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Abstract

:

Nowadays, the contamination of groundwater and soils by chlorinated organic solvents is a severe and worldwide problem. Due to their swelling properties, Layered Double Hydroxides (LDHs) are potentially excellent compounds to retain chlorinated organic solvents from aquifers. By intercalating organic anions, the polarity of the interlayer space can be changed from hydrophilic to hydrophobic, enhancing the adsorption of chloro-organic molecules onto the alkyl chains of intercalated organic anions. In this study, organically modified LDHs were synthesized and their efficiency was tested in batch experiments with three different chlorinated organic solvents, namely trichloroethylene, 1,1,2-trichloroethane and trichloromethane (chloroform), to examine the influence of the chain length and the functional group of the intercalated organic anion upon the retention ability of a LDH due to different electronic interactions and different sizes of the interlayer space. All synthesized and used samples were characterized using powder X-ray diffraction, thermal analysis coupled with mass spectrometry and Fourier-transform infrared spectroscopy; freshly synthesized materials were additionally analyzed regarding their particle size distribution and specific surface area. Results of the batch experiments showed that only LDHs with intercalated long-chain organic anions could be efficient adsorbents for the removal of chlorinated organic solvents from contaminated water. A selective efficiency towards 1,1,2-trichloroethane and trichloromethane can be proposed for these reactants.
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1. Introduction


Contamination of aquifers and soils by chlorinated organic solvents is a severe and global problem because of their toxicity and persistence. They have been widely used as degreasing agents, cleaning solutions, especially within dry cleaning processes, paint thinners, as well as pesticides. Once introduced into the environment they can deeply penetrate aquifers and accumulate in the subsurface as so-called dense non-aqueous phase liquids (DNAPLs), which are immiscible and heavier than water. Natural degradation products are often similar or even more harmful and tend to accumulate in the same way as the parental compound.



In the past years, Layered Double Hydroxides (LDHs) have been widely used for remediation processes as they can intercalate and adsorb contaminants and hence reduce their mobility [1,2,3,4]. LDHs, also known as hydrotalcite-like compounds, are composed of a layered structure similar to that of brucite, Mg(OH)2 [5]. The structure of brucite is formed by edge-sharing hydroxyl octahedra with a total occupancy of the octahedral holes by Mg2+ cations in every second interlayer; many divalent metal hydroxides adopt this structure [5,6]. The structure of LDHs is characterized by a partial divalent/trivalent substitution resulting in a net positive charge of the main layer, which is balanced by intercalated anions in the metal cation-free interlayers, where they coexist with water molecules [5,6]. Interlayer anions are linked to the main layer via weak bonds and additional intercalated water molecules provide hydrogen bonds involving the brucite-like layers and the interlayer anions [7]. The general formula of LDHs can be written as [MeII1-x MeIIIx(OH)2]x+[Am−x/m•nH2O]x−[5]. In LDHs, the most common divalent cations (MeII) are Mg, Ca, Mn, Fe, Ni, Cu, Zn, while Al, Mn, Fe, Co, Ni, Cr, Ga serve as common trivalent anions (MeIII) [5,6,7]. In natural systems the most abundant interlayer anions (Am−) are CO32−, OH−, Cl−, SO42− [5,6,7]. Studies showed that it is possible to intercalate anionic coordination compounds and polyoxometalates [5,8], biochemical molecules [9] or even large organic compounds [6,10,11,12,13] as well as neutral species such as ethylene glycol or glycerin, which are sometimes used to swell the structure of the LDH [14].



The present study focuses on LDHs related to the hydrotalcite sub-group, in which the cations in the main layer are Mg2+ and Al3+ in a 3:1 molar ratio, with carbonate anions in the interlayer. Figure 1 shows the structure of the natural mineral hydrotalcite Mg6Al2CO3(OH)16·4(H2O), which can be formulated as [Mg0.75Al0.25(OH)2](CO3)0.13·0.5H2O to emphasize its relation to the brucite structure.



LDHs provide a high anion exchange capacity, which is mainly used in common synthesis routes where first a precursor is produced, usually containing easily exchangeable anions like chloride or nitrate, whose interlayer anions are then replaced by the desired anion.



Due to their swelling properties, LDHs are potentially excellent compounds to retain chlorinated organic solvents from aquifers, if previously the polarity within the interlayer space is changed from hydrophilic to hydrophobic one to facilitate the adsorption of chloro-organic molecules. Such a change can simply be accomplished by intercalation of long-chain organic carboxylates, sulfates or sulfonates.



Here we present a facile synthesis of MgAl-LDHs with intercalated organic anions prepared by the direct co-precipitation route under supersaturated conditions. The selected synthesis is an easy, rather quick and economic route to directly synthesize the aimed materials without having to produce precursor materials. Many different methods have been described in the literature to prepare this sort of solids, most of them in an aqueous medium; other synthesis routes involve solid state reactions at high temperatures and pressure, liquid-assisted grinding or direct synthesis procedures without production of intermediate products [6,16,17,18,19,20,21]. Direct co-precipitation route was selected considering the potential commercial use of the here studied LDHs for in-situ remediation strategies addressing chlorinated organic solvents.



We have prepared samples with organic anions of different lengths and different functional groups (as mentioned above, carboxylate, sulfate or sulfonate), to study the effect of these two variables on the ability shown by these materials to retain chlorine-containing organic solvents from aqueous solutions; the selected contaminants were trichloroethylene (TCE), 1,1,2-trichloroethane (1,1,2-TCA) or trichloromethane (TCM).



In order to attain a complete characterization of the samples, several complementary experimental techniques were applied. Powder X-ray diffraction was applied to determine the crystalline phases existing in each sample and to detect the presence of amorphous components or impurities. Thermogravimetric analysis and differential thermal analysis were applied to determine the thermal stability of the samples, although it is well understood that they will never be used at high temperatures for organic anions retention. Fourier transform infrared spectroscopy was used to identify the anions existing in the interlayer of the solids. Nitrogen adsorption-desorption isotherms at 193 °C were measured to determine the specific surface area and pore size distribution, of outstanding importance to understand phenomena occurring at the surface of the particles; in this sense, laser dispersion was applied to determine the particle size distribution.




