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In the present work, we report the hydrothermal synthesis and detailed characterization of a series of
ultramicroporous, luminescent, multivariate metal-organic frameworks (MOFs) with the general formula
[AUOH)(IATP);_x(NH,-BDC),], constructed from two different dicarboxylate ligands, H,IATP = 2-(((1H-imi-
dazol-4-yl)methyl)lamino) terephthalic acid and NH,-H,BDC = 2-aminoterephthalic acid. Structural ana-
lysis, using both powder X-ray diffraction (PXRD) and microcrystal electron diffraction (MicroED), confirms
that the reported MTV-AL-MOFs are topological analogues of the related NH,-MIL-53(Al) MOF.
Introducing ultramicroporosity (~5.2 A) together with bulky imidazole functional groups significantly
enhances the chemical stability of these MOFs under acidic conditions, compared to NH,-MIL-53(Al). It
also imparts interesting carbon dioxide physisorption properties, with MTV-Al-MOF-4 [Al(OH)
(IATP)g 36(NH»-BDC)g 611 demonstrating a maximum CO, adsorption capacity of 2.33 mmol g™t at 273 K
and a selectivity CO,/N, of ~76 at the same temperature (273 K) and low-pressure limit. Among the
series, MTV-Al-MOF-4 exhibits the most promising combination of chemical stability and Cr(vi) sorption
capacity. This material was extensively studied for eliminating Cr.O,2~ anions from acidic aqueous solu-
tions, indicating high sorption capacity (174 mg Cr.O,2~ per g), rapid uptake kinetics (equilibrium reached
within 5 minutes), and decent selectivity against competing anions such as Cl7, NOs~, and SO4%~. For
practical applications in wastewater treatment, a MOF-calcium alginate (CA) composite material was fabri-
cated in beads and effectively removed Cr(vi) from diluted electroplating waste under dynamic flow con-
ditions. Finally, all MTV-ALl-MOFs displayed fluorescence with quantum yields in the range of 4.64-9.53%,
while Cr(vi)-loaded MTV-ALl-MOF-4 shows a pronounced reduction in fluorescence quantum yield by a
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energy and/or electron transfer processes. Overall, this study highlights a versatile approach to designing
DOI: 10.1039/d5dt01717¢ multifunctional MOFs with potential applications in environmental remediation, industrial wastewater
rsc.li/dalton treatment, luminescence, and gas separation.

1. Introduction

Water, the most abundant natural resource on Earth, is
severely threatened due to the accelerated growth of industrial
production and urban expansion over the past two decades.
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sectors, including textiles, electroplating, leather tanning, pig-
ments, and ceramics. Chromium typically exists in the oxi-
dation states of Cr(m) and Cr(vi), with Cr(vi) occurring in the
form of Cr,0,%~, HCrO,~ or CrO,>~, depending on the Cr con-
centration and pH levels of the effluents.®™** Due to its higher
redox potential, water solubility, and cell penetration ability,
hexavalent chromium poses more significant hazards than tri-
valent chromium. Within the body, it creates stable complexes
with proteins and nucleic acids, resulting in serious health
problems such as stomach ulcers, dermatitis, organ damage,
and cancer over long-term exposure.®'%'3713

Various methods have been employed to remediate Cr(vi)
and other heavy metals from water, including chemical pre-
cipitation, redox reactions, photocatalysis, coagulation-floccu-
lation, membrane/resin separation, ion exchange, and sorp-
tion. However, these technologies often face high costs, energy
consumption, complexity, secondary pollution, sludge pro-
duction, and inferior selectivity among other metal
ions.*'>'%1% Among these strategies, sorption has garnered
considerable attention due to its low operating cost, simple
design and operation, high efficiency, and potential for
regeneration.®'>?%2!

Metal-organic frameworks (MOFs), a subgroup of coordi-
nation polymers, are crystalline materials composed of organic
linkers that coordinate with metal ions or clusters.”> > These
innovative materials offer significant advantages over conven-
tional sorbents, including vast surface areas, abundant active
ion-binding sites, high chemical and hydrothermal stability,
and enhanced selectivity. Furthermore, their properties can be
finely tuned through post-synthetic modification, enhancing
sorption performance. Consequently, MOFs are emerging as
the next generation of sorbents for wastewater treatment.*®"°
To date, numerous studies have identified various MOFs with
promising heavy metal sorption capabilities,**°* with the
majority focusing on removing CrO,>~ and/or Cr,0,>~ oxoa-
nions from aqueous media.>**” The frameworks reported in
the literature are primarily cationic, enabling effective anion
exchange with Cr(vi) pollutants,®®** which can be captured
through electrostatic interactions with positively charged
amino groups**™*® or by coordinating with active metal
sites.*9>!

In addition to sorption, which dominates research on the
environmental applications of MOFs, the detection and
quantification of toxic contaminants are equally significant. In
recent years, luminescent metal-organic frameworks (LMOFs),
which serve as fluorescent sensing probes for various pollu-
tants, including heavy metals, have garnered considerable
attention.’>>® MOFs’ key features—their polymeric structure,
well-defined chemical environment, and inherent porous
structure—offer improved sensitivity and selectivity toward
target analytes compared to most conventional chemical
sensors.>>***”7>° Frameworks displaying efficient fluorescence
and the ability to sorb Cr(vi) oxoanions show significant poten-
tial for luminescence-based sensing applications. Amino-deco-
rated materials are particularly promising for designing func-
tional LMOFs, as the amino group exhibits strong anion-
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binding properties and facilitates electron transfer with the
oxoanionic species acting as an electron-donating
group.”'®°%? Therefore, significant efforts have been made to
develop new multifunctional amino-decorated luminescent-
sensing MOFs.

Ultramicroporous metal-organic frameworks (Um-MOFs),
defined as MOFs with pore sizes lower than 0.7 nm,**"®* could
be interesting candidates for applications in the sensing and
sorption of water pollutants. Um-MOFs would be of great inter-
est for such applications since their small pore sizes may
enhance MOF-pollutant interactions and the robustness of the
materials’ structures. Although Um-MOFs have been exten-
sively studied for their gas sorption and separation
properties,®® 7 little attention has been paid to their potential
use in water treatment and sensing.”*”°

Following our previous work on a multifunctional Al(i)-
MOF termed AI-MOF-1,"* we synthesized a terephthalate
ligand with alkyl-amino-imidazole functional groups, namely
IATP>~ = 2-(((1H-imidazol-4-yl)methyl)amino)terephthalate,
targeting MOFs with an increased number of sorption sites
(i.e., nitrogen-containing groups) interacting strongly with Cr
(vi) anions. Although this was not our initial intention, we
expanded our research efforts toward ultramicroporous and
multivariate materials’”®' to achieve microporosity and opti-
mize both the sorption capacity and stability of the new
sorbents.

