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Abstract

:

The development of functional materials from food waste sources and minerals is currently of high importance. In the present work, polylactic acid (PLA)/silica composites were prepared by in situ ring-opening polymerizations of L-lactide onto the surface of pristine (Silochrom) and amine-functionalized (Silochrom-NH2) silica. The characteristics of the ring-opening polymerization onto the surface of modified and unmodified silica were identified and discussed. Fourier transform infrared spectroscopy was used to confirm the polymerization of lactide onto the silica surface, and thermogravimetric analysis determined that PLA constituted 5.9% and 7.5% of the composite mass for Silochrom/PLA and Silochrom-NH2/PLA, respectively. The sorption properties of the composites with respect to Pb(II), Co(II), and Cu(II) ions were investigated, and the effect of contact time, initial metal ion concentration, and initial pH were evaluated. Silochrom-NH2/PLA composites were found to have a higher adsorption capacity than Silochrom/PLA for all chosen ions, with the highest adsorption value occurring for Pb2+ at 1.5 mmol/g (90% removal efficiency). The composites showed the highest performance in the neutral or near-neutral pH (created by distilled water or buffer pH 6.86) during the first 15 min of phase contact. The equilibrium characteristics of adsorption were found to follow the Langmuir isotherm model rather than the Freundlich and Temkin models. Perspective applications for these PLA/silicas include remediation of industrial wastewater or leaching solutions from spent lead-acid and Li-ion batteries.
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1. Introduction


Water pollution caused by toxic heavy metal ions has become a serious global environmental problem. Due to their resistance, inseparability, and toxicity, heavy metal ions pose a serious threat to water resources and overall human health, even at low concentrations. Of all the remediation techniques, adsorption is one of the most effective and promising methods for metal ion removal. Specifically, many sorption processes are low cost, require minimum maintenance, show high efficiency, and ease of operation. However, some of the key challenges in this field are the low adsorption capacity, relatively weak interactions with metallic ions, and difficulties surrounding the separation and regeneration of absorbent from water. Organic-inorganic composites [1,2] are promising materials for the extraction of toxic compounds from water. These heterophase materials consist of two or more components of different chemical nature with different physicochemical properties [3,4]. One class of these materials is functionalized hybrid polymeric composites, which have been regarded as one of the most effective adsorbents. These kinds of materials often present the best properties of each of their components in a synergic way and have been shown to have excellent physical, chemical, and mechanical properties. Recently, sustainability has become an important aspect of materials production as a way of reducing the impact on the environment. As a result, more attention has been paid to biopolymeric products based on biodegradable materials [5]. Polylactic acid (PLA) is a biodegradable aliphatic polyester derived from 100% renewable resources, such as corn and sugar beets [6]. Moreover, it has unique physical properties that make it useful in diverse applications, including medical applications, tissue engineering, adsorbent material, and drug delivery systems. Polylactic acid is a hydrophobic polymer that belongs to the class of biomaterials commonly referred to as poly-α-hydroxy acids, poly-α-esters, or aliphatic polyesters (Figure 1).



PLA synthesis proceeds either through step-growth polymerization or ring-opening polymerization (ROP). Step growth polymerization simply takes advantage of the reactivity of the two functional groups. Specifically, the polycondensation of hydroxyl and carboxyl moieties leads to the formation of the ester bonds that constitute the polymer backbone [7]. At an industrial scale, ROP is the most popular process because of the mild process conditions, short residence times, absence of side products, and the ability to achieve high molecular weights [8]. The most widely used catalyst is 2-ethylhexanoic tin(II) salt (also referred to as stannous octoate [Sn(Oct)2]), which has been approved by the United States Food and Drug Administration (FDA) and is usually employed along with alcohol as co-catalyst. PLA is soluble in dioxane, acetonitrile, chloroform, methylene chloride, 1,1,2-trichloroethane, and dichloroacetic acid, while it is only partially soluble in ethylbenzene, toluene, acetone, and tetrahydrofuran when heated to boiling temperature. PLA is not soluble in water, alcohols, or linear hydrocarbons.



The physical properties of the polymer composites can be altered in hybrid systems by the inclusion of mineral-based nanoparticles. Among the numerous inorganic/organic hybrid materials, silica-polymer hybrid materials are ideal candidates. Silica is well-known as a perspective carrier due to its rigid structure, characterized by thermal stability, high specific surface area, low cost, and applicability at an industrial scale [9,10,11,12,13]. The chemical properties of the silica surface are largely determined by the various silanol and siloxane groups that are present. The hydroxyl groups on the surface of silica particles can be functionalized by silane reagents or polymers. The most common way to activate the silica surface is via amination with a 3-aminopropyltriethoxysilane precursor [14]. Recently, attempts have been made to polymerize L-lactide onto the surface of hydroxyapatite nano-crystals [15] and cellulose nanofibrils [16]. Alba et al. successfully conducted direct ring-opening of lactide with amines, confirming the possibility of lactide modification by variable amines [17]. However, the ring-opening polymerization on the pristine and aminated silica surface is still a challenge.



