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ABSTRACT 

This study presents a sustainable synthesis route for mordenite zeolite 
(MOR) using rice husk ash (RHA) as the silica source and waste porcelain 
(WP) as the aluminum source, with tetraethylammonium hydroxide 
(TEAOH) employed as the organic structure-directing agent (OSDA). 
Zeolites were synthesized with controlled Si/Al molar ratios (10, 20, and 30) 
to assess how framework composition influences their structural, textural, 
and preliminar adsorption properties. The materials were characterized 
using X-ray diffraction (XRD), X-ray fluorescence (XRF), Fourier-transform 
infrared spectroscopy (FTIR), nitrogen physisorption (BET), 
thermogravimetric analysis (TGA), temperature-programmed desorption 
of ammonia (NH3-TPD) and cation exchange capacity (CEC). Increasing the 
Si/Al ratio (SAR) resulted in higher surface area, enhanced pore 
development, and improved thermal stability. The synthesized zeolites 
were then exploratorily evaluated for the removal of Pb2+, Cu2+, and Cd2+ 
ions under controlled pH conditions (4 and 8) at initial metal 
concentrations of 1–5 mg L−1, simulating textile effluents. The highest 
adsorption efficiencies were observed at pH 8 and for the sample with SAR 
= 10, particularly for Pb2+, followed by Cu2+ and Cd2+. This behavior is 
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attributed to the greater density of framework negative charges and 
increased effective accessibility of acid sites in the more aluminum-rich 
material. Conversely, the SAR = 30 sample exhibited higher surface area 
and microporosity but lower affinity for metal cations, highlighting the 
role of framework composition in governing adsorption selectivity. 
Overall, the findings indicate the technical feasibility and environmental 
relevance of converting industrial and agro-industrial residues into 
zeolitic materials with promising performance for heavy-metal removal 
from aqueous systems. This approach promotes waste valorization while 
supporting the development of cleaner and potentially cost-effective 
water-treatment technologies. 

KEYWORDS: eco-friendly synthesis; molecular sieves; environmentally 
sustainable technologies; heavy metal removal; organic structure-
directing agent 

INTRODUCTION 

The contamination of water bodies by heavy metals has become a 
critical environmental and public health issue in many regions worldwide 
[1,2]. Elements such as lead (Pb2+), cadmium (Cd2+), and copper (Cu2+) are 
highly toxic even at trace concentrations, exhibiting carcinogenic, 
mutagenic, and bioaccumulative effects [3–9]. Among the major 
contributors to this form of contamination is the textile industry, which 
routinely employs metal-containing dyes, mordants, and catalysts during 
dyeing, finishing, and washing processes [10,11]. Reported concentrations 
of metals in textile effluents typically range from 0.02 to 0.10 mg L−1 for 
Pb2+, approximately 0.01 mg L−1 for Cd2+, and between 0.17 and 1.70 mg L−1 
for Cu2+, with most values commonly falling in the range of 0.5–1.0 mg L−1 
[12–14]. In this context, the development of efficient, cost-effective, and 
environmentally sustainable technologies for the treatment of industrial 
effluents is imperative [15–17]. Among the available treatment methods, 
adsorption stands out due to its high efficiency, selectivity, and relatively 
low operational cost [18–21]. 

Zeolites, both natural and synthetic, have emerged as promising 
materials for environmental applications [22–26]. These hydrated 
crystalline aluminosilicates are characterized by a three-dimensional 
framework composed of interconnected SiO4 and AlO4 tetrahedra [27–30]. 
The isomorphic substitution of Si4+ by Al3+ generates a permanent negative 
charge within the framework, which is balanced by exchangeable cations 
such as Na+, K+, Ca2+, or H+ located inside the internal channels and cavities 
[31–34]. This structural arrangement endows zeolites with high surface 
area, substantial cation-exchange capacity, well-defined porosity, and 
excellent thermal stability—properties that are particularly advantageous 
for the adsorption of metal ions in aqueous media [35,36]. The chemical 
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composition of zeolites can be generally expressed by the following 
formula: 

Mₓ/n+ · [(AlO2)ₓ(SiO2)ᵧ] · zH2O (1) 

where M denotes the exchangeable cation, n its valence, x and y represent 
the molar proportions of AlO2 and SiO2 units, respectively, and z 
corresponds to the number of water molecules associated with the 
framework [37–39]. A key parameter governing zeolite performance is the 
SAR, which directly controls the framework charge density, acidity, and 
hydrophilicity. Lower SAR values correspond to higher densities of cation-
exchange sites, thereby increasing the affinity of zeolites for divalent 
metal ions [40]. 

Among zeolitic materials, MOR is distinguished by its high chemical and 
thermal stability, unidimensional channel system, and substantial 
adsorption capacity. Its framework comprises 12- and 8-membered ring 
channels that allow the diffusion of hydrated metal ions and enable 
controlled adjustment of the SAR during synthesis [41,42]. MOR occurs 
naturally and can also be synthesized, with established applications in 
catalysis, gas purification, and molecular separation, and more recently in 
the remediation of metal-contaminated water [43,44]. The MOR channel 
system, with pore openings of approximately 0.65 × 0.70 nm, is accessible 
to hydrated Pb2+, Cd2+, and Cu2+ ions, whose hydration radii—0.401 nm, 
0.426 nm, and 0.419 nm, respectively—are compatible with the 
dimensions of the MOR pore network [45,46]. 

In aqueous systems, metal ions are surrounded by hydration shells 
rather than existing as bare ions, making the hydrated ionic radius the key 
factor governing diffusion and adsorption within microporous structures. 
The combination of MOR’s microporous architecture, structural 
robustness, and high density of active sites promotes electrostatic 
interactions with cationic species [47]. Moreover, adsorption efficiency is 
strongly influenced by the SAR, which determines the number of 
framework negative charges available for ion exchange [48]. To assess this 
effect, MOR samples synthesized with SAR values of 10, 20, and 30 were 
prepared and evaluated to elucidate how compositional variations 
influence adsorption performance. 