Herein, we report a series of ultramicroporous, multivariate
AI**-MOFs (MTV-AI-MOFs), with the general formula [Al(OH)
(IATP),_(NH,-BDC),]-solvent  (MTV-AI-MOF-1, x = 0.30;
MTV-AI-MOF-2, x = 0.44; MTV-AL-MOF-3, x = 0.56; MTV-Al-
MOF-4, x = 0.61; and MTV-A-MOF-5, x = 0.70; NH,-BDC>*™ =
2-aminoterephthalate). The new materials belong to the family
of MIL-53 MOFs, as demonstrated via electron diffraction and
powder X-ray diffraction studies. They display remarkable
stability in acidic aqueous media, unlike the related NH,-
MIL-53(Al). Considering that industrial Cr(vi) waste streams
are highly acidic (pH < 3),**% the new MOFs, which combine
acid stability and a positive surface charge, seem promising
sorbents for hexavalent chromium. Certainly, MTV-Al-MOF-4,
the most promising material among the multivariate MOFs,
exhibits rapid sorption kinetics, achieving equilibrium in only
5 minutes of contact time and a highly efficient sorption
capacity of approximately 174 mg Cr,O,>~ per g. In addition,
its Cr(vi) sorption performance is retained high even in the
presence of competitive species in significant excess.
Furthermore, mm-sized beads of the activated MTV-Al-MOF-4
isolated using the calcium alginate-encapsulation
method.®* Notably, the beads mixed with sea sand were used
to remove hexavalent chromium from acidic industrial waste
under continuous flow conditions, and the results were
encouraging, with a significant amount of Cr(vi) waste decon-
taminated as it passed through the MOF-CA beads.
Additionally, the photophysical properties of the MOFs were
studied in detail, revealing their strong luminescence.
Fluorescence studies on Cr-free and Cr-loaded MTV-AI-MOF-4
reveal that the sorption of Cr(vi) leads to a significant
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reduction in fluorescence quantum yield. The quantum yield
decreases by a factor of four, from 4.6 to 1.1%. Interestingly,
the average fluorescence lifetime decreases less dramatically,
from 3.7 to 2.5 nanoseconds, pointing toward a predominantly
static quenching mechanism. Furthermore, the MTV-A-MOFs
demonstrated selective CO, versus N, adsorption, broadening
the potential fields of application for these multivariate
materials. Overall, this study highlights the multifunctionality
of the new ultramicroporous MIL-53(Al) multivariate analogs,
demonstrating their effectiveness in capturing and detecting
Cr(vi) under acidic conditions, as well as their potential for
selective gas sorption and separation processes.

2. Results and discussion

2.1. Synthesis and structural characterization of MTV-Al-
MOF-1

As noted in the introduction, a recent study of ours** demon-
strated that incorporating a pyridine-functionalized amino-
terephthalate linker yielded an exceptionally effective and
robust heavy metal sorbent, primarily due to bulky, nitrogen-
rich functionalities. Additionally, the aromatic backbone
imparted interesting photophysical properties to the MOF,
broadening its potential applications as a photoluminescent
sensing  probe.  Therefore, to  design improved
MIL-53 multifunctional analogs, we investigated the chemistry
of A’ ions with a newly synthesized imidazole-decorated
dicarboxylate ligand (see SI), which features several amino
binding sites for the harmful Cr(vi) oxoanions.

The MTV-AI-MOF-1 material was obtained with high purity
and crystallinity via a solvothermal reaction of AlCl;-6H,0 and
a new ligand H,IATP, or 2-(((1H-imidazol-4-yl)methyl)amino)
terephthalic acid (Fig. 1a and S1), in H,O/DMF (9: 1 v/v) using
a Parr stainless-steel autoclave at 120 °C. Various mixtures of
N,N-dimethylformamide (DMF) and deionized water were
studied over various temperatures to identify the optimal con-
ditions for ensuring phase purity, reproducibility, and yield.

Unfortunately, the new material was isolated in the form of
microcrystalline powder. Thus, microcrystal electron diffrac-
tion (MicroED) and powder X-ray diffraction (PXRD) were
applied to determine and refine its structural features. The
MicroED data indicated that the AI**-MOF crystallizes in the
orthorhombic space group Imma (no. 74) (a = 17.54(9), b = 6.77
(10), ¢ = 12.74(15) A and V = 1514(29) A*) and displays topologi-
cal characteristics similar to other members of the MIL-53
family. It specifically demonstrates the characteristic sra topo-
logy, which relates to a rod net architecture consisting of one-
dimensional [-(OH)-M-] rods as secondary building units
(SBUs), where M represents AI**, Cr**, etc.®> The 3D structure
of MTV-AI-MOF-1, along with a diffraction image of a micro-
crystallite, is shown in Fig. 1b and c. The side groups could
not be located due to significant disorder and the limitations
of the ED method. Nevertheless, the overall structural connec-
tivity, as determined from the data, is without doubt. Selected
crystal data for MTV-AI-MOF-1 are given in Table S1. In Fig. 1d,

13660 | Dalton Trans., 2025, 54, 13658-13671

View Article Online

Dalton Transactions

Fig.1 (a) Illustration of the H,IATP ligand. (b) The 3D structure of
MTV-ALl-MOF-1, viewed along the b-axis as determined by MicroED
data, which is constructed by the connection of parallel inorganic
chains of octahedrally coordinated metal centers [APTO4(OH),] and
IATP? linkers (Al: Turquoise octahedra, O: red, C: grey, N: blue. H atoms
were omitted for clarity). N atoms are positionally disordered over four
positions. The side —CH,—Imidazole groups could not be located. (c) An
electron diffraction (ED) image of a microcrystallite of MTV-Al-MOF-1.
(d) A structural model, derived from the structure determined from
MicroED, which was built and optimized with Avogadro.®®

a structural model of the compound, including the side
groups of the linkers, is shown. We should also note that the
structural model includes mixed NH,-BDC>~ and IATP*~
ligands, with a ratio of NH,-BDC> /IATP*~ (25/75) roughly the
experimental ratio for MTV-AI-MOF-1 (30/70). Although this is
not an accurate structural model of MTV-AI-MOF-1, it is useful
for the visualization of the functional groups of the ligands.

As shown in Fig. 2a, the PXRD data for the new MOF align
well with the diffraction pattern theoretically generated from
the crystallographic data. The PXRD data of MTV-AI-MOF-1
were successfully indexed in the orthorhombic crystal system
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Fig. 2 (a) Comparison between the experimental powder diffraction

pattern of MTV-Al-MOF-1 and the theoretically derived diffraction
pattern based on the ED data. (b) Le Bail plot of MTV-Al-MOF-1. Violet
crosses: experimental points; red line: calculated pattern; black line:
difference pattern (exp. — calc.); green bars: Bragg positions. Space
group: Imma (no. 74). Cell parameters: a = 16.976(5), b = 6.623(2), c =
12.508(4) A and V = 1406.4(8) A®.
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with Imma space group. A structureless (Le Bail)
refinement,®”®® further confirmed these findings and the high
purity of the new material (Fig. 2b).