Therefore, more attention is needed to be focused on polylactide and silica or aminated silica composites, which can have a wide variety of potential applications. This work aims to develop synthesis methods and to study the properties of composites made with PLA and silochrom and aminopropyl-silochrom [18]. The preparation of composite sorbents was carried out by polymerization of L-lactide with the opening of its ring on the surface layer of silica. Sorption studies of the composites were carried out with respect to Pb(II), Co(II), and Cu(II) ions, as these are the most abundant components in leaching solutions from spent lead-acid and Li-ion batteries [10,19,20].




2. Materials and Methods


2.1. Materials


Monomer L-lactide (3S,6S)-3,6-dimethyl-1,4-dioxane-2,5-dione (Figure 2) was used as received from Sigma Aldrich (99 wt.%). Stannous octoate (assay ≥ 99%) was purchased from Sigma Aldrich. Porous silica spheres, Silochrom, with a specific surface area of 143 m2/g, total pore volume of 0.95 cm3/g, and mean pore diameter of 17 nm, were produced via spray-drying technique from highly dispersed non-porous silica particles and were used throughout this study.




2.2. Amine-Functionalized Porous Silica Samples (Silochrom-NH2)


Modified silica particles were prepared via the treatment of the pristine silica with 3-aminopropyltriethoxysilane (APTES, 99%, Fluka). Specifically, pristine silica was dehydrated at 200 °C for 2 h and then refluxed for 2 h at 60 °C with APTES in toluene (99.5%, Aldrich) at the ratio 1 g SiO2/0.2 g APTES/10 mL toluene. The obtained product was filtered and sequentially washed with toluene and acetone (99.5%, Aldrich), from which the particles were dried at 80 °C for 2 h in air. The content of the chemisorbed amino groups was determined using the spectrophotometric method (spectrophotometer SF-46, absorption wavelength 400 nm) after the reaction of the surface NH2-groups with the salicylic aldehyde. The amino group content was calculated as 0.25 mmol per 1 g of silica.




2.3. Synthesis of Silochrom/PLA and Silochrom-NH2/PLA Composites


A 250 mL three-neck round-bottom flask equipped with a magnetic stirrer, thermometer, and condenser was used as a polymerization reaction vessel. For the reaction, 5 g of Silochrom or Silochrom-NH2, and the appropriate portion of lactide, dissolved in ethanol were introduced into the flask, and the system was heated to 45 °C, under stirring. After 1.5 h, a 2 wt% stannous octoate catalyst was added. The polymerization reaction was carried out in an oil bath at a constant temperature of 100 °C for 2 h [21,22,23]. The synthesis lasted 2 h. After completion of the synthesis, the resulting sorbent was washed several times with ethanol and water, and then it was dried at 100 °C.




2.4. Methods


Surface area and porosity were determined from nitrogen adsorption-desorption isotherms obtained at −196 °C using a Micromeritics ASAP-2000 analyzer (USA). In all cases, 50–70 mg of material was degassed at 60 °C for 4 h under a vacuum (residual pressure <10−5 Torr) before nitrogen adsorption. The specific surface area of adsorbents was determined by Brunauer–Emmett–Teller (BET) measurements [24] and the pore size distribution by Barrett-Joyner-Halenda (BJH) method [25].



Fourier transform Infrared (FTIR) spectra were collected using a Thermo Nicolet Nexus 450 from 4000 to 500 cm−1 and resolution of 4 cm−1, using KBr pellets in weight ratio sample: KBr as 1:20.



X-ray photoelectron spectroscopy (XPS) was recorded using PHI Quantera II Scanning XPS Microprobe (Physical Electronics, Chanhassen, MN, USA) to confirm the covalent bonding of L-lactide onto the pristine and aminated silica. The pressure in the chamber was approximately 10−9 Pa. An X-ray source of monochromatized Al Kα operating at 100 W was used for the measurements. The passing energy of the hemispheric analyzer was set at 50 eV for the high-resolution spectra. The surface charge compensation was performed by an ion gun. The results were analyzed with the MultiPak software (Physical Electronics). The spectra binding energy scale was correlated, taking as reference the C1s peak at 284.8 eV.



Differential thermal analysis (DTA) and thermogravimetry (TG) were performed using a Derivatograph Q-1500 D (MOM, Mátészalka, Hungary). The average sample mass was 250 mg. The heating rate was 5 °C min−1. The thermoanalytical curves were recorded up to a temperature of 1000 °C in the air atmosphere.



