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Alkylamino-terephthalate ligands stabilize 8-
connected Zr** MOFs with highly efficient sorption
for toxic Se speciest
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Zirconium(iv) metal organic frameworks (MOFs) with low net connectivity and available intra-framework
sorption sites constitute excellent sorbents for toxic anions. To expand this family of highly promising
sorbents, it would be desired to develop new synthetic strategies aiming towards such materials. Here
we show that the utilization of terephthalate ligands with small to medium size alkyl-amino functional
groups comprises an effective approach towards microporous Zr** MOFs with 8-connected
frameworks. The new MOFs were proved the most effective Se(iv) and Se(vi) sorbents ever reported, with
exceptional sorption capacities (Up to0 272 Mgsew) 9+ and 290 Mgsew) 93, reusability, rapid sorption
kinetics (=3 min) and capability to sorb efficiently these anions in a very wide pH range (1-10), even in
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Introduction

In the last two decades, metal-organic frameworks (MOFs),
based on metal ions or clusters connected via extended poly-
topic ligands, have attracted considerable attention due to their
structural diversity, high porosity and potential applications in
various fields.'®* MOFs with ion-sorption properties seem very
promising for use in wastewater treatment.”'> Such MOFs
exhibit a highly ordered porous structure (in contrast to amor-
phous organic resins) in combination with a large variety of
organic binding groups (not present in purely inorganic mate-
rials) and thus, they may be considered as a next generation of
ion-sorbents. Among metal organic ion sorbents, Zr** MOFs are
probably the most promising ones combining a number of
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the particularly toxic SeCN™, with such property demonstrated for the first time for MOF materials.

important features, such as robustness (stability from extremely
acidic to alkaline conditions), high porosity, capability to
incorporate various functional groups and ease of synthesis.">**
In a recent work, we described H;¢[Zrs0;6(H,PATP),|Clg-xH,0O
(MOR-2) (H,PATP = 2-((pyridin-1-ium-2-ylmethyl)ammonio)
terephthalate), a new microporous Zr*" MOF featuring an 8-
connected net.”® The isolation of MOR-2 with a lower net
connectivity than the usual (12-connected) for Zr*" MOFs with
terephthalate ligands was attributed to the presence of the
bulky substituent in the H,PATP ligand, which likely prevents
incorporation of more than 8 ligands per Zrg cluster due to
steric interactions. MOR-2 showed an extraordinary sorption
capacity for Cr(vi), which is attributed not only to the favourable
ion exchange of guest CI™ anions by Cr(vi) species and Cr(vi)-
functional group interactions but also to the ligation of Cr(vi)
anions into the Zr, cluster replacing the labile terminal ligands
of the pristine material. Thus, the decreased net connectivity of
MOR-2 led to enhanced porosity (compared to an hypothetical
Zr**-H,PATP 12-connected MOF which would be non-porous)
and in a substantial improvement of the Cr(vi) sorption prop-
erties related to those of usual 12-connected Zr*" MOFs.
Furthermore, MOR-2 has shown remarkably high sorption
capacities for ReO, /TcO, , which were due to the capability of
the MOF to bind Re(vu)/Tc(vn) into the Zres clusters.'® These
results reported from our group and also the pioneering work
on the anion sorption properties of NU-1000 (ref. 17-19) (which
also exhibit an 8-connected framework) indicate Zr** MOFs with
decreased net-connectivity as a source of highly promising
sorbent materials for anionic pollutants. Thus, it appears very
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attractive to develop synthetic strategies towards new Zr** MOFs
with low-net connectivity in order to discover new materials
with enhanced properties and potential for practical applica-
tions in environmental remediation.

Herein, we report four new microporous Zr*" MOFs with the
general formula H;[ZreO;4(RNH-BDC),]-solvent (RNH-BDC>~
= 2-alkyl-amine-terephthalate; R = ethyl-, ET-MOF; R = propyl-,
PROP-MOF; R = isobutyl-, SBUT-MOF; R = n-butyl, BUT-MOF).
The new MOFs exhibit an 8-connected framework and display
enhanced porosity (BET surface areas up to 832 m* g ')
compared to MOR-2 (BET surface area = 354 m”> g~ '), the only
previously reported Zr*'-terephthalate MOF with 8-connected
net. These materials have shown excellent Se(v/vi) sorption
properties, with fast/selective capture of these anionic species
under a variety of conditions. The Se(iv)/(vi) maximum sorption
capacities of alkylamino-functionalized MOFs are the highest
reported for MOF materials and most of other sorbents. More-
over, these MOFs were proved highly efficient for sorption of
SeCN™ species, which is one of the most dangerous pollutants
found in oil refinery and mining wastewater.? In fact, this is the
first time that MOF materials have been tested for SeCN™
capture. Overall, the present work demonstrates the use of ter-
ephthalic ligands with relatively small-sized functional groups
as an effective method towards the isolation of porous Zr**
MOFs with low net-connectivity and highly promising anion
sorption properties.

