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Abstract

:

The direct deposition of polyethyleneimine (PEI), a weak polycation with a large content of amino groups, onto sand fractions with different sizes (F70, F100, F200, and F355), resulted in versatile core-shell sorbents for water cleaning. Herein, PEI and the weak polyanion poly(acrylic acid) (PAA) were directly precipitated as an nonstoichiometric polyelectrolyte complex ([PEI]:[PAA] = 2:1) onto a sand surface followed by cross-linking with glutaraldehyde (GA) at three molar ratios ([CHO]:[amine] = 1:10; 1:5; 1:1 = r). Non-crosslinked polyelectrolyte chains were washed out in strongly basic (pH 14) and acidic (pH 0) media. The sand/PEI-GA composites were evaluated to determine the organic shell stability using swelling experiments and X-ray photoelectron spectroscopy. The sorbed/desorbed amount of two model pollutants (copper ions and bromocresol green) in column experiments depended on the sand fraction size and cross-linking degree of the PEI shell. The maximum recorded values, after five loading/release cycles of pollutant species onto F70/PEI-GAr, F100/PEI-GAr, F200/PEI-GAr, and F355/PEI-GAr, were situated between the 0.7–5.5 mg Cu2+/mL column and 3.7–15 mg BCG/mL column. Sand/PEI-GAr composites could act as promising sorbents, low-cost and eco-friendly, which could be applied for water purification procedures.
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1. Introduction


Water is one of the most important natural resources on Earth, with a crucial role in the quality of life for humans, as well as for plants and animals. The global water demand is continuously increasing due to the expansion in the human population, but also because of the growing industrial requirements. Unfortunately, the increasing water demand is also connected with the increase in water pollution, with recent studies drawing attention to the health-related risks of water contamination [1,2,3,4]. Pollutants resulting from industrial processes as well as from agriculture, animal husbandry, and household use get into water bodies, are dissolved there, pass through the sewage treatment plants more or less unchanged, and possibly end up back in the drinking water sources. Among the most well-known contaminants in water, metal ions, dyes, pharmaceutical compounds, polycyclic aromatic hydrocarbons, cleaning products, and pesticides are of rising significance because of their potential cytotoxicity, endocrine disruption, and carcinogenic effects [5,6].



Different water treatment methods have been developed over the years, including filtration, sorption, membrane technology, coagulation, sedimentation, etc. [7,8,9,10]. Nevertheless, these methods are almost ineffective for the removal of complex contaminant mixtures that are found in waters. Based on this shortage, the research community has focused its attention on the development of new wastewater treatment methods, able to retain different types of pollutants and improve the overall quality of water supplies [11,12,13,14]. Among the methods developed for water treatments, of special interest is the use of nanotechnology and polymer science in the establishment of effective treatment techniques. The use of nanotechnology for water treatment is focused on different methods such as the fabrication of nanosorbents and composite nanomembranes, the detection of contaminants in water, and the enhancement of pollutants degradation in photocatalytic processes [15,16,17,18]. Nevertheless, the use of nanotechnology is costly and difficult to use on large-scale processes, being mostly limited to the laboratory scale.



Natural and synthetic polymers are also of interest for water cleaning purposes. They can be used as flocculants, coatings for membranes, and also for the low-cost fabrication of different types of sorbents for pollutants such as fibers [19], resins [20], or core-shell particles [21]. The main advantage of polymer-based composite materials is that they can be successfully employed as sorbents for a variety of pollutants as demonstrated by the extensive research in this field [22,23,24,25,26,27]. The vast majority of natural polymers used in water treatment are polyelectrolytes, which are characterized by the existence of charged functional groups that can interact with oppositely charged contaminants [28]. Moreover, natural polymers are characterized by their high disponibility and biodegradability which reduces the environmental impact of their use in industrial processes. Among the synthetic polymers used, poly(ethyleneimine) (PEI), poly(acrylic acid) (PAA), poly(allylamine hydrochloride), and poly(methacrylic acid) are of high interest due to their availability and their ionic character that favors the retention of oppositely charged pollutants [29,30,31]. Charged polymers can be assembled in different structures to maximize the number of functional groups available to retain the target pollutants and exhibit impressive sorption capacity for different types of contaminants. Extensive research on the layer-by-layer assembly of polyelectrolytes and the subsequent use of the core-shell composites obtained for water treatment has already been completed [32,33,34], demonstrating that polymer-based composite materials can be successfully employed in the retention of dyes, pharmaceutical compounds, or metal ions from wastewater, even in competitive conditions.



Recently, a novel fabrication method for polymer-based sand composite materials was reported, by covering sand microparticles with a coacervate of polyelectrolyte complexes, then polycation chemical cross-linked and polyanion extraction out of the reticulate polycation framework, composites that can potentially be used for water treatment [35]. The proposed fabrication method reduces the economic and environmental impact of sorbent fabrication, preserving the availability of a high number of functional groups. In this subsequent study, the influence of the sand core size (70 to 355 μm) and shell cross-linking degree (r = [CHO]:[amine] = 1:10; 1:5; 1:1) on the core-shell stability during synthesis as well as the dynamic sorption behavior towards two model pollutants, a small metal ion (Cu2+) and a large dye molecule, bromocresol green (BCG) were examined in depth.