In this work, RHA was employed as an alternative silica source and WP 
as the aluminum source for MOR synthesis. This approach is consistent 
with the principles of green chemistry and the circular economy, as it 
enables the conversion of agricultural and industrial residues into high-
value functional materials while promoting environmentally responsible 
and economically viable production chains. 

Recent studies have demonstrated that agro-industrial residues can be 
successfully transformed into high-value materials through 
environmentally friendly technologies, reinforcing the relevance of 
circular-economy approaches. For example, peach-processing waste has 
recently been converted into dissolving cellulose pulp using a green and 
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efficient fractionation process [49], highlighting the potential of biomass-
derived residues as renewable feedstocks for advanced materials. Similar 
valorization strategies have been reported for fruit skins, husks, fibers, 
and other agricultural by-products, which have been used to produce 
adsorbents, biocomposites, and functional materials for environmental 
remediation. Collectively, these examples illustrate the growing scientific 
and industrial interest in upcycling waste streams and further support the 
development of sustainable routes for producing zeolitic adsorbents from 
abundant residues such as RHA and WP. 

TEAOH was employed as the OSDA, playing a key role in the 
hydrothermal synthesis of MOR by acting as a molecular template that 
directs the formation of the characteristic one-dimensional channel 
system of the zeolite [50]. Its bulky organic structure, composed of four 
ethyl groups, interacts selectively with silica and alumina precursors 
during crystallization, thereby promoting the development of the desired 
microporous framework [51]. Beyond its structure-directing function, 
TEAOH stabilizes intermediate species, regulates crystal growth—favoring 
the formation of nanosized crystals with high surface area—and 
modulates the basicity of the synthesis medium, enhancing precursor 
solubility and accelerating nucleation [52]. 

Previous studies have shown that the presence of TEAOH leads to 
mordenite with higher phase purity and more uniform porosity compared 
to syntheses relying solely on inorganic templates [53]. In high-silica 
systems, TEAOH typically yields zeolites with lower Brønsted acidity, 
increased hydrophobicity, and greater chemical stability—features that 
are particularly advantageous for heavy-metal adsorption in complex 
industrial effluents [54]. The reduced density of acid sites associated with 
elevated SAR values also contributes to improved selectivity by 
minimizing competition with protons and anionic species [55]. 

Moreover, TEAOH-assisted syntheses often produce zeolites with 
enhanced surface areas and more accessible pore networks, maximizing 
interactions with metal ions such as Pb2+, Cd2+, and Cu2+. Upon completion 
of crystallization, TEAOH can be removed by calcination, resulting in a 
well-defined porous architecture [56]. Although limitations related to cost 
and toxicity exist, the strategic use of TEAOH enables precise control over 
the morphological and textural properties of mordenite, making it 
particularly suitable for applications that require tailored materials, 
including heavy-metal adsorption in industrial effluent treatment [57]. 

In this context, the present study aims to evaluate the efficiency of 
mordenite zeolite for the removal of Pb2+, Cd2+, and Cu2+ ions from aqueous 
solutions designed to simulate textile effluents. The work contributes to 
the development of clean and accessible technologies for industrial 
wastewater remediation by emphasizing environmental sustainability 
and the technical feasibility of employing zeolitic materials synthesized 
from low-cost, waste-derived precursors. 
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Although RHA and ceramic residues have previously been explored as 
alternative sources of silica and alumina, this work advances beyond 
existing studies by, for the first time, integrating highly amorphous RHA 
with partially metakaolinized WP to modulate the SAR of mordenite 
synthesized exclusively from waste-derived precursors. The present study 
systematically examines how different SAR values (10, 20, and 30) 
influence phase purity, micro- and mesoporous development, acid-site 
distribution and strength, and cation-exchange capacity—providing an 
integrated analysis that has not been previously reported for waste-based 
MOR systems. In addition, the work identifies unconventional structural 
and surface behaviors arising from the chemistry of the residual 
precursors and evaluates adsorption performance at environmentally 
relevant concentrations of Pb2+, Cu2+, and Cd2+. Overall, this study offers 
both fundamental insight into how waste-precursor chemistry governs 
MOR formation and a practical demonstration of the material’s potential 
applicability in realistic wastewater treatment scenarios. 

MATERIALS AND METHODS 

Raw Materials 

The RHA used in this study was sourced from a biomass-fueled 
thermoelectric power plant located in Rio Grande do Sul, Brazil. According 
to previous studies [58,59], this material exhibits a high silica content 
(>90%). The WP was obtained from a recycling facility located in the 
metropolitan region of Porto Alegre, RS. 

The preparation of WP involved three sequential steps. Initially, the 
ceramic fragments were subjected to ball milling at 300 rpm for 4 h [60]. 
The resulting powder was then sieved to obtain particles with diameters 
smaller than 75 μm. Subsequently, the sieved material was calcined in a 
muffle furnace at 700 °C for 3 h, using a controlled heating rate of 5 °C 
min−1 [61]. This thermal treatment aimed to transform the crystalline 
phases present in the ceramic waste, particularly converting kaolinite into 
metakaolinite, a more reactive phase suitable for subsequent synthesis 
steps [62,63]. 

Finally, the calcined material was subjected to alkaline activation. It 
was homogenized with sodium hydroxide and subsequently treated by 
alkali fusion at 550 °C for 1 h in a nickel crucible. The fused product was 
then quenched in distilled water and dissolved at 80 °C under continuous 
stirring for 2 h [64–67]. 

Material Characterization 

The raw materials were characterized in terms of their chemical 
composition and mineralogical phases using XRF and XRD. The 
synthesized zeolites were subsequently analyzed using a set of 
complementary characterization techniques. The specific surface area 
was determined by BET method, while textural properties were evaluated 



 
Journal of Sustainability Research 6 of 31 

J Sustain Res. 2026;8(1):e260011. https://doi.org/10.20900/jsr20260011 

from N2 adsorption–desorption isotherms measured at 77 K. Total acidity 
was assessed by NH3-TPD, and functional groups were identified by FTIR. 
Thermal stability was examined by TGA, and the CEC was also determined. 

