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Abstract

This study presents the synthesis and characterization of iron-modified zeolite-A derived from Nigerian kaolin for methylene
blne adsorption. Zeolite-A was synthesized via hydrothermal alkaline activation of metakaolin, followed by iron
Sfunctionalization using FeCls6H20. Materials were characterized by XRD, FTIR, SEM, XRF, and BET. XRD
confirmed phase-pure zeolite-AA with an L'TA framework (peaks at 7.14°, 24.06° 20) and crystallite size of 20.74 nm. After
iron incorporation, the framework remained intact while new iron-related reflections appeared at 44.8° and 65.20°, with
crystallite size reducing to 9.06 nm. FTIR verified the aluminosilicate framework with peaks at 3724.94 and 34713466
em™ ($i-O-T vibrations), with additional Fe-O bands after modification. SEM showed typical cubic morphology preserved but
with surface textnring after iron loading. BET of Fe-modified zeolite A gave a surface area of 380.350 i g™* with Type IV
isotherms (bierarchical micro-mesoporosity), versus 515.22 i g* for pristine zeolite A. XRF confirmed iron incorporation:
Fe:0s increased from 2.26 to 9.83 wt.%, and Si/ Al ratio rose from 1.36 to 1.89 due to Na* exchange and partial
dealumination. Batch adsorption of MB using the iron modified zeolite A under optimum dosage, initial concentration, contact
time of 0.6 g, 6mg/ L and 90 min resulted to 99.6% methylene blue removal, ontperforming nnmodified Zeolite-A1 (98.3).
The preserved zeolite A framework, enbanced adsorption potential, and hierarchical porosity positions the iron-modified zeolite-
A as a promising adsorbent for MB removal from dye contaminated wastewater.
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1.0 Introduction

Globally, industrialization and modernization of cities has appreciably increased the water demand and
utilization, thus resulting to freshwater pollution [1]. Synthetic dyes from food, cosmetics, leather, textile industries
are a key water contaminant. These dyes are characterized by structural aromatic stability and high recalcitrant to
natural degradation, and therefore persistent in water bodies over a long period [2]. The growing concern for clean
water sanitation has stimulated the quest effective water treatment methods capable of removing stable synthetic
dyes from process industry wastewater [3, 4, 5].

Methylene blue (MB), is a synthetic dye belonging to the thiazine class that has found wide application in
pharmaceuticals, biomedicine, and textiles industries. However, despite its widespread use, MB is classified as a
persistent organic pollutant that poses serious threats to both ecosystems and human health owing to its hazardous
nature, non-biodegradable substance with carcinogenic potential [6, 7]. According to Hamad and Idrus [8], MB is
a commonly used as a benchmark contaminant to assess the effectiveness of different adsorption and degradation
methods during wastewater treatment research. Numerous researchers have employed diverse techniques
including membrane filtration [9], flocculation [10], advanced oxidation [11], photocatalytic degradation,
ozonation [12], and biodegradation have been employed for the removal of dye from wastewater [13]. These
common methods are associated with some inherent drawbacks such as the complexity in operation and
uneconomical of nature of the technology and thus it is necessary to seek efficient and simple dye wastewater
treatment methods. Adsorption is considered as an efficient technique for dye contaminant removal due to its
advantages such as high efficiency, low cost, simple operation, and insensitive of toxic substances [14]. Different
adsorbents have been used for adsorption of MB from wastewater, example include pristine biomass, clay, sludge,
biochar and zeolite [15].

Zeolites represent a class of crystalline aluminosilicates characterized by three-dimensional frameworks
composed of TOa tetrahedra (where T = Si, Al) interconnected through oxygen atoms, forming well-defined
cavities and channels of molecular dimensions [16]. These materials possess exceptional properties including high
surface area, excellent adsorption capacity, acidic sites, and shape selectivity, rendering them valuable for diverse
applications spanning catalysis, ion exchange, adsorption, and separation processes [17]. Among the numerous
zeolite frameworks, zeolite-A holds particular significance owing to its low Si/Al ratio, high cation exchange
capacity, and well-defined microporous structure. The synthesis of zeolites from natural aluminosilicate (kaolin)
sources has attracted considerable attention as a sustainable and economically viable approach. Kaolin, an
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abundantly available natural clay mineral in Nigeria, serves as an excellent precursor for zeolite synthesis due to its
high kaolinite content and favorable Si/Al (~1) ratio [18]. Upon thermal activation to metakaolin, the material
becomes reactive toward alkaline hydrothermal treatment, facilitating crystallization into various zeolitic phases
[19].

