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Transition-and Lanthanide-Metal-Based Coordination
Polymers Offer Efficient Methylene Blue Adsorption

Cresten Moodley,!? Kaushik Mallick,@! Alfred Muller,*!? and D. Bradley G. Williams*!

This study presents a novel approach toward wastewater reme-
diation via the synthesis of a series of coordination poly-
mers that combine benzene-1,4-dicarboxylic acid, benzene-1,4-
dihydroxamic acid, and 5-nitroisophthalic acid linkers with Cu, Cr,
Ce, and La metal salts to target efficient methylene blue removal.
Through a detailed characterization process using techniques
like "H NMR, PXRD, FTIR, TGA, SEM-EDX, ICP-OES, and BET, the
structural and surface properties of these CPs were optimized
for stability and enhanced adsorption performance. Notably, the
CPs exhibited rapid MB adsorption within 10 min and followed
pseudo-second-order kinetics, indicating a chemisorption-driven

1. Introduction

Global water resources face increasing threats from high demand
across various domestic and industrial sectors, particularly
leather, paper, and textile industries, which contribute signifi-
cantly to water pollution through the discharge of dyes and
other contaminants.! Untreated dye wastewater can undergo
chemical and biological changes that reduce dissolved oxygen,
harm aquatic ecosystems and present serious health risks to
humans.!?! Effective dye removal from wastewater before dis-
charge is therefore essential. This study will focus on the removal
of methylene blue (CHigCIN;S), a heterocyclic thiazine dye that
is widely used in textile, medicinal, and aquaculture industries
(shown in Figure 1). Despite its long history of utility, methylene
blue (MB) poses significant health and environmental risks. At
elevated concentrations, MB can cause several harmful effects in
humans, such as gastritis (nausea, vomiting, diarrhea) or more
severe symptoms like dyspnea, tachycardia, cyanosis, or seizures.
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process. This work advances the field by demonstrating that
increased pH significantly improves adsorption capacity and that
the Sips model best describes the heterogeneous adsorptive
behavior, highlighting a mixed Langmuir-Freundlich mecha-
nism. Furthermore, stability and reusability studies revealed
minimal metal leaching in the best-performing CPs, addressing
critical environmental concerns around long-term CP use. This
integrated approach not only fills vital knowledge gaps in CP-
based dye adsorption kinetics but also underscores the potential
of these materials as sustainable, scalable, and effective solutions
for real-world water treatment applications.

Furthermore, MB is non-biodegradable, which exacerbates its
persistence in aquatic ecosystems, leading to long-term contam-
ination of water bodies. These toxicological and environmental
concerns have made the removal of MB from wastewater a
critical priority, necessitating the development of effective reme-
diation strategies, particularly in regions where MB is frequently
used.3-101

Dye removal techniques typically fall into three categories:
biological, chemical, or physical. Biological methods, though
cost-effective and environmentally friendly, are limited by the
metabolic capabilities of the microorganisms involved. Chemi-
cal methods, such as oxidative processes, are efficient but can
produce secondary pollutants and often require expensive, spe-
cialized equipment. Physical methods, particularly adsorption,
are widely preferred for their operational simplicity and limited
chemical requirements, although the regeneration of adsorbents
remains a challenge.™

Among physical adsorbents, activated carbon and zeolites
are commonly used, yet each has limitations. Activated carbon
offers high adsorption efficiency but requires energy-intensive
regeneration, often through thermal or chemical treatments that
increase costs and reduce sustainability over long-term use.
Zeolites, while generally stable, have lower adsorption capac-
ities for certain pollutants, such as anions or organics, and
may encounter regeneration issues based on the type of adsor-
bate and environmental conditions.'>"”) Coordination polymers
(CPs), constructed from metal ions and organic linkers, present
a promising alternative due to their high porosity, large sur-
face areas, and versatility for post-synthetic modifications that
enhance adsorption performance and stability.'®2%! CPs offer
selective adsorption properties and recyclability, making them
promising candidates for dye removal applications.

However, CP stability in aqueous environments remains
a challenge, as metal-linker bond hydrolysis can compromise
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Figure 1. Resonance structures of cationic methylene blue (MB) with chloride counterion.

structural integrity, especially under harsh conditions.!” This
hydrolysis often leads to metal leaching, raising particular con-
cerns with lanthanides. Though lanthanides are generally con-
sidered less toxic than heavy metals, ecotoxicological data are
limited, with most research focusing on cerium and lanthanum.
Interestingly, lanthanides at low concentrations can stimulate
growth in certain microalgae by potentially replacing essential
metals in physiological roles, such as alleviating Ca?* deficiency.
However, their effect is highly dependent on the organism’s
physiological state. The same lanthanide concentration may
act as a growth stimulant or, under certain stress conditions,
become toxic and inhibit growth, which raises interest about
the broader environmental safety of lanthanides at low con-
centrations. Furthermore, lanthanides are known to accumulate
in sediments, posing potential risks to sediment-dwelling and
sediment-ingesting species. Notable bioaccumulation in some
aquatic plants further emphasizes the need for detailed research
on lanthanide behavior and impacts across food chain levels to
accurately assess their environmental impact.!?>%!

In addition to stability, the economic viability of CP adsor-
bents for large-scale applications remains challenging due to
high synthesis costs, preparation complexity, and limitations in
producing handleable, industrially suitable forms. Currently, CPs
are synthesized primarily as powders in small, gram-scale quan-
tities, which are expensive and difficult to deploy outside of
laboratory settings./***! Successful deployment requires not only
scalable, cost-effective synthetic methods but also eco-friendly
approaches that take environmental impact, component avail-
ability, and toxicity into account. Even with high retail prices,
the potential of CPs to outperform commercially available adsor-
bents in terms of selectivity, capacity, and durability could drive
market demand, incentivizing further research and investment
in this field. Optimizing synthesis routes to control morphol-
ogy and particle size to ensure batch reproducibility is crucial
for cost reduction. Currently, batch synthesis is the most viable
industrial production method, but advancements in continuous
synthesis methods could further improve scalability. Ensuring
sustainable industrial use of CPs will require strong collaboration
between academia and industry to bring CP-based technologies
to market effectively.[26%"]

Transition-metal-based CPs, such as MIL-101 (Cr), UiO-66 (Zr),
and MOF-235 (Fe), have been effectively utilized to remove
MB from wastewater due to their high surface areas and
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stability.!?-30] Cost-effective linkers like benzene-1,4-dicarboxylic
acid (BDC) support the formation of stable porous frameworks,
and modifications such as converting BDC to benzene-1,4-
dihydroxamic acid (BHA) can enhance stability and adsorp-
tion efficiency. Additionally, incorporating electron-withdrawing
groups like the nitro group (—NO,) in linkers such as 5-
nitroisophthalic acid (5NIP) may boost CP performance in
harsher environments.*'33! Studies on BHA- and 5NIP-based CPs
have primarily focused on mixed linker systems used for photo-
catalytic dye degradation or as collectors in mineral processing
applications.343"!

To tackle these challenges, the present study focuses on
preparing mono-linker-based CPs using BDC, BHA, and 5NIP link-
ers combined with lanthanum (La), cerium (Ce), copper (Cu), and
chromium (Cr) metal ions, resulting in twelve CP variants specif-
ically designed for effective MB adsorption. The CPs produced
here not only facilitate the removal of MB from wastewater
but also allow for the potential recycling of the adsorbed dye.
Such capture-recover methods underscore the advantages of
adsorption over photodegradation, the latter of which could
possibly generate unintended secondary pollutants. La and Ce
were selected for their high coordination numbers and stabil-
ity, while Cu and Cr were chosen for their favorable chemical
properties and cost-effectiveness.38-%! By integrating these spe-
cific metals with functionalized linkers, we aim to develop
CPs that exhibit enhanced stability, high adsorption capacity,
and minimal metal leaching to advance sustainable wastewater
treatment technologies.

2. Results and Discussion
2.1. Synthesis of Coordination Polymers

The solvothermal synthesis of the CPs involved the indepen-
dent dissolution of the metal nitrate hydrate salts and the linkers
(shown in Figure 2) in DMF and mixing thereof in a PTFE-lined
stainless-steel vessel. The contents of the vessels were stirred
using a magnetic follower, and once homogeneous, the vessel
was sealed tightly. It was heated using a silicone oil bath accord-
ing to a programmed heating cycle without stirring, from room
temperature to 120 °C, at a ramp rate of 5 °C/min. The vessel was
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H tive of a bridging bidentate mode of binding, and > 200 cm™
HO_ _O o o HO/N 0 denotes a monodentate binding mode.
HO OH AU = Ungm (CO07) = vgm (COO") 1)
NO, HO\N o The FTIR spectra of the BDC-CPs and 5-NIP CPs displayed
HO © H broad, low-intensity bands at 2800-3600 and 2357-3313 cm™'
BDC 5NIP BHA assigned to O—H stretching frequencies of coordinated H,O in

Figure 2. Structures of BDC, 5NIP, and BHA used as CP organic linkers in
this study.
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Figure 3. Stacked FTIR spectra of the BDC, BHA, and 5NIP linkers with their
corresponding CPs.

maintained at this temperature for 72 h and then cooled to room
temperature at a rate of 5 °C/min. The solid material formed
inside the vessel was filtered through a Buchner funnel, washed
with DMF to remove unreacted starting material, and then
sequentially washed with distilled H,0 and MeOH to remove
the DMF. The filtered material was dried under high vacuum
(2 x 1073 mbar at 100 °C for 12 h) prior to characterization.

2.2. Characterization of the Coordination Polymers
2.2.1. Infrared Spectroscopy

The FTIR spectra of the CPs of BDC, BHA, and 5NIP (shown
in Figure 3) were used to assess the characteristic func-
tional group stretching frequencies. The wavenumber separation
(Av) between the asymmetric (vasym (cm™"), asymmetric COO~
stretching frequency) and symmetric (vsgym (cm™'), symmetric
COO~ stretching frequency) vibrations of the deprotonated car-
boxylic (COO~) moieties found in BDC and 5NIP linkers was
calculated using Equation (1) (summarized in Table 1). The sim-
ple yet powerful Av approach permits the identification of the
carboxylate-metal coordination type.[“-*! |n particular, Av < 110
cm~" implies a chelating mode of binding, > 140 cm™ is indica-
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the system, consistent with results obtained during thermo-
gravimetric analysis (see below). Furthermore, the CPs derived
from BDC and 5NIP were devoid of the CO—H stretch at 1286
and 1242 cm™', respectively, which indicated coordination via
deprotonation of both carboxylic OH groups present in the
free linkers.!*" The BDC-CPs and 5NIP-CPs displayed shifted
carbonyl double bond C=0 stretching frequencies at 1691 and
1687 cm™', respectively, with corresponding appearances of C—O
asymmetric and symmetric stretches.®>>3! The FTIR spectra of
the BHA-CPs displayed a decrease in the intensity of the C=0
band and the strong NH and O—H stretching vibrations occur-
ring at 1601, 3285, and 2900-2400 cm™' in the free BHA linker,
indicating metal coordination via these moieties.** The FTIR
spectra were devoid of bands associated with DMF, indicating
complete removal thereof during the purification of the CPs.

