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asily recyclable dimer based on
a calix[4]pyrrole derivative for the removal of
mercury(II) from water†

Angela F. Danil de Namor, *ab Salman Alharthi,a Brendan Howlin a and Nawal Al
Hakawatia

A recyclable mercury(II) selective dimer based on a calix[4]pyrrole derivative has been synthesised and

characterised by mass and FT-IR spectrometry, Scanning Electron Microscopy (SEM) and Energy

Dispersive X-ray (EDX). Information regarding the ability of the dimer to interact with metal cations was

obtained from FTIR and SEM-EDX analyses. A striking feature of micrographs of the loaded dimer is the

change of morphology with the cation. Based on these results, optimal conditions for removing cations

from water were assessed under different experimental conditions. Results obtained demonstrate that

the removal process is fast. Capacity values and selectivity factors show that the dimer is selective for

Hg(II) in single and multiple component metal solutions relative to other cations. Single-ion transfer

Gibbs energies from water to a solvent containing common functionalities to those of the dimer were

used to assess the counter-ion effect on the removal process. Agreement is found between these data

and energy calculations derived from molecular simulation studies. Studies on polluted water in the

presence of normal water components in addition to toxic metal cations are reported. Further

experimental work on wastewater from the mining industry is in progress.
Introduction

Contamination of the ecosystem bymercury is a topic of priority
due to the implications on human health and the environ-
ment1–7 as emphasised in an excellent report8 in which all
aspects associated withmercury pollution are addressed. This is
a research area not only relevant to the developing World but
also to highly industrialised Countries.9–17 Mercury contami-
nation is a global problem to an extent that the Minamata
Convention has been ratied by 128 Countries.18 Although this
convention aims to reduce/eliminate the use of mercury in
industrial and medical processes it also encourages research on
developing monitoring systems and technologies for the
removal of mercury from contaminated sources. Physical and
chemical methods such as precipitation/co-precipitation, ion
exchange, membrane ltration have been mostly used for tar-
geting heavy metals in general. Advantages and limitations of
these approaches have been extensively reviewed in the litera-
ture.19 However these are oen non-selective.
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Most approaches for removing mercury from the ecosystem
are focused on bioremediation processes19–25 which is a low cost
technology. As far as the uptake of metals by plants is con-
cerned, current species identied as natural carriers for
removing heavy metals are phytochelatins,26 CPx-type ATPa-
ses,27,28 ZIP transporters,29 natural resistance-associated
macrophage proteins,30,31 organic and amino acids32 but an
essential requirement for its success is the choice of the natural
carrier and this is by no means a straightforward selection.
Additionally they require large areas, maintenance and opera-
tional costs. In recent years a number of papers have been
published on new approaches for removing mercury from water
using functionalised silica sorbents based on mesoporous
materials,33 nanoparticles34–37 and chelating agents.38

Supramolecular chemistry39 offers the possibility of
producing highly selective receptors which can mimic some of
the receptors present in living systems40 for removing metal
ions from water with the additional advantage that these can be
easily recyclable, an important issue for the commercialisation
of any technology, within this context calixpyrroles (products of
the condensation of pyrrole and ketones in acid medium)
possess properties of great interest, not the least as extracting
agents for removing pollutants from the environment. However,
most of the work dealing with the use of macrocycles for
extraction processes have been centred on liquid–liquid
extraction processes due to the solubility of the monomer in
organic medium. While initial contributions to calixpyrrole
This journal is © The Royal Society of Chemistry 2020
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View Article Online
chemistry have been concerned with their anion selective
behaviour41–44 through the NH functionalities of the pyrrole
rings in their structure, the possibilities offered by these mac-
rocycles for modifying their structure either by replacing pyrrole
units by thiophene or by introducing suitable pendent arms45

have led to a number of selective complexing agents for cations.
Fig. 1 2D and 3D structure and TG curve of the CPA dimer.

This journal is © The Royal Society of Chemistry 2020
A number of calixpyrrole based oligomers have been re-
ported46–48 which have shown interesting properties as extract-
ing agents mostly for anions.