Nuclear magnetic resonance (NMR) studies were conducted
for MTV-AI-MOF-1 in a highly alkaline D,O solution to further
assess the molecular integrity of the new ligand within the
framework. The "H NMR measurement confirmed the success-
ful incorporation of the H,IATP ligand, as evidenced by all the
distinctive signals (Fig. S2). Nonetheless, additional peaks
were also observed, accounting for approximately 30% of NH,-
BDC?™ ligands (Fig. S2). This indicates a significant loss of
alkyl chains, likely due to partial ligand decomposition during
the MOF’s synthesis. Although our original purpose was to syn-
thesize the MIL-53 analog using the new H,IATP ligand, we
isolated a multivariate MOF with a ratio of approximately 2.33
for IATP®>"/NH,-BDC>". As a result, we decided to shift our
focus toward synthesizing a variety of multivariate frameworks.

2.2. Synthesis and structural characterization of
ultramicroporous MTV-Al-MOFs

Our efforts to isolate multivariate MOFs based on two different
dicarboxylate linkers, ie., H,IATP and NH,-H,BDC, were
initiated by exploring various ligand ratios while maintaining
identical reaction conditions and solvent systems as those
used in the case of MTV-A-MOF-1 (see SI). Integrating these
distinct organic ligands enables the synthesis of sorbent
materials with enhanced performance. The presence of imid-
azole rings contributes to improved hydrolytic and chemical
stability, whereas the unsubstituted NH,-BDC>~ linkers
provide accessible voids, facilitating the formation of MOFs
with ultramicroporosity. This structural combination, guided
by the chosen ligand ratio, can significantly improve specific
properties of the resulting MOFs.

To our delight, we successfully isolated four new crystalline
MTV-AI-MOFs (designated as MTV-AI-MOF-2 through MTV-Al-
MOF-5) in high yield and phase purity. PXRD studies con-
firmed that all the synthesized multivariate frameworks are
topological analogs of MTV-AI-MOF-1 (sra topology), showing
insignificant structural differences as the NH,-H,BDC percen-
tage increased (Fig. 3). The PXRD data for all four new MTV-Al-
MOFs were accurately indexed to the orthorhombic crystal
system with the Imma space group. Their unit cell parameters
were refined by applying the Le Bail analysis (Fig. S3-S6). For
reference, the parent material NH,-MIL-53(Al) was synthesized
following the experimental route outlined in the SI.

The actual structural composition of every MTV-AI-MOF was
determined using NMR spectroscopy (Fig. S7-S10). By integrat-
ing the characteristic signals for 2-(((1H-imidazol-4-yl)methyl)
amino)terephthalic acid and 2-aminoterephthalic acid, the fol-
lowing IATP?"/NH,-BDC>" ratios were calculated: 1.27, 0.79,
0.64, and 0.43 for MTV-AI-MOF-2, MTV-AI-MOF-3, MTV-Al-
MOF-4, and MTV-AI-MOF-5, respectively. The observed ratios
slightly deviate from those initially selected for the reaction
mixtures, with the discrepancy likely stemming from partial
degradation of the imidazole-decorated ligand during the self-
assembly process. This decomposition effect has been pre-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 PXRD data comparing the various MTV-Al-MOFs and NH-
MIL-53(Al).

viously pointed out in the case of MTV-AI-MOF-1.
Consequently, the actual ratios reflect a slight increase in the
proportion of 2-amino terephthalate. The sharp peaks
observed at around 2.1 ppm and 8.3 ppm in all the '"H NMR
spectra of the as-synthesized MOFs (Fig. S2, S7-S10) can be
attributed to dimethylamine ((CH;3),NH) and formate anions
(HCOO™) signals, respectively. These species result from the
basic hydrolysis of DMF within the framework. Both hydro-
lyzed and unhydrolyzed DMF were considered in estimating
the total DMF content.*

2.3. Chemical stability studies for MTV-Al-MOFs

Hexavalent chromium waste streams are typically acidic;®*
therefore, we next evaluated the chemical stability of the new
MTV-AI-MOFs and the parent material, NH,-MIL-53(Al), under
acidic conditions at pH 3 and 10 minutes of contact time. The
contact time was selected based on the values (5-10 min) used
in the sorption studies, see below. PXRD analysis (Fig. 4) con-
firmed that the structural integrity of the frameworks was fully
retained up to MTV-AI-MOF-4. In contrast, a partial loss of
crystallinity was observed in MTV-AI-MOF-5 (Fig. 4), which
exhibits the lowest ratio of IATP>~ to NH,-BDC?>~ ligands, as
evidenced by the broader diffraction peaks in the PXRD
pattern of this material. Comparatively, NH,-MIL-53(Al) exhibi-
ted a substantial loss of crystallinity following short-term
exposure to the acidic aqueous solution (Fig. 4). NH,-MIL-53
(Al) is highly porous, making the framework more vulnerable
to damage by reactive species, such as H'. On the contrary,
MTV-AI-MOFs incorporate a significant fraction of relatively
bulky -NH-CH,-Im groups, which likely shield the AlI>* metal
sites from attack by various species. Hence, MTV-AI-MOF-4
emerges as the most promising candidate among these MOFs,
offering exceptional chemical robustness and the highest poss-
ible NH,-BDC?" linker content. Besides being stable in acidic
solutions, MTV-AL-MOF-4 is also stable under alkaline con-
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Fig. 4 Comparative PXRD data for the various MTV-Al-MOFs and NH,-
MIL-53(Al) following treatment with an acidic aqueous solution of pH 3
for 10 minutes.

ditions (Fig. S11). These properties establish MTV-Al-MOF-4 as
a promising sorbent for efficiently removing Cr(vi) from harsh
aqueous environments.