Modification of zeolites through transition metal incorporation has emerged as a promising strategy for
enhancing their affinity for target pollutant and adsorption capacity [20]. Iron-modified zeolites, in particular, have
garnered significant interest due to their redox activity, catalytic potential in Fenton-like reactions, and capacity to
generate reactive oxygen species [21], [22]. Incorporation of iron into adsorbent matrix enables multi-functional
adsorption due to the increased the adsorbent surface area [23]. Iron species can be introduced via ion exchange,
impregnation, or during synthesis, and may exist as isolated ions, oligomers, or oxide nanoparticles depending on
loading levels and preparation methodology [24], [25]. Despite interest in iron-modified zeolites, detailed
investigations on the incorporation of iron onto zeolite A derived from a typical Nigerian (Aloji, Kogi State) kaolin
for the removal of MB has not been documented to the best of the authors knowledge. The effect of iron
modification on the structural, morphological, compositional, and textural properties of the zeolite A framework
is also scarcely reported. Although a few studies have reported the application of Iron modification of different
zeolites for adsorption of pollutant; examples include Fe doped zeolite from Amazonian kaolinite for methylene
blue removal [26], Fe doped zeolite for the removal of tetracycline from aqueous solution [27], Fe doped Saudi
natural zeolite for the effective adsorption of methylene blue |[28].

This study is therefore aimed at synthesizing zeolite A from Nigerian kaolin via hydrothermal activation,
functionalizing it with iron, and comprehensively characterizing the resulting material for its oxide composition,
crystalline phase, functional groups present, surface morphology and textural properties with the view of
evaluating the iron modified zeolite A potential for MB removal.

2.0 Materials and Methods
2.1 Materials

Raw kaolin sourced from Aloji, Kogi State, Nigeria was used as the aluminosilicate precursor. The clay was
collected, packed in polythene bags. Sodium hydroxide (NaOH, >98% purity) manufactured by Pure Chems
laboratory reagents China, iron (III) chloride hexahydrate (FeCls-6H20, 297% purity) produced by EMSURE
ACS reagent Germany and sodium borohydride (NaBHa4 >97% purity) manufactured by LOBA CHEMIE PVT
China were of analytical grade and used without further purification. Deionized water was employed for all
synthesis, washing and solution procedures.

2.2 Method
2.2.1 Preparation of Zeolite-A from Kaolin

The raw kaolin was crushed using a porcelain mortar and pestle to reduce lump sizes and promote
homogeneity. The sample was subsequently soaked in deionized water for 12 h at room temperature to disperse
aggregated particles and facilitate impurity separation. The suspension was continuously stirred for 30 minutes
using a magnetic stirrer to ensure homogeneity. The mixture was then transferred to a 1 L. measuring cylinder and
allowed to sediment for 2 h. This sedimentation process exploited differential settling rates, permitting the
separation of denser quartz and other heavy mineral impurities which accumulated at the bottom, while finer
kaolinite particles remained suspended in the supernatant [29]. The supernatant containing purified kaolin was
carefully decanted and oven-dried at 100°C for 24 h to constant weight. The dried purified kaolin was then ground
into a fine powder using a mortar and pestle and stored in an airtight container for subsequent use.