2. Materials and Methods


2.1. Preparation of Samples


All samples were synthesized by the co-precipitation method [16] under supersaturated conditions using sodium hydroxide (NaOH) as the precipitating agent. Chemicals and reagents were purchased from different producers with a minimum purity of 95% and were used without further purification; a complete list can be found in the Supplementary data section (Tables S1 and S2). Eight samples with intercalated organic anions were prepared, a sample containing carbonate in the interlayer was used as a reference sample.



To synthesize the samples, 1 M aqueous solutions of the metal cation nitrates were mixed in a Mg2+/Al3+ molar ratio of 3 and dropwise added, using a peristaltic pump (at a rate of 1 mL/min), to 100 mL of an aqueous solution containing the stoichiometric amount of the anion to be intercalated. Synthesizes were carried out at a pH of 9, which was maintained by adding the required amount of 1M NaOH using a Crison pH-burette 24. After completing the addition, the samples were aged in the parent solution for 24 h at room temperature under constant magnetic stirring. To avoid carbonation of the samples from atmospheric CO2, all solutions were prepared with decarbonated water, which was previously boiled and bubbled with nitrogen for several hours. Nitrogen atmosphere was maintained along all syntheses and ageing steps. The samples were then centrifuged and washed with decarbonated, distilled water. As preliminary studies revealed strong aggregation of the solids during drying, a portion of the slurry obtained was separated for particle size distribution analysis, whereas the remaining sample slurry was dried in an oven under ambient conditions at 40 °C for 24 h.



All synthesized samples were labeled as MgAl-X, where X stands for an abbreviation of the interlayer anion indicating the number of carbon atoms in the alkyl chain and the functional group; for instance, MgAl-11COO corresponds to the sample with intercalated dodecanoate. Samples, which were used for batch experiments, are henceforth called used samples. Those were labeled in the above described manner; a prefixed E indicates its state as an experimental sample, for example, E-MgAl-11COO corresponds to the used sample with intercalated dodecanoate.




2.2. Methods


To analyze the element chemical composition of synthesized as well as experimental samples, an inductively coupled plasma optical emission spectrometer (ICP-OES, Ciros Vision, Spectro) equipped with a semiconductor detector (CCD) was used. The instrument was calibrated with in-house standards (SEL-11, Spoi17). A portion of 20 mg of the sample was dissolved in 0.77 mL HNO3 (65%, Suprapur®, Merck, Darmstadt, Germany) and then filled up to 100 mL with ultrapure water (milliQ). Then, 2 mL of this solution were filtered using 0.2 µm pore size cellulose acetate membrane filters (Advantec®, Toyo Roshi Kaisha Ltd., Tokyo, Japan) and diluted with an additional 10 mL of the blank solution (ultrapure water with 0.5% HNO3). Measurements were carried out as two triplicates for each LDH-solution. Additional dilutions were carried out if necessary.



Crystalline phases were identified by powder X-ray diffraction (PXRD) using a D5000 X-ray diffractometer (Bruker, Billerica, MA, USA) with 2θ geometry equipped with 1200 W Ni-filtered copper X-ray anode (λ = 1.5406 Å/0.154 nm) in a range from 2–70° (2θ) and a step size of 0.05° (2θ) at a counting time of 1.5 s per step.



Thermogravimetric Analysis (TG) and Differential Thermal Analysis (DTA) curves were recorded parallel on a SDT Q600 (TA instruments), using γ-Al2O3, previously calcined overnight at 1200 °C in open air, as a reference material for the DTA measurements. All samples were heated up to 900 °C at a heating rate of 5° K/min under O2 flow (50 mL/min). The gases released during the heating process were simultaneously analyzed using a coupled mass spectrometer (MS, ThermoStar GSD 301 2, Pfeiffer Vacuum, Aßlar, Germany).



Fourier-transform infrared spectroscopy (FTIR) analysis was carried out using a FTIR Spectrometer (Spectrum Two, Perkin Elmer, Waltham, MA, USA) with Spectrum software. The KBr pellet method was used for the preparation of the samples. Measurements were carried out in the 4000–400 cm−1 range, averaging 20 scans to improve the signal-to-noise ratio, at a nominal resolution of 4 cm−1.



Particle size distribution of the synthesized samples was determined by laser diffraction (Mastersizer 2000, Malvern) with software provided by the manufacturer in guidance with ISO13320. The samples were dispersed in deionized water, stirred at 800 rpm and pumped (2050 rpm) to the measuring unit. There, the intensity of light scattered by particles in the dispersed sample is measured for red (He-Ne-laser, 632.8 nm) and blue (LED, 470 nm) wavelengths. This data is then analyzed to calculate the size of the particles that created the scattering pattern; all calculations are based on Frauenhofer and Mie theory [22,23]. Deagglomeration of the particles was attained by in situ ultrasonic treatment for 5, 10 or 15 min.



The specific surface area of the samples was assessed from the nitrogen adsorption-desorption isotherms at −196 °C in a Gemini VII 2390t apparatus (Micromeritics) previously calibrated with He. A portion of 0.1 g of each sample was pre-treated at 110 °C for 2 h under constant nitrogen flow (approx. 30 mL/min) in a sample degassing system (FlowPrep 060, Micromeritics) to remove adsorbed species. The specific surface area was determined based on the Brunauer-Emmett-Teller (BET) method [24].




2.3. Chlorinated Organic Solvents Retention—Batch Experiments


For each batch experiment, 1g of the dried LDH sample was dispersed by gentle stirring in 95 mL of deionized water. A final contaminant concentration of 4 mmol/L was set by adding the required volume of either trichloroethylene (TCE, 36 μL), 1,1,2-trichloroethane (TCA, 37 μL) or trichloromethane (TCM, 32 μL) using a Hamilton Microliter syringe. To enhance the miscibility of the chlorinated organic solvents with water, 5 mL ethanol were added to the solutions. Bottle necks were wrapped with Teflon tape and bottles (120 mL amber glass bottles, Sigma-Aldrich, Sigma-Aldrich, NI, USA) were securely closed using plastic caps with molded-in polytetrafluoroethylene (PTFE)-faced silicon septa (Sigma-Aldrich). To avoid the evaporation of the added chlorinated organic solvents, all bottles were stored upside down during the batch experiments. Constant agitation during the experiments was ensured by placing all bottles in an isothermal water bath (WNB 49, Memmert), coupled with an agitator (SV 49, Memmert) set at 105 strokes per minute.



