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Abstract

:

The paper presents the synthesis and preliminary characterization of two novel solid-phase sorbents for iron(III), resulting from the functionalization of ethylene-vinyl alcohol copolymer (EVOH) with deferoxamine, DFO (DFO@EVOH), and a novel tripodal 3-hydroxy-4-pyridinone, named 3,4-HP (3,4-HP@EVOH). DFO and 3,4-HP have been covalently bonded to EVOH, using carbonyldiimidazole as a coupling agent. Before their use as Fe(III) sorbents, they were warm-pressed to obtain a thin film. Polymers have been characterized by conventional physico-chemical techniques; furthermore, the sorption properties towards Fe(III) were investigated. The physico-chemical characterization of the new solid-state devices demonstrates the effective linkage of the two receptors on the polymeric support. Despite a relatively low sorption capacity for both materials, the stoichiometry and the complexation constants of Fe(III)/DFO@EVOH and Fe(III)/3,4-HP@EVOH are in pretty good agreement with those obtained for the same ligands in aqueous solutions.
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1. Introduction


Iron is the fourth most abundant element in the Earth’s crust, with an abundance of 5~6%. The low Fe concentration in water is due to its poor solubility, ranging from 10−6 M in river water to 10−6 to 10−9 M in coastal water and about 10−11 M in ocean water. The concentration of Fe in the open oceans influences CO2 content in the atmosphere and, hence, global climate, with Fe concentrations in the ocean supplied from surrounding land and sediments [1].



Iron is a metal essential for life, involved in many strategic metabolic pathways, such as in the oxygen transport system and the electron transfer chain (respiration). Fe(III) is moderately toxic compared to other transition metal ions but it is classified as an environmental pollutant at high concentrations; indeed, excessive iron(III) provokes several health problems [2].



Moreover, the presence of Fe(III) in biological systems has to be efficiently moderated since both its deficiency and overloading can induce several biological disorders [3]. One of the most severe effects of iron overload is the capacity of the Fe(II)/Fe(III) redox cycle to produce dangerous hydroxyl free radicals; on the contrary, low iron(III) levels reduce its concentration in the hemoglobin and generate pathologies such as thrombocytosis or hypoxia [4]. Iron-chelation therapy is commonly used in people affected by iron overload to maintain a correct Fe(III) level in the organism [5], but the long-term use of iron(III) chelators can lead to severe side effects [6,7].



Given these issues, it should be necessary to develop highly selective materials for iron(III) [2,8,9,10,11].



It has been demonstrated that, through the resin titration technique [12,13,14], it is possible, not only the pre-concentration and separation of a target analyte but also obtaining information about metal ion speciation and an evaluation of the free fraction. The information about the distribution of metal ion species in the original sample can be obtained from the competition between the natural ligand in the sample and the resin using a particular ratio quantity of resin/volume of the sample. Increasing the strength of the ligand and reducing the resin amount, the sorbed metal fraction decreases. When the capability of the resin to bind the metal ion is known, it was demonstrated that it is possible to determine the collateral reaction coefficient [15], αM = cM/[M], and if the total content (cM) is also known, the free metal ion concentration, [M] can also be achieved.



According to this strategy, it is possible to develop different solid materials (passive sampler, specific functionalized materials, and biopolymers) to assess the free iron(III) concentration in a very complex matrix. Nevertheless, to have a selective sorbent for iron(III) determination, commercial resins are not helpful since they are active to a large class of compounds [16]. For this reason, a new strategy was followed in our group, and in particular, for iron(III), we already developed probes based on deferoxamine (DFO) as a receptor and using silica and filter paper as solid supports [17,18]. These devices are suitable sorbents of Fe(III) but they are fragile since they can decompose in alkaline media; besides, silica is not easy to handle for Solid Phase Extraction (SPE) applications.



In the present research, we explore the possible use of ethylene-vinyl alcohol copolymer, EVOH, as a support to obtain an extrudable material, which, in principle, is much more convenient for a practical application thanks to its ability to be dissolved in hydro-alcoholic mixtures and applied by coating or printing procedures on flexible substrates [19,20,21,22,23].