Results and discussion
(a) Synthesis and structural characterization

As we mentioned in the introduction, the stabilization of an 8-
connected framework in MOR-2 was explained on the basis of
the steric interactions between the bulky 2-picolylamino func-
tional groups of the MOF that do not favour the formation of the
usual 12-connected framework of Zr*'-terephthalate mate-
rials.” As a next step in this research, it would be interesting to
check if the presence of relatively small-sized functional groups
(instead of bulky ones) in the terephthalate ligands will also
lead to the stabilization of a framework with net connectivity
<12. In that case, the resulting materials would combine low net
connectivity-intra-framework anion sorption sites and
enhanced surface areas compared to that of our previously re-
ported MOR-2 material. In this context, we decided to synthe-
size Zr*" MOFs with alkyl (ethyl, propyl, isobutyl, n-butyl)-
amino-BDC?, i.e. ligands with functional groups which are
only slightly to moderately elongated compared to the func-
tional groups (i.e. -NH,) of the well-known UiO-66-NH, dis-
playing 12-connected framework. A variety of synthetic
approaches have been applied in order to isolate crystalline Zr**
MOFs with the alkyl-amine-BDC?" ligands and finally, highly
crystalline Zr** MOFs with ethyl, propyl, isobutyl or n-butyl-
amino-terephthalate ligands were isolated in good yield and
purity. The results from thermal analyses indicated that these
Zr** MOFs contain 4 terephthalate ligands per formula unit,
which is consistent with 8-connected framework structures
(Fig. S1-S4, Tables S1 and S2%). Unfortunately, these MOFs
could not be isolated as single crystals and thus, powder X-ray
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Fig. 1 Rietveld plot of BUT-MOF. Blue crosses: experimental points;

red line: calculated pattern; violet line: difference pattern (exp. — calc.);

green bars: Bragg positions. Inset: magnification of the 26 region 30—
90°.

diffraction (PXRD) methods were applied to determine and
refine their structures. The PXRD patterns of the MOFs were
indexed successfully in the tetragonal crystal system and
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Fig. 2 (A) Representation of the cluster connectivity in BUT-MOF. (B)
The framework structure of BUT-MOF viewed down the c-axis. For
clarity, to eliminate the positional disorder of butyl-groups, the
structure of the MOF is shown as the low symmetry /4 model. H atoms

were omitted. Color code: Zr, cyan; N, blue; O, red; C, grey. The large
red spheres denote the pores in the structure of BUT-MOF.
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structureless refinement was performed choosing the space
group I4/m. Then, we built 8-connected models of the MOFs'
structures, which were further optimized via simulated
annealing methods. These models were used as starting points
for Rietveld refinements. The results of these refinements
confirmed the accuracy of the selected structural models (Fig. 1,
S5-S8 and Table S37).

In the structures of the MOFs (Fig. 2 and S9-S12+), each Zr,
cluster contains eight terminal (OH /H,O) ligands on the
equatorial plane, besides the bridging O*>"/OH™ and alkyla-
mino-BDC?>~ groups. The connectivity of the clusters is consis-
tent with a beu network (Fig. 2 and S9-S117). The 2-alkylamino
substituents of the ligands are directed to the center of the
network pores and solvent molecules (DMF and H,0) fill the
space left available in the structures of the MOFs (Fig. S127).

(b) Other characterizations

Field emission-scanning electron microscopy (FE-SEM) revealed
that the new MOFs are composed of nanoparticles with a poly-
hedral shape and average size of ~66 nm (Fig. 3 and S13t). FT-
IR spectra (Fig. S14t) showed characteristic absorptions of the
alkyl-amino ligands (e.g. intense peaks at ~2900 cm™ ' due to
alkyl-chain of the ligands). "H NMR data (ESIT) obtained after
digesting the MOFs in highly alkaline D,O solution confirm the
molecular integrity of the linkers in the MOFs, i.e. no loss of
alkyl chains of the ligands was identified. Nitrogen phys-
isorption measurements carried out at 77 K for the activated
MOF samples showed typical type-I adsorption-desorption
isotherms, characteristic of microporous solids (Fig. 4). The
Brunauer-Emmett-Teller (BET) surface area of ET-MOF, PROP-
MOF, SBUT-MOF and BUT-MOF were found equal to 832, 580,
556 and 609 m” g~ ' respectively. The BET surface areas are in
very good agreement with those predicted based on the crystal
structure of the MOFs, thus providing a strong evidence for the
accuracy of the determined structural models. Specifically, the
theoretical surface areas calculated using the poreblazer
program??* were found 908, 573, 563 and 547 m> g~ ' for ET-
MOF, PROP-MOF, SBUT-MOF and BUT-MOF respectively. CO,
adsorption isotherms recorded up to 1 bar at 273 K indicated
sorption capacities of 2.78, 1.08, 1.26 and 1.34 mmol g~ for the
ET-MOF, PROP-MOF, SBUT-MOF and BUT-MOF materials
respectively (Fig. S151). Analysis of CO, adsorption data with the

