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Abstract

In the relentless pursuit of next-generation materials for sustainable water purification, we
report  the  synthesis of a novel metal organic framework @ i.e.,
{(MeaNH2)2[Zn3(tpa)4](DMF.3H20)} . (ZS-4) synthesized using terephthalic acid (H2TPA).
This framework elegantly integrates two crystallographically distinct zinc coordination
environments (tetrahedral and octahedral), leading to an unusual and noteworthy outcome of
(3,6)-connected bcg and bct topologies. To further enhance its functional attributes, a hybrid
composite, ZS-4@CNT, was engineered by interacting carbon nanotubes (CNTs) into the
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pristine ZS-4 matrix, resulting in notable improvements in physicochemical performance.
Characterization was performed using FTIR, TGA, PXRD, SEM, TEM, BET, and XPS
substantiated the structural integrity, thermal robustness, morphological uniformity, and
surface chemistry of both materials. BET analysis revealed surface areas of 923.49 m?/g for
ZS-4 and 1200.30 m?/g for ZS-4@CNT. The BJH pore size distribution displayed narrow
peaks at 5.2 nm and 5.5 nm, respectively, confirming enhanced mesoporosity in the
composite. XPS data revealed peaks at 284.6 eV (C-C/C=C), 286.0 eV (C—O/C-OH), and
288.5 eV (O—C=O0) in the C 1s spectrum. The O 1s region showed peaks at 531.8 eV (C=0)
and 533.0 eV (C—OH). Zn 2p peaks at 1022.8 eV and 1042.7 eV confirmed the presence of
Zn*'. The ZS-4@CNT composite demonstrated a remarkable dye removal performance
within the first 20 minutes, achieving 66% removal efficiency for methylene blue (MB). In
comparison, under the same pH and temperature conditions, the removal efficiency for

methyl orange (MO) was notably lower at 36.3%. The adsorption capacities were evaluated
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using MB and MO as model pollutants, where ZS-4 demonstrated uptakes of 72,35 mg/g ot -0

MB and 42.23 mg/g for MO, while ZS-4@CNT exhibited significant adsorption capacities of
about 114.45 mg/g for MB and 43.15 mg/g for MO. Kinetic modeling adhered to a pseudo-

second order framework, indicating chemisorption as the prevailing mechanism.

Keywords: Metal-organic frameworks (MOFs), Methylene blue (MB), Methyl orange (MO),
XPS, Green chemistry, Water remediation.

1. Introduction

The exponential expansion of industrialization and urbanization over the past few decades
has significantly strained natural ecosystems, with water pollution emerging as one of the
most critical and persistent challenges. Among various forms of aquatic contaminants,
synthetic dyes discharged from industrial effluents are particularly concerning due to their
toxicity, chemical stability, and recalcitrant nature.!* These dyes, primarily released by
textile, paper, cosmetics, food processing, and pharmaceutical industries, impart intense
coloration to water bodies, thereby reducing sunlight penetration, disrupting photosynthesis,
and severely damaging aquatic life. Moreover, even at trace concentrations, many synthetic
dyes have been found to be carcinogenic, mutagenic, or otherwise hazardous to human and
environmental health. Their structural complexity, high solubility, and resistance to
biodegradation pose serious limitations to conventional wastewater treatment systems, thus
necessitating the development of efficient and sustainable removal strategies.>”” Among the
numerous dyes released into wastewater, methylene blue (MB) and methyl orange (MO) have
been widely used as model pollutants in environmental remediation studies. MB, a cationic
thiazine dye, and MO, an anionic azo dye, differ significantly in terms of their molecular
structure, charge distribution, and interaction mechanisms with adsorbent surfaces. Their
chemical stability and structural diversity make them ideal representatives for testing
adsorbent efficiency across a broad spectrum of dye types. However, their persistence in
aquatic systems, coupled with potential toxic effects, highlights the urgent need for robust
and broadly applicable removal technologies. Existing treatment methods such as
photocatalysis, ozonation, advanced oxidation processes, membrane filtration,
electrochemical degradation, and biological treatments often face challenges including high
cost, limited degradation efficiency, generation of secondary pollutants, or narrow
applicability to specific dye types.®!!

In this context, adsorption has emerged as one of the most promising approaches for dye

removal due to its simplicity, low operational cost, environmental compatibility, and

00684H
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efficiency across a wide range of contaminants. However, the success of adsogptionzb4sed ;cans;
methods critically depends on the selection of suitable adsorbent materials. The ideal
adsorbent should possess high surface area, tunable pore structure, chemical functionality,

and thermal and mechanical stability, while being cost-effective and environmentally benign.
Conventional adsorbents such as activated carbon, zeolites, and clays, though widely studied,

often suffer from limitations such as low adsorption capacities, poor regeneration, or lack of
selectivity toward various dye molecules.!>!*

In recent years, metal-organic frameworks (MOFs)!>!® have emerged as a class of next-
generation porous materials offering unprecedented opportunities for environmental
remediation, especially in the area of dye adsorption!*?*. They offer a versatile and tunable
platform for the rational design of advanced adsorbents capable of selective dye capture.
Beyond dye removal, their unique structural features have enabled a wide range of
applications, including iodine sequestration®>-?8, heavy metal capture, energy storage*-3!, fuel

desulfurization®?, and carbon dioxide fixation®

, highlighting their broad potential in
environmental and energy-related technologies. MOFs are crystalline structures composed of
metal ions or clusters coordinated with multidentate organic ligands, forming highly ordered,
tunable, and porous frameworks.* Their unique advantages include ultra-high surface areas,
precisely controllable pore dimensions, tunable surface functionality, and diverse structural
motifs. These features enable MOFs to interact with dye molecules via multiple mechanisms
such as electrostatic attraction, hydrogen bonding, n—m stacking, and size-selective

entrapment. Moreover, MOFs can be designed to simultaneously target both cationic and
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anionic dyes, making them ideal candidates for treating complex dye mixtures in industrial
effluents.’> Among the diverse range of MOFs, Zn-based MOFs have attracted considerable
interest owing to their low toxicity, environmental friendliness, relative abundance, and ease
of synthesis. Zinc is a biocompatible and sustainable metal that forms stable coordination
networks, especially with carboxylate-based linkers. Zn(II) ions exhibit strong affinity for
such ligands, facilitating the formation of robust, crystalline frameworks under mild, green
synthesis conditions.’**® These properties make Zn-MOFs particularly well-suited for
aqueous-phase applications, including dye adsorption. Additionally, the modular nature of
MOF synthesis allows for post-synthetic modification or composite formation with other
functional materials, offering further opportunities to enhance their adsorption performance,
stability, and recyclability.>**! Terephthalic acid (H.TPA) is one of the most extensively used
dicarboxylate linkers in MOF chemistry due to its rigid, linear geometry and strong

coordination ability with metal ions. The aromatic nature of HTPA facilitates n—n
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interactions with aromatic dye molecules, while the carboxylate functionalities, enableca.s
hydrogen bonding and electrostatic interactions. These features collectively enhance the dye
adsorption capacity of MOFs built using this linker. Furthermore, frameworks constructed
from Zn(II) and HoTPA often exhibit high porosity, structural rigidity, and excellent chemical
and thermal stability, making them promising candidates for practical water purification

applications.**2°

Despite these advantages, several challenges remain in the practical deployment of MOFs for
water treatment. Many reported systems involve complex or costly synthetic procedures,
toxic organic solvents, or poor scalability, which limit their applicability in real-world
scenarios. Moreover, while numerous MOFs show high efficiency for either cationic or
anionic dye adsorption, relatively few materials have demonstrated the ability to adsorb both
types effectively. Therefore, the development of a dual-function adsorbent capable of
simultaneously removing structurally diverse dyes such as MB and MO remains an
underexplored but highly valuable research direction. Additionally, enhancing the
dispersibility, structural integrity, and electron transport properties of MOFs in aqueous
systems can further boost their performance in environmental applications.*4”

