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Textile dyes are persistent water pollutants, requiring effective treatment strategies. This study reports
the adsorption performance of embryonic zeolite precursors (EZPs) synthesized with tetrapropyl-
ammonium hydroxide as a structure-directing agent. The materials were prepared with different Si/Al
ratios (50, 100, and 200) in the starting gel and tested for the removal of methylene blue (MB) from
aqueous solutions. Comprehensive characterization (PXRD, SAXS, BET, FTIR, EDXRF, N, physisorption,
and TGA/DSC) confirmed their micro/mesoporous and amorphous nature. Among them, EZTPAS50
displayed the highest surface area (915 m? g‘l) and hierarchical porosity. Adsorption experiments
revealed that EZTPA50 and EZTPA100 outperformed the crystalline counterpart H-ZSM-5. Their
monolayer capacities reached 146.08 mg g~* and 122.62 mg g~ respectively. Langmuir isotherm
modeling indicated monolayer coverage, while Elovich kinetics suggested heterogeneous surface
chemisorption. Thermodynamic analysis showed spontaneous, endothermic,
adsorption for both materials. Intraparticle diffusion analysis revealed a multi-stage adsorption
mechanism influenced by pore accessibility and surface heterogeneity. Thermal regeneration studies

and entropy-driven
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Accepted 18th September 2025 demonstrated that EZ1pa50 retained ~90% removal efficiency over four cycles, highlighting its structural
DOI: 10.1039/d5ma00944h stability and reusability. These findings position EZPs — particularly EZtpa50 — as promising, regenerable

adsorbents for efficient dye removal, offering advantages over conventional microporous zeolites in
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Introduction

The textile industry is one of the largest contributors to water
pollution, generating vast amounts of dye-laden wastewater
during dyeing and finishing processes.”” These synthetic dyes
are often non-biodegradable and can persist in the environ-
ment, posing serious risks to aquatic life and human health.**
Even at low concentrations, dyes can hinder sunlight penetra-
tion and oxygen transfer in water bodies, disrupting aquatic
ecosystems. Conventional water treatment methods - such as
coagulation-flocculation,” biological degradation,® activated
sludge processes,” and even photodegradation® - are often
inadequate for removing synthetic dyes due to their complex
molecular structures and resistance to bio-photodegradation.
These methods suffer from additional limitations such as
excessive chemical use and sludge generation,” low effective-
ness against non-biodegradable compounds,'® sensitivity to
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terms of adsorption capacity, kinetics, and thermal robustness.

toxic dye components along with demanding operational
requirements,’ and the need for specific light sources and
longer exposure times.'” Those limitations highlight the need
for advanced remediation strategies to address textile dye
pollution. Among the emerging alternatives, adsorptive materi-
als such as zeolites have attracted significant attention due to
their high efficiency, selectivity, and regeneration potential."®
Zeolites are crystalline aluminosilicate materials with highly
ordered microporous frameworks, large internal surface areas,
and exceptional adsorption and ion-exchange capabilities.'*"?
Their unique three-dimensional structure, composed of SiO, and
AlO, tetrahedra connected by shared oxygen atoms, creates
negatively charged frameworks upon substitution of Si** with
AI**. These charges are typically balanced by exchangeable cations
such as Na" or K', contributing to the high cation-exchange
capacity and strong sorptive interactions with various charged
species, including dyes and pharmaceuticals.'"®"” Owing to their
thermal stability, chemical robustness, and tunable physicochem-
ical properties, zeolites have been extensively studied for industrial
and environmental applications.’®*' However, the conventional
zeolites are ultra-microporous materials with a pore size below
7.5 A, which limits their applications to relatively small molecules.
Additionally, their adsorption performance can be hindered by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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slow diffusion kinetics, limited accessibility of active sites for bulky
dye molecules, and potential competitive adsorption from coexist-
ing ions or natural organic matter in real wastewater matrices.>*

In parallel, other advanced adsorbents such as engineered
biochars,”*** metal-organic frameworks (MOFs),>>*® and
covalent organic frameworks (COFs)*”>® have been actively
investigated for dye and pharmaceutical removal. Biochars
are low-cost and sustainable but often exhibit limited surface
areas and heterogeneous adsorption sites. MOFs and COFs
provide exceptionally high surface areas and tunable function-
alities, yet their practical use is constrained by multi-step
syntheses, high production costs, and in some cases insuffi-
cient hydrothermal stability. These considerations underscore
the need for alternative adsorbents that combine high effi-
ciency and tunability with simpler synthesis and greater
scalability.

Embryonic zeolite precursors (EZPs) have recently emerged
as promising materials that may overcome the drawbacks of
conventional zeolites while addressing some of the limitations of
other advanced adsorbents.’*! These intermediates, formed
during the early stages of zeolite synthesis, exhibit partially ordered
structures that combine features of amorphous gels and crystalline
frameworks. This transitional morphology imparts several bene-
ficial characteristics, including enhanced surface reactivity, high
external surface area, and the presence of both mesopores and
micropores - traits which improve the diffusion and adsorption of
relatively large molecules.*' Unlike fully crystallized zeolites, EZPs
can be synthesized under milder conditions and shorter durations,
offering energy-efficient and potentially scalable routes for func-
tional adsorbent production.*** Furthermore, their surface prop-
erties — including surface charge, silanol/aluminol content, and
porosity — can be finely tuned by adjusting synthesis parameters or
applying post-treatment modifications that could play a crucial
role in governing host-guest interactions.

Despite these advantages, the use of EZPs in dye adsorption
remains underexplored, especially relative to conventional zeo-
lites, clays, or activated carbons.**® A thorough review of the
literature reveals a notable gap, with no prior studies system-
atically investigating EZPs for dye removal applications.
Therefore, the present work represents a novel contribution by
demonstrating, for the first time, the efficacy of EZP materials in
adsorbing methylene blue (MB), highlighting their promising per-
formance, reusability, and structural advantages over traditional
microporous adsorbents. Moreover, a detailed understanding of the
structure - function relationships that control MB uptake - such as
surface charge distribution, pore accessibility, and adsorption ener-
getics — is essential for guiding material optimization. This study
aims to fill this gap by investigating the adsorption behavior of
embryonic zeolite precursors toward methylene blue under aqueous
conditions. Comprehensive characterization of the EZPs - covering
surface area, pore structure, point of zero charge (PZC), and
functional groups — will be combined with kinetic and equilibrium
adsorption experiments to elucidate the mechanisms underlying
MB removal. These insights will support the rational design of next-
generation zeolite-based adsorbents with high efficiency, reusability,
and applicability in dye-contaminated wastewater treatment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Synthetic procedures

Embryonic zeolite precursors were synthesized according to the
protocol proposed by Akouche et al.>® The molar ratio of the
initial clear solution was 9TPAOH/xAl,0;/25S5i0,/430H,0/
100EtOH (x = 0.25, 0.50 and 1.0) where TPAOH is tetrapropyl-
ammonium hydroxide (40% aqueous solution) aluminum sul-
fate octadecahydrate (Al,SO4-18H,0) used as Al-source, and
tetraethyl orthosilicate (TEOS, 98%) as Si-source. The total
amount of TPA-OH, aluminum sulphate, and ddH,O was
weighed in a polypropylene bottle. After complete dissolution
of the aluminum sulphate, TEOS - was added to the mixture
dropwise with constant stirring at room temperature. This
ensures uniform hydrolysis and subsequent polymerization.
After adding the entire amount of TEOS, the reaction solution
was stirred at room temperature for 6 hours until a monophasic
solution is obtained. After the completion of the hydrolysis
step, the resulting solution was freeze-dried at 89 °C under
vacuum (< 0.055 mbar) to terminate the crystallization process.
The white powdery substances obtained after freeze-drying
were grounded and calcined in ceramic mortars at 550 °C for
8 hours to remove the organic template. Alternatively, ZSM-5
obtained from the same initial suspension (xAl,O3; = 0.25) at
100 °C for 48 h was used as reference. The white precipitate of
ZSM-5 was obtained and washed with centrifugation (ddH,O,
10000 rpm, 3 x 20 min) and calcined at 550 °C for 8 h. Three
embryonic zeolite precursors were obtained, differing by the Si/
Al ratio of the initial clear solution. For clarity, the materials are
denoted as: EZps200 (i.e., Si/Al = 200), EZ1py100, and EZ1ps50,
respectively. The general procedure for the preparation of the
embryonic zeolite precursors is given in Scheme 1.