The sorption properties of the silochrom-polylactide (silochrom/PLA) and aminosilochrom-polylactide (silochrom-NH2/PLA) composites were studied in the static mode with periodic mixing. For this study, 0.1 g of adsorbent per 25 mL was used to isolate the salts of the formed cations: Pb(NO3)2, CoCl2, and CuSO4·5H2O, fixing the concentration of cations by the atomic absorption method [26]. Standard buffer solutions (DSTU 8.135: 2009, manufactured by OJSC Kyiv RIAP Plant) were used to create the appropriate pH of the medium.



The removal efficiency (R, %) was calculated by the formula:


R = (mads/mo) 100% = (mo − m)/mo 100%,








where mo is the mass of the metal in the initial solution, mads is the mass of the adsorbed metal, and m is the mass of the metal in the equilibrium solution after adsorption, which was calculated as m = C·V, where C is the equilibrium metal concentration, and V is the volume equilibrium solution.



The equilibrium concentrations of the metals were determined by atomic absorption spectroscopy using a flame atomic absorption spectrophotometer “Saturn” (Kyiv, Ukraine) in an air-propane-butane flame mixture. The characteristic wavelengths for measurements were used: 324.7 nm for Cu, 228.8 nm for Pb, and 248.3 nm for Co. The calculations of the equilibrium concentrations in the solution were made by comparing the intensities of their lines in the spectrum with the intensity of the lines of standard solutions.





3. Results and Discussion


3.1. Preparation of Polylactic Acid/Silica Composites


Lactide, a cyclic diester of lactic acid, is the monomer used to synthesize PLA (polylactic acid) by ring-opening polymerization (ROP). Lactide is a natural and renewable compound produced from lactic acid (2-hydroxypropanoic acid), which is obtained by the fermentation of sucrose or glucose. Stannous octoate was used as a catalyst for the polymerization of L-lactide.



Two PLA/silica composites were synthesized via ring-opening polymerization of L-lactide onto the surface of porous pristine silica, Silochrom, and amine-functionalized silica, Silochrom-NH2, in the presence of stannous octoate catalyst [21,22,23]. Polymerization of L-lactide onto the silica surface is schematically presented in Scheme 1 and Scheme 2 below.



The IR spectra of the Silochrom and Silochrom-NH2 particles were compared to the spectra of the silica/PLA composites (Figure 3a,b) to confirm the polymerization of L-lactide onto the surface of the silica.



In the spectrum of the starting Silochrom (Figure 3a), the bands at 1090 and 800 cm−1 can be attributed to the vibrational modes in the Si-O-Si bond of the silica. Following the polymerization of lactide, an intense absorption band in the C-H stretching region (2950–2900 cm−1) and the absorption band at 1740 cm−1, attributed to the valence vibrations of the carbonyl group (C=O), appear. At the same time, the band intensity of the stretching vibrations of free silanol groups (3700 cm−1) of the silica surface decreases. This suggests that as the polymerization of lactide proceeds, PLA simultaneously grafts to the silanol groups of the silica surface with the formation of hydrolytically unstable Si-O-C bonds. In the case of Silochrom-NH2 (Figure 3b), following polymerization, a characteristic band with maximum absorption at 1640 cm−1 can be seen, corresponding to azomethine bonds in surface compounds formed between aminopropyl carrier groups and carbonyl groups of grafted polylactide [27,28,29].



The deconvoluted C1s (for silochrom/PLA) and N1s (silochrom-NH2/PLA) XPS spectra are presented in Figure 4. The C1s spectra of silochrom/PLA are represented by three carbon atoms, where C1s with binding energy Ebind = 284.8 eV is assigned to C-C/C-H, Ebind = 286.5 eV is assigned to C-O (ether bond), and Ebind = 288.7 eV is assigned to carboxyl carbon. These results are in line with the XPS spectra of PLA shown in recently published works [30,31]. The N1s spectra of silochrom-NH2/PLA confirm the results of IR analysis whereby the presence of an N atom with Ebind = 398.5 eV [32] indicates that polymerization of L-lactide on the aminated silica occurs through the formation of a C=N bond. The N1s with Ebind = 400.1 corresponds to the N-C bond in aminopropyl fragments, which is not bonded with L-lactide species. It should be noted that part of the nitrogen atoms are present in protonated form (the third peak with a maximum at 401.7 eV in Figure 4b).



The porosity of samples was calculated from adsorption/desorption curves shown in Figure 5. The specific surface area, total pore volume, and values of average pore diameter of PLA/silica composite were calculated using BET and BJH methods and are presented in Table 1. It could be seen that the specific surface area, total pore volume, and average pores diameter decrease with the silica modification.