To address these challenges, the present study reports the synthesis of a green, cost-effective,
and scalable Zn-based MOF with the chemical formula
{(MexNH2)2[Zns(tpa)s](DMF.3H20)}n (ZS-4), using terephthalic acid (H.TPA) as the
organic linker. Building upon this MOF, we further developed a composite material by
integrating multi-walled carbon nanotubes (CNTs) to produce ZS-4@CNT. The rationale for
incorporating CNTs lies in their excellent mechanical strength, high aspect ratio, superior
surface area, and ability to introduce additional m-conjugated systems that can interact with
dye molecules. The hybridization of MOFs with CNTs offers a synergistic advantage—
combining the structural tunability and porosity of MOFs with the conductivity, stability, and
adsorption potential of CNTs. The synthesized materials, ZS-4 and ZS-4@CNT, were
extensively characterized using powder X-ray diffraction (PXRD), Fourier-transform infrared
spectroscopy (FTIR), scanning and transmission electron microscopy (SEM/TEM),
thermogravimetric analysis (TGA), Brunauer—Emmett-Teller (BET) surface area analysis,
and zeta potential measurements. These characterizations confirmed the successful formation
of highly crystalline, porous frameworks and the effective incorporation of CNTs within the
composite matrix. Adsorption studies were carried out using MB and MO as representative

dyes to evaluate the adsorptive performance of both the pristine MOF and its composite. The
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effects of key operational parameters such as solution pH, initial dye concentratjgn,, ¢onfact o o
time, temperature, and adsorbent dosage were systematically investigated. The results
demonstrated excellent adsorption efficiency for both MB and MO, with the CNT composite
exhibiting enhanced uptake capacity and faster adsorption kinetics, particularly for MB, due
to stronger m—m interactions and improved accessibility of active sites. Furthermore,
adsorption isotherm and kinetic models were applied to understand the interaction
mechanisms and rate-determining steps of dye uptake. Thermodynamic parameters confirmed
the spontaneous and endothermic nature of the adsorption process. Reusability studies
revealed the high structural stability and regeneration potential of both materials, with
minimal loss in adsorption capacity after multiple cycles, underscoring their suitability for
long-term practical application. Interestingly, despite their high surface areas (923.49 m?%/g
for ZS-4 and 1200.30 m?/g for ZS-4@CNT), a comparatively lower adsorption efficiency
was observed for MO than MB, which was attributed to electrostatic repulsion between the
negatively charged MO molecules and the MOF surface, as well as steric hindrance due to
the larger molecular size of MO. This study not only advances the field of MOF-based
adsorbents but also provides critical insights into structure—function relationships governing
dye adsorption, laying a strong foundation for future development of versatile, high-
performance materials for environmental remediation.

2. Experimental Section

2.1 Materials

Published on 31 July 2025. Downloaded on 8/5/2025 11:58:57 PM.

All chemicals were of analytical grade and used without further purification. Zinc nitrate
hexahydrate [Zn(NOs3)>:6H20], carbon nanotubes (CNTs), terephthalic acid (H.TPA),
dimethylformamide (DMF), methylene blue (MB), and methyl orange (MO) were purchased
from commercial suppliers and used as received. Double distilled water was used for all
experiments.

2.2 Physical methods

Elemental microanalysis (EA) was carried out at the Micro-Analytical Laboratory, CDRI,
Lucknow, India. FTIR spectra were recorded on a PerkinElmer Spectrum GX
spectrophotometer using KBr pellets, spanning the range of 400-4000 cm™!. Powder X-ray
diffraction (PXRD) analysis was performed on a Miniflexll X-ray diffractometer with Cu-Ka
radiation. Raman measurements were conducted on a Renishaw inVia confocal micro-Raman
spectrometer (Renishaw, Pliezhausen, Germany) equipped with dual laser excitation sources
at 532nm and 785nm. Thermal Gravimetric Analysis (TGA) spectrum was scanned

employing TGA-50H instrument, with a heating rate of 20°C min' from room temperature to


https://doi.org/10.1039/d5ce00684h

Published on 31 July 2025. Downloaded on 8/5/2025 11:58:57 PM.

CrystEngComm Page 6 of 38

icle Online

800°C with the samples placed in platinum pans and subjected to continuous irflows L8 cans;
investigate dye adsorption, X-ray photoelectron spectroscopy (XPS) was employed using a
PHI-5400 instrument from Physical Electronics with an Al-Ko source. Low-pressure
adsorption isotherms for N> were measured using a Micromeritics 3Flex analyzer. A liquid
N, bath was used for measurements at 77 K, while a water circulator was used for
experiments at 273, 283, and 298 K. The specific surface area (SSA) was determined using
the Brunauer-Emmett-Teller (BET) method, and the pore size distribution was obtained using
the Barrett-Joyner-Halenda (BJH) method. Helium gas was used to determine the dead space
in all sorption analyses.

2.3 Single crystal X-ray diffraction (SCXRD) studies

Single crystal X-ray diffraction (SCXRD) analysis of the ZS-4 was conducted using a
Bruker-SMART APEX-CCD diffractometer at 100 K with monochromated Mo-Ka radiation
(AL =0.71073 A) from a graphite source.*® Crystal data was analyzed following the guidelines
in the International Tables for X-ray Crystallography, which provided key parameters such as
absorption coefficients, anomalous dispersion corrections, and atomic scattering factors. Data
integration and reduction were carried out using SAINT software.*” The SADABS program
was employed to correct for empirical absorption effects®® in the collected reflections, while
XPREP was used to determine the appropriate space group.’! The structures were solved
using Olex2 and full-matrix least squares on F? (SHELXL-2014)*, employing direct
methods. Refinements to non-hydrogen atoms were performed using anisotropic
displacement parameters. For ZS-4, three water, two dimethyl ammonium cations, and one
dimethylformamide molecules are squeezed in the lattice environment in order to get better
clarity in the crystal structure. The CCDC reference number for ZS-4 is 2442520. The
detailed crystal data and its refinement parameters for ZS-4 are presented in Table S1
(Supporting Information).