Zeolite Synthesis 

MOR was synthesized following the procedure described by Hincapie 
et al. [68], with minor modifications. The hydrothermal synthesis was 
performed in a 500 mL stirred reactor under controlled temperature and 
agitation conditions. For comparative purposes and to evaluate adsorption 
performance, zeolites with SARs of 10, 20, and 30 were synthesized using 
TEAOH as the OSDA. The optimized synthesis protocol comprised the 
following steps: 

(i) preparation of the precursor solution using the activated raw materials; 
(ii) adjustment of the synthesis gel pH to the range of 10–11 using a 2 M 

NaOH solution; 
(iii) aging of the gel at room temperature for 24 h under constant stirring; 
(iv) hydrothermal crystallization at 100 °C for 24–72 h, depending on the 

target SAR; and 
(v) washing of the final product with deionized water until neutral pH was 

achieved, followed by drying at 80 °C for 12 h [23]. 
The specific synthesis conditions for each SAR were carefully controlled 

by maintaining a constant crystallization temperature while varying the 
reaction time: 24 h for SAR = 10, 48 h for SAR = 20, and 72 h for SAR = 30. 
This strategy enabled the preparation of materials with distinct structural 
and textural characteristics while preserving a consistent synthesis 
methodology [28]. 

Adsorption Systems 

The adsorption behavior of Pb2+, Cd2+, and Cu2+ ions onto MOR was 
evaluated at five initial concentrations (1.0, 2.0, 3.0, 4.0, and 5.0 mg L−1) 
over contact times of up to 4 h, under two controlled pH conditions (4 and 
8). Prior to the adsorption experiments, each metal solution was 
homogenized with the adsorbent by mechanical agitation for 30 min to 
ensure a uniform suspension. All stock solutions of Pb2+, Cu2+ and Cd2+ 
were prepared from analytical-grade metal nitrate standards (1000 mg L−1) 
purchased from Sigma-Aldrich (USA), and dissolved in deionized water, 
and all reagents used in this study were of analytical grade or higher. 

The experiments were conducted in a batch adsorption system 
following procedures adapted from Klunk et al. [28]. For each test, 50 g of 
MOR were contacted with 200 mL of the metal solution under controlled 
agitation. 

Because metal speciation can be influenced by solution pH, it should be 
noted that Cu2+ and Cd2+ may form hydroxide species under alkaline 
conditions, depending on concentration and ionic strength. In the present 
study, however, the metal concentrations employed (1–5 mg L−1) are below 
the typical precipitation thresholds reported for these ions at pH 8 in dilute 
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aqueous systems. Throughout the experiments, no turbidity or visible 
solid formation was observed either before or after filtration, and ICP–OES 
measurements remained consistent prior to contact with MOR. Although 
dedicated blank experiments (without MOR) were not performed, the 
absence of visual or analytical evidence of precipitation suggests that the 
high removal efficiencies observed at pH 8 are predominantly associated 
with adsorption rather than hydroxide precipitation. The removal 
efficiency of each metal ion was calculated using the following equation: 

% Removal = [(Ci − Cf) / Ci] × 100 (2) 

where Ci and Cf represent the initial and final metal concentrations (mg 
L−1), respectively, as determined by ICP–OES. The ICP–OES measurements 
were performed using external multi-point calibration curves prepared 
from certified standard solutions covering the full concentration range 
investigated. All analyzed samples fell within the linear range of the 
calibration curves. Although specific limits of detection (LOD) and 
quantification (LOQ) were not experimentally determined for each 
analyte, all measured concentrations were well above the instrumental 
detection capability (typically <0.01 mg L−1 for the metals analyzed). 
Analytical accuracy was verified using independent check standards, 
which remained within ±5% throughout the measurements. Due to the 
limited quantity of synthesized MOR, each experimental condition was 
evaluated once; nevertheless, all measurements exhibited internally 
consistent trends that were fully aligned with the physicochemical 
characterization of the materials. 

RESULTS AND DISCUSSION 

X-Ray Fluorescence of the Raw Materials (RHA and WP) 

Table 1 presents the XRF results for the raw materials (RHA and WP) 
employed in the synthesis of the molecular sieves. To obtain SAR values of 
10, 20, and 30, t he proportions of RHA and WP were calculated based on 
their respective SiO2 and Al2O3 contents, ensuring the appropriate silica-
to-alumina balance required for each targeted composition. 

As the XRF analyses were performed without replicate pellets due to 
limited material availability, the reported oxide contents are subject to the 
typical uncertainty associated with major-oxide quantification 
(approximately ±3–5%). Likewise, XRD patterns were collected as single 
measurements for each sample and were used in a qualitative and semi-
quantitative manner for phase identification and trend comparison, 
rather than for absolute phase quantification. Nevertheless, the 
pronounced compositional contrast between RHA and WP, together with 
the consistent diffraction signatures observed for each material, ensures 
that these limitations do not compromise the interpretation of their 
respective roles as silica-rich and alumina-rich precursors. 
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The synthesis gel was prepared with a final volume of 500 mL and a 
total solids concentration of 10% (w/v). 

Table 1. XRF oxide composition (wt%) of RHA and WP, highlighting the SiO2/Al2O3 ratios that determine 
the suitability of each waste material as silica and alumina sources for the hydrothermal synthesis of 
mordenite. 

Oxides RHA WP 
SiO2 98.51 68.98 
Al2O3 0.12 19.44 
Fe2O3 0.04 0.65 
Na2O - 1.52 
K2O 0.57 3.89 
CaO - 1.99 
MgO - 1.78 
TiO2 - 0.73 
SO3 0.02 - 
SiO2/Al2O3 820.91 3.55 

The quantities of each component are summarized in Table 2. 
Variations in the amounts of RHA and WP reflect the deliberate 
adjustment of silica and alumina sources required to achieve the target 
SAR values of 10, 20, and 30. 