2.2.2. ICP-OES Analysis

ICP-OES analysis was conducted on the synthesized CPs to deter-
mine both the metal content (wt%) and the metal-to-linker (M/L)
ratio (summarized in Table 2). For the lanthanide-based CPs, a
1:1.5 metal-linker ratio was observed, whereas a 1:1 ratio was
noted for the transition metal-based CPs. Consistent with expec-
tations, the metal content by weight decreased with the use of
higher molecular weight (M) linkers, likely because larger link-
ers occupy more space in the CP framework and reduce the
number of metal ions that could be incorporated per unit mass
of the CP. In wastewater treatment, a higher metal content in
CPs often increases active site availability, which enhances dye
adsorption interactions, improving the efficiency of the removal
of the dye. Therefore, careful linker selection is essential for bal-
ancing structural stability with metal loading to create effective
adsorbents for dye-laden wastewater.[>>>¢!

2.2.3. Thermal Analysis

Thermogravimetric analysis (TGA) was used to assess the ther-
mal stability of the respective CPs. The thermograms of the
three linker systems (BDC, BHA, and 5NIP) revealed rapid decom-
position beyond ca. 200 °C. Both BDC and 5NIP underwent
complete decomposition around 350 °C, while BHA displayed
greater thermal stability, decomposing fully at around 550 °C.
The thermograms for the CPs were compared with their corre-
sponding linkers (shown in Figure S1) and displayed initial weight
losses up to 150 °C attributed to the loss of water molecules.
The decomposition of the CPs occurred more gradually, indi-
cating that the M-L coordination provided enhanced thermal
stability. The decomposition profiles of the CPs typically fol-
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lowed a slower, multi-step process likely involving organic linker
degradation.

Metals typically do not volatilize under TGA conditions.
Accordingly, the residual mass observed at the end of the TGA
analysis usually can be reliably attributed to metal oxides.[’-¢"
The amount of residual metal oxides following CP degradation
in the TGA instrument was used to calculate the metal to linker
(M/L) ratio of the CPs (summarized in Table 3) and corresponded
to the M/L ratios determined by ICP-OES.[®!
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Table 1. Summary of COO~ symmetric and asymmetric stretches, Av, and associated coordination modes observed for the BDC- and 5NIP-CPs.

CcP C=0 (cm™) C—OH (cm™) COO~ asym COO ™ gym Av (cm™) Carboxylate-Metal
(em™) (em™) Coordination Type

BDC 1684 1286 - - - -

Ce-BDC - - 1660 1373 287 Monodentate

Cr-BDC - - 1565 1379 186 Bridging-bidentate

Cu-BDC - - 1581 1392 189 Bridging-bidentate

La-BDC - - 1581 1379 202 Monodentate

5NIP 1702 1461 - - - -

Ce-5NIP - - 1521 1420 101 Chelating

Cr-5NIP - - 1530 1420 110 Chelating

Cu-5NIP - - 1521 1420 101 Chelating

La-5NIP - - 1560 1398 162 Bridging-bidentate

Table 2. Metal-to-linker (mol/mol) ratio based on ICP-OES data. 2.2.4. SEM-EDX Analysis

t ce/t E/‘Vat%) cr (Cv\rlt%) cult (Cv:jt%) L/t (Lv?/t%) Scanning electron microscopy (SEM) is a non-destructive and

efficient technique for analyzing properties such as crystal size,

BDC 115 56 L 32 L 35 15 56 morphology, and elemental composition. SEM provides 2D sur-

BHA 115 48 11 29 11 30 5 48 face images and may not accurately represent true 3D crystal

5NIP 115 47 1 26 11 27 s 45 sizes, which can be influenced by agglomeration, surface rough-

ness, or porosity, and which vary based on material properties,
surface energy, and synthetic conditions that affect grain size,
growth, densification, and overall shape.[63-6>]

Energy dispersive X-ray (EDX) spectroscopy is used in con-

Table 3. Structural calculations from the thermograms for the solvent-free : . : . -
BDC., BHA-, and 5NIP- CPs. Junctlo'n with SEM to determine the elemental compos!tlon by
capturing X-rays generated when the electron beam strikes the
cp Residue  Metal Linker Linker ML sample. Although this method can indicate elemental distribu-
(%) Oxide (Mw) (%) (Mw) . . o
tion and purity, elemental composition should be confirmed
CeBDC 33 CeO, 49 166.13 115 with techniques like ICP-OES.667]
Ce-BHA 32 (17212) 55 196.16 115 In this study, CP samples were spin-coated with graphite
Ce-5NIP 30 54 21113 115 to reduce image distortions during SEM imaging, and the
Cr-BDC 26 Cr,05 59 166.13 11 resulting SEM images were analyzed to evaluate the morphol-
Cr-BHA 22 (151.99) 60 196.16 1 ogy and dimensions of individual CP particles (summarized
Cr5NIP 20 58 2113 1:1 in Tables .52 and S3?,lwhile EDX Yvas.employed to ascertain
CuBDC 14 Cu,0 3 16613 » the met'alllc compés'ltlon (shown in Figures §2—§13).' The CPs
(143.09) predominantly exhibited plate-like structures, indicative of 2D
Cu-BHA 23 : 64 196.16 11 . . )
anisotropic growth. In contrast, Cr-BDC and Cu-BDC displayed
Cu-5NIP - 27 80 21113 11 . . L
needle-like morphologies, signifying 1D growth, whereas La-
La-BDC 38 La;0s 58 16613 115 BDC showed spherical shapes characteristic of isotropic growth.
la-BHA 30 (325.81) 55 196.16 115 . ) e . i
These morphological differences provide insights into bond
La-5NIP- 30 58 mmn 115 ing characteristics, that is, strong in-plane bonding in plate-like

structures, strong elongation bonding in needle-like forms, and
uniform bonding in spherical shapes.[®®721 Aggregative behavior
was noted for Ce-BDC, Cr-BDC, Cr-5NIP, and Cu-5NIP, appearing
as cohesive entities made up of multiple indistinct particles. The
remaining CPs exhibited agglomerative behavior, characterized
by loosely interconnected clusters. Particle dimensions generally
ranged from 1 to 2 um, although accurate measurements for the
Cr-, Cu-, and La-5NIP CPs were hindered by their sheet morphol-
ogy. EDX analysis confirmed the presence of anticipated metals
in the CPs and validated the absence of contaminants, ensur-
ing the accuracy of metal content quantification via ICP-OES (see
Section 2.2.2).374
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Figure 4. A view of the molecular structure with atom labelling of Ce-BDC in the asymmetric unit. The displacement ellipsoids are drawn at the 50%
probability level with symmetry-generated atoms indicated by dotted bonds. Disorder on hydrogen atoms and DMF was omitted for clarity.

2.2.5. Single Crystal X-Ray Diffraction

Colorless Ce-BDC crystals suitable for single-crystal X-ray diffrac-
tion (SC-XRD) crystallography were obtained directly from the
solvothermal synthesis and were similar to the Ce-BDC crys-
tals reported by the slow diffusion method.”! In brief, the
Ce-BDC crystallized in a triclinic space group P; with an asym-
metric unit comprised of six Ce (lll) ions bound to a total of
nine deprotonated BDC linkers having the molecular formula
[Ces(BDC)g(DMF)s(H,0)3-3DMF],, (shown in Figure 4).

The deprotonated BDC linkers coordinated to the Ce (lll) ions
in one of two coordination modes within the same system. In
the first coordination mode, there are four bridging BDC link-
ers and one chelating BDC linker, while in the second mode,
there are six bridging BDC linkers to balance the charge on
each Ce (lll) ion. As the Ce-BDC crystals were obtained before
the washing and vacuuming step, the coordination spheres are
completed by the presence of a single DMF ligand (shown in
Figure 4). Furthermore, the asymmetric unit is comprised of three
water molecules, whereby one was p,-bridged (Ce;—0y,—Ce;)
and the remaining two were directly coordinated (Ce,—Os; and
Ceg—0y46) to a Ce center. Both the coordinated/bridged H,O
and coordinated DMF did not contribute toward the overall
charge of the Ce (lll) ion (summarized in Table S4a). It should
be noted that the washing and vacuum steps previously dis-
cussed (see above) were shown to completely remove the DMF
from the solids. In the present instance, the procedure does
not include those steps, and the DMF and H,O were retained
as ligands. The asymmetric unit contained six crystallographi-
cally distinct Ce (lll) centers (shown in Figure 5), exhibiting two
coordination types. Ce; and Ces were eight-coordinate, bonded
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to eight oxygen atoms from one chelating carboxylate group,
four bridging carboxylate groups, one terminal DMF molecule,
and one water molecule. Similarly, Ce, and Ce, were also eight-
coordinate, but with eight oxygen atoms from six bridging
carboxylate groups, one terminal DMF molecule, and one water
molecule. Although both Ce; and Ces are seven-coordinate, Ces
is connected to seven oxygen atoms from six bridging carboxy-
late groups and one terminal DMF molecule, whereas Ces is
connected to seven oxygen atoms coming from one chelating
carboxylate group, four bridging carboxylate groups, and one
terminal DMF molecule.