2. Materials and Methods


2.1. Materials


The sand microparticles (collected from Rasca river basin) were treated with NaOH and HCl to remove humic acids and carbonates, washed, dried, and sieved by a Retsch vibratory sieve shaker (Retsch LLC, Haan, Germany) using six different mesh sized sieves (70, 100, 180, 200, 355, and 425 μm), at 90 Hz frequency. The obtained sand fractions were collected after 15 min, (F < 70, F70, F100, F180, F200, F355 and F > 425, where the numbers represent the mesh size of each sieve). The weak polyelectrolytes, branched poly(ethyleneimine) (PEI) (Mw = 25,000 g·mol−1), and PAA (Mw = 10,000 g·mol−1) were provided by Aldrich. The inorganic salt of CuSO4·5H2O (Sigma-Aldrich) and bromocresol green (Alfa Aesar) were used as received. Ethylenediaminetetraacetic acid as aqueous sodium salt (EDTANa2) was acquired from Aldrich. Sodium hydroxide p.a. pellets from Riedl-de Haën were used without further purification. Hydrochloric acid, 36% solution, from Chemical Company was used as received.




2.2. Synthesis of Sand Composites


For increasing the amount of functional groups on the sand surface, branched PEI and PAA with a high number of amino groups and carboxylic groups were used, respectively. The high concentration of PEI and PAA solutions, and polymers with low molecular masses, a non-stoichiometric interpolyelectrolyte complex (PEI2/PAA1) was successfully deposited on the sand microparticles surface (Scheme 1) by an in situ precipitation method under vigorous mechanical mixing [35], generating a sticky assembling of all microparticles in one big aggregate. The main driving forces of complex deposition were the electrostatic interactions between anionic/cationic functional groups, hydrogen bonds, and hydrophobic interactions between the in situ formed complex and the solid sand surface.



Using 10 mL of each sand fraction (F70, F100, F200, F355) mixed with 4.5 mL PEI solution (1 M) and 2.25 mL PAA solution (1 M, added drop-by-drop in the system), the following composites were obtained Fn/(PEI2/PAA1), n = 70, 100, 200, and 355. At the end of the deposition process, the (PEI2/PAA1) organic shell successfully adhered to the sand surface based on the stickiness property of the polyelectrolyte complex, mainly due to the PAA chains. Thus, each sand fraction was functionalized with the same amount of complex but differently distributed on the external surface of the particles, which is a function of the fraction’s average diameter. The amount of sand fraction and polyelectrolyte concentrations were kept constant in all depositions (steps 1 and 2 in Scheme 1), and only the particle sand diameters were different.



To stabilize the organic film around each particle, the sand/(PEI2/PAA1) composites were cross-linked with GA (OHC-CH2-CH2-CH2-CHO) at three molar ratios (r = [CHO]:[amine] = 1:10, 1:5, and 1:1) for three hours. The GA molecule is a bifunctional reagent with a high reactivity towards the primary and secondary amino groups of PEI. This reaction was necessary to ensure the composite shell’s stability in subsequent applications, where the high concentration and accessibility of the functional groups situated on the sand composite surface are very important. To ensure the flexibility of PEI chains around composite microparticles, the PAA and non-cross-linked PEI chains were extracted in strong basic and acidic media (1 M NaOH, and 1 M HCl), respectively. Thus, the following composites with sand were prepared: F70/PEI-GAr, F100/PEI-GAr, F200/PEI-GAr, and F355/PEI-GAr, where r is the cross-linking degree.




2.3. Sand Composite Indirect/Direct Characterization Methods


UV-Vis measurements (UV-VIS SPEKOL 1300 spectrophotometer, Analytik Jena, Germany) were performed to determine the concentration of Cu2+, as PEI4-Cu2+ complex (λ = 275 nm or λ = 622 nm), and BCG (λ = 616 nm) in aqueous solution, before and after sorption/desorption in/from the column. The chelation process between PEI and Cu2+ changed the absorption spectrum of aqueous solution, two broad bands appeared at 220–410 nm and 510–720 nm [36]. In these regions no bands appeared for individual components (PEI or Cu2+). From the reported results, the detection was reliable due to the high stability of PEI-Cu complex at room temperature. The detection limit for copper ions was situated around 3 μM. The maximum stoichiometry or molar ratio between copper ions and amino groups of PEI is 1:4. To calculate the exact concentration of PEI solution used for copper detection a poly(sodium ethylenesulfonate) standard solution (10 mM) from BTG Company was used. Calibration curves (yCu2+ = 0.067x or yCu2+ = 0.0026x, and yBCG = 0.062x) were constructed and further used in the concentration determination of Cu2+ and BCG solutions. The Cu2+ and BCG amounts in each collected effluent fraction (qe = mg/mL column) were determined using Equation (1):


qe = (Ci − Ce)·(Vef · m),



(1)




where Ci and Ce are the influent and effluent concentrations (mg/L), Vef is the volume of effluent fraction, and m is the mass or volume of composite inside the column.