After a reaction time of 30 days, all samples were filtered and the filter cake was stored on filtering paper in a desiccator for 2 days. A small portion of each experimental sample was then prepared for chemical analyses (see Section 2.2 ICP-OES analysis) whereas the main portion was securely stored until used for different characterization methods.





3. Results and Discussion


3.1. Characterization of Synthesized Material


Element chemical analysis data of Mg and Al for all samples are included in Table 1. Sodium and sulfur content are given for samples containing organic sulfates or sulfonates in the interlayer. The presence of sodium is not expected but it could be present in the samples if they have not been sufficiently washed after synthesis resulting in remaining sodium cations on the surface of the LDH crystallite. A similar effect could appear for alkyl sulfate or alkyl sulfonate species on the external surface of the LDHs. Hence, sulfur was analyzed to check for any deviations in sulfur content from the theoretical S:Al ratio of 1. Mg/Al and S/Al molar ratios for the samples, calculated from the element chemical analysis data, are also included in Table 1.



The Mg/Al molar ratio was close to 3, with a maximum deviation of 10% in all cases, which is within the range usually accepted to yield well-defined hydrotalcite-like structures [6]. In the case of sulfur-containing anions, the theoretical S/Al ratio is 1 if the monovalent organic anion is the only species in the interlayer to balance the positive charge of the Mg2+/Al3+ substituted main layer. A S/Al ratio of approximately 1 was calculated for the MgAl-8SO3 and MgAl-12SO3, despite having a slight sulfur defect in the former sample. On the contrary the S/Al molar ratio of the samples MgAl-18SO3 and MgAl-12SO4 is much higher than one. These two samples also contain appreciable amounts of sodium leading us to the assumption that there is a fraction of sodium sulfate or sulfonate (respectively, for samples MgAl-18SO3 and MgAl-12SO4) species adsorbed on the external surface of the crystallites, due to insufficient washing of the samples. The lack of match between the excess of sulfur and the amount of sodium can probably also be originated by residual amounts of sodium from the basic medium used to prepare the samples. Small amounts of sodium were also detected for some of the MgAl-COO samples.



Preliminary batch experiment tests on the organically modified LDHs showed that synthesized samples intercalated with organic anions having less than 10 carbon atoms in the alkyl chain are ineffective as retention materials. Consequently, the retention studies were limited to samples with more than ten carbon atoms in the alkyl chain of the organic interlayer anion. For systematic reasons, characterization was carried out on all synthesized samples.



The PXRD patterns of all synthetized samples are included in the Supplementary Materials Figures S1–S8; selected samples are shown in Figure 2. The diagrams for the fully recorded diffraction angle range are shown in the left hand side panel (a), while on the right side the 2–25° (2θ) range is shown for a clear identification of the diffraction by basal planes (b). All studied samples show diffraction patterns corresponding to layered materials. The pattern of MgAl-CO3, used as the reference sample, is typical for that of LDHs with intercalated carbonate [7,15].



The first peak at 11.5° (2θ) (d = 7.7 Å) is due to the reflection of the (003) planes in the hydrotalcite-like structure with rhombohedral 3R stacking of the layers, for which the lattice parameter c corresponds to three times the spacing value for this reflection, c = 23.1 Å. The average distance between two neighbour cations in the brucite-like layers is given by lattice parameter a and can be calculated as twice the spacing of the diffraction maximum of the (110) planes, which correspond to the first peak of the doublet close to 60° (2θ); the a value for sample MgAl-CO3 is 3.1 Å. The second component of this doublet, a feature usually found in LDHs [25], is hardly visible for the organically modified samples. Lattice parameters a, c’ and c of all synthesized samples are given in Table 2.



The structural data of the carbonate-containing sample coincide with those reported in the literature [15]. As expected, insertion of organic anions in the interlayer leads to swelling of the layers, with an increase in parameter c. The largest swelling of the interlayer, by a factor of six compared to the reference sample MgAl-CO3 (7.7 Å), was detected in sample MgAl-17COO (47.7 Å). All values for the samples intercalated with organic anions agree with previously published data on LDHs with organic interlayer anions of similar length [10,25]. As expected, the height of the interlayer space increases with the length of the alkyl chain of the intercalated organic anion, confirming that these anions are not located parallel to the brucite-like layers but somewhat tilted. This free height was calculated assuming a width of 4.8 Å for the brucite-like layers [6,10,11,18] and adding the contour chain length, the distance between the ends of the organic molecule assuming it is streched out, of the organic molecule. Calculated contour chain lengths of all studied organic anions as well as their tilt angle can be found in Table S3 (Supplementary Materials). As mentioned in literature [10,11,18,26] organic molecules can be present in the interlayer of an LDH in three different ways—simple intercalation, interdigitated intercalation or as a double interlayer. In addition to that it has been reported that the organic chains can be tilted with respect to the perpendicular of the layers.



For sample MgAl-5COO the organic anions seem to be minimal tilted with respect to the perpendicular of the main layer; there is only an increase of less than 1 Å in the free height of the interlayer space with respect to the reference sample, while the molecule contains a (C11H23) chain in addition to the functional group. This leads to the assumption that both organic molecules are interdigitatedly intercalated. However, when the length of the chain increases the formation of tilted bilayers becomes more likely, as it seems to be formed for samples MgAl-11COO and MgAl-17COO. A bilayer seems also to exist for samples MgAl-12SO3 and MgAl-12SO4, while perpendicular single bilayers are formed for samples MgAl-8SO3 and MgAl-18SO3 [11,12,26]. In addition to the diffraction maxima typical of the hydrotalcite-like structure, sample MgAl-17COO showed weak extra peaks due to the presence of minor impurities of sodium nitrate, indicating an insufficient washing process for these samples; nevertheless, the presence of this impurity does not affect the capacity of these material for retention of chlorinated solvents.



The thermal decomposition of the solids prepared was studied by TG-DTA; the nature of the gases evolved was determined by MS. The curves for sample MgAl-CO3 are included in the Supplementary Materials section (Figure S9) and they show the expected mass losses [27,28]. A first mass loss up to ca. 200 °C, amounting in 15.49% of the initial sample mass, corresponds to removal of water from the interlayer or physisorbed on the external surface of the LDHs. This mass loss takes place in the same temperature range where a medium intensity endothermic peak is recorded in the DTA diagram. Quantitative analysis from the TG curves for all samples are summarized in Table 3.



