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Zeolites exhibit high adsorption capacities for organic substrates and catalytic activity owing to their

unique structural features, such as uniform pore sizes and Lewis acidity. However, their inherent UV-vis

transparency (1 > 240 nm) limits their efficacy as photocatalysts. This limitation can be addressed by incor-

porating transition metals into their framework or encapsulating semiconductors within their porous

structures. In this study, Fe-zeolites were synthesized through alkaline fusion of natural Amazonian kaoli-

nite, followed by hydrothermal treatment with varying Fe>* loadings from Fe(NOs)s. In the absence of Fe
(NO3)3, an LTA zeolite was obtained under these experimental conditions. However, the introduction of
Fe(NOz3)s led to the formation of a cancrinite (CAN) zeolite, suggesting that nitrate anions acted as a struc-
ture-directing agent. XRD and Mossbauer spectroscopy confirmed the presence of Fe-doped cancrinite
and dispersed maghemite within FeZEO-3 and FeZEO-5. Methylene blue adsorption onto Fe-zeolites was
best described using the Langmuir isotherm model and followed pseudo-second-order kinetics. An
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1 Introduction

Zeolites are crystalline aluminosilicates composed of a three-
dimensional framework of interconnected silicon (SiO,) and
aluminum (AlO,") tetrahedra. The diverse arrangement possi-
bilities of these tetrahedra result in over 200 distinct crystal
structures with special properties (such as porous structures,
ion exchange capabilities, and catalytic activity), which enables
their application in the petrochemical industry, gas separation,
detergent builders, and water treatment."

Most of the commercial zeolites are synthetic since the syn-
thesis process allows a fine control of the crystallinity, porosity
and purity of the zeolitic product. However, the synthesis
routes use pure chemical raw materials (sodium silicate, silica,
aluminum sulfate and sodium aluminate), which may rep-
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increase in iron content from 0 to 5% (w/w) led to enhanced photoactivity, as evidenced by a decrease in
band gap energy from 3.21 eV to 2.93 eV and finally to 2.53 eV. This improved photoactivity was further
supported by the observation of hydroxylated methylene blue intermediates during the photocatalysis
process as the FeZEO-5 material removed up to 90% of the dye.

resent a drawback in their application from an environmental
perspective. Therefore, the development of synthesis routes for
zeolitic materials using cost-effective raw materials is a con-
stant demand for the scientific community."*”

Rice husk ash, coal fly ash, and red mud, being industrial
solid residues with a high silicon content, have been exten-
sively studied as potential zeolitic precursors due to their
abundant production. Most studies utilizing these precursors
focus on synthesizing zeolite A (LTA) and zeolite X (FAU),
although zeolite P (GIS), sodalite (SOD), and analcime (ANA)
often emerge as secondary or undesired zeolitic phases.
Despite the success in utilizing these waste materials, the
addition of aluminum sulfate is necessary due to their
deficiency in aluminum, a crucial component for zeolite
synthesis."

Clay minerals, such as kaolinite, illite, bentonite, and mon-
tmorillonite, are abundant natural silica-aluminate materials
resulting from soil weathering or rock-formation processes.®
Kaolinite has an ideal chemical composition of
Al,03-2510,-2H,0 and can be found with high purity in large
kaolin reserves. It is a layered silicate mineral type 1:1, which
denotes a structure composed of a sheet of silica tetrahedra
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(SiO,) linked through oxygen atoms to one layer of octahedral
alumina (AlOg). The interlayer space is usually filled with water
molecules and other ionic species found in the soil.”®

Kaolinite itself is a promising starting material for zeolitic
synthesis due to its chemical composition, which contains
aluminum and silicon species at a Si/Al ratio of approximately
1. Consequently, hydroxysodalite (SOD), type A (LTA), type X
(FAU), and cancrinite (CAN) are the zeolitic phases commonly
synthesized from kaolinite.>

Despite the versatility of their applications, zeolites face a
significant limitation in photochemistry due to their large
bandgap of >3.0 eV, which renders them insulating materials,
particularly in applications such as photocatalysis. Despite
this, zeolites are used in photocatalysis as supports for photo-
active species or in composite formulations that integrate the
high adsorption capacity of zeolites with the photoactivity of
other semiconductor materials such as TiO,, carbon dots,
2-C3Ny, Ag;PO,, BiWOs, Fe,0;, and others.' ¢

The combination of zeolites and semiconductor materials
offers significant advantages by leveraging the best properties
of each material. Zeolites provide a high specific area and high
adsorption capacity, which are features that semiconductors
lack to be effective photocatalysts. Additionally, the semi-
conductors can be finely dispersed within the zeolite frame-
work, which may decrease the electron-hole pair recombina-
tion rate and increase the atomic active site efficiency of the
photocatalyst.’”™*°

Iron oxides, especially hematite (a-Fe,O;), are notable
visible light responsive and semiconductor materials due to
the band gap of 2.0-2.2 eV. However, their efficiency as a
photocatalyst is limited by high electron-hole recombination
rates. Thus, strategies such as coupling with other semi-
conductors or downsizing their particles, while dispersing
them in a high-specific-area support, are being explored by the
scientific community.>**!