We have previously reported a mercury(II) ion selective elec-
trode based on a calix[4]pyrrole amide derivative (meso-tetra-
methyl-tetrakis-(4-N,N-diethylacetamide phenoxymethyl)calix
RSC Adv., 2020, 10, 3060–3071 | 3061
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[4]pyrrole) (CPA),49(Fig. 1), and more recently demonstrated the
role of thermodynamics in the selection of the receptor to be
introduced in the ion selective membrane.50 This led us to
explore the ability of the dimer based on this receptor to extract
selectively mercury(II) relative to other cations from water. In
doing so the calix[4] pyrrole amide receptor was treated with
formaldehyde in acid medium to obtain the dimer. Therefore
the aim of this paper is to report (i) the synthesis and charac-
terisation of the calix[4] pyrrole amide based new material and
(ii) its extraction properties for the removal of mercury(II) from
water at a laboratory scale in single and multiple component
metal ion solutions. (iii) Molecular simulation studies to assess
the effect of the counter ion and on possible receptor-humic
acid competition in real water systems.

Experimental
Chemicals

Metal cation salts (as nitrates) were purchased from Aldrich.
These were dried and stored over phosphorus pentoxide, P4O10

in a vacuum desiccator at room temperature for several days
prior to use, the absence of a water signal in the NMR spectra
upon addition of metal cation salts pointed out that these salts
were dry.

Solvents purchased from Fisher Scientic were reuxed in
a nitrogen atmosphere followed by distillation and the middle
fraction was collected.51 However, all solutions used in the 1H
NMR measurements were prepared in deuterated solvents.
Reagents used for the synthesis of the CPA receptor are those
previously reported.49

Dimerization of meso-tetramethyl-tetrakis-[(N,N-diethyl-
acetamide)phenoxy-methyl] calix[4]pyrrole52

The synthesis of the CPA dimer was performed by condensation
of meso-tetramethyl tetrakis [(N,N-diethylacetamide)phenox-
ymethyl] calix[4]pyrrole, CPA with formaldehyde in the presence
of toluene, C7H8 as an inert continuous phase. The solution of
CPA (2.0 g, 2.7 mmol), and 37% formaldehyde (3.33 cm3, 43
mmol) were dispersed in toluene (60 cm3) and stirred in a 100
cm3 reactor under reux for 90 min at 90 �C. Thereaer, the CPA
dimer was yielded as a solid, insoluble product in the form of
beads which were collected, ltered-off, washed with ethanol,
then water followed by acetonitrile.

Dimer characterisation

The dimer was characterised by mass spectrometry (using
a Bruker Autoex Maldi-Tof Mass Spectrometer), thermogravi-
metric analyser (TGA Q500 V6.7), FT-IR spectrometry (using an
Agilent Cary 600 Series FT-IR spectrometer with MKII Golden
Gate Single Reection ATR System). The infrared spectra were
recorded by averaging 32 scans at a resolution of 4 cm�1 in the
region of 500–4000 and scanning electron microscope (SEM)
JEOL JSM-7100F, equipped with secondary and backscattered
imaging coupled with ultra dry energy dispersive X-ray (EDX) for
elemental analysis. For electron microscope imaging, samples
were coated with a thin lm of gold. Working conditions were
3062 | RSC Adv., 2020, 10, 3060–3071
15 keV for accelerating voltage and 10 mm for the detector
working distance.
Molecular simulation and modelling

The structure of the synthesised material was modulated using
MOE 2014.09 soware. Steric energies of the ligand and the
complexes were evaluated by Merck Molecular Force Field
parameters (MMFF94x).

The strain energy of the complex was calculated by using
a potential energy function, which contains terms for the strain
in the bonds, angles, torsion angles, non-bonded interactions
and charge interactions such as,

E(x) ¼ Estr + Eang + Estb + Eoop + Etor + Erdw + Eele + Esol + Ere

where:

Estr ¼ Wstr

X

i�j

Kij

�
rij � Lij

�2 þ K
0
ij

�
rij � Lij

�3 þ K
00
ij

�
rij � Lij

�4

etc.
Hence any deviation from the expected bond lengths, angles,

etc. leads to strain. Complexes tend to be stable if they do not
have any strain energy, those that do are unstable. The molec-
ular mechanics modelling shows in this case that the complex
has strained angles and torsions and hence will prefer to relieve
this strain by reacting.
Extraction of cation salts from water by the CPA dimer