Fig. 3 FE-SEM image of BUT-MOF nanoparticles.
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Fig. 4 N, sorption isotherms (77 K) for ET-MOF, PROP-MOF, SBUT-
MOF and BUT-MOF.

density functional theory (DFT) suggests that ET-MOF, PROP-
MOF, SBUT-MOF and BUT-MOF display microporous structure
with pore sizes of 5.5-8.5 A (Fig. $16). The pores sizes for ET-
MOF, PROP-MOF, SBUT-MOF and BUT-MOF found from pore-
blazer were 4-7 A, which are relatively close to those determined
from the gas sorption data. We should also note that the MOFs
show excellent stability from extremely acidic (4 M HCI) to
alkaline conditions (pH ~ 11) (Fig. S17 and S18t). In fact, the
acid and base-treated materials are highly crystalline, so we
were able to provide Rietveld refinement data (Fig. S17 and
Table S3+1).

(c) Anion sorption properties

The new MOFs with labile terminal ligands in the Zrg clusters
and relatively high surface areas seem ideal sorbents for capture
of anions. In the present work, we targeted on the sorption of Se
anionic species, specifically selenite or Se(w) (being in the form
of HSeO; ~ and SeO;>~ at neutral and alkaline solutions (pH > 9)
respectively), selenate or Se(vi) (being in the form of Se0,>~ for
pH > 2) and SeCN™ anions.*** Se species are considered
particularly toxic and as a result, World Health Organization
(WHO) and the European Union (EE) recommended
a maximum selenium concentration in drinking water of only
10 ppb (the corresponding value suggested by US-EPA is 50
ppb). Though the attention has been mainly paid on the selenite
and selenate, the selenocyanate anions (SeCN ) are also present
in wastewaters from oil refining and mining industries.*

The activation of the MOFs was performed by treatment with
HC], in order to protonate the amine groups and induce
cationic charge to the frameworks.”>'® Although sorption
investigations have been conducted for all reported MOFs,
detailed studies were performed only for BUT-MOF.

(i) Kinetic studies. Sorption studies for the activated BUT-
MOF revealed remarkable fast capture of Se(v) and Se(vi)
oxoanions (Fig. 5). Specifically, the equilibrium time was 3 and
1 min for Se(iv) and Se(vi) sorption respectively. Remarkably,
=99.8%% removal was achieved for Se(iv) and Se(vi) oxoanions
after only 1-2 min of solution-MOF contact. The final

J. Mater. Chem. A, 2021, 9, 3379-3387 | 3381
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Fig.5 Sorption of Se(v), Se(vi) and SeCN™ by BUT-MOF vs. time (initial
total Se concentration was 1000 ppb, pH ~ 7).

concentrations of total Se were =1 ppb, which is well below the
acceptable limit for Se (10 ppb) in water. The kinetics for the
sorption of Se(iv) anions was fitted with first order model
(Fig. S19 and Table S47), whereas no fitting for Se(vi) sorption
kinetics was possible due to the extremely fast capture of Se(vi)
species by BUT-MOF.

Motivated by the fact that no SeCN™ sorption data were re-
ported for MOFs, we have also studied the sorption of SeCN™ by
BUT-MOF. The kinetics study revealed that the sorption of
SeCN™~ by BUT-MOF was very fast with an equilibrium time of
2 min and removal capacity =95.6%. Due to the particularly
rapid capture of SeCN~ by BUT-MOF, fitting of the SeCN™
sorption kinetics was not feasible.

