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Editorial on the Research Topic 
Chemistry, a Sustainable Bridge From Waste to Materials for Energy and Environment

The recent acceleration of climate changes and associated catastrophic phenomena worldwide is calling for unprecedented efforts for protecting our environment. The United Nations Sustainable Development Goals (SDGs) are now playing a major role in the policies of many governments. One of the main tools for reaching sustainability is adopting the concept of circular economy. We cannot afford anymore the unlimited growth of waste as in the linear economy model, but we should go toward reusing and recycling of commodities at their end of life cycle. In this framework, the transition to sustainability needs new sustainable approaches in chemical synthesis, since chemistry has a predominant role in the production of new materials.
The present research topic focuses on the possibility to use waste-derived precursors for preparing new materials (Figure 1) for environmental remediation or for sustainable energy applications. The general idea is based on the sustainability concepts, which consider both the limitation of a damage and the creation of a benefit. Thus, the use of waste, which needs to be eliminated, often at some cost, could be seen as a damage limitation. The production of materials from waste-precursors is considered benefic for the society and economy. If the material is used for environmental and energy applications, benefit is further increased, and damage is further limited.
[image: Figure 1]FIGURE 1 | In this Research Topic, Chemistry is presented as a bridge connecting waste to materials, that can be further used for a greener and sustainable world.
The majority of the research work in this field still concerns organic waste, which can be transformed into carbon-based materials to be used in the formulation of heterogeneous catalysts and electrochemical double-layer capacitors or as pollutant absorbents. For example, the lignin fraction of the pitch pine sawdust was extracted and transformed into a porous biochar containing graphitic carbon through a two-step activation process. The waste derived carbon was used as adsorbent for the removal of wastewater pharmaceutical pollutants, through an absorption mechanism that changes with pH (Tam et al.). Bagasse and cluster stalks from winemaking waste were transformed into microporous-mesoporous carbon structures through a hydrothermal process followed by alkaline activation. These materials display high electrochemical double-layer capacitance and stability and can be considered for application as negative electrodes in electrochemical energy storage devices (Alcaraz et al.). A detailed knowledge on the physical-chemical and catalytic properties of activated carbons derived from commercial glycerol and of their interaction with reaction reagents and solvents gives an important contribute to the use of biomass derived carbons to produce platform molecules (Tudino et al.).
New materials can be obtained from specific waste-derived precursors, taking advantage of the specific waste features, usually related to the chemical composition of the waste precursor or to its microstructure/morphology. For example, Magnacca et al. evidenced some peculiar properties of porous alumina membranes prepared from bio-based substances from compost, resulting in a selective adsorption of cationic species. In their perspective article, Fiorani et al. describe the chemical complexity of plant-based biomasses, pointing out to the urgency of reliable and convergent chemical strategies for their transformation into platform molecules. As reported by Tummino et al., soybean hulls from agro-industrial scraps can be still used after peroxidase extraction as adsorbents for inorganic and organic pollutants present in wastewater. The authors also evidenced that the adsorption efficiency is strongly dependent on the extraction conditions.
There are plenty opportunities for research work on the chemical synthesis of materials derived from inorganic waste. Therefore, we encourage the scientific community to intensify the research in this specific field, being convinced that any advancement of knowledge in this direction may also have a considerable impact on society. It is enough to consider for example the electric/electronic waste, the waste tires, wastewater, sludges and other types of inorganic industrial waste that are at the moment seldom recycled. Abdelbasir et al. report here a strategy to transform inorganic waste into inorganic nanoparticles for use in environmental applications. However, toxicological and life-cycle aspects should be taken into consideration for upscaling the synthesis process (Abdelbasir et al.). Another strategy is the extraction of metal cations from industrial inorganic waste and their use as inorganic precursors for the synthesis of materials, as described by Tamas et al. for Zn ash used as a Zn precursor. A further step will be to use the inorganic waste directly in the synthesis without any acid/base extraction.
Finally, we would like to thank all authors and reviewers who contributed to this Research Topic. The papers collection under this Research Topic gave a substantial contribution to the knowledge on the use of waste-derived precursors in the synthesis of materials for energy and environmental applications. In the next future, new synthesis procedures need to be explored and greater flexibility will be required to maximize the economic and technological advantages of waste-derived materials production. In this sense, the role of Chemistry as “a sustainable bridge from waste to materials for energy and environment” needs to be further consolidated, in order to facilitate the transition from ideas to real industrial-social opportunities.
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Both the catalytic production of 5-hydroxymethylfurfural (5-HMF) from carbohydrates and the use of a catalyst obtained from residues stand out for adding value to by-products and wastes. These processes contribute to the circular economy. In this work it was evaluated optimized conditions for 5-HMF production from fructose with high yield and selectivity. The reaction was catalyzed by an acidic carbon obtained from glycerol, a byproduct of the biodiesel industry. Special attention has been given to the use of dimethyl sulfoxide (DMSO) as a solvent and its influence on system activity, both in the presence and absence of O2. Glycerol's carbon with acidic properties can be effectively used as catalyst in fructose dehydration, allowed achieving conversions close to 100% with 5-HMF selectivities higher than 90%. The catalyst can be reused in consecutive batch runs. The influence of DMSO in the presence of O2 should be considered in the catalytic activity, as the stabilization of a reaction intermediate by the [O2:DMSO] complex is favored and, both fructose conversion and 5-HMF yield increase.

Keywords: acid-assisted hydrothermal carbonization, sulfonated carbons, glycerol, fructose dehydration, DMSO, 5-HMF


INTRODUCTION

5-Hydroxymethylfurfural (5-HMF) is considered as a platform molecule composed by a furan ring and aldehyde and alcohol functional groups. This structure favors its conversion into several chemical compounds with wide industrial applicability, from fine chemistry to biofuels (Putten et al., 2013). It can be obtained by dehydration of all types of C6 carbohydrates (Figure 1), including monomers and polymeric carbohydrates such as fructose, glucose, sucrose, starch, inulin and cellulose, as well as other biomass raw materials (Teong et al., 2014; Nunes et al., 2020). The use of glucose-based polysaccharides or glucose monomers as starting materials in the reaction is economically preferred if we consider that these substrates are more abundant than fructose. However, converting these types of substrates generally requires severe reaction conditions and consequently less selectivity for 5-HMF due to the decomposition and polymerization reactions of this product (Fang et al., 2014; Yi et al., 2015; Shahangi et al., 2017).


[image: Figure 1]
FIGURE 1. Production of 5-HMF from biomass.