The ability of the CPA dimer to extract heavy metal ions (Hg(II),
Pb(II), Zn(II), Cu(II) and Cd(II)) (as nitrate salts) from aqueous
solutions was investigated using the batch technique. The effect
of various parameters such as amount of dimer, initial metal
ion concentration, pH of the aqueous solution, kinetics and
temperature were investigated with the aim of establishing the
optimal conditions for the extraction process.
Effect of the amount of ligand on the metal ion extraction
from aqueous solution

The optimal amount of the CPA dimer for the extraction of
metal ions from aqueous solutions was determined using
different quantities of the dimer (0.02–0.2 g) and a known
volume (10 cm3) and concentration (1 � 10�3 mol dm�3) of an
aqueous solution of the metal ion salt at a pH of 5.6. Tubes were
sealed and mechanically shaken for 5 min then le for 24 hours
to equilibrate. Samples of aqueous solutions were taken and
initial, ci and equilibrium, ce, metal ion concentrations were
determined by atomic absorption spectrometry (AAS) or ICP/
MS, except mercury ion which was analysed by potentiometry
using a Hg(II) ISE or ICP/MS. The extraction percentage (% E)
was calculated using eqn (1)

%E ¼ Ci � Ce

Ci

� 100 (1)
This journal is © The Royal Society of Chemistry 2020
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The effect of solution pH on the extraction

An aqueous solution of each metal ion salt (10 cm3, 1.0� 10�3 mol
dm�3) was placed in a tube containing an optimum mass of the
dimer. pH of samples were adjusted to desired values (in the 2–11
range) by adding a few drops of nitric acid, HNO3 or sodium
hydroxide, NaOH solution [0.1–1.0 mol dm�3]. All samples were
shaken for 5min and then kept in a thermostat water bath at axed
temperature (298 K) for 24 h. Aer this period, samples were taken
and analysed as described above.
Determination of the capacity of the material to extract
cations

The capacity of the CPA dimer to take up metal cations
(maximum amount of metal cations per gram of material) was
investigated using batch experiments. Ten volumetric asks
containing a volume (10 cm3) of aqueous solutions of salts
(concentration range of 2.0 � 10�4 to 2.0 � 10�2 mol dm�3)
except for Hg(II) (1.6 � 10�6 to 2.0 � 10�2 mol dm�3) were
prepared by diluting appropriate amounts from stock solutions
of the appropriate metal ion salt. The optimal mass of the CPA
dimer was added to each test tube containing the solution. All
samples were adjusted to optimal pH (pH ¼ 5.6). Contents of
test tubes were shaken for about 5 min and then kept overnight
in a thermostat water bath at a xed temperature (298 K). Aer
equilibration, initial and equilibrium concentrations were
determined as described above. The capacity of the material to
remove cations Qe, was calculated from eqn (2)

�
Qe; mmol g�1

� ¼ VðCi � CeÞ
m

(2)

where V is the volume (dm3) of the sample solution andm is the
mass (g) of the extracting agent used.

The capacity of the dimer in the presence ofmercury(II) and other
cations (Pb(II), Zn(II), Cd(II) and Cu(II) salts �1.0 � 10�2 mol dm�3)
was determined as described above.
Kinetics of the extraction process

The effect of contact time on removing metal ions from aqueous
solutions by the dimer was investigated at different time
intervals (5, 20, 40, 60, 80, 100 and 120 minutes). An optimum
amount of the CPA dimer was added to seven tubes (50 cm3). A
xed volume (10 cm3) of the optimal concentration and pH was
added to each tube. These were placed in a thermostat water
bath at constant temperature (298 K). Aer different periods,
samples were removed from the water bath. The metal ion
concentration in each tube was determined as described above.
Effect of temperature on the extraction process by the CPA
dimer

The effect of temperature on removing metal ion salts from
aqueous solutions by the dimer was examinedwithin the 298–343K
range while all other parameters were kept constant. Thus, a series
of aqueous metal ion salt solutions (10 cm3) were le in contact
with the dimer overnight in a water bath at different temperatures
This journal is © The Royal Society of Chemistry 2020
(298, 303, 313, 323, 333 and 343 K). Aliquots of the aqueous solution
were taken and analysed.
Results and discussion
Characterization of the CPA dimer