Characterization of the materials

Powder X-ray diffraction (PXRD) and energy-dispersive X-ray
fluorescence (EDXRF) analyses were used to evaluate the synth-
esis outcome of the EZPs. As expected, the PXRD patterns of the
EZPs (Fig. S1) exhibit broad, low-intensity reflections indicative
of their amorphous or short-range ordered nature. Although
phase identification was not feasible due to the lack of sharp
diffraction features, PXRD still served as a valuable tool to confirm
the absence of undesired crystalline impurities. For comparison,
the PXRD pattern of fully crystalline ZSM-5 (Fig. S1) is character-
ized by intense and well-defined reflections typical of the MFI
topology.

The results from the EDXRF analysis of the embryonic
samples (Table 1) revealed a systematic increase in Si content
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Scheme 1 General procedure for preparation of embryonic zeolite pre-
cursors of ZSM-5.
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Table 1 Elemental composition of EZPs determined with energy-
dispersive X-ray fluorescence (EDXRF)
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Table 2 Surface and textural properties of the series of synthesized
materials

Si/Al ratio Weigh, % Si/Al ratio (+10% error)
Starting mixture  Si Al Calcined products
EZ1pa50 50 93.97 6.03 15.0 (1.5)
EZ1pa100 100 96.55 3.45 26.9 (2.7)
EZpa200 200 98.58 1.42 66.7 (6.7)
H-ZSM-5 200 98.21 1.79 52.7(5.3)

and decrease in Al content across the EZP series, in line with
the starting gel compositions. Silicon weight percentage
increased from 93.97% to 98.58%, while aluminium decreased
from 6.03% to 1.42% as the nominal Si/Al ratio increased from
50 to 200. The calculated Si/Al ratios in the calcined products
ranged from 15.0 to 66.7, demonstrating effective modulation
of framework composition through precursor formulation. The
deviation from nominal gel values is typical for amorphous or
partially condensed aluminosilicates, where aluminum incor-
poration may be incomplete. The obtained Si and Al weight
percents and Si/Al molar ratio of ~53 for H-ZSM-5 are compar-
able with the literature.>**°

Physisorption analysis of the EZPs reveals the strong impact
of the initial Si/Al ratio on the surface and textural properties of
the final material. The N,-isotherms (Fig. 1) demonstrate that
TPA-templated EZPs exhibit significant changes in pore struc-
ture as the Si/Al ratio increases, directly impacting their
potential for dye uptake. Surface properties of the studied
materials are summarized in Table 2. At a Si/Al = 50, EZps50
displays a type IV isotherm with an H4-type hysteresis loop,
indicating the presence of mesoporosity and slit-like pores.
This is further supported by its broad DFT-derived pore size
distribution (Fig. S2), which spans from micropores (~1.3 nm)
to a wide range of mesopores, including distinct populations at
2.0, 2.4, 3.1, 3.7, and even 5.1 nm. Such hierarchical porosity
facilitates rapid diffusion and high-capacity adsorption of
bulky organic dyes. Consistently, EZp,50 shows the highest
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Fig. 1 N, adsorption isotherms of embryonic zeolite (EZ) samples synthe-
sized with TPA-OH and Si/Al ratio of the starting mixture = 50, 100, 200,
and H-ZSM-5.
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Si/Al Isotherm SBET Smicro Vmicro Viotal

ratio  type m’g"' m’g ' emPg! em’g!
EZ1pa50 50 1V, H4 915 301 0.13 0.68
EZpal00 100  1Ib 753 695 0.33 0.37
EZpa200 200 Ib 559 542 0.22 0.24
H-ZSM-5 200 1V, H4 478 380 0.15 0.51

BET surface area (915 m?> g ') and total pore volume
(0.68 cm® g7"), although only a portion of this surface is
microporous (Smicro = 301 M* g5 Viniero = 0.13 cm?® g~ ). With
increasing Si/Al ratios (100 and 200), the isotherms transition to
type 1(b), typical of microporous frameworks.

EZ1pp100 exhibits dominant peaks around 0.84, 1.23, and
1.93 nm, along with a reduced presence of mesopores, reflected
in its smaller total pore volume (0.37 cm® g~ '). This suggests a
more ordered but less accessible framework. EZ1p,200 displays
a similar trend, with narrow micropore populations centered
around 0.82, 1.10, 1.55, 1.90, and 2.27 nm, consistent with
highly condensed and uniform microporous domains. The
reduction in total surface area (559 m”> g~') and pore volume
(0.24 cm® g™ ') further indicates decreased accessibility for
larger adsorbates. Notably, the H-ZSM-5 sample exhibits an
N, adsorption isotherm of type IV with an H4 hysteresis loop,
consistent with the coexistence of micropores and additional
mesoporosity or interparticle voids. While classical ZSM-5 is
typically described by a type I isotherm due to its strictly
microporous channel system, deviations toward type IV with
hysteresis have frequently been reported for nanosized or
aggregated ZSM-5 crystals.*"*> The steep uptake at low relative
pressures (P/P, < 0.1) confirms efficient micropore filling,
whereas the hysteresis loop observed at intermediate relative
pressures (P/P, ~ 0.45-0.9) reflects secondary porosity asso-
ciated with crystal aggregation. This interpretation is supported
by the textural parameters in Table 2, where the micropore
volume (0.15 cm® g~") accounts for only part of the total pore
volume (0.51 cm® g™ ). The DFT pore size distribution (Fig. S2)
confirms a narrow micropore population below 1 nm, typical
for MFI-type frameworks. H-ZSM-5 demonstrates a lower total
adsorbed quantity compared to the mesoporous-rich EZ;p,50,
reflecting its compact and highly ordered microporous frame-
work. These findings underscore how tailored synthesis condi-
tions enable control over textural properties, which are critical
for optimizing adsorption behavior. Materials like EZ1pa50,
with a balance of micro- and mesoporosity, may be better
suited for high-capacity and fast adsorption of dyes. In contrast,
higher-silica or more crystalline materials offer more defined
binding environments for selective uptake.

The FTIR spectra of the synthesized materials (Fig. S3) reveal
clear distinctions between the EZPs (EZrps200, EZrps100,
EZ1ps50) and the fully crystalline H-ZSM-5. All samples display
strong bands at ~1230 cm™ ' and 1080-1100 cm ', corres-
ponding to external and internal asymmetric stretching vibra-
tions of Si-O-Si and Si-O-Al type, as well as symmetric Si-O-Si
stretching bands at 800-850 cm ™, confirming the presence of a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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silicate-based framework. A shoulder near 960 cm ', more
prominent in the EZPs, is attributed to Si-OH groups or frame-
work defects, suggesting incomplete network condensation.
Notably, the MFI-specific band at ~550 cm™* - associated with
vibrations of double five-membered rings - is clearly observed
in H-ZSM-5 but almost absent in all EZPs, indicating a lack of
long-range structural order. Additionally, broad O-H stretching
near 3450 cm~ ' and a bending mode at ~1630 cm ™" confirm
the presence of physisorbed water. These observations support
the classification of the EZPs as pre-crystalline intermediates
with underdeveloped MFI topology but with accessible silanol-
rich surfaces favorable for adsorption processes.