The use of heterogeneous catalysts has been studied for the production of 5-HMF due to several advantages compared to typically used homogeneous catalysts, such as the reduced reactor corrosion and reduced residue formation (Yi et al., 2015). However, solids commonly used as support for the reaction-active acidic functional groups [silicas (Wang et al., 2019), aluminas (Tong et al., 2010; Solis Maldonado et al., 2017), zeolites (Wang et al., 2018), zirconias (Ni et al., 2019), etc] typically require extensive synthesis processes. Generally acidic groups are inserted by post-synthesis processes by adding numerous preparation steps. In addition, in many cases high concentrations of functionalizing agents, such as organic and mineral acids, or high temperatures are used (Fang et al., 2014). Among the types of heterogeneous catalysts most used in carbohydrate dehydration are carbons, which can be produced from carbon-based agro-industrial residues. These processes have been highlighted by adding value to waste, contributing to the Circular Economy in the industry (Adib et al., 2015). A wide variety of wastes, including coffee grounds (Gonçalves et al., 2016b), rice husks (Boonpoke et al., 2013), palm tree (Adinata et al., 2007), coconut (Daud and Ali, 2004), almond (González et al., 2009), glycerin and glycerol (Monteiro et al., 2018), has already been used for this process and the carbons obtained have a wide applicability, being used as catalysts in many hydrogenation reactions (Madduluri et al., 2020), environmental catalysis (Restivo et al., 2017), and photocatalysis (Velasco et al., 2013). The high temperatures used in the carbonization of these residues result in catalysts with poorly developed porosity and surface area, and some carbons undergo a later stage of chemical activation to increase both their porosity and surface area (Lin et al., 2019). Although several reaction types show a significant improvement in results, it is experimentally observed in carbohydrate dehydration that a higher selectivity to 5-HMF is not dependent on a higher surface area, but rather on a higher concentration of total acidic sites on the carbons surface (Wang et al., 2018). High selectivity to 5-HMF was obtained in a previous study using glycerin and glycerol-based catalysts with a low surface area. The catalysts were obtained after only 15 min of carbonization and in situ functionalization (Mantovani et al., 2018). A high density of total acidic groups of 4.1 mmol/g was obtained in the catalyst. Sulfonated and oxygenated groups, such as carboxylic acids and lactones, were found on their surface (Mantovani et al., 2018). Their presence has been shown to be crucial for dehydration of fructose. Zhao et al. (2016) produced glycerol carbons with only oxygenated groups on their surface and by testing their catalytic activity in fructose dehydration, a 64.3% conversion of fructose was obtained with a 5-HMF selectivity of 57%. The introduction of sulfonic groups led to fructose conversion reaching 97% and 5-HMF selectivity of 77%. However, a loss in 5-HMF selectivity was also observed when using carbon with high number of sulfonic groups.

Although the interaction between fructose and sulfonic groups is predominant, higher densities of total acid groups have shown a greater influence on 5-HMF yield and selectivity compared to higher densities of strong acidic groups. The synergistic action of sulfonic and oxygenated groups allows a better catalytic performance for the production of 5-HMF (Thapa et al., 2017). Recently, Yu et al. (2020) also demonstrated that Brønsted acid sites with adjacent carboxyl present higher catalytic ability than isolated ones.

The search for green solvents has been carried out by several researchers, but without success so far. Ideally, water should be used as a solvent. However, in the presence of acidic species 5-HMF tends to easily decompose upon rehydration, forming levulinic and formic acids as byproducts (Wang et al., 2019). Therefore the production of 5-HMF in aqueous systems occurs parallel to a high yield of levulinic and formic acids (Yi et al., 2015).

The yields obtained in aqueous media are much lower, essentially when compared to those obtained using DMSO, a solvent widely used in the production of 5-HMF (Wang et al., 2011, 2019). DMSO-based solvent systems are one of the most attractive due to DMSO abundance, low cost, manufacturing by an environmentally friendly process, low toxicity, and the outstanding properties when compared to competing solvents and potential applications. Currently some studies have been performed in order to analyze the influence of DMSO on 5-HMF production and an apparent catalytic activity has been proposed by decomposition in H2SO4 (Tong and Li, 2010; Zhang et al., 2016), or by solvation (Kimura et al., 2013; Whitaker et al., 2019). Amarasekara et al. (2008) found a change in the anomeric composition of D-fructose in DMSO when the solution is heated to 150°C, with subsequent formation of 5-HMF after 15 min reaction time. Some examples of DMSO activity in fructose dehydration are found in the literature (Musau and Munavu, 1987; Amarasekara et al., 2008; Shimizu et al., 2009; Binder et al., 2010; Liu et al., 2014; Hu et al., 2015). In these works, 5-HMF yields range from 1.8 to 72% at temperatures in the range of 100° to 160°C. Typically, the highest yields were obtained at higher temperatures and in the presence of O2. However, there is no assessment of the influence of O2 on reaction systems. Thus, the objective of this work is to evaluate the best conditions to obtain higher selectivities to 5-HMF using carbon as a catalyst as well as to analyze the influence of DMSO as solvent in this process.



MATERIALS AND METHODS


Chemicals

Carbon was produced utilizing glycerol 99% from Vetec (São Paulo, São Paulo), sulfuric acid >98% from LabSynth (Diadema, São Paulo) and acetone from Cosmoquimica Indústria e Comércio (Barueri, São Paulo). Characterization techniques used KBr 99.5% from Sigma-Aldrich (São Paulo, São Paulo), NaOH 99% from Vetec (São Paulo, São Paulo), NaHCO3 99.5% from Sigma-Aldrich (São Paulo, São Paulo), HCl 36.5–38.0% from Vetec (São Paulo, São Paulo). Catalytic tests were performed with D(-)fructose >99,9% from Sigma Aldrich (São Paulo, São Paulo) and Dimethylsulfoxide >99,9% from Synth (Diadema, São Paulo). All chemicals were used as received and without any treatment.



Catalyst Preparation

Carbon was prepared as reported in a previous study (Mantovani et al., 2018). In a typical process, glycerol (10 g) was mixed with concentrated sulfuric acid (30 g) in a Teflon-coated stainless-steel autoclave reactor. Then the system was heated to 180°C in an oven and kept to that temperature for 15 min. At the end of the process the solid obtained was washed repeatedly with distilled water until a pH value above 4 and then with acetone to remove non-carbonized organic matter. Precipitation tests with BaCl2 were also performed to confirm the absence of sulfate ions in the washing solution. The obtained materials were oven dried at 60°C for 6 h. The washing process was repeated twice under the same conditions.



Catalyst Characterization

Surface functional groups were analyzed by Fourier Transform Infrared spectroscopy (FTIR) analysis using a Varian-Agilent 640-IR FT-IR Spectrometer. The analyses were performed mixing dried carbons with KBr in a 3:100 weight ratio and ground into fine powder. These mixtures were dried at 60°C for 12 h and thin pellets were made in a manual press. The spectra were acquired by accumulating 32 scans at 4 cm−1 resolution in the 4,000–400 cm−1 range.