We functionalized it with deferoxamine, DFO, and a new tripodal 3-hydroxy-4-pyridinone, 3,4-HP, which has been recently reported as a strong iron(III)-sequestering agent [24] (see Figure 1).



Conventional physico-chemical methods are used to characterize both functionalized materials. The isotherm profiles and the complexing properties towards Fe(III) of the new solid polymers are presented and discussed.




2. Experimental


2.1. Materials


2.1.1. Chemicals


All chemicals were of analytical grade.



EVOH 32% was obtained fromIndustria Termoplastica Pavese (ITP) (Bosnasco, PV, Italy); the percentage refers to the co-monomer composition. Carbonyldiimidazole, dimethyl sulfoxide (DMSO, anhydrous), EDTA (disodium salt), KNO3, HNO3, HCl, and NaOH were purchased from Sigma-Aldrich, Italy.



Deferoxamine mesylate salt (DFO, Desferal—NOVARTIS FARMA SpA) was bought in a local pharmacy. The tris 3-hydroxy-4-pyridinone, 3,4-HP, was synthesized by M.A. Santos’ group at the “Centro de Química Estrutural, Istituto Superior Tecnico, Universidade de Lisboa”; Ref. [24] reports the details of this synthesis.



All of these reagents were used as received.



Iron 1000 mg·L−1 (Fluka) ICP standard was used to prepare the Fe(III) solutions at a proper concentration. All aqueous solutions were prepared with ultrapure water.




2.1.2. Instruments


For elemental analysis, NMR spectroscopy, SEM/EDS, FTIR, ICP-MS, facilities at the University of Pavia (Chemistry Department, Physics Department, and the instrument service center “Centro Grandi Strumenti, CGS”) were used.



IR analyses were obtained with an FTIR Nicolet (iS10, Nicolet, Waltham, MA, USA). Scanning electron microscopy (SEM) measurements and energy-dispersive X-ray spectroscopy (EDX) microanalysis were performed using a Zeiss EVO MA10 (Carl Zeiss, Oberkochen, Germany) coupled with an EDS detector (X-max 50 mm2, Oxford Instruments, Oxford, UK) calibrated with a cobalt standard on samples deposited on a C bi-adhesive layer. Thermal analysis was performed by a differential scanning calorimeter (DSC), Q2000 V14, TA Instruments. Additionally, 1NMR spectra were registered with a Bruker AVANCE 200 MHz instrument.



The solution pH was measured by an Orion 420 pH meter with a combined glass electrode (Mettler Toledo, Milano, Italy), standardized in H+ concentration; the equilibrium criterionwas 0.1 mV min−1.



The concentration of Fe(III) in aqueous solutions was determined by ICP-MS (SCIEX ELAN 6000, Perkin Elmer, Milan, Italy), according to the instrument manufacturer’s method.




2.1.3. Synthesis


The synthetic pathway adopted provides the use of carbonyldiimidazole (CDI) as a coupling agent (Xu, 2018) for the functionalization of the copolymer EVOH with DFO and 3,4-HP.



The synthesis consisted of two steps, as schematized in the following Figure 2.



Since EVOH is soluble in DMSO, all reactions were carried out in this solvent.



The first step was a coupling reaction between EVOH copolymer and CDI: the product was obtained by dissolving the reagents in DMSO for 3 h at room temperature and under Ar flow. The nucleophilic hydroxyl group of the copolymer attacks the electrophilic carbonyl of the carbonyldiimidazole. For the subsequent reaction, the product of the first step was contacted with DFO/Fe(III) or 3.4-HP/Fe(III) complex (R1-NH2 in the scheme of Figure 2) in DMSO for 20 h at room temperature and under argon flow. It was essential to add the ligand as a complex with Fe(III), ensuring that only the terminal amino group might be involved in the covalent bond with the solid mainframe.



At the end of the reaction, the polymer was precipitated with about 150 mL of cold CH2Cl2. The suspension was filtered on a buchner and dried in a vacuum dryer.



The final polymeric solids, DFO@EVOH and 3,4-HP@EVOH, were red/brown- and purple-colored, respectively.



For the subsequent analytical applications, DFO@EVOH and 3,4-HP@EVOH had to be extruded until thin films were obtained. So, they were warm-pressed at 140 °C for 20 min and then further pressed at 2000 psi for 30 s to obtain a film of 50-µm thickness.