The presence of phenyl groups in the structure of the CPA
monomer led us to explore its treatment with formaldehyde to
produce the dimer in which the two monomers are joined by
a methylene bridge. It is essentially based on the phenol–
formaldehyde reaction52–54 which was later on used to produce
resins containing crown ethers as anchor groups55–57 and more
recently calix[4] based dimers46,58 reported by Danil de Namor
and co-workers. Molecular Simulation of the CPA dimer (Fig. 1)
shows two monomers joined by a –CH2– linkage. The dimer
characterised by mass spectroscopy (MS) (ESI, S1†) shows
a residual peak at 2420.3 g mol�1. Given that the molecular
weight of the calix[4]pyrrole derivative, CPA, is 1193.68 g mol�1

and considering the –CH2– linkage and the presence of a water
molecule shown in the molecular simulation it follows that the
suggested model is in agreement with the experimental value
obtained fromMS. The dimer was also characterised by thermal
analysis (TGA-DTA) and scanning electron microscope (SEM)
equipped with energy dispersive X-ray (EDX).

As far as the thermogravimetric analysis is concerned, the
thermogram (Fig. 1) shows that the dimer can preserve thermal
stability up to 280 �C. Two exothermic peaks are shown in the
TG curve. The rst one which corresponds to the release of
moisture from the surface (average experimental mass loss of
6.18%) is followed by the second one which corresponds to the
decomposition of the material with an average mass loss of
61.57%.

The energy dispersive X-ray analysis (EDX) of CPA dimer
displays the characteristic peaks that reveal the elemental
composition (C, N, and O). The dimer morphology illustrated by
SEM (Fig. 2) shows an uneven aggregate, rough and porous
surface. From the given dimensions in Fig. 2, the dimer appears
to be microporous.
Analysis of unloaded CPA dimer and loaded CPA with metal
cations

Fourier transform infrared (FTIR) spectra were obtained to
identify the characteristic functional groups of the dimer that
could be responsible for the extraction of heavy metal ions from
aqueous solution. All FT-IR spectra (Fig. 3) either for unloaded
or loaded dimer were measured within the range of 4000 to
600 cm�1.

The FT-IR spectrum of the native CPA dimer sample
(unloaded sample) showed the presence of different functional
groups. The absorption peak at 3394 cm�1 indicates the pres-
ence of hydration. The peak observed at 3312 cm�1 can be
assigned to NH groups of the pyrrole ring.

The band located in a region of 2990 is due to the presence of
the C–H aromatic while the peak observed at 2935 represents the
C–H aliphatic (CH3 group). The CH2 bond was observed at
2950 cm�1. So, the signal peaks located at 2340 and 2360 cm�1
RSC Adv., 2020, 10, 3060–3071 | 3063
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Fig. 2 SEM-EDX surface analysis of CPA dimer.
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are due to the existence of stretching modes associated with the
presence of occluded CO2 in the material pores caused by
thermal treatment of the sample during the dryness process. The
peak at 1639 cm�1 represents the C]O group (amide bond).
Prominent peaks were at 1615, 1581, 1462 and 1435 cm�1 arising
from the presence of C]C aromatic (pyrrole and benzene). The
bonds observed in the range 1219–1182 cm�1 represent ether
C–O–C bond.

On the other hand, FT-IR spectra of the metal cation-loaded
dimer showed small shis in the absorbance of some peaks
attributed to the (–NH) functionality as compared with the
spectrum of the unloaded CPA. The band at 3312 cm�1 (–NH)
was shied to 3287 when the dimer was loaded with Hg(II) or
Pb(II) ions. This band (–NH) located at 3312 cm�1 was also
shied to 3284, 3285 and 3294 cm�1 caused by loading the
dimer with Zn(II), Cu(II), and Cd(II) cations respectively.

It can therefore be concluded from the FT-IR spectral results
for the unloaded and loaded CPA dimer bands assigned to C–H
aliphatic, C]C aromatic, CH2, ether C–O–C groups did change
but not signicantly. This reveals that these functional groups
are not responsible for binding the dimer with metal cations.
Thus, the interaction of the CPA dimer with metal cations
seems to occur through the carbonyl oxygens of the acetamide
functional groups.
SEM-EDX analyses of unloaded and loaded CPA dimer with
Zn(II), Cu(II), Cd(II), Hg(II) and Pb(II)

