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bining highly efficient sorption and
capability for voltammetric determination of heavy
metal ions in aqueous media†

Anastasia D. Pournara,a Antigoni Margariti,b Georgios D. Tarlas,b Andreas Kourtelaris,c

Valeri Petkov, d Christos Kokkinos, e Anastasios Economou, e

Giannis S. Papaefstathiou *b and Manolis J. Manos *a

We recently discovered that a Ca2+ two-dimensional framework, namely [Ca(H4L)(DMA)2]$2DMA (Ca-MOF),

was capable of exchanging the Ca2+ ions with Cu2+ almost quantitatively in a matter of seconds in aqueous

solution. Herein, we report that Ca-MOF exhibits the capability of both removal and voltammetric

determination of heavy metal ions in aqueous media. Ca-MOF shows one of the highest Pb2+ sorption

capacities (�522 mg g�1) reported for MOFs. More importantly, a column filled with Ca-MOF (1% wt)

particles dispersed in silica sand (99% wt) can quantitatively remove traces of Pb2+ (�100 ppb) from

a relatively large volume of a wastewater simulant solution (containing a large excess of competitive

ions). Ca-MOF is also highly efficient for sorption of Cd2+, Ni2+ and Zn2+, even in the presence of several

competitive cations. Actually, the Cd2+ sorption capacity (�220 mg g�1) of Ca-MOF is one of the largest

reported for MOFs. Furthermore, detailed Ni2+ and Zn2+ sorption studies of MOFs have not been

described prior to this work. The mechanism of the M2+ (M2+ ¼ Pb2+, Cd2+, Ni2+, Zn2+) exchange

process was elucidated based on a series of spectroscopic, analytical and X-ray diffraction methods. In

addition, a simple ready-to-use electrochemical sensor based on modified graphite paste with Ca-MOF

was fabricated and successfully utilized for the determination of Pb2+, Cd2+, Cu2+ and Zn2+ at mg L�1

levels in aqueous solutions by anodic stripping voltammetry (ASV). Overall, this work demonstrates, for

the first time, a dual function of a MOF as a sorbent and as an electrochemical sensor for heavy metal

ions, thus opening a new window for materials with application in both environmental remediation and

monitoring.
Introduction

Heavy metal ions, such as Pb2+, Cd2+, Cu2+, Ni2+, Zn2+ etc.,
represent the major contaminants for water resources. They are
easily accumulated in the environment and living organisms
and are highly toxic even at low concentrations (with the
exception of Zn2+ which in low concentration is essential for
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32–15443
humans and other species).1 It is thus of vital importance to
develop efficient and affordable methods for both the deter-
mination and the removal of these toxic species from water.
Materials that can serve the dual function of sorption and
detection-determination of heavy metal ions would be highly
desirable; however, such materials are rare and are mainly
limited to sorbents with the capability of luminescence sensing
of heavy metal ions.2

Metal–Organic Frameworks (MOFs), which are crystalline
polymeric metal complexes based on metal ions or clusters
interconnected via polytopic organic ligands, have attracted
great attention thanks to their unique structural features and
potential applications in various elds.3,4 MOFs combine
a highly porous structure with tunable pore sizes and func-
tionalities, thus being particularly promising for the sorption of
pollutants. Several publications have described the use of MOFs
as sorbents for ionic species. Among them, anion-exchange
MOFs have been investigated in detail but MOFs with cation
exchange properties are limited.5

Besides sorption, the detection of heavy metals is equally
important. One of the most efficient, sensitive, and affordable
This journal is © The Royal Society of Chemistry 2019
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techniques that can be combined with simple and portable
instrumentation for the determination of heavy metal ions is
anodic stripping voltammetry (ASV).6 Recently, there has been
interest in the use of MOFs for such analytical purposes.
Nevertheless, the development of MOF-modied electrodes for
ASV of heavy metal ions is a challenging task and is still in its
infancy.7–11

We recently described the synthesis and characterization of
[Ca(H4L)(DMA)2]$2DMA (Ca-MOF, Fig. 1), where H6L is N,N0-
bis(2,4-dicarboxyphenyl)-oxalamide and DMA ¼ N,N-dimethy-
lacetamide.12 This MOF was found capable of exchanging Ca2+

with Cu2+ within seconds, a property that enabled us to utilize
Ca-MOF as a stationary phase in an ion-exchange column for
the removal of Cu2+ from aqueousmedia. Interestingly, aer the
Cu2+ sorption the most expensive part of the MOF, i.e. the H6L
ligand, was recycled.

Herein, for the rst time, we show that a metal–organic
material, namely Ca-MOF, shows the capability of both removal
and voltammetric determination of heavy metal ions in
aqueous media. Interestingly, Ca-MOF exhibits particularly
high Pb2+ sorption capacity (�522 mg g�1), which is among the
highest reported for MOFs.3c,5f Importantly, a column lled with
Ca-MOF (1% wt) particles dispersed in silica sand (99% wt) can
eliminate traces of Pb2+ (�100 ppb) from a wastewater simulant
solution (containing a large excess of competitive ions). Ca-MOF
also shows relatively high sorption capacities for Cd2+, Ni2+ and
Zn2+ which are retained exceptionally well even in the presence
of several competitive cations. A combination of spectroscopic
and X-ray diffraction methods gave us insights into the struc-
tural characteristics of M2+ (M2+ ¼ Pb2+, Cd2+, Ni2+, Zn2+)-loaded
materials. We have also fabricated a simple ready-to-use elec-
trochemical sensor based on modied graphite paste with Ca-
MOF, which was successfully utilized for the determination of
Pb2+, Cd2+, Cu2+ and Zn2+ at mg L�1 levels in water solutions by
ASV. Overall, this work opens a new avenue for the development
of materials that will be highly capable of both heavy metal ion
remediation and monitoring in aqueous solutions.
Fig. 1 The structure of Ca-MOF. Several H atoms have been removed
for clarity. Color code: Ca green, C grey, O red, N blue, and H cyan.

This journal is © The Royal Society of Chemistry 2019
Experimental
Materials

All reagents and solvents were commercially available and used
as received.

Synthesis of Ca-MOF

The synthesis of Ca-MOFwas reported previously by us (it is also
provided in the ESI†).12

Synthesis of [Ni(H4L)(H2O)4]$2DMF (1)

An aqueous solution (10 mL) of Ni(SCN)2 (19 mg, 0.06 mmol)
was added to a 10 mL DMF solution of H6L (25 mg, 0.06 mmol)
resulting in a non-clear greenish solution. Upon addition of
80 mL of HCl (3 M) no change was observed. The solution was
sealed in a glass vial and heated in an isotemp oven at 85 �C for
2 days. Small but well-shaped green needles were formed. The
needles were collected by vacuum ltration, washed with DMF
(5 mL), and dried in air for 1 h and then in a desiccator over
silica gel overnight. Yield: 39.4 mg, 95%. Anal. calcd for
C24H32N4O16Ni: C 41.70, H 4.67, N 8.11. Found: C 41.82, H
4.51, N 8.22. IR (KBr pellets, cm�1): 3462 brm, 3328 w, 3216 w,
3075 w, 2930 w, 2813 w, 2492 brw, 1935 brm, 1703 m, 1679 w,
1656 shw, 1627 m, 1579 w, 1575 w, 1511 s, 1446 m, 1418 w,
1371 s, 1307 sh, 1292 m, 1263 m, 1225 w, 1173 s, 1149 w, 1135 w,
1110 s, 1078 m, 1068 sh, 1028 w, 1005 w, 949 m, 915 m, 899 shw,
859 s, 813 m, 800 s, 765 s, 753 w, 678 s, 570 w, 545 w, 511 m, 503
sh, 406 w.