Junying Wen (2023) and collaborators prepared an Fe-
exchanged zeolite B and investigated the photoactivity for
degradation of poly- and perfluorinated alkyl substances
(PFAS) in water. The authors observed a removal rate from 79
to 100% depending on the substrate (linear or branched)
under the investigated conditions. The authors concluded that
linear PFAS are most likely to be degraded over the photo-
catalyst since their adsorption is facilitated.>*

Guo and collaborators (2024) prepared a composite of
carbon dot/TiO,/zeolite LTA from coal tailing. The authors con-
firmed the superior activity of the composite which sums the
photoactivity of the carbon dots and TiO, with the adsorption
capacity of the LTA zeolite. Also, the authors suggested that
the dispersion of the photoactive materials over the zeolite
phase was beneficial for avoiding fast charge recombination in
the photocatalyst.>

Jan Max and collaborators (2024) prepared Fe-modified zeo-
lites for photodegradation of perfluorooctanoic acid (PFOA).
The authors used five commercial zeolites (CHA, MOR, MFI,
BEA and FAU) and conducted a post-synthesis modification
strategy with Fe®" exchange followed by calcination, which
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resulted in a finely dispersed iron oxide within the zeolite
structures. The authors observed a defluorination rate of up to
60% over Fe-BEA after 240 min. They attributed the material’s
activity to the generation of O, species on the iron oxide
(Fe,0;) dispersed within the zeolite framework.>* Recently,
Jian Li and collaborators (2023) synthesized zeolites with extra-
large pores and a highly ordered channel system, which can
host semiconductor nanoparticles for advanced oxidation pro-
cesses that transform volatile organic compounds into chemi-
cal commodities.*

Therefore, the goal of this paper is to investigate the trans-
formation of natural Amazonian kaolinite into photoactive Fe-
zeolites and to study their potential application in water treat-
ment for dye removal through photocatalysis by combining the
adsorption capacity of zeolites and the photoactivity of the
iron oxide species.

2 Materials and methods
2.1 Raw material collection and treatment

The kaolinite sample was collected at Igarapé Cabeca Branca —
BR-174 road, km 45 in the direction of Manaus/AM - Boa vista/
RR, with geographic coordinates 2°35'8.3"S and 60°1'51.4"W.
The collected material was sieved to separate silt and sand
(rough fraction) using a 0.065 mm mesh. The smaller particle
fraction, ¢ < 0.065 mm (called KLT), underwent acid treatment
with 50% (v/v) HCl at a 1: 4 (w/v) ratio under 80 °C heating for
4 hours, followed by filtration and washing until pH ~7, and
then dried.

2.2 Zeolitic synthesis

Zeolites were synthesized following the method of Rios and co-
workers (2009), which involved two steps: (i) alkaline fusion,
where the KLT precursor was macerated with NaOH in a 6:5
ratio (w/w) followed by 2 h of heating at 600 °C; and (ii) hydro-
thermal fusion, where 10 mL of an Fe(NOj3);-9H,O solution
was slowly added at a concentration of 0.051 mol L™" for 3%
(w/w) Fe loading (FeZEO-3) and 0.085 mol L™" for 5% (w/w) Fe
loading (FeZEO-5) to the alkaline fusion product. Then, the
mixture was magnetically stirred for 6 h at 25 °C and finally
transferred to an autoclave at 85 °C for 72 h. After the desired
time, the products were collected, washed with distilled water
until pH 7, dried in an oven at 100 °C, and stored in a desicca-
tor under vacuum until further use.

2.3 Characterization

Diffractogram patterns were collected in a LabX Shimadzu,
model XRD-6000, equipped with a graphite monochromator
and copper tube using CuKa radiation, ranging from 5 to 50°/
20 at a step speed of 2 (°/26) min~". Silicon was used as an
internal standard. Mossbauer spectra were collected in a
spectrometer equipped with a transducer CMTE (model
MA250) controlled by a generating unit of linear function
CMTE (model MR351) at constant acceleration with >’Co/Rh in
the range between +10 and +12 mm s for 298 and 20 K,

This journal is © The Royal Society of Chemistry 2025
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respectively. Data were recorded in 1024 channels and fitted by
the least-squares method using Lorentzian curves with
WinNormos software. Mossbauer isomer shifts are quoted
relative to the a-Fe at room temperature. SEM images were
obtained using the microscope of FEI Company, Quanta
250 model, at 30 kV and 40 mA. The band gaps were estimated
using diffuse reflectance in the UV region in a UV-2700
spectrometer from Shimadzu equipped with a diffuse reflec-
tance accessory for solids. UV-DRS spectra were collected in a
range of 200-800 nm with a 1 nm step. TGA/DTA curves were
recorded using DTG-60 from Shimadzu at a N, flow rate of
50 mL min~" and a heating rate of 10 °C min~" in the range of
25 to 900 °C.