SEM and X-ray (EDX) studies undertaken prior and aer equil-
ibration with Zn(II), Cu(II), Cd(II), Hg(II) and Pb(II) aqueous
solutions provide a clear evidence of the presence of these ions
on the surface of the dimer (Fig. 4). The micrographs display
additional small white patches (arrow) which are formed due to
the complexation with the dimer which are not shown in the
micrograph of the unloaded dimer. Another striking feature of
the micrographs of the dimer loaded with the investigated
metal cations (Fig. 4) is the change in their morphology with the
cation. Thus the CPA dimer complexed with Zn(II) and Cu(II)
appear to have a cylindrical shape (a) and (b) while aggregate
3064 | RSC Adv., 2020, 10, 3060–3071
shapes are observed with the dimer loaded with Cd(II) (c) and
Pb(II) and (e). The dimer loaded with Hg(II) (d) looks as large
clump with smooth surface. The introduction of metal ions in
the structure of the dimer provides an external stimulus with
considerable changes in morphology due to conductivity
changes which will be dependant of the metal cation salt and
consequently will lead to changes in their physical properties.59

The EDX spectra for the metal ion loaded dimer (Fig. 4)
shows different peaks for these metals ions which clearly indi-
cate that these ions have been uptaken by the dimer which
conrm the specic presence of Zn(II), Cu(II), Cd(II), Hg(II) and
Pb(II) ions onto the surface of the material. These ndings do
not exclude the possibility of interactions not only on the
surface but also inside the dimer.

Having characterised the free and loaded dimer, the
extracting properties of the dimer were assessed.

Extraction of metal cations from aqueous media by the CPA
dimer under different experimental conditions

The optimal conditions for removing metal cations by the calix
[4] pyrrole based dimer were investigated taking into account
the mass of material, pH of the aqueous solution, temperature,
the kinetics of the process and the removal capacity of the
material for metal cations in a single and multiple component
meta-ion solutions as well as its recycling.

Effect of the amount of the CPA dimer on the extraction
process

Removal percentages (%) (eqn (1)) for Zn(II), Cu(II), Cd(II), Hg(II)
and Pb(II) from aqueous solution as a function of the amount of
the dimer are shown in Fig. 5 respectively. It is observed that the
removal percentage of cations increases gradually with raising
the amount of CPA. This is attributed to an increase in the
binding sites of the dimer. On the other hand, further addition
of the dimer did not cause any signicant change in the
removal% of these salts from aqueous solutions. This indicates
that the maximum removal percentage is attained when an
amount of the CPA dimer is �0.1 g.
This journal is © The Royal Society of Chemistry 2020
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Effect of the solution pH on the removal of metal ion salts by
the CPA dimer

Removal percentages of cations by the dimer versus pH values
(Fig. 6) show that the % E by the dimer for most cations at the
lower and higher pH was low At pH lower than 4.0 (except for
Hg(II)), H+ ions may compete with metal ions on the extraction
sites while at pH higher than 7, metal ions start to precipitate as
metal(II) hydroxides [M(OH)2] due to increasing concentration
of OH� ions in solution.60

From these results, it can therefore be concluded that the
extraction efficiency (%) of the dimer for metal ions at optimum
pH values increases according to the following sequence,

Hg(II) > Pb(II) > Zn(II) > Cd(II)> Cu(II)

Therefore, the solution pH value for the experimental
investigation of the extraction process for further work was set
at the optimum value obtained.
Fig. 3 FTIR spectra of unloaded and loaded CPA dimer with Zn(II) (a),
Cu(II) (b), Cd(II) (c), Hg(II) (d), Pb(II) (e).
Capacity of the dimer to extract cations from water

The amount of metal ions on the molar scale per gram of dimer
against the molar concentrations of salts is shown in Fig. 7.
Numerical values for the capacity of the dimer to uptake metal
cations in mmol as well as in mg (between brackets) per gram of
the dimer are shown in Table 1.

