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Aqueously synthesized and reusable Ce(iv)-based
metal—organic frameworks with aliphatic
multicarboxylate linkers for highly efficient Pb?*
removal from water
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New Ce(iv) metal-organic frameworks (MOFs) are reported based on the aliphatic linker butane-1,2,3,4-
tetracarboxylic acid (H4BTCA). These materials were prepared using an eco-friendly aqueous-based syn-
thesis, and their structures were elucidated through microcrystal electron diffraction (MicroED) and
powder X-ray diffraction (PXRD). They feature an 8-coordinated net with a bcu topology, rarely observed
for Ce(iv) MOFs. Interconversion between the MOFs was easily achieved via treatment with basic or formic
acid solutions, revealing the breathing of the MOFs’ frameworks. The MOFs were investigated for their
ability to sorb Pb%* under both batch and continuous flow conditions. The results showed relatively high
Pb2* sorption capacities (up to 254 mg Pb per g) and an exceptional capability for the rapid removal (in
less than 10 min of MOF—solution contact) of Pb?* from low initial concentrations of complex solutions
and real-world water samples. Notably, the materials in the form of calcium alginate-based beads used as
a stationary phase in a column (along with sea sand) demonstrate a remarkable ability to capture Pb>*
under continuous flow, showing decent removal capacities, excellent regeneration efficiency, and re-
usability. The mechanism of the Pb2* sorption process was determined via experimental data, indicating
strong interactions of the MOF's functional groups (carboxylate and hydroxide groups) with the Pb?* ions.

tional groups. Examples include the Zr'" MOFs with tere-
phthalate ligands or polyaromatic tetracarboxylic acids, Al-

MOFs have been at the forefront of materials science for the
last 15-20 years. This is due to their exceptional structural
diversity and extraordinary properties related to various fields
and applications."”” MOFs, among other applications, exhibit
significant promise in water remediation due to their unique
combination of a porous structure, diverse functional groups,
and remarkable stability in aqueous media.* " Most MOF sor-
bents are based on aromatic ligands bearing various func-
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MOFs with the MIL-53 structure type, ZIFs, ionic MOFs,
etc.'"™ These materials have shown exceptional sorption
capacities for various toxic species, including heavy metal
cations, oxoanions, organic dyes, etc. Although such materials
appear attractive for practical applications, the synthesis of
most of them requires the use of organic solvents (e.g., DMF),
which are costly and sometimes highly toxic.

Aromatic ligands have poor solubility in water, with some
exceptions,"'® so MOFs with such ligands can be isolated pri-
marily via non-aqueous synthesis. Alternatively, MOFs with ali-
phatic polycarboxylic linkers (aliphatic linker-MOFs, AL-MOFs)
have recently attracted the attention of researchers."”” As ali-
phatic polycarboxylic ligands are soluble in water (at room
temperature or 80-100 °C), AL-MOFs can be isolated via
aqueous-based synthesis. In addition, AL-MOFs can be pre-
pared within a few hours or minutes. Furthermore, the cost of
most aliphatic polycarboxylic ligands is much less compared
to that of aromatic polycarboxylic acids. Additionally, commer-
cially available aliphatic polycarboxylic ligands with various
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functional groups (-SH, NH,, COOH, etc.) can be used to build
MOFs with high sorption efficiency for multiple species.'®2°
Thus, AL-MOFs could be highly promising sorbents for toxic
species and attractive for large-scale preparation and, conse-
quently, for actual applications in wastewater treatment.
Nevertheless, limited studies have been conducted on MOFs
from this family for the sorption of toxic ions and other
species from aqueous media. Specifically, there are few reports
on the sorption of Hg?", Ba®**, oxoanions, organophosphates,
precious metal ions, and nanoparticles by Zr** MOFs with ali-
phatic dicarboxylic ligands bearing -SH, -SO;H, and NH;'-
surface functional groups.'®'®?'%* In contrast, no ion sorp-
tion studies have been reported for Ce(iv)-based AL-MOFs,**">
which share similar structural features with the corresponding
Zr(v) materials.

Herein, we report new Ce(iv) MOFs based on the in-
expensive ligand butane-1,2,3,4-tetracarboxylic acid (H,BTCA),
specifically [CesO4(OH)s 4(H,BTCA),(HCOO), 6(H,0); 4]-solvent
(AL-MOF-1), [Ces04(OH)3(H,BTCA),4(H,0)s]-s0lvent (AL-MOF-2)
and the semi-amorphous AL-MOF-3 exhibiting a similar com-
position to AL-MOF-2. The newly synthesized MOFs can be iso-
lated in high yield and on a relatively large scale (up to 7.5 g)
via aqueous-based synthesis within a few minutes (25-30 min).
The MOFs feature an 8-coordinated bcu net, seldom seen for
Ce(v) MOFs, and several non-coordinated COOH-functional
groups, a characteristic not present in reported Ce™ MOFs.
The presence of free COOH in the structure of the MOFs,
along with terminal OH ligands, gives them exceptional sorp-
tion capabilities for heavy metal ions, such as Pb*>". They show
rapid sorption kinetics, high sorption capacity (up to 254 mg
Pb per g), and efficiency for removing Pb>" ions in the pres-
ence of competitive (non-toxic) ions. Furthermore, the MOFs
in their composites with calcium alginate (CA) can remove
Pb*>" under flow conditions using a column filled with the
MOF-CA composite. The MOF-CA-based column can be regen-
erated and reused for Pb>" sorption under continuous flow for
several runs. Overall, the AL-MOF-1-3 materials represent par-
ticularly attractive sorbents for heavy metal ions. They possess
an exceptional sorption capacity and can be prepared via
rapid, eco-friendly synthetic methods with high yield and
scalability.