TGA was carried out to investigate the influence of silica on the stability of the PLA/silica nanocomposites. DTA, TG, and DTG curves for initial lactide and synthesized composites are presented in Figure 6. According to Figure 6a, complete degradation of lactide occurred between 105 °C and 250 °C with the maximum at 225 °C. After immobilization on Silochrome and Silochrome-NH2, the maximum shifted to 250 °C and 270 °C, respectively. Both composites showed a 2% weight loss at a temperature of 90 °C (Figure 6b,c), corresponding to moisture evaporation. For Silochrom/PLA composite, the main decomposition process occurred in the temperature range of 200–400 °C with a maximum peak at 250 °C (Figure 6b). For Silochrom-NH2/PLA, two stages of thermal decomposition were detected (Figure 5c). Thermal oxidative destruction of composite begins at a temperature of 180 °C and proceeds in two stages. In the first step of degradation between 200 to 400 °C, there is initial destruction of the modifier, with a peak at 350 °C. The second decomposition step takes place at a temperature maximum of 565 (485–700 °C), where the carbonization and oxidation of decomposition products of the organic part take place. Finally, at a temperature of 700 °C, the final oxidative destruction of polylactic acid is observed. The Silochrom-NH2/PLA composite tended to have slightly better thermal stability in comparison with unmodified silica. This is potentially due to the stronger interactions between the PLA and the modified silica surface. The total weight loss for the Silochrom/PLA and Silochrom NH2/PLA composites was 7.90% and 9.52%, respectively, where 5.9% and 7.5% were attributed to the immobilized PLA on the silica and aminated silica, respectively.




3.2. Adsorption Studies


The adsorption kinetics and overall adsorption rate are significant factors for determining the efficiency of an adsorbent [33,34] and its potential use at a large scale [35,36]. Kinetics studies open the possibility of determining the mechanism of adsorption, and thus, adsorption tests that investigated the effect of contact time were performed for Pb(II), Co(II), and Cu(II) ions in aqueous solutions in the neutral media. The influence of phase contact time of metal ions adsorption using Silochrom/PLA and Silochrom-NH2/PLA composites are presented in Figure 7.



It can be seen from Figure 7 that the adsorption kinetics for Pb(II), Co(II), and Cu(II) ions are similar for both composites. However, Silochrom-NH2/PLA showed higher affinity to all selected metal ions. The highest adsorption removal was found for Cu(II) and Pb(II) ions (100%). For Pb(II), complete removal was achieved after 15 min of contact, whereas for Cu(II) ions, it took 90 min to reach 100% removal. It was found that the adsorption of Co(II) ions proceeds in two steps: an initial fast step, which occurred during the first 15 min, followed by a slower adsorption step, which occurred during the next 75 min, while the adsorbed amounts reached the equilibrium. The produced composites maintain the kinetic properties of the initial silica matrix, which is characterized by a sufficiently high rate of adsorption.




3.3. Effect of pH


The effect of initial pH was investigated in the pH range of 1.68 to 6.86 (Table 2). The Silochrom-NH2/PLA composite was found to be most effective at pH = 6.86 with ion removal of 99%, 99%, and 74% for Cu(II), Pb(II), and Co(II) ions, respectively. Adsorption of aqua complexes of selected bivalent metal ions [Co(H2O)6]2+, [Pb(H2O)6]2+, and Cu(H2O)6]2+ [37] was found to be high as well and reached up to 81–99%. The low acidity of initial metal ion solutions (pH = 1–4) was found to decrease the adsorption efficiency of both composites. It can be seen from Table 2 that both hybrid materials showed similar dependency on pH. However, the Silochrom-NH2/PLA showed a higher degree of sorption towards the selected ions in the same pH range. Overall, in the static adsorption mode, the synthesized composites have high adsorption activity with respect to Pb(II), Co(II), and Cu(II) cations in a neutral medium with Silochrom-NH2/PLA showing better sorption than Silochrom/PLA composites.




3.4. Adsorption Isotherms


The effect of the initial concentration of the metal ions on the adsorption behavior of silica/PLA composites was studied at room temperature and neutral pH. The initial concentrations used ranged between 2 mg∙L−1 and 1000 mg∙L−1. Typical adsorption isotherms of Pb(II), Co(II), and Cu(II) ions are shown in Figure 8, where it can be seen that both composites have a higher affinity to Pb(II) ions than to Co(II) and Cu(II) ions. The isotherms of Pb(II) and Co(II) ions have L-form, and Cu(II) ions are S-form, which are characterized as Langmuir and multilayer adsorption, respectively. Saturation was achieved for all bivalent metal ions studied. The adsorption capacities of the Silochrom-NH2/PLA were 1.5 mmol/g for Pb2+; 0.05 mmol/g for Co2+ and 0.23 mmol/g for Cu2+. Similarly, the adsorption capacities for the Silochrom/PLA composite were 0.50 mmol/g for Pb2+, 0.04 mmol/g for Co2+, and 0.10 mmol/g for Cu2+.



