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Highly efficient sorption and luminescence
sensing of oxoanionic species by 8-connected
alkyl-amino functionalized Zr** MOFs+
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In the present study we provide the sorption properties of four 8-connected Zr** MOFs with the general
formula HiglZreO16(RNH-BDC)4l-solvent (RNH-BDC?™ = 2-alkyl-amine-terephthalate; R = ethyl-,
ET-MOF; R = propyl-, PROP-MOF; R = isobutyl-, SBUT-MOF; R = n-butyl, BUT-MOF) towards toxic Cr(vi)
and radionuclide-related ReO,~ oxoanions. These MOFs represent superior sorbents for the removal of
oxoanionic species, in terms of kinetics, sorption isotherms, selectivity and regeneration/reusability. The
excellent sorption capability of the MOFs is due to a combination of surface and intra-framework sorption
phenomena. The latter process proceeds via replacement of terminal water/hydroxyl ligands from the Zrg
clusters and subsequent binding of oxonanions to the Zr** centers, a fact that was proved via Rietveld
PXRD analysis for the anion-loaded BUT-MOF. Importantly, BUT-MOF demonstrated an exceptional sorp-
tion capacity for Cr,0,2~ (505 mg g~ and was further utilized in a sorption column in the form of MOF/
calcium alginate beads, displaying remarkable removal efficiency towards industrial (chrome-plating)
wastewater. Furthermore, the luminescence Cr(vi) sensing properties of BUT-MOF were explored in detail,
presenting high sensitivity (detection limits as low as 9 ppb) and selectivity for these species against

rsc.li/dalton various competitive anions.

Introduction

Water represents the largest natural resource and the source
of life in every sense of the word, as it is the basis of the exist-
ence of most living organisms. However, the widespread
growth of modern industry results in the extensive pollution
of aquatic environments, which in turn poses a threat for
humans and other living species. A certain number of in-
organic pollutants, present in the form of oxoanions, are
recorded as priority pollutants in the lists of the Environment
Protection Agency (EPA) and the World Health Organization
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(WHO)."* Compared to the cationic forms, which can be
easily removed by several methods, including sorption or pre-
cipitation, the oxoanionic forms display higher solubility and
environmental mobility, and can be transferred freely in the
environment. A representative example of oxoanionic species
is hexavalent chromium Cr(vi) which exists in the form of
dichromate (Cr,0,°7), hydrogen chromate (HCrO,~), or chro-
mate (CrO,>”) depending on the pH values of the effluents.
Hexavalent chromium is released in the environment through
various industrial activities (electroplating, leather tanning
etc.) and is highly toxic, with well-known carcinogenic and
mutagenic properties.>! TcO,~ is also classified as an emer-
gent oxoanionic contaminant since it is radioactive with long
half-life (t, = 2.13 x 10° years) and high environmental
mobility.’

Over the past decades, a variety of methods have dealt with
the problem of the removal of these highly toxic oxoanions
from aqueous media, including sorption, biological treat-
ments, chemical oxidation/reduction, membrane filtration,
and so on.®'° However, the greater part of these technologies
suffers from disadvantages and the development of novel tech-
niques and materials has been the subject of intensive study.
Among the conventional techniques, the eco-friendly, simply
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designed, low-cost, and highly efficient sorption, seems to be
the most promising one.

Metal-organic frameworks (MOFs), an important class of
porous materials, which are built from organic linkers and
metal ions through coordination bonds, are considered as par
excellence innovative materials for the sorption of contami-
nants from aqueous solutions and wastewater."'™* MOFs
combine significantly larger surface areas than conventional
sorbent materials and structural features, such as appropriate
functional groups and ion-binding sites, and not surprisingly
they are considered as the next generation sorbents.

Besides sorption, which leads the research on the environ-
mental applications of MOFs, the detection—-determination of
contaminants is equally important.’>"” MOFs with efficient
fluorescence and capability to sorb ionic species are very prom-
ising materials for luminescence sensing applications. To
date, relatively few examples of MOFs can combine both sorp-
tion and luminescence detection operations.*®

Recently, we reported four new microporous Zr'" MOFs
with the general formula H;e[ZrsO,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) (Fig. 1). These MOFs exhibited an 8-con-
nected framework and displayed relatively large BET surface
areas up to 832 m” g~ .'° These materials have shown excellent
Se(w/vi) and SeCN™ sorption properties, with fast and selective
capture of these anionic species under a variety of conditions.
The highly efficient sorption properties of these materials
arise from a combination of external surface and intra-frame-
work sorption processes, with the latter been facilitated by the
presence of labile-terminal OH /H,O ligands easily replaced
by the Se anionic species."’