Table 2. Composition of synthesis batches for MOR prepared at distinct SARs, showing the required 
amounts of RHA, WP, TEAOH, NaOH, and H2O. 

SAR RHA (g) WP (g) TEAOH (g) NaOH (g) H2O (mL) 
10 31.13 18.87 62.09 2.99 445.13 
20 40.28 9.77 65.88 1.54 441.89 
30 43.39 6.61 67.15 1.09 440.50 

The variation in the quantities of RHA and WP reflects the deliberate 
adjustment of the silica and alumina sources required to achieve the target 
SAR values of 10, 20, and 30. As the SAR increases, a larger proportion of 
RHA is incorporated, while the amount of WP is correspondingly reduced. 
This trend is consistent with the compositional characteristics of the 
precursors: RHA is highly enriched in SiO2 and virtually free of Al2O3, 
whereas WP contains significant amounts of alumina. 

The amount of TEAOH used as the OSDA increases slightly with 
increasing SAR, reflecting the higher silica content of these formulations. 
This adjustment follows the synthesis strategy of maintaining a constant 
molar ratio of TEAOH to silicon (0.2 mol TEAOH per mol Si), in accordance 
with the fundamental principles of structure-directed zeolite 
crystallization. 

In contrast, the amount of NaOH decreases markedly with increasing 
SAR. This behavior results from the lower aluminum content in high-SAR 
systems, as sodium hydroxide was added in a molar amount equivalent to 
that of aluminum. Consequently, in the SAR = 30 formulation—where less 
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aluminum is present—a smaller quantity of NaOH (1.09 g) was required 
compared with the SAR = 10 formulation (2.99 g). 

Finally, the volume of deionized water was adjusted to obtain a total 
mixture volume of 500 mL, accounting for the contributions from the solid 
reagents and the TEAOH solution. Minor variations in water content 
reflect fine adjustments made to compensate for differences among the 
other components, thereby ensuring a consistent solids concentration of 
10% (w/v) across all formulations. 

X-Ray Diffraction of the Raw Materials (RHA and WP) 

Figure 1 presents the XRD patterns of RHA and WP, highlighting the 
predominant crystalline phases identified in each material. The analysis 
of these diffraction patterns is fundamental for understanding the 
structural characteristics and relative reactivity of the raw materials 
employed in the hydrothermal synthesis of mordenite. 

The RHA diffractogram exhibits a broad amorphous halo centered at 
2θ ≈ 22°, which is characteristic of amorphous silica (H) and corresponds 
to the disordered phase of silicon dioxide. This amorphous structure is 
highly reactive and particularly favorable for zeolite synthesis, as it 
readily dissolves and subsequently undergoes re-condensation during 
hydrothermal crystallization. In addition to the amorphous domain, a 
minor diffraction peak observed near 2θ ≈ 36° is attributed to residual 
quartz (Q), indicating that a small fraction of the silica remains in 
crystalline form. 

In contrast, the WP diffractogram displays a predominantly crystalline 
profile with several well-defined diffraction peaks. The identified phases 
include mullite (M), characterized by reflections at approximately 2θ ≈ 10°, 
27°, and 33°; quartz (Q), with intense peaks at 2θ ≈ 21°, 26°, 36°, and 40°; 
and calcined kaolinite (K), evidenced by reflections near 2θ ≈ 13° and 29°. 
The predominance of mullite and quartz results from the porcelain 
sintering process, which converts clay minerals into thermally stable and 
refractory phases, thereby significantly reducing their chemical reactivity. 

The presence of these poorly reactive crystalline phases renders WP a 
less readily accessible source of aluminum, necessitating adjustments in 
the synthesis gel formulation to achieve the targeted SAR values. Overall, 
this comparative analysis highlights the complementary roles of the two 
precursors: RHA acts as an abundant and highly reactive source of 
amorphous silica, while WP supplies the aluminum required for zeolite 
framework formation, albeit in a structurally less accessible form. 
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Figure 1. XRD patterns of WP and RHA. Identified crystalline phases: 
M—mullite, K—kaolinite, Q—quartz, and H—amorphous halo. 
Measurements performed at 2θ = 5–45°.The selection of these waste-

derived materials as precursors aligns with sustainability principles by 
promoting the valorization of industrial and agro-industrial residues for 
the development of advanced functional materials. 

Characterization of Zeolitic Material 

A summary of the textural properties of the MOR samples (Table 3) 
reveals a clear and systematic improvement with increasing SAR. The BET 
surface area increases from 351 m2 g−1 (SAR = 10) to 442 m2 g−1 (SAR = 30), 
accompanied by a corresponding rise in micropore volume (from 0.255 to 
0.297 cm3 g−1). These results indicate the progressive development of a 
more accessible microporous framework in the high-silica mordenite 
samples. A slight increase in mesoporosity is also observed, which can be 
attributed to intercrystalline voids that may facilitate mass transport. 
Overall, the SAR = 30 sample exhibits the most developed textural 
properties in terms of surface area and pore accessibility. 

Table 3. Textural parameters of MOR samples produced with SAR values of 10, 20, and 30. BET surface 
area, micropore and mesopore volumes and average pore diameter were determined from N2 adsorption–
desorption isotherms at −196 °C. 

SAR BET Surface Area (m2 g−1) Pore Volume (cm3 g−1) Average Pore Diameter (nm) 
Micropore a Mesopore b 

10 351 0.255 0.012 0.602 
20 409 0.269 0.019 0.619 
30 442 0.297 0.025 0.631 

a: t-plot method; b: BJH method. 
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Figure 2 displays the nitrogen (N2) adsorption–desorption isotherms at 
77 K for MOR samples synthesized with SARs (10, 20, and 30). All samples 
exhibit type I adsorption isotherms, characteristic of predominantly 
microporous materials according to the IUPAC classification. The steep 
nitrogen uptake at low relative pressures (p/p0 < 0.1) confirms the 
dominance of microporosity in all MOR samples. A subtle hysteresis loop 
is observed at high relative pressures (0.8 < p/p0 < 1.0), which can be 
attributed to the presence of secondary mesoporosity or intercrystalline 
voids formed by the aggregation of zeolite crystals. 