2.4 Adsorption tests

The adsorption experiments were performed at 25 °C and pH
5.5. Approximately 10 mg of zeolite was added to 10 mL of
methylene blue dye in the concentration range of 5 to 50 mg
L' for 60 min. The kinetics studies were performed using
approximately 10 mg of catalyst and 10 mL of the dye at a con-
centration of 40 mg L™ over a time period of 2 to 120 minutes.
The concentration of 20 mg L™" was selected for the kinetic
studies as it produced the optimal results during the adsorp-
tion study. The progress of the adsorption and kinetics was
monitored using a UV-vis spectrophotometer (Thermo
Scientific, Genesys 106), at a wavelength of 655 nm.
Adsorption data were fitted to the following adsorption
models.

2.4.1. Langmuir isotherm. The Langmuir empirical model
(eqn (1) and (2)) assumes that the active sites where adsorption
occurs are energetically homogeneous, forming a monolayer.
It also postulates that there is no interaction or steric hin-
drance between adsorbate molecules, even at adjacent sites.
Each adsorbate molecule is assumed to have equivalent
adsorption enthalpy and energy, and no transmigration occurs
between active sites.

_ QmaxbCe
Qeq = 1+ bC, (1)

Linearizing becomes

Ce 1 Ce
Qeq b OQmax  OQmax

(2)

where Q.q is the amount of adsorbate adsorbed at equilibrium,
Qmax is the maximum monolayer coverage capacities, C, is the
adsorbate concentration at equilibrium and b is Langmuir’s
constant.

2.4.2. Freundlich. This model (eqn (3) and (4)) describes a
non-ideal and reversible adsorption process. The coverage
surface shows a non-uniform distribution of the energy of the
active sites (heat and activity). However, the deviation from
Henry’s law, especially at lower adsorbate concentrations,
makes this model highly criticized.

This journal is © The Royal Society of Chemistry 2025
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Qeq = Kfcel/n (3)
Linearly,
1
log Qeq = log K¢ + " log C. (4)

where Q.q and C. have the same meaning as described in the
Langmuir model, and K; and 7 are Freundlich’s constants.

2.5 Photocatalytic tests

The photocatalytic activity of the synthesized materials was
evaluated against methylene blue organic dye. Initially, 60 mg
of the catalyst was mixed with 80 mL of the dye at a concen-
tration of 20 mg L™ for 60 min without radiation incidence to
reach adsorption equilibrium. After 60 minutes, the reaction
began with the incidence of a UV lamp (15 W), 4 = 255 nm, as
the light source. The reactions were evaluated by the percen-
tage discoloration (eqn (5)) and monitored every 30 minutes
with a UV-vis spectrophotometer (Thermo Scientific, Genesys
106) at a wavelength of 655 nm.

(Co—Cy) «
0

Discoloration (%) = 100 (5)
where C, is the solute initial concentration and C; is the solute
concentration at the time ¢.

The products of the photocatalytic reactions were analyzed
using a mass spectrometer (LCQ Finnegan Ion Trap from
Thermo Scientific) using electrospray ionization (ESI) in posi-
tive mode. Aliquots were injected into the ESI source at a flow
rate of 15 L min™". The capillary temperature was settled at a
275 °C flow rate of the auxiliary gas of 15 mL min", a capillary
potential of 25 V and 2 kV spray.

3 Results and discussion
3.1 Raw material characterization

The collected kaolinite (KLT-a) has high mineralogical purity,
as no significant chemical changes were observed after acid
washing (KLT-b) (Table 1). Additionally, only quartz was
detected in the XRD pattern alongside the reflections of kaoli-
nite (Fig. 2). The iron oxide content, before and after the
chemical treatment, remained approximately 1 wt%,
suggesting a possible substitution of AI** for Fe** in the crystal
lattice of the clay mineral. The presence of iron atoms in the
crystalline structure could be expected, given the highly weath-
ered nature of the sampling location.

The thermogravimetric analysis (TGA) of the KLT-b sample
shows two major events (Fig. 1). The first occurs in the range
of 80-120 °C with an ~2.0% mass loss due to the desorption
of water molecules from the material surface. The second and
more important event occurs at 510 °C due to the loss of struc-
tural hydroxyls in the crystal lattice causing a structural col-
lapse leading to the metakaolin phase. A highly pure and stoi-
chiometric kaolinite has a mass loss of about 14%; thus, it can
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Table 1 The chemical composition of the raw material (KLT-a), after acid washing (KLT-b) and the synthesized zeolite samples obtained by XRF

Sample SiO, Al,O4 Fe,0; CaO MgO TiO, Na,O K,O MnO LOF“
% (W/w)
KLT-a 49.4 34.9 1.06 <0.01 <0.1 1.42 <0.1 0.33 <0.01 12.37
KLT-b 48.2 36.7 1.03 <0.01 <0.1 1.40 <0.1 0.29 <0.01 12.86
FeZEO-0 41.4 25.7 0.90 <0.01 <0.1 1.41 16.35 0.15 <0.01 12.38
FeZEO-3 40.1 27.8 1.76 <0.01 <0.1 1.39 13.4 0.12 <0.01 15.01
FeZEO-5 41.7 24.6 2.35 <0.01 <0.1 1.4 12.13 0.14 <0.01 16.45
“LOF - loss on fire.
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- L
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Fig. 1 TGA of the KLT-b sample under a N, atmosphere.
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Fig. 2 XRD profile of KLT and KLT after alkaline fusion at 600 °C.