Synthesis of [Pb2(H2L)]$2H2O (2)

An aqueous solution (10 mL) of PbCl2 (22 mg, 0.06 mmol) was
added to a DMF solution (10 mL) of H6L (25 mg, 0.06 mmol)
affording a white non-clear solution. The non-clear solution was
then sealed in a glass vial and heated in an isotemp oven at
100 �C for 2 days leading to the formation of colorless plate like
single crystals. The single crystals were collected via vacuum
ltration, washed with DMF (5 mL) and dried in air for 1 h and
then in a desiccator over silica gel overnight. Yield: 15.5 mg,
60%. Anal. calcd for C18H12N2O12Pb2: C 25.06, H 1.40, N 3.25.
Found: C 25.17, H 1.31, N 3.33. IR (KBr pellets, cm�1): 3565 w,
3345 br, 3071 br, 1690 m, 1677 sh, 1616 w, 1593 w, 1540 sbr,
1506 s, 1449 s, 1396 w, 1366 s, 1345 sh, 1303 w, 1293 m, 1268 w,
1216 w, 1172 m, 1145 sh, 1080 w, 957 w, 923 w, 912 w, 868 w, 826
w, 813 w, 767 m, 696 w, 686 w, 570 m, 520 m, 486 m.

Physical measurements

Microanalyses (C, H, and N) were performed with an EA 1108
Carlo Erba analyser. IR spectra were recorded on a Shimadzu
FT/IR IRAffinity-1 spectrometer with samples prepared as KBr
pellets. 1H-NMR spectra were recorded on a Bruker Avance 400
spectrometer operating at 400.13 MHz (1H). Samples were run
in a 5 mm probe with DMSO-d6 as the internal lock and refer-
ence. Thermogravimetric analyses (TGA) were performed on
a Mettler-Toledo TGA/DSC1 instrument under a N2 ow of 50
mL min�1 from room temperature to 800 �C with a heating rate
J. Mater. Chem. A, 2019, 7, 15432–15443 | 15433
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of 10 �C min�1. PXRD diffraction patterns were recorded on
a Bruker D8 Advance X-ray diffractometer (CuKa radiation, l ¼
1.5418 Å). Energy dispersive spectroscopy (EDS) analyses were
performed on a JEOL JSM-6390LV scanning electron micro-
scope (SEM) equipped with an Oxford INCA PentaFET-x3 energy
dispersive X-ray spectroscopy (EDS) detector. Data acquisition
was performed with an accelerating voltage of 20 kV and 120 s
accumulation time.

Single crystal X-ray crystallography

The data for the single crystals of 1 and 2 were collected on an
Oxford-Diffraction Supernova diffractometer, equipped with
a CCD area detector utilizing Cu Ka (l ¼ 1.5418 Å) radiation.
Suitable crystals were mounted on a Hampton cryoloop with
Paratone-N oil and transferred to a goniostat where they were
cooled for data collection. Empirical absorption corrections
(multiscan based on symmetry-related measurements) were
applied using CrysAlis RED soware. The structures were solved
by direct methods using SHELXS-97 and rened by full-matrix
least-squares techniques on F2 with SHELXL-2016/4 (1) or
SHELXL-2018/3 (ref. 13) (2) contained in the WinGX v2014.1
program package.14 The non-H atoms were treated anisotropi-
cally, whereas the methyl, aromatic H and NH hydrogen atoms
were placed in calculated, ideal positions and rened as riding
on their respective carbon or nitrogen atoms, and the rest of the
H atoms were found in the difference map and rened iso-
tropically. Complete crystal data and parameters for data
collection and processing are reported in Table S1.† Selected
interatomic distances and angles are given in the ESI (Table
S2†).

Pair distribution function (PDF) analysis

Samples were measured at 11-ID-C, Advanced Photon sources
using X-rays with a wavelength of 0.1174 Å. Scettere 4d inten-
sities were recorded with a 2D detector up to a wave vector of q¼
25 A�1. The experimental diffraction patterns were converted to
atomic pair distribution functions (PDFs).

ASV procedure

The electrochemical measurements were conducted with
a portable electrochemical potentiostat PGSTAT101 (Metrohm
Autolab) connected to a laptop. Control and data manipulation
(such as baseline correction of the voltammograms) were per-
formed with NOVA 1.8 (Metrohm Autolab) soware. Measure-
ments were carried out in a 10 mL glass voltammetric cell
equipped with a saturated calomel reference and a Pt wire
auxiliary electrode. The square wave anodic stripping voltam-
metric (SWASV) determination of Pb2+, Cd2+ and Cu2+ was
carried out in 0.10 mol L�1 acetate buffer (pH 4.5), while the
SWASV analysis of Zn2+ was conducted in 1.0 � 10�3 mol L�1

KCl. The modied working electrode (WE) with Ca-MOF was
immersed into the test solution and the preconcentration was
carried out, for 240 s under stirring at �1.40 V in the case of
Cd2+ and Cu2+ and at�1.60 V for Zn2+. Aer the accumulation of
target metal ions on the WE surface, a SW voltammetric scan
(frequency, 50 Hz; pulse height, 40 mV; step increment, 4 mV)
15434 | J. Mater. Chem. A, 2019, 7, 15432–15443
was applied to the modied WE to oxidize the target metals and
the voltammograms were recorded. Then, the WE was cleaned
for traces of remaining accumulated metals for 20 s at 0.20 V.

Preparation of the modied WE with Ca-MOF

The graphite paste electrode (GPE) was prepared by mixing 0.5 g
graphite powder (grade #38, Fisher Scientic), 100 mg MOF and
0.20 g paraffin (Merck) in a mortar. The mixture was packed in
a plastic syringe (internal radius: 2.4 mm). The electric contact
was established by a copper wire passing through the paste. The
surface of the WE was polished on a clean lter paper until
a smooth surface was obtained. This simple fabrication proce-
dure leads to the production of a ready-to-use-sensor, whose
surface can be renewed via a slight pressure on the syringe
plunger (Fig. S1†). Besides, modied WEs containing 25 and
50 mg Ca-MOF in 0.5 g graphite powder and a bare GPE were
prepared. The modied WE with 100 mg MOF provided the
highest sensitivity for all cations and was nally selected.

Preparation of the column

50 mg of Ca-MOF and 5 g of sand (50–70 mesh SiO2) were mixed
using amortar and pestle and lled in a glass column (0.7 cm ID
column).