The %°Si and ?’Al NMR spectra of EZppa50, EZ1pa100,
EZ1ps200 and H-ZSM-5 are shown on Fig. S4. °Si MAS NMR
of EZ1pp50, EZpsy100 and EZ;ps200 shows broad Q* (—105 to
—115 ppm) and Q* (—95 ppm) resonances, indicating a dis-
ordered, partially condensed silicate network, whereas H-ZSM-5
exhibits sharp, well-resolved Q* peaks typical of the MFI frame-
work. The similar *°Si profiles of the EZPs confirm their
common amorphous/pre-crystalline nature. >’Al MAS NMR of
the EZPs features a broad tetrahedral AlO, signal (~60-
70 ppm) and an intense octahedral AlOg peak (~0 ppm),
consistent with incomplete Al incorporation and significant
extra-framework species. H-ZSM-5 is dominated by framework
AlO, with traces of AlOg, reflecting efficient Al incorporation
into the lattice. These results highlight the higher defect
density and extra-framework Al content in EZPs compared to
crystalline H-ZSM-5.

The EZPs are too small to be studied by scanning electron
microscopy. We have employed transmission electron
microscopy (TEM) to study their intimate structure. Different
magnification electron micrographs of EZp,50 sample are
given on Fig. S5. Agglomerates with sizes ranging between
one and several microns were observed. High magnification
images revealed that the agglomerates are built up of much
smaller particles with size of several nanometers. The presence
of textural mesopores between the aluminosilica particles
is clearly observable. No traces of a crystalline material
were found.

The volume-weighted particle size distributions obtained
from SAXS for the EZp, materials synthesized with Si/Al ratios
of 50, 100, and 200 (H-ZSM-5 is not nanosized) are given on
Fig. S6. EZ1p,50 shows the broadest distribution and largest
average radius (33 A), characterized by a log-normal fit, which
reflects significant size heterogeneity and less controlled
nucleation. In contrast, EZp,100 and EZ;p,200 display nar-
rower, symmetric Gaussian distributions with reduced average
radii of 21 A and 20 A, respectively, indicating more uniform
and refined particle populations. This trend correlates with
increasing silica content in the synthesis mixture, which
appears to promote homogeneous nucleation and suppress
structural disorder introduced by aluminium. The surface-to-
volume (S/V) ratio also increases with silica content, rising from
0.12 A~ for EZrpa50 to 0.20 A~* for EZ1ps200 (Table 3), further
highlighting the emergence of smaller, more surface-accessible
particles. The observed nanoscale morphological differences

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Summary from the SAXS experiment on the series of embryonic
zeolites

Average Size distribution
Sample Si/Al ratio  radius A S/Vratio A™'  model fit
EZ1pa50 50 33 0.12 Log-normal
EZ1pa100 100 21 0.17 Gaussian
EZpa200 200 20 0.20 Gaussian

are significant for adsorption performance. Finer, uniformly
distributed particles with higher S/V ratios, such as those in
EZ1pa200, may provide better dispersion in aqueous environ-
ments and faster surface interactions, whereas larger, more
polydisperse particles like those in EZ1p,50 might offer higher
loading capacities but slower kinetics. These SAXS results
underscore the pivotal role of Si/Al ratio in tuning particle
size, distribution, and functional performance of embryonic
zeolites.

Thermal analysis of the calcined EZPs was performed using
TGA/DSC to evaluate their residual surface chemistry and water
adsorption behavior. Prior to the measurements, the samples
were equilibrated at 90% relative humidity (RH) for 24 hours to
ensure saturation of surface-adsorbed water and enable com-
parative assessment of water uptake capacity. As shown in
Fig. S7 the TGA curves reveal two main weight loss regions. The
initial weight loss below 150 °C, corresponding to 18-31 wt%
depending on the sample, is attributed to desorption of physi-
sorbed water. This is confirmed by a broad endothermic signal
observed in the DSC, centered around 120-150 °C. The extent of
water loss decreases with increasing Si/Al ratio, indicating that
aluminum-rich samples (e.g.,, EZps50) retain more surface-
bound water, likely due to a higher density of hydrophilic sites
(Si-OH and Al-OH groups). A secondary, gradual mass loss
(3—-4 wt%) occurs between 200 and 350 °C, more pronounced in
EZ1pa50. Since the samples were pre-calcined at 550 °C for 8
hours to remove organic templates, this second step is not due
to organic decomposition. Instead, it likely corresponds to
dehydroxylation of structural -OH groups and desorption of
residual species such as carbonates or chemisorbed water.*>**
No significant weight changes are observed above 400 °C,
confirming the thermal stability of the framework. These
results underscore the greater water uptake capacity of low-
silica EZPs, which may influence their adsorption behavior.
Moreover, the thermal stability of the EZPs up to 550-600 °C is
advantageous for repeated regeneration cycles, ensuring struc-
tural integrity and sustained performance.

Adsorption studies

Adsorption experiments were conducted using methylene blue
(MB) as a model cationic dye to evaluate the performance of the
EZPs. Batch kinetic studies were performed to evaluate the
influence of contact time, adsorbent dosage, initial dye concen-
tration, initial pH, and temperature on the adsorption rate. In
all experiments (unless otherwise stated), a fixed adsorbent
dosage of 25 mg in 50 mL of MB aqueous solution containing
0.01 M NaCl was used. Performing the experiments in 0.01 M
NaCl ensures minimal pH drift, control of ionic strength,

Mater. Adv., 2025, 6, 7942-7957 | 7945
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reduction in variability, and enhancement of the reliability of
adsorption data by simulating real conditions without interfer-
ing with the adsorption mechanism. The suspensions were
stirred at 250 rpm in 200 mL beakers and maintained at
25 °C. Samples were centrifuged at 14 000 rpm for 1 min, and
residual MB concentrations were determined spectrophotome-
trically by measuring the absorption of MB at Ap. = 664 nm
and derived from the calibration curve (Fig. S8). All experiments
were performed in triplicate, and the average values were used
for analysis. The equilibrium adsorption capacities (g., mg g~ )
and removal efficiencies (R, %) were calculated using eqn (1)
and (2):

go = Q= (1)
R— % % 100 D)

where C, and C, are the initial and equilibrium concentrations
of MB, respectively, V (L) is the solution volume, and m (g) is the
mass of the adsorbent.

Effect of contact time on removal efficiency

Contact time studies were performed to determine the time
required to reach adsorption equilibrium under standard con-
ditions. The effect of contact time on the adsorption capacity
and removal efficiency of EZPs and H-ZSM-5 is given in Fig. 2.
Samples EZ1p,100 and EZ;p,50 achieved the highest removal
efficiencies of 71.96% and 80.40% respectively, in comparison
to EZ1pa200 and H-ZSM-5 with 18.62% and 52.60%. The equili-
brium was reached at 4 h in all cases with minimal MB
adsorption afterwards. Due to the achieved better performance,
EZ1pa100 and EZ;pa50 were used in the subsequent optimiza-
tion studies focused on the effect of initial pH, adsorbent
dosage, and initial MB concentration on adsorption. The
equilibrium time was fixed at 4 h in all experiments.

Effect of initial pH on adsorption

The pH of the solution plays a critical role in adsorption
processes by influencing both the surface charge of the adsor-
bent and the ionization state of the adsorbate. Understanding
this relationship is essential for optimizing removal efficiency,
particularly when electrostatic interactions govern the adsorp-
tion mechanism.

The point of zero charge (pHpyzc) is an important surface
property that defines the pH at which the net surface charge of
an adsorbent is neutral.*®> At pH < pHpzc, the surface is
predominantly positively charged, while at pH > pHpyc it
becomes negatively charged. This has significant implications
for adsorption behavior, particularly for ionic contaminants
such as dyes and pharmaceuticals. The pHp,c values of
EZ1pa100 and EZppy50 were determined using the pH drift
method. Each suspension contained 10 mg of adsorbent dis-
persed in 10 mL 0.01 M NacCl solution, initially adjusted to pH
values ranging from 2 to 10 using 0.1 M NaOH or 0.1 M HCL
After 24 h of stirring, the supernatants were centrifuged, the
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Fig. 2 Time-dependent adsorption of MB onto different adsorbents (a)
and (b) removal efficiency for each material after 4 h of contact time.
Experimental conditions: initial MB concentration = 50 mg L™, adsorbent
dosage = 25 mg, V = 50 mL, pH (unadjusted) = 5.6, 0.01 M NaCl, stirring
speed = 250 rpmand T = 25 °C.

final pH was measured, and ApH (pHinita~PHfinal) Was plotted
as a function of the initial pH. The pHp,c was identified as the
point where ApH = 0 (Fig. 3).