The swelling degree of the composites and the stability of the core/shell composites were estimated by measuring the volume of sediments in 15 mL plastic flasks during the entire swelling process (hydration, base, and acid extraction of non-crosslinked polyelectrolyte chains).



The size and shape of each sand fraction were evaluated using a particle characterization system (Morphologi G3SE, Malvern, UK). The microparticles were spread on the surface using the integrated dry powder disperser for enhanced separation of individual particles enabling the optimization of the measurement process.



FT-IR spectra of sand and its composites were acquired with the IRTracer-100 spectrometer (Shimadzu, Tokyo Japan), with ATR module (Pike Technologies, Madison, WI, USA), using 45 scans with a resolution of 4 cm−1.



X-ray diffraction (XRD) was performed on F100 sand fraction before and after polymer deposition, in the angular range (2θ) of 15° to 90°, at a scanning step of 0.01° and a recording rate of 2°/min, using a Rigaku Miniflex 600 diffractometer (Rigaku, Tokyo, Japan). Background subtraction, smoothing and WPPF (Whole Powder Pattern Fitting) refinement of XRD data were made using the SmartLab II v.4 software (Rigaku, Tokyo, Japan) package for powder X-ray diffraction analysis, while the diffraction peaks were identified using the Crystallography Open Database (COD).



X-ray photoelectron spectroscopy (XPS) measurements were performed with an Axis Ultra X-ray photoelectron spectrometer (Kratos Analytical, Manchester, UK). The method offers qualitative and quantitative information on the elements on the sand sample (initial and as composite, as well as after extraction process). The spectrometer was equipped with a monochromatic Al Kα (h·ν = 1486.6 eV) X-ray source of 300 W at 15 kV. Using a hemispheric analyzer, the kinetic energy of photoelectrons was determined with a pass energy of 160 eV and 20 eV for wide-scan and high-resolution spectra, respectively. A low-energy electron source working in combination with a magnetic immersion lens were applied to avoid the electrostatic charging of the sample. Later, the recorded peaks were shifted to set the C 1s peak to 285.00 eV. Normalized peak areas were calculated from the recorded peak areas considering experimentally determined element-specific sensitivity factors and the spectrometer transmission function.




2.4. Dynamic Loading and Release of Cu2+ and BCG onto/from Sand Composites


The Cu2+ and BCG dynamic sorption properties of the F70/PEI-GAr, F100/PEI-GAr, F200/PEI-GAr and F355/PEI-GAr samples were investigated in dynamic conditions, using a fixed-bed OMNIFIT glass column (total length of 8 cm with 6.6 mm inner diameter, volume (mL) = 0.3421 × bed height (cm)). For all tests, a constant flow rate of 2 mL/min was set-up by a Shenchen peristaltic pump (Shenchen Precision Pump Co., Baoding, China). The 100 mg or 2 mg Cu2+/L and 350 mg BCG /L influent concentration as well as the volume of each composite (1.37 mL) inside the column were kept constant during all dynamic experiments. The pH of each influent solution (copper or BCG) varied between 4.5 and 5.2. The exhausted columns were regenerated, either with 0.01 M EDTANa2 for the extraction of Cu2+ or with 1 M NaOH to remove BCG from the composites, then rinsed with distilled water. The NaOH solution enabled the fast desorption of BCG from core/shell composite surface, as a result of the deprotonation of the carboxylic groups. The break-through time (tb, min) (the time at which concentration of pollutant reaches 5% from initial concentration) [37] and the exhaustion time (te, min) (the time at which concentration of pollutant reaches 95% from initial concentration) were determined using the breakthrough curves. The Thomas and Yoon–Nelson models were applied to calculate the dynamic sorption parameters.





3. Results


Sand represents a cheap and accessible material with strong mechanical properties which can be used as a core in the synthesis of core/shell composite microparticles, with potential application in water treatment. In this study, core/shell sand/polyelectrolytes microparticles were obtained by keeping constant the deposited amount of polyelectrolytes and varying the sand fraction size and the cross-linking degree, the adaptability and the organic shell steadiness on sand surface were studied as well as the dynamic sorption properties of two model pollutants, a heavy metal ion (Cu2+) and an anionic dye molecule (BCG).



3.1. Sand Characterization


The polydisperse sand sample griddling resulted in six fractions collected on the sieves (F > 425, F355, F200, F100, F70, and F < 70), where the numbers represent the mesh size of each sieve. Before sieving, the sand microparticles were treated with NaOH and HCl to remove humic acids and carbonates. Discarding the extreme sized fractions (F > 425 and F < 70), a number of four fractions, which represented approximately 80% of the initial sand sample, were subsequently used to obtain the core/shell composites. The mass distribution of sand microparticles, as well as the size polydispersity, shown in Figure 1, was obtained by weighting the samples and by Morphologi G3SE analysis.