2.4 Synthesis

2.4.1 Synthesis of {(Me2NH2)2[Zn3(tpa)4](DMF.3H20)}n (ZS-4)

7S-4 was prepared using a solvothermal synthetic route. Equimolar quantities of
Zn(NO3)2-6H>0 (1 mmol) and H,TPA (1 mmol) were dissolved in a mixed solvent system
comprising DMF and deionized water in a 3:2 volume ratio under continuous stirring until a
clear solution was obtained. The resulting solution was transferred to a Teflon-lined stainless-
steel autoclave and heated at 120 °C for 72 hours. The resulting solid was recovered by
filtration, followed by thorough washing with fresh DMF and deionized water to eliminate

any unreacted precursors or by-products. The purified material was then dried under vacuum
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at 60°C for 12 hours, affording highly crystalline ZS-4 with an overall yield ,of, 2% ocanr:
Elemental analysis (%) for ZS-4; exp. C = 43.70; H = 4.35; N = 3.98; calc. C =43.73; H =
4.20; N=3.92 (Scheme 1).

Zn(NO,), 6H,0

:_,/
pH,TPA Sealed@ﬁ[l

| _
-y Y
120°C,72h ~ - "

Ultrasonication
(60 min)

ZS-4@CNT
Scheme 1. Synthesis of ZS-4 and ZS-4@CNT.

The coordination behavior of HoTPA plays a pivotal role in dictating the structural topology

Published on 31 July 2025. Downloaded on 8/5/2025 11:58:57 PM.

and dimensionality of MOFs. Owing to its rigid linear geometry and bifunctional carboxylate
groups located at para positions, HoTPA acts as a versatile linker capable of adopting
multiple coordination modes with metal centers. Upon deprotonation, the resulting tpa®
ligand can coordinate to metal ions in a variety of binding fashions, such as monodentate,
bidentate chelating, or bridging modes. In particular, the carboxylate groups can bridge
adjacent metal centers, enabling the formation of extended one-dimensional chains, two-
dimensional layers, or three-dimensional frameworks. The versatile coordination behavior of
H>TPA enables it to bridge various metal centers, making it a pivotal ligand in designing
structurally and functionally diverse MOFs. The various coordination modes of HyTPA with
metal centres are depicted in the Fig. S1 (Supporting Information).

2.4.2 Modification of CNT into FCNTs

To introduce carboxyl (—COOH) functional groups onto the surface of pristine carbon
nanotubes (CNTs), an acid treatment method was employed. Specifically, a known quantity

of multi-walled carbon nanotubes (MWCNTs) was immersed in a 4 M nitric acid (HNO3)
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solution and subjected to ultrasonic agitation for 40 minutes using an ultrasonig¢gtion Bath Co
After sonication, the suspension was magnetically stirred at 50°C to promote efficient surface
modification. This process led to the formation of a black, solid-like material. The resulting
product was repeatedly washed with doubly distilled water to remove any residual acid,
followed by drying in an oven at 80°C for 24 hours to yield the functionalized carbon
nanotubes (FCNTs) ready for further use.

2.4.3 Synthesis of ZS-4@CNT nanocomposite

The ZS-4@CNT nanocomposite was synthesized ex-situ using the ultrasonication method.
Initially, 0.005 g of CNTs were dispersed in a mixed solvent system comprising DMF:H>O
(3:2; v:v), followed by ultrasonication for 60 minutes to attain a uniform suspension. Further,
a solution containing Zn(NO3)2-6H20 (1 mmol) and H2TPA (1 mmol), was prepared using a
DMF:H>O (3:2; v:v) and added to the above-prepared CNTs suspension, followed by an
additional 10 minutes of ultrasonication to achieve thorough homogenization. The resulting
mixture was heated at 120°C for 48 hours. Following the thermal treatment, the resulting
black solid identified as the ZS-4@CNT nanocomposite was isolated by filtration, repeatedly
washed with DMF and distilled water, and oven-dried at 100 °C for 12 hours. A schematic
illustration of the synthesis pathway for the ZS-4@CNT nanocomposite is depicted in
Scheme 1.

2.5 Dye adsorption experiments

To initiate the standard dye adsorption experiments, a 10 ppm stock solution of the dyes MB
and MO was freshly prepared using double-distilled water. Subsequently, 10 mg of the ZS-4
and ZS-4@CNT nanocomposite (in two different vials for checking adsorption capacities
separately using UV-Vis technique) was introduced into 20 mL of this dye solution.
Throughout the experiment, the both the suspensions were continuously stirred, and aliquots
were periodically analysed at various intervals (0 to 180 minutes) using UV-Vis
spectroscopy. Each sample was scanned individually across a wavelength range of 200—750
nm to monitor the adsorption progress. To adjust the pH of the dye solutions, small volumes
of 0.1 M sodium hydroxide (NaOH) and 0.1 M hydrochloric acid (HCI) were employed,
ensuring precise control over the reaction environment. The primary objective of these
adsorption experiments was to evaluate the removal efficiency (R%) of the dyes by ZS-4 and
7ZS-4@CNT nanocomposite individually. All assessments were performed following
standardized protocols, and the experimental data were further interpreted using adsorption
kinetic models.

The removal efficiency was calculated according to the following expression
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where C, and C,. represent the initial and equilibrium concentrations of the dye (mg L),
respectively.>® Furthermore, the influence of various parameters such as pH, temperature, and
the presence of salts on the adsorption behavior and overall removal performance of the ZS-4
and ZS-4@CNT composite were thoroughly investigated. These effects were systematically
recorded by analysing the UV—Vis spectra of the filtrates collected after dye adsorption.

3. Results and Discussion

3.1 Crystal structure description of ZS-4

The single-crystal X-ray diffraction study of the ZS-4 revealed that it crystallizes in the
monoclinic crystal system with the C2/c space group. The asymmetric unit of the framework
displayed three zinc atoms, fully deprotonated H>TPA, coordinating oxygen atoms, and
disordered solvent molecules within the pores. The empirical formula, C39H4sN3020Zns3,
corresponds to a molecular weight of 1070.32 g/mol. The unit cell parameters are a =
33.015(2) A, b=9.7380(6) A, c = 18.1598(10) A, with a=90°, B = 95.296°, and y = 90°, and
a unit cell volume of 5813.5(6) A?, with Z = 4. Fractional Atomic Coordinates, equivalent
isotropic displacement parameters, bond lengths, bond angles, etc. are shown in Tables S2-
S7 (Supporting Information). The zinc centers in the framework exhibit two distinct
coordination geometries. Znl displays a distorted tetrahedral environment, being coordinated
to four oxygen atoms from three independent HoTPA linkers. The bond lengths between

Zn1-02, Zn1-04 and Zn1-06 are 1.95344, 1.97661 and 1.97276 A, respectively; consistent

Published on 31 July 2025. Downloaded on 8/5/2025 11:58:57 PM.

with classical tetrahedral zinc carboxylate complexes. In contrast, Zn2 adopts a distorted
octahedral geometry, bonded to six oxygen atoms from four different HoTPA linkers.>*>¢ The
Zn2-04, Zn2-05 and Zn2-08 bond distances are 2.20679, 2.03759 and 2.03772 A, forming
a stable coordination sphere that contributes to the rigidity of the 3D framework. Three
dimensional frameworks of ZS-4 along with other crystal structures including asymmetric

unit are depicted in Fig. 1.
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Fig. 1. Crystal structures showing (a) Coordination environment highlighting Znl
(tetrahedral) and Zn2 (octahedral) centers bridged by H>TPA; (b) Polyhedral representation
(¢) Three-dimensional framework; (d) Packing view; (e) Representation of the pore system
and (f) Topological view of ZS-4.