Langmuir, Freundlich, and Temkin adsorption models were applied to evaluate the adsorption behavior of the composites. The characteristic parameters were calculated for each isotherm model and summarized in Table 3. According to the obtained data, all systems where metal ions are present in the form of aqua complexes (de-ionized water) fit well with the Langmuir isotherm model. The fitting was confirmed by the high values of correlation coefficients (0.8–0.99). In the systems where metal ions were adsorbed by Silochrom-NH2/PLA composites, adsorption behavior could be described by the Freundlich isotherm model (R2 from 0.91–0.97). This could potentially be due to a more heterogeneous surface of the Silochrom-NH2/PLA composite, and therefore potentially, more groups could be responsible for adsorption, resulting in multilayer adsorption with non-uniform distribution of adsorption heat.





4. Conclusions


Silica/PLA composites were synthesized through ring-opening polymerization of L-lactide onto the surface of nonmodified and modified porous silica in the presence of stannous octoate as a catalyst. The immobilization of L-lactide was confirmed by FTIR, and it was found that the thermal decomposition temperature of the composites was higher than that of the pure lactide. The obtained composites effectively removed toxic metal cations (Pb2 +, Co2+, and Cu2+) from aqueous solutions. Silochrom-NH2/PLA composite was found to better adsorb Pb(II) Cu(II) and Co(II) ions (up to 99%, 99%, and 74%, respectively) in a neutral medium. The obtained composites, which have good kinetic properties, do not swell, have a sufficiently high adsorption capacity with respect to toxic metal cations, and are prospective sorbents for water remediation.







Author Contributions


Methodology, L.M.P.; Formal analysis, R.B.K.; Investigation, L.M.P., R.B.K., A.P.K. and O.T.; Resources, T.M.B.; Data curation, L.M.P. and R.B.K.; Writing—original draft, L.M.P.; Writing—review & editing, V.A.T., M.S. and T.M.B.; Supervision, T.M.B.; Project administration, V.A.T. All authors have read and agreed to the published version of the manuscript.




Funding


Oleg Tkachenko is thankful for the funding from Carl Trygger’s Foundation for Scientific Research (CTS 21:1701). Tetyana M. Budnyak acknowledges financial support from Formas—a Swedish Research Council for Sustainable Development (project: 2020-02321).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Olivera, S.; Hu, C.; Nagananda, G.S.; Reddy, N.; Venkatesh, K.; Muralidhara, H.B. Multipurpose Composite for Heavy Metal Sorption, Antimicrobial, and Antioxidant Applications. Int. J. Environ. Sci. Technol. 2019, 16, 2017–2030. [Google Scholar] [CrossRef]

	



Radzyminska-Lenarcik, E.; Witt, K. Sorption of Cu(II), Zn(II) and Pb(II) Ions in an Aqueous Solution on the PVC-Acetylacetone Composites. Polymers 2019, 11, 513. [Google Scholar] [CrossRef] [PubMed]

	



Lim, W.-R.; Kim, S.W.; Lee, C.-H.; Choi, E.-K.; Oh, M.H.; Seo, S.N.; Park, H.-J.; Hamm, S.-Y. Performance of Composite Mineral Adsorbents for Removing Cu, Cd, and Pb Ions from Polluted Water. Sci. Rep. 2019, 9, 13598. [Google Scholar] [CrossRef]

	



Ren, C.; Ding, X.; Li, W.; Wu, H.; Yang, H. Highly Efficient Adsorption of Heavy Metals onto Novel Magnetic Porous Composites Modified with Amino Groups. J. Chem. Eng. Data 2017, 62, 1865–1875. [Google Scholar] [CrossRef]

	



Goliszek, M.; Kołodyńska, D.; Pylypchuk, I.V.; Sevastyanova, O.; Podkościelna, B. Synthesis of Lignin-Containing Polymer Hydrogels with Tunable Properties and Their Application in Sorption of Nickel(II) Ions. Ind. Crops Prod. 2021, 164, 113354. [Google Scholar] [CrossRef]

	



Esakkimuthu, E.S.; DeVallance, D.; Pylypchuk, I.; Moreno, A.; Sipponen, M.H. Multifunctional Lignin-Poly (Lactic Acid) Biocomposites for Packaging Applications. Front. Bioeng. Biotechnol. 2022, 10, 1025076. [Google Scholar] [CrossRef]