The obtained values for pHpzc are 3.80 and 3.11 for
EZ1pa100 and EZ;ps50, respectively. These results show that
both EZP samples exhibit low pHp, values, consistent with the
presence of silanol (Si-OH) and aluminol (AlI-OH) groups that
tend to deprotonate at moderately acidic pH. Moreover, a slight
trend is observed where decreasing the Si/Al ratio (i.e., increas-
ing aluminum content) lowers the pHpzc, suggesting that a
higher concentration of framework Al leads to increased sur-
face acidity (e.g., EZrpa50). These findings are important
for understanding electrostatic interactions between the EZP
surface and adsorbates. For example, at pH > pHpyc, the
negatively charged surface will favor the adsorption of cationic
species such as methylene blue, while repelling anionic com-
pounds. The effect of pHjpitiay ON MB adsorption by EZ;p,s100
and EZrps50 was investigated by adjusting the pH from 2 to 8,
while keeping all other parameters constant (Fig. 4). Indeed,
the removal efficiency for both EZ1p,100 and EZ1ps50 increases
with pH, confirming that electrostatic interactions between the
positively charged molecule of methylene blue and the
negatively charged EZP surface play a crucial role in adsorption
efficiency. The maximum adsorption of methylene blue for
both EZ1py100 and EZpa50 occurred at pH = 7, likely due to
optimal electrostatic interactions between the cationic dye and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the negatively charged adsorbent surface. The slight decrease
in adsorption efficiency at higher pH values may result
from increased OH™ competition, ionic shielding, or dye aggre-
gation effects that reduce the availability of active adsorption
sites.”®*"

Effect of adsorbent dosage on adsorption

The influence of adsorbent dosage was evaluated by varying the
mass of the material from 5 to 50 mg, while keeping the dye
concentration, volume, temperature, and pH constant (Fig. 5).
For both EZ1p,50 and EZ1pa100, the adsorption efficiency of
methylene blue increased with increasing adsorbent dosage. At
lower dosages (5-20 mg), EZ1pa50 consistently showed higher
removal efficiency than EZ1p,100, suggesting a more accessible
or active surface. As the dosage increased, both materials
approached saturation, reaching over 90% removal at 50 mg.
Although almost a complete dye removal was achieved at 50 mg
concentration, a working dosage of 25 mg was selected for the
subsequent kinetic, adsorption isotherm, and thermodynamic
studies. This intermediate dosage enables measurable varia-
tions in equilibrium concentration and adsorption capacity,
which are essential for accurately evaluating adsorption beha-
vior over time, modeling equilibrium interactions, and calcu-
lating thermodynamic parameters such as AG°, AH°, and AS°.
Moreover, a 25 mg dosage provides a good balance between
high removal efficiency and analytical sensitivity across the
studied conditions.
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Adsorption isotherms

Adsorption isotherm experiments were conducted to evaluate
the equilibrium interaction between methylene blue (MB) and
the adsorbents (EZrps50, EZ1ps100, EZ1pa200, and H-ZSM-5).
These studies are important for understanding the adsorption
capacity and the nature of the adsorbate-adsorbent interaction
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Fig. 5 The effect of EZtppl00 and EZpp50 dosage on MB removal
efficiency. Experimental conditions: initial MB concentration =
50 mg L™} V = 50 mL, pH = 7, 0.01 M NaCl, stirring speed = 250 rpm,
T =25°C and time = 4 h.
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at a constant temperature. Batch adsorption experiments were
conducted at 25 °C and pH = 7 by varying the initial concen-
tration of methylene blue in the range of 20-200 mg L~ " while
maintaining a constant adsorbent dose (25 mg, 0.5 ¢ L™%).

Although kinetic studies showed that equilibrium was
reached within 4 hours at lower MB concentrations (up to
60 mg L"), preliminary isotherm trials with both EZpps50
and EZpp,100 at higher MB concentrations (>80 mg L)
showed incomplete adsorption within 4 hours (Fig. 6). Therefore,
a conservative equilibrium contact time of 24 h was adopted for all
isotherm experiments to ensure complete saturation and accurate
capacity measurements across the full concentration range.

The equilibrium adsorption data of methylene blue (MB)
onto the studied materials were evaluated using the non-linear
Langmuir, Freundlich, and Temkin isotherm models (Fig. 7).
Each model provides insight into the nature of the adsorption
process and the properties of the adsorbent surface. The fitting
parameters and corresponding correlation coefficients (R*) are
summarized in Table 4. Non-linear adsorption isotherm fitting
is preferred because it preserves the original mathematical
form of the isotherm models without requiring linearization,
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Fig. 6 Removal efficiency of methylene blue as a function of initial
concentration (Co) after adsorption on EZ1pa100 (left) and EZ1pa50 (right)
at contact times of 4 h (black squares) and 24 h (red circles). Experimental
conditions: adsorbent dosage 25 mg, solution volume 50 mL, background
electrolyte = 0.01 M NaCl, pH = 7, T = 25 °C, stirring speed 250 rpm.
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Table 4 Adsorption isotherm fit parameters and estimated surface cover-
age (SMB) for methylene blue onto EZ1ps200, EZ1ps100, EZ1pa50 and H-
ZSM-5

Parameter EZ1pa200 EZ1pa100 EZppa50 H-ZSM-5

Langmuir isotherm model

Im mg gt 19.75 122,62  146.08 80.53
K, Lmg ' “ 0.16 0.68  1.72
R* 0.9804 0.9961 0.9579 0.9491
Freundlich isotherm model

Kg mg g ' (L mg)™" 11.80  56.76  68.38  49.41
n 8.64 5.90 5.51 8.42
R* 0.7743 0.9049 0.8811 0.7941
Temkin isotherm model

A L mg71 315.07 382.04 274.21 1666.33
B mgg " 1.94 10.92 1316  7.01
R* 0.9765 0.9209 0.8739 0.8886
Surface coverage (Syp)/BET 8.65%  60.5%  59.3% 62.6%
surface

% Unreliable due to flatness of the isotherm.

which can distort error structure and introduce bias.*®*° It

provides more accurate parameter estimation, especially when
data span a wide concentration range or exhibit strong curva-
ture. Additionally, non-linear fitting avoids transformation-
related artefacts and allows for better statistical evaluation of
model performance.*®*°

The Langmuir isotherm assumes monolayer adsorption on a
homogenous surface with a finite number of identical adsorp-
tion sites. It is expressed in its non-linear form as:

_ Gmax KL Ce

= 3
1+ KL.C. ()

qe
where gma (mg g~ ") is the maximum adsorption capacity and
Ky, (L mg™") is the Langmuir constant related to the affinity of
binding sites.
The Freundlich isotherm is an empirical model describing
adsorption on heterogeneous surfaces. Its non-linear form is
given by:

ge = KeCe™ (4)
where Ki [(mg g~* (mg 1)™""] and n are the Freundlich con-
stants indicating adsorption capacity and intensity,
respectively.