Each HoTPA bridges multiple Zn atoms through its bidentate carboxylate groups, generating
an extended metal-ligand network. The p»-bridging coordination mode of the carboxylates
facilitates strong Zn—O-C—O-Zn interactions and enables the propagation of connectivity
throughout the structure. These linkages result in a three-dimensional porous architecture,
where both tetrahedral and octahedral Zn nodes are interconnected by the rigid, planar
aromatic linker. Within the channels of the framework, disordered solvent molecules such as
dimethyl ammonium cations, H>O and Me;NCHO moieties are present.>’>® These guests help
maintain electroneutrality and may participate in hydrogen bonding with the carboxylate
oxygen atoms of the framework, further stabilizing the crystal structure. Topological
structures and pore architecture of the ZS-4 showing (3,6)-connected bcg and bct nets,
polyhedral structures, and space-filling models are displayed in Fig. 2 and Fig. S2-S6

(Supporting Information).
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Fig. 2. Topological structures showing (a) bcg (body-centered cubic net with girder-like
linkages) topology; (b) bct (body-centered tetragonal) topology; (¢) Space-filling model and
(d) Enlarged view of a single cyclic pore unit with a diameter of 0.474 nm along ¢ axis.

The extended hydrogen-bonded coordination network in ZS-4, highlighting the spatial

configuration and intermetallic distances within the framework, is illustrated in Fig. 3.

Fig. 3. Detailed view of the extended hydrogen bonded coordination network in ZS-4,
emphasizing the spatial arrangement and intermetallic distances.

3.2 FTIR, PXRD, TGA and Raman studies

The FTIR spectra of ZS-4, CNT, and the ZS-4@CNT composite are shown in Fig. 4 (a). For
the pristine ZS-4, the characteristic bands observed at 1580 cm™! and 1370 cm™! are attributed
to the asymmetric (vasy) and symmetric (vsym) stretching vibrations of coordinated

carboxylate (—COO") groups, respectively. The difference between these two bands, Av =210
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cm™!, suggests a monodentate coordination mode of carboxylate ligands to Zn*' genter
A sharp band at ~1665 cm™' corresponds to coordinated DMF (vc=o0), while a broad band
around 3420 cm™! indicates the presence of hydroxyl groups or adsorbed water.%! In the CNT
spectrum, typical features such as the C=C stretching vibrations (~1580 cm™!) and weak
bands near ~3450 cm™! (—OH) are observed. The composite ZS-4@CNT exhibits all the
essential peaks of ZS-4 and CNT, confirming the physical integration of the MOF and CNT
components. Slight shifts in the carboxylate stretching bands in the composite indicate
possible interfacial interactions between the MOF framework and CNTs.®? These results
confirm the successful coordination of terephthalic acid with Zn?" ions and further support
the structural integrity of the composite material (Fig. 4(a)).

Powder X-ray diffraction (PXRD) patterns of ZS-4, CNT, and the ZS-4@CNT composite are
shown in Fig. 4, confirming the successful synthesis and crystallinity of the materials. ZS-4
displays sharp and intense diffraction peaks at 20 = 5.3°, 9.7°, 10.8°, 13.1°, and 17.5°, which
can be indexed to the (200), (220), (222), (400), and (440) crystal planes, respectively (Fig.
4(b)). These well-resolved reflections are characteristic of a highly crystalline zinc-based
MOF structure. The ZS-4@CNT composite retains all major reflections of pristine ZS-4,
suggesting that the crystal structure remains intact upon CNT incorporation. Additional broad
peaks at ~26° and ~43°, attributed to the (002) and (100) planes of CNTs, confirm their

presence in the composite. No impurity peaks were observed, indicating phase purity. The

patterns confirm that the structural integrity of ZS-4 is preserved after compositing.®>-¢°
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Fig. 4. (a) FTIR spectra; (b) PXRD plots; (¢) TGA thermograms; (d) N> adsorption—
desorption isotherms; (e) Pore size distribution curves and (f) Raman spectra of Z.S-4.
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TGA was performed to evaluate the thermal stability and decomposition behavior,of the ZS-4'
and ZS-4@CNT in the temperature range of 80-800°C (Fig. 4(c)). For ZS-4 (blue curve), an
initial minor weight loss of up to 20.28% between 150-200°C is observed, corresponds to the
decomposition of solvent molecules such as dimethyl ammonium cations, water and DMF. A
gradual weight loss of up to 61.30% between 400-550°C is attributed to the partial
decomposition of TPA that coordinated to the Zn*' centers. Beyond 600°C, the weight
stabilizes, suggesting the formation of thermally stable ZnO residue (18.22%). In the case of
the ZS-4@CNT composite (magenta curve), a similar thermal profile is observed, but with
distinct differences. The initial weight loss is slightly lower, implying improved moisture
resistance due to the hydrophobic nature of CNTs. Notably, the major decomposition step is
shifted toward a higher temperature range, and the rate of degradation is more gradual. This
thermal delay highlights the enhanced thermal stability of the composite material, which can
be attributed to the structural reinforcement and heat dissipation effect imparted by the
carbon nanotubes. %668

Raman spectroscopy was conducted to investigate the structural bands of ZS-4 and ZS-
4@CNT. ZS-4 exhibits several sharp peaks, indicative of its well-defined crystalline nature.
In contrast, the ZS-4@CNT composite shows two prominent peaks centered around 1350
cm! and 1580 cm™!, corresponding to the D-band and G-band of carbon materials,
respectively (Fig. 4(f)). The D-band arises from disordered or defect-containing carbon (sp’
hybridized carbon), while the G-band is associated with the E2, mode of graphitic carbon (sp?
hybridization). The emergence of these bands in the ZS-4@CNT spectrum, which are absent
in the pristine ZS-4, confirms the successful incorporation of CNTs into the MOF
framework. Moreover, the enhanced intensity of these peaks suggests strong n—n interactions
and possible charge transfer between the aromatic rings of the MOF’s organic linker and the
CNT surface. This structural integration is expected to improve the electrical conductivity,
chemical stability, and overall performance of the material in dye adsorption.®*7