(if) Sorption isotherm studies. As a second step of our
studies, we have determined the sorption isotherms (Fig. 6).
The results found from the Se(vi) and SeCN ™ sorption isotherms
were rather unusual. Thus, the Se(vi) sorption isotherm consists
of two components, one for the low concentration range (1.8-
635 ppm) and a second for the high concentration region (635-
1800 ppm). Such a two-phase profile can be due to a combina-
tion of surface binding and pore filling processes, as shown
recently for the As(m) sorption of a Zr'" MOF.* At lower
concentrations, Se(vi) anions are trapped mainly in the surface
of particles via electrostatic interactions, whereas at high
concentrations Se(vi) species diffuse into the pores and interact

View Article Online
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strongly with the MOF's framework. The data at low concen-
trations can be described with the Langmuir model, whereas
the data at high concentration range follow the Langmuir-
Freundlich model (Table S5t). The total Se(vi) sorption capacity
is 226 mgseo,>- g ', of which 115 Mgse(vn) g ! are captured at the
surface of the particles and 111 mgge(w) ¢ ! are trapped into the
framework. The latter quantity of Se(vi) corresponds to 1.9
equivalents per formula unit of the MOF. Similarly, SeCN™
sorption isotherm is also composed of two components, which
are also attributed to surface and intra-framework complexation
of the SeCN™ anions. The total SeCN™~ sorption capacity was
found 316 mgg.cn- g ', with 147 and 169 mg captured at the
surface and framework respectively. The framework sorption
capacity corresponds to 3.7 equivalents per formula of the MOF.
The SeCN™ sorption data at low and high concentration levels
fit to the Langmuir and Langmuir-Freundlich models respec-
tively (Table S61). We should also note that the other MOF
analogues (ET, PROP, SBUT-MOFs) have also shown Se(vi) and
SeCN™ sorption isotherms with two components (Fig. S20, S21,
Tables S5 and S6t) and maximum sorption capacities of 240-
290 and 312-361 mg g ', respectively. In contrast, the Se(w)
sorption isotherms of BUT-MOF and other analogues do not
exhibit obvious two-step profile (for an explanation see below)
and can be fitted with the Langmuir model showing maximum
sorption capacities up to 272 mgyse,* g (Fig. 6, S22 and Table
S7%). The mechanism of sorption of the various anions by BUT-
MOF is discussed below in more detail.

(iii) pH-dependent sorption studies. Sorption experiments
were also carried out by varying the pH of the solutions.
According to the results of Fig. S23, BUT-MOF can capture the
toxic anions in very a wide pH range, from highly acidic to
alkaline aqueous solutions. Specifically, the removal of Se(wv),
Se(vi) and SeCN ™~ was =99.6, =97 and =90% respectively in the
pH range 1-10. The high capability of BUT-MOF to absorb Se
species even under strong acidic conditions (pH ~ 1) points to
potential applications related to the remediation of Se-
containing petroleum refinery effluents which are strongly
acidic (pH = 1).** Furthermore, isotherm sorption studies
conducted for Se(wv) at pH ~ 9.5 revealed relatively high sorption
capacity (118 £ 3 mgscos- g ) (Fig. S247).

(iv) Selectivity studies. We have also investigated the sorp-
tion of Se(w), Se(vi) and SeCN™ in the presence of common
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Fig. 6 Se(v), SeCN™ and Se(vi) sorption isotherms for BUT-MOF at pH ~ 7. The solid line in the Se(iv) sorption isotherm represents the fitting of

the data with the Langmuir model.
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Mg?* 1.9 ppm, K* 0.7 ppm, Na* 2.6 ppm, HCO3?~ 299 ppm, Cl~ 8.7 ppm, SO42~ 12 ppm, NOs~ 7.9 ppm, pH = 7 £ 0.02. The initial total Se

concentration was 1 ppm in all sorption experiments.

competitive anions such as Cl~, NO;~ and SO,>". The data
obtained indicated that selenite sorption is not affected by any
of competitive anionic species and high removal capacities
(>98%) were obtained even in the presence of 200-fold excess of
S0,>~ anions (Fig. 7). Similarly, selenate and selenocyanate
sorption is not influenced by high concentrations of most
competitive anions. At 200-fold excess of SO,>~, however, sele-
nate and selenocyanate sorption decreases to ~73 and 78%
respectively (Fig. 7). The efficient removal of Se species by the
BUT-MOF in the presence of high sulfate concentrations is
particularly important for applications in environmental
remediation, as SO,>~
removal from wastewater.>*>**’