Batch ion-exchange studies

A typical ion-exchange experiment of Ca-MOF with M2+ (M2+ ¼
Pb2+, Cd2+, Ni2+, Zn2+) is as follows: in a solution of M2+ (0.36
mmol) in water (10 mL, pH was not adjusted), the compound
Ca-MOF (50 mg, 0.06 mmol) was added as a solid. The mixture
was kept under sonication and magnetic stirring for 1 h. Then,
the solids were isolated by ltration, washed several times with
water (5 � 10 mL) and acetone (1 � 5 mL) and dried in
a desiccator over silica gel overnight. Yields:Ni-MOF: 33 mg, Zn-
MOF: 28 mg, Cd-MOF: 30 mg, and Pb-MOF: 36 mg. IR (KBr
pellets, cm�1): Ni-MOF: 3446 br, 2630 w, 2523 w, 1951 w, 1718 s,
1684 sh, 1627 s, 1599 sh, 1577 s, 1517 s, 1450 s, 1424 w, 1373 m,
1298 s, 1267 w, 1220 w, 1167 m, 1131 w, 1077 w, 948 w, 910 w,
862 m, 796 w, 759 s, 689 w, 569 w, 509 m. Zn-MOF: 3521 br, 2627
w, 2516 w, 1717 m, 1683 w, 1627 m, 1603 w, 1576 m, 1517 s,
1451 s, 1424 w, 1374 m, 1298 s, 1267 w, 1220 w, 1166 m, 1133 w,
1076 w, 948 w, 910 w, 862 m, 792 sh, 761 s, 691 w, 568 w, 510 m.
Cd-MOF: 3501 br, 3071 br, 2496 br, 1683 s, 1630 w, 1601 w,
1573 s, 1517 s, 1450 s, 1424 w, 1366 w, 1294 m, 1263 w, 1220 w,
1165 w, 1129 w, 1070 w, 951 w, 906 w, 863m, 789 w, 761 s, 688 w,
596 w, 567 m, 504 sh, 487 m. Pb-MOF: 3566 w, 3462 br, 3059
brw, 1955 w, 1689 m, 1658 sh, 1625 w, 1556 s, 1530 sh, 1507 s,
1448 s, 1410 w, 1391 w, 1361 brs, 1298 m, 1268 w, 1220 w, 1171
w, 1127 w, 1076 w, 951 w, 898 w, 864 m, 813 w, 803 w, 770 s, 688
m, 599 w, 569 m, 505 m, 483 s. EDS analysis of M-MOF (M2+ ¼
Ni2+, Zn2+, Cd2+ and Pb2+) showed a M : Ca weight or atomic %
ratio of �100/0% with only traces of Ca detected in the case of
Zn-MOF (Fig. S2†).

The Pb2+ uptake from solutions of various concentrations (1–
800 ppm, pH was not adjusted) was studied by the batch
method at V : m � 1000 mL g�1, room temperature and 10 min
contact. These data were used for the determination of Pb2+
This journal is © The Royal Society of Chemistry 2019
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sorption isotherms. Variable pH ion exchange experiments and
those with drinking water samples were also carried out with
the batch method at V : m ratio �1000 mL g�1, room tempera-
ture and 10 min contact. For the determination of the sorption
kinetics, Pb2+ ion-exchange experiments of various reaction
times (1–60 min) have been performed. For each experiment,
a 10 mL sample of Pb2+ solution (initial Pb2+ concentration ¼
1 ppm, pH¼ 7� 0.02) was added to each vial (containing 10 mg
of Ca-MOF) and the mixtures were kept under magnetic stirring
for the designated reaction times. The suspensions from the
various reactions were ltered and the resulting solutions were
analyzed for their Pb content with anodic stripping voltamme-
try, using a Trace Metal Analyzer (797 VA Computrace, Metrohm
AG Ltd, Switzerland). More specically, a three electrode system
was used comprising a Hanging Mercury Drop Electrode
(HMDE) as the working electrode, platinum (Pt) as the auxiliary
electrode and Ag/AgCl/KCl (3 mol L�1) as the reference elec-
trode. The analysis has been done following the AN-V-086
protocol developed by Metrohm (http://www.metrohm.com/
en/applications/#). The same procedure was followed for the
removal of Cd2+, Ni2+ and Zn2+ from aqueous solutions. Each
sorption experiment has been done at least twice and the re-
ported sorption data represent the average of sorption results
from the different sorption experiments. The difference
between the concentrations of metal ions determined from the
different sorption experiments was <2%.

Column sorption studies

These studies were performed with a wastewater simulant
solution having the following composition: 3 mM NaHCO3,
0.143 mM NaNO3, 10

�3 mM NaH2PO4$H2O, 5 � 10�2 mM NaF,
0.33 mM NaSiO3$5H2O, 0.99 mM CaCl2$2H2O, 5 mM MgSO4-
$7H2O, and 4.8 � 10�4 mM Pb2+.15 The pH of this solution was
adjusted to 7. Several bed volumes of the solution were passed
through the column and collected at the bottom in glass vials.
The solutions were analysed with anodic stripping voltammetry.

Ligand recycling studies

Ni-MOF (30 mg) were immersed in 5 mL HCl 6 M and the
resulting white greenish slurry solution was le under stirring
for 30 min. The resulting precipitate was centrifuged twice with
the addition of H2O, ltered, washed extensively with H2O (5 �
5 mL) and dried in a desiccator over silica gel for 2 days. Yield:
17 mg, 72%. Zn-MOF (28 mg) was immersed in 5 mL HCl 6 M
and the resulting white slurry solution was le under stirring
for 30 min. The resulting precipitate was centrifuged twice with
the addition of H2O, ltered, washed extensively with H2O (5 �
5 mL) and dried in a desiccator over silica gel for 2 days. Yield:
16 mg, 62%. Cd-MOF (30 mg) was immersed in 5 mL HCl 6 M
and the resulting white greenish slurry solution was le under
stirring for 30 min. The resulting precipitate was centrifuged
twice with the addition of H2O, ltered, washed extensively with
H2O (5 � 5 mL) and dried in a desiccator over silica gel for 2
days. Yield: 19mg, 73%. Pb-MOF (36 mg) was immersed in 5mL
HCl 6M and the resulting white greenish slurry solution was le
under stirring for 30 min. The resulting precipitate was
This journal is © The Royal Society of Chemistry 2019
centrifuged twice with the addition of H2O, ltered, washed
extensively with H2O (5 � 5 mL) and dried in a desiccator over
silica gel for 2 days. Yield: 13mg, 50%. The purity of the recycled
ligands was conrmed by 1H-NMR (Fig. S3†).