2.2.6. Powder X-Ray Diffraction

Powder X-ray diffraction (PXRD) was employed to assess the
crystallinity, phase purity, and structural integrity of the syn-
thesized CPs (shown in Figure 6 and summarized in Table 4).
The experimental PXRD patterns of the washed CPs (see Sec-
tion 2.1) were compared with those of their synthesis precursors
(nodes and linkers) and simulated spectra derived from avail-
able single-crystal data in the CSD, providing insights into each
CP’s stability and phase composition. To confirm the reliabil-
ity of the comparative PXRD approach, experimental spectra of
the crystalline linkers BDC and 5NIP were first compared with
their simulated spectra (shown in Figure S14), showing strong
alignment and supporting the method'’s accuracy. Although no
crystal data were available for BHA in the CSD, its experimental
PXRD spectrum was still useful for evaluating its correspond-
ing CPs. In some cases, multiple CSD datasets were available for
selected CPs, and the simulated spectra dataset with the clos-
est alignment to the experimental diffractogram was chosen for
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Figure 5. Coordination spheres of Ce;-Ces as observed in the asymmetric unit of Ce-BDC.
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Figure 6. Stacked PXRD diffractograms of the washed BDC-, BHA-, and
5NIP-CPs.

analysis. Simulated PXRD patterns were generated for Ce-BDC,
Ce-BHA, Cr-BDC, Cu-BDC, Cu-5NIP, La-BDC, and La-5NIP CPs. Due
to the isostructural nature of Ce-5NIP and La-5NIP, the simu-
lated La-5NIP spectrum was used to identify characteristic 26
peaks for the experimental Ce-5NIP CP. For most CPs, the exper-
imental spectra showed a close match to 260 diffraction peaks in
the simulated patterns, which supported the phase purity and
structural integrity of the microcrystalline materials. Minor dis-
crepancies observed in 20 peaks for some microcrystalline CPs
may be due to factors like internal stresses, twin boundaries,
stacking faults, chemical heterogeneities, or slight structural
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defects. Ce-BHA, however, was an exception with its experimen-
tal PXRD spectrum deviating from the simulated one despite
certain matching peaks, suggesting possible variations in struc-
tural parameters or packing arrangements. The Cr-based CPs
exhibited an amorphous nature, likely due to synthesis condi-
tions such as temperature, pH, reaction time, or steric constraints
that may have restricted crystallite formation.>#76-81 The M/L
ratios of CPs that aligned well between experimental and sim-
ulated PXRD patterns were consistent with the stoichiometries
obtained via ICP-OES analysis (Section 2.2.2), further supporting
the structural integrity of these CPs. However, the M/L ratio of
Ce-BHA deviated from expected values, highlighting that even
for CPs composed of identical metal and linker components,
differences in stoichiometry can significantly impact structural
phases, unit cell parameters, and framework topology.!®”!

2.2.7. Gas Sorption

BET experimental: The N, adsorption isotherms of the CPs were
evaluated to identify isotherm types, surface area, and pore
size distribution (summarized in Table S6). Cu-5NIP, Cu-BHA,
and La-5NIP displayed type Il isotherms, indicative of multi-
layer adsorption, and broad pore distribution, with BET surface
areas of La-5NIP (79.9 m? g~") > Cu-BHA (643 m? g°") > Cu-
5NIP (36.9 m? g~') and pore diameters of Cu-5NIP (18 nm) >
Cu-BHA (12 nm) > La-5NIP (6 nm). Higher surface areas are typ-
ically correlated with enhanced adsorption capacity for gases
and dyes.[#8% The remaining CPs exhibited type Ill isotherms,
signifying weaker adsorbate-adsorbent interactions and multi-
layer formation. BET constant (C) values for type Il CPs suggested
moderate interactions (50 < C < 500), whereas type Il CPs
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Table 4. Summary of 20 (°) peaks in experimental and simulated diffrac-
tograms of microcrystalline CPs.

CcP Experimental CP versus (simulated CP*) 20 Peaks

Ce-BDC 11.2 (.3); 15.4 (15.5); 17.6 (17.7); 18.0 (18.0); 21.7 (21.7);
22.4 (22.4); 22.8 (22.8); 23.5 (23.5); 28.1 (28.1); 28.7
(28.7); 29.2 (29.2); 30.0 (29.9); 30.6 (30.7); 34.9 (35.0);

)
372 (37.2); 384 (38.4)

Ce-BHA 15.2 (15.3); 19.6 (19.6); 22.4 (22.5); 23.4 (23.5); 24.5
(24.5); 31.0 (30.9)

Ce-5NIP 10.3 (10.3); 12.8 (12.8); 19.1 (19.1); 20.1 (20.0); 21.4 (21.4);
22.3 (22.4); 23.6 (23.6); 24.5 (24.5); 25.4 (25.6); 32.1
(32.0); 32.9 (33.0); 35.3 (35.3); 43.3 (43.4)

Cr-BDC Amorphous

Cr-BHA

Cr-5NIP

Cu-BDC 12.0 (12.0); 17.1 (17.1); 20.4 (20.5); 21.1 (21.1); 29.3 (29.3);
30.4 (30.4); 31.0 (31.0); 31.3 (31.3); 34.3 (34.3); 35.0
(35.0); 36.8 (36.8); 37.8 (37.8); 41.6 (41.7)

Cu-BHA 15.9; 17.7; 18.8; 24.2; 26.4; 30.4; 32.3; 36.4; 39.1; 40.5;
423

Cu-5NIP 11.7 (11.7); 18,5 (18.5); 19.6 (19.6); 23.3 (23.3); 25.3 (25.3);

26.6 (26.6); 28.1 (28.1); 31.0 (31.0); 32.6 (32.6)

La-BDC 16.2 (16.2); 18.7 (18.8); 20.1 (20.1); 21.1 (21.1); 25.5 (25.5);
25.8 (25.8); 26.3 (26.4); 29.0 (29.0); 30.6 (30.6); 32.4
(32.4); 34.2 (34.2); 377 (37.8); 39.8 (39.8); 42.2 (42.2)

17.3; 18.4; 21.6; 22.8; 25.3; 29.9; 31.1; 36.4; 37.4

12.9 (12.9); 15.1 (15.1); 20.1 (20.0); 26.3 (26.2); 27.4
(27.5); 29.6 (29.5); 31.2 (31.2); 32.8 (32.8); 33.4 (33.3);
33.5 (33.6); 35.3 (35.3); 37.1 (37.1); 39.8 (39.9)

La-BHA
La-5NIP

Table 5. Aromatic proton shifts of BDC, BHA, 5NIP, and their respective
CPs using CD3COOD in DMSO-dg.

CP BDC (ppm) BHA (ppm) 5NIP (ppm)

Ce 8.10 (H,, s, 4H) 7.85 (Ha, s, 4H) 8.87 (Hp, s, H), 8.82
(Ha, s, 2H)

Cr 7.96 (Ha, s, 4H) Paramagnetic Paramagnetic

Cu 7.97 (Ha, s, 4H) 7.85 (Ha, s, 4H)  8.63 (Hp, s, H), 8.62
(Ha, s, 2H)

La 7.80 (Ha, s, 4H) 7.86 (H,, s, 4H) 8.73 (Ha, s, 2H), 8.71 (Hy,
s, TH)

Linker 8.01 (Ha, d, 4H) 7.90 (H,, s, 4H) 874 (H,, s, 2H), 8.68
(Hb, s, H)

indicated weaker interactions (1 < C < 50). Interestingly, La-
BHA (C = 52) and Cu-BDC (C = 134) showed type Il isotherms
despite C values associated with type Il behavior, possibly due to
heterogeneity or edge effects. N, desorption isotherms further
classified CPs into type Il (Cr-BDC), IV (Ce-BDC, Cu-BDC, La-
BDC, Ce-5NIP, Cr-5NIP, Cu-5NIP, La-5NIP, Ce-BHA, Cu-BHA, La-BHA),
and V (Cr-BHA) behaviors. The type IV/V isotherms exhibited
Hs hysteresis loops, characteristic of materials with non-rigid,
groove-shaped mesoporous (2-50 nm) to macroporous (>50 nm)
structures.[o-92]

BJH theory: BJH theory was applied to analyze the pore charac-
teristics of BDC-, BHA-, and 5NIP-CPs (summarized in Table S7)
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using isotherm data within a pore width range of 17-3000 A.
Consistent surface area, pore volume, and pore diameter from
both adsorption and desorption isotherms indicated surface
uniformity in Cr-BDC, Cr-BHA, Cr-5NIP, and La-BHA enhancing
the reliability of pore size distribution data and allowing accu-
rate characterization.[”*-%%) |In contrast, minor deviations between
adsorption and desorption isotherms were observed for La-BDC,
Ce-BDC, Cu-BDC, Ce-5NIP, Cu-5NIP, La-5NIP, and Cu-BHA, possi-
bly attributed to differences in pore structure, limited adsorbate
accessibility, or non-uniform pore size distribution suggestive of
surface heterogeneity. The average pore diameter across the CPs
ranged from 6 to 38 nm, consistent with mesoporous materials,
in agreement with BET analysis.[°7]

t-Plot experimental: The characteristics of the t-plot curves,
micropore volumes, and external surface areas for the CPs were
analyzed (shown in Figures S30-S41 and summarized in Table
S8). At low relative pressures, the CPs did not exhibit microp-
ore filling, as evidenced by the absence of distinct linear regions
in their t-plots. Instead, the observed straight-line curves with
positive gradients indicated that the amount of adsorbed gas
increased proportionally with statistical thickness, characteris-
tic of multilayer adsorption on a relatively uniform mesoporous
surface with consistent adsorption energy, where each addi-
tional layer of gas molecules is adsorbed with similar energy.!®!
Notably, the t-plot curve for La-5NIP displayed a straight line with
a positive gradient that tapered into a gentler slope at higher
statistical thickness, suggestive of rapid micropore filling initially
(steep gradient reflecting significant microporosity and high
adsorption potential) which transitioned into multilayer adsorp-
tion in larger pores (gentle gradient reflecting mesoporosity with
lower adsorption potential and capillary condensation).[°*'0!
Although the La-5NIP curve did not completely flatten, the
decreasing gradient at higher statistical thickness indicated pore
filling saturation due to limited pore volume. The micropore
volumes calculated were negative, suggestive of limited micro-
porosity reinforcing the mesoporous nature of the CPs.l"™ The
external surface areas of the CPs were determined using the H-J
model from the slope of the linear regions in the t-plots (where
slope o external surface area) and showed good agreement with
the BET surface area values (Table $9).°21 However, the t-plot-
derived external surface areas were consistently higher than the
BET reported values, possibly due to nitrogen compressibility
within micropores, where the t-plot model tends to underesti-
mate micropore volume while overestimating external surface
area.[103]

2.2.8. Digestive "H NMR Spectroscopy

'H NMR was performed on the CPs under digestive condi-
tions using CD;COOD in DMSO-ds (shown in Figures S43-S55).
The aromatic proton signals (summarized in Table 5) observed
under these conditions are consistent with the parent ligands,
indicating that the integrity of the linkers is preserved in the
solvothermal synthesis method. The absence of residual DMF
peaks supports the complete removal thereof during CPs purifi-
cation, agreeing with FTIR analysis.
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Figure 7. The effect of adsorbent loading on MB dye adsorption (pH 6.8,
concentration 30 mg L™, time 60 min, CP loading 20-100 mg, 298 K).