2. Results and discussion
2.1 Synthesis and characterization

AL-MOF-1 was synthesized from a reaction mixture of ceric
ammonium nitrate (CAN), water, and formic acid (HFA) via
thermal treatment at 80 °C under magnetic stirring, which
resulted in the isolation of the MOF with high yield and
purity. Significantly, the synthesis of AL-MOF-1 could be easily
scaled up, yielding at least 7.5 g of the MOF within
25-30 minutes. Considering the reagents’ bulk prices, the
MOF synthesis cost is estimated at ~8 € per kg. The space-
time yield for the green synthesis of AL-MOF-1 is calculated to
be 1800 kg m™> day™*, which compares well with industrial
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preparations of MOFs.”*° Unfortunately, obtaining single
crystals of the MOF was impossible. AL-MOF-1 is received as
microcrystalline powder based on particle aggregates of <3 pm
(Fig. 1A). Nevertheless, we were able to determine and refine
the structure of AL-MOF-1 using microcrystal electron diffrac-
tion (MicroED, Fig. S1). Although the determined and refined
structure is highly disordered, the overall structural model and
connectivity can still be correctly identified (Fig. 1B).
AL-MOF-1 crystallizes in the tetragonal space group I4/mmm
with @ = 13.22(16) A, ¢ = 19.4(4) A and V = 3391(108) A®. 1t is
based on Ceq secondary building units (SBUs), featuring brid-
ging oxo and hydroxy ligands, as well as mixed bridging
formate/terminal water-hydroxide groups (see below). Each
cluster is connected via the 1,2-COO~ groups of the H,BTCA*~
ligands, with eight adjacent clusters, forming an 8-c net with a
bcu topology. We should note that this is only the second
example of a MOF with Ces units showing such structural
topology.>” Most reported MOFs based on Ceg SBUs exhibit an
fcu net,>*> whereas a few examples show hex, spn, ftw, scu,
csq, bet and reo topologies.>»***7*3737 The ligation of
H,BTCA*™ to Ce ions through the 1,2-COO~ groups leaves two
uncoordinated COOH units per ligand, which could not be
identified due to the limited diffraction quality and the high
disorder of the organic linkers. Interestingly, despite the poor
diffraction quality and the limitation of the ED method, guest
water and highly disordered formic acid molecules could be
located in the material’s pores (Fig. S2). As several atoms in
the structure of AL-MOF-1 are positionally disordered due to
the space group symmetry constraints, and the H,BTCA ligand
could not be correctly identified, it is challenging to determine
the correct pore sizes of the MOF. Thus, we decided to trans-
form the I4/mmm space group of the structure determined
from MicroED data into the lower symmetry I4 space group,
aiming to obtain a structural model of the MOF with no pos-
itional disorder (Fig. 1C). Rietveld refinement using PXRD
data and TOPAS®® software yielded reasonably good results
(Fig. S3). The refined structure based on PXRD data is similar
to that obtained from MicroED data; however, the lower-sym-
metry space group of the PXRD structural model resolves any
positional disorder, allowing a relatively reliable identification
of the H,BTCA>~ linkers. Utilizing this structural model, the
pore sizes can be estimated. Consequently, the pore sizes of
AL-MOF-1 are 1.9-4.7 A, as determined from the pore analysis
utility of mercury.*® The limited pore size is rationalized by the
orientation of uncoordinated COOH groups towards the
interior of the MOF’s structure. The porosity of AL-MOF-1 was
investigated using N, adsorption measurements, which indi-
cated a BET surface area of only 16 m* g~ " (Fig. S4). We also
attempted to further characterize the porosity of AL-MOF-1 by
performing CO, adsorption measurements. However, even at
273 K, the CO, uptake was very low, reflecting the limited
overall porosity (Fig. S5). To verify the presence of the organic
linkers in the MOF, 'H NMR data for the MOF digested in
D,0O/NaOH were recorded (Fig. S6 and S7). Before the '"H NMR
studies, the MOF was pre-heated to 149 °C inside a thermo-
gravimetric analyzer (TGA) to directly relate the results from
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(A) FE-SEM image of AL-MOF-1, (B) structural model of AL-MOF-1 by MicroED analysis, (C) structural model of AL-MOF-1 by Rietveld refine-

ment, and (D) Le Bail plot of AL-MOF-1. Violet crosses: experimental points; red line: calculated pattern; black line: difference pattern (exp. — calc.);
and green bars: Bragg positions. Refined unit cell parameters: a = 12.99(2) A, ¢ = 18.89(4) A, V (A%) = 3187(2), and space group: I4/mmm.