X-ray photoelectron spectroscopy (XPS) data were obtained on a K-alpha + ThermoFisher Scientific or a VG-Microtech Multilab 3000 spectrometer, equipped with a hemispherical electron analyzer with X-ray source Mg Kα (h = 1253.6 eV) 300 W X-ray source.

Boehm's method (Boehm, 1994) was used to estimate the acid-base properties of samples For the test, 300 mg of the carbon was added in 25 mL of NaOH 0.1 mol/L to quantify all Brønsted acids groups in the carbon surface or NaHCO3 0.1 mol/L to quantify sulfonic and carboxylic acid groups. A blank was prepared for each experimental condition. The suspensions were degassed with N2, and the bottles were closed and shaken for 24 h at room temperature. Aliquots of filtered solutions were titrated with HCl 0.1 mol/L in an automatic titrator Metrohm 905 Titrando.

Carbon, oxygen, and sulfur content were obtained in an elemental analyzer (EA1112 Thermo Scientific FLASH) using 3 mg of samples previously dried at 60°C for 12 h.



Catalytic Tests

Reactions were performed in a Teflon-lined stainless-steel reactor (Parr 4848). In a typical run, a 2.5 or 5 wt.% fructose solution in DMSO was added in the reactor with 2.5–10 wt.% of catalyst and kept under mechanical stirring for 2 h under synthetic air or N2. The temperature was kept at the desired value, ranging from 80 to 130°C. Blank reactions (in absence of catalyst) were also performed.

The reaction products were analyzed by high performance liquid chromatography (HPLC Agilent 1200 series, equipped with a refractive index detector and ROA Organic Acid column, 300 × 7.8 mm). The mobile phase used was a 4 mmol/L aqueous solution of H2SO4 previously filtered through 0.45 μm membrane and degassed by ultrasound. The column was maintained at 60°C with 0.6 mL/min mobile phase (isocratic) flow. Reaction products were identified and quantified by pure standards and previously constructed analytical curves of fructose, 5-HMF, levulinic acid and formic acid. Fructose was detected by Refractive Index Detector (RID) at 40°C while 5-HMF, formic acid and levulinic acid were detected by Diode Array Detector (DAD) at 254, 210, and 210 nm, respectively.

The stability of the prepared materials was evaluated by performing consecutive batch runs under the same reaction conditions, in order to investigate the reusability of the catalyst. After each reaction run, the solid was removed from the reaction solution, washed with acetone to remove the reactants adsorbed on the surface and dried at 333 K for 12 h and then used for the next run without any reactivation or purification.

Fructose conversion into products and yield and selectivity for the identified products (5-HMF, levulinic acid and formic acid) were calculated as follows.
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RESULTS AND DISCUSSION


Catalyst Characterization

The methodology used in this work allowed the formation of sulfonic and carboxylic acidic groups in the carbon as can be seen by FTIR analysis (Figure 2). The presence of sulfonic acidic groups is confirmed by characteristic bands observed in the spectrum at 1,030 and 1,175 cm−1. These bands correspond to the asymmetric and symmetrical vibrational stretching of SO2, respectively (Zhao et al., 2016; Mantovani et al., 2018). The 3,370 cm−1 centered broadband is attributed to O-H stretching of -COOH groups while the band around 1,590 cm−1 can be attributed to the C=C double bond stretch characteristic of carbons (Thapa et al., 2017; Yu et al., 2020). One band at 1,701 cm−1 is characteristic of carbonyls from -COOH group and another at 2,930 cm−1 is attributed to the elongation vibrations of methylene groups (Zhao et al., 2017).


[image: Figure 2]
FIGURE 2. FTIR spectrum for the prepared carbon.


A high density of total acidic groups was obtained by Boehm Titration. The amount of total acidic groups was 4.2 mmol/g, of which 1.7 mmol/g correspond to carboxylic and sulfonic acid groups. In addition to the strong acid groups, groups with weak, and moderate acidity are also produced, including lactones, phenols and carbonyls, as previously reported (Gonçalves et al., 2016a). As expected, the non-activation of carbon and the in situ functionalization method used resulted in a high concentration of total acidic groups even with the use of a lower precursor: acid ratio (Table 1).


Table 1. Values of total acid groups in non-activated and activated carbons.

[image: Table 1]

Unlike what was done in this work, the methodology of preparation of non-activated carbons developed by Gonçalves et al. (2016a) and by Wataniyakul et al. (2018) considered the sulfuric acid functionalization step after hydrothermal carbonization. Although these authors used a longer functionalization time, a higher temperature and a higher precursor: acid mass ratio, a lower density of total acidic groups was obtained compared to the results obtained in this work. In situ sulfonation favors the formation of a greater number of functional groups throughout the carbonaceous structure that is being produced. As the structure is less organized, it is easier to insert acidic groups. Thus, keeping the functionalizing agent present while the precursor is carbonized, it is possible to increase the amount of functional groups formed throughout the structure, whether on the surface or not. Thus, the in situ functionalization method allowed reaching a higher density of acidic groups on the carbon surface.

The pyrolysis carbonization method is another factor that hinders the functionalization process of the carbons. Mo et al. (2008) promoted pyrolysis of D-glucose under N2 for 15 h at 400°C. Then, the carbon obtained was sulfonated using precursor: acid mass ratio of 1:36.8 at 160°C for 13 h. A lower density of total acidic groups was obtained compared to the values obtained in this work. It has been suggested that carbon produced from pyrolysis processes has a higher degree of crosslinking as treatment is done at higher temperatures (Xiong et al., 2018). This is the reason why activated carbons cannot be easily functionalized (the more graphitized the structure, the more difficult it is to functionalize). The increase in temperature associated or not with a longer carbonization time, increases the fixed carbon content, while the ratios of O/C and H/C decreased. The number of acidic functional groups also decreased as a function of pyrolysis temperature, especially carboxylic groups (Marsh and Rodríguez-Reinoso, 2006; Saleh, 2011). Thus, the carbon structure becomes more hydrophobic and less flexible, making it difficult to insert acidic groups in a later stage of functionalization (Zhong and Sels, 2018). In this case, it is common to use high concentrations of acids at elevated temperatures for more efficient functionalization (Ormsby et al., 2012; Villanueva and Marzialetti, 2018; Lin et al., 2019). On the other hand, the presence of carboxyl and hydroxyl groups in sulfonated carbon can make the surface more polar for substrate adsorption such as fructose and lead to hydrogen bond formation (Dong et al., 2015). Sulfonated carbons are promising materials and can be used as acidic catalysts due to its high density of surface acidic groups, especially carboxylic and sulfonic, acting as Brønsted acid sites. However, other functional groups with acidic characteristics present on the surface (such as phenolic and lactonic) influence the catalytic activity. Xiong et al. (2018) proposed that these groups can act by establishing hydrogen bonds with the carbohydrates tested as substrate and increasing the polarity of the carbon surface, improving its contact with the sulfonic and carboxylic groups. Recently, Yu et al. (2020) showed that adjacent acid sites on carbon surface cooperatively catalyze the fructose dehydration. The adjacent Brønsted sites lead to co-interaction with the fructose, then accelerating the dehydration. The co-interaction also results in more stable dehydration intermediates, enhancing the selectivity.

