayer
chemistry without disrupting the clay lattice.

The pillaring of bentonite with Fe3* cations induces
significant modifications in its crystallographic
structure, as evidenced by the shift of XRD peaks (Figure
8b) toward lower 26 angles, particularly in the 5°-10°
range, which is characteristic of montmorillonite. This
shift indicates an expansion of the interlayer spacing
(basal spacing, doo:) from 13.6 A to 17.35 &, resulting from
the replacement of native cations (Na*, Ca>*) by larger and
more highly hydrated Fe3* cations. This process leads to
the formation of a more rigid pillar structure and
increased interlayer dimensions.

Theoretically, pillaring with transition-metal
cations, such as Fe3*, increases basal spacing through
electrostatic interactions between the positively charged
cations and the negatively charged aluminosilicate layers,
as reported by [33, 34]. This phenomenon is often
accompanied by a reduction in peak intensity due to a
more disordered spatial arrangement and an increased
amorphous character, as observed by Russamsi et al. [35].
Table 5 presents the diffraction peaks of bentonite and
their corresponding mineral phases.

In addition to the expansion of d-spacing, the
formation of metal oxide pillars (e.g., hematite, Fe,03)
within the bentonite matrix is confirmed by the
appearance of additional XRD peaks at 26 = 27.97°, 35.60°,
and 54.66°, which correspond to the reference diffraction
pattern of Fe,O; (RRUFF ID: R070240). These peaks
confirm the formation of pillar components, while other
peaks (e.g., at 26.71° and 19.89°) correspond to quartz as
a secondary mineral. According to Sisnayati et al. [36],
natural bentonite exhibits dominant peaks at 20.64° and
26.68°, whereas pillared bentonite shows additional
peaks after modification.

The formation of Fe,O; in the interlayer is
hypothesized to occur through the oxidation of diffused
Fe3* jons within bentonite pores, followed by redox
reactions that produce stable Fe—O covalent bonds [37,
38]. These bonds arise from the hybridization of Fe 3d and
O 2p orbitals, reinforcing the structural framework of
bentonite.

Table 5. Peaks of pillared bentonite

26 angle (°) Mineral Comg)zs)ltlon
5.069;19.896 Montmorillonite 45.64
26.714 Quartz 7.61
27.968 Muscovite 11.51
35.602; 50.13; .
54667 Hematite 35.24
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Table 6. XRD peak analysis of Mg-intercalated bentonite

26 angle (°) Material Com%)(;:s)ltlon
5.827;20.01 Montmorillonite 4,8.27
26.724 Quartz 5.83
35.768; 50.25; .
5414 Hematite 30.15
18.666; 38.034; MgO, 15.75

58.589

From a clay mineralogical perspective, Fe3* pillaring
stabilizes the bentonite structure by forming rigid Fe.O;
oxide pillars that maintain the expanded basal spacing
from 13.6 A to 17.35 A and prevent layer collapse, as
evidenced by the persistence of low-angle basal
reflections in the XRD patterns. In contrast, Mg>*
intercalation does not introduce permanent pillars but
modifies the interlayer environment by reducing
interlayer water and promoting layer densification. This
densification is reflected in the contraction of basal
spacing to 15.16 A relative to Fe-pillared bentonite, along
with sharper XRD peaks, indicating improved layer
stacking order and enhanced apparent crystallinity. Thus,
although thermal stability is not directly evaluated, the
observed XRD features suggest a more ordered,
structurally stabilized Mg-intercalated system than
natural bentonite.

Mg+ intercalation also exhibits distinct structural
characteristics. The XRD diffractogram shows a peak shift
from 5.39° to 5.94°, indicating a decrease in basal spacing.
This observation is consistent with findings reported in
[39], where the presence of nanoparticles (e.g., Fe;0,) in
the interlayer can induce structural densification by
compressing interlayer distances. Additionally, Table 6
shows the composition of intercalated bentonite. The
presence of MgO indicates the modification is successful.
However, Mg?* functions as an intercalating agent rather
than a structural pillar, occupying the interlayer space
and strengthening internal bonds through electrostatic
interactions. The effects of intercalation are also reflected
in peak broadening, indicating increased amorphous
character and localized modifications in crystallinity
[40].

Although Mg2* does not form structural pillars like
Fe3*, its presence still influences the crystalline
arrangement and surface properties of the modified
bentonite. The slight decrease in basal spacing observed
after Mg intercalation is associated with interlayer
densification rather than structural collapse. The
incorporation of compact Mg-based species reduces
excess interlayer water and promotes more ordered
stacking of clay layers. Consequently, an increase in
apparent crystallinity is observed, as indicated by
enhanced peak intensity and sharpening in the XRD
pattern. Similar behavior has been reported in Mg-
modified pillared clays, where improved structural
ordering accompanies a moderate reduction in interlayer
spacing [41, 42].

Increased basal spacing between bentonite
aluminosilicate layers due to pillarization can improve its
chemical and physical properties. The properties of
catalytic activity, selectivity, adsorption capacity,
diffusion, volume, and surface area increase due to the
ease with which reactant molecules can access the
catalyst, determining the size of reactant molecules,
volume, and surface area of bentonite particles.
Pillarization of bentonite with Fe compounds, followed by
intercalation with Mg compounds, can increase the
material’s thermal stability. Bentonite pillared with Fe
compounds (45.376%) has lower crystallinity than
bentonite pillared with Fe and intercalated with Mg
(58.924%). It can be estimated that the thermal stability
of bentonite resulting from pillarization and intercalation
is much better than that of pillared bentonite.

4. Conclusion

Pillaring bentonite with Fe increased the basal
spacing, as indicated by the shift of characteristic
bentonite peaks to lower 260 angles, accompanied by a
reduction in crystallinity. However, intercalation with Mg
into Fe-pillared bentonite actually slightly decreased the
basal spacing. Meanwhile, Mg intercalation within the
interlayer of the aluminosilicate sheets resulted in a peak
shift toward higher 26 angles and an increase in
crystallinity compared to Fe-pillared bentonite. This
phenomenon is likely related to the presence of the Mg
metal intercalant, which has basicity properties and can
attract the aluminosilicate layers, thereby increasing
bentonite crystallinity and decreasing the basal spacing.
These characteristics will improve both adsorption and
catalytic performance by making active surfaces more
accessible and enabling interactions with larger
molecules. Fe—Mg modified bentonite is best envisioned
as a low-cost, thermally stable, multifunctional
adsorbent—catalyst for water, soil, and emerging
contaminant remediation.
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