(v) Application in real water samples. In order to investigate
whether BUT-MOF is suitable for Se sorption in genuine water
samples, we performed tests with bottled water solutions

is the major ion species during Se

intentionally contaminated with traces of Se species (initial
total Se concentration = 1 ppm). Such samples contained
several competitive anions including Cl~, NO;~, $O,>  and
HCO;™ (as well as several cations, see Fig. 7 caption). Specifi-
cally, the molar concentration of ClI~, NO;~, SO,>~ and HCO;™~
were 16, 11, 16 and 230 higher than that of Se anionic species.
Despite the presence of such high excess of these competitive
anionic species, the selenite removal was found similar (>98%)
to that determined in the absence of competitive anions (Fig. 7).
Surprisingly, no SeO,>” sorption was observed and the SeCN~
capture was ~36.5% (Fig. 7). Similar results have been also
obtained for the other MOF analogues (Table S81). An expla-
nation for the enhanced affinity of BUT-MOF and other
analogues towards Se(wv) is provided below.

(vi) Regeneration-reusability studies. The material can be
regenerated by treating the ion-loaded MOF samples with 4 M
HCI solution. The regenerated samples were re-loaded with the
Se(wv), Se(vi) or SeCN™ anions showing the same sorption
capacity as that of pristine MOF. The regeneration and reus-
ability of the BUT-MOF are also demonstrated by the column
sorption experiments discussed as follows.

(vii) Column sorption studies. As industrial water treatment
requires the use of ion-exchange columns, we have investigated

This journal is © The Royal Society of Chemistry 2021

the capability of BUT-MOF to absorb toxic anions under
continuous flow conditions. As in our previous column sorption
studies with other Zr** MOFs,>'* BUT-MOF was used in its
composite form with alginic acid (HA) and the column fabri-
cated contained a mixture of silica sand (99 wt%) and BUT-
MOF/HA (1 wt%) as the stationary phase. Taking into account
the results from batch sorption studies revealing extraordinary
selectivity of BUT-MOF towards Se(wv), we have chosen Se(iv) as
the target anion to be removed from water samples containing
1 ppm of Se (total Se content). After passing 140 mL of the Se(v)-
containing solution, through the column, the determined Se
content was <10 ppb, i.e. below the acceptable Se concentration
in water (Fig. S257). The column was regenerated by treating it
with 4 M HCI and reused for Se(wv) sorption. In the second run,
again 140 mL of the solution can be decontaminated (i.e. con-
tained <10 ppb of Se) after passing it through the column
(Fig. S257). A third run, after regeneration of the column, gave
similar results as those in the previous runs (Fig. S257). The
above data revealed that BUT-MOF is promising for sorption
applications under continuous flow conditions.

(viii) Comparison of BUT-MOF and analogues with other
anion MOF sorbents. Tables S9 and S101 summarize the most
important sorption properties of various MOFs and other types
of sorbents, for Se(wv/vi) removal.’”**?** BUT-MOF and other
analogues shows the highest Se(iv) and Se(vi) sorption capacities
among other MOFs (Table S9t). Remarkably, the Se(vi) sorption
capacities of the alkylamino-functionalized MOFs are (at least)
two times larger than those of best known MOF
sorbents.'”*#?*3?> BUT-MOF and other analogues show higher or
comparable Se(v/v) sorption capacities with those of other types
of sorbents (besides MOFs), with the exception of a thiourea-
formaldehyde (TUF) resin which displays significantly higher
Se(wv/vi) sorption capacities than those of the alkyl-amino
functionalized Zr*" MOFs (Table S10%).3*3° Nevertheless, TUF
resin is effective for Se(iv/vi) sorption only at very acidic condi-
tions (pH < 1) showing also very slow sorption kinetics (equi-
librium time = 78 h). In addition, the selectivity and reusability
of this sorbent are unclear. In contrast, BUT-MOF is efficient for
Se(wv/v1) sorption over a wider pH range (1-10) compared to the
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operating pH range of other sorbents. In addition, the Se(wv/vi)
sorption kinetics of the MOFs reported here (equilibrium time
1-3 min) compares well with that of NU-1000 showing the
fastest Se(v/vi) sorption among MOFs.”** We should also note
that the alkylamino-functionalized Zr*" MOFs presented here
show an exceptional selectivity for selenite, which is reminis-
cent that of a Bi** MOF reported recently.?> However, the latter
cannot be regenerated and reused, whereas the new Zr** MOFs
retain their initial selenite sorption capacity after several (at
least three) cycles of regeneration-reuse. Importantly, the re-
ported BUT-MOF and the other alkylamino-functionalized
analogues are the only MOFs reported so far that are capable
to remove SeCN . Till now, a few ion-exchange resins have been
studied for SeCN™ sorption revealing much lower SeCN™ sorp-
tion capacities (126 and 178 mg g ' for Smopex®-269 and
Smopex®-103, respectively) compared to those of MOFs re-
ported in this work.””