be estimated that a mass loss of 13.17% in KLT-b presents
94% kaolinite purity.>®

The XRD pattern of the KLT-b sample (Fig. 2) shows mostly
kaolinite reflections (card 2290, Mincryst) and quartz trace
(Si0,; card 3895, Mincryst).”” The alkaline fusion product did
not show any kaolinite reflections, and only two quartz reflec-
tions could be indexed (Fig. 3), showing that the metakaolini-
zation process was efficient. Kaolinite activation (metakaolini-
zation) is a necessary step in zeolite synthesis from kaolinite

8290 | Dalton Trans., 2025, 54, 8287-8297

20/ 9 (CuKa)

Fig. 3 XRD profiles of FeZEO-0 (green), FeZEO-3 (blue), and FeZEO-5
(orange). Only the main characteristic reflections for LTA and CAN are
shown (relative intensity > 50%).

due to a change in the aluminum centers octahedrally co-
ordinated to positions of lower spatial symmetry as 4-, 5- and
6-fold, which turns those metallic centers more reactive.'®

3.2 Zeolite synthesis

The alkaline fusion product was mixed with 10.5 mL solutions
of Fe(NO,);-9H,0 at 0.051 mol L' (FeZEO-3) and 0.085 mol
L™! (FeZEO-5). The sample labeled FeZEO contained no added
Fe(NOj3); but retained the natural Fe content present in the
raw material. The FeZEO sample resulted in the crystallization
of zeolite LTA with traces of SOD zeolite (Fig. 3). Meanwhile,
FeZEO-3 and FeZEO-5 XRD patterns completely changed and
showed cancrinite (CAN) reflections as the major zeolitic
phases zeolite P (GIS) and zeolite hydroxysodalite (SOD) in
trace amounts (Fig. 3).%®

The presence of the zeolitic phases GIS and SOD in trace
amounts together with CAN in the samples FeZEO3 and FeZEO5
indicates competing crystallization processes under the syn-
thesis conditions (Fig. 3). As the Fe(NOs); concentration
increased from 0% to 3% to 5%, the CAN phase crystalline
purity also increased from 0% to 82% to 95%, respectively, esti-
mated by relative areas of the diffractogram (the LTA zeolite
reached 96% of crystalline purity in the FeZEO-0 sample). The

This journal is © The Royal Society of Chemistry 2025
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global mass yield of the process is between 40% and 50%, deter-
mined by comparing the total mass of the kaolinite precursor
and NaOH added to the mass of the resulting dry products.
Furthermore, the chemical composition of the as-synthesized
zeolites LTA and CAN corresponds to the data reported in the lit-
erature for zeolites derived from clay minerals*® (Table 1).

The hydrothermal treatment under autogenic pressure at
85 °C and in the absence of iron(m) nitrate in the reaction
media leads mainly to LTA zeolite crystallization (FeZEO-0
sample, Fig. 3). Adding iron(m) nitrate in the solution media of
the hydrothermal treatment promotes the reorganization of the
amorphous silica and aluminum units into a cancrinite struc-
ture with trace amounts of SOD observed in the main reflections
at 25.62°, 31.96° 35.10° and 14.14° (FeZEO-3 sample, Fig. 3)
and the virtually pure CAN phase in the FeZEO-5 sample
(Fig. 3). Thus, it is hypothesized that the Fe*" cation or the NO;~
anion might be acting as structural driving agents.

Barnes and coworker (1999) had performed a detailed study
about the phase transitions in aluminosilicate by the Bayer
process for bauxite beneficiation. The Bayer process consists
of ore digestion in a basic solution at a temperature gradient.
In other words, a parallel can be done to the synthesis process
used in this work.?>® They also observed zeolites like SOD, LTA
and CAN in their products. Thus, Barnes established that the
medium alkaline conditions and temperature have an impor-
tant influence on the final zeotype structure.

Krivovichev and collaborators studied the structural com-
plexity of each zeolite structure in the IZA database and found
that among the zeolites obtained in this work, the structural
complexity increases towards SOD < GIS < LTA; thus, the
thermodynamic stability decreases in the reverse order. It is
understood that the SOD framework is the most topologically
simple among zeolite structures. However, its high structural
and chemical flexibility results in a complex behavior in zeoli-
tic phases: intertransformation.’’ Likewise CAN and SOD
structures belong to a structural supergroup cancrinite-soda-
lite of aluminosilicates with AB or ABC-type structures of a 1:1
Al': Si ratio. Their structures are based upon layers of 6-mem-
bered rings of tetrahedra. Each ring is linked to three rings in
the preceding layer and to three rings in the succeeding layer.
The simplest frameworks are the 2-layer cancrinite framework
(CAN) with the AB sequence and the 3-layer sodalite framework
(SOD) with the ABC sequence.®'*?