Herein, we extend our studies towards the sorption of the
toxic Cr(iv) and perrhenate (ReO,”) species, with the latter be
considered as a model for the radioactive TcO,~ anion. The

A e,
Fig. 1 Representation of the framework structure of BUT-MOF (C, gray;
O, red; N, blue; and Zr turquoise). The H atoms and the solvent mole-
cules in the structural representation of BUT-MOF were omitted for
clarity. The large plum balls indicate the pores in the structure of
BUT-MOF.
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alkyl-amino functionalized MOFs exhibit some of the highest
reported sorption capacities for Cr(vi) (up to 505 mg Cr,0,>~
per g, 187 mg CrO,*>~ per g) and particularly high selectivity vs.
common competitive anions. Furthermore, we fabricated a
sorption column with BUT-MOF/calcium alginate beads as
stationary phase, which displayed efficient performance for
the sorption of Cr(vi) from industrial waste samples, along
with noticeable recyclability. In addition, the alkyl-amino func-
tionalized MOFs showed highly efficient sorption properties
towards ReO, ", revealing exceptional sorption capacities (up to
960 mg ReO,” per g) and excellent performance over a broad
pH range, including concentrated HNO; solutions simulating
acidic nuclear waste.”® Besides the excellent sorption pro-
perties, BUT-MOF displays selective luminescence sensing pro-
perties towards Cr(vi) showing particularly low detection
limits, well-below the maximum permissible level of Cr(vi) in
drinking water. Overall, the present work emphasizes on the
multifunctionality of microporous Zr** MOFs with low net-con-
nectivity, showing capability for rapid and efficient capture of
multiple anionic pollutants as well as selective luminescence-
based detection of such species in aqueous media.

Results and discussion
Batch sorption studies

Our previous reported study revealed that alkyl-amino functio-
nalized MOFs and especially BUT-MOF are very efficient sor-
bents for the decontamination of wastewater from Se species
(including highly toxic SeCN~ anions).'® At the current study,
we examine the ability of these MOFs to uptake several hazar-
dous oxoanions, including Cr,0,””, CrO,*>~ and ReO, . The
removal of Cr(vi) oxoanions from aqueous resources is crucial
due to their considerable toxicity, whereas the capture of
ReO,  is of great interest given that it can be utilized as a
model for TcO,~ sorption investigations.> In the following we
present detailed batch Cr,0,””, CrO;>~ and ReO,” sorption
studies as well as column Cr,0,>~ sorption data for BUT-MOF.
Prior the sorption investigations, the MOF was activated via
treatment with a HCl acid solution (ESI7).

Kinetic studies. The kinetic behaviour of BUT-MOF towards
Cr,0,°7, CrO,>~ and ReO," is depicted in Fig. 2 for time inter-
vals from 1 to 10 minutes. BUT-MOF revealed rapid sorption
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Fig. 2 Fitting of the kinetics data with the Ho-McKay's second order
equation for the sorption of (a) Cr,05% (initial Cr,0,%~ concentration =
21.6 ppm, pH ~ 3) and the Lagergren’s pseudo-first-order equation for
the sorption of (b) CrO42~ (initial CrO4%~ concentration = 11.6 ppm, pH
~ 7), and (c) ReO4~ (initial ReO4~ concentration = 50 ppm, pH ~ 7) by
BUT-MOF.
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kinetics, with equilibrium reached within the first 3 minutes
(Fig. 2a and b). Interestingly, BUT-MOF removed >99.9% of the
initial Cr(vi) (C; = 0.1 mM) in the first minute of contact with
the solution of either Cr,0,%~ or CrO,>". A further increase in
contact time had a negligible effect on the removal percen-
tages. Both Lagergren’s first order and Ho-McKay’s second
order kinetics models were used for the fitting of the kinetic
data. The Cr,0,*~ sorption of BUT-MOF can be described
better with the Ho-McKay’s second order equation, while the
fitting of kinetics data towards CrO,>~ anions was better
achieved with Lagergren’s first order equation (Table S17).

We have also conducted time dependent sorption experi-
ments of BUT-MOF towards ReO,” anions. In Fig. 2c is pre-
sented the variation of sorbed ReO,” on BUT-MOF as a func-
tion of reaction time, with the initial ReO,” concentration
being 50 ppm. The kinetic investigations indicated that the
capture of ReO,” by BUT-MOF was particularly fast and com-
parable to the uptake of chromium(vi) anions. The equilibrium
was achieved at the 4™ min of contact. Lagergren’s first order
equation was the best model for fitting the ReO,~ kinetic data
(Table S17).