(d) Mechanism of ion sorption

(i) General remarks. As mentioned above, BUT-MOF was
activated with 4 M HCI solution and then washed with water to
remove the excess of HCIL. EDS analysis of the acid-treated MOF
revealed only a small amount of Cl (Zr: Cl atomic ratio was
~6 : 1). This Cl content was similar in the anion-loaded mate-
rials, thus indicating that Cl is not exchangeable and may be in
the form of HCI strongly bound to the surface of particles.
Therefore, it is apparent that the capability of BUT-MOF and its
analogues to absorb anionic Se species is not due to exchange
process involving extra-framework anions. Nevertheless, the
protonation of the MOF enhances the sorption kinetics as the
deprotonated MOF (MOF pre-treated with a base) requires ~4 h
to achieve the sorption equilibrium (whereas the equilibrium is
achieved within 1-3 min by the protonated MOF). This finding
reveals that the sorption process involves in some degree
binding of anions into the charged surface of the MOF particles.
Indeed, zeta potential measurements indicated a value of +24.2
=+ 5.0 mV revealing the positive surface charge of MOF particles.
However, the exceptional capture of Se-anions by the MOFs
could not be explained only on the basis of surface sorption.
According to previous works describing anion sorption by 8-c
Zr*" MOFs, " the terminal OH/H,O terminal ligands of the Zr
clusters constitute the sorption sites in which the anions are
grafted. Specifically, the insertion of various anions is accom-
panied by release of terminal OH™ ligands and thus, the sorp-
tion process proceeds via an anion exchange mechanism.
Therefore, such intra-framework anion sorption can also
contribute to the highly efficient capture of Se anionic species
by the MOFs, besides the contribution of surface binding.

(ii) Solid state characterization of the ion-loaded MOFs. The
characterization of ion-loaded BUT-MOF materials has been
performed with various methods including IR, BET surface area
determination and PXRD. IR data indicate characteristic bands
of the inserted anions (Fig. S26T). The ion-loaded materials
display decreased BET surface areas (402-544 m> g™, Fig. $277)
compared to that of pristine MOF. This indicates that the
sorption of anions occurs not only in the surface, but also
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insides the pores of BUT-MOF. The structure of BUT-MOF is
retained after the anion-sorption processes, as revealed by
comparison of the PXRD patterns and subsequently indexing
and structureless refinement (Fig. S28-S307). The anion-loaded
materials exhibited sufficiently high crystallinity and thus, we
were able to solve and refined the structures of these materials
via PXRD methods. According to sorption data, ~2 equivalents
of Se0,”>~ anions are sorbed per BUT-MOF formula. Specifically,
the intra-framework sorption of SeO,>” by BUT-MOF may
proceed via replacement of terminal hydroxyl ligands from the
Zr, clusters and binding of the inserted anionic species to the
Zr*" centers, as shown in the following equation:

H;[Z1s014(BUTNH-BDC),] + 2Se0,>~ —
H 5[Z16015(Se04),(BUTNH-BDC),] + 40H~ (1)

Thus, we built a model in which 2 SeO,>~ anions replace four
terminal ligands on the equatorial plane of the Zrs core and
connect to the Zr*" metal ions in a n', n':p,-fashion (such
coordination mode is commonly observed in Se(v/vi)-loaded
Zr*" MOFs).'7'%32 We have also included water molecules in the
pores of BUT-MOF/Se0,>” material. After the successful opti-
mization of this model, Rietveld refinement was carried out to
obtain the final structure (Fig. 8A). The results of the refinement
were very satisfying (Fig. S287) indicating the correctness of the
proposed structural model.

As mentioned above, Se(1v) exists as HSeO;~ and SeO;>” at
neutral and alkaline (pH > 9) solutions respectively. Thus, the
predicted sorption capacities of BUT-MOF would be 4 and 2
moles of Se(vi) per formula unit of BUT-MOF at pH ~ 7 and pH >
9 respectively:

H](,[ZI'(,O]6(BUTNH-BDC)4] + 4HSCO37 d
Hy[ZrcO3(HSeO3)4(BUTNH-BDC),] + 4OH™
+ 4H,0 (pH ~ 7) )

H]G[ZTGO]G(BUTNH-BDC)LJ + 2860327 -
H12[Zr4015(S¢03),(BUTNH-BDC),] + 40H™ (pH > 9) (3)