From the elemental analysis of the carbon the composition 65.9% C, 3.8% H, 3.4% S, and 26.9% O was obtained. Considering the glycerol mass composition (39.1% carbon, 8.8% hydrogen, and 52.1% oxygen) there is, as expected, an increase in the carbon content and a decrease in the amount of oxygen and hydrogen due to the carbonization process. X-ray photoelectron spectroscopic analysis indicated the composition 78.2% C, 19.5% O, and 2.3% S. When comparing these values with those obtained by elemental analysis, it is noted that the O and S contents are lower than those previously obtained. This is because the XPS analysis considers only the elements present on the carbon surface and therefore available to act as active sites.

From the XPS analysis, it was also possible to identify the oxidation state of each element on the carbon surface, as can be observed in the spectra shown in Figure 3. The carbon spectrum (C1s) shows the presence of C–C bonds with centralized bonding energy at 284.7 eV. The presence of oxygen groups has also been confirmed by the peaks at 285.9 and 288.5 eV, which are attributed to C–C and COOH carbon bond belonging to carboxylic groups, respectively (Shimizu et al., 2009; Binder et al., 2010). In addition, peaks at 531.8 and 533.3 eV in the oxygen spectrum can also be attributed to the C–OH and C=O bonds, respectively, confirming the presence of these groups.


[image: Figure 3]
FIGURE 3. XPS spectra (red lines) for carbon, oxygen and sulfur, and their deconvolution fitting (black lines).


The sulfur spectrum (S2p) peaked at 168.0 eV is assigned to a higher oxidation state of sulfur, –SO3H (Aldana-Pérez et al., 2012). Peaks at 161.8 and 164.1 eV observed in the S2p spectrum belong to photoelectrons of groups with reduced sulfur forms (Fraga et al., 2016).



Catalytic Tests

Preliminary tests allowed to evaluate the behavior of the catalytic system in relation to the temperature and the carbon: substrate mass ratio. The results showed that the increase in temperature favorably influenced the process, leading to an increase in both fructose conversion and 5-HMF yield, without losses in its selectivity. By increasing the temperature from 80 to 130°C, the yield of 5-HMF increased from 12.6 to 55.6% (Figure 4).


[image: Figure 4]
FIGURE 4. Fructose dehydration reaction at different temperatures. Conditions: 5% fructose in DMSO, 5 wt.% catalyst, 2 h reaction time under synthetic air.


In the literature this behavior was also observed by Zhao et al. (2016), who obtained a conversion of 12.8% and a selectivity of 40.5% at 100°C. By increasing the temperature to 160°C these values increased to 100 and 76.3%, respectively. Wang et al. (2011) also obtained an increase in 5-HMF yield by increasing the temperature from 70 to 130°C, reaching a yield of 91.2% at 130°C. However, these authors used catalyst: substrate mass ratios as high as 0.8:1 and 5-HMF selectivity decreased quickly at temperatures above or below 130°C. The authors justified this behavior due to the existence of partial dehydrated intermediates and the formation of humins, respectively.

Often, the literature brings results promoted by the use of high amounts of catalyst. In this work the best amount of carbon for the reactions was 5 wt.% relative to the substrate, which resulted in the highest yield and selectivity values for 5-HMF. The use of 10 wt.% increased fructose conversion but decreased 5-HMF selectivity resulting in minimal difference in yield (Figure 5).


[image: Figure 5]
FIGURE 5. Fructose dehydration reaction in the presence of different catalyst:substrate mass ratios. Conditions: 5% fructose in DMSO, 100°C, 2 h reaction time under synthetic air.


The decrease in 5-HMF selectivity can be attributed to the increased number of available acidic sites due to the increased amount of carbon used. This condition favored rehydration and polymerization reactions of 5-HMF, as previously discussed. Zhao et al. (2016) were able to increase 5-HMF yield from 60.7 to 75.4% by increasing the catalyst: substrate mass ratio from 5 to 20%. However, by increasing the mass ratio to 40% 5-HMF yield decreased to 70.8%.

Thus, different catalytic tests were performed with solutions containing 5% fructose and 5 wt.% catalyst, varying the temperature (100 or 130°C), the reaction atmosphere (synthetic air or N2) and the reaction time. Catalytic tests were also performed in the absence of catalyst, whose fructose conversion values can be seen in Figure 6. Fructose conversion and 5-HMF selectivity values obtained in the carbon catalyzed reactions are shown in Figure 7.


[image: Figure 6]
FIGURE 6. Fructose conversion values for blank reactions under nitrogen at 100 and 130°C and under synthetic air at 100°C, from 5% fructose solutions in DMSO.



[image: Figure 7]
FIGURE 7. Fructose conversion and 5-HMF selectivity values (full and empty symbols, respectively) for carbon catalyzed reactions under inert atmosphere at 100 and 130°C and under synthetic air at 100°C. Conditions: 5% fructose in DMSO, 5 wt.% catalyst.


In blank reactions, it is evident that the solvent is catalytically active for fructose dehydration in the presence of O2. Even under inert atmosphere, a reduced activity was observed. In all cases fructose conversion started only after 30 min of reaction. Zhang et al. (2016) demonstrated that, under inert atmosphere, DMSO stabilizes the intermediate carbocation resulting from the removal of the first water molecule from fructose, with the formation of a [carbocation-DMSO] complex. This complex is immediately converted to other intermediates as the second and third water molecules are removed from fructose, when 5-HMF is then produced. Therefore, it can be considered that the induction period observed in blank reaction is related to the time required to remove the first water molecule from fructose.