Sorption isotherm studies. The study of the sorption equili-
brium isotherm is critical to evaluate the maximum sorption
capacity of the sorbate for the given sorbent as well as to better
understand the sorbate-sorbent interactions. Various isotherm
models like Langmuir, Freundlich, and Langmuir-Freundlich,
have been used to describe the equilibrium characteristics of
sorption. Fig. 3 displays the sorption amount of Cr(vi) toxic
species (Cr,0,°>~ and Cr0O,>”) as well as ReO,” ions on the
BUT-MOF at different equilibrium concentrations. The Cr(vi)
sorption isotherms of the BUT-MOF consist of two com-
ponents. These results came with no surprise, since similar
sorptive behaviour has been reported by our group previously
for the Se(v)) and SeCN™~ sorption isotherms." In general, this
type of “two-steps isotherm” can be attributed to involvement
of both surface binding and pore filling processes."®*' The
maximum Cr,0,>~ sorption capacity of BUT-MOF was found
505 mg Cr,0,>” per g, with 187 mg captured at the surface and
317 mg trapped in the framework. The latter value corresponds
to 3.5 equivalents of dichromate per formula of the BUT-MOF.
Furthermore, the sorption isotherms at pH ~ 7, where Cr(vi)
exists mainly in the form of CrO,>”, revealed that BUT-MOF
was able to remove 153 mg of CrO,>~ per g, which correspond
to 65 mg CrO,>” per g trapped on the surface and 88 mg
CrO,*~ per g into the framework. The latter value is consistent
with the insertion of 1.80 equivalents of chromate per formula
unit of the MOF. The Cr(vi) sorption isotherm data at the first
step can be fitted very well with the Langmuir model, whereas
the Langmuir-Freundlich model can be applied for the fitting
of the data at the second step (Fig. 3a and b). Besides its excel-
lent performance towards Cr(vi) species, BUT-MOF was proved
to be a first-rate sorbent for ReO,” ions. ReO,~ sorption iso-
therm is also conformed to the two-step profile, fitted with
Langmuir (first step) and Langmuir-Freundlich model
(second step) (Fig. 3). BUT-MOF demonstrated outstanding
sorption capacity, as high as 868 mg of ReO,~ per g, with 354

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Cr,0,%7, (b) CrO4%~ and (c) ReO, isotherm sorption data for
BUT-MOF fitting with the various models. Red: Langmuir model; blue:
Langmuir—Freundlich model.

and 514 mg ReO,  captured at the surface and in the frame-
work, respectively. The latter value represents 4.8 equivalents
of ReO,” per formula of BUT-MOF. The fitting parameters are
summarized in Tables S2-54.F

The excellent performance of BUT-MOF in ReO,  uptake
impelled us further to investigate the sorption isotherms

Dalton Trans., 2022, 51,17301-17309 | 17303
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under acidic and basic conditions. Interestingly, sorption iso-
therms conducted in HNO; solutions (1 M) revealed that
BUT-MOF retains its excellent efficiency to remove ReO,~ even
under such extreme acidic conditions, achieving maximum
sorption capacity as high as 776 mg g™, which is relatively
close to that obtained at neutral solutions (Fig. S1; Table S57).
Should be pointed out here that HNO; solutions simulate
acidic nuclear waste and subsequently BUT-MOF could be an
attractive superior sorbent for nuclear waste remediation pro-
cesses.” Isotherm study conducted in pH ~ 9 revealed a
decrease in the removal of ReO,~ by BUT-MOF with maximum
sorption capacity at 504 mg g~' (Fig. S2; Table S5). The
reduced ReO,~ sorption capacity of BUT-MOF in the alkaline
environment can be explained by the fact that under such con-
ditions the amine groups of the MOF may not be protonated
and the surface sorption is less effective. Thus, there is a
decrease in the surface sorption capability of BUT-MOF,
leading to a smaller ReO,  sorption capacity under alkaline
conditions. The sorption capacity of the other MOFs (ET-,
PROP-, and SBUT-MOF) towards Cr(vi) anions was also investi-
gated in detail (Fig. S3-S57).

The Cr(vi) sorption isotherms of these MOFs consist of two
components, with maximum sorption capacities in the range
of 217-451 mg Cr,0,”~ and 139-187 mg CrO,*” per g of MOF
(Tables S2 and S3t). The ReO,” sorption isotherms of PROP-
and SBUT-MOFs also show the two-step profile fitted with
Langmuir (first step) and Langmuir-Freundlich model
(second step), whereas ET-MOF displays a one-step isotherm
profile fitted only with Freundlich model. The maximum sorp-
tion capacities were found between 640 and 960 mg ReO,~ per
g (Fig. S3-S5; Table S4t).