We have found somewhat higher HSeO;™~ sorption capacity
(5.0 mol mol " or 272 mg g ' of BUT-MOF) than the predicted
one (4.0 mol mol " or 217 mg g~ of BUT-MOF). It is likely that 4
HSeO;  replaced the terminal OH/H,O ligands from the Zrg
clusters and the remaining HSeO;~ (1 mol mol " or 55 mg g~ *
of BUT-MOF) was captured at the external surface of particles
through -NH,'(R)---HSeO;  electrostatic interactions (and
hydrogen bonds between HSeO;  and carbonyl oxygen atoms,
see below). The external surface sorption of HSeO; ™ is relatively
limited (being only 20% of the total HSeO;~ sorption capacity of
BUT-MOF) and as a result, it is not appeared as a separate step
in the HSeO;~ sorption isotherm (Fig. 6). For comparison, the
external surface sorption of Se(vi) or SeCN™ species by BUT-MOF
reaches up to 50% of the total sorption capacities, thus result-
ing in sorption isotherms with two components (Fig. 6).

In contrast, the experimental SeO,*” sorption capacity
(2.2 mol mol~! BUT-MOF, pH ~ 9.5) was nearly equal to the

calculated. At alkaline conditions, amine groups are
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Fig.8 Structures of (A) BUT-MOF/SeQ,4%~, (B) BUT-MOF/HSeO3~ and (C) BUT-MOF/SeCN~. For clarity, to eliminate positional disorder of butyl
and Se-groups, the structures are shown as the low symmetry /4 models. H atoms were omitted. Color code: Zr, cyan; N, blue; O, red; C, grey; Se,

plum.

deprotonated and thus, surface sorption is less favoured. As
a result, the sorption of Se(wv) anions occurs mainly into the Zr,
clusters of the framework.

Based on the above, the structural model we built for the
BUT-MOF/HSeO;~ included 4 Se(wv) species coordinated in n',
n':p,-fashion to the Zr*" metal centers as well as water mole-
cules in the pores (Fig. 8B). The model was optimized and used
as starting point for Rietveld refinement, which gave satisfac-
tory results (Fig. S297).

Based on isotherm sorption studies, BUT-MOF captures
SeCN™ via a two-step process: (i) surface sorption (lower
concentration range) and (ii) intra-framework sorption (higher
concentration range). The intra-framework SeCN~ sorption can
be described by the following equation:

H,6[Z16014(BUTNH-BDC),] + 4SeCN~ —
H)5[Zr¢012(SeCN)4(BUTNH-BDC),] + 40H™  (4)

We thus built and optimize a model in which four SeCN™
coordinate to the Zr** metal ions in a monodentate fashion (Se-
CN---Zr) replacing half of the terminal water/OH™ ligands
(Fig. 8C). Such coordination mode is also supported by IR data
(Fig. S267). This structural model was used as starting point for
Rietveld refinement, which provided fairly good results
(Fig. $307).

(iii) Explanation of the higher affinity of MOFs for Se(w).
From the above studies, it became clear that the selenite sorp-
tion by the MOFs is not affected by excess of several competitive
anionic species (e.g. SO,>~, HCO; ), whereas the capture of the
other Se species is somewhat inhibited in the presence of high
concentrations of competitive anions (especially in the presence
of HCO3 ™).

According to the sorption data described above, the anions
can bind to the positively charged surface of the particles, i.e. to
the protonated amine groups of the surface ligands, as well as
ligate with the Zr** metal ions. In order to explain the higher
selectivity of the MOFs towards HSeO; , we should consider
both ligation capability of the various anionic species and their

This journal is © The Royal Society of Chemistry 2021

interactions with the functional groups of the ligands. To this
end, we have performed theoretical calculations.

Fig. S311 shows the natural atomic charges of SeO,>”,
HSeO;, SeCN™, SO,>~ and HCO;™ calculated by the natural
bond orbital (NBO) population analysis using Weinhold's
methodology.***” Based on the charge values of donor atoms (O
or N) of the anionic species, we may have an estimation of the
ligation efficiency of the anions towards the hard Zr*" metal
ions. Thus, SeO4>~, HSeO;  and SO4>~ including O atoms with
quite close charge values (—1.044 to —1.161) are expected to
display similar ligation capability for Zr** and higher than that
of HCO;™ containing O atoms with lower charge values (—0.822
to —0.844). In addition, the negative charge of N atom (—0.581)
of SeCN™ is significant smaller than that of O atoms of the other
anionic species and thus, SeCN™ is anticipated to be less
effective ligand for Zr** compared to other anions. Therefore,
the higher affinity of the MOFs for HSeO; ™ cannot be explained
only on the basis of its capability for ligation with Zr**,