2.4. Additional characterizations

The attenuated total reflectance infrared spectroscopy (ATR-IR)
measurements for all the multivariate MIL-53(Al) MOFs are
presented in Fig. S12-516. All ATR-IR spectra display character-
istic absorption peaks associated with the functional groups of
the two distinct terephthalate substituents. More specifically,
IR peaks ranging from 3488 to 3498 cm™' and 3376 to
3380 cm ™" are assigned to the stretching vibrations of the N-H
bond of primary amine groups (NH,-BDC>~) and secondary
amine groups (originating from the aliphatic and imidazolate
amino moieties), respectively. We can observe that the inten-
sity of the -NH, signal is enhanced along with the decrease of
the IATP*7/NH,-BDC>~ ligand ratio (Fig. S12-S16). Peaks
around 2900 and 1438 cm™ " are attributed to the stretching
and bending vibrations of the C-H bond in the aliphatic
methylene group (-CH,-), respectively. Additionally, the
characteristic IR peak corresponding to the stretching
vibration of the C=0 bond of DMF is recorded at 1666 cm ™,
owing to the free solvent molecules located either on the exter-
nal surface or inside the pores of the frameworks.***° The
intensity of this signal appears to be enhanced for the MTV-Al-
MOFs with a lower ratio of IATP*~ to NH,-BDC>~ (Fig. S17).
The presence of DMF species was already validated by "H NMR
(Fig. S2 and Fig. S7-S10). The two sharp IR peaks, attributed to
the asymmetric and symmetric stretching vibrations of carbox-
ylate groups, are recorded at 1572-1580 cm™' and
1394-1398 cm™', respectively, with a difference of Av(COO™)
~178-182 ¢cm™". This value indicates the presence of bridging
carboxylates.”" Finally, the stretching vibration of the aromatic
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rings’ double carbon bond (-C=C-) is observed around
1505 cm™'. In addition, field-emission scanning electron
microscopy (FE-SEM) revealed that the new multivariate MOFs
consist of microcrystallites with different morphologies and
sizes smaller than 5 pm (Fig. S18-S22). Energy-dispersive X-ray
spectroscopy (EDS) indicated the presence of chloride in MOFs
(Fig. $23-527). The CI™ anions are present as HCIl and formed
through the in situ hydrolysis of the aluminum salt. This HCI
may be firmly bound to the surface of the particles through
electrostatic interactions. The Al to Cl atomic ratio ranged
from 9.9 to 15.8 for all MTV-Al-MOFs. Based on the DMF and
HCI content determined from EDS and '"H NMR analyses, we
estimated the full chemical composition of the pristine
MTV-AI-MOFs. Thermogravimetric analysis (TGA) data were
collected for this purpose. As shown in Fig. S28, the differen-
tial thermogravimetric (DTG) curve of MTV-A-MOF-4 exhibits
three distinct weight loss steps, consistent with the expected
thermal decomposition behavior. The first weight loss of
2.48% occurs between room temperature and 73 °C and likely
results from the release of weakly bound lattice water mole-
cules. The second weight loss of 17.62% up to 280 °C is attrib-
uted to the removal of firmly bound water, DMF, and HCI. The
final and most significant weight loss of 52.06% occurs up to
600 °C and corresponds to the thermal decomposition of the
framework through the release of organic substituents. Similar
observations were made for the remaining multivariate MOFs
(Fig. S29-S32). Total solvent removal is assumed to occur at
280 °C. Using this assumption and the observed weight loss
data, we calculated the H,O content to be 0.70 mol of H,O per
mol of as-synthesized MTV-AI-MOF-4 (see SI). Applying the
same method, we estimated the water content of the other
pristine MTV-AI-MOFs, which ranged from 0.05 to 1.87 mol
H,O0 per mol of MOF.

2.5. Preparation and characterization of the activated
MTV-AI-MOFs

Before Cr(vi) sorption studies in acidic media, all synthesized
MOFs underwent activation. This process was carried out in
two different steps: (i) solvent exchange using ethanol under
reflux conditions and (ii) protonation via treatment with an
aqueous HCI solution at pH 3 (details provided in the SI). This
activation procedure was crucial for fully protonating the imid-
azole and amino functionalities and removing guest solvent
molecules, unreacted ligands, and other precursors from the
pores. As a result, the materials offered both accessible pore
channels and surface-active sites to promote interactions with
Cr(v1) oxoanions.

PXRD analysis and Le Bail refinements revealed that the
crystal structure of activated MTV-AI-MOFs remains intact after
the activation procedure (Fig. S33-S38). The 'H NMR data
(Fig. S39-543), collected after digesting the activated MOFs in
a highly alkaline D,O solution, revealed the successful removal
of the DMF molecules, as well as insignificant variations in
the IATP*"/NH,-BDC?~ fractions. The ratio values determined
for the activated MTV-AI-MOFs were 2.13, 1.44, 0.82, 0.64, and
0.45 for MTV-AFMOF-1, MTV-AI-MOF-2, MTV-AI-MOF-3,

This journal is © The Royal Society of Chemistry 2025
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MTV-AI-MOF-4, and MTV-AI-MOF-5, respectively. In compari-
son, the corresponding values for the pristine materials were
2.33, 1.27, 0.79, 0.64, and 0.43, respectively. A significant pro-
portion of DMF is eliminated during the activation process, as
confirmed by "H NMR measurements (Fig. $39-543). However,
some amounts of residual DMF remain. Specifically, the esti-
mated DMF removal percentages following activation were
60%, 64%, 61%, 77%, and 79% for MTV-AI-MOF-1 through
MTV-AI-MOF-5, respectively. Most formic acid observed in the
"H NMR spectra of the activated MTV-AI-MOFs results from
the decomposition of DMF during the thermal activation
process.”” Only a small amount of dimethylamine ((CH;),NH)
and a minor fraction of formic acid are generated through the
basic hydrolysis of DMF throughout sample preparation. The
remaining DMF and formic acid molecules are likely strongly
adsorbed on external surfaces or trapped within less accessible
regions of the framework, making their removal more difficult.
Additionally, ATR-IR studies (Fig. S44-S48) showed no con-
siderable alterations in the spectra of the activated materials
compared to the pristine samples, except for the loss of the
characteristic DMF vibrational peak, further validating the
high effectiveness of the activation process. FE-SEM imaging
confirmed that the morphology and size of the MOF particles
remained generally similar after activation (Fig. S18-S22). EDS
analysis (Fig. S49-S53) indicated the presence of Cl in the acti-
vated materials, attributed to the positively charged surface,
which is essential for capturing Cr(vi). Indeed, the zeta poten-
tial for the activated MTV-AI-MOF-4, the most promising Cr(vi)
sorbent among all reported MTV-Al-MOFs, was +46.5 mV at pH
~7 (Fig. S54d). The rest of the reported MOFs also exhibited
similar positive surface charges under neutral conditions, with
{-potential values ranging from +45.4 to +52.1 mV (Fig. S54).
The variation in IATP*>"/NH,-BDC>" ratios showed no systema-
tic effect on the {-potential values. The thermal behaviour of
the materials was also studied using thermogravimetric ana-
lysis (TGA) (Fig. S55-S59). Three distinct weight loss stages are
observed in the differential (DTG) graph of the activated
MTV-AI-MOF-4 (Fig. S55b). The first weight loss of 3.34%
occurs from room temperature to 110 °C and is attributed to
the release of solvent molecules, primarily water. This is fol-
lowed by a second weight loss of 2.67% up to 210 °C, attribu-
ted to the removal of firmly bound water, residual DMF,
formic acid and HCI. The final weight loss of 72.24% occurs
up to 650 °C, corresponding to the decomposition of the
framework’s structure by releasing organic ligands. A similar
behaviour was observed for the other MTV-AI-MOFs (Fig. S56—
S59). As with the as-synthesized MTV-AI-MOFs, we utilized the
TGA data to estimate the water content of the activated
MTV-AI-MOF-4, assuming complete solvent removal occurs at
210 °C. Based on this assumption and the observed weight
loss data, we calculated the H,O content to be 0.37 mol of H,O
per mol of activated MTV-AI-MOF-4 (see SI). Following the
same approach, we estimated the water content of the other
activated MTV-AI-MOFs, which ranged from 0.12 to 0.44 mol of
H,0 per mol of MOF. We should note that TGA analysis
cannot be reliably used to calculate the aluminum content (%
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Al) since the residues proved to be amorphous, and their
chemical composition cannot be determined, making com-
parison with theoretical values not feasible.