pH-dependent sorption studies. The effect of pH on the Cr
(vi) and ReO,~ removal by alkyl-amino functionalized MOFs
was investigated using contaminated solutions in a wide pH
range from ~1 to 10 (+0.02). According to the results depicted
in Fig. 4 & S6-S8,1 the MOFs can sorb Cr(vi) from solutions
with varied pH values, ranging from highly acidic to alkaline
conditions. Specifically, the removal percentages from pH 2 to
7 were calculated to be >99% for PROP-, SBUT-, and BUT-MOF,
whereas the removal percentage for ET-MOF at the same con-
ditions was found to be 96%. Interestingly, these MOFs seem

> BUT-MOF
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g % U
o

§ 123456 7 8 910

pH range

Fig. 4 Percentage (%) sorption of Cr(v) (0.1 mM) by BUT-MOF in the
pH range of 1-10.
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to be very promising sorbents in acidic solutions of pH ~ 1
where the removal percentages were calculated to be as high
as 89%, 95%, 98%, and 97% for ET-, PROP-, SBUT-, and
BUT-MOF, respectively, while retain their removal efficiency at
pH ~ 10 where the corresponding percentages are as high as
74%, 78%, 86% and 85% respectively.

As seen from Fig. S9F optimal uptake of ReO,~ occurred at
pH from 3 to 8 with removal percentages at the range of
86-92%. At higher pH values, a small decrease in removal
efficiency by BUT-MOF was observed at pH ~ 9 (removal per-
centage 74%), while decreases sharply at pH ~ 10 (18%).
Likewise, at lower pH values a slight loss of removal perform-
ance occurs at pH ~ 2 with removal percentage of 66% which
is further reduced as low as 30% at pH ~ 1.

Selectivity studies. Another principal factor that affects the
efficiency of a sorbent to capture toxic species from wastewater
is the coexistence of common anions such as Cl~, NO;~ and
S0,>". We have thus investigated the efficiency of BUT-MOF
and other analogues to remove selectively Cr(vi) and ReO,” in
the presence of high excess of the aforementioned anions. The
Cr(vi) selectivity study performed with solutions containing
either Cr,0,%>~ or CrO,>~ anions, revealed similarities regard-
ing the removal percentages of Cr(vi) (Fig. 5).

Interestingly, BUT-MOF retains its sorptive ability in the
presence of 100-fold excess of CI” or NO;~ (removal percen-
tages >90% and >85%, respectively), while the MOF displays
only a slight loss in solutions containing 1000-fold excess of
these anions (removal percentages >80%). Interestingly, in
solutions containing 100-fold excess of $0,%~, which is a
strong competitor for Cr(vi) species,?® Cr(vi) removal percen-
tages are retained relatively high (72 and 75% for Cr,0,>~ and
CrO,>” respectively). Even when 1000-fold excess of SO4>~ was
used, the Cr(vi) sorption efficiencies were appreciable (47%
and 44% for Cr,0,°~ and CrO,>”, respectively). In addition, we
performed antagonistic experiments with ReO,” and the
selected anions (Fig. S10t). The removal percentages for ReO,~
in presence of high concentrations of competitive species were
not as high as in the case of Cr(vi). Nevertheless, BUT-MOF
was still able to remove at least a third of the initial ReO,~
content (initial Re concentration = 50 ppm) in the presence of
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Fig. 5 Cr,0,> (0.1 mM) and CrO,2~ (0.1 mM) sorption data for BUT-
MOF in the presence of various competitive anions.

This journal is © The Royal Society of Chemistry 2022
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100-fold excess of the competitive anions. As a last step at this
study, we performed sorption experiments with bottled water
solutions intentionally contaminated with Cr(vi) species or
ReO,” (Fig. 5 & S10-S12}). These samples contained a variety
of competitive anions including C1~, NO;~, SO,*~ and HCO;~
(and several cations) in large excess (up to 2.4 x 10°-fold) in
relation to the oxoanionic species (Table S67). Similar to the
sorption studies in the presence of competitive anions,
BUT-MOF was more efficient to remove Cr(vi) (80-83%
removal) from bottled water samples than ReO,” (36%
removal). The selectivity of the other MOF analogues for Cr(vi)
and ReO,” was found similar to that of BUT-MOF (Fig. S10-
S12t). Presumably, the bivalent Cr(vi) species are expected to
interact more strongly than the monoanionic ReO,” with the
positively-charged surface of BUT-MOF (zeta potential = +24.2
+ 5.0 mV)," thus leading to the observed higher selectivity of
BUT-MOF for the Cr(vi) oxoanions. As revealed by the sorption
isotherm studies discussed above, relatively low initial concen-
trations of anions, as those used for the selectivity tests
(0.1-0.2 mM) favor mainly surface binding of the oxoanions to
MOF particles and under such conditions the driving force for
sorption is electrostatic interactions.