In the presence of O2, the system is much more active. Some authors have proposed that the catalytic activity of DMSO is attributed to its decomposition into H2SO4, which in turn is catalytically active in the reaction (Tong and Li, 2010; Zhang et al., 2016). However, recently a detailed study by Whitaker et al. (2019) concluded that DMSO does not decompose at temperatures below 190°C and the catalytic activity of the solvent would be attributed to “solvation effects.” Ren et al. (2017) when performing theoretical studies concluded that the homogeneous species [DMSOH+], catalytically active, can be formed during the reaction when acidic Brønsted species are present. In the absence of acidic species, DMSO stabilizes an intermediate of fructose dehydration, similar to that proposed by Zhang et al. (2016). This ability of the solvent to stabilize the reaction intermediate is responsible by the conversion, even limited, of fructose and 5-HMF production under inert atmosphere. In addition to this ability, the results of this work combined with literature data indicated the positive effect of the presence of O2 on both fructose conversion and 5-HMF production. Lindberg et al. (2018) used density functional theory (DFT) calculations to predict the interaction energy between O2 and different electrolytes, among them DMSO. The geometry of the most stable complex for the [O2: DMSO] combination corresponds to the interaction of oxygen atoms of O2 with hydrogen atoms of methyl groups in DMSO. Belletti et al. (2019) demonstrated by DFT calculations that nine DMSO molecules are surrounding the O2 molecule in the first coordination sphere. Thus, it can be assumed that in the presence of O2 there is the formation of a [O2:DMSO] complex where solvent molecules stabilize a positive charge (from a fructose dehydration intermediate) more easily, favoring the mechanism of 5-HMF production. According to Kimura et al. (2013), this non-catalytic fructose conversion in DMSO allowed the production of 5-HMF after about 45 min of reaction at 90°C. Prior to this, fructose is converted into a primary precursor, which will undergo subsequent dehydration give 5-HMF.

With longer reaction times, similar fructose conversion values were obtained in the presence of O2, in the blank reaction and in the carbon catalyzed reaction (Figures 6, 7). However, reactions in the absence of heterogeneous catalyst showed lower selectivity to 5-HMF compared to values obtained in the carbon catalyzed reactions.

At the same temperature, the catalyzed reactions under synthetic air allowed a higher conversion of fructose. After 1 h of reaction under N2 the maximum conversion was 10.3% while in the presence of O2 fructose conversion reached 36.3%. The system under N2 remains less active at longer reaction times, but a smaller difference was observed. After 4 h reaction time a maximum fructose conversion of 77.8% was obtained under N2, while under synthetic air this value reached 83.3%. In contrast, the values obtained for the 5-HMF selectivity in reactions under N2 was higher than those obtained under synthetic air until 1 h reaction time, reaching a selectivity of 99.7% after 0.5 h at 100°C. After the first hour of reaction, the drop in 5-HMF selectivity is more pronounced under N2, but no significant increase in levulinic and formic acids production was observed.

The selectivies toward 5-HMF, levulinic acid, and formic acid in the carbon catalyzed reactions are presented in Figure 8.


[image: Figure 8]
FIGURE 8. Selectivies toward 5-HMF, formic acid and levulinic acid for carbon catalyzed reactions under inert atmosphere and under synthetic air at 100°C. Conditions: 5% fructose in DMSO, 5 wt.% catalyst.


Levulinic acid is only observed after 90 min of reaction. It is worth noting that, in the presence of carbon, 5-HMF is produced from the beginning of the reaction (Figure 8), reaches a maximum after 30 min and then slightly decreases throughout the reaction. In the absence of carbon, the system takes about 30 min to produce 5-HMF and after 90 min of reaction the production of levulinic acid begins. Up to 30 min reaction time, the selectivity values of 5-HMF are increasing, reaching a maximum of 98%. In this initial stage of the reaction, part of the fructose must be in the form of intermediates that correspond to the dehydration steps necessary for the formation of 5-HMF. Although they were not quantified by HPLC, these intermediaries were already identified by different techniques (Zhang et al., 2016), where the authors found behavior similar to that shown in the Figure 7.

The selectivity values for the by-products levulinic and formic acids were higher in the blank reactions. 5-HMF was only identified after 1 h reaction time under N2, with a selectivity of 58%. This value remained practically unchanged throughout the reaction, reaching 56.5% after 4 h. Levulinic acid was observed only after 90 min, reaching a maximum selectivity of 23% after 2 h reaction time. After that, selectivity suffered a continuous reduction of up to 12% in 4 h. The behavior of formic acid was similar, with a maximum selectivity of 15% in 2 h and 10% after 4 h.

The yield of levulinic acid in the reaction carried out under synthetic air reached 9.1%, while in the reaction under inert atmosphere, this value was 7.0%. Similarly, formic acid yield reached 6.2% under synthetic air and 3.1% under N2. This result corroborates the assumption made by Whitaker et al. (2019), who suggested that the production of organic acids is enhanced in the presence of oxygen. The production of humins increases during the reaction, reaching a yield of 10.1% in the presence of O2 and 21.0% under inert atmosphere. Over time, a strong brown color, indicative of a higher concentration of humins, was observed in reactions under N2 in both temperatures, 130° and 100°C. The color intensity was higher than that observed in reactions made under synthetic air. The favoring of humins formation at higher temperatures is reported in the literature by Shahangi et al. (2017) who observed that as reactions were promoted at higher temperatures, there was a loss in selectivity of 5-HMF and the formation of an increasingly intense brown color, indicating the presence of humins.

Comparing the reactions under synthetic air or N2 at the same temperature, the higher formation of humins in inert atmosphere is related to the high amount of 5-HMF present in the former reaction period. Yalpani (1985) and Petronijevic et al. (2013) demonstrated several reactions in which DMSO shows crosslinking agent behavior with polysaccharides, when in the presence of aldehydes and organic acids. The presence of high concentrations of 5-HMF and fructose in the reaction medium must have enhanced the ability of DMSO to promote crosslinking, favoring fructose polymerization and humin formation. It is noteworthy that Tsilomelekis et al. (2016) demonstrated that levulinic acid is not significantly incorporated into humins, but aldolic condensation between 5-HMF and the ketone group must occur. Therefore, inhibition of DMSO catalytic activity under inert atmosphere reduced the formation of levulinic and formic acids, but there is still the formation of humins as a byproduct.

Since fructose and 5-HMF can polymerize, the fructose concentration in the system may be an important factor to consider in order to avoid the formation of humins. The influence of fructose concentration and catalyst amount is reported by Thapa et al. (2017). When the authors trying to produce levulinic acid from fructose, they noticed that the use of a higher fructose concentration and a lower catalyst amount caused a lower selectivity to levulinic acid and the consequent accumulation of fructose and 5-HMF led to a higher concentration of humins. Thus, solutions containing 2.5% fructose in DMSO were used to evaluate reaction behavior in the presence of lower fructose concentration. Fructose conversion and 5-HMF selectivity data are presented in Figure 9.


[image: Figure 9]
FIGURE 9. Fructose conversion and 5-HMF selectivity values (full and empty symbols, respectively) for carbon catalyzed reactions promoted from 2.5 and 5% fructose solutions in DMSO. Conditions: 130°C, inert atmosphere, 5 wt.% catalyst.