2.6. Gas adsorption measurements

Nitrogen physisorption experiments conducted at 77 K
(Fig. S60) for the activated samples revealed negligible porosity
for all MTV-AI-MOFs, with Brunauer-Emmett-Teller (BET)
surface areas ranging from 8.3 to 31.5 m* g~'. The materials’
limited N, adsorption capacity likely arises from the bulky
-NH-CH,-Im moieties, which may orient toward the pores,
reducing the available void space and hindering molecular
diffusion. The side chains of IATP?>~ ligand may also induce
the formation of restricted pore environments (<4 A) that are
not effectively probed by N, adsorption. On the contrary, CO,
adsorption isotherms recorded up to 1 bar at 273 K showed
notable adsorption capacities of 0.85, 1.53, 1.71, 2.33, and
1.45 mmol g' for MIV-AI-MOF-1 up to MTV-Al-MOF-5,
respectively (Fig. S61), demonstrating that these multivariate
materials exhibit relatively high performance for CO, capture.
The apparent BET surface areas of MTV-AI-MOFs, calculated
from CO, adsorption isotherms, range from 174 to 300 m? g™ "
(Fig. S61). Analysis of the single-component adsorption iso-
therms of CO, and N, at 273 K and 298 K (Fig. 5a), utilizing
ideal adsorption solution theory (IAST),”® revealed that
MTV-AI-MOF-4 exhibits highly selective CO, adsorption over
N,. At 273 K, the CO, maximum uptake reached 2.33 mmol
g7, significantly higher than the 0.25 mmol g~ observed for
N,, corresponding to a CO,/N, selectivity factor of approxi-
mately 76 in the low-pressure limit (Fig. 5b). Importantly, rela-
tively high selectivity is maintained at ambient temperature,
with a CO,/N, selectivity factor of ~38 (Fig. 5b), and CO, and
N, adsorption capacities of 1.23 and 0.19 mmol g™, respect-
ively (Fig. 5a). Furthermore, analysis of the CO, adsorption iso-
therms using non-local density functional theory (NLDFT)
indicates that all MTV-AI-MOFs possess ultramicroporous
structures with pore sizes of ~5.2 A (Fig. S62-S66). One likely
explanation for the enhanced CO, uptake of the MTV-AI-MOFs
compared to N, is their ultramicroporous channel structure,
which appears to amplify host-guest interactions. The small
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Fig. 5 (a) Adsorption isotherms for CO, and N, of activated MTV-Al-
MOF-4 at 273 and 298 K. (b) The CO,/N, selectivity predicted using
ideal adsorption solution theory (IAST) based on the single-component
isotherms at 273 and 298 K for a CO,/N, gas mixture (15 : 85) over acti-
vated MTV-Al-MOF-4.
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pore channels enable these MOFs to discriminate gases based
on subtle differences in kinetic diameter (3.3 A for CO, vs.
3.64 A for N,). Moreover, CO,, unlike N,, has a significant
quadrupole moment, facilitating strong electrostatic inter-
actions with polar fragments or metal sites within the frame-
work.®* Thus, the combination of ultramicroporosity and steric
hindrance from the bulky imidazole groups plays a crucial role
in enhancing these MOFs’ gas separation properties and acidic
stability.

2.7. Preliminary Cr(vi) sorption study for MTV-Al-MOFs

The developed multivariate MOFs, designed with multiple
binding sites and enhanced stability in acidic conditions by
incorporating two distinct substituents into their organic back-
bone, show great potential for capturing the highly harmful
Cr,0,°~ oxoanions. We performed a preliminary batch sorp-
tion investigation to identify the most effective sorbent among
these materials. These tests utilized a highly concentrated Cr
(vi) solution at pH 3, with a V/m ratio of 1 g L™". The experi-
ments were conducted at room temperature and a contact time
of 5 minutes. The UV-Vis spectroscopy analysis of the diluted
solutions demonstrated that the activated MTV-AI-MOF-4 had
the highest sorption capacity, reaching up to 180 mg of
Cr,0,°~ per gram of sorbent (Fig. S67). In comparison,
MTV-AI-MOF-1 and MTV-AI-MOF-3 showed slightly lower sorp-
tion capacities, while MTV-AI-MOF-2 and MTV-AI-MOF-5 were
only 50% as effective as MTV-AI-MOF-4 (Fig. S67). This trend
in sorption efficiency can be explained by examining the crys-
tallite particle sizes of the reported materials, which were cal-
culated using the Scherrer equation (see SI). MTV-Al-MOF-4
has the smallest particle size (234 nm), compared to those of
MTV-AI-MOF-1 (276 nm), MTV-AL-MOF-2 (278 nm), and
MTV-AI-MOF-5 (246 nm). Smaller crystallite sizes are associ-
ated with a larger external surface area and shorter diffusion
pathways, which enhance sorption efficiency. Although
MTV-AI-MOF-3 has an even smaller particle size of 197 nm
compared to MTV-AI-MOF-4, its slightly lower sorption
capacity may result from minor variations in the materials’
crystallinity. Based on these findings, we further explored the
Cr(v1) sorption properties of MTV-Al-MOF-4.

2.8. Cr(vi) batch sorption studies for activated MTV-Al-MOF-4

2.8.1. Sorption kinetics. The sorption studies were primar-
ily conducted at low pH levels (~3), as Cr(v) waste is typically
acidic.®? The first step of the detailed sorption investigation
involved kinetic studies. Initially, we checked the sorption with
a Cr(vi) solution (pH ~3) of relatively low concentration
(0.795 ppm). Within only 5 min, ~94% Cr(vi) removal was
found (Fig. S68), with the final Cr(vi) concentration being ~48
ppb, i.e., below the acceptable limit for Cr(vi) in drinking water
(50 ppb).”> Due to the exceptionally rapid Cr(vi) sorption for
such low initial Cr(vi) concentrations, leading to final concen-
trations in the ppb level, a reliable fitting of the kinetics sorp-
tion data is difficult. Therefore, we performed kinetic sorption
studies with a much higher Cr(vi) concentration (22 ppm
Cr,0,°7), Fig. 6a. The material was once more an exceptionally
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Fig. 6 (a) Fitting of the Cr,O,%~ kinetics data for MTV-Al-MOF-4 with
Lagergren's first-order equation (initial Cr,O,%~ concentration ~22 ppm,
pH = 3. R? = 094, g. = 1411 + 048 mg g%, K. = 0.86 + 0.11 g mg™*
min~). (b) Fitting of the Cr,0,% isotherm data at pH = 3 for MTV-Al-
MOF-4 with Freundlich's model. (R> = 0.98, K = 2.85 + 0.75g L™, n =
1.87 + 0.13).

fast and efficient sorbent for Cr(vi), with equilibrium reached
within only 5 minutes of contact time. The rapid nature of the
process is mainly attributed to the strong electrostatic forces
between the positively charged surface of MTV-Al-MOF-4 ( pro-
tonated amino moieties) and the negatively charged Cr,0,”".
Further increases in contact time had a negative impact on the
removal efficiency. The Cr,0,>~ sorption by MTV-A-MOF-4 is
better described by Lagergren’s first-order equation (Fig. 6a).
This finding aligns with the expected behavior of the material,
as physisorption-driven adsorption processes are typically well
described by the pseudo-first-order model. Such processes are
generally associated with weak interactions, including electro-
static interactions, van der Waals forces, and hydrogen
bonding. In contrast, the pseudo-second-order model is more
suitable for systems where chemisorption dominates and
stronger interactions, typically those involving
covalent or electron-sharing bonds.’®® A later section pre-
sents a more detailed discussion regarding the proposed Cr(vi)
sorption mechanism.