Regeneration-reusability studies. As reported in previous
publications from our group,'®** the regeneration of Zr** MOFs
after anion sorption can be easily achieved via their treatment
with a highly acidic solution (4 M HCI). The regeneration of
BUT-MOF via acidic treatment (ESIT) was verified via IR data,
indicating the elimination of the characteristic IR absorption of
the inserted anions (Fig. 6). XPS and EDS data, discussed below,
also revealed the complete desorption of oxoanions from anion-
loaded BUT-MOF after the acid treatment.

The regenerated MOF was then reloaded with Cr,0,>",
CrO,*” or ReO,” anions. IR data (Fig. 6) confirm the sorption
of the anions by the MOF, which demonstrates the reusability
of BUT-MOF as sorbent for oxoanions. The ability of BUT-MOF
to be regenerated and reused is further proved by the column
sorption experiments, discussed in detail below.

Column sorption studies with industrial wastewater
samples. In previous works of our group,>*>* several MOFs in
the form of composites with alginic acid mixed with silica
sand have been utilized as stationary phase in columns. The
content of MOF in the stationary phases of these columns was
low (~1% w/w), with the major component being the silica
sand. Increasing the content of MOF above 1-2% w/w resulted
in slow flow rates and column clogging. It will be important to
raise the quantity of MOFs in columns as this would result in
enhanced sorption capacities. As a mean to achieve the above,
we decided to prepare mm-sized BUT-MOF/calcium alginate
(CA) beads with a MOF content of ~88% (Fig. S131) and these
beads were then used as stationary phase in a column.
Initially, the column was tested for treatment of a Cr(vi) solu-
tion of relatively high concentration (19 ppm). The light yellow
solution after passing through the column was decolorised
and UV-Vis analysis indicated ~98% removal of Cr(vi) (Fig. 7).

Then, the column, operated in up-flow mode (flow rate
2.5 mL min~") (Fig. S141), was utilized for the treatment of

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 The IR spectra of the of the ion-loaded BUT-MOF (red lines),
regenerated BUT-MOF (blue lines) and reloaded (purple lines) with (a)
Cr,0,%7, (b) CrO,42~ and (c) ReO,4 ™. The arrows point to characteristic ion
IR peaks found in the ion-loaded materials. The Cr''-O stretching IR
peak for (a) BUT-MOF/Cr,0,%~ and (b) BUT-MOF/CrO42~ was found at
923 cm™. The ReO,~ stretching IR peak for (c) BUT-MOF/ReO,~ was
found at 916 cm™.

industrial (chrome-plating) wastewater, containing 330 ppb of
Cr(vi). Samples of 400 ml were passed twice through the
column, in order to achieve concentrations of the effluents
less than 50 ppb (EU-defined upper limit of Cr(vi) in drinking
water).”® For practical applications, two or more columns filled
with BUT-MOF/CA beads should be utilized for the decontami-
nation of large amounts of wastewater. This is a common prac-
tice in wastewater treatment applications, where multicolumn
technology is applied to enhance the ion removal efficien-
cies.”® In the first run 5.2 L of Cr(vi) solution were passed

Dalton Trans., 2022, 51,17301-17309 | 17305
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Fig. 7 (a) Cr(vi) industrial waste sorption by the column filled with
BUT-MOF/calcium alginate beads (initial Cr(vi) concentration = 19 ppm,
pH = 3, 480 mg of sorbent) and (b) UV-Vis spectra of the Cr(vi) industrial
waste solution before and after treatment.

through the column, till reaching a concentration above the
acceptable limit of 50 ppb in drinking water (Fig. 8).

However, even after passing such high quantity of wastewater
sample, the concentration of Cr(vi) was well below the acceptable
limit of 100 ppb defined by U.S.-EPA.>” BUT-MOF/CA can be
easily regenerated by washing the column with 1 M HCI solution.
After the regeneration process, a decrease in removal efficiency
was observed as a concentration >50 ppb was found when 2 L
solution passed through the column. The removal efficiency was
further reduced in the next cycles (Fig. 8). Nevertheless, the per-
formance of the BUT-MOF/CA column is considered very
efficient, since a relatively large amount (~9 L) of industrial
wastewater sample can be purified (i.e. contain Cr(vi) in concen-
tration less than 50 ppb) with only 4 runs of the column. These
data are very encouraging for BUT-MOF which seems to be a
promising sorbent for applications under real-world conditions.