A very weak peak is recorded in the MS spectra for the mass-to-charge-ratio (m/z) of 44 corresponding to CO2+. This derives from externally adsorbed carbonate species, formed by adsorption of atmospheric CO2 onto the strongly basic surface of the solid. A second mass loss is recorded up to ca. 400 °C, which corresponds to the removal of water through condensation of hydroxyl groups and of CO2, from decomposition of interlayer carbonate species. Both processes show two peaks in their MS spectra indicating a stepwise process with several reactions involved, as also concluded from the DTA curve. This agrees with results reported by Stanimirova et al. [29]. The whole decomposition process ends around 600 °C.



The curves for sample MgAl-5COO are included in Figure 3; those for all MgAl-XCOO samples are rather similar (See Supplementary Materials section, Figures S10–S14).



For sample MgAl-5COO a first mass loss is recorded up to ca. 200 °C; but no signal at m/z = 18 (H2O+) was recorded in the MS data. Comparing the TG curves for samples MgAl-CO3 and MgAl-5COO (as well as all other MgAl-XCOO samples) in this temperature range, it can be observed that the TG curve slope for sample MgAl-CO3 is clearly larger than for the other samples, suggesting that in the case of sample MgAl-CO3 removal of water takes place rather suddenly in a narrower temperature range. If this is the case, the more gradual water elimination on the MgAl-XCOO samples would give rise to a much weaker and broader signal in the MS curve, being thus not clearly detected. For the MgAl-XCOO samples the mass loss percentage in this temperature range is lower than that for sample MgAl-CO3, as expected due to the larger contribution of the organic anion than carbonate to the mass of the solid; it is ca. 11% of the initial mass loss for all samples. Then, an important mass loss, amounting to up to 60% of the initial mass (sample MgAl-17COO, Figure S12) is recorded in all cases; it should correspond to removal of the anion as water vapor and carbon dioxide through combustion of the organic anion, together with water released upon condensation of hydroxyl groups from the brucite-like layers. A very strong and sharp exothermic effect is recorded in all cases around 300 °C, probably due to the formation of CO2. Compared with the MS data, it is evident that the maximum CO2 evolution (signal at m/z = 44, CO2+) is precisely recorded at this temperature; slightly above this temperature, a minor amount of CO2 is also evolved, probably occluded within the channels and the pores of the solid. As expected, a signal at m/z = 18 (H2O+) is recorded in this temperature range, also very close to 300 °C, thus definitively confirming that the combustion process evolves CO2 and H2O.



For the MgAl-XSO3 samples we have additionally monitored the presence of SO2 during the mass spectrometry analysis of the released gases. Figure 4 exemplarily includes that for sample MgAl-8SO3, while those for the other sulfonate samples are included in the Supplementary Materials Section, Figures S13 and S14. A first mass loss occurs up to ca. 200 °C, probably due to removal of molecular water; although, as for the MgAl-XCOO samples, the signal at m/z = 18 (H2O+) is not recorded in the MS curves, probably because of the reason given above. Increasing temperature leads to an intense mass loss up to ca. 700 °C.



The second mass loss between 300–700 °C is due, according to the MS data, to removal of interlayer hydroxyl groups as water, combustion of the organic as water vapour and CO2. There is also a contribution due to the evolution of SO2. The relative intensity of the SO2 signal is extremely weak for sample MgAl-12SO3 but we have not found a reliable explanation for this result. However, it should be noticed that in this case the MS signal due to CO2 shows a shoulder at the high temperature side of the maximum, clearly noticeable for samples MgAl-8SO3 and MgAl-12SO3 and only recorded as an asymmetry for sample MgAl-18SO3; a second CO2 signal is recorded at 600–650 °C, a temperature range where a strong signal due to SO2 is also recorded, with small mass losses well. These results strongly suggest that decomposition of the alkyl sulfonates takes place in, at least, two steps, one around 300 °C, where most of the corresponding mass is lost and a second one at 600–650 °C, where residual species are probably removed. In all cases, the mass is constant from ca. 700 to 900 °C.



The thermal decomposition of sample MgAl-12SO4 is shown in Figure 5. Results are rather different to those above reported for the MgAl-XSO3 samples—The first mass loss, probably due to water release up to 200 °C, represents a very small percentage of the original sample mass and a strong exothermic effect is recorded, as in the MgAl-XSO3 samples, around 300 °C, for which release of water, CO2 and SO2 has been observed. However, no high temperature mass loss, nor high temperature evolution of gases or water vapor is recorded, contrary to what has been observed for the similar sample MgAl-12SO3 but the release of water and CO2 is observed at the high temperature side of the strongest MS signals. This means that, in this case, SO2 is released rather easily together with fragments of the organic chain, but leaving behind some other organic fragments, so combustion would be responsible for the shoulders recorded in the MS signals at m/z = 18 (H2O+) and 44 (CO2+).



The formula of the compounds prepared are given in Table 4. The content of magnesium and aluminium have been calculated based on element chemical analysis (see raw data in Table 1), the content of the anion has been determined assuming that it is the only responsible to balance the positive charge of the layers due to the presence of Al3+ cations and the water content in the interlayer has been calculated from the TG curves.



Altogether, we can conclude that the samples prepared, whichever the interlayer anion, have a similar thermal stability behavior, releasing water at low temperature and decomposing upon burning at around 300 °C. For the sulfonate (MgAl-XSO3) samples, a second decomposition effect is recorded around 600–650 °C. It should be mentioned that intercalation of the organic anions will provide more hydrophobic properties to the interlayer region, hence we would expect a lower interlayer molecular content in these samples than in the carbonate-one. Looking at the formula of the compounds (Table 4) it seems that the water content follows a rather random behavior. This might not be surprising if we accept that, although the more hydrophobic nature of the interlayer is expected to decrease the water content, as a result of the intercalation of these long-chain anions swelling the structure gives rise to more room in the interlayer, thus providing more space to accommodate water molecules. Probably both effects, together with minor differences in the drying processes, would account for the interlayer molecular water molecules number values calculated for each sample.