2.2.2 Synthesis of Zeolite-A from Kaolin

The purified kaolin was thermally activated to transform it into a more reactive amorphous phase (metakaolin).
Approximately 20 g of the dried kaolin powder was placed in a ceramic crucible and calcined in a muffle furnace
at 850°C for 2 h with a heating rate of 10°C min™" [30]. The resulting metakaolin was allowed to cool naturally to
room temperature within a desiccator to prevent moisture absorption. Zeolite-A synthesis was achieved via
hydrothermal alkaline activation. In a typical procedure, 6 g of metakaolin was slowly added to 50 mL of 5 M
NaOH solution undergoes stirring for 2 h prevent clumping. The resulting slurry was aged at room temperature
for 24 h to promote homogeneous nucleation [19]. The aged gel was transferred to a 100 mL Teflon-lined stainless-
steel autoclave and subjected to hydrothermal crystallization at 115°C for 5 h. After synthesis, the autoclave was
quenched under cold running water to terminate the reaction and washed repeatedly with deionized water until a
neutral pH was achieved and finally dried in an oven at 100°C for 8 h to obtain zeolite-A.
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2.3 Iron Modification of Zeolite-A

Iron functionalization of the synthesized zeolite A was accomplished using impregnation method followed by
chemical reduction. 8% (w/v) iron precursor solution was prepared by dissolving 8 g of FeCls:6H20 in 100 mL
deionized water. Subsequently, 6 g of synthesized zeolite-A was dispersed in 50 mL of the prepared iron solution
and stirred continuously for 2 h at room temperature to facilitate maximum iron adsorption onto the zeolite
surface and within pore channels [21]. Following impregnation, the iron-loaded zeolite was reduced to introduce
zerovalent iron species. A 0.96 M NaBHa solution was prepared and added to the iron-zeolite suspension under
vigorous stirring, which immediately produced black precipitates indicating iron reduction [31]. The mixture was
stirred for an additional 30 minutes to ensure complete reduction. The resulting iron-modified zeolite was washed
several times with deionized water and ethanol to remove residual chlorides and borates, and dried at 100°C for 8
h. Finally, the dried material was calcined at 400°C for 2 h in a muffle furnace under static air atmosphere to

enhance stability and ensure adhesion of iron species to the zeolite support. The resulting iron-modified zeolite
was characterized using XRD, FTIR, SEM, and XRF analyses.

2.4 Characterization Techniques

The crystalline phases of the synthesized materials were identified by powder X-ray diffraction (XRD) using
a Rigaku D/max-ITlc diffractometer with Cu-Ka radiation (A = 1.5406 A) operating at 45 kV and 40 mA.
Diffractograms were recorded over a 20 range of 5-70° with a scan speed of 2° min™". Fourier transform infrared
(FTIR) spectra were obtained using a PerkinElmer 3000 MX spectrometer over the wavenumber range 4000—400
cm™' with a resolution of 4 cm™, using KBr pellet technique (sample: KBr ratio of 1:100). Surface morphology
was examined by scanning electron microscopy (SEM) using a JEOL-JSM 7600F microscope operating at an
accelerating voltage of 15 kV; samples were gold-coated prior to analysis to prevent charging. Elemental
composition was determined by X-ray fluorescence (XRF) spectrometry using a PANalytical Epsilon 3
spectrometer calibrated with standard reference materials. Textural properties, including specific surface area, pore
volume, and pore size distribution, were analyzed by nitrogen adsorption-desorption at 77 K using a Micromeritics
ASAP 2020 analyzer. Surface area was calculated using the Brunauer-Emmett-Teller (BET) method in the relative
pressure range P/Po = 0.005-0.99 cm?®/g. This is consistent with the work of Foroughi et al. [32], while pore size
distribution was derived from the desorption branch using the Barrett-Joyner-Halenda (BJH) model.

3.0 Results and Discussion

The results of synthesized and characterization of zeolite and modified zeolites using different techniques
such as XRD, XRF, FT-IR, BET and SEM to determine crystal size, oxide compositions, functional group present
and surface morphology are presented in Figure 1-4 respectively.