Comparison of BUT-MOF and analogues with other oxoa-
nion MOF sorbents. Till date several MOFs have been tested
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Fig. 8 Column sorption data with chrome-plating wastewater sample
(flow rate 2.5 mL min~?!) containing 330 ppb of Cr(vi). Ve¢ and Ceg are
the volume (mL) and Cr(v) concentration (ppb) of the solution passed
through the column (i.e. effluent), respectively.
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for the removal of Cr(vi) from aqueous media. In Tables S7 and
S8+ are provided the most important Cr(vi) sorption character-
istics of BUT-MOF and analogues compared with those of
other reported MOF-based sorbents. The alkyl-amino functio-
nalized Zr"" MOFs exhibit some of the highest Cr,0,”~ sorp-
tion capacities in combination with rapid sorption kinetics.
Among the reported MOFs, only two of them, namely Fe-GA
(D) and UTSA-74@FeSO,, display higher values than
BUT-MOF.?*®?° However, Fe-gallic acid MOF is not reusable,
while for UTSA-74@FeSO, MOF regeneration or reusability
study is not available. No column sorption data are also pre-
sented for the Fe-GA (D) and UTSA-74@FeSO, materials and
thus, the potential of these sorbents for real applications,
usually involving sorption under dynamic conditions, is
unknown. In contrary, BUT-MOF and analogues combine high
maximum sorption capacities, rapid kinetics (equilibrium
time ~ 3 min), efficient performance in the presence of
various coexisting anions and reusability. In addition,
BUT-MOF in the form of BUT-MOF/CA beads was successfully
utilized in a column for decontamination of large amounts of
industrial wastewater samples indicating an attractive sorbent
for real world applications. In regards of CrO,>~ removal, the
alkyl-amino functionalized MOFs show two to three times
higher maximum sorption capacities than most of MOF-based
sorbents, with exception of two MOFs reported by our group
(MOR-2 and AI-MOF-1) and HPU-13@Fe;0,.>>*%*! In
Table S9,1 the comparison of sorption characteristics of ET-,
PROP-, SBUT- and BUT-MOFs with other MOF-based ReO,"
sorbents indicate that these MOFs are competitive sorbents in
terms of maximum sorption capacities, sorption kinetics and
regeneration/reusability. Importantly, BUT-MOF, along with
MOR-2 reported by our group,®” is an efficient sorbent even
under highly acidic conditions and promising for the deconta-
mination of acidic nuclear waste.

Solid state characterization of the ion-loaded MOFs-
mechanism of sorption

The successful binding of the anions on BUT-MOF was con-
firmed via several characterization techniques including IR,
EDS and XPS data. IR spectra include characteristic peaks at
923 and 916 cm™" attributed to Cr(vi) and Re(vi) oxoanions
respectively (Fig. 6). EDS and XPS confirmed the presence of
Cr and Re in the Cr(vi) and Re(vi)-loaded MOFs (Fig. S15-S17
and Fig. S18-5207). However, the loaded materials contained
no Cl, in contrast to the initial BUT-MOF sample (Fig. S15-
S21t). Thus, besides the intra-framework binding of the oxo-
anionic species discussed below, the sorption process also
involves exchange of extra-framework Cl™ anions by Cr(vi) or
Re(vn) oxoanions. Furthermore, EDS and XPS data revealed (a)
no Re and Cr and (b) presence of Cl for MOF samples after
regeneration (Fig. $22-525%). In addition, high resolution Re
4f and Cr 2p core-level photoelectron spectra for the loaded
materials showed binding energies consistent with Re(vi) and
Cr(v1) oxidation states respectively (Fig. S267).

BET surface area measurements revealed that the surface
area of BUT-MOF is dramatically decreased after the sorption

This journal is © The Royal Society of Chemistry 2022
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process. This confirms the findings from the isotherm study,
that sorption of the anions occurs not only on the surface, via
exchange of Cl™ and electrostatic interactions of the inserted
oxoanions with the positively charged surface of the MOF (see
above), but also in the interior of the structure. Specifically,
the BET surface area of the pristine BUT-MOF was reduced
from 609 m”> g~" to 139, 197, and 370 m” g~ " after the sorption
of Cr,0,7, CrO,*>~ and ReO,, respectively (Fig. S277). We
should also note that the pore sizes of BUT-MOF (5.5-8.5 A)"
are large enough to allow diffusion of Cr(vi) and Re(vu) species
into the MOPF’s structure, considering that the radii of
hydrated Cr(vr) and Re(v) oxoanions are 2.4-3.2 A.*

As reported in our previous publication,'® the terminal
OH™/H,0 ligands in the Zre units of BUT-MOF can be replaced
by oxoanionic species. Thus, the intra-framework sorption of
CrO,*>” by BUT-MOF may be described with following equation

Hi6[Zr6016(BUTNH — BDC), | + 2CrO;*~ —
Hj,[Zr6042(CrOy),(BUTNH — BDC), | + 40H™

(1)

According to eqn (1), four terminal OH™ ligands are
replaced by 2 CrO,*>” anions. This is in good agreement with
the intra-framework CrO,*~ sorption capacity of BUT-MOF
corresponding to the insertion of ~1.8 moles of CrO,*” per
formula unit of the MOF (see above).