After pressing, the polymers’ sheets were cut in small clips by a hole punch for papers; the average weight of each of them was around 3.5 mg.



Afterward, for the removal of Fe(III), the procedure applied was different for each polymer. The DFO-EVOH was treated with portions of an EDTA 0.1 M solution, overnight, under mild stirring on a shaking plate—this procedure was repeated until the complete leaking of Fe(III) from the polymer, i.e., when the concentration of Fe(III) in the EDTA solution was lower than the limit of detection (LOD) of the method (ICP-MS). Otherwise, due to the very low speed of Fe(III) desorption with EDTA, the 3,4-HP@EVOH was contacted with portions of HF 1 M solution for 5 min, following the same procedure described for DFO@EVOH.




2.1.4. Isotherm Experiments


Sorption isotherms were performed by discontinuous procedures. Circular clips of 0.5-cm diameter (of about 3.5 mg) of each solid phase were put in contact overnight at room temperature, with 0.5 mL of 0.1 M HCl solutions for DFO@EVOH and 0.01 M HCl solutions for 3,4-HP@EVOH at different Fe(III) concentration (from 0 to 0.75 mM) and gently stirred on a shaking plate. When the equilibrium was reached, a small amount of solution was collected, diluted with 0.5% HNO3 (v/v) in disposable testing tubes, and analyzed by ICP-MS to determine the iron(III) remaining in the solution. The amount of sorbed iron(III) was determined by subtraction from the total metal ion content.




2.1.5. Desorption Experiments


For these experiments, a discontinuous procedure was applied. Different circular clips of 0.5-cm diameter of each DFO@EVOH or 3,4-HP@EVOH polymer were put in contact with an appropriate amount of Fe(III) at pH around 2 until saturation of the active sites of the polymer.



After equilibration, the solution was removed and each clip of the solid phase was repetitively washed with ultrapure water. The Fe(III)-DFO@EVOH or Fe(III)-3,4-HP@EVOH so obtained was equilibrated with solutions of 1,4-piperazinediethanesulfonic acid (PIPES) buffer 0.1 M at pH about 7, containing different concentrations of DFO as a competitive ligand. After equilibration, a small amount of each solution was collected in a disposable testing tube and analyzed by ICP-MS for dosing iron(III) content. The desorption profiles were obtained by plotting the fraction of sorbed metal ion, f, vs. competitive ligand concentration.






3. Results and Discussion


3.1. Physico-Chemical Characterization


Comparison between the FTIR spectra of DFO and 3,4-HP and the relative polymers DFO-EVOH and 3,4-HP-EVOH clearly shows the actual functionalization of the solid matrix EVOH due to the appearance of a peak at 1707 cm−1 for DFO@EVOH and at 1727 cm−1 for 3,4-HP@EVOH, attributable to the carbamate group (-O-CO-NHR1, see Figure 2). Figure 3 illustrates the FTIR spectra of DFO@EVOH and 3,4-HP@EVOH.



The significant chemical shifts of 1H-NMR spectra and FTIR frequency peaks are reported as described below for the characterization of the new chelating matrices.



DFO. IR: υmax (cm−1): 3304, 3095 (NH); 2927, 2855 (CH); 1618 (N–C=O).



1H-NMR (DMSO, 25 °C, 200 MHz)δ: 1.33–1.45; 2.22; 2.49; 2.56; 2.7; 2.75; 3.03; 3.46.



DFO@EVOH. IR: υmax (cm−1): 3354 (OHpol); 2929, 2854 (CH); 1707 (O–CO–N); 1647 (N–C=O). 1H-NMR (DMSO, 25 °C, 200 MHz): 0.69′1.22 (C–H, O–H pol).; 3.56; 3.73; 4.16; 4.44.



3,4-HP. IR: υmax (cm−1): 3247, 3070 (NH); 2932 (CH); 1622 (N–C=O); 1230 (C–O).