2.3. Methylene Blue (MB) Adsorption Studies

This study aims to evaluate the CPs for their effectiveness in
removing MB from solutions of the dye. Key factors to be exam-
ined include adsorbent loading, contact time, pH effects, initial
MB concentration, and adsorption isotherms. Comprehensive
kinetic and isotherm analyses will yield mechanistic insights into
the adsorption process, while assessments of CP stability will
address potential degradation and metal leaching risks.!"#!

2.3.1. Adsorbent Loading

Dye loading studies were performed by exposing each CP, at
different loadings (shown in Figures S64-S75), to 30 mg L' of
MB solution at pH 6.8 (shown in Figure 7). The CPs displayed a
proportional relationship between CP loading and MB adsorp-
tion, consistent with trends observed in literature, as would be
expected.'™%71 Of the CPs, La-5NIP displayed the highest MB
adsorption across the adsorbent loading range between 20 and
100 mg. There is no discernible trend in the data relating to the
linkers themselves, which implies that, while they modify the
binding characteristics of the metal, they are not determinative
of the ability of the CP to uptake MB. Nevertheless, the three top
performers are the ones that demonstrated type Il N, adsorp-
tion isotherms, and their experimental capacities to adsorb MB
match the order of their measured surface areas, that is, La-5NIP
(79.9 m? g7') > Cu-BHA (643 m? g~') > Cu-5NIP (36.9 m? g7').
The poorer performing CPs in this part of the study are those
that demonstrated type Ill N, adsorption isotherms.
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Figure 8. The effect of contact time for the adsorption of MB onto the
respective CPs (pH 6.8, MB concentration of 30 mg L', time 60 min, CP
loading of 20 mg, 298 K).

2.3.2. Contact Time

The contact time study describing the MB adsorption kinetics for
a given initial dosage of the CP adsorbent provides useful infor-
mation to understand the extent of an adsorption process.['®!
The time factor on MB uptake was evaluated for a 30 mg L' MB
solution at pH 6.8 with a 20 mg CP load (shown in Figures
S$76-S87). A rapid initial uptake is evident for all CPs except for
Cr-BDC and Cr-BHA, which evidence a slower uptake. A strong
plateauing effect is noted at 1-8 min, depending on the spe-
cific CP, followed by a more gradual uptake of the MB (shown
in Figure 8). This is consistent with the notion of the initial high
availability of unoccupied active sites on the adsorbent surface.
However, as contact time was increased, MB uptake decreased
until equilibrium was observed at 60 min, consistent with active
site saturation of the CP adsorbent.

2.3.3. Effect of pH

The pH of the dye solution is sometimes a key parameter in
the adsorption/dissociation mechanism of dye molecules. This
observation is attributed to pH potentially influencing both
the adsorbent capacity and adsorbent efficiency as a result
of changes at the surface of the adsorbent induced by pH
changes.""! The pH of the stock MB solution (30 mg L™") was
pH 6.8. The pH of the parent solution was adjusted to pH 3.6
using dilute aqueous HCl and to pH 10.0 using dilute aqueous
NaOH. UV-vis spectra of the MB dye/CP mixtures at different pH
values (shown in Figures S88-5S123) were recorded at 2-min inter-
vals up to 10 min, followed by 10-min intervals up to 1 h (shown
in Figure 9). Increasing pH (alkalinity) led to an increase in MB
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Figure 9. The effect of pH on MB adsorption (MB concentration 30 mg L™,
time 60 min, CP loading at 20 mg, 298 K).

adsorption for all CPs. Given that the MB molecule is positively
charged, the influence of pH could be attributed to increasing
negative charge at the surface of the CPs, which would improve
ionic attraction between MB and the surface of the CPI™ Fur-
thermore, the CPs were shown to retain their chemical integrity
following regeneration after 24 h of exposure to the various MB
solutions, as indicated by the FTIR spectra (shown in Figures
S121-5123).

2.3.4. Effect of Initial MB Concentration

Dye removal efficiency is dependent on the initial MB
concentration." To evaluate the effect of initial MB con-
centration on the efficiency of removal of the dye, MB solutions
of 10, 20, and 30 mg L~ were prepared and exposed to 20 mg
of the CP adsorbent (summarized in Table S10). The removal
efficiency decreased with increasing MB concentration, consis-
tent with active sites on the CP surfaces becoming saturated
as well as equilibrium effects (cf. Le Chatelier’s principle). The
calculated equilibrium adsorption capacity (Gex,) grows steadily
with increasing concentrations, consistent with a non-saturated
system at equilibrium.[M213]

2.3.5. Adsorption Kinetics

Pseudo-first-order and pseudo-second-order kinetic modelling
was applied to the UV-vis absorbance data (summarized in Table
S11 and shown in Figures S127-5150). Pseudo-first-order kinetics
assumes that the adsorption rate is proportional to the number
of vacant sites on the adsorbent surface, while pseudo-second-
order kinetics assumes that the adsorption rate is proportional

ChemistrySelect 2025, 10, €202402762 (9 of 20)

Table 6. PSOM half-life values determined for the CPs.

CcpP ti (min)
1) Cr-BHA 0.17
2) Cr-BDC 6.63
3) Cr-5NIP 10.06
4) La-BDC 14.04
5) Ce-BHA 17.86
6) La-BHA 19.61
7) Cu-5NIP 24.69
8) Ce-BDC 25.51
9) Ce-5NIP 27.10
10) Cu-BDC 27.55
11) Cu-BHA 55.87
12) La-5NIP 57.08

to the square of the number of vacant sites.™""! The coeffi-
cient of variation (R?) observed for both the pseudo-first-order
model and pseudo-second-order model exhibited good corre-
lation with the experimental data, as shown from the high R?
values for the pseudo-first-order (0.94 > R* > 0.98) and for the
pseudo-second-order model (R?> = 0.99), which could be indica-
tive of concurrent physisorption and chemisorption processes
for MB onto the CPs. The experimental adsorption capacity
(Gexp.) values corresponded more closely to calculated adsorp-
tion capacity ge, from the pseudo-second-order model than g
from the pseudo-first-order model over the MB concentration
range (c,) evaluated. The correlation between the ge., values
and g, and the higher R? values for pseudo-second-order model
suggest that the adsorption primarily followed a chemisorp-
tion pathway as the adsorption rate-controlling mechanism.!"!
It is important to note that both physisorption and chemisorp-
tion may occur on the surface of the CP because a layer
of dye molecules may be physically adsorbed on top of an
underlying chemisorbed layer."”! The application of the Weber-
Morris intra-particle diffusion model to the UV-vis absorbance
data (summarized in Table S12 and shown in Figures S151-5162)
revealed that the plots obtained (g vs. t%) did not pass through
the origin (C # 0), indicating that the rate-controlling step is not
solely governed by intra-particle diffusion but rather that exter-
nal surface adsorption and intra-particle diffusion contribute to
the rate-controlling step.!”!

2.3.6. Half-Life Adsorption Kinetics

The concept of half-life (t%) is crucial in assessing the kinetics
of adsorption, as it measures the time required for an adsor-
bent to reduce the initial concentration of a contaminant such
as MB by half."®21 |n this study, the kinetic data for MB adsorp-
tion onto the synthesized coordination polymers (CPs) revealed
that the adsorption process adhered to second-order kinetics,
primarily driven by chemisorption, with ty values calculated
accordingly (summarized in Table S13). The ty values for MB
adsorption across the synthesized CPs (summarized in Table 6)
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varied significantly, ranging from 0.17 to 57.08 min. For instance,
the Cr-BHA CP exhibited the shortest ty, indicating a rapid
adsorption rate, whereas La-5NIP had the longest t%, reflecting
slower kinetics but a higher adsorption capacity. This inverse
relationship between t; and adsorption capacity suggests that
faster adsorbents like Cr-BHA are ideal for quick remediation,
while slower but higher-capacity adsorbents like La-5NIP are
better suited for long-term dye wastewater treatment. This vari-
ation in ty provides a useful framework for selecting adsorbents
based on the specific kinetic requirements of environmental
applications.[?-1?"!

2.3.7. Adsorption Isotherms

The equilibrium data for the removal of MB in the present
investigation were assessed using the two-parameter mod-
els of Langmuir, Freundlich, and Dubinin-Radushkevich (sum-
marized in Table S14 and shown in Figures $163-5198) and
three-parameter models of Redlich-Peterson and Sips equations
(summarized in Table S15 and shown in Figures S199-S222).
The Langmuir isotherm, which assumes monolayer adsorption,
showed an excellent fit to the experimental equilibrium data
(0.95 < R* < 0.99) for all of the CPs studied, whereby R, < 1and
gmax > 1 indicated favorable adsorption associated with strong
adsorbate-adsorbent interactions. The highest K. value was
observed for Cr-BHA, while the highest gn.x was observed for
La-5NIP by this isotherm model."'°! The Freundlich isotherm
model, suited to heterogeneous surfaces and multilayer adsorp-
tion, displayed a poorer fit compared to the Langmuir model
(0.63 < R? < 0.93).130-136] The adsorption intensity index (1/n) indi-
cated favorable MB adsorption via chemisorption (0 < 1;<1) for
the CPs (except Cr-BHA having % < 0.1 indicative of a nonlinear
irreversible isotherm) and the highest Kr observed for La-5NIP.""!
The Dubinin-Radushkevich isotherm model displayed a good fit
to the experimental equilibrium data (0.92 < R? < 0.99) for all
of the CPs studied with Kp < 1and E > 8 kJ mol™, indicative of
a microporous adsorbent surface with chemisorption as the pri-
mary route for MB uptake by the CPs studied.™® Furthermore,
the saturation capacity (qq) observed agreed with gey, (summa-
rized in Table S10) but was lower than gm.c by the Langmuir
isotherm model.