	



Guillaume, S.M. Recent Advances in Ring-Opening Polymerization Strategies toward α,ω-Hydroxy Telechelic Polyesters and Resulting Copolymers. Eur. Polym. J. 2013, 49, 768–779. [Google Scholar] [CrossRef]

	



Shrivastava, A. 2—Polymerization. In Plastics Design Library; Shrivastava, A.B.T.-I.P.E., Ed.; William Andrew Publishing: Burlington, MA, USA, 2018; pp. 17–48. ISBN 978-0-323-39500-7. [Google Scholar]

	



Seisenbaeva, G.A.; Ali, L.M.A.; Vardanyan, A.; Gary-Bobo, M.; Budnyak, T.M.; Kessler, V.G.; Durand, J.O. Mesoporous Silica Adsorbents Modified with Amino Polycarboxylate Ligands—Functional Characteristics, Health and Environmental Effects. J. Hazard Mater. 2021, 406, 124698. [Google Scholar] [CrossRef]

	



Budnyak, T.M.; Piątek, J.; Pylypchuk, I.V.; Klimpel, M.; Sevastyanova, O.; Lindströ, M.E.; Gun’ko, V.M.; Slabon, A. Membrane-Filtered Kraft Lignin−Silica Hybrids as Bio-Based Sorbents for Cobalt(II) Ion Recycling. ACS Omega 2020, 5, 10847–10856. [Google Scholar] [CrossRef]

	



Piątek, J.; de Bruin-Dickason, C.N.; Jaworski, A.; Chen, J.; Budnyak, T.; Slabon, A. Glycine-Functionalized Silica as Sorbent for Cobalt(II) and Nickel(II) Recovery. Appl. Surf. Sci. 2020, 530, 147299. [Google Scholar] [CrossRef]

	



Budnyak, T.M.; Vlasova, N.N.; Golovkova, L.P.; Slabon, A.; Tertykh, V.A. Bile Acids Adsorption by Chitoan-Fumed Silica Enterosorbent. Colloids Interface Sci. Commun. 2019, 32, 100194. [Google Scholar] [CrossRef]

	



Mishra, A.K. (Ed.) Sol-Gel Based Nanoceramic Materials: Preparation, Properties and Applications; Springer International Publishing: Cham, Switzerland, 2017. [Google Scholar] [CrossRef]

	



Budnyak, T.M.; Pylypchuk, I.V.; Lindströ, M.E.; Sevastyanova, O. Electrostatic Deposition of the Oxidized Kraft Lignin onto the Surface of Aminosilicas: Thermal and Structural Characteristics of Hybrid Materials. ACS Omega 2019, 4, 22530–22539. [Google Scholar] [CrossRef] [PubMed]

	



Hong, Z.; Qiu, X.; Sun, J.; Deng, M.; Chen, X.; Jing, X. Grafting Polymerization of L-Lactide on the Surface of Hydroxyapatite Nano-Crystals. Polymer 2004, 45, 6699–6706. [Google Scholar] [CrossRef]

	



Lalanne-Tisné, M.; Mees, M.A.; Eyley, S.; Zinck, P.; Thielemans, W. Organocatalyzed Ring Opening Polymerization of Lactide from the Surface of Cellulose Nanofibrils. Carbohydr. Polym. 2020, 250, 116974. [Google Scholar] [CrossRef] [PubMed]

	



Alba, A.; du Boullay, O.T.; Martin-Vaca, B.; Bourissou, D. Direct Ring-Opening of Lactide with Amines: Application to the Organo-Catalyzed Preparation of Amide End-Capped PLA and to the Removal of Residual Lactide from PLA Samples. Polym. Chem. 2015, 6, 989–997. [Google Scholar] [CrossRef]

	



Vouyiouka, S.N.; Papaspyrides, C.D. 4.34—Mechanistic Aspects of Solid-State Polycondensation; Matyjaszewski, K., Möller, M.B.T.-P.S.A.C.R., Eds.; Elsevier: Amsterdam, The Netherlands, 2012; pp. 857–874. ISBN 978-0-08-087862-1. [Google Scholar]

	



Piątek, J.; Afyon, S.; Budnyak, T.M.; Budnyk, S.; Sipponen, M.H.; Slabon, A. Sustainable Li-Ion Batteries: Chemistry and Recycling. Adv. Energy Mater. 2020, 11, 2003456. [Google Scholar] [CrossRef]

	



Budnyak, T.M.; Modersitzki, S.; Pylypchuk, I.V.; Piątek, J.; Jaworski, A.; Sevastyanova, O.; Lindström, M.E.; Slabon, A. Tailored Hydrophobic/Hydrophilic Lignin Coatings on Mesoporous Silica for Sustainable Cobalt(II) Recycling. ACS Sustain Chem. Eng. 2020, 8, 16262–16273. [Google Scholar] [CrossRef]