The selectivity of the monomer for mercury has been quan-
titatively reported from complexation thermodynamic data
involving metal cations.49 This is also reected in the ability of
this dimer to selectively extract Hg(II) relative to remaining
cations. In fact from data expressed on themolar scale it follows
that the uptake of Hg(II) by this receptor is higher by factors of
over 2, four and six relative to Zn(II), Cu(II) and Cd(II) (�the
same) and Pb(II) respectively. These results refer to dimer's
capacities towards one component metal-ion solution. There
are cases in wastewater treatments that knowledge regarding
the dimer's capacities in multi-component solutions containing
all these cations are required. The results also reported in Table
1 are striking in that the capacity values have been altered
signicantly to the extent that the presence of Cu(II), Zn(II) and
Cd(II) will hardly interfere on the removal of Hg(II) by the dimer
from water. This is not the case for Pb(II). The capacity of the
dimer for this cation in a multi-component solution is not
altered signicantly. Consequently the capacity of the dimer for
Hg(II) has decreased. However the selectivity of the dimer for
Hg(II) still remains. Calculation of the selectivity factors (S ¼
Qe(Hg(II)/QeM(II))) (Table 1) shows a dramatic increase in the S
values for Hg(II) relative to other cations while a decrease is
found in the S value for Hg(II) relative to Pb(II). The fact that the
dimer although selective for Hg(II) is able to extract Pb(II) is an
important nding given that this cation is also potentially toxic
and it is oen found in water due to anthropogenic activities.61

An explanation of these results relies on the Gibbs energies of
hydration of these cations, DhydG�, (the contribution of the
counter-ion also present will be the same as all salts used have
a common counter-ion) given that in the process of cation
This journal is © The Royal Society of Chemistry 2020
transfer from water to the neutral dimer, dehydration will take
place. In a multi-component system the kinetic factor will play
a predominant role leading to competition. Thus Pb(II) seems to
RSC Adv., 2020, 10, 3060–3071 | 3065
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Fig. 5 Effect of CPA dimermass on the extraction of Zn(II), Cu(II), Cd(II),
Hg(II) and Pb(II).

Fig. 4 Scanning electron micrographs and EDX spectra showing the
elemental composition of CPA dimer treated with Zn(II) (a), Cu(II) (b),
Cd(II) (c), Hg(II) (d) and Pb(II) (e). Al peak referred to the aluminium stub
used for samples' mounting.

3066 | RSC Adv., 2020, 10, 3060–3071
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compete successfully with Cu(II), Zn(II) and Cd(II) and to
a certain extent with Hg(II). This must be attributed to the lower
DhydG� of Pb(II) ¼ (�1425 kJ mol�1) relative to Cu(II)
(�2010 kJ mol�1), Zn(II) (�1955 kJ mol�1), Cd (�1755 kJ mol�1)
and Hg (�1760 kJ mol�1). The fact that the dimer shows
selectivity for Hg(II) relative to Pb(II) must be attributed to the
higher hosting ability of the monomers components of the
dimer for Hg(II) (2 cations per unit of receptor) relative to any
other cation as previously demonstrated.49
Effect of contact time on the extraction of cations by CPA
dimer

The contact time is an important parameter in extraction
studies. Fig. 8 shows the results obtained in assessing the
inuence of contact time on the % E of metal cations (as nitrate
salts) from aqueous solution under optimal experimental
conditions using the dimer.

The experimental data were used to calculate kinetic
parameters by using a simple exponential model as the rate of
the uptake of the dimer is proportional to the distance from
equilibrium (i.e. pseudo rst-order process). By tting the data
Fig. 6 Effect of pH on the extraction percentage of Zn(II), Cu(II), Cd(II),
Hg(II) and Pb(II) by CPA dimer.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Uptake capacity (mmol g�1) of CPA dimer of Zn(II), Cu(II), Cd(II),
Hg(II) and Pb(II).
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points, the half-lives t1/2 and rate constants (k) are as follows,
Zn(II) t1/2: 14 min; k¼ : 0.047, Cu(II) t1/2: 14 min; k¼ 0.047, Cd(II):
t1/2: 12 min; k ¼ 0.058, Hg(II) t1/2: 12 min; k ¼ 0.056, Pb(II) t1/2
13 min; k ¼ 0.053. These results demonstrate that the removal
process is fast, an important issue to consider for commerci-
alisation purposes.
Effect of the counter-ion on the metal ion extraction processes

The experimental work on the extraction of cations from water
by the dimer was carried out using nitrate as the counter-ion.
Molecular simulation studies (see Table 2). Fig. S2 given in
the ESI† shows simulation studies on the effect of each counter-
ion on the interaction with the dimer. The outcome reects that
as far as the counter-anions are concerned the stability follows
the sequence,

