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Abstract

:

This work focuses on exploring a new configuration for the reduction of water hardness based on the surface modification of polyurethane (PU) open cell foams by the deposition of thin graphene oxide (GO) washcoat layers. GO was deposited by the dip–squeeze coating procedure and consolidated by thermal treatment. The final washcoat load was controlled by performing consecutive depositions, after three of which, a GO inventory up to 27 wt% was obtained onto PU foams of 60 pores per inch (PPI). The GO-coated PU foams were assembled into a filter, and the performance of the system was tested by continuously feeding water with hardness in the 190–270 mgCa2+,eq·L−1 range. Remarkable results were demonstrated in terms of total adsorbing capacity, which was evaluated by measuring the outlet total hardness by titration and exhibited values up to 63 mgCa2+,eq·gGO−1 at a specific filtered water volume of 650 mLH2O·gGO−1, outperforming the actual state-of-the-art adsorbing capacity of similar GO-based materials.
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1. Introduction


In recent years, graphene (G) and its derivatives, such as graphene oxide (GO) and reduced graphene oxide (rGO), have gained high visibility in research, in view of their very promising properties. Since the isolation of the material in 2004 [1], an increasing number of research reports have been published in the literature. Accordingly, a variety of reviews has been proposed, focusing on different aspects such as production [2], characterization, and potential applications [3,4]. Thanks to graphene and GO peculiar properties, these materials have found a variety of applications in processes where high water permeability, high selectivity and capability of rejecting monovalent ions, high salt rejection, reduced fouling, and high chemical and physical stability are major concerns [5]. Moreover, the possibility to produce thin membranes with controllable selectivity and high permanence has widened the investigation of nanoporous single-layer graphene and multilayer GO membranes in separation processes, enabling the potential use of GO-based materials in filtration applications in a wide variety of forms [6]. Accordingly, many efforts have been spent to test membranes based on GO precursors in several application areas, such as water purification [7], desalination [8,9], gas separation [10], organic solvent filtration [11], and energy production by proton-exchange membrane fuel cells [12,13,14].



In the recent literature, a comprehensive state of the art of 2D graphene-based materials has been reported. Many complete reviews are available concerning the preparation methods [15], with special attention devoted to physical fabrication methodologies and to their scalability to industrial processes [11]. In a similar way, Li et al. exhaustively discussed the most recent findings concerning the effects on the macroscopic properties of GO membranes obtained by tailoring the properties of GO nanosheets by different approaches (e.g., chemical modification, intercalation, and crosslinking) [16]. With a similar approach, multilayered GO membranes were comprehensively reviewed by Wei et al., with a dedicated focus on preparation and performance control methods, stability, fouling resistance and applications [17].



As previously reported, the peculiar chemical and physical properties of GO have been exploited in many different applications. Among others, the selectivity towards metal ions adsorption has been investigated in self-assembling filters for wastewater treatment based on reduced graphene oxide (rGO) membranes [18]. With a similar approach, Rocha et al. explored GO materials with their surface modified by κ-carrageenan as a biopolymer-based softener. The experimental results evidenced a decrease of the hardness of natural waters containing high levels of Ca2+ ions [19]. GO membranes were found to be able to adsorb Ca2+ ions from hard water, with uptake values up to 0.05 mg of Ca2+ ions per mg of GO membrane [20].



While membranes can be effectively used in many technological fields, some intrinsic drawbacks are present, such as pressure drops and the difficulty to find reliable and cost-effective procedures for the fabrication of defect-free GO membranes on different large area substrates [5,21].