Similarly, recycling of the ligand can be performed for Pb-
MOF in the ion-exchange column, as reported in our previous
publication.12
Results and discussion
M2+ exchange studies of Ca-MOF

Our previous studies indicated that Ca-MOF is a very efficient
sorbent for Cu2+,12 whereas this MOF shows very slow exchange
for lanthanide ions.16 In the present study, we investigated the
exchange properties of Ca-MOF for other divalent metal ions
such as Ni2+, Zn2+, Cd2+ and Pb2+. The removal of Pb2+ and Cd2+

from water is of great interest due to the toxicity of these metal
ions,17 whereas selective Ni2+ and Zn2+ capture is attractive as
a recycling process for these metal ions existing in several types
of waste (e.g. spent batteries and mine wastewater).18,19 In the
following we provide detailed batch M2+ (Ni2+, Zn2+, Cd2+, and
Pb2+) exchange studies as well as column Pb2+ sorption data.
Batch sorption kinetics

At a rst step of the Pb2+ sorption investigations, the sorption
kinetics of the Pb2+ of Ca-MOF was determined through variable
time sorption experiments. Fig. S4A† shows the variation of
sorbed Pb2+ on Ca-MOF as a function of reaction time, with the
initial Pb2+ concentration being 1 ppm. The kinetic investiga-
tions indicated that the capture of Pb2+ by Ca-MOF was
remarkably fast. Interestingly, �95.6% of the initial Pb2+

content was removed within only 1 min of Ca-MOF/solution
contact, while the time required to reach the sorption equilib-
rium for Pb was only 5 min. The kinetic data can be tted very
well with Ho and Mckay's pseudo-second-order equation shown
below:

qt ¼ k2qe
2t

1þ k2qet

where qt ¼ the amount (mg g�1) of the ion sorbed by Ca-MOF at
different reaction times (t), qe ¼ the amount (mg g�1) of the
metal ion sorbed in equilibrium, and k2 is the second-order rate
constant [g(mg min)�1].20

Likewise, the sorption of Ni2+ by Ca-MOF is quite fast, as
revealed by the kinetic studies (Fig. S4B†). Specically, the Ni2+

exchange equilibrium is achieved within 5 min. The best tting
of the kinetic data was achieved also with the Ho and Mckay's
pseudo-second-order equation. The second order rate constants
k2 for Ca-MOF were calculated to be 53.7 � 5.2 and 6.13 � 0.82
g(mg min)�1, for Pb2+ and Ni2+ sorption respectively, which
indicate that Pb2+ exchange was completed signicantly faster
than the Ni2+ sorption process.

Furthermore, the kinetics of Cd2+ and Zn2+ sorption by Ca-
MOF was also investigated. The results indicated that the
capture of Cd2+ by Ca-MOF was remarkably fast, as the equi-
librium was reached within only 2 min of solution/MOF contact,
J. Mater. Chem. A, 2019, 7, 15432–15443 | 15435
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with 96.5% of the initial Cd2+ amount (C0 ¼ 1 ppm, pH ¼ 7 �
0.02) removed from the solution (Fig. S4C†). In the case of Zn2+

the ion exchange almost reached its equilibrium aer 3 min
with �88.2% removal capacity (Fig. S4D†). The kinetic data for
Cd2+ and Zn2+ sorption can be very well tted with Lagergren's
rst-order equation shown below:

qt ¼ qe[1 � exp(�KLt)]

where qe ¼ the amount (mg g�1) of the metal ion sorbed in
equilibrium and KL ¼ the Lagergren or rst-order rate
constant.20 The Lagergren constants KL for Ca-MOF were
calculated to be 4.01� 0.02 and 3.76� 0.06 min�1, for Cd2+ and
Zn2+ sorption respectively, revealing the faster sorption process
of Cd2+ than that of Zn2+ by Ca-MOF.20

Effect of pH

Although the ion exchange studies for Ca-MOF were mainly
performed at pH ¼ 7 � 0.02, the MOF material is capable of
sorbing metal ions from solutions of a relatively wide pH range
(2–8) (Fig. 2).

Specically, the removal capacities at pH ¼ 3–8 (�0.02) were
calculated to be �98.5, �97, �90 and �97.5% for Pb2+, Cd2+,
Zn2+ and Ni2+ (initial cation concentration ¼ 1 ppm), respec-
tively, whereas Ca-MOF retains high removal capability for Pb2+

and Cd2+ even under highly acidic conditions (�70 and 63%
removal capacities at pH ¼ 2, respectively).

Sorption thermodynamics

In order to better understand the equilibrium analysis of the
sorption process, Langmuir, Freundlich and Langmuir–Freund-
lich isotherms were used to t the sorption equilibrium data. The
expressions of the three model equations are as follows:21

ðaÞ Langmuir q ¼ qm
bCe

1þ bCe

ðbÞ Freundlich q ¼ KFCe

1
n

ðcÞ Langmuir� Freundlich q ¼ qm
ðbCeÞn

1þ ðbCeÞn
Fig. 2 Percentage (%) sorption of Pb2+, Ni2+, Cd2+ and Zn2+ cations by
Ca-MOF in the pH range of 2–8 (initial concentration of eachmetal ion
¼ 1 ppm).
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where q (mg g�1) is the amount of the cation sorbed at the
equilibrium concentration Ce (ppm), qm is the maximum
sorption capacity of the sorbent, b (L mg�1) is the Langmuir
constant related to the free energy of the sorption, and KF and 1/
n are the Freundlich constants. The parameters of Langmuir,
Freundlich and Langmuir–Freundlich isotherms, found aer
the tting of the isotherm cation sorption data (Fig. 3), are
presented in Table 1.

The best tting of the isotherm data of Pb2+, Ni2+ and Zn2+ by
Ca-MOF was achieved by using the Langmuir–Freundlich
equation, which is a combination of the Langmuir and
Freundlich isotherms.22 The isotherm data of Cd2+ sorption by
Ca-MOF was tted by using the Langmuir equation. The
maximum sorption capacities were estimated to be 522� 26 mg
Pb2+, 84� 3mg Ni2+, 220� 12mg Cd2+ and 81� 5mg Zn2+ per g
of Ca-MOF. A comparison of the sorption capacities of Ca-MOF
with those of other heavy metal ion sorbents is provided below.
The experimental Ni2+ and Zn2+ sorption capacities are close to
those calculated for the exchange of one Ca2+ with one Ni2+ or
Zn2+ (calculated qm for Ni2+ and Zn2+ exchange is 73 and 81 mg
g�1 respectively). However, the Pb2+ exchange capacity deter-
mined from the isotherm sorption data was found to be two
times higher than that calculated for the exchange of one Ca2+

with one Pb2+ (calculated value ¼ 258 mg g�1). In addition, the
experimentally found Cd2+ exchange capacity corresponds to
the insertion of 1.5 Cd2+ per formula unit of the MOF. An
explanation about these results is provided in a following
section, where the mechanism of the metal ion sorption by Ca-
MOF is discussed on the basis of various spectroscopic and X-
ray diffraction data.