Table 2 Lattice parameters of FeZEO-0, FeZEO-3 and FeZEO-5
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Despite the structural correlation of CAN and SOD, the
latter being the most thermodynamically stable, the CAN
zeolite is most commonly obtained in an alkaline medium
under heating in the presence of three folded symmetry
anions (C* symmetry) such as carbonates and nitrates.® Our
results corroborate with those observations since the CAN
zeolite was only observed in the presence of nitrate salt in the
synthesis medium (FeZEO-3 and FeZEO-5). When the NO;~
concentration is 0% (FeZEO-0), no reflection related to CAN is
observed, even at trace levels.

Cancrinite shows a periodic arrangement of small cages
(e-cages) distributed in a hexagonal structure with AB-AB
stacking. These hexagonal structures are stabilized in the reac-
tion media by NO;~ anions as observed by LIU and collabor-
ators, 2004 (Studies in Surface Science and Catalysis, volume
154). Meanwhile, the LTA zeolite is composed of an arrange-
ment of sodalite cages (or p-cages) interconnected with D4R
units. The arrangement of 8 sodalite cages and 12 D4R units
forms the o-cage (LTA cages) with an approximate diameter of
11.2 A and a pore opening of 4.2 A.

The idealized cell found in the pure silica version of LTA
(Si4O4s) contains one a-cage and one f-cage with lattice para-
meters of @ = b = ¢ = 11.91 A as one can find in the IZA data-
base. However, the aluminum-substituted versions of the LTA
zeolite (Na,[Al,Si(192—x)O3s4]) Which contains 8 a- and 8 p-cages
have lattice parameters of a = b = ¢ = 23.75-24.55 A, depending
on the aluminum content.>*

In this work, it was found that the LTA zeolite with a crystal-
lite size of 40.1 nm ((200) plane) and a lattice parameter of a =
23.87 A (Table 2, FeZEO-0 entry) showed slightly higher values
than what are reported in the literature (23.75-24.55 A), which
suggests the existence of some strain effect within the struc-
ture caused by the iron naturally present in the kaolinite raw
material. Since the ionic radius of tetrahedrally coordinated
wFe*' = 0.49 A is higher than the ionic radius of tetrahedrally
coordinated nAl*" = 0.39 A, a discrete increase in that lattice
parameter of the unit cell is expected as observed (Table 2).

Regarding the CAN zeolite diffractogram patterns, a shift in
the reflection of the (101) plane to lower reflection angles com-
pared to the IZA standard, from 19.38 26/° to 19.02 26/° and
19.04 26/° for FeZEO3 and FeZEOS5 samples, respectively, was
observed. This shift may be attributed to the insertion of
metallic ions with higher ionic radii (Fe** in tetrahedral

Lattice parameters

Sample System Space group a/A c/A Crystallite size” (nm) Ref.

Siliceous-LTA® Cubic Pm3m 11.91 11.91 — 1ZA (2025)*®
Al-substituted-LTA Cubic Pm3m 23.75 23.75 — Perez-Carbajo (2020)**
FeZEO-0 Cubic Pm3m 23.87 23.87 40.1 This work

Zeolite CAN® Hexagonal P63/mmc 12.49 5.25 — 1ZA (2025)*®

FeZEO-3 Hexagonal P63/mmc 12.18 5.17 354 This work

FeZEO-5 Hexagonal P63/mmc 12.12 5.16 35.1 This work

@1ZA’s standard.?® ? Crystallite size in the (100) plane.

This journal is © The Royal Society of Chemistry 2025
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coordination) compared to the host elements in the crystalline
framework. The strain effect is observed in the change in the
apparent shrinkage of ~3% of the lattice parameters of the
CAN zeolite (Table 2).

The orange-yellowish color intensity increases in the
samples in the order FeZEO-0 > FeZEO-3 > FeZEO-5 which
follows the same iron content order in those samples (Fig. 4).
This result indicates the existence of iron oxide particles with
low crystallinity, finely dispersed in the zeolite material.
Besides the crystallinity and the dispersion, the iron content
<10% (wt) hinders their detection by XRD analysis. SEM
images show particles with a cubic morphology typical of the
LTA zeolite on the FeZEO-0 sample (Fig. 4a); meanwhile,
images from FeZEO-3 and FeZEO-5 show rod shaped particles
from the CAN zeolite (Fig. 4b and c, respectively).

To further investigate the iron distribution in the samples,
Mossbauer spectroscopy of *’Fe at 298 and 20 K was per-

e & 1) —t

Fig. 4 Color intensification (left) and SEM images (right) of FeZEO-O,
FeZEO-3 and FeZEO-5.
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formed in order to confirm the isomorphous substitution of Al
by Fe and/or crystallization of extraframework iron oxide
phases in the zeolitic matrix. The Mossbauer spectrum of
FeZEO-5 at 298 K shows a duplet with an isomeric shift, § =
0.37 mm s~', and quadrupole splitting, A = 0.66 mm s * of
high spin superparamagnetic Fe’" in an octahedral geometry
(Fig. 5 and Table 3).

1.000
0.998
0.996

298 K 3 FeZEO-0

1.000

0.996

ission

0.992 1298 K

—;
1.000 ¥
0.998

0.996

0.994
1.000

0.998
0.996

FeZEO-3

FeZEO-3

Relative Transm

, FeZEO-5
R e Ry
Velocity, v/mm s™

Fig. 5 Mossbauer spectra of the synthesized materials at 298 and 20 K.