Many of the aforementioned limitations can be effectively overcome by adopting porous matrices or three-dimensional cellular structures, which are characterized by a significantly high surface area per unit volume and relatively low pressure drops, if compared to membrane-based systems [22]. In this view, hollow fibers represent a possible solution to enhance the performance in nanofiltration separation. Mahalingam et al. reported the production of hollow fibers made of polyetherimide, which were spray-coated from GO dispersions using an air brush [23]. The as-prepared samples were effectively tested towards organic solvent nanofiltration. Recently, Maio et al. developed a one-pot process for decorating either pearl necklace-like or fibrous fluffy-like structures of polycaprolactone with GO skin [24]. The same authors further improved the fabrication of porous polymeric materials coated with a hybrid GO–CNT layer by electrospinning polycaprolactone solutions onto an active liquid collector made of colloidal suspensions of GO and CNTs in ethanol [25]. The use of 3D graphene-based structures (e.g., open cell foams) is an alternative filtering configuration, which enables achieving a high specific surface area, good mass transfer properties, and low pressure drops thanks to the interconnected macro-porosities of the monolithic structure. Such structures are typically obtained by depositing thin G/GO layers onto inert 3D supports [26]. In a recent detailed review, Sakhadeo et al. discussed the state-of the art in washcoating techniques of various polymeric foams by surface treatments and their applications [27]. Chemical vapor deposition (CVD) is a well-known process for GO films preparation [28] and was successfully used to deposit carbon layers onto nickel or copper foams [29,30], evidencing the possibility to deposit high-quality graphene layers on surfaces of different shapes.



The coating of 3D porous structures by CVD involves complex and expensive high-temperature vacuum processes, which may be difficult to be scaled at large production volumes, at the present time [29]. In this view, the activation of inert open cellular supports by slurry coating deposition of GO dispersions may be a good compromise between cost, time, and effectiveness. In this regard, Fenner et al. reported an inexpensive and simple approach to GO deposition onto PU foams; samples with hydrophobic and oleophilic characteristics were obtained and tested for oil adsorption applications [31,32,33]. Furthermore, a similar approach was applied to coat polymeric sponges with rGO; the samples were then used to adsorb different kinds of organic liquids selectively [32]. Sanati et al. developed a facile and cost-effective method for the production of electrodes for electrochemical applications. The foams were squeezed and immersed into a highly concentrated GO suspension. Accordingly, after coating the polyurethane foam with graphene oxide (GO), boiling ascorbic acid was used for GO reduction [26]. Hodlur et al. demonstrated the production of highly compressible conducting composites based on graphene layers assembled onto the surface of PU foams to be used as pressure sensors [34]. Similarly, Boland et al. followed a similar procedure for the development of 3D matrices with compressive strain, pressure, and impact sensing properties [35].



While research evidence of GO/rGO deposition onto open cell foams is available in the literature [36], at the present time there is a lack of knowledge regarding the possibility to use GO-activated foams for the water softening process. Given this scenario, in this work, a novel approach to the management of water hardness was investigated, based on the combination of GO and open cellular matrices. In particular, PU open cell foams were activated towards the adsorption of divalent ions by the deposition of thin GO layers. The dip–squeeze washcoating process was selected as the deposition methodology of choice, and the GO load was monitored and tuned by means of multiple depositions. The as-prepared samples were effectively tested in the water softening process, and the performance of the system was evaluated by water titration.




2. Materials and Methods


2.1. Washcoat Deposition and Characterization


Polyurethane (PU) open cell foams (density of 0.034 g·cm−3) with a nominal pore density of 60 pores per inch (PPI) were supplied by Modulor GmbH (Berlin, Germany); the bare polymeric support is labelled as F60 in the following. The morphological properties of the bare supports were assessed by optical microscopy (SZ-CTV microscope by Olympus (Tokyo, Japan)). The images of the as-received PU foam were used to carry out a complete morphological characterization of the bare support; accordingly, the cell size, strut size, and strut shape were determined by image processing. Based on these results, the geometric surface area per unit volume (GSA, m−1) and the porosity (ε) were determined using correlations reported in the literature [37]. A resume of the geometrical properties of the support is reported in Table 1. The foams were cut in form of cylinders, with diameter and height equal to 25 mm and 50 mm, respectively. Prior to the washcoating process, the foams were washed in deionized water using ultrasound and dried at room temperature.



A commercial dispersion of graphene oxide sheets in water (0.4 wt%, supplied by Graphenea Inc. (Pais Vasco, Spain)) was used as a precursor for the coating of PU foams. According to the supplier specification, the elemental composition of GO was as follows: carbon: 49–56%, hydrogen: 1–2%, nitrogen: 0–1%, sulfur: 2–3%, oxygen: 41–50%. The share single layer was >95%, the XY dimension (lateral) was <10 μm, and the thickness (Z dimension) was in the 0.8–1 nm range.