2.8.2. pH-dependent sorption studies. The impact of pH
on Cr(vi) removal by MTV-Al-MOF-4 was also investigated using
contaminated solutions with varying pH levels, specifically
within the pH range of 3 to 9, based on the chemical stability
of the sorbent. The sorption results demonstrated the out-
standing performance of the new MOF, achieving removal
efficiencies of 92% or higher across both acidic and alkaline
conditions (Fig. S69). Exceptionally, this MOF showed remark-
able effectiveness in acidic conditions (pH = 3-4), with
removal rates reaching up to 96.2% (Fig. S69).

2.8.3. Sorption isotherm studies. Analyzing the sorption
equilibrium isotherm is essential for assessing the maximum
sorption capacity of the sorbent and gaining a deeper under-
standing of the interactions between the sorbate and sorbent.
The Cr(vi) sorption isotherm (pH = 3) for MTV-AI-MOF-4 is
shown in Fig. 6b. The sorption data align very well with the
Freundlich isotherm model, and the maximum experimental
sorption capacity reaches up to 174 mg of Cr,0,”” per g of
MTV-AI-MOF-4 (Fig. 6b). The significant correlation with the
Freundlich isotherm model suggests that the sorption process
is probably multilayered and occurs within a heterogeneous

involves
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surface, where physisorption may be the primary mechanism.
This finding aligns with the kinetic data and is characteristic
of systems exhibiting a non-uniform distribution of active
sites.”>1%°

2.8.4. Effect of competitive species. Another critical factor
affecting the efficiency of a sorbent in capturing toxic species
from wastewater is the presence of competing anions. Cr(vi)-
contaminated wastewater often contains various anions at rela-
tively high concentrations.'"'%> Therefore, we next evaluated
the ability of MTV-AI-MOF-4 to remove Cr(vi) in the presence of
common anionic competitors, including CI~, NO;~, SO,*7,
and HPO,>". In this study, we selected a relatively low Cr(vi)
concentration of 700 ppb to reflect better the levels typically
found in actual waste streams. Spectroscopic analysis revealed
that MTV-AI-MOF-4 retains its sorption capability toward
Cr,0,°7, achieving a removal efficiency of 87.6% even in the
presence of a 10-fold excess of Cl™ anions (Fig. S70). However,
as the ClI” molar concentration increases to 100 and 1000
times that of Cr(vi), the sorbent’s performance declines to
49.2% and 12%, respectively (Fig. S70). The sorption data
further indicate that Cr(vi) removal remains unaffected by a 10
and 100-fold excess of NO;™ anions, with removal efficiencies of
96.1% and 89.1%, respectively (Fig. S70). Additionally, the
material maintains remarkable performance in the presence of
S0,>” oxoanions, achieving a 96.3% removal efficiency even
with a 10-fold excess (Fig. S70), despite the higher negative
charge of sulfate’s oxygen atoms (negative charges for sulfate
and dichromate oxygen atoms calculated via NBO analysis are
-1.110 and —0.548 to —0.430, respectively)."* On the contrary,
the sorption efficiency decreases significantly in the presence of
HPO,”>" anions (Fig. S70). This effect was anticipated due to the
extremely high negative charge density of HPO,>~ oxygen atoms
(negative charge of hydrogen phosphate oxygen atoms calcu-
lated via NBO analysis is —1.300 to —1.067).** A higher negative
charge strengthens the electrostatic interactions, leading to a
stronger preference of MTV-AI-MOF-4 for these anions.

2.9. Column sorption studies with industrial wastewater
samples

In previous studies reported by our group, various MOFs,
either in pure composite form with alginate or mixed with
silica sand, were implemented as stationary phases in column
experiments.”#*1%1%* [n this work, we prepared mm-sized
MTV-Al-MOF-4/calcium alginate (CA) beads with approximately
89% MOF content. These beads were used as the stationary
phase, along with sea sand, in a borosilicate column with an
internal diameter of 0.7 cm (beads-to-sand mass ratio = 1:10)
(Fig. S71). The column, operating in down-flow mode at a flow
rate of 2 mL min~"', was employed to treat industrial chrome-
plating wastewater containing approximately 170 ppb of Cr(vi).
A peristaltic pump was also incorporated into the setup to
ensure a steady flow (Fig. S71). Samples of 100 mL were passed
through the column and collected in glass beakers. As illus-
trated in Fig. 7, the Cr(vi) concentration in the effluents was
reduced to below 50 ppb (the WHO-defined upper limit for
Cr(v1) in drinking water)® even after treating 500 mL of diluted
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Fig. 7 Column sorption data with chrome-plating wastewater sample
(flow rate 2 mL min™) containing 170 ppb of Cr(vi). Veg and Ce are the
volume (mL) and Cr(vi) concentration (ppb) of the solution passed
through the column setup (i.e., effluent), respectively.

industrial wastewater. We should note that this is the first
example of Al(ur) MOF studied for removing Cr(vi) under flow
conditions. Unfortunately, the sorbent’s reusability is limited.
In cases of non-reusable sorbents, we have proposed recycling
the most expensive component of the MOF, namely the
organic ligands.**

2.10. Recovery and reuse of organic ligands

As mentioned above, regeneration attempts of Cr(vi)-saturated
MTV-AI-MOF-4 proved ineffective. More specifically, at pH 9,
no Cr(vi) desorption was observed, whereas at pH 3, only about
2% of the sorbed Cr(vi) was released. These findings demon-
strate that MTV-AI-MOF-4 cannot regenerate efficiently while
maintaining structural integrity following anion capture.
Therefore, we propose a post-sorption treatment strategy to
enable the recycling of essential organic components, as illus-
trated in Fig. 8. Specifically, the NH,-H,BDC ligand can be
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Fig. 8 Recycling process of MTV-Al-MOF-4.
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recovered in high purity from the oxoanion-loaded framework
through a multi-step procedure: (a) treatment of the Cr(vi)-
loaded MOF with a NaOH solution, followed by centrifugation
to remove the resulting Al(OH); precipitate, (b) acidification of
the supernatant with HCI solution to approximately pH 5,
resulting to precipitation of solid mixture composed of NH,-
H,BDC and H,IATP (Fig. S72), (c) subsequent centrifugation
and further acidification of the remaining supernatant down
to pH ~3, yielding greatly pure (94%) 2-aminoterephthalic acid
based on "H NMR data (Fig. S73). Details are provided in the
SI It is important to note that Cr(vi) oxoanions remain soluble
under alkaline and acidic conditions. This strategy enables the
efficient recovery of one of the two organic linkers present in
the framework. The recycled 2-aminoterephthalic acid was suc-
cessfully reused in multiple preparations of 2-(((1H-imidazol-4-
yl)methyl)amino)terephthalic acid (Fig. 8). Additionally, the
recovered ligand mixture (with an IATP>"/NH,-BDC*™ ratio of
0.75 based on "H NMR analysis) was utilized in the synthesis
of MTV-AI-MOF-4 by adding the appropriate amount of H,IATP
to achieve the target 1:1 ligand ratio specified in the
Experimental section (Fig. 8). These findings highlight the
potential to significantly lower material costs and enhance the
sustainability of MTV-AI-MOF-based sorbents for environ-
mental remediation applications.