A progressive increase in total nitrogen adsorption capacity is observed 
as the SAR increases from 10 to 30, indicating enhanced textural 
development in the more siliceous samples. This trend reflects the 
formation of materials with higher surface areas and larger pore volumes. 
The BET, t-plot, and BJH analyses (Table 3) consistently support this 
observation, showing concomitant increases in both microporous and 
mesoporous volumes with increasing SAR. The SAR = 30 sample exhibits 
the highest nitrogen uptake (~190 cm3 g−1), while the SAR = 10 sample 
shows the lowest (~150 cm3 g−1), demonstrating a clear relationship 
between silica content and pore accessibility. 

The influence of SAR on pore development is commonly associated 
with the structural characteristics of high-silica zeolites, which tend to 
form more stable and well-ordered frameworks with fewer structural 
defects. Such frameworks favor the generation of accessible microporosity 
and reduce the likelihood of framework collapse during crystallization 
and subsequent thermal treatments. Therefore, the N2 adsorption–
desorption results highlight the critical role of SAR in governing the 
textural properties of mordenite, which in turn influences its potential 
behavior in adsorption-based applications. 
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Figure 2. N2 adsorption–desorption isotherms at 77 K for MOR samples prepared at SARs of 10, 20, and 30. 
The increased adsorption capacity at higher SAR reflects the development of a more accessible 
microporous network. 

Figure 3 presents the NH3-TPD profiles of the MOR samples with SAR 
values of 10, 20, and 30. NH3-TPD is a widely used technique for evaluating 
both the strength and the density of acid sites in microporous solids, 
particularly zeolitic materials. 

The desorption curves exhibit two main regions: a low-temperature 
peak centered between 200 and 250 °C, associated with weak acid sites, 
typically related to surface hydroxyl groups or weak electrostatic 
interactions, and a broader high-temperature domain extending from 350 
to 500 °C, attributed to ammonia desorption from stronger Brønsted acid 
sites and, to a lesser extent, from Lewis acid sites. 

The sample with the lowest SAR (10) displays the weakest signal 
intensity across both desorption regions, indicating a lower acidity per 
gram of material. In contrast, the sample with SAR = 30 exhibits the most 
intense desorption features, particularly in the high-temperature region, 
suggesting a higher amount of accessible acid sites. Although this trend 
may appear counterintuitive—since increasing the SAR generally reduces 
the total number of framework aluminum atoms responsible for Brønsted 
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acidity—it can be rationalized by considering the structural and textural 
evolution of the materials. The N2 adsorption isotherms (Figure 2) and 
textural parameters (Table 3) indicate that higher-SAR samples possess 
larger surface areas and improved micropore accessibility, which 
facilitates NH3 diffusion into the MOR channel system. In addition, the 
progressive reduction of inert secondary phases, such as quartz and 
mullite, at higher SAR values increases the relative fraction of the active 
MOR framework, thereby enhancing the availability of framework 
aluminum species for interaction with NH3. As a result, high-SAR samples 
display more pronounced and readily detectable high-temperature 
desorption features. 

 

Figure 3. Temperature-programmed desorption of NH3 for MOR synthesized at SARs of 10, 20, and 30. 
Higher SAR leads to a broader desorption peak associated with more accessible and stronger acid sites. 

This enhanced accessibility of acid sites is particularly relevant for 
catalytic and adsorption-related applications, including heavy-metal 
removal, in which acid-site interactions play an important mechanistic 
role. It is important to emphasize, however, that this apparent increase in 
acidity with increasing SAR does not reflect a higher framework charge 
density, which would contradict established zeolite chemistry. Instead, the 
combined XRD and N2 physisorption results suggest that high-SAR samples 
contain a greater proportion of highly crystalline and accessible MOR 
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domains, with fewer alumina-bearing impurities. Consequently, a larger 
fraction of framework aluminum becomes accessible to NH3 molecules, 
leading to an increase in the effective acidity measured by TPD despite the 
lower bulk aluminum content. 

Figure 4 presents the FTIR spectra of the mordenite samples 
synthesized with SARs of 10, 20, and 30, highlighting the principal 
structural units of the zeolitic framework. All spectra exhibit 
characteristic vibrational bands associated with Si–O and Al–O stretching 
modes, consistent with the tetrahedral coordination typical of 
aluminosilicate frameworks. 

 

Figure 4. FTIR spectra of MOR synthesized at different SARs (10, 20, 30). The spectra display typical 
mordenite framework vibrations, including asymmetric stretching (1000–1200 cm−1), symmetric stretching 
(~800 cm−1), and T–O bending modes (~450–550 cm−1), which shift slightly with increasing Si content. 

The bands located in the 1040–1065 cm−1 region correspond to the 
asymmetric stretching vibrations of T–O–T bonds (T = Si or Al) and 
constitute the most intense features in all samples. The slight shift of this 
band toward higher wavenumbers with increasing SAR reflects subtle 
changes in bond strength and the local structural environment, 
attributable to the isomorphic substitution of Al by Si within the 



 
Journal of Sustainability Research 15 of 31 

J Sustain Res. 2026;8(1):e260011. https://doi.org/10.20900/jsr20260011 

framework. This substitution modifies bond polarity and influences the 
symmetry of the tetrahedral units. 

The band observed at 790–800 cm−1 is assigned to the symmetric 
stretching vibrations of tetrahedral units (SiO4 and AlO4), whereas the 
band near 460 cm−1 originates from O–T–O bending vibrations. A band at 
approximately 545 cm−1, which becomes more pronounced in samples 
with higher SAR, can be associated with double five-membered ring (D5R) 
units—structural motifs characteristic of the mordenite framework. 