Based on experimental procedures reported in the literature [26,38], the dip–squeeze coating method was chosen. In a typical procedure, the sample was dipped by hand in the GO slurry, aiming at filling the open porosity of the foam. Then, the PU foam was squeezed in order to remove the excess slurry, exploiting the flexibility of the polyurethane material. After the wet coating deposition, the samples were dried for 20 h in a pre-heated ventilated oven, at 45 °C. In the following, the washcoated PU foam is labelled as GO/F60.



In order to characterize the washcoating process, the solid GO load was measured by weighing the samples before and after each deposition using the AS220.R2 model balance (Radwag). The final solid GO washcoat load [wt%] was calculated according to (1)


  W a s h c o a t   l o a d =     m   G O       m   G O   +   m   f o a m     · 100  



(1)




where mGO [g] and mfoam [g] correspond to the masses of the deposited GO and of the bare PU foam, respectively. The procedure was repeated up to three times, and the samples were weighed after each deposition to monitor the washcoat load evolution.



In a similar way, the adsorbing medium content was assessed by calculating the GO mass per foam unit volume, according to (2)


  G O   i n v e n t o r y     g     c m   3       =     m   G O       V   f i l t e r      



(2)




where mGO [g] is the mass of the deposited GO, and Vfilter [cm3] is the volume of the PU foam. The GO inventory parameter was then used for the comparison of the adsorbing performances of the PU foams with different GO washcoat loads.



According to procedures reported in the literature [39], the washcoat adhesion was evaluated by sonication for 30 min in a water bath at room temperature (Labsonic LBS1 instrument by FALC (Faenza, Italy)). Washcoat detachment was measured by weighing the samples before and after the test.



A detailed characterization of the morphology of the washcoated samples was carried out by scanning electron microscope (SEM) analysis (EVO 50 EP by Carl Zeiss AG, (Oberkochen, Germany)) using an accelerating voltage of 20 kV, a maximum current probe of 100 pA, and a pressure in the range of 4·10−4–6·10−4 Pa.




2.2. Water Softening Tests


A set of experiments was performed in order to assess the performance of the GO-coated PU foams in water softening. A schematic representation of the experimental setup is reported in Figure 1.



In a typical procedure, GO-coated foams, characterized by a certain total volume (Vfoam), were loaded in a poly(methyl methacrylate) cylinder (20 mm internal diameter and 150 mm height), and water was fed by means of a pump (SPM model by Sankyo (Tokyo, Japan), rated at 6 bar and 130 mL·min−1 nominal flow rate). A manometer was mounted on the water feed line to monitor the presence of pressure drops under the water flow; no pressure drops were detected in all the tested configurations.



Before the softening test, a pre-conditioning step was performed, in line with a similar procedure reported in the literature [20]. Accordingly, an aqueous NaCl solution (0.1 g·mL−1) was fed to the filter using the same operating conditions as those used in the softening test (i.e., same pump and same flow rate, VNaCl,sol/Vfoam = 1).



The softening test was performed using tap water (nominal hardness of inlet water in the 190–270 mgCa2+,eq.·L−1 range). The total volume of water to be filtered was calculated according to the quantity of GO deposited onto the foam support; the ratio between total filtered water and GO mass was set to 0.53 mLH2O·mgGO−1. The outlet water stream was sampled and divided into several batches with fixed volumes (50 mL each).



The total hardness (i.e., the concentration of dissolved Ca2+ and Mg2+ ions) was measured by titrating water with ethylenediaminetetraacetic acid (EDTA). In a typical experiment, 20 mL of water was poured in a glass flask. Then, 2 mL of ammonia buffer solution (Idrimeter Erba Solution B by Carlo Erba, (Cornaredo, Italy)) was added, together with 1 mg of Eriochrome Black-T indicator (EBT, pure, supplied by Acros Organics, (Geel, Belgium)), thus obtaining the typical purple/wine color solution. The titration was performed by adding the EDTA solution (0.01 mol·L−1, supplied by Carlo Erba) dropwise using a graduated burette, until the solution changed its color to blue. According to the measured volume of EDTA solution and to its concentration, the effective concentration of Mg2+ and Ca2+ was determined.