Table 3 Modssbauer spectroscopy hyperfine parameters of the raw
material and FeZEO-0, FeZEO-3 and FeZEO-5. § = isomeric shift in
relation to a-Fe foil, A — quadrupole displacement, ¢ — quadrupole shift,
Bys — hyperfine field and RA — relative area

§/mm (Aoreg)

Sample  Fe*' site st mms~'  Bp/T RA/%

298 K

FeZEO-0 Octahedral 0.36 0.67 — 100

FeZEO-3 Octahedral 0.32 0.65 — 100

FeZEO-5 Octahedral 0.37 0.66 — 100

20 K —

FeZEO-3 uncertain 0.70 0.45 — 45.80
Distorted 0.46 1.60 — 22.46
tetrahedral
Octahedral 0.34 0.77 — 31.74

FeZEO-5 ? Fe-O-Si 0.41 0.45 —_ 15.06
Distorted 0.63 1.60 — 5.73
tetrahedral
Distorted 0.44 1.21 — 15.68
tetrahedral
Octahedral oligomer 0.44 2.24 — 5.00
Octahedral 0.43 0.14 43.54  58.53

This journal is © The Royal Society of Chemistry 2025
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At low temperatures, it is expected that iron oxide particles
start undergoing magnetic coupling, leading to magnetic field
splitting between 30 and 45 T. Maghemite (y-Fe,O3) usually
shows this behavior as seen in the field distribution profile of
FeZEO-5 at 20 K (Fig. 5).>>3°

Quadrupole splitting ¢ = 0.14 mm s~ can be seen in the
Mossbauer spectrum of FeZEO-5 at 20 K. This value indicates
a poorly crystalline maghemite besides having a small particle
size (<5 nm). Other Mdssbauer subspectra could be fitted on
the profile indicating a maghemite partially converted into
hematite. The duplet series § = 0.41 and 0.44 mm s~ ' and 4 =
0.45 and 2.24 mm s~ show iron sites other than maghemite.
Higher quadrupole splitting values shown in Table 3 arise
from iron at tetrahedral coordination in the zeolitic lattice,
suggesting a degree of isomorphous substitution of Al by Fe in
the zeolitic framework.>” FeZEO-0 and FeZEO-3 hyperfine para-
meter interpretation may be performed in a similar way.

1

3.3 Adsorption tests

3.3.1 Adsorption isotherm. The total dye adsorption
increased to 21.5% for FeZEO-0, 38.1% for FeZEO-3, and
67.0% for FeZEO-5, respectively. The Langmuir adsorption
model was the best fit for all the materials tested, resulting in
the affinity parameter ‘b’ increasing in the following order on
the materials: FeZEO-0 < FeZEO-3 < FeZEO-5, as expected since
the FeZEO-5 material showed the highest adsorption capacity
(Table 4).

The total dye adsorption increased to 21.5, 38.1, and 67.0%
for FeZEO-0, FeZEO-3 and FeZEO-5, respectively. Analyzing the
statistical parameters R, 4%, and SSE, the Langmuir model pro-
vided the best fit for all materials. The Langmuir affinity con-
stant b increased in the order FeZEO-0 < FeZEO-3 < FeZEO-5,
consistent with the observation that FeZEO-5 exhibited the
highest adsorption capacity (Table 4). The Langmuir model

Table 4 Estimated adsorption parameters for different models and
their respective statistical analyses. Experimental conditions: adsorbate
=10 mg, [MB] = 5-50 mg L%, 25 °C and pH = 5.5

Parameters FeZEO-0 FeZEO-3 FeZEO-5
Total removal (%) 21.5 38.1 67.0
Langmuir
Omax (Mg g7 10.14 27.35 42.81
b(dm’*g™) 0.07 0.11 0.29
R 0.9959 0.9853 0.9867
Ve 1.68 3.84 3.08
SSE 13.5 35.3 32.7
Freundlich
1/n 0.21 1.21 0.45
K¢ 6.60 0.61 8.20
R 0.7934 0.9332 0.6530
7 120.2 16.9 15.3
SSE 376.1 651.0 256.9

R®> - linear correlation coefficient using the partial least squares
method; y* = nonlinear correlation coefficient; SSE = sum of the
squared errors; Qmax = maximum adsorption capacity; b, 1/n, K¢ -
adsorption constants for each evaluated model.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Kinetic models of (a) pseudo first-order, (b) pseudo second-
order and (c) interparticle diffusion of methylene blue dye at a concen-
tration of 40 mg L™, pH 5.5 at 25 °C for FeZEO-0, FeZEO-3 and
FeZEO-5.

postulates a monolayer adsorption mechanism, in which inter-
actions between adsorbed molecules are negligible.