"H NMR with those from TGA. "H NMR revealed a ratio of
BTCA: formate = 4:2.6. Considering a partial occupancy for
the formate ions, terminal water and hydroxide ligands should be
present to complete the coordination sphere of the Ce ions. The
composition for AL-MOF-1 can be calculated from the general
formula CegO4(OH)442x—,(H,BTCA)s_(HCOO),(H,0),—y, consider-
ing that OH/H,O terminal ligands replace each missing linker
not filled by the modulator.”® Thus, replacing x = 2 (as found
from MicroED data) and y = 2.6 (as seen from "H NMR data) in
the above formula, the formula of AL-MOF-1 is
[Ces04(OH)5 4(H,BTCA),(HCOO), 6(H,0); 4)- This composition was
further verified using TGA data (Fig. S8). Ce 3d XPS spectra of
AL-MOF-1 were also recorded (Fig. S9). The presence of multiple
overlapping peaks and the potential reduction of Ce(wv) to Ce(i)
upon exposure to X-ray radiation preclude a reliable estimation of
Ce oxidation states.*' Thus, a simple method was employed to
identify the Ce oxidation state. The room-temperature magnetic
susceptibility of AL-MOF-1 was negative, revealing the diamag-
netic nature of the material and the exclusive presence of Ce(wv)
with no detectable Ce(ur) contribution (Fig. S10). In addition, the

This journal is © the Partner Organisations 2025

purity and crystallinity of the MOF were confirmed from PXRD
and Le Bail analysis using TOPAS®® (Fig. 1D).

Aiming to remove excess acid and deprotonate the free car-
boxylic acids, we treated the MOF with 0.1 M NaOH solution
(with the final pH of MOF’s suspensions adjusted to 7.5).
Surprisingly, the PXRD pattern of the resulting material,
AL-MOF-2, showed a significant shift towards higher angles
related to AL-MOF-1 (Fig. 2A). This revealed a contraction of
the unit cell of the MOF upon treatment with the alkaline solu-
tion (Fig. S11). "H NMR on the MOF digested in basic solution
indicated a negligible amount of formate ligands (Fig. S12).
MicroED studies were also performed to gain insight into the
crystal structure of AL-MOF-2 (Fig. S13). These studies con-
firmed the contracted unit cell of the MOF with a unit cell
volume ~9% smaller than that of AL-MOF-1 (Fig. 2B). A con-
traction of ~0.8 A is observed along the a and b axes, attribu-
ted to the replacement of the bridging formate ligands by
terminal water/hydroxide ligands. All Ce ions in AL-MOF-1 are
eight-coordinated in a square-antiprismatic geometry;
however, in AL-MOF-2, four of the six Ce ions adopt a similar

Inorg. Chem. Front.
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(A) PXRD patterns of AL-MOF-1, AL-MOF-2 and AL-MOF-3. (B) Schematic illustration of the reversible structural transformation: AL-MOF-1 is

converted into AL-MOF-2 upon treatment with NaOH, while AL-MOF-2 reverts to AL-MOF-1 upon exposure to formic acid. Structural model of
AL-MOF-2 by Rietveld refinement viewed down the (C) b-axis and (D) c-axis.

coordination geometry. The remaining Ce ions are nine-co-
ordinated in mono-capped square-antiprismatic geometry
bearing an additional water terminal ligand.”***> Considering
the replacement of formate ligands by water/hydroxide groups
in the coordination environment of 4 Ce ions and the inser-
tion of additional water terminal ligands in the rest of the Ce
centers, the formula of AL-MOF-2 can be written as
[Ces04(OH)g(H,BTCA),(H,0)s]- Similarly to AL-MOF-1, a model
of AL-MOF-2 in the I4 space group was built to determine the
pore sizes. Rietveld analysis was then performed, providing
reasonably good results (Fig. S14). Based on the refined struc-
ture (Fig. 2C and D), the pore sizes of AL-MOF-2 were deter-
mined to be 1.2-4.0 A, which are 15-37% smaller than those
for AL-MOF-1. This further confirms the contraction of the
MOF structure upon the removal of the formate ligands. SEM
images indicated similar morphology and sizes for the
AL-MOF-2 particles compared to those of AL-MOF-1 (Fig. S15).
In addition, AL-MOF-2 exhibits a negligible BET surface area
(4 m*> g7') (Fig. S16) and limited CO, adsorption (Fig. S5).