In the 3400–3600 cm−1 region, a broad absorption band is detected, 
corresponding to the stretching vibrations of hydroxyl (–OH) groups 
arising from both adsorbed water and structural hydroxyl species. 
Complementarily, the band near 1630 cm−1 is attributed to the bending 
mode of water molecules (δ H–O–H), confirming the presence of 
physisorbed H2O within the zeolite channels. A gradual decrease in the 
intensity of these water- and hydroxyl-related bands with increasing SAR 
is consistent with the reduced aluminum content, lower acidity, and 
diminished surface hydrophilicity of high-silica samples. 

Overall, the FTIR spectra confirm the successful formation of the 
mordenite framework and indicate that increasing the SAR induces subtle 
structural modifications. These changes, primarily associated with the 
progressive substitution of Al by Si, affect the relative intensity and 
position of specific vibrational bands while preserving the structural 
integrity of the zeolite framework. 

Table 4 presents the chemical composition of the MOR zeolites 
synthesized with different SARs (10-MOR, 20-MOR, and 30-MOR). As 
expected, a progressive increase in silica (SiO2) content is observed, rising 
from 60.07% in 10-MOR to 62.98% in 30-MOR. This trend is accompanied 
by a pronounced decrease in alumina (Al2O3) content, from 4.71% to 1.94%, 
demonstrating the effective modulation of sample composition 
throughout the hydrothermal synthesis process. 

Table 4. Oxide composition (wt%) of MOR synthesized at different SARs (10, 20, 30), showing the variation 
in aluminosilicate framework chemistry. 

Oxides 10-MOR 20-MOR 30-MOR 
SiO2 60.07 61.51 62.98 
Al2O3 4.71 2.67 1.94 
Fe2O3 1.61 1.55 1.09 
Na2O 0.74 0.60 0.63 
K2O 0.81 0.90 0.95 
CaO 0.85 0.81 0.99 
MgO 0.19 0.17 0.11 
TiO2 0.02 0.03 0.03 
SO3 0.02 0.04 0.06 
SiO2/Al2O3 12.75 23.03 32.46 

The calculated SiO2/Al2O3 molar ratios increased consistently with the 
measured oxide compositions, reaching values of 12.75 for 10-MOR, 23.03 



 
Journal of Sustainability Research 16 of 31 

J Sustain Res. 2026;8(1):e260011. https://doi.org/10.20900/jsr20260011 

for 20-MOR, and 32.46 for 30-MOR. This parameter is a key descriptor of 
zeolite structure and surface chemistry, directly influencing acidity, 
hydrophilicity, and adsorption behavior in aqueous systems containing 
metal cations. 

In addition to the primary framework constituents, trace amounts of 
minor oxides were detected, including Fe2O3, Na2O, K2O, CaO, MgO, TiO2, 
and SO3. The Fe2O3 content exhibited a slight decrease with increasing SAR, 
suggesting its preferential association with alumina-rich phases or its 
presence as a residual impurity inherited from the raw materials. Alkali 
(Na2O, K2O) and alkaline-earth oxides (CaO, MgO) showed only minor 
variations among samples, likely reflecting residual contamination or 
surface-adsorbed species that are not structurally incorporated into the 
MOR framework. 

The increase in SAR is intrinsically linked to a reduction in the density 
of Brønsted acid sites and a concomitant increase in material 
hydrophobicity—factors that can enhance selectivity during metal-cation 
removal from multicomponent aqueous systems. Accordingly, the XRF 
results reinforce the structural–functional relationships discussed in 
subsequent sections concerning acidity (NH3-TPD), porosity (N2 
adsorption), and adsorption performance toward Pb2+, Cu2+, and Cd2+ ions. 

It is also noteworthy that the minor oxides identified in RHA and WP 
(Fe2O3, Na2O, CaO, MgO, and K2O) remain primarily associated with 
secondary aluminosilicate phases or occur as extra-framework cations in 
trace amounts. Their low concentrations do not significantly affect MOR 
crystallization, as confirmed by XRD patterns and by the consistent 
evolution of textural properties across different SAR values. While these 
species may contribute marginally to the background ionic environment, 
they do not alter the dominant relationships among SAR, acidity, CEC, and 
metal-ion adsorption performance. 

Figure 5 presents the XRD patterns of MOR samples synthesized with 
SARs of 10, 20, and 30. All samples display sharp and intense reflections 
characteristic of crystalline mordenite, confirming the successful 
formation of the target zeolitic structure across all compositions. The 
principal mordenite reflections appear within the typical 2θ range of 
approximately 9–26°, in agreement with reference diffraction data (JCPDS 
80-0474). In addition to the dominant MOR phase, secondary crystalline 
phases such as quartz (QUA), kaolinite (KAO), and mullite (MUL) were 
identified. Quartz reflections originate from the siliceous nature of the 
precursor materials, whereas kaolinite and mullite signals are attributed 
to incomplete thermal decomposition or residual recrystallization of 
metakaolin derived from ceramic waste. 

Notably, the relative intensity of these secondary phases decreases 
progressively with increasing SAR, particularly for the 30-MOR sample, 
indicating enhanced phase purity under more silica-rich synthesis 
conditions. It is important to emphasize that quartz and mullite, although 
detectable by XRD, do not actively participate in the adsorption process. 
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These phases are essentially inert under the experimental conditions 
applied and do not provide accessible ion-exchange sites. Their presence 
primarily acts as an inactive diluent, slightly reducing the fraction of 
crystalline MOR available for adsorption. 

This interpretation is consistent with the observed increases in BET 
surface area, micropore volume, and CEC as the content of secondary 
phases diminishes at higher SAR values. Consequently, the gradual 
reduction of quartz and mullite enhances the effective proportion of the 
active zeolitic phase rather than modifying the fundamental adsorption 
mechanism. Furthermore, the decreased abundance of secondary 
alumina-containing phases at higher SAR suggests that a larger fraction of 
aluminum is incorporated into the mordenite framework instead of being 
segregated into non-zeolitic domains, in agreement with the higher 
‘effective’ acidity and CEC discussed in Section 3.3 (NH3-TPD and CEC). 