ClO4
� > Cl� > NO3

�

which means that the extraction of these cations would be
greater when perchlorate or chloride rather than nitrate is the
counter-ion. A direct consequence of this statement is that in
the presence of chloride, the most abundantly found anion in
water the capacity to uptake cations and mainly Hg(II) would be
even greater than the one reported here. Given that the active
functional groups of the dimer are amides, as a matter of
interest it is relevant to consider the single-ion transfer Gibbs
energies, DtG� (data based on the Ph4As Ph4B convention)62 of
Table 1 Capacity of a dimer for one and multiple component metal sol

Cation Qe one component (mmol g�1 or mg g�1) S

Hg(II) 1.07 or 214.63 1
Zn(II) 0.46 or 30.07 2.5
Cu(II) 0.26 or 16.52 4.1
Cd(II) 0.24 or 26.97 4.4
Pb(II) 0.16 or 33.15 6.7

a Qe is the maximum amount of metal cations per gram of material in m
concentration of Hg(II), Pb(II), Zn(II), Cu(II) and Cd(II) (as nitrate salts).

This journal is © The Royal Society of Chemistry 2020
these anions from water to a solvent containing functional
groups similar to those in the dimer such as N,N-dime-
thylformamide (DMF). In fact the trend observed in these data
is the same as that obtained from molecular simulation calcu-
lations as far as ClO4

� and Cl� anions are concerned. Thus DtG�

values of perchlorate and chloride from water to DMF are 5.06
and 48.6 kJ mol�1 respectively.
Competition between the dimer and humic acid for Hg(II)

Being humic acid one of the main components of soil, its
presence in real water samples is expected.

Due to its wide variety of functional groups it is known to
interact with metal cations. Therefore we proceeded simulation
studies in an attempt to assess whether or not this material is
able to compete with the dimer for the mercury(II) cation. Thus
NVT molecular dynamics simulations were run for 600 ps each
in a periodic box of water (Fig. 9). The simulations contained in
turn one, two and three humic acids complexed to mercury and
2091 water molecules. Aer running the simulations at room
temperature the mercury completely dissociated from the
humic acid aer 30 ps in all of the simulations. In a competitive
simulation with the mercury complexed to the CPA dimer and
also containing 3 humic acids, the mercury dissociates from the
CPA dimer aer 100 ps and does not spend any time complexed
to any of the humic acids indicating that the complexation with
the dimer is stronger than that with the humic acids and also
that the humic acids are not able to remove the mercury from
the CPA dimer in these simulations. Given that the functional
groups which are responsible for the reactivity of humic acid
and contribute to its surface charge are thought to be phenolic
and carboxylic functionalities63 these have a higher affinity for
hard metal cations such as Na(I), (Mg(II) rather than so ones
like Hg(II))64 the outcome of simulation studies seem to be
reasonable.
Effect of temperature on removing metal ions by the dimer

The effect of temperature (K) on removing metal ion salts (as
nitrates) from an aqueous solution by CPA under optimum
conditions (Fig. 10) in the 298 to 343 K range shows relatively
small changes in the % E with temperature. This is expected
given the several individual processes taking place in the overall
extraction of cations by the dimer as previously discussed for
solvent extraction processes65,66 involving univalent ions. The
ution. Selectivity factor (S) Hg(II) relative to other cationsa

Qe multiple component (mmol g�1 or mg g�1) S

0.48 or 96.28 1
0.01 or 0.65 48
0.03 or 1.9 16
0.01 or 1.12 48
0.12 or 24.86 4

mol g�1 or mg g�1. Multiple component medium contain equimolar

RSC Adv., 2020, 10, 3060–3071 | 3067
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Fig. 8 Effect of contact time on Zn(II), Cu(II), Cd(II), Hg(II) and Pb(II) extraction from aqueous solution by CPA dimer at 298 K.
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complexity of the system is greater when bivalent cations are
involved. The derivation of the enthalpy change by the van't
Hoff equation may lead to misleading values due to its limita-
tions. The main one is that the heat capacity of the system is not
considered.67 Even though, for the derivation of enthalpy data
from this equation, accurate equilibrium constants are
required.68 There have been interesting papers regarding the
determination of thermodynamic parameters for adsorption
processes.68–73 However when macrocycles are involved
a rigorous thermodynamic approach cannot be applied for the
following reasons.

(I) Although there are indications from SEM-EDX that some
cation-dimer complexation takes place at the surface, there is
no reason to consider that the cation cannot penetrate the
surface of the dimer. Therefore the process cannot be regarded
as an adsorption process.