The Fourier transform infrared (FTIR) spectra of the studied materials show absorption bands due to the hydroxyl groups and water molecules, the interlayer anions and lattice vibrations within the layers. The spectrum for the reference sample is well known and throughly described by various authors [30,31,32,33,34,35]. The FTIR spectra of the reference sample and the most effective organo-LDHs are shown in Figure 6 (see supplementary data for spectra of all samples, Figures S15–S23). All studied samples show absorption bands characteristic of LDHs, which can be assigned to vibrations of the multiatomic species existing in the main layer and in the interlayer region.



In all cases, a broad absorption band is recorded between ca. 3800–3000 cm−1, which corresponds to the stretching mode of hydroxyl groups, both from the brucite-like layers and from the interlayer water molecules. The medium intensity absorption band close to 1650–1600 cm−1 corresponds to the bending mode of water molecules. The bands below 700 cm−1 correspond to metal-hydroxyl vibrations. All other bands recorded are due to the interlayer anion.



The shoulder at ca. 2930 cm−1 in the spectrum of sample MgAl-CO3 is due to the stretching mode of hydroxyl groups hydrogen-bonded to interlayer carbonate anions [30,33]. The sharp, very intense band at 1369 cm−1 is due to mode ν3 of interlayer carbonate anions. There is a sharp band overlapped to that one, recorded at 1384 cm−1, which is due to the ν3 mode of a nitrate impurity. Other carbonate bands are recorded at 865 cm−1 (ν2) and 663 cm−1 (ν4); it is worth noting that the band due to mode ν1, expected around 1070 cm−1, is not recorded. This band is forbidden in the IR spectrum for carbonate in a D3h geometry, indicating that no distortion of the carbonate structure exists upon its intercalation in the interlayer.



The spectra for the organically modified samples are rather different, although absorption bands corresponding to the brucite-like layers of the LDH are recorded at almost the same positions; the shift sometimes observed for the very broad absorption band in the 3500–3300 cm−1 is due to the different hydration degree of the samples. In addition, the sharp absorption at 1384 cm−1 of the nitrate impurity is recorded in most of the cases. Bands due to the organic components of the samples are usually sharp ones. Several bands due to the organic chain are also recorded below ca. 1500 cm−1. The three sets of samples (carboxylate, sulfonate and sulfate) can be identified by the characteristic bands of these functional groups. Carboxylate is characterized by two bands at ca. 1570 and 1470 cm−1, due to the antisymmetric and symmetric, respectively, vibration modes of the carboxylate group. The sulfonate group is mostly characterized by the very intense and sharp bands at 1180 cm−1 and 1050 cm−1 due to the antisymmetric and symmetric modes of the SO2 group, and, finally, the sulfate group is characterized by the bands at 1221 cm−1 and 1065 cm−1 (Supplementary Materials, Tables S4–S6).



The evaluation of the FTIR spectra confirms the presence of the organic anions in our samples and the lack (or very low intensity) of the carbonate-related bands confirms, together with the PXRD results discussed above, the insertion of the organic anions in the interlayer. The precise positions of the bands in all spectra recorded are given in Tables S4–S6 (Supplementary Materials).



The particle size distribution was measured for selected samples and significant differences were found among the dried samples and those kept in a slurry after preparation. Nevertheless, some degree of aggregation was observed in all cases and, for that reason, the samples were treated with ultrasound for 5, 10 and 15 min. All the diagrams are included in the Supplementary Materials Section, Figures S24–S37.



Within the dried carboxylate samples, the observed behavior was almost the same in all cases. The size extended in the 1–1000 μm range, with a maximum close to 300 μm; above this value, the curve decreased sharply but on the smaller particle size the decrease of the curve was more steadily and several shoulders seemed to exist. Application of ultrasounds up to 15 min gave raise to curves where the shoulders were more marked, such an effect being more evident as the length of the organic chain of the interlayer anion was increased. So, while for sample MgAl-5COO the intensity of the maximum somewhat decreased and weaker maxima at ca. 30 and 2 μm developed, some differences were found for sample MgAl-17COO, where the maximum for the untreated sample was recorded at ca. 100 μm, with a shoulder at ca. 300 μm; when the sample was submitted to ultrasound the maximum was now recorded at ca. 40 μm, with shoulders at 300 and 10 μm. A similar behavior was observed for the MgAl-XSO3 samples—no major differences were observed for sample MgAl-8SO3 as it was treated under ultrasound, with a maximum at 300 μm which intensity did not change upon ultrasound application, a treatment which gave rise to a weak but detectable, shoulder at ca. 70 μm. On the contrary, sample MgAl-18SO3 showed a maximum at ca. 300 μm which rapidly disappeared even after only 5 min ultrasound, the curve being now dominated by a main peak at ca. 30 μm, with minor shoulders at ca. 8 and 300 μm. According to the element chemical analysis results, see Table 1, this sample contains an appreciable amount of sodium sulfonate adsorbed on its external surface and this might be the origin of its easy deaggregation. Sample MgAl-12SO4 also shows a peak at ca. 300 μm which does not shift after ultrasound treatment, while a new shoulder at around 80 μm develops.



Concerning the samples that were kept in a slurry after preparation, their particle size distribution curves (Figures S33–S37 in the Supplementary Materials section) were rather different. First, the maxima in the curves for the original samples (not treated under ultrasound) were always at a lower value than those for the corresponding dried samples, confirming that drying enhances agglomeration. Within a given series, as the length of the organic chain was increased, deagglomeration was less marked. For sample MgAl-11COO the maximum was recorded at 5 μm, with a second, weaker one at 50 μm; upon ultrasound treatment three peaks were recorded at 350 μm, 70 μm and 10 μm, showing that agglomeration takes place. It is possible that ultrasound energy in some sort of way helps to agglomerate very small particles which are released during the treatment. On the contrary, sample MgAl-17COO showed an intense maximum at ca 50 μm, with a shoulder at 3 μm but upon ultrasound treatment only a shift towards lower values (25 μm) of the absolute maximum was observed. For the sulfonate samples also some differences could be observed as the length of the organic chain was changed. A bimodal particle size distribution with a double peak at 12 and 50 μm for the untreated sample MgAl-12SO3 was converted into a monomodal particle size distribution with a maximum around 10 μm. No change being further observed as the time of ultrasound treatment was extended. Sample MgAl-18SO3 showed a single maximum at 30 μm, with a medium intensity shoulder at 150 μm, being transformed to a single peak again at 30 μm and development of a weak peak at 900–1000 μm upon ultrasonic treatment. No change in the particle size distribution upon ultrasound treatment was observed for sample MgAl-12SO4, showing a monomodal particle size distribution with a maximum at 5 μm, probably due to the presence of sodium sulfate on its surface.