3.3 BET and XPS studies

Prior to nitrogen adsorption—desorption measurements, helium gas was employed to
accurately determine the dead volume (non-adsorbing space) of the sample cell. This step is
essential to ensure precise calculation of the adsorbed nitrogen volume, as helium, being non-
adsorptive under experimental conditions, allows for the correction of void space within the
system. The use of helium thus ensures the reliability and accuracy of the BET surface area
and pore volume measurements. Further, BET isotherms were recorded for ZS-4 and ZS-

4@CNT at 77 K. The BET isotherm displayed type IV behavior for both ZS-4 and ZS-
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4@CNT, characteristic of mesoporous structures. The BET surface area of ZS-4.5%a8 ocanr
calculated to be 923.42 m?/g, which significantly increased to 1200.30 m?*/g upon CNT
incorporation. Corresponding BJH pore size distribution shows a narrow peak centered
around 5.2 nm for ZS-4 and 5.5 nm for ZS-4@CNT, confirming enhanced mesoporosity in

the composite (Fig. 4). The increased surface area and pore volume in ZS-4@CNT suggest
improved accessibility and diffusion pathways, beneficial for adsorption performance.”!7?
X-ray photoelectron spectroscopy (XPS) was employed to elucidate the elemental
composition and chemical states within the ZS-4 framework. The survey spectrum (Fig. 5(a))
confirms the presence of Zn, O, and C, consistent with the formation of a ZS-4. The
deconvoluted C s spectrum (Fig. 5(b)) reveals three primary peaks: 284.6 eV (C-C/C=C)
from the aromatic linker backbone, 286.0 eV (C—O/C-OH) indicating the presence of
hydroxyl or ether functionalities, and 288.5 eV (O—C=0) associated with carboxylate groups
coordinated to the Zn centers. This clearly supports the successful incorporation of the
H>TPA into the MOF structure. Additionally, the O 1s spectrum (Fig. 5(c)) displays two
peaks at 531.8 eV and 533.0 eV, attributed to carbonyl oxygen (C=0) and hydroxyl/adsorbed
oxygen species (C—OH or H»0), respectively. High-resolution Zn 2p spectra (Fig. 6(d))
exhibit two well-defined peaks at 1022.8 eV and 1042.7 eV, corresponding to Zn 2p3,» and
Zn 2p1p, respectively, confirming the +2 oxidation state of zinc ions. These findings align
well with the carboxylate coordination environment and further validate the structural

integrity of the MOF.”
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Fig. 5. XPS analysis showing (a) Wide-scan spectrum; (b) C 1s; (¢) O 1s; and (d) Zn 2p of
78-4.

3.4 SEM and TEM studies

The surface morphology and structural features of the synthesized materials were

investigated through SEM, TEM, and SAED analyses. As shown in Fig. 6(a—c), ZS-4

Published on 31 July 2025. Downloaded on 8/5/2025 11:58:57 PM.

exhibits well-developed polyhedral crystals with sharp edges and smooth surfaces, indicating
uniform and controlled particle growth. At higher magnifications, a porous three-dimensional
network becomes apparent, with polyhedral units interconnected to form a robust framework.
The inset reveals sub-micron-sized pores (~1 um), suggesting the material's high potential for
adsorption applications. This interconnected architecture likely arises from the dual
coordination behavior of Zn?>' ions; some adopting tetrahedral and others octahedral

geometries leading to enhanced structural flexibility and mechanical integrity.”
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Fig. 6. Morphological analysis showing SEM of pristine (a) ZS-4 crystals; (b, ¢) ZS-
4@CNT; (d) TEM image of ZS-4 crystals; (e, f) ZS-4@CNT, inset in; (f) Lattice fringes
with interplanar spacing of 0.412 nm; and (g) SAED pattern of ZS-4@CNT with well-
resolved diffraction rings.

Fig. 6(d—g) illustrates the internal morphology and structural features of the synthesized
composite. The TEM images reveal well-defined polyhedral particles uniformly dispersed
within a fibrous matrix, indicative of successful integration with carbon nanotubes. High-
resolution imaging confirms the crystalline nature through visible lattice fringes with an
interplanar spacing of 0.412 nm. Additionally, the SAED pattern displays sharp and
concentric diffraction rings, reflecting the polycrystalline character and high structural order
175

of the materia

3.5 Adsorption of organic dyes

In the experimental procedure, 10 mg of the well-defined crystals of ZS-4 and ZS-4@CNT
were dispersed into a two different round-bottom flask containing 50 mL of dye solutions,
including MB, and MO. The adsorption experiment was conducted for 180 minutes, during
which a substantial portion of the dye molecules was adsorbed onto the polymer surfaces, as
evidenced in Fig. 7. Stirring was maintained throughout the experiment, and 3 mL aliquots
were periodically collected, centrifuged, and analysed using UV-visible spectrophotometry to
monitor changes in dye concentration over time. The absorbance—wavelength spectra
confirmed efficient dye adsorption, with both ZS-4 and ZS-4@CNT showing notably high
affinity for the cationic dye MB. While both materials could adsorb anionic dyes, they
exhibited a stronger affinity for cationic dyes, primarily due to their structural architecture

and surface functional groups.
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The adsorption capacity can be calculated as: T piietsvipbigiy

C,—C
Adsorption capacity (q;) = (O—mt) XV (2)

The initial and final concentrations of the organic dyes, denoted as C, and C; (mg L™!), m and
V are the mass of adsorbent and volume of dye solutions, respectively, were used to assess
the adsorption performance.’® Analysis from Fig. 7 (¢, d) reveals that MB exhibited
significantly enhanced adsorption onto the composite frameworks comparatively than ZS-4
(Fig. 7 (a, b)), attributed to their structural compatibility with the adsorbents. Over time, a
progressive decline in the characteristic absorption peaks of MB (664 nm) and MO (460 nm)

was observed, indicating efficient dye removal from the solution.
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Fig. 7. Changes in UV-Vis spectra showing the adsorption of organic dye pollutants over
time using MB and MO for (a, b) ZS-4 and (¢, d) ZS-4@CNT, inset in.

The superior adsorption capacities of ZS-4@CNT towards cationic dye, MB governed by
strong hydrogen bonding, electrostatic attractions and n—mn stacking interactions between the

dye molecules and the composite networks comparatively than MO. The adsorption
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performance of ZS-4@CNT toward dye removal was strikingly evident within, the, first 200500
minutes, achieving a removal efficiency of 66% for MB (Table 1).

Table 1. Time-dependent removal efficiency (%R) of MB and MO dyes using ZS-4 and ZS-
4@CNT adsorbents over a period of 180 minutes.