The affinity of Ca-MOF for the above cations can be
expressed in terms of the distribution coefficient Kd which is
given by the following equation:

Kd ¼
V
��
C0 � Cf

��
Cf

�

m

where C0 and Cf are the initial and the equilibrium concentra-
tion of the cation (ppm), respectively, V is the volume (mL) of
the testing solution and m is the amount of the ion exchanger
(g) used in the experiment.21 The maximum KPb

d values for Ca-
MOF, obtained from the batch equilibrium studies, are in the
range of 1.5 � 103–1.5 � 104 mL g�1, which are considered
excellent and indicate the exceptional affinity of the material for
Pb2+ (Fig. S5†).21 Similarly high Kd values (up to 3.5 � 104 mL
g�1) were observed for Cd2+ exchange, whereas the KNi

d and
KZn
d values were somewhat smaller (up to 4.5 � 103 and 1.1 �

104 mL g�1 respectively) (Fig. S5†).
Selectivity studies

In order to explore the selectivity of Ca-MOF for heavy metal
ions vs. common competitive cations such as alkali and alkaline
earth metal ions, individual sorption experiments for each
metal ion were performed in natural spring water (containing
93.1 ppmCa2+, 1.9 ppmMg2+, 2.6 ppmNa+ and 0.7 ppmK+). The
sorption capacities of Ca-MOF were calculated to be 98.3%,
98%, 89.4%, 75% and 50% for Pb2+, Cd2+, Ni2+, Cu2+ and Zn2+,
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Isotherm data for Pb2+ (A), Ni2+ (B), Cd2+ (C) and Zn2+ (D) sorption by Ca-MOF. The red lines represent the fitting of the data with the
appropriate model (see the text for details). The model that best describes the sorption of the various metal ions by Ca-MOFwas decided on the
basis of optimum R2 values and the consistency between experimental and predicted (from the models) qmax values.
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respectively (Table 2). As a matter of fact, the sorption capacity
of Ca-MOF seems not to be inuenced signicantly in the
presence of the competitive cations, with the exception of Zn2+,
making it an excellent sorbent and also promising for the
remediation of real-world wastewater.

As a next step of the selectivity studies, we decided to
investigate the selectivity of Ca-MOF towards specic heavy
metal ions (Table 2). Thus, an aqueous solution containing
1 ppm each of Pb2+, Ni2+, Cd2+, Zn2+ and Cu2+ was treated with
Ca-MOF. Ca-MOF showed excellent Pb2+ and Cd2+ removal
capacities (�98%), whereas the sorption capacities for Cu2+,
Ni2+ and Zn2+ were found to be moderate (63%, 55% and 40%
respectively). This result indicates a signicant selectivity of Ca-
MOF for Pb2+ and Cd2+ in comparison to the other heavy metal
ions. Further selectivity studies were conducted in natural
spring water intentionally contaminated with a mixture of the
aforementioned cations (Table 2). The removal capacities for
Pb2+, Cd2+, and Cu2+ were found similar (97%, 97%, and 63%
Table 1 The parameters of Langmuir, Freundlich and Sips isotherms, fo

Metal
ion

Langmuir Freundlich

qm (mg g�1) b (L mg�1) R2 KF n

Pb2+ 667 � 51 0.012 � 0.002 0.98 40 � 14 2.2 �
Ni2+ 98 � 6 0.067 � 0.014 0.97 15 � 6 2.6 �
Cd2+ 220 � 12 0.019 � 0.004 0.97 24 � 4 2.8 �
Zn2+ 99 � 8 0.014 � 0.003 0.96 10 � 4 2.7 �

This journal is © The Royal Society of Chemistry 2019
respectively) to those in the experiments involving distilled
water. Unexpectedly, the Ni2+ removal capacity (�75%) was
found somewhat higher compared to that determined in the
experiments with distilled water and in addition, no Zn2+

sorption capacity was observed. Overall, the selectivity investi-
gations indicated Ca-MOF as a highly efficient sorbent for Pb2+

and Cd2+, whereas it shows moderate selectivity for Ni2+ and
Cu2+ and relatively low selectivity for Zn2+.
Recycling studies

As also reported in our previous publication,12 Ca-MOF cannot
be regenerated aer the sorption of the various metal ions.
However, aer the ion exchange process it is possible to recover
the most expensive part of the sorbent, i.e. the organic ligand.
This recycling process involves treatment of the metal ion-
loaded MOF with acidic solution, which results in the decom-
position of the MOF through dissolution of the metal ion and
protonation of the H4L

2� ligand. The resulted H6L compound is
und after the fitting of the isotherm sorption data shown in Fig. 3

Langmuir–Freundlich

R2 qm (mg g�1) b (L mg�1) n R2

0.3 0.93 522 � 26 0.019 � 0.002 1.7 � 0.2 0.99
0.6 0.85 84 � 3 0.097 � 0.009 1.6 � 0.2 0.99
0.2 0.97 301 � 62 0.007 � 0.005 0.6 � 0.1 0.98
0.5 0.90 81 � 5 0.016 � 0.002 2.2 � 0.7 0.97

J. Mater. Chem. A, 2019, 7, 15432–15443 | 15437
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Table 2 Results of the ion exchange selectivity studies

Sample C0 (ppb) Ce (ppb) % Removal

Pb2+a 1000 17 98.3
Cd2+a 1000 20 98.0
Ni2+a 1000 106 89.4
Cu2+a 1000 250 75.0
Zn2+a 1000 500 50.0
Mixture of ionsb 1000c 20 (Pb), 20 (Cd), 450 (Ni), 370 (Cu), 600 (Zn) 98 (Pb), 98 (Cd), 55 (Ni), 63 (Cu), 40 (Zn)
Mixture of ionsa 1000c 30 (Pb), 30 (Cd), 250 (Ni), 370 (Cu), 1000 (Zn) 97 (Pb), 97 (Cd), 75 (Ni), 63 (Cu), 0 (Zn)

a Natural spring water with Ca2+: 93.1 ppm, Mg2+: 1.9 ppm, K+: 0.7 ppm, and Na+: 2.6 ppm. b Distilled water. c Initial concentration of each ion.

Fig. 4 Column sorption data with a wastewater simulant solution
(flow rate �1.0 mL min�1, one bed volume ¼ 3.5 mL, and stationary
phase MOF/sand ¼ 0.05 g : 5 g). The initial concentration of Pb2+ was
100 ppb (the concentrations of the other ions are given in the
Experimental section). Veff and Ceff are the volume (mL) and Pb2+

concentration (ppb) of the solution passed through the column (i.e.
effluent) respectively.
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insoluble under acidic conditions and can be easily isolated in
a pure form and high yield (Fig. S3†). Details of the recycling
process are given the in the Experimental section. We should
also note that during the course of our studies (a period > 2
years), we have used recycled ligand samples to prepare new
batches of Ca-MOF. Such MOF samples have been used for
sorption experiments, showing similar results to those obtained
with Ca-MOF batches synthesized with freshly prepared
ligands.

Column ion exchange study

Batch ion exchange studies revealed remarkably high sorption
capacities of Ca-MOF towards the examined heavy metals.
However, industrial wastewater processes require continuous
bed ow ion exchange columns. Ca-MOF is isolated in the form
of relatively large particle-crystals (size 100–300 mm, see
Fig. S6†), thus fullling an important criterion for a sorbent to
be used as a stationary phase in ion exchange columns.12 The
nal step in our investigations was the study of the column Pb2+

sorption properties of the Ca-MOF material. We chose Pb2+

among the other heavy metal ions for these studies because of
the highly efficient Pb2+ sorption properties of Ca-MOF and the
urgent need to nd suitable sorbents to address the pollution of
water resources by Pb2+ representing one of the most important
environmental issues.