2.11 Post-synthetic characterization of Cr(vi)-loaded MOFs-
mechanism of anion sorption

Cr(vi)-loaded MTV-A-MOF-4 was isolated by treating the acti-
vated material with an aqueous solution of K,Cr,0, (pH = 3,
10 mM) (denoted as Cr,0,”-@MTV-AI-MOF-4). PXRD and Le
Bail refinement data showed no significant structural differ-
ences after Cr(vi) capture (Fig. S74a and S74b). EDS analysis
confirmed the presence of Cr(vi) oxoanions (Fig. S75). In
addition, the Cl content of the Cr(vi)-loaded material is signifi-
cantly smaller than that of activated MTV-AI-MOF-4 (Al: Cl
atomic ratio = 17.7 and 38.5 for activated and Cr(vi)-loaded
material, respectively). This is consistent with a possible anion
exchange involving Cl~ and Cr,0,>” anions. FE-SEM images
revealed that the MOF particles retained their size and shape
after interacting with Cr(vi) (Fig. S76). XPS studies have also
been employed to identify the Cr oxidation state and investi-
gate the interactions of the MOF’s functional groups with the
sorbed ions. As shown in Fig. S77, we can observe the charac-
teristic Cr 2p core-level signals in the anion-loaded material.
However, the observed binding energies (576.3 and 578 eV for
Cr 2p;), and 585.9 and 587.7 eV for Cr 2p,,,) do not align with
those expected for pure Cr® or Cr’* oxidation states, but
rather indicate the coexistence of mixed Cr®'/Cr*" states. This
finding is attributed to the partial reduction of Cr®* induced
by X-ray exposure throughout the measurement, a well-estab-
lished phenomenon in XPS analysis. To determine the oxi-
dation state, we performed magnetic susceptibility measure-
ments at room temperature on the Cr-loaded material. The
solid exhibited a diamagnetic response (see SI) which aligns
with the presence of Cr®" as the primary species, rather than
Cr** (a paramagnetic ion), confirming that Cr(vi) remains unre-
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duced before the XPS analysis. Moreover, the observed negative
shifts in the binding energies of Al 2p, N 1s, and O 1s upon
the capture of hexavalent chromium species, although small
(approximately +0.2-0.3 eV), suggest a small electron move-
ment toward the framework (Fig. 9a-c). This finding can be
attributed to hydrogen bonding between the Cr-O groups and
the AI-OH-Al or -NH groups of the organic backbone, as illus-
trated by interactions such as Cr-O---H-O-Al or Cr-O---H-N
(Fig. 9d). Gas adsorption measurements indicated that
Cr,0,°~@MTV-AI-MOF-4 has a BET surface area comparable to
the pristine MOF (Fig. S78). Additionally, there were no
changes in pore size distribution following Cr(vi) sorption
(Fig. S79). It is also important to note that the reported dia-
meter of hydrated Cr,0,2” anions is ~6.8 A;'® thus, these
species cannot enter the pores of the framework (~5.2 A). This
suggests that Cr(vi) oxoanions predominantly interact with the
external surface of the MOF particles. Zeta potential analysis
has confirmed that the surface of the activated material is
positively charged (Fig. S54d). Accordingly, the XPS findings
suggest that, in addition to electrostatic interactions, hydrogen
bonding also significantly contributes to the strong binding of
the oxoanionic species to the MOF. Based on the above, we
propose that the dichromate sorption proceeds through an
anion-exchange process, and the capturing process is domi-
nated by hydrogen bonding and electrostatic interactions
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Fig. 9 (a) High resolution Al 2p core-level photoelectron spectra of
pristine  MTV-Al-MOF-4 and Cr,0,2@MTV-Al-MOF-4. The peaks
appear at 73.7 and 73.5 eV, respectively. (b) High resolution N 1s core-
level photoelectron spectra of pristine MTV-Al-MOF-4 and
Cr,0,2~@MTV-Al-MOF-4. The peaks appear at 398.3/399.3 and 398.0/
399.1 eV, respectively. (c) High resolution O 1s core-level photoelectron
spectra of pristine MTV-Al-MOF-4 and Cr,0,2"@MTV-Al-MOF-4. The
peaks appear at 531.3/533.7 and 531.0/533.5 eV, respectively. (d)
Representation of potential hydrogen bonding interactions (dot lines)
between both the amino groups of the dicarboxylate ligands and the
OH-groups of the [Al-OH-Al] chains and the oxygen atoms of Cr,O,2~
(AL, cyan; C, grey; O, red; H, pink; Cr, purple). The structural model was
created using Avogadro software.®¢
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between the Cr,0,>~ anions and the MTV-Al-MOF-4
framework.
2.12. Comparison with other Cr(vi) sorbents in acidic

aqueous media

At this stage, it is beneficial to compare the Cr,0,*~ sorption
performance of MTV-AI-MOF-4 with that of other MOF-based
sorbents reported in the literature. Table S2 summarizes
primary sorption characteristics, highlighting MTV-Al-MOF-4
alongside various benchmark MOFs. Remarkably, MTV-Al-
MOF-4 demonstrates a maximum uptake capacity for Cr,0,°~
comparable to some of the most efficient sorbents, even those
with highly porous structures. In addition to its high capacity,
this MOF exhibits exceptionally rapid sorption kinetics, achiev-
ing equilibrium considerably faster than many state-of-the-art
sorbents, typically requiring 10 minutes to 48 hours to reach the
equilibrium. Importantly, MTV-AI-MOF-4 maintains its high
sorption efficiency even in the presence of a significant excess of
competing ions (CI~, NO;~, SO,>7), highlighting its excellent
selectivity. MOF-CA composite beads were successfully
implemented as the stationary phase in a packed column setup,
alongside sea sand, for treating industrial Cr(vi}-contaminated
wastewater, marking the first such application reported for an Al
(m)-MOF. This highlights the material’s substantial potential for
practical wastewater decontamination applications.