Fructose conversion reached similar values in both reactions, meaning that less fructose remained in solution when the reaction was conducted from a solution containing 2.5% fructose in DMSO. Selectivity to 5-HMF increased considerably with decreasing fructose concentration. This behavior is related to the minimization of polymerization reactions, since less fructose is available in the reaction medium. Much less intense staining was observed in reactions with 2.5% fructose, indicating that polymerization was better controlled.

In order to investigate the reusability of the catalyst, consecutive batch runs were performed under the same reaction conditions. Results are presented in Figure 10.


[image: Figure 10]
FIGURE 10. Catalyst reusability in fructose dehydration in DMSO. Conditions: 100°C, 5% fructose in DMSO, 5 wt.% catalyst, 2 h under synthetic air.


It was observed a gradual lost in the catalyst performance after each run. From 1st to 2nd run, it was observed that the fructose conversion reduced from 68.5 to 57.2%, with a decrease of 12.5 percentual points in the 5-HMF selectivity. From 2nd to 3rd run, conversion reduced from 57.2 to 38.3%, while the 5-HMF selectivity has stabilized. This behavior is similar to that previously observed (Nunes et al., 2020) and also reported in other works (Portillo Perez et al., 2019; Rusanen et al., 2019). The main reasons found in the literature are (I) loss of -COOH/-SO3H groups and (II) deactivation of the acid sites by deposition/anchoring of humins on carbon surface. Some groups from the solid surface can leach to the reaction medium under the reaction conditions, thus leading to homogeneous catalysis. In order to investigate the surface groups leaching, a reaction was performed, wherein the catalyst was removed from the reaction medium after 30 min of reaction, keeping the system temperature at 100°C, as proposed by Sheldon et al. (Sheldon et al., 1998). Fructose conversion value observed after 30 min remained for 3 h after catalyst removal. This means that the homogenous contribution, arising from the leached soluble groups, can be considered negligible. On the other hand, several authors have observed that a minimal amount of humins can block the acidic sites of the catalyst, leading to its gradually deactivation (Portillo Perez et al., 2019; Nunes et al., 2020). A XPS analysis on the spent catalyst provided the composition 78.8% C, 20.2% O, and 1.0% S. When comparing the result with the values obtained previously, it is noted that a slight increase in the oxygen content, while the amount of sulfur on the surface has been drastically reduced. The results corroborate the hypothesis of the humins deposit on the catalyst surface, blocking the original acid groups. In some cases, a washing process with acetone was able to remove the humins and recover the activity of the catalyst. In conditions similar to this work, it was observed that the removal of humins by a solvent washing is not efficient enough for the reactivation of the catalyst and, in this case, a recarbonization process allows the maintenance of the catalyst activity, suggesting that humins on the spent catalyst were carbonized and incorporated on carbon surface, creating a new layer of acidic sites.




CONCLUSIONS

The catalyst based on in situ carbonization and sulfonation allowed to achieve fructose conversions close to 100% with 5-HMF selectivities higher than 90%. This catalyst can be used in consecutive batch runs, but it was observed a gradual lost in the catalyst performance after each run due to deposition of humins on the carbon surface. Maintaining the activity requires recarbonization of the solid.

Proper control of DMSO catalytic activity can be achieved in an inert atmosphere. The presence of oxygen in the reaction medium accelerates the occurrence of fructose dehydration reaction, which may provide a higher production of 5-HMF, but also favors the decomposition of this product, with higher formation of levulinic and formic acids. In reactions under inert atmosphere the occurrence of rehydration reactions can be better controlled. Therefore, DMSO activity, in the presence of oxygen and at high temperatures, was considered as the major influence for the occurrence of rehydration and polymerization reactions parallel to the formation of 5-HMF.

Decreasing the initial concentration of fructose and the catalyst content in the reaction medium minimized polymerization reactions, enabling higher selectivity to 5-HMF even under high temperature conditions where polymerization is favored.

Despite the catalytic capacity of DMSO in the presence of O2, the use of a glycerol carbon as catalyst favored fructose conversion and 5-HMF production. It is noteworthy that several studies in the literature do not consider the blank reaction and, consequently, the contribution of DMSO to the conversion of fructose, especially at temperatures above 80°C and in the presence of oxygen, mistakenly attributing all activity to the heterogeneous catalyst.

The results indicated the appropriate conditions for using DMSO, contributing to the search for green solvents, since there is a compromise between effectiveness of the DMSO application as a solvent and its relative abundance, low cost and reduced toxicity when compared to competing solvents.
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Porous biochar containing graphitic carbon materials have received great attention from various disciplines, especially for environmental pollutant treatment, due to their cost-effective and specific textural properties. This study exhibited a two-step strategy to compose lignin-porous biochar containing graphitic carbon (LPGC) from pitch pine sawdust and investigated its adsorptive removal for diclofenac sodium (DCF) from an aqueous solution. Sulfuric acid (H2SO4) was utilized to obtain lignin content from biomass and potassium ferrate (K2FeO4) and was adopted to fulfill the synchronous carbonization and graphitization of LPGC. Through slow pyrolysis in atmospheric N2 (900°C – 2 h), the structure of the as-prepared sample was successfully modified. Using SEM images, a stripped layer structure was observed on the H2SO4-treated sample for both one-step and two-step activated samples, indicating the pronounced effect of H2SO4 in the layering of materials. K2FeO4 acted as an activator and catalyst to convert biomass into the porous graphitic structure. The BET surface area, XRD and Raman spectra analyses demonstrated that LPGC possessed a micro/mesoporous structure with a relatively large surface area (457.4 m2 g−1) as well as the presence of a graphitic structure. Further adsorption experiments revealed that LPGC exhibited a high DCF adsorption capacity (qmax = 159.7 mg g−1 at 298 K, pH = 6.5). The effects of ambient conditions such as contact time, solution pH, temperature, ionic strength, electrolyte background on the uptake of DCF were investigated by a batch adsorption experiment. Results indicated that the experimental data were best fitted with the pseudo second—order model and Langmuir isotherm model. Furthermore, the adsorption of DCF onto the LPGC process was spontaneous and endothermic. Electrostatic interaction, H-bonding interaction, and π-π interaction are the possible adsorption mechanisms. The porous biochar containing graphitic carbon obtained from the lignin content of pitch pine sawdust may be a potential material for eliminating organic pollutants from water bodies.