For the coacervate precipitation experiments onto the sand fractions, just the outside area of microparticles should be considered since the inner part of the sand microparticle is not accessible to the interpolyelectrolyte complex chains. The external surface of a sand fraction could be roughly approximated with the formula: S = 4π·(diameter/2)2. Due to the presence of aluminum-silicates in the sand structure, the negatively charged surface of the sand was due to the dissociation of the Al-OH and Si-OH surface groups in aqueous media. Thus, the negatively charged sand surface could interact more strongly with polycations more than polyanions in an acidic, neutral, or basic environment.




3.2. Sand/PEI Composites


The degree of PEI cross-linking inside the shell is a significant parameter in the sorption/desorption of different types of pollutant molecules on the composite surfaces. Strong composite cross-linking (r = 1:1) will result in a PEI-GAr shell with a strong packing of the polymeric chains, with less accessibility for the pollutant molecules to the active sorption site, but with a higher density of the functional groups. Instead, low composite cross-linking degrees (r = 1:10) will create more flexible shells with fast accessibility towards active functional groups, but with lower stability of the organic architecture under environmental conditions. In this study, the amount of the composite shell which remained and surrounded each sand particle after deposition/cross-linking/extraction processes, was evaluated in swelling experiments by measuring the volume of sediments for each sand fraction (Figure 2).



It was observed that the PEI-GA1:1 shell, with the strongest cross-linking density, was the most stable between all the composites in the acid–base treatments performed. In this case, r = 1:1, the swelling degree was minimal, and no delamination of organic composite parts was observed. The PEI-GA1:10 shell, with the lowest cross-linking density, was less stable in acid and base media in the case of composites with a higher core size (Figure 2C,D). The composite with the smallest core size (F70/PEI-GA1:10) presented the highest degree of swelling (highest volume of sediments) without any delamination of the shell. The fraction F70, with the smallest core size, presented the highest surface area as compared to other fractions (F100, F200, and F355). The PEI deposited amount was kept constant for each sand fractions; this meant that this fraction would contain the thinner organic layer on the solid surface. In the cross-linking step the GA molecules will diffuse easier in the thinner layers, F70 case, compared with higher core size fractions with thicker layers, and therefore the cross-linking yield for the smaller composite will be the highest. Thus, the resulted F70 sand composites will contain the most stable cross-linked shell due to the easiest accessibility of GA to the amino groups of deposited PEI. Based on these observations, it was concluded that the loss of the organic shell increased with the sand size, for the same cross-linking degree, and decreased with the cross-linking degree, for the same sand fraction. Using the volume of sediments as a characterization method during the acid–base treatment of each type of composite, it was possible to estimate the stability of each shell as a function of the core size and cross-linking degree.



The direct deposition of organic polyelectrolyte chains onto the sand surface was demonstrated by FTIR spectroscopy, comparing the fingerprint zone of F100 and F100/PEI-GA1:10 spectra (Figure 3).



The FT IR spectrum of the F100 sample (Figure 3a) showed a doublet of weak and strong bands at 1163 and 1084 cm−1, assigned to Si-O-Si and SiO stretching vibrations, as well as for low Si for Al or Fe3+ substitution, suggesting the presence of quartz. The stretching vibration observed as doublet at 799 and 779 cm–1 and the symmetrical bending vibration of the Si-O group at 694 cm–1 indicates that the silica was in the form of α-quartz [38]. The bands observed at 513 and 460 cm–1 were attributed to O-Si-O, Si-O-Al, and Si-O-Si bending modes. The FTIR spectrum of F100/PEI-GA1:10 microparticles kept the main characteristics of the bare sand in the 400-530 cm–1 domain. Nevertheless, the band broadening in the region 1200–850 cm–1, with the highest peak at 1024 cm−1, was ascribed both to the sand substrate and to functional groups in PEI and GA, such as CH2 (wag, 1165 cm–1), C-O (stretch, 1024 cm–1), C-N (stretch, 1151 cm–1), and C-H (bend, 1019 cm–1). Moreover, the doublet at around 780 cm–1 was not visible, being most probably included in the larger peak with the highest intensity at 773 cm–1, with the contribution of C-H deformation vibration of macromolecular backbone. The peak of Si-O group at 694 cm–1 was shifted to 689 cm–1 along with the appearance of that at 651 cm–1 due to N-H bond vibration. These observations were also supported by X ray diffraction (Figure 3b), with both SiO2 and quartz being found in the sand sample (Table 1). Moreover, both XRD diffractograms shared the same values of 2θ, the SiO2 and quartz lattice parameters were almost unchanged after the deposition of polyelectrolytes, meaning that the inorganic core was not affected during the organic shell deposition.



Further, to analyze the effect of the core size and PEI cross-linking degree on the organic shell, all functionalized core-shell sand fractions (F70/PEI-GAr, F100/PEI-GAr, F200/PEI-GAr) were characterized by XPS, as a qualitative and quantitative method of surface investigation (Figure 4). The organic shell of cross-linked PEI-GAr brings significant quantities of nitrogen and carbon atoms on the sand surface. The XPS survey spectra recorded from the sand fraction F100 showed the presence of the following elements: iron (Fe 2s, Fe 2p, Fe 3p peaks and Fe LMM Auger series), aluminum (Al 2p and Al 2s peaks), calcium (Ca 2p peaks), magnesium (Mg KLL Auger series), oxygen (O 1s, O 2s peaks and O KLL Auger series), carbon (C 1s) and silicon (Si 2s and Si 2p peaks) (Figure 4a). The presence of these peaks in the XPS spectra demonstrated that the natural sand sample was an aluminum silicate which carried organic impurities on the grain surfaces (carbonates have been removed during the acidic treatment of the sand with HCl 1 M).