3.1 X-ray Diffraction (XRD) Analysis

The XRD pattern of hydrothermally synthesized zeolite-A in Figure 1 exhibited well-defined crystalline
reflections within the Bragg angle of 7.14°, 10.22°, 12.46°, 16.00°, 20.46°, 24.06°, 25.14°, 27.00°, 27.24°, 30.88°,
32.20°, 32.62°, 34.20°, 36.74°, 38.06°, 39.44°, 40.28°, 41.62°, 44.24°, 47.36°, and 49.86°. The synthesized sample
displayed distinct peaks characteristic of the zeolite-A lattice. The low-angle peak at 7.14° arises from large
interplanar spacings typical of zeolitic materials as reported by [16, 33]. The observation of distinct peaks in this
study is consistent with the 7-10° range that signifies an open framework structure as reported by [34]. The peak
at 20.46° aligns with approximately 21.7° reported by [35], while the peak at 24.06° matches typical zeolite-A
reflections at 23.9-24.0°, confirming successful conversion of metakaolin to the aluminosilicate framework [30].
The crystallite size estimated using Scherret's equation was approximately 20.74 nm. This value indicates that the
hydrothermal conditions promoted extensive, well-ordered crystalline domains through prolonged dissolution-
reprecipitation and nucleation processes [37, 38]. The sharp, intense, and symmetric peaks further corroborate
high crystallinity [39]. Following iron functionalization, the Fe-doped zeolite-A pattern showed reflections at 7.14°,
10.22°, 12.46°, 16.00°, 20.46°, 24.06°, 25.14, 27.24°, 30.04°, 32.64°, 34.20°, 36.74°, 38.06°, 39.44°, 40.28°, 42.92°,
44.5°,47.42°,49.84°, 64.14 and 64.78°. The first seven peaks, closely corresponding to those of synthesized zeolite
A, confirm that the primary zeolite A framework remained intact, demonstrating structural stability wherein metal
nanoparticles anchor within pores without disrupting the aluminosilicate network [20]. This preservation of the
zeolite framework upon iron incorporation is consistent with previous studies on iron-modified zeolites [25, 40].
New reflections at 44.5°, 47.42°, 49.84°, 64.14 and 64.78° indicate modifications atising from iron nanopatrticle
integration, suggesting slight lattice distortions or the presence of small iron-containing crystallites on the zeolite
surface [24, 40]. The crystallite size decreased significantly to 9.06 nm, a common phenomenon when new species
are introduced into the crystal matrix, leading to broader peaks and smaller coherent diffraction domains |25, 41].
This reduction aligns with dispersed metal nanoparticles decreasing crystal domain sizes, potentially increasing
surface area and enhancing functionality for catalysis, ion exchange and adsorption applications [22].
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Figure 1. XRD pattern of (a) Zeolite-A and (b) Iron-doped zeolite-A

3.2 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The FTIR spectrum of synthesized zeolite-A presented in Figure 2 displayed broad O—H stretching bands
(3700-3000 cm™) with peaks at 3724.94 cm™ and 3471-3466 cm™, corresponding to structural hydroxyl groups
and adsorbed water molecules within the zeolite channels [42, 43]. The complementary water-associated band near
1640 cm™ was also evident [44].
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Figure 2. FTIR spectra of (a) Zeolite-A and (b) Iron-doped zeolite-A

In the mid- to low-wavenumber region (1200400 cm™), characteristic framework vibrations appeared at 1073
cm ™, 883.82 cm™, and 602.29 cm™, confirming the aluminosilicate network [45]. The intense band at 1073 cm™
is assigned to Si—O and Al-O asymmetric stretching (Si—O-T, where T represents tetrahedral Si or Al) [46]. Bands
in the 1000-800 cm™ region arise from T—O-T stretching, while the 602 cm™ band corresponds to Si—O—-Si or
Si—O-Al bending modes. These positions are consistent with established zeolite-A characteristics [47, 48]. The
well-defined nature indicates a highly ordered framework resulting from controlled hydrothermal synthesis [49].
Upon iron doping, notable spectral changes occurred. The broad O—H stretching band (3700-3000 cm™) was
retained but exhibited shifts and intensity modifications, indicating altered interactions between hydroxyl groups
and incorporated iron species [50]. New absorptions appeared in the 500-600 cm™ region, characteristic of iron—
oxygen stretching vibrations, suggesting the presence of nanosized iron oxide clusters or iron atoms interacting
with the zeolite matrix [21]. These changes reflect framework preservation alongside additional vibrational features
arising from iron integration [51], [25]. Critically, the persistence of fundamental Si—O and Al-O bands confirms
that the zeolite-A framework remains intact after doping [52, 53]. The iron addition introduces functional
complexity without disrupting the aluminosilicate network. The zeolite-A spectrum exhibits characteristic
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hydroxyl and framework vibrations consistent with reported literature [54], while new Fe—O bands and modified
OH regions confirm iron incorporation with preservation of the underlying framework structure [55].