Although monolayer adsorption appeared more favorable
for MB uptake onto the CPs, the R? value for the Freundlich
adsorption isotherms indicated that multilayer MB adsorp-
tion onto other CP surfaces may have occurred, that is, pore
percolation.™! To assess the validity of this occurrence, three-
parameter hybrid empirical formulas (Redlich-Peterson and Sips
models) applicable to both homogeneous and heterogeneous
systems and incorporating features of both the Langmuir and
Freundlich isotherms were applied to the experimental equi-
librium data and the parameters determined (summarized in
Table $15).1"0%1 The Redlich-Peterson model assumes the pres-
ence of both homogeneous and heterogeneous surfaces on
the adsorbent, and adsorption does not follow ideal mono-
layer adsorption.?! On the other hand, the Sips model is used
for heterogeneous monolayer adsorption by an adsorbent with
non-uniform adsorption sites and accounts for issues associated
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Figure 10. MB adsorption onto a generic CP via different interactions.

with a continual rise in the adsorbed quantity with increased
adsorbate concentration in the Freundlich equation."3! In the
Redlich-Peterson model, the value of the constant 8 is a mea-
sure of how closely the model conforms to the Langmuir model
(8 = 1) oris closer to the Freundlich model (8 = 0). Based on
0 < B < 1 for all of the CPs evaluated, the Redlich-Peterson
model indicates a contribution by multiple adsorption modes
during MB uptake.#"! |n the Sips model, the constants b
and n are related to the energy of adsorption process and the
exponential heterogeneity factor, respectively. The Sips equa-
tion reduces to Langmuir equation if n is equal to 1, and it
implies a homogeneous adsorption process."7! Based on the
data obtained, heterogeneous adsorption processes were indi-
cated based on the values obtained for the heterogeneity factor:
0 < n < 1. Although the Redlich-Peterson displayed a good
fit to the experimental equilibrium data (0.85 < R? < 0.99), the
Sips model showed excellent fit (0.98 < R?> < 0.99) with a con-
sistently high correlation, whereas the Redlich-Peterson model
gave occasional lower R? values. Thus, the Redlich-Peterson
model was deemed less dependable as a descriptive instrument
for our investigation.

2.3.8. Proposed MB Uptake Mechanism

The adsorption of MB by various adsorbents involves a complex
interplay of mechanisms. Multiple interactions between the CPs
and the cationic MB dye molecule likely occur simultaneously
(shown in Figure 10), with primary adsorbent-adsorbate inter-
actions identified through complementary analytical techniques.
For instance, UV-vis spectroscopy reveals n-m and w-m stack-
ing interactions by shifts in A, and band positions, while FTIR
detects hydrogen bonding, TGA assesses Van der Waals forces,
and pH analysis highlights electrostatic interactions. Together
with kinetic models and adsorption isotherms, this multifaceted
approach provides a comprehensive understanding of adsorp-
tion dynamics and underlying mechanisms during MB uptake.
Although this study explores key mechanisms for MB adsorption
by synthesized CPs, further research is needed to fully unravel
the complexities of these interactions.["%""!
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Figure 11. Stacked FTIR spectra of La-BDC (blue), MB (red), and La-BDC/MB
(black).

Mechanistic insights into MB uptake via adsorption kinetics and
isotherms: Adsorption kinetics for MB uptake by the CPs showed
strong correlation (R?) for both PFOM and PSOM, indicating
the involvement of both physisorption and chemisorption. How-
ever, PSOM’s closer agreement with the experimental adsorption
capacity (ge.) identified chemisorption as the rate-controlling
mechanism. Two-parameter Langmuir and Freundlich isotherms
suggested multimodal (monolayer and multilayer) adsorption,
while the D-R model confirmed microporosity and chemisorp-
tion as the dominant mechanism. The observed multimodal
adsorption led to further analysis with three-parameter Redlich—
Peterson and Sips models, with the Sips model showing excel-
lent correlation. It revealed heterogeneous surfaces, multiple
adsorption site types, and multimodal adsorption, with Cu-BHA
favoring physisorption (n << 1) and Ce-BDC exhibiting nearly
uniform adsorption (n &~ 1, indicating equal contributions from
physisorption and chemisorption).

Experimental pH and FTIR analysis toward mechanistic insights
into MB uptake: pH studies demonstrated increased MB uptake
at higher pH levels, likely due to carboxylic group deproto-
nation (—COOH to —COO~), which increased surface negative
charge, enhancing the available MB adsorption sites and pro-
moting electrostatic CP-MB attraction leading to ionic bonding.
Stacked FTIR spectra of the CP, MB, and CP/MB systems (e.g.,
the zoomed region of La-BDC in Figure 11) showed no signif-
icant changes in stretching frequencies or peak shifts, further
suggesting that physisorption was the dominant process in MB
uptake. These experimental findings lay the groundwork for
future studies to clarify the exact nature of the CP-MB adsorption
interaction.[52-156]

2.3.9. CP Reusability
Recovery and reusability of the CPs in the adsorption process

was investigated by exposing 20 mg of the respective CP to
30 mg L' of MB solution at pH 6.8 over 1 h. The CP was recov-

ChemistrySelect 2025, 10, €202402762 (11 of 20)

Figure 12. Adsorbent reusability for the adsorption of MB onto the
respective CPs (pH 6.8, MB concentration of 30 mg L~', time 60 min, CP
loading of 20 mg, 298 K).

ered after each adsorption experiment by filtration, regenerated
by soaking in pure ethanol for 1 h (x3) to remove the guest
molecules, and dried before the next MB adsorption cycle, simi-
lar to a literature protocol.””*8] The results evidence comparable
MB uptake in each of the three cycles of the materials, with-
out loss of adsorption capacity (shown in Figure 12). The CPs
retained their chemical integrity and microcrystallinity following
two regeneration cycles as indicated by FTIR and PXRD spectra
(shown in Figures $S235-5240). For a practical implementation of
the method, a cartridge system is likely to work best to enable
capture of the dye, which can be readily regenerated by elu-
tion of an appropriate solvent, and the solvent would be readily
recycled by distillation.

2.3.10. CP Leaching

The application of CPs in wastewater treatment faces challenges
from metal ion leaching, which is closely linked to their sta-
bility in aqueous environments. This leaching poses significant
risks to public health and ecosystems by releasing toxic metals,
which can bioaccumulate and harm aquatic life."®*-'6" Addition-
ally, leaching undermines adsorption efficiency, reusability, and
the operational cost-effectiveness of CPs in large-scale opera-
tions. This risk is especially pronounced in acidic wastewater
conditions where leaching is often accelerated, increasing the
contamination potential of these materials and reducing their
dye removal efficiency. Consequently, this study investigates the
leaching behavior and stability of the high-performing CP can-
didates studied here, assessing their viability for sustainable
wastewater treatment.['021%] Per the metal leaching percentages
(summarized in Table 7) determined via UV-vis spectroscopy
(shown in Figures S241-S243), Cu-BHA exhibited low levels of
leaching (0.92%) over both 24 and 48 h, indicating relatively
robust stability in neutral water. However, when exposed to
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Table 7. Metal leaching (%) from the selected CPs under varying exposure

times and pH.

CcpP 24 h 48 h 48 h @ 48 h @
pH 6 pH 8

Cu-BHA 0.92 0.92 1.82 0.93

Cu-5NIP 0.10 0.10 0.47 0.15

La-5NIP 0.00 0.00 2.07 0.00

Table 8. t (min) for MB adsorption by various adsorbents.

Adsorbent t (min) Adsorbent t (min)

1) Cr-BHA? 0.17 11) Pby-FSL 826

2) Pure AC 0.22 12) Clay 13.90

3) Seagrass fibers 0.57 13) Algal 18.90

4) Palm kernel fiber 0.75 14) Zeolite-NaA 20.09

5) UiO-66-NH, 1.15 15) CP1 26.51

6) Betel nut stalk 127 16) CP2 40.55

7) Zn,-FSL 1.76 17) CP3 56.41

8) Rice husk 3.85 18) La-5NIP? 57.08

9) Waste apricot AC 4.00 19) DWBC 100.00

10) Sepiolite 5.88 20) Natural 333.00

zeolite

3 (CPs reported in this study; FSL: Functionalized salen ligand;

CP;:  [Co(BTMDBA)(BIDPE)],; CP,:  [Co(MCBA)(BIMB)-H,0-OH],; CPs:

[Co,(u-CO0),(NC),(HIPA)]-2H,0),; DWBC: Dehydrated wheat bran carbon.

a mildly acidic environment (pH 6), increased leaching was
observed (1.8%), revealing some sensitivity, while a basic envi-
ronment (pH 8) had minimal effect on leaching compared to
the neutral conditions (0.93%). Cu-5NIP also demonstrated high
stability, with low leaching (0.10%) in neutral water over 24 and
48 h. Under acidic conditions, leaching from Cu-5NIP increased
modestly (0.47%), and a slight increase was observed at pH 8,
indicative of low susceptibility to both acidic and basic envi-
ronments from this CP. La-5NIP showed no detectable leaching
in neutral or basic conditions across 24 and 48 h, indicating
substantial stability; however, at pH 6, leaching rose markedly
to 2.07%, suggesting a pronounced sensitivity to mildly acidic
conditions. These observations indicate that while Cu-BHA and
Cu-5NIP are robust across a range of pH values, La-5NIP is more
suitable for applications in stable or basic pH environments due
to its pronounced sensitivity to acidity.

2.3.11. Evaluating MB Adsorptive Performance of the Prepared
CPs Versus Reported Adsorbents

A comparative analysis of the t between the synthesized
CPs and various adsorbents from the literature (summarized in
Table 8) provided a useful benchmark for evaluating MB adsorp-
tion performance.'®721 While not exhaustive, this comparison
highlighted the potential of the CPs in environmental remedia-
tion and offered guidance for future material optimization. The
physical approach to dye wastewater treatment is promising for
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large-scale remediation due to its effectiveness and the lack of
toxic by-products.

Adsorbents exhibited a range of t% values, with Cr-BHA show-
ing the fastest adsorption rate (0.17 min), making it ideal for
rapid pollutant removal. Conversely, slower adsorbents like dehy-
drated wheat bran carbon (100 min) may be more suitable
for sustained adsorption, depending on considerations such as
capacity. Other materials, such as pure activated carbon (0.22
min) and seagrass fibers (0.57 min), showed rapid kinetics com-
pared to more complex adsorbents like UiO-66NH, (1.15 min) or
rice husk (3.85 min). Longer ty values for CP3 (56.41 min) and La-
5NIP (57.08 min) are less compelling, potentially suggesting their
utility for applications requiring gradual adsorption. These find-
ings underscore the importance of selecting adsorbents based
on specific application needs, emphasizing the balance between
speed and capacity, and providing a foundation for optimizing
future adsorbent materials.