The Temkin isotherm considers adsorbent-adsorbate inter-
actions and assumes that the heat of adsorption decreases
linearly with coverage. The non-linear form of the Temkin
equation is:

ge=B ln(ACe) (5)

where A (L g ') is the Temkin isotherm constant, B = RT/b
(J mol™) is related to the heat of adsorption, R is the gas
constant (8.314 J mol ' K™"), and T is the temperature (K).
The Langmuir model provided excellent correlation coeffi-
cients (R*) for all four materials: EZp,200 (R> = 0.9804),
EZ1pa100 (R* = 0.996), EZ1ps50 (R*> = 0.958), and H-ZSM-5
(R* = 0.949), indicating that surface saturation processes pri-
marily govern MB adsorption. Among the tested materials,
EZ1pa50 exhibited the highest monolayer adsorption capacity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(qm = 146.08 mg ¢~ ), followed by EZ1ps100 (g, = 122.49 mg g™ 1),
H-ZSM-5 (¢ = 80.53 mg g~ "), and EZpps200 (g, = 19.75 mg g™ ).
The Langmuir affinity constants K; decrease in the following
order: H-ZSM-5 (1.72 L mg ') > EZgps50 (0.68 L mg™') >
EZ1pa100 (0.16 L mg ). The K; calculation for EZps200 pro-
vided unreliable results due to the flatness of the adsorption
isotherm (Ky ~ 16.53 L mg™ ‘). Although H-ZSM-5 exhibits a
significantly higher Langmuir constant, indicating a stronger
affinity for methylene blue, its maximum adsorption capacity is
considerably lower than that of EZ;p,50 and EZyp,100. This
indicates that while the surface of H-ZSM-5 has highly active
or selective adsorption sites, their total number is limited,
possibly due to its more ordered crystalline structure and lower
external surface area or porosity. In contrast, the amorphous
nature of EZ1p,50 and EZp,100 may provide a greater number of
accessible adsorption sites, which despite slightly weaker indi-
vidual dye-sorbent interactions results in much higher overall
dye uptake.

The Freundlich isotherm model, which accounts for hetero-
geneous surface adsorption and multilayer interactions, pro-
vided acceptable fits for all materials, though with slightly
lower R values compared to the Langmuir model. Among the
samples, EZ1ps100 displayed the best Freundlich fit with R* =
0.9049, followed by EZ1ps50 (R* = 0.8811) and H-ZSM-5 (R* =
0.7941). The Freundlich constant Kz was highest for EZp,50
(68.38 mg g~ (L mg)~ "), indicating a greater adsorption
capacity on heterogeneous sites. Interestingly, H-ZSM-5 exhib-
ited the highest Freundlich exponent n = 8.42, suggesting very
favorable adsorption despite its lower Kg, which aligns with its
strong affinity constant in the Langmuir model.

The Temkin model, which considers the effect of adsorbent-
adsorbate interactions and a linear decrease in adsorption heat
with coverage, also provided reasonable fits with R* values
above 0.87 for all materials. The binding energy constant A
was highest for H-ZSM-5 (1666.33 L mg ™), significantly exceed-
ing that of EZ1ps50 and EZ1ps100, reflecting the strong initial
interaction between MB and H-ZSM-5’s surface. However, the
Temkin B constant, related to adsorption capacity, was lower
for H-ZSM-5 (7.01 mg g~ ') compared to EZ1p,50 (13.16 mg g~ )
and EZps100 (10.92 mg g~ '), consistent with its lower ¢y, in the
Langmuir model. This further supports the interpretation that
while H-ZSM-5 offers stronger binding affinity, its overall
capacity is limited by fewer available sites. Overall, the isotherm
analysis reveals that both embryonic zeolite precursors
(EZ1pa50 and EZ1pa100) exhibit significantly improved adsorp-
tion performance compared to conventional ZSM-5. EZ1p,50 in
particular demonstrated the best overall performance, combin-
ing high adsorption capacity, favorable interaction strength,
and surface heterogeneity.

The extent to which methylene blue (MB) molecules cover
the surface of the adsorbent can be quantitatively estimated
based on the monolayer adsorption capacity g, obtained from
Langmuir isotherm fitting. This approach allows direct com-
parison between the dye-covered surface and the BET-specific
surface area, offering insight into adsorption efficiency and
accessibility of active sites. By considering the molecular
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dimensions of MB and using Avogadro’s number, the specific
surface area occupied by adsorbed MB molecules (Syg) can be
calculated using the following expression:
gmAmBNAv
SmB = — (6)

where Ay is the surface area occupied by a single MB molecule
(197.2 A%, N, is the Avogadro’s number (6.022 x 1023 mol ™)
and M is the molar mass of MB (319.8 g mol ™).

The calculated MB-covered surface areas (Syg) were 542.8,
455.3,299.1 m> g " and 48.34 m® g " for EZyps50, EZ1pa100, H-
ZSM-5 and EZ1ps200, respectively. These values represent the
maximum surface area that could be occupied by a monolayer
of dye molecules, assuming flat molecular orientation and
uniform distribution. When normalized against the respective
BET surface areas, the fractional surface coverage was found to
be 59.3% for EZpa50, 60.5% for EZpy100, 62.6% for H-ZSM-5,
and only 8.65% for EZp,200. Despite its lower absolute adsorp-
tion capacity, H-ZSM-5 exhibited the highest relative surface
utilization, consistent with its microporous nature and well-
defined channel structure that promotes efficient packing of
small adsorbates. In contrast, the mesoporous-rich EZ;p,50
showed the highest Syp but a slightly lower fractional coverage,
likely due to the contribution of mesopores and external sur-
face area that are not fully accessible or effectively occupied by
MB molecules. The results confirm that embryonic zeolite
precursors possess higher overall accessibility and adsorption
capacity for methylene blue compared to crystalline H-ZSM-5,
supporting their potential as effective adsorbents. While their
slightly lower fractional surface coverage reflects less efficient
molecular packing—likely due to structural disorder and hetero-
geneous pore environments—this does not diminish their prac-
tical performance. Instead, it highlights the importance of
further optimizing framework structure and composition to
maximize both capacity and surface utilization efficiency. The
markedly lower adsorption capacity and surface coverage
observed for EZp,200 can be attributed to its dominant micro-
pore population below ~1.0 nm, which restricts access of
methylene blue molecules due to steric limitations. As a result,
much of its surface area remains inaccessible to MB, leading to
inefficient utilization despite a high BET surface area.

Adsorption kinetics

The adsorption kinetics of methylene blue (MB) onto the
EZ1pp100 and EZppa50 were investigated to assess the rate
and mechanism of dye uptake at different time intervals. In
each experiment, 25 mg of the adsorbents were dispersed in
50 mL of MB solution with an initial dye concentration of
50 ug mL~ " and an initial pH = 7. The suspensions were stirred
at 25 °C (250 rpm), and aliquots were taken at selected time
intervals for UV-vis analysis. The kinetic data was analyzed
using four widely accepted kinetic models: non-linear pseudo-
first-order (PFO), pseudo-second-order (PSO), Elovich presented
on Fig. 8, and intraparticle diffusion (IPD, Weber-Morris)
model presented on Fig. 9. The corresponding fitting para-
meters are summarized in Table 5.
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25 °C, stirring speed 250 rpm.

The PFO model assumes that the rate of occupation of
adsorption sites is proportional to the number of unoccupied
sites.”® It is typically valid for early stages of adsorption. The
nonlinear form of the equation is:

ge=qe(1 — e )

where g. and ¢, (mg g~') are the adsorption capacities at
equilibrium and at time ¢ (min), respectively, and k; (min™*)
is the rate constant of the PFO model.

The PSO model assumes that the adsorption follows second-
order chemisorption.>® It is given in its non-linear form as:

2kest
g G 8)
1+qek2t

where k, (g mg~! min~") is the rate constant of the PSO model.

The Elovich model is used for systems where the adsorption
surface is heterogeneous. It describes chemisorption on highly
active heterogeneous surfaces with non-uniform energy
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distribution.”" It is given in its nonlinear form as:
1
=31 + 31 )

where o is the initial adsorption rate (mg g~ min™"), f is
desorption constant related to surface coverage and activation
energy (mg g~ ).