It can be concluded that drying of the samples gives rise to agglomeration of the particles and that such an agglomeration is less intense if the samples are kept in a slurry. This finding might be relevant concerning a probable usage of organically modified LDHs in remediation strategies adressing retention of chlorinated organic solvents. The samples seem to behave randomly concerning the change in the particle size distribution, as no clear relationship between the functional group (−COO, −SO3, −O-SO3) could be found, nor with the length of the organic chain. The d(0.9) values for all samples are included in Table 5.



Adsorption-desorption studies of N2 adsorption at −196 °C were conducted to determine the specific surface areas of the dried samples, as well as their surface texture. The isotherms are included in the Supplementary Materials Section (Figures S38–S46) and the values determined for the BET specific surface areas are given in Table 5. The reference sample MgAl-CO3 shows a value close to 100 m2/g, typical of carbonate-containing hydrotalcites which had been submitted to treatments as that for our sample [31]. The isotherm corresponds to type II in the International Union of Pure and Applied Chemistry (IUPAC) classification [36], due to adsorption on non-porous or macroporous surfaces, with unrestricted monolayer-multilayer adsorption [37]. A hysteresis loop is also recorded, its shape corresponds to type H3, typical for adsorbents formed by rigid aggregates of plate-like particles giving rise to slit-shaped pores [36,37]. The organically modified samples show clearly lower specific surface area values but no relationship seems to exist between the specific surface area and the chain of the organic anion; even the shape of the hysteresis loop does not follow any specific trend with the chain length. All four carboxylate samples show, as sample MgAl-CO3, type II isotherms, due to adsorption on non-porous or microporous solids. While for sample MgAl-11-COO the narrow hysteresis loop corresponds to type H3, due to adsorption on aggregates of plate-like particles forming slit-shaped pores, those for the other three samples of this series are markedly broader, approaching to type H2, typical for disordered materials with ill-defined distribution of shape and size of the pores. A similar behavior is observed for the sulfonate containing samples MgAl-XSO3. There, the isotherm for sample MgAl-8SO3 shows a type H3 hysteresis, while those for samples MgAl-7SO3 and MgAl-18SO3 are very narrow (actually, almost absent for the last sample), corresponding to type II. This last behavior is also observed for sample MgAl-12SO4. These findings suggest that the surface texture of the samples is probably a result of slight differences in the drying process, which can strength aggregation of the primary particles. Obviously, no measurements of this type were performed on samples, which were kept in slurry.




3.2. Retention Experiments


Results of the chemical analysis of the used samples are given in Table 6. All used samples turned out to be especially effective retaining 1,1,2-TCA and TCM from aqueous solutions with 1,1,2-TCA being the most preferred contaminant.



Trichloroethylene (TCE) proved to be the least retained contaminant by any investigated organically modified LDH. Highest amounts of 1,1,2-TCA were adsorbed by sample E-MgAl-17COO (73.7%) followed by E-MgAl-18SO3 (53.8%) and E-MgAl-11COO (19.4%). The sample with intercalated octadecane sulfonate turned out to be most efficient retaining TCM from aqueous solutions followed by carboxylate-LDHs. Unexpectedly, the LDH with intercalated dodecyl sulfate proved to be the least effective sample within this study. Several previous studies described this kind of sample as especially effective adsorbing chlorinated organic solvents from aqueous solutions [12,38,39,40]; differences probably arising from different experimental conditions used during the batch experiments. As the adsorption of 1,1,2-TCA was favored by the studied LDHs, further characterization of the experimental samples was exclusively carried out on these.



Powder X-ray diffraction patterns of experimental samples are included in the Supplementary Materials Section (Figures S47–S50). All experimental samples show diffraction patterns typical for layered materials and peak position, height and width are in mutual agreement with those of the corresponding synthesized samples. Lattice parameters, given in Table 7, of the experimental samples agree with the corresponding synthesized samples. It can be assumed that no structural changes occurred during the experiments. This confirms our assumption that the studied contaminants are solely adsorbed without influencing the main layer of the LDHs or increasing their interlayer space.



Results of thermal analyses coupled with mass spectrometry of sample E-MgAl-17COO are given in Figure 7, those for other used samples are included in the Supplementary Materials Section (Figures S51–S53). All studied experimental samples show a first mass loss until 100 °C and a second between 200–300 °C. LDHs with intercalated sulfur containing anions exclusively reveal a third mass loss at 600 °C.



The first mass loss is due to the loss of adsorbed water on the surface of the samples as they were measured without prior drying. Mass spectrometry data of the second mass at around 200–300 °C loss event reveal that water, carbon dioxide and chlorine are released simultaneously upon increasing temperatures. The release of carbon dioxide is due to the combustion of the alkyl chain of the intercalated organic anion. As the release of chlorine occurs simultaneously to that of CO2, thus it can be proposed that the adsorbed 1,1,2-TCA is attached to the alkyl chain of the anion and exclusively released upon its decomposition. For samples containing alkyl sulfonates or sulfates in the interlayer, the release of a portion of SO2 indicates the beginning decomposition of the functional group. Nevertheless, the main portion of SO2 is released during the third mass loss around 600 °C, surprisingly together with a portion of Cl2. These findings lead to two assumptions—a) the functional group is basically stable until around 600 °C although small parts of it may already decompose at lower temperatures and b) for samples with intercalated sulfur containing organic anions the chlorine, solely coming from adsorbed chlorinated organic solvents, is not only attached to the alkyl chain but additionally somehow to the functional group. As the functional group is bonded to the main layer of the LDH, the release of the chlorine gas at the third event at around 600 °C corresponds to the thermal decomposition of the functional group and the beginning thermal decomposition of the main layer, built up by Mg(OH)2 and Al(OH)3 groups.