Inorg. Chem. Front.

Interestingly, when formic acid is applied to AL-MOF-2,
AL-MOF-1 is regenerated, as formate is reconnected with the
Ce(v) centers (Fig. S17). In contrast, no change in the structure
of AL-MOF-2 was observed when it was treated with bulkier ali-
phatic carboxylic acids (such as acetic and 2-mercaptosuccinic
acid) other than formic acid (Fig. S18). The increased size of
the former and their significant steric interactions with the
side groups of the H,BTCA®” ligands may prohibit their
entrance into the MOF’s framework. The negative magnetic
susceptibility of AL-MOF-2 suggests the exclusive presence of
Ce(v), with no evidence of paramagnetic Ce(u) species.

To achieve more effective deprotonation of the material,
AL-MOF-1 was treated with 1 M NaOH (with the final pH
adjusted to 9.5). This resulted in a new material (AL-MOF-3)
with diminished crystallinity (Fig. 2A), having a similar chemi-
cal composition to that of AL-MOF-2, as confirmed by '"H NMR
data (Fig. S20), indicating a negligible amount of formate.
Unfortunately, due to diminished crystallinity, the structural
determination of AL-MOF-3 was not possible. Interestingly, the

This journal is © the Partner Organisations 2025
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nearly amorphous AL-MOF-3 can be converted into the crystal-
line AL-MOF-1 by treating the first material with formic acid
(Fig. S21). Still, no structural modification occurs when
AL-MOF-3 is treated with bulkier aliphatic acids (Fig. S22).
AL-MOF-3 is also a non-porous material with a BET surface
area of 6 m*> g (Fig. $23) and low CO, uptake (Fig. S5). The
observed diamagnetic behavior, indicated by the negative mag-
netic susceptibility of the material, further corroborates that
AL-MOF-3 is composed excessively of Ce(1v).

The IR spectra of the three materials are similar (Fig. S24).
However, the absorption peak assigned to the free COOH
group is somewhat weaker in the IR spectra of AL-MOF-2 and
AL-MOF-3 than in the spectrum of AL-MOF-1. This is consist-
ent with the partial deprotonation of the free carboxylic acid
groups in AL-MOF-2 and AL-MOF-3 materials. EDS analysis
reveals the presence of Na in treated AL-MOF-2 and AL-MOF-3
samples (Fig. S15 and S19), which also indicates the deproto-
nation of the carboxylic acid groups. We should, however,
mention that Na" ions are likely located on the surface of
AL-MOF-2 and 3 materials, considering the relatively large size
of hydrated Na' ions (~4.4 A) compared to the tiny pores of the
MOFs.

Concerning the stability of AL-MOF-1 vs. pH, we observed
that the material retains its structure from pH 0 to 6, whereas
from pH 7 and above, AL-MOF-1 is gradually transformed into
AL-MOF-2 and 3 (Fig. S25 and S27). Also, the stability studies
of AL-MOF-1 in different solvents, such as DMF, DMSO, and
MeOH, indicated that the structural characteristics of the
material remain intact upon treatment with organic solvents
(Fig. S26).

2.2 Heavy metal ion sorption properties

2.2.1 Batch sorption studies. The presence of several unco-
ordinated COOH and terminal hydroxide groups in AL-MOF-1,
AL-MOF-2, and AL-MOF-3, which are excellent ligands for
binding metal ions,**** motivated us to study the sorption
properties of the MOF for heavy metal ions. We focused on
removing Pb**, as it is one of the most toxic heavy metal ions

View Article Online
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frequently found in contaminated water resources and
wastewater.”>™"” Pristine AL-MOF-1 has a positive surface
charge (zeta potential ~8 mvV, at pH = 7) (Fig. S28). Before the
sorption studies, AL-MOF-1 was treated with a mild alkaline
solution to remove unreacted acids (formic or H,BTCA) and
induce an anionic surface charge, which is beneficial for the
sorption of cations. Indeed, the zeta potential of the activated
MOF was found to be —19.8 mV at pH = 7 (Fig. S29). Besides
the zeta potential values, there is no differentiation in the
structural characteristics of pristine and activated AL-MOF-1
(Fig. S30). Our investigations started with the determination of
sorption kinetics. We have performed two sets of kinetic sorp-
tion tests, one involving a low initial Pb>* concentration
(1 ppm) and a second with a much higher Pb>* concentration
(100 ppm). The sorption with the low initial Pb*" concen-
tration is rapid, as the Pb** concentration was determined to
be 25 ppb after only 30 seconds of solution treatment with the
MOF (Fig. 3A). Notably, the concentration of Pb*" was found to
be well below (3.2 ppb) the acceptable limit (10 ppb) of Pb*" in
drinking water within 10 min of contact of the solution with
the MOF sorbent. As the sorption rate is relatively fast, fitting
the data to known kinetic models was not possible. The sorp-
tion tests with a high initial Pb>* concentration indicate that
the sorption process is relatively slow compared to that with
low initial Pb** concentration, achieving ~73% removal after
48 h treatment of the Pb** solution with the MOF (Fig. S31).
Unfortunately, no reliable fitting of the sorption kinetics data
could be achieved. These results show that the sorption rate is
relatively fast at low Pb>" levels but slower at high concen-
trations. This is likely related to the sorption mechanism invol-
ving electrostatic Pb**-MOF interactions at low Pb*" concen-
trations at the surface of MOF particles, whereas capturing
additional Pb®*" amounts requires the formation of coordi-
nation bonds between Pb** and COOH or OH groups, which is
a relatively slow process. More details about the Pb*>* sorption
mechanism are given below. As a second step of our investi-
gations, we performed sorption isotherm studies (at pH ~5)
using 48 hour treatment times. The data were fitted with the
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Fig. 3 (A) Kinetics of Pb?* sorption for activated AL-MOF-1 (initial Pb concentration = 1 ppm, pH ~7), (B) Pb?* sorption data for activated AL-MOF-1
at variable pH values (1-8) (initial Pb concentration = 1 ppm) and (C) Pb?* sorption data for activated AL-MOF-1 in the coexistence of various cations