 

Figure 5. XRD patterns of mordenite (MOR) obtained at SARs of 10, 20, and 30. The diffractograms also 
reveal secondary phases including kaolinite (KAO), quartz (QUA), and mullite (MUL), whose intensities 
decrease with increasing SAR. 
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This decrease in secondary phase content can be attributed to the 
increased availability of silica in the synthesis gel, which favors the 
selective nucleation of the mordenite phase while suppressing the 
recrystallization of competing aluminosilicate species. In addition, the 
presence of TEAOH promotes the dissolution of aluminum from the WP 
precursor, facilitating the breakdown of residual mullite and 
metakaolinite and enhancing the incorporation of framework Al into the 
growing MOR structure. Under these more silica-rich and strongly alkaline 
conditions, the reprecipitation of non-zeolitic alumina-containing phases 
becomes energetically unfavorable, further contributing to the higher 
phase purity observed at elevated SAR values. This interpretation is 
consistent with the XRF results (Table 4), which indicate a higher effective 
SAR for the 30-MOR sample, and is further supported by the FTIR spectra 
(Figure 4) and NH3-TPD profiles (Figure 3), both of which reveal a 
progressive enhancement of structural order and framework accessibility 
with increasing silica content. Therefore, the XRD patterns not only 
confirm the successful formation of the mordenite framework but also 
demonstrate how gel composition and precursor dissolution dynamics 
govern crystallinity, phase purity, and selective MOR formation. 

Figure 6 presents the TGA profiles of mordenite samples synthesized 
with different SAR values (10, 20, and 30) over the temperature range of 
100–800 °C, illustrating how variations in framework composition and 
textural development influence the retention and release of volatile 
species. Two principal mass-loss events are observed for all samples. 

The first mass-loss event, occurring between 150 and 300 °C, is 
attributed to the removal of physisorbed water and water molecules 
confined within the micropores and channels of the MOR structure. 
Although high-silica zeolites are intrinsically more hydrophobic, the 
magnitude of this mass loss follows the order 30-MOR > 20-MOR > 10-MOR. 
In the present system, this trend does not reflect stronger water affinity 
but instead arises from the higher BET surface area, increased micropore 
volume, and improved crystallinity of the high-SAR samples, as evidenced 
by the N2 adsorption isotherms (Figure 2) and the textural parameters 
reported in Table 3. These features provide a larger accessible pore 
network capable of physically accommodating a greater amount of water 
per unit mass of solid. 
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Figure 6. Thermogravimetric curves of MOR synthesized at SARs of 10, 20, and 30, illustrating weight-loss 
events associated with adsorbed water removal and framework stability between 100 and 800 °C. 

The second mass-loss region, extending from 400 to 800 °C, is attributed 
to the dehydroxylation of structural Si–OH and Al–OH groups, as well as to 
the release of species bound to acid sites, particularly Brønsted sites. The 
slightly higher mass loss observed for the high-SAR samples indicates that, 
despite their lower total aluminum content, these materials retain a 
detectable fraction of thermally labile surface functionalities. This 
behavior is most likely associated with hydroxyl species formed during 
crystallization and incorporated within highly accessible microporous 
domains, which are more effectively revealed in samples exhibiting 
higher structural order and reduced impurity content. Overall, the TGA 
results confirm that all MOR samples display excellent thermal stability up 
to 800 °C, with the subtle differences in mass-loss profiles reflecting 
variations in textural accessibility rather than fundamental changes in 
framework stability. This behavior contrasts with classical zeolite 
chemistry but is consistent with the improved crystallinity and pore 
accessibility revealed by the textural analyses. Taken together, these 
results indicate that the CEC values reported here represent the fraction of 
ion-exchange sites that are structurally accessible in aqueous media, 
rather than the nominal framework charge alone. In low-SAR samples, a 
portion of the negative charge is likely associated with poorly porous or 
non-zeolitic alumina-containing phases, whereas in high-SAR mordenite a 
larger fraction of Al is incorporated into well-connected microporous 
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domains. This explains why the operational CEC increases with SAR (Table 
5) despite the overall decrease in aluminum content. 

Table 5. Measured CEC of MOR as a function of SAR, showing the increase in accessible exchange sites 
from SAR 10 to SAR 30. 

SARs CEC (meq/g) 
10 2.0732 
20 2.5947 
30 3.1312 

The combined interpretation of the TGA and CEC results demonstrates 
that SAR plays a decisive role in controlling not only the thermal behavior 
of MOR but also the accessibility of its functional sites. High-SAR samples 
exhibit superior textural development, reduced impurity fractions, and 
more open microporous networks, which enhance the physical 
accessibility of water molecules and exchangeable cations. However, as 
demonstrated by the adsorption experiments discussed in the following 
section, the overall metal uptake remains primarily governed by 
framework charge density rather than textural accessibility alone. 

Adsorption Capacity of MOR 

The ion-specific adsorption performance followed the trend Pb2+ > Cu2+ > 
Cd2+ (Figures 7–9), reflecting the intrinsic affinity of each metal for the 
zeolitic surface. Quantitatively, the highest removal efficiencies were 
obtained for the SAR = 10 sample at pH 8, reaching approximately 97% for 
Pb2+ (Figure 7), 95% for Cu2+ (Figure 8), and 87% for Cd2+ (Figure 9) at the 
lowest concentration evaluated (1.0 mg L−1). These results indicate the 
enhanced adsorption performance of the low-SAR mordenite under 
alkaline conditions, rather than confirming a universally superior 
behavior. 

Even the SAR = 20 sample exhibited high removal at pH 8, achieving 
~92% for Pb2+ (Figure 7), ~90% for Cu2+ (Figure 8), and ~80% for Cd2+ (Figure 
9), whereas the SAR = 30 material showed the lowest efficiencies among 
the tested samples, though still maintaining measurable and relevant 
adsorption capacity under alkaline conditions. 