FTIR measurements were carried out on the dried (in a desiccator over calcium chloride) reacted samples. A spectrum of the pure contaminant was recorded to compare its characteristic bonds with those occurring in the reacted samples (see Figure S58 in Supplementary Materials Section). Despite the relatively high absorption of 1,1,2-TCA in the samples no corresponding adsorption bands could be determined in any of the spectra of the used samples. See Supplementary Materials Section, Figures S54–S57, for all FTIR spectra of the used samples.





4. Conclusions


Generally speaking, the PXRD measurements carried out confirm results from previous studies [13,25,26] regarding the increase of the interlayer space due to the intercalation of long-chain organic anions and their orientation within the LDHs. Increasing the interlayer spacing by a factor of 4–6 facilitates the adsorption of the studied contaminants; samples MgAl-17COO and MgAl-18SO3 proved to be the most efficient ones within this study. The evaluation of the FTIR spectra verifies the presence of the organic anions in our samples; the presence of low intensity carbonate-related bands additionally confirms the insertion of the organic anions in the interlayer as carbonate anions in the interlayer would inhibit the intercalation of any other anion. Results on the particle size distribution of dried and undried samples show that the size of the LDHs can easily be tuned via different drying processes. Considering the probable usage of the studied LDHs as adsorbents in remediation strategies, a tunable particle size might increase their area of applications.



Results of the batch experiments using the different organically modified LDHs confirm that the decreasing hydrophilicity of the interlayer and its swelling due to the intercalation of long-chain organic anions enhances the retention ability of the studied LDHs. Based on the results here reported we propose that the chain length of the intercalated organic anion defines the effectiveness of the LDH; results indicate a proportional relation. Especially long-chain carboxylate and sulfonate intercalated LDHs are good adsorbents for trichloromethane and 1,1,2-trichloroethane and could be useful to immobilize these contaminants in aqueous environments. The thermal stability of the used samples indicates that the adsorbed chlorinated organic solvents are immobilized until the alkyl chain of the intercalated anion begins to burn. This limits the probable usability of the studied materials to a maximum temperature of around 150 °C.



To fully understand the role of the functional group of the intercalated organic anion towards the adsorption of chlorinated organic solvents, further systematic studies need to be carried out. The usage of high-resolution techniques, capable of investigating the environment of the functional group and that of the adsorbed chlorinated organic solvents, might be considered.
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Figure 1. Schematic illustration of the structure of hydrotalcite. Magnesium as green, aluminum as grey, carbon as black, oxygen as red and hydrogen as white balls. Black lines indicate the unit cell of the hydrotalcite crystal. Hydrogen atoms of the main layer are not shown for better clarity. Structural data based on Allman and Jepsen [15]. 
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Figure 2. Powder X-ray diffraction patterns of the reference sample MgAl-CO3 and the effective organo-layered double hydroxides (LDHs) (a). Expanded 2–25° 2θ range on the right-hand side (b). Graphs stacked for better visibility. (*) impurification of the sample with sodium nitrate. 
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Figure 3. Thermogravimetric Analysis-Differential Thermal Analysis-Mass Spectrometry (TG-DTA-MS) analysis of the sample MgAl-5COO. 






Figure 3. Thermogravimetric Analysis-Differential Thermal Analysis-Mass Spectrometry (TG-DTA-MS) analysis of the sample MgAl-5COO.



[image: Chemengineering 03 00089 g003]







[image: Chemengineering 03 00089 g004 550] 





Figure 4. TG-DTA-MS analysis of sample MgAl-8SO3. 
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Figure 5. TG-DTA-MS analysis of the sample MgAl-12SO4. 
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Figure 6. Overlay of the Fourier transform infrared (FTIR) spectra of the most effective organo-LDHs (upper five) and the reference sample MgAl-CO3. 
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Figure 7. TG-DTA-MS analysis of the sample E-MgAl-17COO after a batch experiment using 1,1,2-TCA. 
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Table 1. Element chemical data provided as mass percentage of the synthesized samples. All values rounded to two decimal places.
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	Sample
	Na
	Mg
	Al
	S
	Mg/Al
	S/Al





	MgAl-CO3
	
	22.23
	7.94
	
	3.13
	



	MgAl-5COO
	0.15
	10.49
	4.14
	
	2.77
	



	MgAl-7COO
	0.31
	9.06
	3.40
	
	2.92
	



	MgAl-11COO
	0.24
	7.37
	2.56
	
	3.15
	



	MgAl-17COO
	0.68
	5.17
	2.09
	
	2.77
	



	MgAl-8SO3
	0.16
	14.67
	5.41
	5.79
	3.01
	0.90



	MgAl-12SO3
	1.58
	11.87
	4.21
	5.56
	3.13
	1.11



	MgAl-18SO3
	1.98
	8.15
	2.85
	5.75
	3.17
	1.70



	MgAl-12SO4
	0.14
	13.14
	4.58
	6.72
	3.14
	1.22
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Table 2. Lattice parameters (Å) of the synthesized samples.






Table 2. Lattice parameters (Å) of the synthesized samples.





	Sample
	a
	C’
	c





	MgAl-CO3
	3.06
	7.7
	23.1



	MgAl-5COO
	3.05
	8.3
	25.0



	MgAl-7COO
	3.07
	16.4
	49.3



	MgAl-11COO
	3.05
	36.0
	108.0



	MgAl-17COO
	3.05
	47.7
	143.2



	MgAl-8SO3
	3.05
	21.3
	63.7



	MgAl-12SO3
	3.06
	36.2
	108.6



	MgAl-18SO3
	3.06
	31.7
	95.0



	MgAl-12SO4
	3.06
	37.9
	113.7
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Table 3. Quantitative analysis of the thermogravimetric (TG) curves. Theoretical values are calculated from the ideal chemical composition of the LDH. Experimental mass loss is calculated using the exact chemical composition of the LDH (see Table 4). All values rounded to two decimal places.






Table 3. Quantitative analysis of the thermogravimetric (TG) curves. Theoretical values are calculated from the ideal chemical composition of the LDH. Experimental mass loss is calculated using the exact chemical composition of the LDH (see Table 4). All values rounded to two decimal places.