3.3.2 Kinetics of adsorption. Experimental kinetic adsorp-
tion data were fitted to linearized models: Lagrange pseudo-
first-order (Fig. 6a), Elovich pseudo-second-order (Fig. 6b), and
intraparticle diffusion (Fig. 6c). All synthesized materials
exhibited better fit to the pseudo-second-order kinetics model
(eqn (6) and (7)). In heterogeneous adsorption systems, the
pseudo-second-order kinetics model may be associated with
the adsorption of a single adsorbate molecule onto two dis-
tinct adsorption sites.>*™**

% =K (Qo — Q) (6)
where Q, is the initial solute amount in solution, Q, is the
adsorbed solute amount in adsorbent w mass at a ¢ time and
K, is the adsorption kinetic constant. Integrating eqn (6) into
boundary conditions ¢ =0 to ¢t = ¢t and Q, = 0 to Q; = Q, followed
by rearrangement, it becomes eqn (7), being able to set up a 1/
Q; vs. t graphic.

111
Q: K2Q0* Qo

7)

where 1/K,Q,”> = intercept of the linearized curves (mg g
min~") is the adsorption initial rate.
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Table 5 Kinetic adsorption parameters for the pseudo first-order,
pseudo second-order and interparticle diffusion models ([MB] = 40 mg
L™, pH 5.5 at 25 °C)

Parameters FeZEO-0 FeZEO-3 FeZEO-5
Pseudo 1% order
Ky/min™! 0.0004 0.0014 0.0008
R* 0.9386 0.7367 0.7392
Pseudo 2" order
K,/(g mg™* min™Y) 572.95 86.26 15.98
Omax/(mg g™ 6.47 8.65 16.04
R* 0.999 0.999 0.998
Interparticle diffusion®
I(E/(mg g min"/?) —0.0096 —0.268 —0.443
R 0.9732 0.826 0.7222

“Data are fitted between 5 and 90 min.

Kinetic studies revealed that FeZEO-0 exhibited the highest
kinetic constant (K3), while FeZEO-5 exhibited the lowest. This
trend aligns with the observed adsorption equilibrium times:
FeZEO-0 reached equilibrium the fastest (10 min) and exhibi-
ted the lowest maximum adsorption capacity (Qmax = 6.47 mg
g™1). Conversely, FeZEO-3 reached equilibrium in 20 min with
a Qmax Of 8.65 mg g™, and FeZEO-5 showed the longest equili-
brium time (25 min) and the highest Qay (16.04 mg g™").

While the pseudo-second-order kinetic model exhibited a
strong fit, the intraparticle diffusion model (eqn (8)) provides
valuable insights. This model demonstrated excellent linearity
(R* ~ 1) within the initial 10-90 minutes of the adsorption
process for all synthesized materials. Notably, intraparticle
diffusion exerted the greatest influence on FeZEO-0, followed
by FeZEO-3 and FeZEO-5 (Table 5), suggesting that it acts con-
currently with pseudo-second-order kinetics, potentially as a
rate-limiting step during this phase. After 90 minutes, the

Q
— 24 =

>

=

& 20

N’

=~

= 16 1

=

°

a FeZEO-3

§ 12 (2e.93 V)

= .

S 8-

) FeZEO-5

g (253 eV)

- ~
Z 4 - .
0 T L] v "'l'. "' L] T L] L] L]
2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

Photon energy, hv/eV

Fig. 7 Kubelka—Munk function plot of indirect allowed transitions esti-
mated through UV-DRS.

8294 | Dalton Trans., 2025, 54, 8287-8297

View Article Online

Dalton Transactions

pseudo-second-order kinetic model appeared to dominate the
adsorption process.

Q=Kpt'?+C (8)

where Kj, is the intraparticle diffusion constant rate expressed
in mg g~ min®® and C is the graphical curve intercept.

—8— 10 ppm —@—20 ppm —&—30 ppm —¥—40 ppm —4— 50 ppm
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Fig. 8 Dye removal through UV photocatalysis using (a) FeZEO-0, (b)
FeZEO-3 and (c) FeZEO-5.
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3.4 Photocatalysis

Photocatalytic processes necessitate a compatible bandgap
with the incident radiation. The bandgaps of the catalysts were
determined by UV-vis diffuse reflectance spectroscopy employ-
ing the Kubelka-Munk formalism.** Plotting [F(R)Av]" vs. hv
provides an effective approximation of the bandgap (Fig. 7).
However, the presence of recombination centers, such as com-
pensation cations, must be considered. Therefore, a material
with a low bandgap magnitude (within the range of semi-
conductor materials) does not inherently guarantee efficient
photocatalytic activity.

The indirect transition Kubelka-Munk model (n = 1/2) was
employed, which accounts for real-world sampling conditions
such as crystalline defects and impurities. These imperfections
can introduce permitted energy levels within the bandgap,
acting as recombination centers. In indirect transitions,
energy released during recombination is transferred to the
material structure as phonons.** Catalysts synthesized in this
study exhibited the most prominent transitions at 3.08 eV, 2.88
eV, and 2.53 eV for FeZEO-0, FeZEO-3, and FeZEO-5, respect-
ively (Fig. 7). The decrease in the band gap is primarily attribu-
ted to the increased concentration of iron oxide, which is
known to absorb radiation in the UV-vis region. In the maghe-
mite phase (y-Fe,O;), absorption is anticipated at 250 nm,
attributed to charge transfer processes, and at 315 nm to
510 nm, corresponding to electronic transitions (2°A; — T,
E).** Negative charge accumulation at aluminum centers
within the zeolitic framework may shift the Fermi level, facili-
tating electronic transitions to the conduction band. Bandgap
energies determined by UV-DRS suggest that Fe-bearing zeo-
lites may exhibit photocatalytic activity towards methylene
blue decolorization.