As in previous studies,12 the stationary phase in the column
used for Pb2+ sorption consisted of Ca-MOF and silica sand (Ca-
MOF : sand mass ratio ¼ 1 : 100). In order to investigate the
capability of this column to sorb Pb2+ under realistic condi-
tions, we conducted a column sorption study with a ground
water simulant solution (its composition is given in the Exper-
imental section) containing traces of Pb2+ (initial Pb2+ concen-
tration � 100 ppb). Note that this solution contained a series of
competitive cations with concentrations up to 104 times higher
than that of Pb2+. The results indicated that �1.2 L of the
solution passed through the column exhibited a concentration
<10 ppb. i.e. below the allowed USA-EPA and EU levels for Pb2+

in water (Fig. 4).
The performance of this column is remarkable considering

the fact the stationary phase contained only 50 mg of Ca-MOF.
Yet, such a small quantity of the MOF was enough to decon-
taminate a relatively large volume of the wastewater solution,
thus demonstrating its potential for real environmental reme-
diation applications. Of course, regeneration/reuse of the Ca-
15438 | J. Mater. Chem. A, 2019, 7, 15432–15443
MOF/sand column is not possible aer its use. However, recy-
cling of the most expensive part of the sorbent, i.e. the H6L
ligand, can be performed via treatment of the column with
a basic solution to decompose the MOF and dissolve the H4L

2�

ligand followed by acidication of the solution so that the
precipitation of the H6L ligand is achieved.
Comparison of Ca-MOF with other heavy metal ion MOF
sorbents

At this point, we may compare the performance of Ca-MOF as
a heavy metal ion sorbent with that of other MOF sorbent
materials. In Table S3,† the important sorption properties of
various MOFs tested so far for the capture of heavy metal ions
are shown. It can be seen that only a few MOFs display higher
Pb2+ sorption capacity than Ca-MOF.5f,g,h In addition, Ca-MOF
shows very similar Cd2+ sorption capacity to FJI-H9MOF (225 vs.
220 mg g�1 for Ca-MOF), which represents the most effective
Cd2+ MOF sorbent reported prior to our work.23 Furthermore,
Ca-MOF is the only MOF sorbent investigated so far in detail for
the sorption of Ni2+ and Zn2+. In addition, we should note that
Ca-MOF is the only MOF tested so far for the removal of Pb2+

under ow conditions (i.e. using in an ion exchange column of
This journal is © The Royal Society of Chemistry 2019
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Ca-MOF), i.e. under conditions simulating the practical waste-
water treatment.

Finally, it is worth comparing the sorption properties of Ca-
MOF with those of other state-of-the-art heavy metal ion
sorbents (besides MOFs), including various sulfur-
functionalized materials (clays, LDHs, and mesoporous
silica),24–27 commercial ion exchange resins28 and metal sulde
ion exchangers (MSIEs).29 From this comparison (Table S4†), it
is apparent that the Pb2+ sorption efficiency of Ca-MOF exceeds
that of other types of sorbents. In addition, the Cd2+, Ni2+ and
Zn2+ uptake capacities of Ca-MOF compare well with those of
the leading heavy metal ion sorbents.26,29–31 It is also important
to note that Ca-MOF shows not only exceptional maximum
sorption capacities but also remarkably fast sorption kinetics
and high selectivity for heavy metal ions (especially for Pb2+ and
Cd2+), which surpass those of most known sorbents (Tables S3
and S4†).
Fig. 5 A labeled plot of [Ni(H4L)(H2O)4]$2DMF (1). Color code: Ni
green, C grey, O red, N blue, and H cyan.
Characterization of M2+-loaded MOFs – mechanism of ion
exchange

In order to characterize the M2+-loaded MOFmaterials and gain
insight into the possible mechanism of the M2+ exchange
process, a number of spectroscopic and X-ray diffraction
methods were employed. The results obtained are discussed
below.

i. Spectroscopic and thermal analyses data. The Energy
Dispersive Spectroscopy (EDS) analyses of the M2+ (Pb2+, Cd2+,
Ni2+, and Zn2+)-exchanged Ca-MOF indicated complete
displacement of the Ca2+ by the M2+ ions (Fig. S2†). The PXRDs,
however, of M-MOFs (Fig. S7†) were not informative, revealing
a low degree of crystallinity for these materials as a result of the
particularly fast ion exchange process. In order to gain some
insights into the nature of the exchanged materials we
compared their IR spectra (Fig. S8†) and TGA graphs (Fig. S9†).
All IR spectra of M-MOFs are missing the characteristic DMA
bands and look similar but with noticeable differences. Indeed,
none of the IR spectra ofM-MOFsmatches perfectly with the IR
spectrum of Cu-MOF12 or that of [Ca(H4L) (H2O)2]$3H2O12 (the
latter two spectra are almost identical). Interestingly, the IR
spectra of Ni-MOF and Zn-MOF are identical, while the IR
spectra of Cd-MOF and Pb-MOF are similar but not identical to
each other and they differ from that of Ni-MOF and Zn-MOF.
The TGA graphs of M-MOFs show that all metal ion-exchange
materials contain various amounts of H2O (weight losses at
temperatures below 150 �C), while they are stable up to�320 �C.
Aer that temperature, they decompose, with Ni-MOF and Zn-
MOF exhibiting similar decomposition proles and residues at
800 �C. The TGA graphs of Cd-MOF and Pb-MOF are quite
different from each other and from that of Ni-MOF and Zn-
MOF. Interestingly, the TGA graphs of M-MOFs are different
from that of Cu-MOF. Both IR and TGA indicate that Ni-MOF
and Zn-MOF are quite similar and different from Cu-MOF, Cd-
MOF and Pb-MOF with the latter three being different from
each other, too.

ii. Synthesis and characterization of [Ni(H4L)(H2O)4]$2DMF
(1) and [Pb2(H2L)]$2H2O (2). From the above, it is clear that
This journal is © The Royal Society of Chemistry 2019
direct information on the nature of M-MOFs was quite difficult
to obtain. Thus, we aimed at synthesizing new frameworks by
reacting several divalent metal ions (i.e. M2+ ¼ Pb2+, Cd2+, Ni2+,
Zn2+, Cu2+) with the oxalamide ligand, H6L, in order to obtain
indirect information about the materials that resulted aer the
ion-exchange procedure of Ca-MOF. To this end, we managed to
isolate crystalline materials with Ni2+ and Pb2+. Interestingly the
Ni2+/oxalamide ligand di-anion (H4L

2�) ratio in complex 1 was
found to be 1 : 1 while the Pb2+/oxalamide ligand tetra-anion
(H2L

4�) ratio in complex 2 was found to be 2 : 1. Both these
results were in accordance with the data obtained from the
sorption experiments discussed above, where we found that Ca-
MOF exchanges its one Ca2+ per formula unit (the Ca2+/H4L

2�

ratio in Ca-MOF is 1 : 1) with either one Ni2+ or two Pb2+ ions.
The reaction of Ni(SCN)2 with H6L in H2O/DMF under sol-

vothermal conditions yielded green needles of 1. Complex 1
crystallizes in the monoclinic space group C2/c and the unit cell
contains one half of Ni2+, one half of H4L

2�, two coordinated
H2O molecules and one solvate DMF molecule. The Ni2+ ion
resides on an inversion center with 50% site occupancy, adopts
an octahedral coordination geometry and is surrounded by six
O atoms. The four equatorial O atoms originate from four
terminal water molecules while the two apical positions are
occupied by two monodentately coordinated carboxylate groups
originating from two different ligand moieties (H4L

2�) that
adopt the h1:h1–m2 coordination mode leading to a 1D zig-zag
chain running parallel to the b axis (Fig. 5). The two pending
carboxylic groups (one unique) of the H4L

2� ligand form
hydrogen bonds with the DMF solvates. There are also several
intra- and inter-chain H-bonds involving the terminal H2O
molecules and several O donor atoms of the H4L

2� ligand that
increase the dimensionality of the material to 3D. The purity of
complex 1 was veried by PXRD (Fig. S10†).