3. Experimental Section

3.1. Reagents and Materials

All starting materials and reagents are commercially available
unless specified. N,N-dimethylformamide (DMF, 99.8%), nitrate salt
hydrates (cerium (Ce(NO3)3-6 H,0, 99.9%), chromium (Cr(NOs);-9H,0,
99.9%), copper (Cu(NOs),-3H,0, 99.9%), lanthanum (La(NOs)3-6H,0,
99.9%) and the organic linkers (benzene-1,4-dicarboxylic acid
(CgHeO4, 98.0%), 5-nitroisopthalic acid (CgHsNOs, 98.0%)) were
purchased from Merck Chemicals (Darmstadt, Germany). Benzene-
1,4-dihydroxamic acid (CgHgN,O4) was prepared from dimethyl
terephthalate (CioHpO4, 99.0%), and hydroxylamine hydrochloride
(NH,OH-HCl) was purchased from SRL Chemicals (Maharashtra,
India). Methanol, sodium sulphate, and sodium hydroxide were
purchased from Rochelle Chemicals (Gauteng, South Africa). All
reagents were used without further purification.

3.2. Instruments and Methods

The solvothermal synthesis of the CP was run in a bespoke in-house-
built thermal bath connected to a magnetic stirrer. Acid-digestive
proton nuclear magnetic resonance was performed on a Bruker
Ultra-shield 500 MHz NMR spectrometer using minimal addition
(5 — 10 drops) of deuterated acetic (CD;COOD), sonicating the mix-
ture until the sample was well dispersed in the acid, followed by
the addition of approximately 0.5 mL of deuterated dimethyl sul-
foxide (DMSO-dg, calibrated to 2.49 ppm) to dilute and completely
dissolve the sample. PXRD was performed on a PANanalytical X-Pert
Pro X-ray diffractometer (Almelo, Netherlands) using copper radia-
tion (A = 15406 A) with K filter operated at 40 kV and 40 mA.
Single crystal X-ray diffraction was performed on a Bruker Apex
DUO equipped with a 4 K CCD diffractometer area detector system
equipped with a graphite monochromator and a Mo Ko fine-focus
sealed tube (A = 0.71073 A operating at 1.35 kW). Thermogravimet-
ric analysis was performed on a Hitachi STA7000 thermoanalyzer
(Tokyo, Japan) with a heating rate of 5 °C.min~' under N, and syn-
thetic air flow (20 mL min~") from room temperature to 800 °C.
Scanning electron microscopy with energy dispersive X-ray analy-
sis was performed on a JEM-2100 (Tokyo, Japan); a 200 kV analytical
electron microscope equipped with Oxford SDD detector was used
to determine the morphology and presence of the metal ion in the
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CPs, respectively. N, adsorption/desorption experiments were con-
ducted with a TriStar 3000 Surface Area coupled to a Flowprep 060
degassing unit (CP samples were heated at 200 °C for several hours
under vacuum to remove any gases clinging to the walls of the
pores before being exposed to the adsorbate gas (N,) at its con-
densation temperature (°C) inside the sample chamber at varied
pressure and constant temperature). Infrared spectra were recorded
using a Shimadzu IRSpirit spectrometer with QATR-S (Tokyo, Japan).
Inductively coupled plasma optical emission spectroscopy were
recorded on an Thermo iCAP 6500.

3.3. Organic Linkers and Coordination Polymers

3.3.1. Synthesis of Ce-BDC (1)

Cerium nitrate hexahydrate (1.00 g, 2.30 mmol) was dissolved in N,N-
dimethylformamide (15 mL). BDC (0.38 g, 2.30 mmol) was dissolved
in N,N-dimethylformamide (15 mL). The two solutions were intro-
duced to a sealed reactor. The reactor was then heated to 120 °C
at a ramp rate of 5 °C min~' and maintained at this temperature
for 72 h. The white solid material (1.10 g) formed was then washed
under vacuum with (i) DMF (3 x 30 mL) to remove unreacted start-
ing material, followed by (ii) distilled water (3 x 30 mL) and (iii)
methanol (3 x 30 mL). The filtered material was then activated by
being dried under high vacuum at 100 °C for 12 h prior to char-
acterization. '"H NMR (DMSO-ds/CDsCOOD, 500 MHz): § 11.55 (OH,
s, 2H), 810 (Ha, s, 4H). FTIR (cm™): 1660 (CO asymmetric), 1373 (CO
symmetric stretch), 737 (benzene ring C—H bending). The synthetic
procedure for the remaining CPs is the same as that for Ce-BDC, dif-
fering only in the mass of the respective metal and linker reacted
for the desired CP.

3.3.2. Synthesis of Cr-BDC (2)

Chromium nitrate nonahydrate (1.00 g, 2.5 mmol) was reacted with
BDC (0.42 g, 2.5 mmol). 'H NMR (DMSO-ds/CD3COOD, 500 MHz): §
11.53 (OH, s, 2H), 7.96 (H,, s, 4H). FTIR (cm™"): 3372-3218 (OH stretch),
1565 (CO asymmetric), 1379 (CO symmetric stretch), 744 (benzene ring
C—H bending).

3.3.3. Synthesis of Cu-BDC (3)

Copper nitrate trihydrate (1.00 g, 4.1 mmol) was reacted with BDC
(0.69 g, 41 mmol). '"H NMR (DMSO-ds/CD3COOD, 500 MHz): § 11.53
(OH, s, 2H), 924 (H,, s, 4H). FTIR (cm™): 3235 (OH stretch), 1581 (CO
asymmetric), 1392 (CO symmetric stretch), 744 (benzene ring C—H
bending).

3.3.4. Synthesis of La-BDC (4)

Lanthanum nitrate hexahydrate (1.00 g, 2.3 mmol) was reacted with
BDC (0.43 g, 23 mmol). 'H NMR (DMSO-ds/CD3COOD, 500 MHz): §
11.54 (OH, s, 2H), 7.80 (H,, s, 4H). FTIR (cm~"): 2924-3021 (OH stretch),
1581 (CO asymmetric), 1379 (CO symmetric stretch), 744 (benzene ring
C—H bending).

3.3.5. Benzene-1,4-dihydroxamic Acid (BHA)

Hydroxylamine hydrochloride (320 g, 45 mmol) was mixed with
sodium hydroxide (3.60 g, 90 mmol) and sodium sulfate (0.60 g,
4 mmol) in deionized water (45 mL) and added to dimethyl tereph-
thalate (3.00 g, 30 mmol) dissolved in methanol (50 mL), followed
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by stirring for 72 h at 40 °C. The reaction solution was acidified
to pH 5.5 using 5% HCI, and the solvent was removed in vacuo,
yielding a yellow solid. Methanol (60 mL) was added, and sodium
chloride was filtered off, followed by solvent removal in vacuo to
yield a white solid, which was recrystallized in hot water to form
BHA. Yield: 2.03 g, 10.45 mmol, 35%."H NMR (DMSO-ds/CD3COOD,
500 MHz): § 12.00 (NH, b), 9.74 (OH, s, 2H), 7.90 (H,, s, 4H). FTIR (cm™):
3285 (NH), 2721 (OH), 1645 (C=0), 1605 (CO), 1562 (CN), 1543 (C—C aro-
matic stretch). E.A. Anal. (%) calculated for BHA C: 48.98; H: 4.11; N:
14.28 and found C: 49.30; H: 4.18; N: 14.50.

3.3.6. Synthesis of Ce-BHA (5)

Cerium nitrate hexahydrate (1.00 g, 230 mmol) was reacted with
BHA (0.44 g, 230 mmol). 'TH NMR (DMSO-ds/CD3COOD, 500 MHz): §
11.55 (NH, b), 9.73 (OH, s, 2H), 7.85 (Ha, s, 4H). FTIR (cm™): 1543 (N—O
stretch), 1380 (C—O stretch).

3.3.7 Synthesis of Cr-BHA (6)

Chromium nitrate nonahydrate (1.00 g, 2.5 mmol) was reacted with
BHA (0.50 g, 2.5 mmol). FTIR (cm™): 3373 (OH stretch), 1645 (N—O
stretch), 1386 (C—O stretch).

3.3.7. Synthesis of Cu-BHA (7)

Copper nitrate trihydrate (1.00 g, 4.1 mmol) was reacted with BHA
(0.80 g, 4.1 mmol). '"H NMR (DMSO-ds/CD3COOD, 500 MHz): § 11.55
(NH, b), 9.74 (OH, s, 2H), 7.85 (H,, s, 4H). FTIR (cm™"): 3373 (OH stretch),
1658 (NH bending), 1522 (NO stretch), 1381 (C—O stretch).

3.3.8. Synthesis of La-BHA (8)

Lanthanum nitrate hexahydrate (1.00 g, 2.3 mmol) was reacted with
BHA (0.40 g, 2.3 mmol). '"H NMR (DMSO-ds/CDsCOOD, 500 MHz): §
11.60 (NH, b), 9.74 (OH, s, 2H), 7.86 (H,, s, 4H). FTIR (cm~"): 3259 (OH
stretch), 1555 (N—O stretch), 1385 (C—O stretch).

3.3.9. Synthesis of Ce-5NIP (9)

Cerium nitrate hexahydrate (1.00 g, 2.30 mmol) was reacted with
5NIP (50 g, 230 mmol). '"H NMR (DMSO-ds/CD3COOD, 500 MHz): §
11.00 (OH, b, 2H), 8.87 (Hp, s, TH), 8.82 (H,, s, 2H). FTIR (cm™"): 3113
(OH stretch), 1521 (CO asymmetric), 1420 (CO symmetric).

3.3.10. Synthesis of Cr-5NIP (10)

Chromium nitrate nonahydrate (1.00 g, 2.5 mmol) was reacted with
5NIP (0.50 g, 2.5 mmol). FTIR (cm~"): 2998-3581 (OH stretch), 1530 (CO
asymmetric), 1420 (CO symmetric).

3.3.71. Synthesis of Cu-5NIP (11)

Copper nitrate trihydrate (1.00 g, 41 mmol) was reacted with 5NIP
(0.90 g, 41 mmol). '"H NMR (DMSO-ds/CD3COOD, 500 MHz): § 10.99
(OH, b, 2H), 8.63 (Hp, s, TH), 8.62 (H,, s, 2H). FTIR (cm™"): 3563 (OH
stretch), 1521 (CO asymmetric), 1420 (CO symmetric).
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Table 9. Overview of typical BET constant (C) value ranges categorized by
adsorbate-adsorbent interaction strength with examples.
C-Value Adsorbent- Example
Adsorbate
Interaction
1<C<50 Weak Non-polar gases on non-polar
surfaces (London dispersion
force)
50 < C < 500 Moderate Gas-solid systems at room
temperature
C > 500 Strong Gases on highly porous
adsorbent surfaces (Van der
Waals force)

3.3.12. Synthesis of La-5NIP (12)

Lanthanum nitrate hexahydrate (1.00 g, 2.3 mmol) was reacted with
5NIP (0.50 g, 2.3 mmol). '"H NMR (DMSO-ds/CDsCOOD, 500 MHz): &
10.96 (OH, b, 2H), 8.73 (H,, s, 2H), 8.71 (Hp, s, TH). FTIR (cm™"): 3545
(OH stretch), 1560 (CO asymmetric), 1398 (CO symmetric).