Keywords: graphitic carbon, porous biochar, diclofenac sodium, potassium ferrate, lignin content, adsorption


INTRODUCTION

Over the past few decades, along with the development of medicine, the human healthcare products manufacturing industry has also grown to serve the demand of more than 7 billion people worldwide. Among the products, pharmaceuticals are widely used for preventing and treating diseases in humans and animals. It was estimated that the worldwide average per capita consumption of pharmaceuticals is around 15 g per year (Alder et al., 2006; Zhang et al., 2008). Environmentalists consider pharmaceuticals as emerging contaminants (ECs), which include various groups such as: analgesics, antibiotics, anti-inflammatories, regulatory blood lipid, and natural and synthetic hormones (Ahmed and Hameed, 2018). Because the conventional wastewater treatment plants are not specifically designed to remove pharmaceuticals and residues, they are almost unobstructed, flowing into water bodies and causing damage to animals and human beings (Alidina et al., 2014). It is especially dangerous for the environment and can even cause damage in marine life such as hormonal disorders and sex reversal in fish and amphibians. Many studies about the effect of ECs on the environment and human health have been conducted (Letzel et al., 2009; Michael et al., 2013; Alves et al., 2017; Batt et al., 2017; Benson et al., 2017). Among the pharmaceutical products, diclofenac (DCF) is known as the “world's most popular pain killer” and is listed as an environmental threat by the European Union (EU) and the US Environmental Protection Agency (USEPA) (Framework, 2013; Lonappan et al., 2016). DCF has been detected in water all over the world both in a low concentration (0.08 μg L−1) and a significant concentration (2.51 μg L−1) (Heberer, 2002) in wastewater effluents. It was reported that currently 0.1–8.3% of the total length of Europe's rivers could exceed the suggested EU Environmental Quality Standards for diclofenac (100 ng L−1) (Johnson et al., 2013). It is estimated that the world consumes about 1,443 ± 58 tons of DCF annually (Acuña et al., 2015), and hundreds of tons of it has been discharged into the environment. The contaminant is partly absorbed by the natural ecosystem and the rest blends into the marine environment. It was reported that even at very low concentrations, DCF can cause cytological alterations in rainbow trout (1 μg L−1), or tissue damage in several mussel species (250 μg L−1) (Ericson et al., 2010). Thus, DCF should be removed from wastewater by proper physicochemical treatment methods before disposal into the natural environment.

Various technologies such as adsorption, degradation, coagulation, oxidation degradation and so on have been applied in polluted water treatment. Among these methods, adsorption has the advantage of being easy to operate, is low cost, is highly efficient, has strong reproducibility, and is available as different adsorbents (Liu et al., 2019). Thus, it has been proven to be an effective and economically viable method of removing organic contaminants. One of the important materials used in adsorption techniques is biochar. Biochar is known as a type of solid carbonaceous material with profound properties (the presence of surface functional groups, moderate surface area, and porosity) which can effectively adsorb organic pollutants from the water environment. Many studies have been conducted to derive biochar from different types of biomass, such as shells, flowers, rice residues, bamboo, tobacco, sawdust, and sewage sludge, etc. Among the feedstocks, biochar derived from herbaceous plant materials is more favorable than others, due to its beneficial characteristics (e.g., abundant feedstock, easy to harvest, high potential to produce sustainable adsorbents and green supercapacitors; Tan et al., 2015). However, the raw biochar has limited ability to adsorb contaminants from aqueous solutions, especially for wastewater that contain high concentrations of pollution (Yao et al., 2013; Tan et al., 2016). Furthermore, biochar is an amorphous powder and is not easy to separate from the aqueous solution due to its small particle size (Tan et al., 2016). Thus, it is essential to enhance the biochar structure to improve its adsorption performance. For this reason, porous graphitic carbon materials (PGCs) have been developed and has increasingly attracted attention from various disciplines, especially in the field of environmental micro-pollutant treatment (Edathil et al., 2017; Siyasukh et al., 2018; Gupta et al., 2019; Shittu et al., 2019) and advanced materials for storing energy (Jiang et al., 2019; Kim et al., 2019; Xi et al., 2019; Xing et al., 2019). To obtain PGCs, researchers developed several methods such as catalytic activation of biomass (Sevilla and Fuertes, 2010; Wang et al., 2013; Navarro-Suárez et al., 2014) or sacrificial template methods using silica or surfactants (Gibot et al., 2016; Nita et al., 2016; Yan et al., 2017). The advantage of graphitic carbon over amorphous carbon materials is that the honeycomb structure facilitates the absorption of aromatic compounds including aromatic pharmaceuticals through π-π stacking. Nevertheless, the further development of PGCs fabrication process is limited by the consumption of expensive precursors and multiple time-consuming steps. It is therefore sensible to develop a low-cost, environmentally friendly, and effective approach to synthesize porous graphitic carbon.

The herbaceous plant biomass contains about 85–90% of cellulose, hemicellulose, and lignin, while organic extractives and inorganic minerals constitute the rest (Pasangulapati et al., 2012). Lignin, because of its aromatic molecule structure with a high degree of cross linking between the phenylpropane and β-O-4, presents an incentive feedstock for graphite production (Chatterjee et al., 2014a,b). This connection makes lignin more thermally stable than hemicellulose (Ramiah, 1970). In this study, we propose an approach for deriving a porous biochar containing graphitic carbon material from pitch pine sawdust. A graphitic structure was obtained through the structural separation of biomass components. Sulfuric acid (H2SO4) was employed to eliminate the cellulose/hemicellulose components in sawdust. Potassium ferrate (K2FeO4) is known as a strong oxidant reagent that can be directly applied in wastewater treatment without producing any polluting byproducts (Jiang et al., 2006; He et al., 2018). In addition, potassium ferrate was also utilized as an activated agent to modify the biochar structure (Wu J. et al., 2019). Zhang et al. (2019) used Fe—a transition metal—as a catalyst agent to form a graphitic structure of biochar while Demir et al. (2015) proposed graphitic biocarbon from the metal-catalyzed hydrothermal carbonization of lignin. To the best of our knowledge, the study on applications of potassium ferrate to convert lignin content of plant biomass is limited. In this study, K2FeO4 was utilized to simultaneously convert the lignin content of pitch pine biomass into a porous and graphitic structure. The nano composite was labeled as lignin-porous biochar containing graphitic carbon (LPGC). DCF was employed as a representative organic contaminant and its removal process from aqueous solution using LPGC was investigated.

Taking into account the advantageous characteristics of biochar and the necessity of removing DCF from the natural environment, the aims of our study were to: (1) prepare and characterize the LPGC; (2) explore the adsorption capacity of LPGC for DCF through studies of kinetics and isotherms; (3) investigate the impact of the DCF concentration, reaction temperature, solution pH, ionic strengths, and background electrolytes on the adsorption capacity of LPGC toward DCF; and to (4) examine the possible adsorption mechanism between adsorbent LPGC and adsorbate DCF.