The overall softening performance of the system was evaluated by calculating the cumulative specific ion adsorption and the cumulative softening efficiency. The first parameter is defined as (3)


  C u m u l a t i v e   s p e c i f i c   i o n   a d s o r p t i o n =     ∑  i   H 2 O , t o t        C   C a , 0   −   C   C a , o u t , i       V   i         m   G O      



(3)




where CCa,0 [mg·mL−1] and CCa,out,i [mg·mL−1] are the equivalent concentrations of calcium carbonate obtained by titration, representing the concentration of divalent ions (i.e., Mg2+ and Ca2+) in the inlet and in the i-th outlet filtered volume (Vi [mL]), respectively, and mGO [g] corresponds to the total mass of deposited GO onto the PU foam surface. The same quantities were used to calculate the cumulative softening efficiency according to (4)


  C u m u l a t i v e   e f f i c i e n c y =     ∑  i   H 2 O , t o t        C   C a , 0   −   C   C a , o u t , i       V   i         ∑  i   H 2 O , t o t      C   C a , 0   ·   V   i       · 100  



(4)







In all cases, the equivalent concentrations (i.e., CCa,0 and CCa,out,i) were obtained by the titration measurements, given the water volume of each sample. The reliability of the total hardness measurement by water titration was validated by an independent analysis performed on the softened water by ICP-OES (OPTIMA 7000 DV spectrometer by Perkin Elmer).





3. Results


3.1. Graphene Deposition and Washcoat Characterization


The washcoat load was determined according to (1) and to the experimental procedure reported in Section 2.1; the results are reported in Figure 2, as a function of the number of consecutive depositions.



The GO washcoat load increased linearly with the number of consecutive depositions. The maximum load after three consecutive depositions reached values in the 27 ± 1 wt% range. In order to have a clear overview of the morphological properties of the deposited GO layer, the results of the scanning electron microscope characterization are reported in Figure 3. For the sake of comparison, a magnification of the bare PU foam is reported in Figure 3a.



In all cases, namely, one (Figure 3b), two (Figure 3c), or three (Figure 3d) consecutive depositions, pore clogging phenomena occurred due to the formation of GO layers, as highlighted in Figure 3c.



Pore clogging is typically considered a detrimental phenomenon for washcoated structured supports. In fact, the lack of a strong washcoat-to-substrate interaction typically induces washcoat detachment, when the activated support undergoes mechanical stresses (e.g., sonication). Nevertheless, in the specific case of this work, the self-assembling properties of GO might have provided good adhesion and, in general, mechanical properties to the coating, even far from the PU substrate (i.e., pore windows). Such a behavior may potentially induce a twofold benefit to the overall liquid-to-solid interaction, namely, (i) an increase in terms of GO surface area per unit volume of foam and (ii) a further increase in terms of tortuosity of the flow throughout the porous matrix (with beneficial effects on mass transfer performance).



As reported in Section 2.1, the strength of the deposited washcoat layer was assessed by sonication in water. The results showed average weight losses equal to 42.3 ± 6.4 wt% with respect to the mass of the deposited GO. They were measured for three independent samples, one for each number of consecutive depositions. While the results appeared to indicate a poor washcoat adhesion, it should be noted that such evaluation approach, which is widely accepted for the assessment of the adhesion performance of ceramic coatings onto porous substrates [39], may be oversized for GO-based samples. In this regard, it is worth mentioning that graphene-based materials are typically dispersed in liquid media by means of ultrasound [40,41], which are able to finely disperse the GO aggregates down to monolayer sizes [42]. Moreover, no visible washcoat detachment was detected while feeding water at the testing operating conditions. Based on these considerations, a more appropriate accelerated stress test procedure should be defined to evaluate the adhesion properties of GO-based coatings onto cellular matrices.




3.2. Assessment of the Softening Performance


The results of the cumulative specific ion adsorption and the cumulative softening efficiency are reported in Figure 4a and Figure 4b, respectively, as a function of the specific filtered water volume. Preliminary tests performed on bare PU foams using the same experimental procedure employed for the washcoated samples did not show any adsorbing capacity by the uncoated foam supports.