The reaction of PbCl2 with H6L in H2O/DMF under sol-
vothermal conditions yielded block colorless crystals of 2.
Complex 2 crystallizes in the orthorhombic space group Pbcn
and the unit cell contains two Pb2+ ions with 50% occupancy,
one half of H2L

4� and one solvate H2O molecule being disor-
dered over two positions with 50% occupancy. Both Pb2+ ions
J. Mater. Chem. A, 2019, 7, 15432–15443 | 15439
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Fig. 7 Low-r part of experimental atomic PDFs for Cu-MOF, Zn-MOF,
Ni-MOF, Pb-MOF and Cd-MOF. Selected atomic pair distances are
marked with vertical broken lines. Computed PDF for Ca-MOF is also
shown.
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reside on the 2-fold rotation axis and both are surrounded by six
carboxylate O atoms originating from four different H2L

4�

ligands. The coordination environment around each Pb atom is
far from octahedral owing to the signicant space occupied by
the lone electron pair on each Pb2+. Each of the four carboxylate
groups of the tetra-anionic oxalamide ligand (H2L

4�) adopts the
h1:h2–m2 coordinationmode, bridging either two Pb1 or two Pb2
ions. Therefore, each H2L

4� anion serves as a m8 bridging ligand
creating, along with the Pb2+ ions, a double-walled layer laying
parallel to the ac plane. The one-dimensional channels formed
within the double-walled layer are hosting the solvate H2O
molecules (Fig. 6). The purity of complex 2 was veried by PXRD
(Fig. S11†). Unfortunately, our efforts to isolate crystalline MOFs
of H6L with Zn2+ and Cd2+ have not been fruitful, so far.

iii. PDF studies. As mentioned above, the PXRD patterns of
the metal ion-loaded MOFs (Fig. S7†) indicated structures with
very low crystallinity and thus, the identication of their
structural characteristics was a quite difficult task. Therefore,
we conducted high-energy XRD experiments coupled to atomic
pair distribution function analysis (PDF).

This approach has proven very useful in structure studies of
materials with limited structural coherence, ranging from
crystals with intrinsic disorder to amorphous solids and
liquids.32 The experimental atomic PDFs (Fig. S12†) show sharp
peaks at low-r distances reecting the presence of a well-dened
short-range atomic order. The PDFs also show subsequent
broad oscillations indicating the presence of a medium-range
atomic order. The oscillations are very well-dened with the
PDFs for Ni-MOF, Zn-MOF and Cu-MOF in comparison to Pb-
MOF and Cd-MOF. The observation indicates that the former
Ni2+, Zn2+ and Cu2+ loaded MOFs are more ordered locally as
compared to the latter (i.e. Pd2+ and Cd2+-loaded materials). As
can also be seen in Fig. S12,† the atomic PDFs for Ni-MOF, Zn-
MOF and Cu-MOF are similar indicating that the materials
share common structural features. In addition, it can be seen
that there are some common features in the PDFs of Pb-MOF
and Cd-MOF. Selected atomic pair distances for Ni-MOF, Zn-
MOF, Cu-MOF, Pb-MOF, Cd-MOF and Ca-MOF (computed) are
shown in Fig. 7.

The distances for different metal ion-loaded materials are
somewhat different reecting the different compositions and/or
sizes of metal ions. Experimental (for Ni-MOF and Pb-MOF) and
computed PDFs derived from crystal structure models of
[Ni(H4L)(H2O)4]$2DMF (1) and [Pb2(H2L)]$2H2O (2) are shown
in Fig. 8.
Fig. 6 The one-dimensional channels formed within the double-
walled layer of [Pb2(H2L)]$2H2O (2) hosting the solvate H2Omolecules.
Color code: Pb green, C grey, O red, N blue, and H cyan.

15440 | J. Mater. Chem. A, 2019, 7, 15432–15443
As can be seen in Fig. 8, the local atomic structure of Ni-MOF
is close to that of the respective crystal structure of 1. The
comparison of the PDF of Pb-MOF with that computed from the
structure of 2 also revealed several similarities between them.
First three PDF peaks for Pb-MOF are well-dened and posi-
tioned at about 1.2, 2.6 and 4.2 Å. Similarly to the PDF of Pb-
MOF, the computed PDF of 2 shows peaks at about 1.2 and 4.2
Å. Contrary to the PDF of Pb-MOF, the calculated PDF of 2 does
not show a well-dened peak but only a spike in the vicinity of
2.4 A. The spike can be attributed to Pb–O distances and it also
appears as a second neighbour peak in the computed PDF of Ca-
MOF. Evidently, the Pb-MOF and compound 2 show common
structural features.

iv. Mechanism of the ion exchange process. The mechanism
of the capture of metal ions by Ca-MOF can be better described
as an ion exchange-chemical sorption process. Actually, Ca2+ is
weakly bound to the polycarboxylate ligand (there are mainly
Fig. 8 Comparison between experimental (Ni-MOF and Pb-MOF) and
model (1 and 2) PDFs.

This journal is © The Royal Society of Chemistry 2019
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electrostatic Ca2+–ligand interactions), whereas the inserted
metal ions (Cu2+, Cd2+, Pb2+, Ni2+, and Zn2+) form strong cova-
lent (dative) bonds with the ligands. There is no dissociation of
the MOF in water as revealed by 1H NMR experiments in which
the Ca-MOF solid was placed in D2O.12 The 1H NMR data
showed that no ligand is leached from the MOF.12 Even in the
presence of metal ions (such as Zn2+) in water solution, we could
not observe any leaching of the ligand in water. In addition,
leaching of the ligand has not been observed from Ca-MOF in
the pH range of 2–8. From the above spectroscopic and
analytical data, the exchange of Ca2+ in Ca-MOF with Pb2+, Cd2+,
Ni2+ and Zn2+ can be summarized by eqn (1)–(3):

[Ca(H4L)(DMA)2]$2DMA + 2Pb2+ + xH2O /

[Pb2(H2L)]$xH2O + Ca2+ + 2H+ + 4DMA (1)

[Ca(H4L)(DMA)2]$2DMA + 1.5Cd2+ + xH2O/

[Cd1.5(H4L)0.5(H2L)0.5]$xH2O + Ca2+ + H+ + 4DMA (2)

[Ca(H4L)(DMA)2]$2DMA + M2+ + (x + 4)H2O /

[M(H4L)(H2O)4]$xH2O + Ca2+

+ 4DMA (M2+ ¼ Ni2+, Zn2+) (3)