75-4 7S-4@CNT
MB MO MB MO
Time %R Time %R Time %R  Time %R
(min) (min) (min) (min)

0 0.00 0 0.00 0 0.00 0 0.00
10 43.6 10 15.1 10 45.5 10 17.3
20 58.2 20 325 20 66.0 20 36.3
30 72.5 30 47.7 30 77.3 30 50.0
60 82.8 60 62.6 60 88.7 60 67.3
90 88.5 90 72.7 90 92.3 90 77.6
120 90.5 120 80.2 120 955 120 828
180 909 180 81.2 180 969 180 86.3

In contrast, under identical pH and temperature conditions, the removal efficiency for MO
was relatively lower, reaching 33.3%. MO is an anionic dye with a relatively large molecular
structure, and its adsorption is strongly influenced by electrostatic interactions and steric
accessibility. The framework of ZS-4, although porous, may possess a pore-limiting diameter
that restricts the diffusion of larger dye molecules like MO into the internal pores leading to
electrostatic repulsion with the anionic sulfonate groups of MO, thereby reducing the
adsorption affinity. Furthermore, the larger hydrodynamic radius and slower diffusion rate of
MO in aqueous solution contribute to kinetic limitations during the adsorption process. ZS-
4@CNT exhibited an increased affinity toward MB dye, rapidly sequestering a significant
amount within a short span of time. Over the course of 180 minutes, the system gradually
reached adsorption equilibrium, with ZS-4@CNT attaining adsorption capacities of 114.45
mg/g for MB and 43.15 mg/g for MO (based on the calculations from equations 1 and 2).
Meanwhile, the ZS-4 counterpart exhibited lower equilibrium capacities of 72.35 mg/g and
42.23 mg/g tfor MB and MO, respectively, emphasizing the enhanced efficiency imparted by
the CNT composite. This time-dependent decline in dye concentration, confirmed through
UV-Vis spectral analysis, revealed a pronounced fading of MB’s characteristic blue color to
nearly colorless, while MO exhibited only a slight visual change (as shown in the insets of
Fig. 7 (a-d). The superior performance of ZS-4@CNT in MB removal can be attributed to
the strong electrostatic attraction between the positively charged MB molecules and the

negatively charged surface functional groups of the nanocomposite in a neutral medium. In
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contrast, MO, bearing a negative charge, undergoes electrostatic repulsion with the negatiyely:
charged adsorbent, thereby limiting its uptake. This fundamental difference in charge
interactions explains the selective and more efficient adsorption behavior observed for MB
over MO.

3.5.1 Separation of organic dyes

In continuation of the earlier observations, the synthesized ZS-4 and ZS-4@CNT were
further investigated as promising candidates for the adsorption and selective separation of
aromatic dyes possessing different ionic charges, specifically MB as a cationic dye and MO
as an anionic dye. To assess their separation capability, 20 mg of finely powdered ZS-4 and
ZS-4@CNT crystals were uniformly dispersed in aqueous solutions containing a mixture of
MB and MO at room temperature. The adsorption behavior and selectivity were monitored in
real time using UV-visible spectroscopic analysis. As illustrated in Fig. 8, a notable decrease
in the characteristic absorption peaks corresponding to MB was observed progressively with
the passage of time, indicating effective uptake of MB molecules by ZS-4@CNT. In
contrast, the absorption bands associated with MO remained almost unchanged throughout
the experiment, suggesting negligible interaction of MO with the polymeric frameworks
under similar conditions. This differential behavior strongly implies a selective preference of
the ZS-4@CNT towards cationic dyes over anionic counterparts. Further detailed analysis
revealed that the adsorption of MB onto the ZS-4@CNT occurred exceptionally fast, with
almost complete removal achieved within the first 5 minutes of contact. Meanwhile, the MO
molecules largely remained in the solution phase during this period, confirming the ability of
the ZS-4@CNT to discriminate between dyes based on their charge characteristics. This
remarkable selectivity can be attributed to the favorable non-covalent interactions, such as
electrostatic forces, hydrogen bonding, and n—n stacking, that exist between the electron-rich
frameworks of the ZS-4@CNT and the electron-deficient MB molecules. Overall, these
results demonstrate the potential application of these ZS-4@CNT not only for efficient dye
removal but also for the selective separation of mixed dye systems, which is of significant

importance for practical wastewater treatment and environmental remediation efforts.”’
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Fig. 8. Separation of organic dyes by ZS-4 and ZS-4@CNT.

3.5.2 Effect of pH on the adsorption process

The adsorption process of dyes is profoundly influenced by several factors, including the
surface charge of the adsorbent, the degree of dye ionization, and the nature of adsorbates
present in wastewater, all of which are largely dependent on the solution pH. To investigate
the pH effect, adsorption experiments were conducted over a pH range of 2—12, as illustrated
in Fig. 9 (a). The pH adjustments were carried out using 0.1 N HCI and 0.1 N NaOH under
ambient conditions. From Fig. 9 (a), it is evident that the adsorption efficiency of methylene
blue (MB) increased significantly as the pH rose from 2 to 7, achieving a maximum
efficiency of approximately 98% at pH 7. Conversely, the adsorption of methyl orange (MO)
peaked at around 72.12% at pH 5. Literature suggests that electrostatic interactions between
the adsorbent and dye molecules play a critical role in dictating adsorption performance. In
line with this, zeta potential measurements were employed to determine the surface charge
characteristics of the synthesized materials. As presented in Table 2, the zeta potential of ZS-
4@CNT was found to be negative at pH 7 and became progressively more negative at higher
pH values. The zero point charge (pHzy.) for the nanocomposite was determined to be pH 6.
At pH values below pHy, the surface carries a positive charge, which disfavours the
adsorption of the cationic MB dye due to electrostatic repulsion. Notably, at pH values
around the pK, of MB (3.8), the dye exists in both undissociated (MB") and cationic (MB")
forms in equal proportions. At pH 3 and pH values above 6, the MB" form becomes

dominant.” Thus, at higher pH levels, the negatively charged adsorbent surface strongly


https://doi.org/10.1039/d5ce00684h

Page 21 of 38

Published on 31 July 2025. Downloaded on 8/5/2025 11:58:57 PM.

CrystEngComm

iewPgticle Online

attracts the positively charged MB™ species, leading to enhanced removal effigiencie$; Ti oo
contrast, for MO adsorption, lower pH conditions were favourable, with maximum adsorption
observed at pH 5.

Table 2. Calculation of zeta potential of ZS-4@CNT at different pH.

pH  Zeta potential

(mV)
2 0.23
3 0.22
4 0.21
5 0.20
6 0.0
7 -0.23
8 -0.32
9 -0.32
10 -0.33
11 -0.33
12 -0.32

Given that MO has a pK. of 3.47, it predominantly exists in its neutral form (MO°®) below this
pH, while at pH values above 3.47, it transitions to an anionic form (MO"). Thus, within the
pH range of 3.47-5, the positive surface charge of the nanocomposite favours the adsorption
of the anionic MO dye through electrostatic attraction. However, as the pH increases beyond
the pHze (>6), the surface becomes increasingly negative, leading to electrostatic repulsion
with the anionic MO~ species, thereby decreasing the adsorption efficiency. It is also
important to highlight that the MB adsorption efficiency did not decline significantly even at
pH values greater than 7, suggesting that mechanisms beyond electrostatic attraction, such as
n—7 stacking interactions between the aromatic rings of MB and the H.TPA ligands in ZS-
4@CNT, along with potential hydrogen bonding interactions, contribute significantly to the

adsorption process.”’
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Fig. 9. Effect of (a) pH; and (b) NaCl concentration on the adsorption efficiency of MB and
MO dyes using the synthesized ZS-4@CNT.