After deposition of the interpolyelectrolyte PEI2/PAA1 coacervate onto sand fractions and the subsequent cross-linking of the shell with GA (r = 1:10), the modified sand fractions F100/(PEI2/PAA1)-GA1:10 exhibited intense N 1s and C 1s peaks due to the presence of the polyelectrolyte backbones carrying functional groups (Figure 4b). The high-resolution C 1s spectrum shown as an example for the sand composite materials (Figure 4c) was deconvoluted into four component peaks. Component peak A arising at 285.00 eV resulted from hydrocarbons (ACxHy) which do not have heteroatoms in their immediate neighborhood. Photoelectrons escaped from carbon atoms, which were bonded to nitrogen were collected as component peak B at 286.04 eV. Thus, this component peak can be considered as evidence for the presence of the PEI’s amino groups. However, azomethine groups, which were formed by cross-linking reactions of the amino groups with glutaraldehyde were presented by component peak B (BC=NR). PAA molecules can be identified by component E at 288.75 eV. This component peak was caused by photoelectrons from the carbonyl carbon atoms of the carboxylic acid groups (HO-EC=O). Interactions of the PAA’s carboxylic acid groups and the PEI’s amino groups led to salt-like ion pairs (-COO⊖···H⊕···NRH-) via the deprotonation of the carboxylic acid groups and the protonation of the amino groups, which can be considered as a precursor to carboxylic amide formation. Carbonyl carbon atoms involved in such salt-like bonds (⊖O-DC=O ↔ O=DC-O⊖) were observed as component peak D at 287.77 eV. Photoelectrons from carbon atoms in the α-position to the carbonyl carbon atoms of the carboxylic acid groups (-BC-ECOOH) contributed to component peak B. Thus, the intensity of component peak B was approximately twice the [N]:[C] ratio determined from the survey spectrum ([N]:[C] = 0.22) plus the intensity of component peak E. The wide N 1s spectrum (Figure 4d) was decomposed into three component peaks. The component peak K with the lowest binding energy value (399.28 eV) shows the amino groups of the PEI molecules (-BC-KNR). Azomethine groups (BC=LNR) were detected as component peak L at 400.56 eV. Nitrogen species protonated by the PAA’s carboxylic acids or acidic wash (-BC-MN⊕HR) were observed as peak M at 401.66 eV.



Quantitative information could be obtained from the normalized intensities of the N 1s, C 1s and the Si 2p peaks (converted into atomic concentrations), which could represent a measure of the deposited amount of polyelectrolytes onto each composite with different core sizes and cross-linking degrees (r = 1:10, 1:5, and 1:1) (Table 2). From the determined atomic concentrations, an approximate complete coverage of the sand core with the polyelectrolyte shell was observed, the silicon atoms concentration being less than 1%. The increase in the C 1s atomic concentration values with the increase in the cross-linking degree, for the same core size demonstrated that a higher organic amount was present in the composite at a higher cross-linking degree. Moreover, the decrease in nitrogen concentration with the increase in the cross-linking degree demonstrated, also, the success of GA cross-linking reactions. After the cross-linking, more carbon atoms remained on the composite surface due to the stabilization of the shell around each sand particle.



After the deposition of the polyelectrolytes and GA cross-linking of the composite shell, the free PAA chains were removed in strongly basic media. Moreover, to remove the PEI chains which were not involved in the shell network, the composites were treated with HCl 1 M aqueous solution. Using these two aggressive pH treatments, some of the polyelectrolyte chains were removed from the cross-linked shell. This fact was demonstrated by the decrease in the atomic ratios of elements ([C 1s]/[Si 2p] and [N 1s]/[Si 2p] after acid–base treatment for chain extraction (Figure 5).



As shown in Figure 5, the atomic ratios decreased drastically after the acid-base extraction, compared with the values recorded before extraction. The decreases of non-cross-linked PEI and PAA content by multiple extraction/washing were smaller for composites with smaller cores (F70 and F100) than for the composites with the biggest core (F200), where the loss of non-cross-linked PEI and PAA chains was higher in the successive extraction/washing steps. Thus, the XPS measurements showed that the PEI-GAr composites contained smaller amounts of organic shells compared with the (PEI2/PAA1)-GAr ones, but with a more flexible PEI network around the sand particles and a higher number of functional groups that were more accessible to the pollutant molecules, such as copper ions and BCG molecules.




3.3. Dynamic Copper Ions and Dye Molecules Sorption onto Sand/PEI-GAr Composite Microparticles


To test the versatility and accessibility of the composite functional groups towards small ions, such as Cu2+, or large molecules, such as the anionic dye BCG, experiments in dynamic conditions in continuous or discontinuous modes were carried out. In the first column set-up experiment, the maximum sorption capacity of all composites towards Cu2+ ions dissolved in aqueous solution (Ci = 100 mg/L mM) was determined (Figure 6).