	
Sample

	
Theoretical Mass Loss (%)

	
Experimental Mass Loss (%)




	

	
Anion

	
Interlayer Water

	
Crystal Water

	
Anion

	
Interlayer

	
Crystal Water






	
MgAl-CO3

	
9.94

	
11.93

	
23.86

	
9.79

	
10.77

	
24.27




	
MgAl-5COO

	
29.74

	
9.31

	
18.61

	
32.46

	
4.74

	
19.16




	
MgAl-7COO

	
30.47

	
9.21

	
18.42

	
31.71

	
6.74

	
18.79




	
MgAl-11COO

	
42.29

	
7.64

	
15.29

	
45.05

	
8.66

	
14.13




	
MgAl-17COO

	
51.03

	
6.49

	
12.97

	
55.42

	
4.54

	
12.22




	
MgAl-8SO3

	
41.54

	
7.74

	
15.49

	
40.57

	
4.31

	
16.83




	
MgAl-12SO3

	
47.83

	
6.91

	
13.82

	
51.85

	
4.16

	
13.43




	
MgAl-18SO3

	
55.08

	
5.95

	
11.90

	
53.07

	
1.83

	
13.78




	
MgAl-12SO4

	
49.39

	
6.70

	
13.41

	
49.39

	
6.70

	
13.41
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Table 4. Chemical formulae of the synthesized samples. All values rounded to two decimal places.






Table 4. Chemical formulae of the synthesized samples. All values rounded to two decimal places.





	Sample
	Chemical Formula





	MgAl-CO3
	[Mg0.76Al0.24(OH)2.00] (CO3)0.12·0.44H2O



	MgAl-5COO
	[Mg0.73Al0.27(OH)2.00] (C5H11COO)0.27·0.25H2O



	MgAl-7COO
	[Mg0.75Al0.25(OH)2.00] (C7H15COO)0.25·0.36H2O



	MgAl-11COO
	[Mg0.76Al0.24(OH)2.00] (C11H23COO)0.24·0.83H2O



	MgAl-17COO
	[Mg0.75Al0.25(OH)2.00] (C17H35COO)0.25·0.37H2O



	MgAl-8SO3
	[Mg0.75Al0.25(OH)2.00] (C8H17SO3)0.23·0.25H2O



	MgAl-12SO3
	[Mg0.74Al0.26(OH)2.00] (C12H25SO3)0.27·0.31H2O



	MgAl-18SO3
	[Mg0.76Al0.24(OH)2.00] (C18H37SO3)0.21·0.13H2O



	MgAl-12SO4
	[Mg0.76Al0.24(OH)2.00] (C12H25SO4)0.34·0.42H2O
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Table 5. BET specific surface area (m2/g) and d (0.9) values of particle distribution measurements of the synthesized dried samples.






Table 5. BET specific surface area (m2/g) and d (0.9) values of particle distribution measurements of the synthesized dried samples.





	
Sample

	
BET Area (m2/g)

	
Particle Size Distribution (µm)




	
d(0.9) Aggregated

	
d(0.9) De-aggregated






	
MgAl-CO3

	
97

	
475

	
27




	
MgAl-5COO

	
20

	
790

	
650




	
MgAl-7COO

	
34

	
760

	
650




	
MgAl-11COO

	
14

	
730

	
625




	
MgAl-17COO

	
5

	
730

	
560




	
MgAl-8SO3

	
7

	
685

	
650




	
MgAl-12SO3

	
24

	
470

	
320




	
MgAl-18SO3

	
10

	
125

	
50




	
MgAl-12SO4

	
16

	
620

	
590
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Table 6. Element chemical analysis of the used samples together with the amount of chlorine adsorbed by different organic LDHs during batch experiments.






Table 6. Element chemical analysis of the used samples together with the amount of chlorine adsorbed by different organic LDHs during batch experiments.





	
Sample

	
Contaminant (0.04 mmol in 100 mL)

	
Reaction Time (Days)

	
Na (mol)

	
Mg (mol)

	
Al (mol)

	
S (mol)

	
Cl (mol)

	
Cl Retained (%)






	
E-MgAl-11COO

	
TCE

	
30

	
0.0029

	
0.8297

	
0.1703

	
0.0025

	
0.2795

	
6.99




	
TCM

	
30

	
0.0032

	
0.7316

	
0.2684

	
0.0033

	
0.3339

	
8.35




	
1,1,2-TCA

	
30

	
0.0040

	
0.7290

	
0.2710

	
0.0065

	
0.7752

	
19.38




	
E-MgAl-17COO

	
TCE

	
30

	
0.0032

	
0.8381

	
0.1619

	
0.0027

	
0.1222

	
3.05




	
TCM

	
30

	
0.0016

	
0.8325

	
0.1675

	
0.0034

	
0.2899

	
7.25




	
1,1,2-TCA

	
30

	
0.0006

	
0.8281

	
0.1719

	
0.0024

	
2.9466

	
73.67




	
E-MgAl-18SO3

	
TCE

	
30

	
0.1465

	
0.7682

	
0.2318

	
0.0073

	
0.4454

	
11.13




	
TCM

	
30

	
0.1422

	
0.7646

	
0.2354

	
0.0109

	
0.7347

	
18.37




	
1,1,2-TCA

	
30

	
0.0889

	
0.7599

	
0.2401

	
0.0070

	
2.1532

	
53.83




	
E-MgAl-12SO4

	
TCE

	
0.16

	
0.0083

	
0.758

	
0.242

	
0.4351

	
0.0006

	
0.02




	
TCE

	
2

	
0.0033

	
0.7573

	
0.2427

	
0.4546

	
0.003

	
0.08




	
TCE

	
30

	
0.0088

	
0.8294

	
0.1706

	
0.9040

	
0.3942

	
9.86




	
TCM

	
30

	
0.0060

	
0.7380

	
0.2620

	
1.3652

	
0.4235

	
1.62




	
1,1,2-TCA

	
30

	
0.0038

	
0.8288

	
0.1712

	
0.7462

	
1.3116

	
10.59
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Table 7. Lattice parameters (Å) of the used samples after the batch experiments. All values rounded to two decimal places.






Table 7. Lattice parameters (Å) of the used samples after the batch experiments. All values rounded to two decimal places.





	Sample
	a
	c’
	c





	E-MgAl-11COO
	3.06
	36.0
	108.1



	E-MgAl-17COO
	3.05
	46.5
	139.5



	E-MgAl-18SO3
	3.06
	32.0
	95.9



	E-MgAl-12SO4
	3.06
	38.8
	116.4
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