FeZEO-5 exhibited the highest methylene blue (MB)
removal efficiency at all investigated concentrations, followed
by FeZEO-3 and lastly FeZEO-0 (Fig. 8). Kinetic studies indi-
cated that both adsorption and photocatalysis contribute to
dye removal, as these processes are inherently intertwined.
The higher iron content in FeZEO-5 led to a narrower
bandgap, facilitating radical generation via two primary

View Article Online
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mechanisms: (i) dissolved oxygen reduction to superoxide
(0,77), which subsequently reacts with H' to form hydroperoxyl
radicals (HOO") and rapidly decomposes to hydroxyl radicals
(HO"); and (ii) direct oxidation of hydroxide ions (OH™) accord-
ing to reactions (1)-(6).** FeZEO-0 exhibited negligible photo-
catalytic activity, with MB removal primarily attributed to
adsorption. The optimal system for photocatalytic MB degra-
dation was achieved with a 20 mg L™" MB concentration and
FeZEO-5 as the catalyst, resulting in a 75% total removal yield.
A control experiment, conducted under the same conditions
but without a catalyst, accounted for 18% removal due to
photolysis of methylene blue (Fig. 8c). At higher MB concen-
trations (>30 mg L"), adsorption dominated over photocataly-
sis, resulting in negligible observable photoactivity.

Fe,0; or Fe-zeolite + hv — Fe,03(eq, , hyp ™) (1)
Fezog(hvb+) + Hzoads — FeZO3 + HO;ds =+ HJr (2)
Fe,03(hy t)+HOaqs~ — Fe, 03 + HOJ (3)

Fe;03(hy,™) + Substrate,qs — Fe,03 + Substrate,qs™  (4)
HO® + Substrate,qs — Substrateiq (5)

Fe,O3(ech ) + Substrate,gs — Fey O3 + Substrateags ™ (6)

To investigate the photocatalytic activity, aliquots of the
FeZEO-5 reaction were analyzed by electron spray ionization
mass spectrometry (ESI-MS). Prior to irradiation, the primary
peak observed in the mass spectrum corresponded to the
methylene blue cation (m/z = 284). After 150 minutes of
irradiation, new peaks with m/z 302 and 318 were detected,
which are likely attributed to successive hydroxylation products
resulting from "OH radical attack on the methylene blue mole-
cule (Fig. 9). The peak at m/z 274 suggests that the mechanism
of MB degradation may also proceed via a demethylation
route, while the peak at m/z 385 suggests the formation of
strongly oxidized products resulting from oxidation of the S
and/or N heteroatoms on the native MB structure.*®™*

100 T T T T N,
284 . J
» 0 min N T
Oy 284 ©%
@] miz=2
“ *OH
] 3
- l
< 204 '
.5 ° T T T T ME A A O
; 100 T T T T ~ N ) ~ -‘.
> 284 188 oy MZz=302 o
s 04 150 min
< 74 *OH
& 0 o
o L]
404 M2 s \ AN N
0 ”'c‘n 8 e N .
o, mz=318 -

m/Z

Fig. 9 ESI-(+)-MS of standard methylene blue at 0 min and after 150 min reactions with FeZEO-5 under UV irradiation.
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4 Conclusion

An Fe-CAN zeolite was successfully synthesized from kaolinite
utilizing Fe(NO;); as both a doping agent and a structure-
directing agent. Iron species were predominantly present as
maghemite, although some iron atoms were likely incorpor-
ated into the zeolite framework. In the absence of iron salt in
the reaction media, an LTA zeolite was obtained.

Kinetic studies demonstrated that methylene blue removal
by FeZEO-0, FeZEO-3, and FeZEO-5 was best described using
the pseudo-second-order kinetic model. The Langmuir iso-
therm provided the most suitable fit for all samples, with
FeZEO-5 (cancrinite containing maghemite) exhibiting the
highest adsorption capacity (16.04 mg g'). Intraparticle
diffusion was observed to be the rate-controlling step during
the initial 90 minutes of adsorption.

FeZEO-5 demonstrated superior methylene blue (MB)
removal efficiency in photocatalytic processes compared to
FeZEO-3 and FeZEO-0. This enhanced performance is attribu-
ted to a synergistic effect: the cancrinite zeolite framework
facilitated dye adsorption, while the higher iron content in
FeZEO-5 narrowed the bandgap of the photocatalyst. This
bandgap narrowing led to an increased generation of reactive
radical species, which effectively degraded the pre-adsorbed
MB molecules. Evidence for this includes the formation of
hydroxylated MB degradation products.

This study demonstrates that Amazonian kaolinite can be
effectively transformed into zeolites, with the nitrate anion
serving as a structure-directing agent in zeolite synthesis. The
resulting maghemite-cancrinite composite exhibits both
adsorption capacity and photoactivity under UV irradiation for
MB removal.
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