3.3 Scanning Electron Microscopy (SEM) Analysis

The SEM micrograph of synthesized zeolite-A in Figure 3a revealed well-developed, faceted crystals with a
characteristic cubic to polyhedral morphology and distinct "blocky" shape. This microstructure, comprising
micrometer-scale solid polyhedral crystals, is typical of hydrothermally synthesized zeolite-A [56]. The observed
cubic form with mixed smooth and rugged surface textures agrees with reported zeolite A type morphologies [57].
This polyhedral habit results from the corner-sharing arrangement of SiOs4 and AlOs tetrahedra during
crystallization [58]. Following iron doping, the SEM image in Figure 3b exhibited distinct morphological changes.
The material showed smaller, aggregated particles with a noticeably rougher surface compared to pristine zeolite-
A; this observation is consistent with the result of [59]. This textured appearance is attributed to nanoscale iron
particles likely Fe® deposited onto the zeolite crystal surfaces [31, 60]. While the fundamental zeolite crystal form
is preserved, the surface becomes coated with nanometer-sized particles, confirming successful metal
incorporation [61]. These increased surface irregularities in the Fe-doped sample suggest enhanced active site
availability, potentially beneficial for catalytic and adsorption applications [62]. Similar morphological observations
have been reported for iron-modified zeolites, wherein metal oxide nanoparticles coat the zeolite surface while
preserving the underlying framework structure [21, 25].
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Figure 3. SEM images of (a) Zeolite-A and (b) Iron-doped zeolite-A

3.4 X-ray Fluorescence (XRF) Analysis

XRF results presented in Table 1 confirmed framework modification following iron incorporation into
zeolite-A. Parent zeolite-A exhibited the expected zeolite A composition, with high SiO2 (49.71 wt.%) and Al2Os
(30.94 wt.%) concentrations confirming its aluminosilicate framework [63]. The Si/ Al molar ratio of 1.36 indicates
low-silica composition, correlating with high framework charge density and cation exchange capacity. Na2O (8.15
wt.%) confirms the sodium form of the zeolite A structure, while additional constituents include CaO (3.47 wt.%),
Fe203 (2.26 wt.%), and trace oxides.

Table 1. Chemical composition (wt.%) of zeolite-A and iron-modified zeolite

Oxide Zeolite A Iron-doped zeolite A
SiO, 49.71 55.50
Al Os 30.94 24.90
Fe,O3 2.26 9.83
MnO 0.02 0.14
CaO 3.47 2.25
P20s 0.07 0.27
K,O 0.06 0.60
TiO, 1.67 1.29
MgO 0.28 2.31
Na,O 8.15 -
Cr;03 0.20 0.03
NiO 0.10 0.02
CuO 0.01 -
LOI 2.24 2.22
Total 99.48 100
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This finding is consistent with the observation of [46]. Upon iron doping, Fe20s concentration increased from
2.26 wt.% to 9.83 wt.%, confirming successful incorporation. Concurrently, Al2Os decreased to 24.90 wt.% while
SiO2 increased to 55.20 wt.%, yielding an elevated Si/Al ratio of 1.89. The obsetvable rise in silica ratio for the Fe
incorporated zeolite is consistent with the work of [64]. The complete absence of Na:0O in the doped sample
strongly supports Na* replacement by Fe** within zeolite A cavities [65]. The slight MgO increase (2.31 wt.%)
suggests minor impurity effects rather than structural substitution [66]. LOI values of 2.24% (zeolite-A) and 2.22%
(doped) correspond to adsorbed water and structural hydroxyl groups typical of zeolites; the slight reduction after
doping may indicate partial dehydration or decreased hydrophilicity resulting from iron incorporation [67]. The
increased Fe2Os content and Si/ Al ratio carry functional significance: iron species introduce active sites for redox-
catalytic or Fenton-like reactions, while the higher Si/ Al ratio enhances hydrothermal stability, albeit with reduced
cation exchange capacity [68]. Similar compositional trends have been observed in iron-modified zeolites prepared
by impregnation methods [69, 25].