The maximum sorbed amount of Cu2+ was achieved for the F70/PEI-GA1:10 and F100/PEI-GA1:10, the composites with the highest swelling degree and with the smallest core size. These core/shell composites with a low degree of cross-linking and a low core size presented a high surface area with more functional groups involved in copper retention. The sorption capacity towards Cu2+ of the composites with small cores (F70 and F100) decreased with the increase in the cross-linking degree due to the slow diffusion of the ions through the dense polyelectrolyte chains. In the case of the composites with a higher core size (F200 and F355), the retention capacity increased with the cross-linking degree due to the higher amount of shell present on the sand surface at a higher cross-linking degree. As shown above, in the stability tests and XPS measurements, the composites with large cores lost more organic material at low cross-linking degrees as compared to other composites.



The column experiments on Cu2+ removal from aqueous solution (Ci = 100 mg/L) are presented in Figure 7. Using a peristaltic pump, the aqueous solution was introduced with a flow of 2.0 mL/min in a column filled with 1.4 mL sorbent.



The dynamic sorption experiments showed that the efficiency and maximum capacity of the composites depended on the thickness of the organic shell. The retention efficiency reached ~100% for the first 40 mL of influent solution in the case of the composites with the smallest cores (F70 and F100). The other composites recorded a drop-down of efficiency after 10 mL influent due to the smaller amount of organic shell on the sand grains. The breakthrough time, tb, increased in order F355/PEI-GA1:10 (4 min) < F200/PEI-GA1:10 (6 min) < F100/PEI-GA1:10 (23 min) < F70/PEI-GA1:10 (25 min) and depended on the quantity of PEI deposited on the core/shell sand composites. When Ce reached 95% of the influent concentration the exhaustion time, te, was reached which increased in the same order: F355/PEI-GA1:10 (19 min) < F200/PEI-GA1:10 (21 min) < F100/PEI-GA1:10 (50 min) = F70/PEI-GA1:10 (50 min). These results confirmed, once again, that the maximum sorption capacity depends on the organic shell on sand surface. Figure 8 shows the experimental breakthrough curves fitted by applying Thomas and Yoon–Nelson models [39] by linear regression.



The linear form of the Thomas model is expressed by Equation (2):


ln(Ci/Ce − 1) = (kTH · qmax · m)/Q − kTH · Ci · t,



(2)




where Ci and Ce (mg/mL) are the influent and the effluent concentrations, respectively, kTH is the Thomas model constant (mL/(mg·min)), qmax (mg/g) is the sorption capacity, m is the sorbent quantity, and Q (mL/min) is the flow rate.



The linear form of the Yoon–Nelson model is represented by Equation (3):


ln[Ce/(Ci − Ce)] = kYN · t − τ · kYN,



(3)




where kYN (1/min) is the rate velocity constant and τ (min) is the time needed for 50% breakthrough of the sorbate.



The linear fit in Figure 8 enables the calculation of the parameters of both models, with Equations (2) and (3), resumed in Table 3. The R-square values, in the domain 0.8871–0.9954, showed a good fit of both models with the experimental data.



The value of the kYN parameter is related to the diffusion, a characteristic of the mass transfer zone, MTZ, known as the efficiency of a sorbent as the size of the sorption zone in the chromatographic column. Thus, MTZ was calculated by the Equation (4):


MTZ = Z·(1 − tb/te),



(4)




where Z is the total depth of the sorbent in the column (40 mm).



The differences of MTZ for the composites with small cores (20 mm for F70/PEI-GA1:10 and 18.4 mm for F100/PEI-GA1:10), and MTZ for the composites with big cores (11 and 8 mm for F200/PEI-GA1:10 and F355/PEI-GA1:10, respectively) demonstrated that the diffusion process of the Cu2+ ions was more pronounced for composites with a higher amount of organic shell. This fact was confirmed, also, by the Thomas constant which was smaller for the composites with smaller cores (Table 3). To further investigate the diffusion process which takes place inside the cross-linked shell of each composite, the efficiency and maximum capacity of sorption using the composites with the same core size (F100) but with the shell cross-linked at two ratios (r = 1:10, weak cross-linked and r = 1:1, strong cross-linked) were studied (Figure 9).



Using a dynamic set-up for the sorption of Cu2+ from a diluted solution (2 mg/L), with 12 h breaks (discontinuous mode), it was demonstrated that the composites with a higher cross-linking degree had a smaller efficiency (cleaning 400 mL solution) but a higher exhaustion time (after 3700 mL) as compared to the same composites with a lower degree of cross-linking, which clean 1200 mL water sample. This fact could be explained by the diffusion of Cu2+ ions through cross-linked polyelectrolyte chains when the hydrodynamic pressure was suppressed during the 12 h breaks. After each break, both composites presented higher sorption capacities compared with the previous day.



To evidence the possible application of the prepared sand composites for water purification, a column filled with F100/PEI-GA1:5 was used for Cu2+ and BCG in a sorption/desorption cycle (Figure 10).