Similarly, the intra-framework capture of ReO,  can be
described as follows:

Hi[Zrs016(BUINH — BDC), | + 4ReO,; — )
Hi; [Z1501,(Re0,),(BUTNH — BDC),| + 40H™ @)
The replacement of 4 OH™ by 4 ReO,” is in good accord-
ance with the sorption results indicating capture of ~4.8 mol
of ReO,” per formula unit of BUT-MOF.
The intra-framework capture of dichromate anions is likely
to be described with the following equation:

Hi6[Zrs016(BUTNH — BDC), | + 4Cr,0,>” + 4H" —

3
Hy [Zr60g(Cr,0,),(BUTNH — BDC),] + 40H™ + 4H,0 ®)

According to eqn (3), four dichromate anions replace 4 OH™
and 4 H,O from the Zrq building unit and the excess of nega-
tive charge due to the insertion of 4 Cr,0,°~ is compensated
by H' ions provided by the acidic solution (dichromate sorp-
tion proceeds at pH ~ 3). This is in relatively good agreement
with the observed intra-framework sorption capacity indicating
insertion of 3.45 moles of dichromate per Zrg cluster of
BUT-MOF. The relatively small deviations of the experimental
intra-framework sorption capacities from the ideal values are
within the errors (10-15%) in the determination of the sorp-
tion capacities from the isotherm data.

PXRD patterns, unit cell indexing and Le Bail (structureless)
refinement indicate that the structure of the MOF is retained
after the sorption of oxoanions (Fig. 9 & S28-S307%). The high
crystallinity of the ion-loaded BUT-MOF allowed us to solve
and refine the structures of these materials via PXRD
methods. Thus, we built structural models involving 2 CrO,>",
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Fig. 9 Rietveld plots of (a) BUT-MOF/Cr,0,%~, (b) BUT-MOF/CrO,>~
and (c) BUT-MOF/ReO,". Blue crosses: experimental points; red line:
calculated pattern; violet line: difference pattern (exp. — calc.); green
bars: Bragg positions. Inset: Magnification of the 20 region 30-60°.

4 ReO,” and 4 Cr,0,> per formula unit of BUT-MOF, with the
anions initially placed in random positions in the pores. After
optimization (simulating annealing) of the initial structural
models, chromate and dichromate anions were found to be
connected to Zrg clusters as bridging ligands, whereas ReO,~
anions were found to ligate to Zr*" metal ions in a monoden-
tate coordination mode (Fig. 10 & S31-S33%). These coordi-
nation modes for Cr(vi) and Re(vin)-oxoanions are in agreement
with those reported for MOR-2, another example of a Zr*'-tere-
phthalate MOF with 8-connected structure.”** Rietveld refine-
ments were satisfactory indicating the accuracy of the pro-
posed structural models (Fig. 9 and ESI{).

Photophysical properties and luminescence sensing

Solid BUT-MOF shows a strong cyan fluorescence under UV
light irradiation (Fig. S34%). In agreement to our previous
studies on a related functionalized Zr*" MOF,** an aqueous
suspension of BUT-MOF at pH = 3 (0.1 mg mL™") displays a
broad fluorescence profile with maximum at ca. 490 nm upon
excitation at 400 nm. The fluorescence is attributed to the
radiative deactivation of the lowest ligand-based singlet excited
state, which bears significant charge transfer character since it
involves a shift of electron density from the amino group to
the aromatic core.”?

A fluorescence titration where aliquots of a 10™* M aqueous
K,CrO; solution were added to a suspension of acid activated
BUT-MOF leads to strong emission quenching reaching 95% at
the end of the titration (Fig. 11a). The calibration curve shows
good linearity in the concentration range 0-300 ppb and a
linear fit affords limit of detection (LOD) and quantification

Fig. 10 The coordination mode of (a) Cr,0,%~, (b) CrO4%~ and (c)
ReO,” (Cr atoms shown as orange balls; Re atoms shown as purple
balls) in the structures of BUT-MOF/Cr,0,%~, BUT-MOF/CrO,*~ and
BUT-MOF/ReO,, respectively, as determined via Rietveld refinement
(details are discussed in ESIt). H atoms were omitted for clarity.
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Fig. 11 (a) Fluorescence titration (lexe = 400 nm) of acid activated
BUT-MOF in suspension (0.1 mg mL™) in distilled water upon the
addition of aliquots of a 10~* M solution of K,Cr,0O at pH = 3, (b) cali-
bration curve for the titration in distilled water (black circles correspond
to experimental results and the red line corresponds to a linear fit), (c)
fluorescence titration (leyc = 400 nm) of acid activated BUT-MOF in sus-
pension (0.1 mg mL™) in bottled water upon the addition of aliquots of
a 10~* M solution of K»Cr,O, at pH = 3 and (d) calibration curve for the
titration in bottled water (black circles corresponds to experimental
results and the red line corresponds to a linear fit).