2.13. Photophysical characterization

The fluorescence properties of all compounds were studied in
the solid state upon excitation at 390 nm, after they had been
activated through a process of two steps, including solvent
exchange with ethanol and protonation with an aqueous HCI
solution (vide supra). The emission profiles of the presented
multivariate MOFs are depicted in Fig. S80. The spectra
consist of a broad emission signal between 470-530 nm with a
maximum at ca. 490 nm. The broad fluorescence band is
attributed to the radiative deactivation of the first singlet intra-
ligand excited state, which possesses primarily charge transfer
character from the N atom of the secondary amine group to
the n* orbitals of the terephthalate core. The absence of redox
activity of the Al(um) centers precludes the contribution of
charge transfer transitions involving the metal. An identical,
albeit much weaker, emission profile is also observed for the
Cr-loaded material Cr,0,°”@MTV-AI-MOF-4 (Fig. S81).
Similarly, solid-state UV-Vis spectroscopy data show that the
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absorption profile of MTV-AI-MOF-4 is noticeably altered after
dichromate sorption (Fig. S82). The characteristic absorption
peak of Cr(vi) oxoanions (Cr,0,>~, 350 nm) is not visible due
to overlap with the MOF’s intrinsic absorption bands. Among
the studied compounds, the material with the highest NH,-
BDC content, MTV-AI-MOF-5, exhibits the highest fluorescence
quantum yield, 9.53% (Fig. S83). This value is almost twice
that of the other compounds, which range between
4.64-4.93% (Fig. S84-S87). All results related to the calculated
quantum yields and fluorescence lifetimes are summarized in
Table 1. In line with its weaker emission signal, Cr-loaded
material shows a four-fold decrease in fluorescence quantum
yield, down to 1.1% (Fig. S81), thereby confirming that the
sorption of Cr,0,°~ anions causes emission quenching due to
electron and/or energy transfer deactivation pathways taking
place between the ligand fluorophores and the sorbed Cr(vi)
anions.>”'% The emission lifetimes show a similar trend to
the quantum yields, with the chromium-free MOFs showing
multiexponential decays with average lifetimes ranging from
ca. 4.0 to 6.0 ns. In comparison, Cr,0,>~@MTV-Al-MOF-4
shows a shorter average decay time of 2.5 ns (Table 1). The fact
that the decrease in emission lifetime is not as pronounced as
the decrease in quantum yield indicates that the quenching
mechanism is primarily static. In this case, the chromophores
directly associated with Cr,0,%” anions are essentially non-
emissive, while those that do not directly interact with guest
anions largely exhibit their native emission.'”” The fluo-
rescence results above further support the hypothesis that the
sorbed Cr(vi) anions primarily interact with chromophores on
the surface of the MOF particles rather than those in the bulk.

We further attempted to perform fluorescence titrations
where aliquots of a 10™* M stock aqueous solution of K,Cr,0-
at pH 3 were added to a stirred suspension of MTV-Al-MOF-4
(0.05 mg mL™") in double distilled water and commercial
potable water at pH 2 while recording the MOF’s fluorescence
signal upon excitation at 390 nm (Fig. S88). Although a
quenching trend was observed, it was rather modest, reaching
a maximum of approximately 30% loss of initial emission
intensity by the end of the study (Fig. S88). These results
clearly show that although MTV-AI-MOF-4 shows promising
sorption properties, it does not possess the characteristics of a
good fluorescence sensor, which must interact effectively with
the targeted analyte at the low concentrations employed in a
fluorescence experiment.

Table 1 Collected emission lifetimes and quantum yields of the studied MTV-Al-MOF samples

Fluorescence lifetimes (ns)

Sample P (%) 7 7, 73 (7)
MTV-AI-MOF-1 4.93 0.96(18.8%) 2.92(58.6%) 9.4(22.6%) 4.0
MTV-AI-MOF-2 4.82 0.90(23.0%) 2.85(54.5%) 9.85(22.5%) 4.0
MTV-AI-MOF-3 4.69 0.8(20.9%) 2.72(56.4) 9.62(22.7%) 3.9
MTV-AI-MOF-4 4.64 0.92(26.4%) 2.87(55.6%) 10.51(18.0%) 3.7
MTV-Al-MOF-5 9.53 0.95(21.6%) 3.53(45.0%) 12.58(33.4%) 6.0
Cr,0,%>~ @MTV-AI-MOF-4 1.11 0.48(35.9%) 2.11(46.0%) 7.72(18.1%) 2.5
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3. Conclusions

In conclusion, five isostructural multivariate Al(m) MOFs
(MTV-AI-MOF-1 to MTV-AI-MOF-5) with the MIL-53 structure
were isolated via solvothermal synthesis. The MOFs demon-
strated improved stability in acidic solutions compared to the
prototype NH,-MIL-53(Al), likely due to the presence of bulky
-NH-CH,-Im groups and ultramicropores (~5.2 A pore size),
which hinder the diffusion of reactive species and protect the
inorganic backbone of the framework. Gas sorption experi-
ments showed that the MTV-AI-MOFs exhibit negligible N,
adsorption at 77 K but show significant CO, uptake even at
273 K. Among them, MTV-AI-MOF-4 displays the highest CO,
uptake (2.33 mmol g ') and exceptional CO,/N, separation per-
formance (~76 at the low-pressure limit), as confirmed by IAST
analysis. Detailed batch dichromate sorption studies demon-
strated that MTV-AI-MOF-4 shows rapid sorption properties,
with an equilibrium time of less than 5 minutes, and exhibits
a relatively high sorption capacity (174 mg g~*), comparable to
some highly porous, state-of-the-art MOF-based sorbents. Its
Cr(vi) removal efficiency remained exceptional across a wide
PH range of 3 to 9. Furthermore, it maintained high perform-
ance even with a 10-fold excess of various competitive anions.
The sorption process is considered to occur primarily on the
external surface of the MOF’s particles, as the BET surface area
and pore size distribution of the Cr(vi)-saturated MOF are
similar to those of the pristine material. The excellent affinity
of MTV-AI-MOF-4 for capturing Cr,0,”” is predominantly
attributed to strong electrostatic interactions between the posi-
tively charged surface of the MOF particles and the Cr(vi)
anionic species, along with hydrogen bonds involving Cr,0,>~
and the -NH, or -OH functional groups, as evidenced by XPS
data. We also prepared MOF-calcium alginate (CA) beads for a
stationary phase in a column setup. In this configuration, the
beads, combined with sand, effectively reduced the Cr(vi) con-
centration in a diluted electroplating wastewater sample to
levels within the acceptable drinking water limits. Since direct
regeneration of MTV-AI-MOF-4 was ineffective, we propose a
post-sorption strategy to recover the organic components. This
method efficiently recycles one of the two organic linkers,
enabling the reclaimed NH,-H,BDC to be applied in several
syntheses of 2-(((1H-imidazol-4-yl)methyl)amino)terephthalic
acid. Furthermore, the recovered ligand mixture was also uti-
lized to synthesize MTV-AI-MOF-4, providing a sustainable
approach to reduce material costs in environmental remedia-
tion. Fluorescence studies on Cr-free and Cr-loaded MTV-Al-
MOF-4 show that Cr(vi) sorption leads to strong quenching,
reducing the fluorescence quantum yield by a factor of four
(from 4.6 to 1.1%). The less dramatic decrease in average fluo-
rescence lifetime (from 3.7 to 2.5 ns) indicates a static type of
quenching where only a fraction of the ligand fluorophore
units directly interacts with the sorbed Cr(vi) anions. This pro-
vides further evidence that sorption is predominantly due to
electrostatic and/or hydrogen bonding interactions on the
surface of MOF particles. Overall, this work presents a flexible
synthetic approach to designing MOFs with ultramicroporous
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structures, enhanced acidic stability, and interesting gas
adsorption properties, as well as promising sorption properties
for toxic species, such as Cr(wv). Future work will focus on
further developing this synthetic strategy, aiming to discover
several new multifunctional materials.
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