Under acidic conditions (pH 4), removal efficiencies decreased for all 
metals due to the strong competition from H+ ions. For instance, Pb2+ 
removal dropped to ~67% for SAR = 10, ~62% for SAR = 20, and ~55% for 
SAR = 30 (Figure 7). Cu2+ and Cd2+ exhibited even greater sensitivity to pH, 
with maximum adsorption efficiencies of ~50% (Figure 8) and ~35% 
(Figure 9), respectively, for the SAR = 10 sample, reflecting competitive 
protonation effects and reduced accessibility of exchange sites. Initial 
metal concentration also significantly affected adsorption performance. 
At higher concentrations (2.5–5.0 mg L−1), the removal efficiency gradually 
decreased for all samples due to progressive saturation of exchange sites 
(Figures 7–9). Notably, the SAR = 10 zeolite retained the most consistent 
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adsorption behavior across all tested conditions, reinforcing the dominant 
role of framework charge density in governing cation-exchange processes, 
rather than surface area alone. 

 

Figure 7. Pb2+ removal efficiency of MOR samples with SARs of 10, 20, and 30 at pH 4 and 8, as a function 
of initial metal concentration (1–5 mg L−1). 
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Figure 8. Cu2+ removal efficiency of MOR samples with SARs of 10, 20, and 30 at pH 4 and 8, measured 
over the 1–5 mg L−1 concentration range. 
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Figure 9. Adsorption Cd2+ on MOR in different SARs. Cd2+ removal efficiency of MOR samples with SARs of 
10, 20, and 30 at pH 4 and 8, for initial concentrations between 1 and 5 mg L−1. 

In summary, the combination of alkaline pH (pH 8) and high 
framework charge density (lower SAR) provides the most favorable 
conditions within the experimental window explored for the adsorption 
of heavy metal ions. The marked affinity for Pb2+, followed by Cu2+ and 
Cd2+ (Figures 7–9), highlights the potential of mordenite zeolites as 
promising and composition-tunable adsorbents, with performance 
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governed primarily by framework composition rather than textural 
properties alone. 

Although the adsorption experiments were conducted under strictly 
controlled conditions, the available sample quantities did not allow 
independent repetitions sufficient to generate statistically robust 
deviations. Even so, the adsorption trends were highly consistent across 
all conditions and aligned with the physicochemical characterization of 
the materials, supporting the internal consistency and reliability of the 
observed trends under the tested conditions. 

To contextualize the performance of the waste-derived MOR samples, 
Table 6 presents a comparison with previously published zeolite 
adsorbents, including natural MOR, FAU-type zeolites, ZSM-5, and waste-
derived materials. 

Table 6. Comparative summary of textural properties and heavy-metal adsorption performance for 
mordenite materials synthesized from different precursors, including conventional routes, waste-derived 
sources, and the RHA–WP system developed in this study. 

Material SAR BET (m2/g) CEC (meq/g) Metal Removal (%) Reference 
MOR from kaolin 10 250–320 1.8–2.2 Pb2+: 70–85% [43] 
MOR (conventional synthesis) 15–30 300–400 1.5–2.5 Cu2+: 60–80% [42] 
MOR from coal ash 15 280–350 1.6–2.1 Cd2+: 50–65% [44] 
MOR from RHA + WP (this study) 10–30 351–442 2.07–3.13 Pb2+: >90% This work 

The MOR synthesized in this work exhibits BET surface areas (351–442 
m2 g−1) and CEC values (2.07–3.13 meq/g) that are comparable to those 
reported for similar materials obtained from kaolin, fly ash, or coal-
derived precursors. Likewise, Pb2+ removal efficiencies above 90% at pH 8 
are in line with values commonly reported in the literature for mordenite 
and other high-performance aluminosilicates under similar conditions. 
These comparisons demonstrate that the use of RHA and WP as feedstocks 
yields materials with competitive structural and functional Properties, 
despite their waste-derived origin. 

CONCLUSIONS 

This study demonstrates the feasibility of a sustainable synthesis route 
for MOR using abundant and low-cost waste materials, with RHA as the 
silica source and WP as the alumina source, and TEAOH serving as the 
OSDA. Controlling the SAR (10, 20, and 30) proved essential for tailoring 
the structural, textural, and surface characteristics of MOR, which in turn 
significantly influenced its adsorption behavior toward Pb2+, Cu2+, and Cd2+ 
ions. 

Structural and surface analyses collectively showed that increasing the 
SAR led to higher phase purity, improved microporosity, and greater 
accessibility of active sites. However, despite the enhanced textural 
development observed at higher SAR values, the adsorption results clearly 
demonstrated that ion uptake is governed primarily by the density of 
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framework negative charges rather than by surface area alone. 
Consequently, the low-SAR mordenite (SAR = 10), enriched in framework 
aluminum, provided a larger number of effective cation-exchange sites 
and consistently outperformed the more siliceous samples. This 
distinction reconciles the apparent contrast between structural 
accessibility—which increases with SAR—and adsorption capacity—
which decreases as a result of reduced framework charge. 

Adsorption tests indicated that MOR is effective in removing Pb2+, Cu2+, 
and Cd2+ ions from aqueous solutions, particularly under alkaline 
conditions (pH 8). The removal efficiencies followed the trend Pb2+ > Cu2+ > 
Cd2+, reflecting the intrinsically higher affinity of Pb2+ for negatively 
charged surfaces. At lower initial concentrations (1–2 mg L−1), Pb2+ 
removal exceeded 90%, even for the high-silica 30-MOR sample, whereas 
Cu2+ and Cd2+ showed removal behavior more dependent on zeolite 
composition and solution pH. The MOR sample with SAR = 10 exhibited the 
best performance under acidic conditions (pH 4), owing to its higher 
density of framework negative charges associated with elevated 
aluminum content. 

These findings demonstrate that waste-derived mordenite is not only 
technically effective but also environmentally and economically 
advantageous. The use of RHA and WP as feedstocks enables a low-cost 
and low-emission synthesis route compatible with circular-economy 
principles. The tunable performance achieved through Si/Al adjustment 
highlights the material’s potential application in adsorption-based water-
treatment processes. Overall, this work provides a robust and sustainable 
basis for the development of waste-derived zeolitic materials for heavy-
metal removal from aqueous systems. 
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