(LOQ) values of 9.0 and 30 ppb (Fig. 11b), respectively. Both
values are well below the acceptable levels of Cr(vi) in water
according to EU (50 ppb) and U.S.-EPA (100 ppb)
guidelines.”>*”* A Stern-Volmer analysis of the initial linear
part of the titration curve yields a Stern-Volmer constant of 3.2
x 10° M™' (Fig. S357). At higher concentrations the Stern-
Volmer plot shows an upwards curvature and fits better to a
second-degree polynomial. This behavior is consistent with
the presence of more than one quenching mechanisms poss-
ibly involving collisional (dynamic) quenching in combination
with quenching through complex formation (static quench-
ing).?> As shown in Table S10,7 the sensing performance of
BUT-MOF is comparable to those of the best performing MOF
materials found in the recent literature.

Control experiments with 100-fold larger concentrations
(107> M) of NO; ™, CI” and SO,>~ anions show that the material
displays only minimal changes in emission intensity (Fig. S36-
S38%). Thus, these ions do not induce an emission quenching
effect. In agreement with the batch sorption studies (vide
supra), the presence of a 100-fold excess of CI” and NO;™ only
moderately raised the LOD and LOQ values to ca. 15 and 50
ppb, respectively (Fig. S39 and S407). However, when a titration
experiment is carried out in the presence of 10-fold excess
(1072 M) of SO,>” anions, as shown in Fig. S41a,} the material
displays saturation behaviour much earlier in the titration
showing a final quenching percentage of ca. 50%. However,
interestingly, at the initial stages of the titration the material
displays comparable quenching behaviour as that observed in
the experiments which are carried out in the absence of SO,>~
anions, as shown by the calibration curve gradient (Fig. S41b+)
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corresponding to LOD and LOQ values of 15 and 51 ppb,
respectively. This observation may be interpreted by noting
that SO,>~ anions are effective competitors to Cr(vi) species
(vide supra) albeit without inducing appreciable quenching
effects to BUT-MOF (Fig. S387). Therefore, the initial quench-
ing shown by BUT-MOF is due to its interaction with Cr(vi)
species but as the material is exposed to increasing amounts
of SO,>, the latter block the binding sites, thus preventing
further interaction with Cr(vi) anions. In addition, titrations
where distilled water is replaced with bottled water containing
Cl™ (7.53 ppm), SO,>~ (12.7 ppm) and NO;~ (8.94 ppm), show
a final quenching percentage of 92% and LOD and LOQ values
of 12 and 40 ppb (Fig. 11c and d). The values are not much
higher than those observed in the absence of competitive
species and still lower than the acceptable levels of Cr(vi) in
drinking water.

As in our previous work on the related MOR-2 material,*
we attribute the quenching behaviour of BUT-MOF to energy
and/or electron transfer from the photoexcited ligand towards
the material’s Zr(iv)s units where Cr(vi) species are attached
(vide supra).®®

Conclusions

In summary, this work emphasizes the capability of Zr** MOFs
with low net-connectivity and easily replaceable terminal OH™/
H,O0 ligands to be utilized as efficient sorbents towards toxic
and radionuclide-related oxoanions as well as their promising
luminescent sensing properties towards Cr(vi). Importantly,
BUT-MOF and analogues seem to be the most promising sor-
bents for dichromate anions among reported MOF-based
materials, as they combine exceptional maximum sorption
capacities (up to 505 mg g~ '), quite fast equilibrium sorption
times (3 min), limited interference from competitive anions
and reusability. Towards real applications, BUT-MOF/calcium
alginate beads were successfully utilized in a column showing
capability for decontamination of relatively large amounts of
industrial waste samples. The alkyl-amino functionalized
MOFs were also found quite efficient for sorption of CrO,>~
and ReO,” oxoanions from aqueous media, thus indicating
these MOFs as truly multifunctional anion sorbents. Last but
not least, the detailed photophysical investigations revealed
that BUT-MOF constitutes also a powerful luminescent sensor
capable of detecting Cr(vi) in concentrations well-below the
acceptable limit in drinking water, even in the presence of
several competitive species in large excess.
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