	



Ehsani, M.; Khodabakhshi, K.; Asgari, M. Lactide Synthesis Optimization: Investigation of the Temperature, Catalyst and Pressure Effects. e-Polymers 2014, 14, 353–361. [Google Scholar] [CrossRef]

	



Dechy-Cabaret, O.; Martin-Vaca, B.; Bourissou, D. Controlled Ring-Opening Polymerization of Lactide and Glycolide. Chem. Rev. 2004, 104, 6147–6176. [Google Scholar] [CrossRef]

	



Pilipenko, A.T.; Pyatniskyi, I.V. Analytical Chemistry; Mir: Moscow, Russia, 1990. [Google Scholar]

	



Gun’ko, V.M.; Turov, V.V. (Eds.) Nuclear Magnetic Resonance Studies of Interfacial Phenomena, 1st ed.; CRC Press: Boca Raton, FL, USA, 2013. [Google Scholar]

	



Scholten, J.J.F. Characterization of Porous Solids; Proceedings of the Applied Catalysis; Rodríguez-Reinoso, F., McEnaney, B., Rouquerol, J., Unger, K., Eds.; Elsevier: Amsterdam, The Netherlands, 1988; Volume 45, pp. 165–167. [Google Scholar]

	



Ahmed, J.; Varshney, S.K. Polylactides—Chemistry, Properties and Green Packaging Technology: A Review. Int. J. Food Prop. 2011, 14, 37–58. [Google Scholar] [CrossRef]

	



Socrates, G. Infrared Characterstic Group Frequencies. Chichester; New York, Brisbane, Toronto, 1980; Elsevier: Amsterdam, The Netherlands, 1981; p. 174. Available online: https://www.sciencedirect.com/science/article/pii/0022286081852805?via%3Dihub (accessed on 3 October 2022).

	



Nakanisi, K. IR-Spectra and Structure of Organic Compounds; Mir: Moscow, Russia, 1965. [Google Scholar]

	



Stuart, B.H. Infrared Spectroscopy: Fundamentals and Applications; John Wiley & Sons: Hoboken, NJ, USA, 2004; ISBN 0470011130. [Google Scholar]

	



Stloukal, P.; Novák, I.; Mičušík, M.; Procházka, M.; Kucharczyk, P.; Chodák, I.; Lehocký, M.; Sedlařík, V. Effect of plasma treatment on the release kinetics of a chemotherapy drug from biodegradable polyester films and polyester urethane films. Int. J. Polym. Mater. Polym. Biomater. 2018, 67, 161–173. [Google Scholar] [CrossRef]

	



Abdul Hamid, Z.A.; Tham, C.Y.; Ahmad, Z. Preparation and Optimization of Surface-Engineered Poly(Lactic Acid) Microspheres as a Drug Delivery Device. J. Mater. Sci. 2018, 53, 4745–4758. [Google Scholar] [CrossRef]

	



Bennettand, H.; Wiley, G.J.O.; Benninghoven, A.; Janssen, K.T.F.; Tumpner, J.; Wer, H.W. High Resolution XPS of Organic Polymers: The Scienta ESCA300 Database (Beamson, G.; Briggs, D.). J. Chem. Educ. 1993, 70, A25. [Google Scholar] [CrossRef]

	



Abomosallam, M.; Elalfy, M.; Zheng, Z.; Nagata, K.; Suzuki, M. Adsorption Kinetics and Thermodynamics of Toxic Metal Ions onto Chitosan Nanoparticles Extracted from Shrimp Shells. Nanotechnol. Environ. Eng. 2022, 7, 35–47. [Google Scholar] [CrossRef]

	



Singh, S.; Kapoor, D.; Khasnabis, S.; Singh, J.; Ramamurthy, P.C. Mechanism and Kinetics of Adsorption and Removal of Heavy Metals from Wastewater Using Nanomaterials. Environ. Chem. Lett. 2021, 19, 2351–2381. [Google Scholar] [CrossRef]

	



Hameed, B.H.; Din, A.T.M.; Ahmad, A.L. Adsorption of Methylene Blue onto Bamboo-Based Activated Carbon: Kinetics and Equilibrium Studies. J. Hazard Mater. 2007, 141, 819–825. [Google Scholar] [CrossRef]

	



Wawrzkiewicz, M.; Bartczak, P.; Jesionowski, T. Enhanced Removal of Hazardous Dye Form Aqueous Solutions and Real Textile Wastewater Using Bifunctional Chitin/Lignin Biosorbent. Int. J. Biol. Macromol. 2017, 99, 754–764. [Google Scholar] [CrossRef]