In two independent experiments of dynamic sorption of Cu2+ and BCG onto F100/PEI-GA1:5 it was shown that both types of model pollutants were almost 100% retained inside the column, the maximum sorbed amount being approximately 4 and 15 mg/mL column for Cu2+ and BCG, respectively. The Cu2+ interacted inside the cross-linked shell with the amino active groups of PEI by forming coordinative bonds, while the BCG dye molecule, with sulfonate groups, interacted electrostatically with the protonated amino groups of the composite surface. Moreover, the hydrogen bonds, π-stacking, and hydrophobic interactions could favor the retention as possible secondary forces. It was observed that the exhausted column filled with Cu2+ ions could further retain the BCG molecules (Figure 9, full squares), the sorbed amount, in this case, being 10 mg BCG/mL column, which represents approximately 75% of the amount of dye sorbed on the initial composite. The BCG molecules could be retained on the F100/PEI-GA1:5 with copper inside through the Cu2+/sulfonate attractive forces, where sulfonate could replace the anion sulfate in the coordination sphere of the immobilized Cu2+. Moreover, BCG could also interact with the shell by the same balance of forces, (electrostatic, hydrogen bonds, π-stacking and hydrophobic interactions). The dynamic sorption of each pollutant in single or consecutive dynamic sorption, depicted in Figure 10B, enlightened two important aspects: (i) all pollutant species were completely sorbed by the composite when the competitive conditions were not reached, namely up to 40 mL effluent, and (ii) there was no competition between Cu2+ and BCG for the composite active sites, Cu2+ being bound through coordinative interactions while BCG was electrostatically bound.



To further investigate the strength of these interactions, which can be established between the pollutants and the active sites of the composites, the desorption of Cu2+ with EDTANa2, and of BCG with NaOH (1 M), was carried out (Figure 11).



To determine the edge between coordinative and electrostatic interactions, the individual and consecutive desorption of Cu2+ and BCG were evaluated using the exhausted columns (F100/PEI-GA1:5/Cu2+, F100/PEI-GA1:5/BCG and F100/PEI-GA1:5/Cu2+/BCG). The exhausted column loaded with Cu2+, was washed with EDTANa2 solution (0.01 M), removing thus the sorbed ions in the composite F100/PEI-GA1:5/Cu2+ (Figure 11, empty squares) and to evaluate the desorbed amount (92% from the sorbed amount). The same desorption has been carried out starting with the column fully loaded with BCG, the desorbed amount (in basic medium) being more than 93% of the BCG sorbed amount. Thus, the desorption process of single components from exhausted columns had an efficiency higher than 90%. The column loaded with Cu2+ and BCG presented the same desorption pattern, but only if the Cu2+ was the first pollutant extracted from the exhausted column (F100/PEI-GA1:5/Cu2+/BCG). Instead, if the BCG was extracted in the presence of Cu2+ a ten time increase in the amount of NaOH effluent consumed to reach the same desorption efficiency was observed (Figure 10, full squares). This fact demonstrated strong interactions between BCG molecules and Cu2+ ions, besides the electrostatic forces established with PEI chains inside the cross-linked shell of the composites. This type of strong interaction of BCG-Cu2+ could be attributed to the previous replacement of sulfate ions in the coordination sphere of the PEI-Cu2+ complex. Respecting the order of effluents, EDTANa2 followed by NaOH, both types of pollutants could be successfully removed from the column. A new sorption desorption cycle could be started after the regeneration of the F100/PEI-GA1:5 with HCl and NaOH aqueous solution.