(100-fold excess) and for an artificially contaminated bottled water sample

(initial Pb concentration = 1 ppm, pH ~7). Composition of mineral water

(MW): Ca?* = 101 ppm, Mg?* = 1.54 ppm, Na* = 3.11 ppm, K* = 0.62 ppm, pH = 7.5.
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Fig. 4 Isotherm Pb?* sorption data for (A) activated AL-MOF-1; the red line signifies the data fitted with the Langmuir—Freundlich model (R? = 0.97,
ge=58.0+1.0mgg b=0.007+ 0.001L mg*and n = 0.19 + 0.03 (contact time, t = 48 h)), (B) AL-MOF-2; the red line signifies the data fitted
with the Freundlich model (R? = 0.97, K¢ = 26.0 + 11.0 and n = 3.15 + 0.3 (contact time, t = 48 h)), and (C) AL-MOF-3; the red line signifies the data
fitted with the Freundlich model (R? = 0.97, K¢ = 28.2 + 4.3 and n = 3.05 + 0.2 (contact time, t = 48 h)).

Langmuir-Freundlich model*® (eqn (S1)), consistent with
monolayer and multilayer sorption mechanisms (Fig. 4A). The
maximum sorption capacity determined from the sorption iso-
therm data was 58.0 + 1.0 mg Pb per g of the MOF.

In addition, we determined the effect of pH on the sorption
of Pb>* by the MOF. These experiments were conducted with a
low initial Pb®>" concentration (1 ppm) to prevent the precipi-
tation of lead hydroxide that occurs for high Pb*>* concen-
trations at neutral to alkaline solutions (Fig. 3B). The results
indicate that almost quantitative Pb** removal (95%) is
achieved in solutions with pH > 4, whereas sorption is dimin-
ished in a highly acidic environment (pH < 3). The zeta poten-
tial of the MOF is still negative at pH~3, thus excluding repul-
sive interactions between MOF and Pb>'. Therefore, the
decreased performance of the material under these conditions
is attributed to the high excess of H" (~200-fold) relative to the
Pb>" concentration, resulting in intense competition by H* for
Pb”" sorption.

Furthermore, we investigated the effect of competitive ions
on the sorption of Pb>" by the MOF. Specifically, the Pb>* sorp-
tion capacity of the MOF was studied in the presence of 10-
and 100-fold excess Na* and Ca”" cations, which are present in
relatively high concentrations in aqueous media. The Pb>*
sorption is not affected by the presence of the competitive
ionic species, as Pb>" % removal was found to be >98% in all
sorption tests (Fig. 3C). Furthermore, we have tested the Pb**
sorption performance of the MOF in natural spring water
spiked with one ppm of Pb>". This solution contained several
cations (Ca**, Mg®>", Na*, K*, and NH,") in excess up to
100-fold compared to Pb>", respectively. Still, the MOF shows a
Pb>" removal of 99.5% despite a significant excess of several
competitive species.

AL-MOF-2 and AL-MOF-3 were also investigated for Pb>*
sorption (Fig. S32 and S33). These materials exhibited
enhanced sorption capabilities compared to AL-MOF-1, with
maximum sorption capacities of 233.0 and 254.0 mg Pb>" per
g for AL-MOF-2 and AL-MOF-3, respectively (Fig. 4B and C).
The improved sorption efficiencies of these materials are

Inorg. Chem. Front.

attributed to (a) their increased number of terminal hydroxide
groups being effective ligands for Pb>* and (b) possible depro-
tonation of some of the free COOH groups, with the resulting
COO~ groups strongly binding Pb*>* ions. AL-MOF-2 and 3 also
showed the capability for efficiently removing Pb** in the pres-
ence of several interfering species (Fig. S34).