To get insight into the interactions of the various anions with
the ligands of the MOF materials, we calculated the interaction
energies of HSeO; Se0,>”, SeCN~, SO,>~ and HCO; ™ anions
with  N-alkyl-2,5-bis(methoxycarbonyl)benzenaminium, as
a model for the MOF's ligand, at the B3LYP/6-31+G(d)/PCM level
of theory in aqueous solution using the Gaussian 09, version
D.01 program suite.*® The optimized geometries of the possible
MOF@SeCN~, MOF@HSeO;~, MOF@Se0,2~, MOF@S0,>~ and
MOF@HCO; "~ weak associations supported by hydrogen bonds
and Coulomb (electrostatic) forces, along with selected struc-
tural parameters and the interaction energies (AE in kcal mol )
and enthalpy changes (AH in kcal mol ') calculated at the
B3LYP/6-31+G(d)/PCM level of theory in aqueous solution, are
shown in Fig. S32.1

It can be seen that the SeO,>” dianions are the most strongly
associated species with the MOF's ligand, followed by the SO,>~
dianions and the SeCN™ anionic species. Notice that the inter-
actions are primarily electrostatic in nature in synergy with
hydrogen bond formation. The HSeO; and HCO; ™ anions can
be associated with the ligand by three different interaction
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modes (Fig. S32%), since the OH group of these species can
participate in hydrogen bond formation with the carbonyl
oxygen atoms of the ligand. The estimated interactions energies
for the three interaction modes of the HSeO;  and HCO;™
species with the MOF's ligand are smaller than the corre-
sponding interactions energies of the selenate, sulfate and
selenocyanate anions. However, the possibility of the HSeO;™
and HCO;  anions to interact with the ligand in three different
interaction modes allows more (HSeO;~ or HCOj; ) species to
be associated to the MOF's moiety than the SeCN~, Se0,*>~ and
S0, species, which likely explains (a) the higher selectivity of
the MOFs for HSeO; ™ vs. SeCN ™, Se0,>” and SO,>~ and (b) the
negligible SeCN ™, SeO4>~ sorption capacity of the MOFs in the
presence of excess of HCO; ™. Finally, the fact that HSeO; ™ may
be more efficient ligand for Zr*" than HCO;~ (see above)
accounts for the observed selectivity of the MOFs for HSeO; ™ in
the presence of excess of HCO;3 .

Conclusions

In the present work, we demonstrated that the utilization of
terephthalic linkers with slightly to moderately elongated
functional groups, such as RNH- (R = ethyl, propyl, isobutyl, n-
butyl), constitutes an effective synthetic strategy towards the
isolation of Zr*" MOF with decreased net (8-c) connectivity. The
new MOFs with relatively small-sized functional groups showed
substantially higher surface areas (up to 832 m”> g~ ') than that
(354 m*> g~ ') of MOR-2 (the only other known Zr**-MOF with
a terephthalate linker and 8-c framework) incorporating bulky
(2-picolylamino) functionalities. Presumably, even small-sized
groups, such as ethyl-, propyl-amino etc., cause significant
steric interactions between the linkers resulting to the stabili-
zation of the observed 8-connected rather than the usual 12-
connected frameworks. The targeted synthesis of Zr'* MOFs
with low-net connectivity is highly desirable, not only as
a means for the isolation of materials with enhanced porosity,
but also as an approach to introduce intra-framework anion
sorption sites (i.e. labile terminal water/hydroxy ligands). Actu-
ally, the sorption capacities of the reported MOFs for the toxic
Se(wv/vi)-based anions surpass that of known MOFs and most of
other materials. Remarkably, the Se(vi) sorption capacities of
the MOFs are more than double compared to other MOF
sorbents and the Se(wv) sorption by the reported alkylamino-
functionalized MOFs is extraordinary (removal capacities
>98% in =3 min) even in the presence of a tremendous (>200-
fold) excess of various competitive anions. The highly efficient
Se(wv) and Se(vi) capture by the MOFs is due to a dual sorption
process involving both surface binding (via electrostatic-
hydrogen bonding interactions) and intra-framework sorption
via replacement of the terminal H,O/OH™ ligands by the
inserted Se anions. In addition, the new MOFs showed an
exceptional capability to sorb SeCN™ species, a particularly toxic
Se form, with such sorption property presented for the first time
for MOF materials. Again, the SeCN™ capture involves both
surface and intra-framework sorption. Importantly, the SeCN™
sorption capacities of the new MOFs are superior to those of
other sorbents tested so far. Additional toxic anionic species
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may be efficiently sorbed by the alkylamino-functionalized
MOFs. Such investigations are underway.
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