The IPD model considers the possibility that the adsorption
process is controlled by the diffusion of MB molecules into the
pores of the adsorbent.>” The equation is expressed as:

g = kit + C (10)

1 —1/2

where, kig (mg g~ min~ ") is the intraparticle diffusion rate
constant, and C (mg g~ ') is a constant that provides informa-
tion about the boundary layer thickness. If the plot of g, versus
t% is linear and passes through the origin, intraparticle diffu-
sion is the sole rate-limiting step. Otherwise, multiple pro-
cesses may control adsorption.

For EZ1p,50, the PFO model yielded a relatively poor fit with
an R* = 0.7846 and a significant mismatch between the calcu-

lated and experimental equilibrium adsorption capacities (g =

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Pseudo-first order, pseudo-second order, Elovich and intrapar-

ticle diffusion kinetic model parameters for MB adsorption onto EZTPA100
and EZTPA50

Kinetic model EZ1pa100 EZ1pa50
Pseudo-first order

ky min~* 0.05717 0.20057
ge/Ge (exp) mgg ! 67.97/77.12 80.27/89.23
R? 0.9011 0.7846
Pseudo-second order

k> ¢ (mg min)™* 0.00691 0.00357
Ge/qe (exp) mgg 77.43/77.12 84.54/89.23
R? 0.9504 0.9053
Elovich

o mg g ' min " 17.784 624.432
B gmg ™" 0.079 0.110
R? 0.9938 0.9944
Intraparticle diffusion

Stage 1

kia mg g+ min~*? 7.747 6.497

c mgg " 7.919 32.014
R? 0.9969 0.9811
Stage 2

kia mg g~ ' min—? 2.509 1.741

c mg g’ 36.021 63.076
R? 0.9962 0.9827
Stage 3

kia mg g~ min~ "2 0.780 0.162

c mg g’ 63.5886 86.336
R? 0.9995 0.9496

80.27 MZ g ' VS. e exp = 89.23 mg g~ *). This suggests that simple
physisorption governed by diffusion alone is not the dominant
mechanism. The PSO model improved the fit substantially (R* =
0.9053), with a closer match between the theoretical and experi-
mental g values (84.54 vs. 89.23 mg g~ ), implying that chemi-
sorption involving electron sharing or exchange may contribute
to the rate-controlling mechanism. However, the best fit was
obtained using the Elovich model, which gave the highest
correlation coefficient (R*> = 0.9944) and more accurately cap-
tured the entire kinetic profile. The very high initial adsorption
rate parameter (« = 624.432 mg ¢~ min ') indicates rapid initial
uptake, while the desorption constant f = 0.110 g mg™ ' suggests
a moderate surface coverage effect. The excellent agreement with
the Elovich model supports the presence of a heterogeneous
surface with variable energy sites, consistent with EZpps50’s
amorphous structure and mesoporosity.

For EZ1ps100, the PFO model produced a better fit than for
EZ1pa50 (R* = 0.9011), yet still underestimated the experimental
adsorption capacity (ge = 67.97 VS. ge,exp = 77.12 mg g ). The PSO
model further improved the correlation (R = 0.9504) and yielded a
calculated g, value (77.43 mg g~ ') in excellent agreement with the
experimental result, suggesting a stronger chemisorption contri-
bution in EZ;p,100 than in EZps50. Nevertheless, the Elovich
model again provided the best overall fit (R* = 0.9938) with kinetic
constants (¢ = 17.784 mg g ' min "' and § = 0.079 g mg ),
indicating a lower initial chemisorption rate and a more uniform
adsorption surface compared to EZps50.

The intraparticle diffusion (IPD) model was employed to
gain deeper insight into the adsorption kinetics of methylene
blue (MB) onto EZ1p,50 and EZp,100. The resulting plots for g,

Mater. Adv,, 2025, 6, 7942-7957 | 7951
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versus t*'* revealed a characteristic three-stage behavior for both
materials, indicative of a multi-mechanistic adsorption process
involving surface adsorption, pore diffusion, and eventual
equilibrium (Fig. 9).

In stage 1, attributed to external surface adsorption, EZp,100 ex-
hibited a higher diffusion rate constant (kiq ; = 7.747 mg g~ min~ %)
compared to EZpa50 (kigq = 6.497 mg g * min~ '), reflecting a
steeper initial kinetic slope. However, despite this higher rate
constant, EZpa50 adsorbed significantly more dye at the earliest
measured time point (2 minutes), reaching approximately
40 mg g ' - substantially higher than EZ;p,100 at the same
time. This apparent discrepancy is not contradictory but
reflects the influence of the intercept C, which was notably
larger for EZps50 (32.014 mg g~ ') than for EZ1p,100 (7.919 mg g™ ).
While kg quantifies the rate of intraparticle transport, the intercept
captures the initial mass accumulation in the boundary layer and on
the external surface. The high C value for EZyp,50 suggests a rapid
initial uptake due to a higher density of readily accessible active sites
or stronger dye-adsorbent interactions. Furthermore, stage 1 was
longer in duration for EZp,50 than for EZ1p,100, suggesting that
surface adsorption dominated for a more extended period, possibly
due to a greater availability of active surface sites or slower satura-
tion dynamics. In contrast, EZps100 transitioned more rapidly into
the pore diffusion phase, which may indicate faster initial surface
site saturation or more limited external adsorption capacity. Both
materials showed excellent linearity (R* = 0.9969 for EZ1ps100; R* =
0.9811 for EZ;p,50), confirming efficient film diffusion in this stage.

In stage 2, associated with gradual intraparticle diffusion into
meso- and microporous domains, EZ1p,100 again showed a higher
diffusion rate constant (kg = 2.509 vs. 1.741 mg g~ * min~"?) and
the diffusion phase extended over a longer time interval. In
contrast, EZp,50 progressed through stage 2 more rapidly, despite
exhibiting a larger intercept (C = 63.076 mg g~ " vs. 36.021 mg g™ ),
suggesting that its internal structure may allow more efficient pore
access or faster dye equilibration despite the slower diffusion
rate. In stage 3, representing the equilibrium region, EZp,100
maintained a higher diffusion constant (kiq; = 0.780 wvs.
0.162 mg g~ min~*?), while EZ1ps50 exhibited the highest inter-
cept of all stages (C = 86.336 mg g~ " vs. 63.589 mg g '), consistent
with a more prolonged approach to saturation and continued dye
retention on high-affinity sites.

Overall, the superior fit of the Elovich model for both
materials suggests that the adsorption of methylene blue
proceeds via a complex, surface-mediated mechanism governed
by heterogeneous site energies and diffusion-limited uptake.
While traditionally associated with chemisorption, the Elovich
behavior observed here likely reflects the structural disorder
and energetic variability of the embryonic zeolites, rather than
true chemical bonding. While EZ1p,100 exhibits more consis-
tent diffusion behavior and a slightly better fit to PSO kinetics,
EZ1p,50 demonstrates faster initial uptake and higher overall
adsorption capacity, reflecting a greater density of active sites
and more heterogeneous surface chemistry. These findings are
consistent with the structural data—such as higher BET surface
area, broader pore size distribution, and greater particle size
heterogeneity—observed for EZpa50, which collectively
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promote rapid dye binding and enhanced adsorption perfor-
mance. The intraparticle diffusion (IPD) model further sup-
ports this interpretation by revealing a multi-stage adsorption
process, where EZp,50 displays a shorter diffusion pathway
and larger boundary layer contribution, leading to faster satura-
tion of active sites despite a lower diffusion rate constant. This
makes EZrpa50 particularly advantageous under conditions
requiring rapid dye removal within limited contact times.