2.2.2 Column sorption studies. Concerning the practical
application of the sorbent for water treatment, we have investi-
gated the Pb>" sorption properties of the MOF under continu-
ous flow conditions. AL-MOF-1 is in the microcrystalline form,
so it is unsuitable for use as a stationary phase of the column.
Thus, we have transformed the MOF into a composite with
calcium alginate, which has a bead-like form (Fig. S35A).*%°
For these sorption tests, we used a mixture of MOF-CA beads
and sea sand to distribute the sorbent over a longer column
length, thereby enhancing sorption efficiency by increasing
the contact time of the solution with the MOF-CA material
(Fig. $35B).">>"> The column sorption experiments were per-
formed with a Pb*>" solution of relatively high concentration
(80 ppm). The results revealed that Pb** removal exceeded 60%
when 50 mL of the Pb*>" solution was passed through the
column, whereas the removal percentage remained above 40%
even after passing 100 mL of the solution (Fig. 5A).
Interestingly, the sorption efficiency was significantly
enhanced after the column was treated with 0.1 M HCI to
regenerate the sorbent. Specifically, the Pb** removal percen-
tage for the second run of the column was ~80% for 50 mL of
the effluent, i.e., ~1.5 times higher than the removal percen-
tage for the column after the regeneration process. The % Pb**
removal was found to be ~60%, even for the treatment of a
100 mL solution, which is significantly higher than the corres-
ponding value determined in the first run of the column. After
regeneration with 0.1 M HCI acid solution, a third run of the
column yielded similar or even slightly better results than the
second run. A fourth run of the column, after the regeneration
process, showed even better results. This unusual column be-
havior is attributed to the release of formate upon treatment
with the acidic solution. Indeed, "H NMR studies confirmed a

This journal is © the Partner Organisations 2025
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substantial removal of formate ligands upon treatment of
AL-MOF-1 with 0.1 M HCI (Fig. S36). The released formate
ligands are replaced by water and/or hydroxide ligands, as evi-
denced by the MicroED study of AL-MOF-2. The hydroxide
groups formed after the acid treatment act as additional
binding sites for Pb**, thereby enhancing the sorption
efficiency of the column following acid-induced regeneration.
This explanation is further supported by the sorption results
for AL-MOF-2 and AL-MOF-3 materials, which are discussed
below. Finally, we performed column sorption experiments
with natural spring water intentionally contaminated with
Pb>" traces (80 ppb). The results revealed that ~5 L of the Pb*'-
spiked natural spring water could be effectively decontami-
nated after passing through the column, with no detectable Pb
remaining. This indicates the material’s superior performance
for treating genuine water samples (Fig. S37).

Column sorption studies were also conducted for the
AL-MOF-2 and AL-MOF-3/calcium alginate composites. Again,
the sorption efficiencies were significantly higher than those
for the AL-MOF-1/CA composite (Fig. 5B and C). Thus, the %
Pb>" removal capacities were 70% and 80% after passing
100 mL of Pb*" solution in the first runs of the AL-MOF-2/CA
and AL-MOF-3/CA columns, respectively, vs. 50% removal of
Pb** for the same effluent volume in the first run of the
AL-MOF-1/CA column. The AL-MOF-2/CA and AL-MOF-3/CA
composites can be regenerated and reused with no loss of
their capacity, at least for four runs. Also, the PXRD diagram of
AL-MOF-2/CA beads indicates that the composite retains its
crystal structure after the 4™ column run (Fig. $38). We should
also note that the unusual behavior of the AL-MOF-1/CA com-
posite, showing enhanced sorption capacity after acid treat-
ment, is not observed in the AL-MOF-2/CA and AL-MOF-3/CA
composites. Specifically, the sorption efficiencies of the
AL-MOF-2/CA and AL-MOF-3/CA columns are only slightly
differentiated among the various runs. Based on the previous
discussion, this is anticipated, considering that AL-MOF-2 and
AL-MOF-3 contain negligible formate ligands. Thus, the acid-
based regeneration process does not affect their chemical com-
position, unlike AL-MOF-1, which releases formate ligands
upon acid treatment.

This journal is © the Partner Organisations 2025

2.3 Comparison of AL-MOF-1, 2, 3 with known Pb>* sorbents

Several MOFs and other sorbents have been reported for their
Pb2+
formance with sorption capacities up to 570 mg g~'. However,

sorption properties (Table S2), revealing excellent per-

their synthesis typically involves solvothermal conditions that
require elevated temperatures (>100 °C), extended reaction
times (from 20 up to 72 h), and the use of toxic and costly
organic solvents (Table $3).****7%° Additionally, the organic
ligands used in many MOF-based Pb>" sorbents are not always
commercially available, which further increases the complexity
and cost of MOF production. Reusability also remains a chal-
lenge, as many of these materials cannot be regenerated and
reused, representing a significant drawback for practical appli-
483357 purthermore, studies
with MOFs for Pb>* sorption were mainly focused on batch

cations in wastewater treatment.