Considering that real industrial wastewater often contains high salt concentrations, the
influence of ionic strength on dye adsorption was further examined. A series of adsorption
experiments were performed at pH 7 with varying NaCl concentrations ranging from 0.0 to
0.4 mol/L, and the results are presented in Fig. 9 (b). In general, when electrostatic attractions
dominate, an increase in ionic strength tends to reduce adsorption efficiency, whereas in
cases of electrostatic repulsion, adsorption may improve with higher ionic strength. The
experimental results showed a decline in MB adsorption efficiency with increasing salt
concentration, attributed to the competitive interaction between Na* ions and MB molecules
for the active adsorption sites. In contrast, MO adsorption efficiency slightly improved with
increasing ionic strength. This can be rationalized by considering that Na* ions act as spacers,
mitigating the electrostatic repulsion between the negatively charged adsorbent surface and
the sulfonate groups of MO, thus facilitating enhanced adsorption through charge shielding
effects.®

3.5.3 Effect of temperature

Temperature plays a pivotal role in determining the adsorption performance of porous
materials, as it influences the interaction strength between adsorbent surfaces and dye
molecules. In the present study, the temperature-dependent adsorption behavior of both Z.S-4
and ZS-4@CNT was evaluated for MB and MO dyes over a temperature range of 25-60 °C,
as depicted in Fig. 10 (a, b). The results clearly show that maximum adsorption efficiencies
were achieved at room temperature (25 °C), with ZS-4 reaching up to 90.5% for MB and
64.2% for MO, while ZS-4@CNT exhibited even higher efficiencies of 98.2% for MB and

70.4% for MO. A consistent decline in adsorption efficiency with rising temperature was
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observed for both materials, indicative of an exothermic adsorption process where, elevated ca;
thermal energy disrupts dye-adsorbent interactions, possibly through desorption or weakened
electrostatic forces. Notably, the enhanced performance of ZS-4@CNT across all
temperatures underlines the role of CNT incorporation in improving surface area and active

site accessibility.?!
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Fig. 10. Effect of temperature on the adsorption efficiency of MB and MO dyes for (a) ZS-4;
and (b) ZS-4@CNT.

3.5.4 Recyclability of ZS-4 and ZS-4@CNT as adsorbents

To assess the reusability and stability of the ZS-4 and ZS-4@CNT nanocomposite for the
adsorption of MB and MO dyes, a series of cyclic adsorption—desorption experiments were
performed. After each adsorption cycle, the used ZS-4 and ZS-4@CNT material was
carefully separated from the aqueous dye solution, thoroughly washed multiple times with
dimethylformamide (DMF) and double-distilled water to remove any residual dye molecules,
and subsequently dried in an oven at 90°C to restore its activity. The regenerated adsorbent
was then subjected to fresh batch adsorption experiments under optimized conditions: an
initial dye concentration of 10 ppm, a temperature of 25°C, and a pH of 7 for MB and 5 for
MO, respectively. This process was repeated up to four consecutive cycles to evaluate the
long-term performance and structural integrity of the adsorbent. The results, presented in Fig.
11 (a, b) and Fig. S6. SI clearly demonstrate that ZS-4 and ZS-4@CNT maintained a
remarkably high removal efficiency for MB even after four regeneration cycles, with only a
marginal decline in adsorption capacity. This outstanding reusability highlights the
robustness and resilience of the ZS-4@CNT framework, positioning it as a highly promising
candidate for practical applications in wastewater treatment, particularly for cationic dye
removal. Notably, the reusability performance surpasses many adsorbent materials previously

reported in the literature, further validating its potential for real-world applications. >4
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Fig. 11. Reusability performance for dye removal over four consecutive adsorption—
desorption cycles for (a) ZS-4@CNT; and (b) ZS-4.

In contrast, the reusability performance toward MO dye was comparatively less satisfactory.
The removal efficiency of MO declined noticeably after each regeneration cycle, indicating
that the structural and surface properties of ZS-4@CNT may not be ideally suited for the
repeated adsorption of anionic dyes. This reduced efficiency could be attributed to stronger
dye-framework interactions or irreversible adsorption of MO molecules that hinder the
regeneration of active sites. Consequently, while ZS-4@CNT demonstrates excellent
durability for MB removal, its applicability for the repetitive removal of MO remains limited.
Overall, the ZS-4 and ZS-4@CNT nanocomposite exhibits exceptional regeneration ability
and mechanical stability in the case of MB dye, making it a viable and sustainable adsorbent
for practical water purification systems targeting cationic contaminants.

3.5.5 Adsorption kinetics

Given the significant adsorption of cationic dyes on the surfaces of ZS-4 and ZS-4@CNT, it
became imperative to delve deeper into the kinetics of the adsorption processes. To achieve a
comprehensive understanding, the adsorption behavior over time was meticulously
monitored, and kinetic analyses were performed using three distinct models: the pseudo-first-
order model, the pseudo-second-order model, and the intraparticle diffusion model. The
kinetic parameters for each model were calculated and are summarized in Table 3. The

pseudo-first-order equation expressed as follows:

k
log(qe = qc) = 10g qe — 5553t 3)
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where ki (min') represents the rate constant, ¢, is the adsorption capacity at a giyen titfg. £ 0 o

and g. denotes the equilibrium adsorption capacity.®’

Table 3. Kinetic model parameters for the adsorption of dyes onto ZS-4 and ZS-4@CNT.

Model MB MO
75-4
Pseudo-first  k; e Qe R? ki Qe
order (min!) (cal)  (exp) (min™!)  (cal)
(mg  (mg (mg
gh g g
0.0219  43.48 72.35 0.94013 0.0242 33.61
Pseudo- kr (g Qe Qe R? k(g Qe
second order mg™! (cal.)  (exp) mg”! (cal.)
min!)  (mg (mg min!)  (mg
gh ) g
0.00312 59.41 72.35 0.99005 0.00119 56.59
Intraparticle ks (mg g! R® ks (mg g
diffusion min~!?) min'?)
3.1671 0.81411 2.50189
7S-4@CNT
Pseudo-first  k; Qe Qe R? ki (min™")  qe
order (min™")  (cal.)  (exp) (cal.)
(mg  (mg (mg
gh  gh g
0.0252 62.99 11445 0.88979 0.0242 39.93
Pseudo- ke (g qe Qe R? ko (g Qe
second order mg’ (cal.)  (exp) mg! (cal.)
min!)  (mg (mg min!) (mg
gh g g
0.00258 106.53 114.45 0.99565 0.000711 50.45
Intraparticle k3 (mg g' R? ks (mg g~ min™"?)
diffusion min~'?)