As far as the cumulative specific ion adsorption is concerned (Figure 4a), values up to 63 mgCa2+,eq·gGO−1 were found, in the specific filtered water volumes range of 600–700 mLH2O·gGO−1. Such results were found to be in good agreement with the results obtained by ICP-OES and they are very promising, especially if compared to the state-of-the-art results reported in literature for the use of GO-based materials for water softening. Liang et al. reported an adsorbing capacity up to 50 mgCa2+,eq·gGO−1, which was extrapolated according to experimental results obtained using a single membrane of 5 mg and a total filtered volume of 20 mL [20]. Using an alternative approach, Rocha et al. reported the performance of κ-carrageenan-modified GO, which showed maximum adsorption capacity values of 48 mgCa2+,eq·gGO−1 [19]. Such results were obtained by directly contacting hard water and the modified GO, with a contact time of 10 min under similar conditions in terms of specific filtered water volumes.



The specific cumulative ion adsorption tended to plateau values as the specific filtered water volume increased; this trend could have been determined by a progressive saturation of the GO active sites involved in the selective adsorption of Ca2+/Mg2+ ions. The experimental results shared a common trend line and were averagely comprised between ±15% variability lines, demonstrating an overall good reproducibility of the experimental phenomena even under slightly different conditions (i.e., a GO inventory between 7.3 and 17.4 mgGO·cm−3) and replicated tests.



The softening capacity of the GO/F60 system is likely duo to the formation of strong chemical interactions between the oxygen-containing functional groups of GO and Ca2+/Mg2+ ions [20], which results in the adsorption of the divalent metal ions and thus in the softening of hard water. According to this hypothesis, the reduction of the cumulative efficiency with respect to the cumulative filtered water volume (Figure 4b) can be ascribed to a progressive saturation of the oxygen-containing functional groups. The significant variation of GO load values (i.e., from 7.3 to 17.4 mgGO·cm3filter) did not seem to have any relevant effect on the cumulative efficiency; this could be qualitatively associated with an overall good utilization of the GO layer, with the absence of relevant limitations to mass transfer phenomena.





4. Conclusions


In this short communication, the activation of 60 PPI PU open cell foams by the deposition of thin GO washcoat layers was investigated as a promising approach to the management of water hardness. The following points represent the most significant achievements of the reported experimental investigation:



The functionalization of the PU foam surface was achieved by implementing the facile and low-cost dip–squeeze coating procedure, which demonstrated good reproducibility (i.e., small standard deviation values of replicated tests for an increasing number of consecutive depositions).



The deposited GO layers were found to be effective in the reduction of Ca2+/Mg2+ ion concentrations during the filtration process. Values up to 63 mgCa2+,eq·gGO−1 were obtained in the specific filtered water volumes range of 600–700 mLH2O·gGO−1.



The results in terms of adsorbing capacity displayed a twofold improvement with respect to the current state-of-the-art adsorbing capacity of GO-based softening systems. Firstly, the adsorbing capacity was significantly raised, as a +26% improvement of the maximum adsorption capacity was recorded with respect to literature-reported results (i.e., from 50 mgCa2+,eq·gGO−1 (literature) to 63 mgCa2+,eq·gGO−1 (this work)). Secondly, such results were obtained using a heterogeneous system characterized by low-pressure drops, which represents a remarkable improvement with respect to the current state-of-the-art GO-based materials (i.e., “slurry-based” and membrane-based systems).



The use of alternative open cellular matrices (e.g., different porosity, additively manufactured) and a thorough experimental campaign focused on the performance-wise optimization of the GO washcoat properties could pave the way to a further improvement of the overall effectiveness of the system.
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Figure 1. Schematic representation of the experimental setup. 
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Figure 2. Average GO washcoat load as a function of the number of consecutive depositions (the standard deviation is the result of four replicated experiments). 
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Figure 3. SEM images of the bare structured support (a) and of the samples activated by GO washcoat: one deposition (b), two depositions, (c) and three depositions (d). 
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Figure 4. Specific cumulative divalent ions adsorption (a) and cumulative efficiency (b) as a function of specific filtered water volume for GO inventories of 7.3, 10.3, and 17.4 mgGO per unit volume of foam filter. 
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Table 1. Resume of the geometrical properties of the commercial polyurethane open cell foams (F). The number in the sample label indicates the PPI.
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	Sample name
	F60



	Bulk material
	Polyurethane



	Support type
	Open cell foam



	Cell diameter [µm]
	610 ± 40



	Strut size [µm]
	64 ± 8



	Strut shape
	Triangular



	Porosity (ε) [-]
	0.909



	Geometric surface area [m−1]
	4500
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