3.4. Gas Sorption Studies
3.4.1. BET Theory

Brunauer-Emmett-Teller (BET) theory describes a mathematical
Equation (2) to calculate the specific surface area and pore size dis-
tribution from the volume of the probing gas (adsorbate) adsorbed
to the surface of the particles (including pores) from the known size
of the adsorbate gas molecule.”3!

L_L_F -1\ 7 Q)
VIP,—P)  VuC VC ) P,

where P is equilibrium pressure of adsorbate, P, is the satura-
tion pressure of adsorbate, V is adsorbed gas quantity, V., is the
adsorbed gas quantity to form a saturated monolayer per gram
of adsorbent, and C is the dimensionless constant related to the
enthalpy of adsorbate adsorption.

The magnitude of C, the BET constant, is calculated using Equa-
tion (3) and measures the strength of the adsorbent-adsorbate
interaction (summarized in Table 9).[74]

(E1) _ olEL)
co (e e™t)) @)
RT

where E; and E; are the heat of adsorption for the first and subse-
quent layers, respectively; R is the universal gas constant, and T is
the absolute temperature.

The applicability of Equation (3) relies on several key assump-
tions, that is, (a) multilayered adsorption must occur; (b) the heat
of adsorption for the first layer differs from that of subsequent lay-
ers (E; # Ep); (c) molecules adsorbed within the same layer do not
interact laterally; (d) the adsorbent surface is homogeneous with
equivalent adsorption sites; (e) adsorption only occurs once at a
specific site; (f) each adsorbed layer is in equilibrium with the adsor-
bate gas phase; and (g) each adsorbed layer obeys the Langmuir
adsorption isotherm. The adsorption behavior of materials at con-
stant temperature typically conform to one of six IUPAC-classified
adsorption isotherms (shown in Figure 528).l7>-78]
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Table 10. Overview of the shape, adsorbate-adsorbent interaction, and
pore structure associated with the four hysteresis loops of adsorption
isotherms as classified by IUPAC.
Type Hysteresis Loop Pore Structure
H1 Narrow Cylindrical (open at both
ends)
H2 Broad Ink bottle (neck-like
with wide body)
H3 Steep desorption branch Groove (macroporous)
H4 Parallel and horizontal Slit (microporous)
branches

Per the assumptions (a-g) required for BET theory to be sat-
isfied, Equation (3) is only applicable to materials displaying type
Il (reversible isotherm for nonporous or macroporous materials) or
type IV (reversible isotherm for mesoporous materials) isotherms.
The remaining isotherms (types |, lll, V, and VI) are excluded, as these
isotherms do not conform to the key assumptions outlined above,
that is; type | isotherms represent monolayer adsorption, type llI
isotherms provide no information about monolayer coverage, type
V isotherms display hysteresis without multilayer adsorption, while
type VI isotherms exhibit distinct stepwise adsorption stages charac-
teristic of materials having highly uniform nonporous surfaces.[”!
In addition, IUPAC classification also defines four types of hystere-
sis loops (shown in Figure S29) observed in isotherms (types IV and
V) of porous materials possessing complex adsorption/desorption
behaviors attributed to pore structure (summarized in Table 10).['8!

3.4.2. BJH Theory

Barrett, Joyner, and Halenda (BJH) theory is primarily used to calcu-
late the pore size distribution of mesoporous materials via analysis
of the gas desorbed as a function of the relative pressure. The BJH
method is based on the Kelvin equation (Equation (5)) to determine
pore size (microporous: < 2, mesoporous: 2-50, or macroporous: >
50) by relating the pressure of the adsorbed gas to the curvature of
the liquid meniscus inside the pores and predict capillary conden-
sation. However, pore size determination of complex materials may
be challenging, as Equation (4) neglects interactions beyond surface
tension and assumes that the pores are cylindrically shaped.'8'-184!

P 2y V,
In(—)=2tn )
P, RT
where P is the equilibrium vapor pressure inside the pore, P, is the
saturation vapor pressure of the bulk liquid, y is the surface tension
of the liquid, V;, is the molar volume of the liquid, R is the universal

gas constant, T is the absolute temperature, and r is the radius of
curvature of the meniscus.

3.4.3. t-Plot Theory

The thickness-plot (t-plot) method, developed by De Boer et al., is a
graphical technique used in gas sorption analysis to determine the
surface area and pore volume of porous materials, particularly those
that display non-BET compliant isotherms. This method compares
the adsorption isotherm of the material being studied with a ref-
erence adsorption isotherm of a nonporous material (ideal isotherm
curve) having a similar surface chemistry to ascertain the thickness
of the adsorbed layer on the experimental material surface as a
function of relative pressure (f). Using this approach, an adsorp-
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tion isotherm N, (P) of a given gas on a flat surface having a
specific surface area (S) with density (po) can be converted into
the average thickness t(P) of the adsorbed film on the surface via

Equation (5) to produce a t-curve.['8518]

_ M@

(P = =2

)

where N2, (P) is the adsorption isotherm on a flat surface with
specific surface area (mol/g), p, is the pressure (adsorbed phase
density = liquid density) (mol/m3), and S is the specific surface area
(m?/g).

A t-plot is generated by converting t(P) (Equation (5)) into the
volume of adsorbate adsorbed (V,4s) using Equation (6) and plotting
it against the statistical thickness (t) to identify different porosity

regions of the experimental material.

t(P)=1— (6)

11— (P%)Vads
o

V.

where V4 is the volume of adsorbate adsorbed at a given pressure
and V, is the maximum volume of adsorbate adsorbed.

If the t-plot is initially linear, it could indicate micropore fill-
ing and suggests that the material displays an identical adsorption
behavior as the flat reference surface for that specific pressure
range (t-plot gradient = external surface area of the material).
In contrast, any departure from the linearity at higher values of
t is indicative of a mesoporous region, whereby condensation
(steep gradient) or adsorption on the pore walls (gentle gradient)
may be observed. Since the t-plot method compares the isotherm
and an ideal adsorption curve, it is necessary to ensure that the
selected model closely describes the layer of adsorbate thickness
on the adsorbent surface since no universal thickness curve exists.
In addition, the t-plot method has been proven to be accurate
for microporous surfaces where the adsorbed layer thickness is
dependent on pore diameter and less accurate for mesoporous
materials where the adsorbed layer thickness is independent of pore
diameter.l'®!

Per t-plot theory, the micropore volume and surface area of
the CPs were determined utilizing the Harkins-Jura (H-J) statisti-
cal thickness equation (Equation (7)) adapted from Equation (6) to
estimate the thickness of the adsorbed film.[°8!

1

2
13.99
t=| ——— @

(0.034 — log;, (;)

where t is the adsorbed layer thickness, P is the adsorbate equilib-

rium pressure, and P, is the adsorbate saturation vapor pressure.
Assumptions: (i) Surface area correction factor: 1.0. (ii) Density

conversion factor: 1.5 x 1073. and (iii) Thickness range: 3.5-5.0 A.

3.5. Dye Adsorption

A 1 M stock solution of methylene blue was prepared using deion-
ized water. The effect of several factors on MB adsorption, such
as the pH, CP loading, and contact time, was investigated using
the one-factor-at-a-time method in the dark to minimize poten-
tial photodegradation. The adsorption process was followed by
ultraviolet-visible spectroscopy (UV-vis; Hellma Analytics quartz
cuvette at constant room temperature on a Shimadzu UV-1800
spectrophotometer). The stock MB solution was diluted to a concen-
tration of 30 mg L™, which corresponded to an absorbance (Abs)
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of approximately 1 (MB; A,ps 664 nm), ensuring optimal sensitiv-
ity and accurate quantification using UV-vis spectroscopy. The CP
adsorbent mass was set at 20 mg, optimized for use in standard
1 cm path length cuvettes, providing sufficient surface area for effi-
cient adsorption while fitting within the experimental constraints. To
further investigate the effect of adsorbent loading on MB uptake,
additional studies were conducted using CP masses of 40, 60, 80,
and 100 mg. These incremental studies confirmed the suitability of
the 20 mg baseline and provided insights into the scalability of the
CPs adsorption capacity. The MB sorption efficiency (%) and equilib-
rium adsorption capacity were calculated by Equations (8) and (9),
respectively.[8?!

Co — Cf

DyeRemoval (%) = x 100 (8)

where ¢, is the initial feed concentration of dye solution and ¢ is
the final concentration of dye solution after adsorption.

Qe:[(co —A;e)xv] ©

where Q. is the equilibrium adsorption capacity (mg g7"), c. is the
equilibrium concentration of MB (mg L"), V is the MB solution
volume (L), and M is the adsorbent mass (g).

3.6. Kinetics, Isotherm, and Statistics

3.6.1. Adsorption Kinetic Models

Adsorption kinetics studied the adsorbent-adsorbate reaction rate.
As adsorption and desorption are time-dependent processes, their
kinetic parameters portrayed the movement of the adsorbate within
and onto the surface sites of the adsorbent. In this study, the
adsorption data were fitted by pseudo-first-order, pseudo-second-
order, and intraparticle diffusion kinetic models."™ The most
effective model was selected to describe the adsorbent-adsorbate
interaction between MB and the CPs based on (i) consistency
between the experimental and the theoretical values of the model
and (i) the coefficient of determination value (R?) being close to
or equal to 1 from the statistical function of the Origin Pro 8.5
software.!'88]

a) Pseudo-first-order kinetic model: The pseudo-first-order model
described by Equation (10) assumes that the rate of change is
directly proportional to the difference in saturation concentration
and the amount of MB dye uptake with time, whereby the reaction
rate is governed by physisorption.['®!

In(Ge — ) = Inge — kit (10)

where k; is the first-order adsorption rate constant (min™), t is time
(min), geis the equilibrium adsorption capacity (mg g, and g is
the equilibrium adsorption capacity at various times t (mg g™").

b) Pseudo-second-order kinetic model: The pseudo-second-order
model described by Equation (11) assumes MB dye uptake decreases
linearly as the adsorption rate increases, whereby the reaction rate
is governed by chemisorption.!®!

t__1 +t ()
g K@ qe
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where k, is the second-order adsorption rate constant (g mg™
min~), t is time (min), geis the equilibrium adsorption capacity (mg
g7"), and g is the equilibrium adsorption capacity at various times
t(mgg™).