Thermodynamic studies

Thermodynamic studies were performed at different tempera-
tures (25, 35 and 45 °C), and the resulting equilibrium data
were used to calculate key thermodynamic parameters using
the Van’t Hoff approach. This method enables the calculation
of the Gibbs free energy change (AG®), enthalpy change (AH®),
and entropy change (AS°), which together provide insight into
the spontaneity, energy changes, and interfacial disorder asso-
ciated with the adsorption process. These thermodynamic
quantities were calculated using the Van’t Hoff equation
(eqn (11)) and the standard Gibbs free energy relation
(eqn (12)), based on the temperature dependence of the equili-
brium constant:

o

1 AS

R T+ R (11)

(12)

where K. is equilibrium constant (K. = g./C.), AH" is the enthalpy
change (kJ mol™ "), AS® is the entropy change (J mol ' K™ '), AG°
is the Gibbs free energy change, R is the universal gas constant
(8.314 J mol ' K1), and T is the absolute temperature (K).

The Van’t Hoff plots (In Kvs. 1/T) yielded linear fits with high
correlation coefficients, particularly for EZps100 (R* = 0.9982),
indicating a reliable thermodynamic model (Fig. S9). The
calculated values for AG°, AH°, and AS° for EZpp 50 and
EZ1pp100 are summarized in Table 6. For EZ1p,50, the adsorp-
tion process was found to be endothermic, with a positive
enthalpy (AH = 42.92 k] mol ') and entropy change (AS° =
167.63 ] mol ' K1), suggesting increased randomness at the
solid-liquid interface. The negative values of AG® at all tested
temperatures (—7.04 to —10.39 k] mol™!) confirm that the
adsorption is spontaneous and becomes more favorable with
increasing temperature. Similarly, EZ;p,100 exhibited an even
higher endothermicity (AH° = 79.93 kJ mol ') and greater
entropy gain (AS° = 283.0 ] mol ' K "), consistent with
enhanced dye-adsorbent interactions and significant structural
reorganization at the interface.

The corresponding AG® values (—4.40 to —10.06 k] mol )
further reinforce the spontaneity and temperature-dependent
favorability of the process. Although the AH® for EZpp,100
approaches the lower threshold typically associated with chemi-
sorption, the overall values for both samples remain closer to
those characteristic of physisorption (<40-80 kJ mol™™).

This suggests that adsorption is predominantly physisorp-
tive and entropy-driven, with a possible minor contribution

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Thermodynamic parameters for the adsorption of methylene
blue onto EZ1pp50 and EZ1pa100, calculated from van't Hoff plots

AG°, k] mol ™"
298 K 308K 318K R*

AH° k] mol™" AS°Jmol ' K'

EZrpal00 79.93
EZrpa50  42.92

283.0
167.63

—4.40 —7.23 —10.06 0.998
—7.04 —8.72 —10.39 0.944

from weak chemisorption in the case of EZp,100. However,
this interpretation is indirect and should be validated by
spectroscopic analysis (e.g., XPS or FTIR before and after
adsorption) in future work. Taken together, the thermodynamic
and kinetic data highlight the role of surface heterogeneity and
thermal activation in modulating dye uptake on disordered
zeolite frameworks, but confirm that physisorption remains the
dominant adsorption pathway

Regeneration studies

The thermodynamic and kinetic results suggest that adsorption
is predominantly physisorptive, with possible minor contribu-
tions from weak chemisorption in the case of EZp,100. These
mechanistic insights imply that desorption via conventional
regeneration methods such as solvent rinsing or acid/base
treatment may be insufficient due to surface-level retention
and diffusion limitations. Therefore, given the high thermal
stability of the EZPs, which retain structural integrity up to at
least 600 °C, thermal regeneration was selected as a robust and
effective strategy. Spent adsorbents were thermally treated in
static air at 550 °C for 4 h, resulting in complete oxidative
decomposition of methylene blue (Fig. 10a).

Regeneration performance was assessed over four consecu-
tive adsorption-desorption cycles under the optimized adsorp-
tion conditions (Co = 50 mg L™, pH = 7, 0.01 M NaCl, stirring
speed = 250 rpm, temperature = 25 °C, and contact time = 4 h).
As illustrated in Fig. 10b, EZ1p,50 maintained high removal
efficiency (~90%) across all cycles, confirming its excellent
thermal resilience and surface stability. In contrast, EZp,100
exhibited a gradual decline in performance, dropping from
~77% in the first cycle to ~55% by the fourth. This reduction
may be attributed to partial structural reorganization or pore
collapse during repeated calcination, which likely affects the
accessibility and integrity of active sites. The relatively weaker
framework stability of EZ1ps100 compared to EZ1pa50 suggests
that differences in textural robustness play a critical role in
determining long-term reusability of embryonic zeolites under
high-temperature regeneration protocols.

Table 7 provides a comparative overview of methylene blue
adsorption capacities, experimental conditions, kinetic models,
and regeneration performance reported for various adsorbents.
Embryonic zeolite precursors distinguish themselves by com-
bining high adsorption capacities with excellent thermal regen-
eration stability, retaining up to 90% efficiency over multiple
cycles. Unlike many conventional or composite materials that
either suffer from poor reusability or demand complex regen-
eration protocols, EZPs offer strong dye uptake together with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Adsorbents’ appearance before and after the first regeneration
cycle performed at 550 °C for 4 h (a) and (b) removal efficiencies of
EZ+pa50 and EZ1ppl00 after four regeneration cycles at optimal conditions.

structural robustness and ease of recovery, making them
attractive for sustainable water treatment.

In addition to adsorption and regeneration performance,
scalability and economic aspects are critical for practical
deployment. While tetrapropylammonium hydroxide (TPAOH)
is more expensive than the precursors commonly used for
activated carbons or commercial zeolites, it was employed here
in moderate quantities and could be recycled or replaced in
future process optimizations. Compared with advanced frame-
works such as MOFs and COFs, EZPs require far simpler
processing yet deliver competitive performance and excellent
reusability. These attributes indicate that EZPs strike a favor-
able balance between efficiency, stability, and cost, reinforcing
their potential as viable candidates for real-world water treat-
ment applications.

Experimental
Materials and methods

All reagents used for synthesis and adsorption experiments
were purchased from Merck and ThermoFisher scientific and
were used without further purification.

Mater. Adv,, 2025, 6, 7942-7957 | 7953
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Table 7 Comparison of the Langmuir maximum adsorption capacity, experimental and regeneration conditions of various adsorbents for MB removal

Adsorbent gmax Mg g ' Experimental conditions Kinetic model ~Regeneration Ref.

EZ1pa50 146.08 Dose: 0.5 g L ™" 240 min, pH 7 Elovich 550 °C Const. 90% 4 cycles  This study

EZ1pal00 122.62 Co: 50 mg L™* T: 25 °C 4h 77% — 55% 4 cycles

Mn/MCM-41 45.38 Dose: 1 gL ™" 120 min, pH 6.3  PSO — 35
Co:50 mg L " T: 25 °C

3.3% Fe;0,/NaA 40.36 Dose: 7.2 g L™* 120 min, pH 8.6  PSO — 53
Co: 300 mg L™" T: 25 °C

Ni/Co USY 59.80 Dose: 2 g L™ 120 min, pH 8 PSO 700 °C6h  >90%, 2 cycles 37
Co: 100 mg L ™" T: 25 °C

Nanosheet MFI 227.70 Dose: 0.5 g L™" 10 min, pH 10 PSO Acid wash ~ 99% — 85% 5 cycles 54
Co: 25 mg L T: 25 °C

NZVI/SuZSM 86.96 Dose: 5 g L™ 90 min, pH 7 PSO 96% — 23% 3 cycles 36
Co: 20 mg L ! T: 25 °C

Coir pith carbon 5.87 Dose: 2 g L ™! 40 min, pH 6.9 PSO — 33
Co: 1040 mg L' T:25°C

Graphene 153.85 Dose: 0.1 g L ™" 1500 min, pH 10 — — 34
Co: 20-40 mg L™ T:25°C

Algerian kaolinite 64.58 Dose: 1 gL' 200 min, pH 4 PSO — 38
Co: 50-200 mg L™ T: 25 °C