4. Conclusions


This study proposed to investigate: (1) the stability of sand core/shell composites obtained by the direct deposition of a nonstoichiometric polyelectrolyte complex, as a function of the core size and shell cross-linking degree and (2) the sorption/desorption in dynamic conditions of two model pollutants, Cu2+ and BCG. By swelling studies and XPS measurements, it was shown that the stability of the composites increased with the decrease in the sand grains size and with the cross-linking degree. The sorption tests on 12 prepared composite samples demonstrated that the sorbed amount of copper ions is influenced by the composite organic shell thickness. The consecutive sorption cycles of copper ions and BCG molecules, carried out in dynamic conditions, showed an additive capacity of the composites toward different types of pollutants, an important amount of BCG being sorbed in the exhausted column fully loaded with copper ions. The desorption process of both pollutants took place with very good yields and low consumption of effluent solutions if the copper was desorbed first in EDTANa2 solution. The consecutive sorption/desorption tests demonstrated the composite behavior depending on the types of interactions (coordinative vs. electrostatic) which can be established between pollutant molecules dissolved in aqueous media and the active sites of the composite surface. This study demonstrated that sand/polyelectrolyte composites are promising sorbents, are cheap and eco-friendly, and can find applications in water treatment by the loading/release of different types of pollutants. As further studies, the influence of the molar mass of polymers and the effluent flow speed will be followed to increase the polymer amount and the water cleaning yield, respectively.
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Scheme 1. Schematical representation of sand/PEI-GAr composites by the complex precipitation on sand microparticles and PEI cross-linking with GA (r = [CHO]:[amine] = 1:10, 1:5 and 1:1) and PAA extraction from composite shell. 
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Figure 1. Mass distribution and size polydispersity of each sand fraction. 
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Figure 2. Volume of composite sediments for each functionalized sand fraction ((A) = F70, (B) = F100, (C) = F200 and (D) = F355) as a function of the cross-linking degree (r = 1:10, 1:5 and 1:1) measured after strong base and acid treatment. 
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Figure 3. (a) FTIR spectra of and (b) XRD diffractograms of F100 (red) and F100/PEI-GA1:10 (blue) microparticles. 
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Figure 4. XPS survey spectra of unmodified F100 sand fraction (a) and F100/(PEI2/PAA1)-GA1:10 composite (b) and XPS high resolution spectra of C 1s (c) and N 1s (d) obtained for the same composite surface. 
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Figure 5. Atomic ratios calculated from XPS survey spectra for composite sand fractions, before (1, 2, 3) and after (4, 5, 6) the extraction of non-crosslinked polyelectrolyte chains in acid-base media. 
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Figure 6. Maximum sorption capacity of the composite sand fractions evaluated in dynamic conditions in column (CCu2+ = 100 mg/L, Flow = 2 mL/min) (continuous mode). 
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Figure 7. Sorbed amount (%) of Cu2+ onto different sand composites with low cross-linking degree using a dynamic experiment in a column. 
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Figure 8. Linear plots of Thomas (A) and Yoon–Nelson (B) models for sand composites with different core sizes and the same cross-linking degree (x = 0.1). 
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Figure 9. The amount of copper sorbed from an influent solution (CCu2+ = 2 mg/L) onto F100/PEI-GAr composites (r = 1:10 and 1:1) inside a column operated in a discontinuous mode (with 12 h break of flow before each run). 
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Figure 10. (A) Sorption efficiency of Cu2+ and BCG onto F100/PEI-GA1:5 from mono-component influent solution carried out in separated runs (empty symbols) and consecutive runs (full symbols), where BCG has been retained by the material exhausted in Cu2+; (B) Column images after different effluent volumes passed through. 
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Figure 11. Desorption efficiency of Cu2+ and BCG from F100/PEI-GA1:5 loaded with single components (empty symbols) and bi-components (full symbols) (A) evaluated in dynamic conditions (2 mL/min) in a column (B). 
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Table 1. F100/PEI-GA1:10 samples.






Table 1. F100/PEI-GA1:10 samples.





	
Sample

	
Phase Name

	
Wf, wt%

	
Lattice Parameters, Å

	
VL, Å

	
S

	
COD Card No.




	
a

	
b

	
c






	
F100

	
SiO2

	
56.1

	
4.565

	
4.565

	
5.411

	
95.113

	
1.041

	
1,536,409




	
Quartz

	
43.9

	
4.919

	
4.919

	
5.407

	
112.422

	
9,012,600




	
F100/PEI-GA1:10

	
SiO2

	
69.3

	
4.445

	
4.445

	
5.062

	
86.605

	
1.062

	
1,536,409




	
Quartz

	
30.7

	
4.849

	
4.849

	
5.401

	
109.388

	
9,012,600








Note: Wf—polymorph weight fraction, VL—lattice volume, S—“goodness-of-fit”.
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Table 2. Atomic concentrations of carbon, nitrogen, and silicon on the surface of the composites.
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Composite

	
Atomic Concentration (%)




	
Core

	
Shell

	
C 1s

	
N 1s

	
Si 2p






	
F70

	
PEI-GA1:10/PAA

	
69.69

	
14.81

	
0.67




	
PEI-GA1:5/PAA

	
74.23

	
14.07

	
0.71




	
PEI-GA1:1/PAA

	
74.82

	
10.41

	
0.37




	
F100

	
PEI-GA1:10/PAA

	
69.33

	
13.30

	
0.63




	
PEI-GA1:5/PAA

	
71.53

	
13.13

	
0.74




	
PEI-GA1:1/PAA

	
73.45

	
9.81

	
0.82




	
F200

	
PEI-GA1:10/PAA

	
72.93

	
14.35

	
0.88




	
PEI-GA1:5/PAA

	
70.43

	
13.20

	
0.65




	
PEI-GA1:1/PAA

	
75.62

	
11.31

	
0.40
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Table 3. Parameters of dynamic sorption of Cu2+ onto sand composites determined by Thomas and Yoon–Nelson models.
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Sorbent

	
Thomas Model

	
Yoon–Nelson Model




	

	
kTH

(mL/(min·mg))

	
qmax

(mg/g)

	
R2

	
kYN

(1/min)

	
Τ

(min)

	
R2






	
F70/PEI-GA1:10

	
2.5

	
3.35

	
0.9954

	
0.25

	
38

	
0.9954




	
F100/PEI-GA1:10

	
2.3

	
3.35

	
0.9880

	
0.23

	
38

	
0.9881




	
F200/PEI-GA1:10

	
2.7

	
1.25

	
0.9499

	
0.27

	
14

	
0.9499




	
F355/PEI-GA1:10

	
2.7

	
1.01

	
0.8871

	
0.27

	
11

	
0.8871
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