Based on the results from spectroscopic, thermal and X-ray
diffraction methods, some suggestions for the possible struc-
tures of metal ion-loaded MOFs can be provided. Thus, PDF, IR
and TGA revealed that Ni-MOF and Zn-MOF present identical
structures which are closely related to the structure of [Ni(H4L)
(H2O)4]$2DMF (1) reported in this work. In addition, PDF data
Fig. 9 SWASV voltammograms and respective calibrations plots in the ra
buffer, (B) Zn2+ in 1� 10�3 mol L�1 KCl, and (C) Cd2+ in 0.1 mol L�1 acetate
and Cu2+ (black, blue, and red lines respectively) obtained with themodifi
Cd2+, and Cu2+ (gray, orange, and green lines, respectively) obtained wi

This journal is © The Royal Society of Chemistry 2019
indicated that Pb-MOF has some common structural features
with [Pb2(H2L)]$2H2O (2) also described in this work. These
results are consistent with the chemical composition (metal to
ligand molar ratio) of Ni-MOF, Zn-MOF and Pb-MOF deter-
mined from the sorption data. Finally, PDF and IR data showed
that there are some similarities between the structures of Pb-
MOF and Cd-MOF, but they are not identical. This is also in
accordance with the sorption data which revealed somewhat
different metal to ligand molar ratios for Pb-MOF and Cd-MOF
which are 2 : 1 and 1.5 : 1, respectively.
Determination of Pb2+, Cu2+, Cd2+, and Zn2+ by ASV at
a modied GPE with Ca-MOF

From the above discussed sorption data and our previous
work,12 it became apparent that Ca-MOF is an excellent and
selective sorbent for various heavy metal ions. Such a highly
efficient sorbent as Ca-MOF is suitable to be used in electrodes
for preconcentration of heavy metal ions and their determina-
tion via anodic stripping voltammetry (ASV). We have thus
fabricated a stand-alone and ready-to-use MOF-based syringe
electrode. The analytical performance of the modied GPE with
Ca-MOF was investigated by conducting preliminary quantita-
tive ASV analyses at various concentrations (10–60 mg L�1) of
Pb2+, Cu2+, Zn2+ and Cd2+. These metal cations were selected as
model analytes in order to show the performance of the Ca-
MOF/sensor in a wide range of potentials. Besides, the Ca-MOF/
sensor was capable of detecting more than one heavy metal ion
in a single run, such as Pb2+ and Cd2+ (Fig. S13†).
nge of 10–60 mg L�1 (step 10 mg L�1) of (A) Cu2+ in 0.1 mol L�1 acetate
buffer (pH 4.5). (D) SWASV voltammograms of 30 mg L�1 of Zn2+, Cd2+,

ed GPE withCa-MOF and SWASV voltammograms of 30 mg L�1 of Zn2+,
th the bare GPE. Other voltammetric parameters are noted in the text.

J. Mater. Chem. A, 2019, 7, 15432–15443 | 15441
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The sensor exhibited linear concentration dependence in the
examined concentration ranges for all metal ions with correla-
tion coefficients (R2) higher than 0.99 in all cases, as depicted in
Fig. 9 (panels A–C) and Fig. S14.† The limits of detection (LODs)
(calculated as three times the standard deviation of the y
residuals of the calibration points divided by the slope of the
calibration plot) were 0.64 mg L�1 for Pb2+, 1.4 mg L�1 for Cu2+,
1.1 mg L�1 for Zn2+ and 1.3 mg L�1 for Cd2+, which were
comparable to, or lower than, those of other electrochemical
sensors.33–35 The within-sensor reproducibility (expressed as the
% relative standard deviation (% RSD) of repetitive measure-
ments (n¼ 5) of 30 mg L�1 of each cation at the same sensor) was
lower than 4.2%, while the between-sensor reproducibility (%
RSD at four different sensors) was lower than 5.8% at the 30 mg
L�1 level. Besides, the shelf-life of the modied GPE with Ca-
MOF was tested over a period of 2 months and a t-test
demonstrated that the ASV response remained statistically
stable. These results verify the suitability of the proposed sensor
for monitoring selected trace heavy metal ions. Besides, the ASV
detection sensitivity of Pb2+, Cu2+, Cd2+, and Zn2+ at the modi-
ed GPE with Ca-MOF was about 5 times higher than that of the
unmodied GPE (Fig. 9D), and also better-shaped stripping
peaks with a lower background were obtained, indicating the
enhanced electrochemical properties of Ca-MOF.

Compared to conventional, bismuth- and antimony-lm
electrodes, which are the most commonly used mercury-free
transducers in ASV determination of heavy metals, the pre-
sented modied GPE with Ca-MOF is also able to determine
Cu+2. At bismuth or antimony lm electrodes, Cu determination
is normally not possible since the oxidation peak of Cu appears
outside the useful potential window of these electrodes.36–38 On
the other hand, the existing MOF-based electrodes have shown
single metal ion ASV detection properties (as they can deter-
mine only one cation), while the modied GPE with Ca-MOF
presented multi-detection capabilities.7–10 Only two reports
appear in the pertinent literature that use MOF-based elec-
trodes for the ASV detection of four metal ions, but in these
applications the MOFs were drop-cast on bare glassy carbon
electrodes (GCEs).11 According to this protocol, each time and
before each electrochemical measurement the bare GCE is
abraded with appropriate paper, polished with alumina slur-
ries, sonicated in suitable solutions for cleaning and then the
MOF is dripped onto the GCE and air-dried. Therefore, these
MOF-based electrodes cannot be considered as ready-to-use
sensors, since they require a multistep reconstruction before
each electrochemical measurement. Last but not least, so far,
no MOF-based electrodes have been reported for ASV trace
determination of Zn(II).

Conclusions

In conclusion, the MOF [Ca(H4L)(DMA)2]$2DMA (Ca-MOF) was
shown to be a highly selective and efficient sorbent for heavy
metal ions, especially for Pb2+ and Cd2+ being some of the most
dangerous pollutants in various types of wastewater. It is also
important that a low cost column based on Ca-MOF and silica
sand was found particularly effective to decontaminate
15442 | J. Mater. Chem. A, 2019, 7, 15432–15443
relatively large quantities of simulated wastewater containing
traces of Pb2+ (100 ppb) and a series of competitive ions in high
concentrations. The latter result indicated that Ca-MOF might
nd practical application in heavy metal ion remediation of
polluted water. Pair distribution function (PDF) data provided
us insight into the structure of M2+-exchanged materials. Thus,
these data revealed close similarities of the structures of the
Ni2+, Zn2+ and Cu2+-loaded materials with that of the crystalline
[Ni(H4L)(H2O)4]$2DMF (1) compound reported in this work. In
addition, PDF studies indicated that the Pb2+-loaded material
shares common structural features with the [Pb2(H2L)]$2H2O
(2) compound also described here. Motivated by the excellent
heavy metal ion sorption properties of Ca-MOF, we have
developed a simple ready-to-use electrochemical sensor based
on modied graphite paste with Ca-MOF. This sensor was
capable of analysing Pb2+, Cu2+, Zn2+ and Cd2+ via anodic
stripping voltammetry (ASV) and particularly low detection
limits (0.64–1.4 mg L�1) were achieved for these metal ions.
Actually, this is the rst time that a MOF shows such a dual
function, i.e. it is suitable for both sorption and electrochemical
determination of heavy metal ions. Thus, an avenue is opened
for the development of a new family of materials that would be
employed in both environmental remediation and monitoring.
Research in our groups is currently focused towards this
direction.
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