1H-NMR is described in reference (Kim, 2014) in deuterated methanol: 1H NMR (400 MHz, MeOD-d4), δ (ppm): 7.65 (d, 2H, J = 8.0 Hz, PyH-6′′), 6.40 (d, 2H, J = 8.0 Hz, PyH-6′′), 4.10 (t, 4H, J = 8.0 Hz, H-3′), 3.28 (t, 4H, J = 8.0 Hz, H-1′), 2.45 (s, 9H, CH3Py), 2.31-2.37 (m, 4H, H-6), 2.23′2.28 (m, 4H, H-2), 1.90-1.99 (m, 10H, H-3, H-5 & H-2′).



3,4-HP@EVOH. IR: υmax (cm−1): 3374 (OHpol); 2927, 2855 (CH); 1727 (O′CO′–N); 1655 (N′C=O).



SEM images allow us to observe the formation of microcrystals and nanocrystals on the surface of the solid. The presence of iron(III) in both polymers is evident by the naked eye because of the change in the materials’ colors: DFO@EVOH turns red/brown and 3,4-HP@EVOH becomes purple.



Unfortunately, the EDX spectra of both polymers loaded with Fe(III) were not very useful due to the contamination with several ubiquitous elements (C, Al, Si, and Mg), which prevented the quantitative determination of iron(III). However, the EDX analysis, together with the color change, ensured the formation of the complex with Fe(III). The quantity of Fe(III) loaded was then determined by isotherm experiments.



DSC measurements of the DFO@EVOH and 3,4-HP@EVOH polymers were carried out to observe the polymers’ possible melting point changes after functionalization.



For EVOH, according to reported literature [25,26,27], all the works are entirely in agreement on a polymer melting temperature of about 180 °C, and variations of ±10 °C are attributable to the different degrees of humidity and the different percentages of ethylene.



In the thermogram of the DFO@EVOH polymer, we observed a peak that falls at Tm = 170.16 °C; this temperature agreed with evidence from experiments during the hot-pressing of the polymer.



Some instrumental problems did not allow us to perform a good DSC analysis for 3,4-HP@EVOH, so for this preliminary polymer, we decide to keep an experimentally obtained temperature of 160 °C for the hot-pressing of the material.



Figure 4 shows the SEM images for DFO@EVOH and 3,4-HP@EVOH, both loaded with Fe(III).




3.2. Sorption Isotherms


In solid sorbent development, an important parameter to evaluate is the maximum sorption capacity (qmax, mmol·g−1), representing the number of active sites available under defined conditions for metal ion sorption.



Often used are the Langmuir and the Freundlich models, suitable to describe the relationships between the sorbed quantity, q (mmol·g−1), and the analyte concentration in solution when the equilibrium has been reached Ceq (M). Many reviews report their different characteristics (see, for instance, [28]), so they will not be further commented on here.



We know that it is essential to know the total amount of ligand fixed on the polymers, but for this preliminary screening, we decided to evaluate only the amount of ligand interested in the Fe(III) complexation, i.e., the maximum sorption capacity.



Figure 5 reports the sorption isotherms of both DFO@EVOH and 3,4-HP@EVOH, obtained at 25 °C in 0.1 M HCl for DFO@EVOH and in 0.01 M HCl for 3,4-HP@EVOH. The continuous lines are the best fitting obtained by applying the Langmuir equation.



The different choice in the solution pH is due to the two ligands’ different complexation behaviors toward Fe(III). In any case, we worked with very acid media since in synthetic solutions at pH higher than 3, Fe(III) hydrolysis occurs; moreover, it is well known from the literature (see, for example, [24,29]) that both DFO and 3,4-HP form stable complexes also in such acid media.



The qmax values obtained from these experiments are 0.005(1) mmol·g−1 for the system Fe(III)/DFO@EVOH and 0.013(2) mmol·g−1 for the system Fe(III)/3,4-HP@EVOH.



Both polymers have a relatively low maximum sorption capacity, at least one order of magnitude lower than that of commercial sorbents and natural polymers. This experimental evidence can be interpreted considering that the metal ion does not permeate within the polymer but remains only on the surface, i.e., only the active binding sites present on the polymer’s surface can coordinate the cation.



Although the low maximum sorption capacity does not allow the use of these materials as colorimetric sensors, their high selectivity and ability to complex Fe(III), even at such low pH, allows their application as sorbents for trace analysis, also in very acid solutions.