3.590 0.80687 3.690

e
(exp)
(mg

42.23

0.94862

Qe
(exp)
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By applying this model, the corresponding kinetic parameters were derived. However, a
notable discrepancy was observed between the experimentally obtained and the theoretically
calculated qe values, indicating a poor fit of the model to the experimental data. This
mismatch, supported by the graphical results (Fig. 12 and 13), suggests that the pseudo-first
order model is unsuitable for describing the adsorption behavior of the dyes on ZS-4 and ZS-
4@CNT. Further, pseudo-second order equation is given as:

t 1 t

E - k2qé i E

where k; (g mg™ min™) is the rate constant specific to this model. This kinetic approach

(4)

involves plotting t/q; against time t. The resulting plots demonstrated excellent linearity, with
correlation coefficients (R?) very close to unity. Such a high degree of linearity strongly
supports that the pseudo-second order model more accurately describes the adsorption
mechanism of the cationic dyes onto ZS-4 and ZS-4@CNT. This implies that the adsorption
process is likely governed by chemisorption involving valence forces through sharing or

exchange of electrons between adsorbent and adsorbate molecules.®
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Fig. 12. Adsorption kinetics showing (a, b) pseudo-first order; (c, d) pseudo-second order;
and (e, f) intraparticle diffusion models by ZS-4.

To further explore the diffusion mechanisms, the intraparticle diffusion model was also

applied. Further, intraparticle diffusion equation is given as:

qr = kst (5)
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Where ks (mg g' min"""?) represents rate constant, q; as the adsorption capacity,at.a,giyef oo
time, and C as the intercept related to the boundary layer thickness. The kinetic parameters
derived from this model, revealed inconsistencies between the calculated and experimental
adsorption capacities. These deviations indicate that intraparticle diffusion is not the sole
rate-controlling step in the overall adsorption process. In summary, among the models
evaluated, the pseudo-second order kinetic model provides the best fit to the experimental
data, suggesting that the adsorption of cationic dyes onto ZS-4 and ZS-4@CNT
predominantly follows a chemisorption mechanism. The pseudo-first order and intraparticle
diffusion models, while offering some insights, were found inadequate for fully describing

the adsorption kinetics observed in this study.®’
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Fig. 13. Adsorption kinetics showing (a, b) pseudo-first order; (c, d) pseudo-second order;
and (e, f) intraparticle diffusion models by ZS-4@CNT.

3.5.6 Adsorption mechanism

Adsorption is fundamentally a surface-driven phenomenon, profoundly influenced by the
physical dimensions and morphology of the adsorbate, alongside the structural and functional
characteristics of the adsorbent material. In the context of the present study, the dye
molecules under investigation possess relatively large molecular sizes (Table S8,
Supporting Information). Consequently, the encapsulation of dye molecules within the
internal framework of ZS-4@CNT is not feasible. Instead, adsorption is restricted to
interactions occurring at the external surfaces of ZS-4@CNT composite. Several interaction

mechanisms have been widely reported in the literature to govern dye adsorption, including
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hydrogen bonding, electrostatic interactions, ion-exchange processes, acid—base ipteractiGhs. o cau
and n—7 stacking interactions. In the present case, the adsorption of MB onto the ZS-4@CNT
surfaces appears to be primarily facilitated through a synergistic contribution of electrostatic
forces, hydrogen bonding, and n—r interactions. The cationic nature of MB molecules (MB™)
and the nucleophilic aromatic groups within the ZS-4@CNT framework foster strong
electrostatic attractions, significantly enhancing the adsorption affinity for MB. This
pronounced interaction likely accounts for the exceptionally high adsorption efficiency
observed. Moreover, the linear structure of the MB molecule further favours its rapid
diffusion and effective alignment with accessible adsorption sites on the polymer surface,
accelerating the adsorption kinetics. In contrast, the adsorption behavior of MO™, an anionic

dye, was evidently different 8%

Electrostatic

<) :
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Fig. 14. Proposed mechanism for MB and MO dye adsorption using ZS-4@CNT composite.

The presence of negatively charged nucleophilic aromatic substituents on the ZS-4 and ZS-
4@CNT frameworks led to pronounced electrostatic repulsion with MO~ ions, culminating in
the lowest adsorption capacity among the dyes studied. Nevertheless, it is worth noting that
weak hydrogen bonding between the anionic functional groups of MO and hydrogen atoms of
the ZS-4 and ZS-4@CNT' aromatic ligands, along with n—r stacking interactions between
the aromatic rings of the dye and the polymer, did facilitate a modest degree of MO
adsorption, as illustrated in Fig. 14. Additionally, the structural attributes of the ZS-4@CNT
notably influenced the adsorption efficiencies. The six-membered aromatic ring present in
ZS-4@CNT enabled stronger n—m interactions with the aromatic systems of the dyes as a
result, ZS-4@CNT exhibited superior adsorption capacity relative to ZS-4, reaffirming the

critical role of framework topology in adsorption processes. Overall, these findings
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emphasize that, beyond specific interaction mechanisms, the molecular linearity of the) dy& oo
plays a pivotal role in determining the adsorption rate and efficiency. Linear dye molecules
are more readily adsorbed onto polymer surfaces, consistent with trends observed in previous
studies.”!”? Furthermore, a comparative overview of the adsorption performance of various
reported metal organic materials for organic pollutant removal is provided in Table S9
(Supporting Information).

4. Conclusion

In summary, this study presents the successful synthesis of a novel zinc-based metal-organic
framework, {(MexNH2)2[Zn3(tpa)s](DMF.3H20)}n (ZS-4), designed using HTPA as the
organic linker, featuring both tetrahedral and octahedral Zn(II) centers that support rare bcg
and bct topologies. To enhance its adsorption performance, a composite (ZS-4@CNT) was
fabricated by integrating CNTs into the ZS-4 matrix, improving surface area and mechanical
stability. Structural integrity and material properties were confirmed via FTIR, PXRD, SEM,
TEM, TGA, BET, and XPS analyses. BET measurements revealed surface areas of 923.42
m?/g for ZS-4 and 1200.30 m*/g for ZS-4@CNT. XPS data revealed peaks at 284.6 eV (C—
C/C=C), 286.0 eV (C-O/C-OH), and 288.5 eV (O—C=0) in the C Is spectrum. The O 1s
region showed peaks at 531.8 eV (C=0) and 533.0 eV (C-OH). Zn 2p peaks at 1022.8 eV
and 1042.7 eV confirmed the presence of Zn>" ions. The composite showed superior dye
adsorption, removing 66% MB and 36.3% MO within 20 minutes. Maximum adsorption
capacities were 114.45 mg/g for MB and 43.15 mg/g for MO with the composite. Kinetic

Published on 31 July 2025. Downloaded on 8/5/2025 11:58:57 PM.

modeling confirmed pseudo-second-order behavior, indicating chemisorption. This study
demonstrates how combining dual-zinc coordination with CNT integration yields high-
performance adsorbents for sustainable water purification applications.
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