(II) It is oen found from calorimetry that heats associated
with these processes are relatively small to the point that cannot
be accurately measured, due to the number of individual
processes involved such as transfer of the ionic salt from water
to the neutral material, de-solvation of the cation upon
complexation, greater for bivalent than univalent cations
(endothermic process), cation-dimer complexation (exothermic
process) ion pair formation between complex cation and anion
(slightly exothermic) due to the fact that the proximity of
Table 2 Energy calculations on the effect of the counter-ion on the
extraction of Hg(II) from water by the dimer

Salt Energy (kcal mol�1)

Hg(ClO4)2 �19675.8
HgCl2 �19625.9
Hg(NO3)2 �19369.3

3068 | RSC Adv., 2020, 10, 3060–3071
complexed cation and anion signicantly decreases given that
the size of the complexed cation is larger than the free cation to
the extent that some slight conductivity of the solid material
loaded with the salt may be observed. All these facts add
complexity in the denition of a standard state for the solid
phase. Under these conditions it is pointless to derive thermo-
dynamic data for undened processes.
Recycling the dimer

From data reported in Fig. 6 it follows that the dimer can be
easily recycled via a pH switching mechanism either at very low
pH using HNO3 1 M or at high pH by treatment of NaOH. As for
other calix[4] based receptors and materials the recycling of the
dimer was carried out by a pH switching mechanism as previ-
ously reported.74,75 Fig. 11 shows that aer several recycling
Fig. 9 MD simulation in water, the humic acid and mercury(II) have
dissociated completely. Energy¼�34.279 kcal mol�1 (AMBER 10: EHT
force field).

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Effect of temperature on the extraction of Zn(II), Cu(II), Cd(II),
Hg(II), Pb(II) salt by the CPA dimer.
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processes the loss in the removal capacity for Hg(ii) was not
greater than 20%.
Comparison with other materials

In attempting to establish comparisons between the selectivity
of the dimer for mercury with previously reported work76–86 in
this area it is found that the concept of selectivity has not been
carefully considered. A considerable amount of work has been
carried out on materials able to take up mercury from aqueous
medium but some of these studies should be revisited due than
in some cases interferences by other cations have not been
assessed77–80,82 which means that the selectivity issue has not
been addressed. The anion effect has not been considered and
therefore it is not possible to determine the selective behaviour
of the material for mercury given that salts used have different
counter-ions,82 the removal capacity of the material is greatly
reduced to 74 and 58% aer a single recycling process limiting
their commercial applications of these materials,74 the
temperature at which these studies have been carried out is
either not reported or referred to an undened room
Fig. 11 Capacity of the dimer for Hg(II) after several recycling.

This journal is © The Royal Society of Chemistry 2020
temperature.74,77,79,82 Capacity values derived from Lang-
muir76,83,84 or Redlich–Peterson81 equations rather than experi-
mental values were reported. Thiol containing polymer
encapsulated magnetic nanoparticles86 as well as amino func-
tionalised mesoporous silica78 have been tested but they are not
selective for mercury(II).

Conclusions

From the above discussion the following conclusions are drawn
(i) A new dimer based on a calix[4]pyrrole amide derivative

selective for Hg(II) in one and in multiple component solutions
was synthesised and characterised.

(ii) FTIR, SEM and EDX measurements showed that the
dimer interacts with Zn(II), Cu(II), Cd(II), Hg(II) and Pb(II). The
presence of these ions on the surface of the dimer was identied
by SEM and EDX but this nding does not exclude the possi-
bility of the cation penetrating the surface of the dimer.

(iii) Optimal conditions for removing cations from water
were established.

(iv) Single-ion Gibbs energies of transfer (based on the Ph4-
AsPh4B) from water to a solvent containing a common func-
tionality to that of the material were used to assess the counter-
ion effect on the removal process. Agreement with results ob-
tained frommolecular simulation and preliminary studies were
obtained. The use of transfer data to avoid unnecessary exper-
imental work is emphasised.

(v) Molecular simulation studies on water components
(humic acid) and the dimer in the presence of mercury(II) show
that humic acid is not able to compete with the dimer for this
cation.

Finally, based on the fundamental research reported here
the use of this material at pilot plant scale is in progress. In
doing so BET measurements, size of the material as well as
testing the material in real systems involving contaminated
waters in the mining areas of Argentina will be carried out.
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