3.5 BET Analysis

The textural properties of the iron-doped zeolite-A were investigated by nitrogen physisorption at 77 K.
Figure 4 presents the nitrogen adsorption-desorption isotherm, and the corresponding textural parameters specific
surface area, total pore volume, and average pore width are summarized in Table 2. For pure zeolite A, BET
analysis gave a surface area of 515.22 m?/g, a total pore volume of 0.4402 cm?®/g, and an average pore width of
3.033 nm. After Fe doping, the specific surface area decreased to 380.35 m?/g (=26% reduction), while the total
pore volume slightly increased to 0.4522 cm?/g and the average pore width narrowed to 2.855 nm. These values
reflect a high surface area material that combines inherent zeolite microporosity with an additional mesoporous
contribution which is consistent with the results obtained by [70, 71].
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Figure 4. BET adsorption-desorption isotherm of Zeolite A and iron-doped zeolite

Table 2. Textural properties of zeolite A and iron doped zeolite A

Parameter Zeolite A Fe doped Zeolite A
BET Surface Area (m? g™ 515.220 380.350

Total Pore Volume (ecm?® g™ | 0.440200 0.4522

Average Pore Width (nm) 3,033 2.855

Isotherm Type Type IV Type IV

Hysteresis Loop Type Type H4 Type H3

The measured surface area (380.35 m?/g) falls within the lower range reported for zeolite A (300-600 m?*/g)
[72]. This reduction following iron impregnation is commonly observed in Fe-modified zeolites and is attributed
to partial pore blockage, active site occupation, or structural perturbations [69]. The value indicates a partially
pore-occupied system wherein iron species reside within surface cavities or near pore entrances, reducing
accessible microporous area while retaining significant adsorption capacity [73]. Similar surface area reductions
upon metal incorporation have been widely reported for iron-modified zeolites [21, 25].

Interestingly, the total pore volume remained nearly unchanged despite the surface area loss. This observation,
together with the decrease in average pore width, suggests that Fe species primarily narrow the pores rather than
completely blocking them. The increased pore volume relative to pure microporous zeolite A likely arises from
dispersed iron nanoparticle clusters on zeolite surfaces rather than from structural collapse. As indicated by the
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XRD crystallite size reduction from 20.74 nm to 9.06 nm, the dispersed iron nanoparticles disrupt the close
packing of zeolite crystals, generating additional inter particle voids [74]. Velty and Corma [17] added that iron
incorporation into zeolite can generate additional mesoporosity in zeolitic materials. The coexistence of
microporous cavities and mesoporous secondary structures benefits adsorption and catalytic applications. In this
iron doped system, Fe® or iron oxide species provide additional active sites for pollutant adsorption [22, 25]. The
relatively high surface area and pore volume demonstrate that metal incorporation creates a hierarchical structure
without compromising the zeolite framework, a feature advantageous for adsorption applications. The nitrogen
adsorption/desorption isotherm displayed in Figure 4 exhibited Type IV behavior (IUPAC classification) with a
visible hysteresis loop of Type H3 loop confirming mesoporosity alongside inherent zeolite microporosity. [75].

3.6 Batch Adsorption of MB using Zeolite A and Fe-doped Zeolite A
3.6.1 Effect of initial concentration

The initial concentration plays a key role in the removal of MB from aqueous solutions. In this study, the
initial MB concentration was varied from 6 to 30 mg/L as presented in Figure 5. The results show that as the
initial MB concentration increased from 6 to 30 mg/L, the percentage MB removed decreases negligibly as from
98 to 97% for zeolite A as against 100 to 88% when Fe-doped zeolite was employed for adsorption under same
condition. The observation in this study is consistent with 90% percentage MB removal under similar condition
using Fe-zeolites from Amazonian kaolinite as reported by [26]. This present study demonstrates that the initial
concentration of 6 mg/L is optimum for MB removal. The reduction in percentage MB removal at higher dye
concentrations > 6 mg/L is probably attributed to the saturation of adsorption sites on the adsorbent sutface.
Eatlier studies have reported that at elevated concentrations the adsorbent active sites become easily occupied due
to limited interaction of the dye molecules with the adsorbent surface [76, 77].
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Figure 5. Effect of initial concentration on the removal of methylene blue (MB) by (a) zeolite A and (b) Fe
Doped zeolite A