Green Peel material 207.90 Dose: 0.6 g L™ " 30 min, pH 6.6 PSO EtOH wash  79% — 15% 5 cycles 55
Co: 400 mg L™" T: 25 °C

(C-Si@GS) 456.8 Dose: 0.6 g L ™" 720 min, pH 7 PSO HCI wash 99% — 50% 3 cycles 56
Co: 120 mg L™ T: 25 °C

Powder X-ray diffraction (PXRD) and small-angle X-ray scat-
tering (SAXS) analyses were performed using an Empyrean
diffractometer (Malvern Panalytical, Netherlands) equipped
with a Cu Ko radiation source (4 = 1.5418 A) and a PIXcel3D
detector. PXRD patterns of the embryonic zeolite precursors
were recorded over the 20 range of 2°-50°, while SAXS measure-
ments were conducted in the low-angle range of 0°-5° 20 with a
step size of 0.01°. The instrument was operated at 45 kV and 40
mA. SAXS data were analyzed using EasySAXS ver 2.2 software
(Malvern Panalytical, Netherlands). Elemental composition was
determined using an Epsilon-1 energy-dispersive X-ray fluores-
cence (EDXRF) spectrometer (Malvern Panalytical, Netherlands)
equipped with Omnian software for standardless quantifica-
tion. Samples were finely ground and placed in a holder in the
form of loose powder. Measurements were performed under
ambient conditions using a silver (Ag) anode X-ray tube. The
instrument’s software automatically optimized the operating
voltage and current based on the elements of interest. Surface
area and porosity of the adsorbents were characterized by
nitrogen (N,) adsorption-desorption measurements at 77 K
using a 3Flex surface analyzer (Micromeritics, Norcross, GA,
USA) and Flex v6.02 as data acquisition and processing soft-
ware. Prior to analysis, samples were degassed under vacuum
(>1.10"° mmHg) at 300 °C for 4 h to remove adsorbed gases
and moisture. The specific surface area was calculated using
the Brunauer-Emmett-Teller’” method in the relative pressure
(P/Py) range of 0.05-0.30 or 0.01-0.12 (for microporous materi-
als following the Rouquerol criteria).”® Micropore volume and
external surface area were estimated by ¢-plot analysis using the
Harkins and Jura thickness equation.>*®® Pore size distribution
was determined by density functional theory (DFT) analysis of
the N, adsorption-desorption branch of the isotherms, using
the cylindrical oxide pore model with strong potential
(N,@77 K DFT) and a regularization parameter of 0.01.%" Total
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pore volume was estimated from the amount of N, adsorbed at
P/P, ~ 0.96. The infrared spectra were collected on Tensor 37
(Bruker, Berlin, Germany) spectrometer using KBr pellets. For
each sample, 128 scans were collected at a resolution of 2 cm™*
over the wavenumber region 4000-400 cm™'. Simultaneous
thermogravimetric and differential scanning calorimetry ana-
lyses (TGA/DSC) were performed using a BXT-STA-200 analyzer
(Shanghai Glomro). Twenty mg of each sample was weighed in
corundum crucibles and examined in the temperature range of
25-600 °C, heating rate of 10 °C min~ ", and with a dynamic air
atmosphere. The NMR spectra were recorded on a Bruker
Avance III HD 500 NMR spectrometer (Bruker, Karlsruhe,
Germany) operating at 500.13 MHz 'H frequency (99.35 MHz
for 2°Si, 130.31 for *’Al), using a 2.5 mm solid- state CP/MAS
dual 'H/*'P-'°N probe head. The samples were packed in
2.5 mm rotors (ZrO,) and spun at a magic angle spinning
(MAS) rate of 20 kHz for both *°Si and *’Al experiments. The
quantitative direct excitation **Si NMR spectra were acquired
with a single-pulse sequence, 90° pulse length of 1.75 ps, time
domain data points of 4 K, spectrum width of 37 kHz, and
384 transients were accumulated with a relaxation delay of 30 s
between each scan. *’Al spectra were acquired with a single
pulse sequence, 90° pulse length of 2.4 us, 4 K time domain
data points, spectrum width of 250 kHz, 1024 scans, and a
relaxation delay of 0.5 s. The NMR spectra were deconvoluted
in Origin (OriginLab, Northampton, MA, USA) using Voigt
line-shape functions, which allowed reliable separation of over-
lapping resonances. The structural features of embryonic zeo-
lites were studied by HRTEM. The analyses were performed at
room temperature in low-dose mode at 300 kV accelerating
voltage in a FEI-Philips CM300 TEM, equipped with a LaBg
cathode. Suspension in distilled water was prepared from the
solid powder samples without any grinding. After ultrasonica-
tion to break up large aggregates a droplet of the suspension

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was deposited onto holey-carbon coated Cu grids. UV/Vis
spectroscopic analyses were performed on a Cary 4000 spectro-
photometer (Agilent, Santa Clara, CA, USA). The absorbance of
methylene blue (MB) solutions was measured at A, = 664 nm to
determine residual dye concentrations. Calibration curves were
constructed using standard MB solutions in the concentration
range of 1-10 mg L, yielding linear relationships with correla-
tion coefficients exceeding 0.999. Prior to each measurement,
the samples were centrifuged at 14 000 rpm for 1 min to remove
suspended adsorbent particles, and the supernatants were ana-
lyzed without further dilution unless absorbance exceeded the
linear range of the instrument. All measurements were per-
formed in triplicate, and average absorbance values were used
to calculate adsorption capacities and removal efficiencies.

Conclusions

This study systematically investigated the adsorption behavior of
embryonic zeolite precursors toward methylene blue (MB) under
aqueous conditions, with particular emphasis on structure-
function relationships, adsorption mechanisms, and regenera-
tion performance. The results demonstrated that tailoring the Si/
Al ratio during the synthesis significantly affects the physico-
chemical properties of the materials, including surface area,
pore structure, particle size distribution, and surface charge.
Among the tested samples, EZp,50 exhibited the most favorable
characteristics—namely, a hierarchically porous structure, high
BET surface area, and low point of zero charge—leading to
superior adsorption capacity (146.08 mg g ') and faster dye
uptake compared to EZps100 (122.62 mg g ') and crystalline
H-ZSM-5 (80.53 mg ¢ ') used as reference.

Adsorption isotherm modeling revealed that the Langmuir
model best described the equilibrium data, indicating monolayer
adsorption behavior, while surface coverage analysis highlighted
the importance of pore accessibility in determining adsorption
efficiency. Kinetic studies showed excellent agreement with the
Elovich model, consistent with adsorption on energetically hetero-
geneous surfaces. Thermodynamic analysis confirmed that the
adsorption process is spontaneous, endothermic, and entropy-
driven for both EZ1ps50 and EZ1ps100, suggesting a predominantly
physisorptive process with a possible minor contribution from
weak chemisorption in the case of EZp,100. Taken together, these
results point to physisorption as the dominant mechanism,
modulated by surface heterogeneity and thermal activation effects,
although further spectroscopic studies will be needed to confirm
the exact nature of dye-surface interactions. Thermal regeneration
studies revealed that EZp,50 retained removal efficiencies ~90%
across four adsorption-desorption cycles, while EZpy100 showed
a gradual decline, likely due to partial structural collapse during
calcination. This difference underscores the role of textural robust-
ness in determining long-term reusability. Overall, the findings
highlight embryonic zeolites - particularly EZp,50 — as a promis-
ing, regenerable, and high-capacity adsorbent for the removal of
organic dyes from contaminated water, offering a compelling
alternative to conventional microporous zeolites. This work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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represents the first systematic application of embryonic zeolites
in dye remediation and provides a foundation for the development
of next-generation adsorbents for water treatment applications.
Future perspectives include validating the performance of EZPs in
real wastewater matrices containing mixed dyes, natural organic
matter, and competing inorganic ions. Such studies will enable a
realistic assessment of their adsorption efficiency and selectivity
under complex conditions, strengthening their prospects for
industrial wastewater treatment and environmental remediation.
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