¢) Weber-Morris intra-particle diffusion model: The intraparti-
cle diffusion model can be described by Equation (12). According
to Equation (12), the linear plot of t3 versus g passes through
the origin (C(=0) when intra-particle diffusion is the only rate-
controlling step. However, when the linear plot of t3 versus g does
not pass through the origin (C # 0), both surface adsorption and
intra-particle diffusion participate in the rate-controlling step.l™"

g = kipt'? + ¢ (12)

where ki, is intra-particle diffusion rate constant for adsorption (mg
g~ min™?) and c is the intercept representing boundary layer
thickness (mg g™).

3.6.2. Adsorption Isotherm Models

The adsorption process is divided into two parts: adsorbent adsorp-
tion and desorption from the adsorbent. When the rate of the two
processes is the same, the adsorption will enter a dynamic equilib-
rium state at constant pH and temperature. Adsorption isotherms
are used to study the relationship between the equilibrium adsorp-
tion capacity and the equilibrium concentration of pollutants under
certain conditions (temperature and pH remain unchanged). The
adsorption isotherms were studied to provide a basis for revealing
adsorption behavior, indicating possible adsorption mechanism and
estimating adsorption capacity. In this study, the Langmuir and Fre-
undlich models were used to describe the isothermal adsorption
behavior of the respective CPs.

a) Langmuir model: The Langmuir model assumes (i) adsorption
is localized on a monolayer, (ii) each molecule possesses constant
enthalpies and sorption activation energy, and (iii) the adsorbent
adsorption sites are homogeneous, possessing the same adsorp-
tion capacity. The Langmuir isotherm equation can be described by
Equation (13), and its shape can be calculated from the separation
factor R_ using Equation (14), whereby R_. = 1 (linear isotherm), R, =
0 (irreversible isotherm), 0 < R. < 1 (favorable isotherm), or R, > 1
(unfavorable isotherm).%?!

C 1 C
== + = (13)
Je GmaxKL  Gmax

where ¢, is the equilibrium aqueous-phase concentration of adsor-
bate (mg L™), g. is the equilibrium adsorbent-phase concentration
of adsorbate (mg g~"), gmax is the maximum monolayer coverage
capacity (mg g~'), and K_ is the Langmuir constant (L mg™).

1

RR=——7—
14+ K.G

(14)

where ¢is the initial MB dye concentration (mg L=") and K| is the
Langmuir constant (L mg™).

b) Freundlich model: The Freundlich model describes non-ideal
reversible multilayer adsorption over a heterogeneous surface and
is described by Equation (15)."2) Kr and 1 are empirical constants
characteristic of the system, whereby Kg is the adsorption coeffi-
cient representing the relative adsorption capacity of the adsorbent
and % represents the adsorption intensity of adsorbate onto the
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adsorbent (surface heterogeneity). When %< 0.1, the surface of

the adsorbent becomes more heterogeneous with the adsorption
approaching a nonlinear irreversible isotherm; 0 < %< 1 indicates
favorable adsorption via a chemisorption process while %> 1 indi-
cates unfavorable adsorption isotherms occurring via a cooperative
process.[3]

1
INQe =InKs + — Ince (15)
n

where c.is the equilibrium aqueous-phase concentration of adsor-
bate (mg L"), geis the equilibrium adsorbent-phase concentration
of adsorbate (mg g~"), n is adsorption intensity, and K; is the
Freundlich constant (mg g~").

¢) Dubinin-Radushkevich model: The temperature-dependent
Dubinin-Radushkevich model is a semi-empirical equation only
suitable for an intermediate range of adsorbate concentrations
in which adsorption follows a pore-filling mechanism.'"*"7! The
Dubinin-Radushkevich equation was developed as an adaptation of
the Polanyi potential theory of adsorption shown by Equation (16)
to describe the adsorption of gases onto solids by assuming that
the distribution of pores in adsorbents obeys Gaussian energy
distribution as shown in Equation (17) to estimate the average free
energy of adsorption (kJ mol~") using Equation (18).[°8199!

1
e =RTIn(1 + =) (16)

e

where R is the universal gas constant (8.314 J mol~' K™, T is the
Kelvin temperature (K), and c. is the equilibrium aqueous-phase
concentration of adsorbate (mg L™).

Inge = Ingq — Ke?2 7)

where geis the equilibrium adsorbent-phase concentration of adsor-
bate (mg g™), qq is the theoretical saturation capacity (mg g7"), K is
the activity coefficient (mol? kJ=2), and ¢ is the Polanyi potential (kJ
mol ).

E=1/v2K (18)
where E is the mean adsorption energy (kJ mol™).

d) Redlich-Peterson isotherm model: The Redlich-Peterson
isotherm is an empirical isotherm incorporating a mix of the Lang-
muir and Freundlich isotherms so that the mechanism of adsorption
is a mix and does not follow ideal monolayer adsorption. At low
concentrations, the model approaches the Langmuir isotherm (8
~ 1), and at high concentrations, it approaches the Freundlich
isotherm (B8 ~ 0). The linear form of the Redlich-Peterson isotherm
is shown in Equation (19).[200201]

Ing = BInce — InK; (19)
where ¢, is the equilibrium aqueous-phase concentration of adsor-
bate (mg L™), ge is the equilibrium adsorbent-phase concentration
of adsorbate (mg g™"), 8 is the exponent that lies between 0 and 1,
and K; is the Redlich-Peterson isotherm constant (L g7').

e) Sips isotherm model: The Sips isotherm is derived from the lim-
iting behavior of the Langmuir and Freundlich isotherms and is valid
for localized adsorption without adsorbate-adsorbate interactions,
whereby the isotherm reduces to Freundlich when c. approaches
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a low value and displays Langmuir monolayer sorption character-
istics at high c. values.*%1%2] The linear Sips equation is shown in
Equation (20).[202203]

In( 9e ) = l|n(ce) +1In(bs)? (20)
dm — Ge n

where g, is the equilibrium adsorbent-phase concentration of adsor-
bate (mg g7"), gm is the maximum monolayer adsorption capacity
(mg g7, ce is the equilibrium aqueous-phase concentration of
adsorbate (mg L"), bs is the Sips isotherm constant related to
energy of adsorption, and n is the exponential heterogeneity factor.

3.7. Reusability of CPs

CP reusability, an important criterion for a CP in the adsorption pro-
cess, was assessed using ethanol (EtOH) as the desorbing agent.[2%4!
Following the first MB adsorption cycle, the respective CP was fil-
tered off from the MB solution, soaked in pure EtOH for 1 h, and
filtered from the EtOH solution. The CP was soaked three times in
EtOH before being dried in an oven at 110 °C for 24 h before being
used for the next MB adsorption cycle.

3.8. CP Leaching

The stability of the three CPs with the highest MB adsorption effi-
ciency (Cu-5NIP, Cu-BHA, and La-5NIP) was assessed over 48 h by
measuring metal ion leaching using UV-vis spectroscopy. Each CP
(20 mg) was immersed in 4 mL of distilled water (pH 7) at room
temperature to simulate realistic environmental conditions, as this
pH represented the midpoint of the optimal range (pH 6-8) for MB
adsorption. Aliquots were filtered and analyzed over 48 h at 24-h
intervals to detect metal ions released into the solution. This pro-
cedure was repeated for solutions adjusted to pH 6 (using HCl) and
pH 8 (using NaOH) after 48 h to evaluate stability across the optimal
pH spectrum for MB adsorption. Distilled water served as the control
throughout the experiment. Additionally, solutions of the corre-
sponding metal salts, Cu(NO3),-3H,0 (29.4 mM; Azps 300 nm) and
La(NO3);3-6H,0 (25.2 mM; A,ps 300 nm), were prepared to achieve an
absorbance of 1, allowing for direct quantification of leached metal
ions (%).

4. Conclusion

In this study, a range of CPs were synthesized and characterized
by combining BDC, BHA, and 5NIP linkers with Ce, Cr, Cu, and
La. Surface area and porosity analyses via BET, BJH, and t-plot
models revealed significant structural insights. The BET model
showed type Il adsorption isotherms for Cu-5NIP, Cu-BHA, and
La-5NIP with surface areas ranked as La-5NIP > Cu-BHA > Cu-
5NIP, while pore diameters followed the order Cu-5NIP > Cu-
BHA > La-5NIP, indicating mesoporosity. Other CPs exhibited
type lll isotherms, precluding accurate BET surface area deter-
mination. BJH analysis confirmed uniform surface properties,
and t-plot data suggested uniform mesoporosity with multi-
layer adsorption characteristics. Overall, these findings under-
scored the mesoporous nature of the CPs. The CPs displayed
distinct adsorption kinetics for MB, following pseudo-second-
order kinetics primarily driven by chemisorption. MB uptake

ChemistrySelect 2025, 10, €202402762 (17 of 20)

was influenced by external surface adsorption and intra-particle
diffusion, with La-5NIP showing the highest MB adsorption, fol-
lowed by Cu-BHA and Cu-5NIP. Optimal MB adsorption was
observed under basic conditions, with rapid initial adsorption
within 10 min and equilibrium achieved by 60 min. Isotherm
studies indicated strong adsorbate-adsorbent interactions with
La-5NIP showing the highest adsorption capacity and affinity
for MB as reflected in both the Langmuir and Freundlich mod-
els. The Sips isotherm best described the adsorption behavior,
indicating heterogeneous surface interactions and a dual mech-
anism of physisorption and chemisorption, which emphasized
the material’s suitability for complex contaminant adsorption.
The study also highlighted CP stability under various pH con-
ditions whereby Cu-BHA and Cu-5NIP showed minimal leaching
in neutral and basic environments, though mild acidic exposure
increased leaching, particularly for La-5NIP, indicating a greater
suitability for this particular CP in stable or basic conditions.
Comparatively, the CPs exhibited competitive t: values with
existing adsorbents, suggesting both rapid and gradual adsorp-
tion options depending on application needs. The CPs demon-
strated reusability over three cycles (fresh plus two repeats), with
Cu-BHA showing minimal leaching even after 48 h of exposure
to distilled water. Collectively, these results underscore the CPs
adaptability, reusability, and dual-mode adsorption mechanisms,
which present these materials as valuable alternatives in scalable
dye capture wastewater applications.
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