	



Ripan, R.; Chetyanu, I. Inorganic Chemistry; MIR: Moscow, Russia, 1972. [Google Scholar]








[image: Polymers 14 04995 g001 550] 





Figure 1. The structural formula of Polylactic acid (PLA). 
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Figure 2. Structural formula of L-lactide. 
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Scheme 1. Synthesis silochrom/PLA composite with catalyst. 
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Scheme 2. Synthesis of silochrom-NH2/PLA composite with catalyst. 
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Figure 3. IR spectra of (a): Silochrom (1), composite Silochrom/PLA (2); (b): Silochrom-NH2 (1), composite Silochrom-NH2/PLA (2). 
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Figure 4. Deconvoluted XPS spectra: (a) C1s for silochrom/PLA and (b) N1s for silochrom-NH2/PLA. 
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Figure 5. N2 adsorption/desorption isotherms for composites (a) Silochrom/PLA and (b) Silochrom-NH2 /PLA. 
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Figure 6. TG-, DTG-, and DTA-curves for (a) lactide, (b) Silochrom/PLA and (c) Silochrom-NH2/PLA. 
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Figure 7. Kinetic curves of adsorption (a) Pb2+, (b) Co2+, and (c) Cu2+—ions on Silochrom /PLA (1) and Silochrom-NH2/PLA (2). (Experimental conditions: mass of sorbent 0.1 g, the volume of the solution—25 mL, metal content in the solution 100 µg). 
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Figure 8. Adsorption isotherms of (a) Pb2+, (b) Co2+ and (c) Cu2+ on the surface of the synthesized composites Silochrom/PLA (1) and Silochrom-NH2/PLA (2). 
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Table 1. Structural characteristics of the composites.
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	Samples
	Specific Surface Area, m2/g
	Total Pore Volume, cm3/g
	Mean Pore Diameter, nm





	Silochrom
	143
	0.95
	17



	Silochrom/PLA
	107
	0.55
	12–15



	Silochrom-NH2/PLA
	101
	0.49
	12–15
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Table 2. The pH-dependent values of the maximum separation degree of Pb(II), Co(II), and Cu(II) ions by modified composites at the static mode of adsorption (Experimental conditions: mass of sorbent—0.1 g, the volume of the solution—25 mL, metal content in the solution —100 µg).
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Removal Efficiency, %




	
pH = 1.68

	
pH = 4.01

	
Distilled Water

	
pH = 6.86






	
Co(II)

	
Silochrom-NH2/PLA

	
0

	
6.3

	
81.7

	
73.9




	

	
Silochrom/PLA

	
0

	
2.1

	
63.0

	
27.8




	
Pb(II)

	
Silochrom-NH2/PLA

	
3.4

	
0.7

	
99.3

	
99.7




	

	
Silochrom/PLA

	
0

	
25.0

	
99.5

	
89.9




	
Cu(II)

	
Silochrom-NH2/PLA

	
0

	
64.0

	
86.4

	
99.0




	

	
Silochrom/PLA

	
0

	
60.0

	
70.2

	
92.7
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Table 3. The isotherm model parameters obtained for Cu(II), Co(II), and Pb(II) ions adsorption onto Silochrom/PLA and Silochrom-NH2/PLA composites.
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Isotherm Model/

Parameter, Unit

	
Silochrom/PLA

	
Silochrom-NH2/PLA




	
Cu2+

	
Co2+

	
Pb2+

	
Cu2+

	
Co2+

	
Pb2+






	
Langmuir

	

	

	

	

	

	




	
qm, mmol/g

	
0.12

	
0.04

	
0.66

	
0.31

	
0.06

	
1.44




	
KL, L/mol

	
7.949

	
70.909

	
17.976

	
5.604

	
8.531

	
49.163




	
R2

	
0.9356

	
0.9951

	
0.80430

	
5.604

	
0.9855

	
0.9775




	
Freundlich

	

	

	

	

	

	




	
KF, mmol/g

	
1.59

	
2.59

	
1.12

	
1.96

	
13.89

	
2.55




	
1/n

	
1.310

	
1.941

	
0.751

	
0.952

	
0.591

	
0.484




	
R2

	
0.8757

	
0.8178

	
0.9709

	
0.9056

	
0.9665

	
0.9123




	
Temkin

	

	

	

	

	

	




	
bT, kJ/mol

	
73.652

	
415.700

	
28.719

	
38.202

	
533.180

	
15.158




	
KT

	
47.24

	
629.38

	
1669.66

	
47.20

	
712.91

	
5118.5




	
R2

	
0.9028

	
0.8591

	
0.8304

	
0.7011

	
0.3294

	
0.9527
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