sorption experiments, with only limited reports presenting
sorption data under continuous flow conditions.>

In contrast to previously reported MOFs, AL-MOF-1 exhibits
a low Pb*>" sorption capacity (58.0 mg g'). Still, it is syn-
thesized using a low-cost and commercially available ligand
via a rapid and scalable process that involves simple magnetic
stirring in a water-formic acid mixture at 80 °C for
10-30 minutes. The activated AL-MOF-1 can efficiently remove
Pb>" from aqueous solutions in both low (1 ppm) and high
(84 ppm) concentrations in 10 min and 48 h, respectively, even
in the presence of various competitive cations (Na*, Mg>",
Ca®*, K*). AL-MOF-2 and AL-MOF-3 are isolated through a
post-synthetic, base-induced treatment of AL-MOF-1 at room
temperature, and they exhibit higher sorption capacities than
the pristine material (233.0 and 254.0 mg Pb>* per g, respect-
ively) and exceptional selectivity towards Pb>" even among
various coexisting ions like Na®, Mg>*, Ca®*, and K'. Most
importantly, the new Ce(iv)-MOFs in their composite forms
with calcium alginate exhibited outstanding performance in
column-based Pb*>" removal under continuous flow conditions.
They can be regenerated and reused several times, demonstrat-
ing robustness and practical applicability for water decontami-
nation. The excellent Pb>" sorption properties of these
materials under continuous flow conditions, involving several

Inorg. Chem. Front.
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uses of the MOF-based column with no loss of the sorption
capacity, are unprecedented among MOF sorbents.

2.4 Characterization of the ion-loaded materials: mechanism
of Pb>* sorption

A detailed characterization of the ion-loaded materials was per-
formed to investigate the sorption mechanism. As reported
above, the zeta potential of the activated AL-MOF-1 is negative,
which favors electrostatic interactions between the MOF and
Pb>*. In addition, the free COOH groups of H,BTCA®~ could
facilitate the capture of Pb** by forming Pb*>*~COO~ bonds;
however, this process appears to be slow, as indicated by the
kinetics sorption studies. The PXRD of the Pb-loaded
AL-MOF-1 material shows a shift to higher 2-theta values than
the activated and pristine materials. The PXRD pattern of Pb-
loaded AL-MOF-1 resembles that of AL-MOF-2, indicating a
similar crystal structure (Fig. 6A). "H NMR data for (the

View Article Online
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digested) AL-MOF-1 after Pb>* sorption indicated a negligible
amount of formate ligands, which justifies its similar PXRD
pattern to that of AL-MOF-2, also containing an insignificant
amount of formate ions (Fig. $39). This result revealed that the
release of formate ligands, which are replaced by OH™/H,O
terminal ligands, accompanies Pb®>" sorption by AL-MOF-1.
SEM-EDS confirmed the presence of Pb®" in the loaded
material (Fig. S40). PXRD patterns for Pb-loaded AL-MOF-2
and AL-MOF-3 materials indicated that these compounds
retain their structural characteristics upon Pb*" sorption
(Fig. 6A and Fig. S41). SEM-EDS confirmed the presence of
Pb>* in the loaded materials (Fig. S42 and S43). These
materials contain no or negligible amounts of formate
ligands, and thus, Pb*" capture cannot affect their structural
features, unlike the AL-MOF-1 material.

Unfortunately, the IR spectra of the Pb**-loaded materials
were not very informative, and no reliable conclusions could
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be drawn regarding the sorption process (Fig. S44 and S45). To
shed light on the Pb*>" sorption mechanism, XPS studies were
carried out for the Pb-loaded AL-MOF-2 (Fig. S46). The Pb-
loaded AL-MOF-1 and 3 were not studied, as they are isostruc-
tural with the Pb-containing AL-MOF-2 (Fig. S47 and $48). The
XPS results revealed the presence of Pb 4fs, and 4f,, peaks
after Pb>* capture (Fig. 6B). Importantly, the binding energy
corresponding to the Pb 4f;, peak (138.6 eV) is very close to
those of lead acetate and hydroxide compounds (138.6-138.7
eV) and notably lower than that of the Pb(NOs), precursor
(139.3 eV), i.e., the Pb*>" salt used in the sorption studies.®™*>
This result demonstrates a coordination environment for Pb>*
ions in Pb-loaded AL-MOF-2 similar to that observed in lead
acetate and hydroxide compounds. This strongly indicates the
complexation of Pb>* with the free carboxylate and terminal
hydroxide ligands present in AL-MOF-2. Furthermore, there is
a notable negative shift in the main component of the O 1s
peak of the Pb-loaded AL-MOF-2 (binding energy = 531.3 eV)
compared to AL-MOF-2 (binding energy = 531.9 eV) (Fig. $49).
This can be explained by the deprotonation of free carboxylic
acids in AL-MOF-2 upon Pb*" capture, with the resulting car-
boxylate O species exhibiting lower binding energy than the
carboxylic oxygen atoms.®® In addition, comparing the Ce : Na
atomic ratios determined from EDS (Fig. S15, S19, S42 and
S43), for AL-MOF-2, 3 (Ce:Na =1:0.2 and 1: 0.4 for AL-MOF-2
and 3, respectively) versus the corresponding values for the Pb-
loaded materials (Ce:Na = 1:0.01 and 1:0.07 for Pb-loaded
AL-MOF-2 and 3, respectively), it is evident that the Pb-loaded
MOFs exhibit significantly smaller Na content compared to the
pristine materials. This is presumably due to an ion-exchange
process involving Pb** and Na® cations. Besides carboxylate
groups, terminal hydroxide groups can also bind Pb*" ions, as
revealed by the sorption results indicating enhanced sorption
capacity of the MOF upon the replacement of formate ligands
by terminal hydroxide/water groups (Fig. 6C). It should also be
mentioned that the Pb®>" capture occurs on the surface of MOF
particles as the diameter of the Pb** hydrated ion (~5.2 A) is
well above the pore sizes of the MOFs (1.9-4.7 A for AL-MOF-1
and even smaller pore sizes for AL-MOF-2 and AL-MOF-3).