3.3. Desorption Profiles


Desorption experiments aim to verify the complexing properties of the functionalized polymers DFO@EVOH and 3,4-HP@EVOH towards Fe(III).



We followed a strategy already applied for chelating resins [12,13,14,28,30,31], which enables the interpretation of the sorption reactions and the computation of the corresponding exchange constants.



For both polymers, it was assumed, to a first approximation, that the protonation constants of the DFO and 3,4-HP, covalently bound to the EVOH mainframe, were the same as both ligands in an aqueous solution (obviously removing the protonation constants of the free amine that is now involved in the linkage with the EVOH mainframe). As also verified for some similar materials, this assumption becomes valid upon determining the complexation constants: if the sorption mechanisms, the stoichiometry of the complexes, and their constants agree with those in solution, the protonation constants can be considered the same as the free ligands in aqueous solution.



DFO and 3,4-HP can sorb Fe(III) even at acid pH, lower than 2. Since we aim to apply these polymers as sensors of Fe(III) also in biological fluids, the characterization has to be extended at neutral pH. Consequently, we decided to explore the sorption mechanism by performing desorption experiments in the presence of a competitive ligand. This strategy is indispensable to avoid Fe(III) hydrolysis at a pH closer to that expected for the real samples [14].



For these experiments, each solid phase was left to equilibrate with Fe(III) at acidic pH until saturation of the active sites. The solution was removed, and after 3–4 washes with ultrapure water, the Fe(III)-DFO@EVOH and the Fe(III)-3,4-HP@EVOH obtained were put in contact with solutions at pH 7.0, using PIPES as a buffer and containing increasing concentrations of DFO as a competitive ligand. In this way, iron(III) was desorbed, step by step, by increasing the concentration of DFO from 0 to a quantity sufficient to allow the complete removal of Fe(III). Figure 6 and Figure 7 show, for each polymer, the desorption plot obtained reporting the fraction of sorbed metal ion, f, vs. the competitive ligand concentration.



In Figure 6 and Figure 7, the continuous curves are calculated by the following Equation (1):


  f =  c   c  tot     =  1  1 +    α M  ⋅  α L  ⋅ V    β  ex   ⋅    H +    ⋅  c L  ⋅ w      



(1)




where c and ctot are the concentration of the sorbed and the total metal ion, respectively; V is the volume of the solution; w is the mass of the dry solid phase.



αM is the collateral reaction coefficient of the metal [15]:


   α M  =    c  tot         Fe    3 +         



(2)







cL represents the total amount of active sites (DFO or 3,4-HP) in the solid phase involved in Fe(III) complexation (mmol/g) and αL is the ratio between the total ligand and its free concentration:


   α L  =    c L       L ¯       











αM values are computed from the hydrolysis constants of Fe(III) and complexation constants of Fe-DFO in solution; we refer to the thermodynamic data for the complexes Fe(III)/DFO present in the literature [29]. The MEDUSA program [32] was applied to calculate αM at the ionic strength and the pH of interest.



βex can be computed from Equation (1), knowing the stoichiometry of the complex formed in the solid phase at the pH of the experiment.



To compare the values of the complexation constants obtained in the solution phase, we have to consider the protonation of the free amine here linked to the solid mainframe. We named this re-calculated value βex,corr.



For the system Fe(III)/DFO@EVOH (see Figure 6), we have to consider that at pH around 7, the main complex is FeHDFO. The value obtained by Equation (1), considering the stoichiometry of this complex, is log βex = 31.4(2). The corresponding log βex,corr = 42.1(2) is in quite good agreement with the value reported for the same complex in aqueous solution (log βFeHDFO = 41.5 [29]).



The analogous procedure is followed for the system Fe(III)/3,4-HP@EVOH. We compared the stoichiometry and the constant with the value reported in [24]. Even then, the main species at pH around 7 was the complex FeH(3,4-HP) with a log βex,corr = 45.2(1), not so different from the value obtained from the same complex in aqueous solution (log βFeH = 45.77 [24]).





4. Conclusions


The present work aims to synthesize polymers functionalized with selective ligands for Fe(III) to be used as sensors for analytical applications.