3.6.2 Effect of adsorbent dosage

In adsorption studies, the adsorbent dosage is a critical variable that must be optimized to ensure the
highest possible adsorption efficiency. Figure 6 shows the effect of adsorbent dosage on the adsorption of MB by
varying adsorbent dosage from 0.2 to 1.2 g keeping all other variable constant at equilibrium condition. According
to Figure 6a the adsorption of methylene blue (MB) increased from 92.4 to 96.7% as the dosage increased from
0.2 to 0.8g after which there was no significant increase in adsorption as the value remained nearly constant (97%).
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Figure 6. Effect of adsorbent dosage on the removal of methylene blue (MB) by (a) zeolite A and (b) Fe doped
zeolite
In the case of the Fe-doped zeolite, the adsorption of methylene blue (MB) increased swiftly from 86.4 to
99% as the dosage increased from 0.2 to 0.6 g thereafter no significant change was recorded as the dosage was
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increased to 0.8 g, further increase in dosage resulted in decrease in percentage MB removal (Figure 6b). These
findings suggest that increase in adsorbent dosage beyond 0.6 ¢ has no significant effect on the MB removal due
to saturation of the active sites. According to Al-Asadi et al. [78] the high adsorption observed can be attributed
to the higher adsorbent surface area and corresponding adsorption sites. The optimum adsorbent dosage for Fe-
doped zeolite was 0.6 g, yielding 99% removal efficiency. In contrast, zeolite A required a higher optimum dosage
of 0.8 g to achieve 97% removal, demonstrating clearly the greater adsorption capacity for the Fe-doped zeolite.

3.6.3 Effect of contact time

Establishing the optimal contact time required to reach adsorption equilibrium is crucial for maximizing
methylene blue (MB) removal efficiency. Figure 7 illustrates the effect of contact time on MB removal over a range
of 30 to 120 minutes to determine the optimum equilibrium time for MB removal
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Figure 7. Effect of contact time on the removal of methylene blue (MB) by (a) zeolite A and (b) Fe doped zeolite

A

Figure 7 revealed that the MB removal efficiency using zeolite A increased fairly from 91.3 to 92.4% as the
contact time was varied from 30 to 90 minutes, after which no significant further adsorption was observed. In
contrast, the iron doped zeolite A exhibited a more pronounced increase, from 93 to 96% under same condition.
The observation suggests that the Fe-doped zeolite exhibited a higher adsorption of MB. This finding aligns with
the work of Saod et al. [79], who reported 290% MB removal across all tested contact times (15-120 min).
According to Rehman et al. [80], the enhanced adsorption can be attributed to the higher surface area and greater
availability of vacant active sites on the adsorbent. Based on these results, a contact time of 90 minutes was selected
as the optimal equilibrium time.

4.0 Conclusion

This study successfully synthesized phase-pure zeolite-A from Nigerian kaolin via hydrothermal activation,
followed by iron functionalization. Characterization confirmed a well-crystalline LTA framework (crystallite size
20.74 nm) that remained intact after iron doping, with Fe2Os content increasing from 2.26 to 9.83 wt.% and Si/Al
ratio rising from 1.36 to 1.89. The iron-modified zeolite exhibited a BET surface area of 380.35 m?/g, Type IV
isotherm, and Type H3 hysteresis loop, confirming hierarchical micro-mesoporosity. Batch adsorption achieved
99.6% methylene blue removal under optimized conditions (6 mg/L, 0.6 g dosage, 90 min, pH 6), outpetforming
unmodified zeolite A (98.3%) with a lower optimum dosage. This work positions iron-modified zeolite-A from
Nigerian kaolin as a high-performance adsorbent for cationic dye removal in textile wastewater treatment. Further
study should explore the optimization of effect of process variables using response surface methodology and
Artificial Neural network. Isotherm, kinetic and thermodynamics of MB adsorption should also be explicitly
investigated.
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