DFT studies focusing on Pb** sorption on hydroxide and
carboxylate sites of defective UiO-66 structures, which are
related to AL-MOF-1, 2, and 3 materials, have been reported in
the literature.®* These indicate favorable interactions with both
hydroxide and carboxylate groups. This finding aligns with the
experimental results from the present work, indicating a sig-
nificant contribution of both hydroxide and carboxylate func-
tional groups to Pb** sorption.

3. Conclusions

In conclusion, three new Ce(iv) MOFs (AL-MOF-1-3) with the
aliphatic polycarboxylic ligand H,BTCA were described.
AL-MOF-1 was synthesized in high yield and on a large scale
(up to 7.5 g) via a rapid (25-30 min) reaction in water-formic
acid solution from low-cost and commercially available

This journal is © the Partner Organisations 2025
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reagents at a modest temperature (80 °C), whereas AL-MOF-2
and 3 were isolated via a room temperature treatment of
AL-MOF-1 with basic aqueous solutions. Although these
materials are isolated as microcrystalline powders, their struc-
ture, connectivity, and general structural features can be eluci-
dated via MicroED (for AL-MOF-1 and 2), revealing topological
features not frequently observed in Ce(v) MOFs. Specifically,
these materials are based on 8-coordinated MOFs with four
H,BTCA>~ linkers per Ceg cluster and a beu topology. Bridging
formate and water-hydroxide terminal ligands complete the
coordination sphere of Ce(v) ions in AL-MOF-1. In contrast, in
AL-MOF-2 and 3, the formate ligands were replaced by
additional terminal water and hydroxide groups. Interestingly,
treating AL-MOF-2 and 3 with a formic acid solution restores
AL-MOF-1. Considering that AL-MOF-2 and 3 are non-porous
materials (BET surface areas <10 m> g '), the insertion of
formic acid into their framework, resulting in the restoration
of the AL-MOF-1 material, indicates a breathing of their frame-
works, which can be ascribed to the flexible aliphatic
H,BTCA*" linkers. It is also interesting that bulkier carboxylic
acids cannot alter the structure of these materials, revealing a
specificity towards formic acid.

The three new MOFs, containing abundant free COOH and
terminal OH ligands, were investigated for their Pb>* sorption
properties. AL-MOF-1 could rapidly remove Pb*>" in low initial
concentrations (1 ppm or less) from various aqueous media,
including genuine water samples. However, its maximum sorp-
tion capacity was relatively low (58.0 = 1.0 mg Pb per g).
AL-MOF-2 and 3, with additional terminal hydroxide ligands
replacing the formate groups and likely the presence of free
deprotonated carboxylic groups, exhibited enhanced sorption
capacities (233.0 and 254.0 mg Pb®>" per g) compared to
AL-MOF-1. Importantly, all new MOFs in their composite
forms with calcium alginate exhibited excellent capability for
removing Pb** from aqueous media under continuous flow
conditions, with high removal capacities, facile regeneration,
and exceptional reusability. This performance for Pb** sorp-
tion under flow exceeds that of other MOF-based sorbents,
making the new MOFs attractive for practical applications in
water treatment. Experimental data demonstrate that the
remarkable sorption properties of the materials are due to the
strong interactions of Pb®>" with the free carboxylate groups
and terminal hydroxide ligands. Overall, the present work
emphasizes the potential of MOFs based on aliphatic polycar-
boxylate linkers for water remediation applications, as these
materials combine low cost, straightforward aqueous-based
synthesis, and multiple functional groups that strongly bind
various toxic species. Further work for developing this category
of promising sorbents is underway in our laboratory.
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