Two strong Fe(III) chelating agents have been used: deferoxamine, a drug already on the market for many years for the treatment of pathologies involving the accumulation of Fe(III) in the body, here employed as a model molecule, as well as a recently developed tripodal binder, 3,4-HP, for the chelation of excess Fe(III).



The selected solid support for the sensors’ preparation is EVOH 32%, i.e., an ethylene vinyl alcohol copolymer in which 68% by moles is made up of repetitive units of vinyl alcohol.



The synthetic strategy used has made it possible to obtain products with the desired characteristics for the development of both sensors. The synthesis involves 1,1′-carbonyldiimidazole as a coupling agent. The polymers obtained both with DFO and with 3,4-HP are plastic and malleable; they can be pressed to obtain thin films without compromising the sorbent properties and they also provide an excellent response to the exchange of Fe(III) from aqueous solutions, with sorption and desorption processes that require reasonable times (about 24 h).



The polymers were characterized in order to study their complexing properties towards Fe(III). Sorption isotherms and desorption profiles with a competing ligand have been set up. The results obtained demonstrate that both the polymers functionalized with DFO (DFO@EVOH) and with 3,4-HP (3,4-HP@EVOH) can sorb Fe(III) at a very acidic pH (pH 1 ÷ 2). The maximum sorption capacities (qmax) are not very high, being of the order of 0.01 mmol/g; this result is presumably indicative of complexes forming between the active sites and the metal ions on the surface of the solid phase.



From desorption experiments, it was possible to obtain a preliminary estimate of the complexing constants of Fe(III) with the active sites of both polymers. The values achieved were compared with the constants of the analogs species studied in aqueous solution. The data obtained, although preliminary, are in good agreement with those reported in the literature, demonstrating that the synthetic strategy has not altered the chelating properties of the ligands anchored to the polymer and that the materials prepared can be effectively applied as sensors for Fe(III).
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Figure 1. Structure formulae of (A): deferoxamine (DFO) and (B): tris 3-hydroxy-4-pyridinone (3,4-HP). 
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Figure 2. Scheme of the synthetic pathway for the preparation of the random copolymer DFO@ ethylene-vinyl alcohol copolymer (EVOH) or 3,4-HP@EVOH. R1-NH2 can be a DFO/Fe(III) or 3,4-HO/Fe(III) complex. EVOH 32%: 0.50 g; DMSO: 10 mL; carbonyldiimidazole (CDI): 0.70 g; DFOm/3,4-HO: 0.10 g; Fe(NO3)3: 0.04 g. 
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Figure 3. FTIR spectra in the solid phase of (a) DFO@EVOH and (b) 3,4-HP@EVOH. 
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Figure 4. SEM images for (A) Fe(III)-DFO@EVOH and (B) Fe(III)-3,4-HP@EVOH. 
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Figure 5. Sorption isotherms for the system Fe(III)/DFO@EVOH (grey circles; T = 25 °C, circular clips of 3.5 mg contacted with 0.5 mL of 0.1 M HCl at different Fe(III) concentration—from 0 to 0.75 mM) and for the system Fe(III)/3,4-HP@EVOH (blue circles; T = 25 °C, circular clips of 3.5 mg contacted with 0.5 mL of 0.01 M HCl at different Fe(III) concentration—from 0 to 0.75 mM). Continuous lines are the best fitting lines by the Langmuir equation. Error bars represent the standard deviation on three replicates. 
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Figure 6. Desorption profile of Fe(III) from Fe(III)-DFO@EVOH, at pH 7, as a function of the DFO concentration added in solution. Discontinuous procedure. Solid phase: Fe(III)-enriched DFO@EVOH (circular clips 3.5 mg); solution phase: PIPES buffer 0.1 M at pH 7, V = 1.5 mL. Error bars represent the standard deviation on three replicates. 
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Figure 7. Desorption profile of Fe(III) from Fe(III)-3,4-HP@EVOH, at pH 7, as a function of the DFO concentration added in solution. Discontinuous procedure. Solid phase: Fe(III) enriched 3,4-HP@EVOH (circular clips 3.5 mg); solution phase: PIPES buffer 0.1 M at pH 7, V = 1.5 mL. Error bars represent the standard deviation on three replicates. 
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