MATERIALS AND METHODS


Chemical Reagents

The pitch pine (Pinus rigida) sawdust, a byproduct of the wood manufacturing industry was utilized in this study. The chemical compositions of cellulose, hemicellulose, and lignin in pitch pine wood are 46, 24, and 27%, respectively (Rangabhashiyam and Balasubramanian, 2019). The biomass used was obtained from a furniture factory located in Changsha (Hunan, China). Diclofenac sodium salt (purity 99%) was purchased from Shanghai Yien Chemical Technique Co., Ltd. The chemical structure and physicochemical properties of DCF are described in the Table S1. The other chemical reagents used were supplied by Shanghai Macklin Biochemical Co., Ltd. The water used in all experiments was prepared in Milli-Q water (18.25 MΩ.cm at 25°C) obtained from a Millipore water purification system. All chemicals used in this study were of analytical grade.

To prepare DCF stock solution (5 g L−1), 0.5 g DCF solid (99% purity) was dissolved in 10 ml pure methanol before continuously being mixed into deionized water (90 ml). The solution was then stored in an amber colored bottle at 4 ± 1°C for later use. For each experiment, different working solutions were derived by diluting the as-prepared solution with deionized water.



Synthesis of Lignin Biochar Containing Graphitic Carbon and Other Compared Materials

First, pitch pine sawdust was mixed in H2SO4 (72%) solution at a ratio of 10% w/v to obtain the lignin component of the biomass. The mixed solution was stirred magnetically at room temperature for 1 h to eliminate cellulose and hemicellulose components. The solution concentration was then adjusted to 4% by deionized water and kept at 120°C for 1 h. After that, 0.45 μm filter paper was used to refine the slurry. The sample was washed several times to remove the excess chemicals and dried overnight at 60°C. After evaporating, we obtained a solid sample. The solid sample was then crushed into powder and dispersed in 0.1 M K2FeO4 solution (100 ml) and continuously stirred in 8 h and dried overnight at 100°C to obtain a solid mixture. The mixture was then transferred into a tube furnace and heated at 900°C for 2 h with a heating rate of 5°C min−1 in atmospheric N2. Ultimately, the sample was collected and washed with deionized water, followed by drying at 80°C. The resultant sample was denoted as LPGC. The preparation process is schematically illustrated in Figure 1.


[image: Figure 1]
FIGURE 1. Schematic diagram of the preparation of LPGC.


For comparison, three different samples were prepared. A H2SO4-treated sample was made by mixing sawdust with an H2SO4 (72%) solution at a ratio of 10% of w/v and stirred continuously for 1 h. The concentration of H2SO4 was adjusted to 4% by adding deionized water. The sample was incubated at 120°C for 1 h then filtered by 0.45 μm filter paper and dried overnight at 60°C to obtain a solid mixture. At the same time, a K2FeO4-treated sample was prepared by adding 3.0 g of sawdust to the K2FeO4 solution (100 ml, 0.1 M) and continuously stirred for 8 h, then dried overnight at 100°C. Subsequently, a similar pyrolysis process as described above was carried out with the H2SO4-treated sample, K2FeO4-treated sample, and no-treated sample. All the samples were transferred into a tube furnace and heated at 900°C for 2 h with a heating rate of 5°C min−1 in atmospheric N2. The resultant H2SO4-treated, K2FeO4-treated, and no-treated samples were collected and labeled as lignin biochar (LBC), cellulose/lignin biochar (C/LBC), and pristine biochar (BC), respectively.



Characterizations

The morphological studies of the samples were carried out by scanning electron microscopy (SEM) (S4800, Hitachi, Japan) and transmission electron microscopy (TEM) (Tecnai G2 20, FEI, USA). The elemental composition of samples was observed with energy-dispersive X ray spectroscopy (EDS) (Genesis, Edax, USA). To obtain a X-ray diffraction (XRD) pattern of the samples, a Bruker AXS D8 Advance diffractometer was used with Cu Kα radiation (acceleration voltage of 40 kV, 2 theta interval 0.02°, scan speed 0.1 sec/step, λ = 0.15418 nm). The Raman spectra was obtained from a LabRAM HR UV Raman spectrometer at the laser excitation wavelength of 532 nm and power 10 mV. The spectrum was measured at room temperature in the spectral range of 4,000–400 cm−1. The BET surface areas and pore structure of the samples were investigated by Nitrogen adsorption-desorption method temperature of liquid nitrogen (Quantachrome Instruments Quadrasorb EVO, USA). The surface chemistry and chemical state of elements were analyzed by X-ray photoelectron spectroscopy (XPS) (ESCALAB 250Xi, Thermo Fisher, USA) under Al- Kα (hv = 1486.6 eV), power 150 W, 500 μm beam spot. FT-IR studies were performed by a spectrophotometer (IR Tracer-100, Shimadzu, Japan) in the wavenumber range of 400–4,000 cm−1. For zeta potential analysis, 25 mg of adsorbents was added to 25 ml Milli-Q water and the pH was adjusted in the range of 2.0–10.0 with 0.1 M NaOH or HCl. Zeta potential meter (Zetasizer Nano-ZS90, Malvern Instruments, Malvern, UK) was used to perform the results.



Adsorption Experiments

For adsorption experiments, DCF solution with a concentration of 20 mg L−1 was chosen and derived by diluting stock solution into deionized water. NaOH and HCl with negligible volumes were used to adjust the pH to desired values. In all batch sorption experiments, 0.005 g of adsorbents was added in conical flasks (volume 100 ml) with 50 ml DCF solution (20 mg L−1). The conical flasks were put in a rotary thermostatic oscillator and shaken at a constant speed (160 rpm) at a temperature of 25°C for 24 h and then the supernatants were collected by filtration with 0.45 μm membrane filters.

The concentration of DCF in both the initial and adsorbent solutions were examined by an UV-VIS spectrophotometer (UV-2550, Shimadzu, Japan) at the wavelength of the highest absorbance 276 nm (Bhadra et al., 2016). A linear coefficient was obtained from the calibration curve of DCF and used to convert the absorbance to the concentration through Equation 1 (Rosset et al., 2019).

[image: image]

Where: S is the solution concentration (mg L−1); A is the absorbance at wavelength 276 nm; a is the linear coefficient of the calibration curve.

The adsorbed DCF amount was calculated by the difference between the sorption solution concentrations at initial time and equilibrium time. The adsorption capacities were obtained by the following equation:

[image: image]

where Co is the initial and Ce is the equilibrium concentration of DCF (mg L−1), V and m are the volume of the solution (L), and adsorbents doses (g), respectively.

DCF adsorption kinetic experiments were carried out to determine the minimum time required to reach adsorption equilibrium state. Fifty microgram of adsorbents was added to 50 ml of DCF 20 mg L−1 solution at pH ≈ 6.5 and 298 K. All samples were then shaken for different time intervals (ranging from 0.17 to 24 h). Two models, Pseudo first-order and Pseudo second-order were used to evaluate the adsorption process. The equations of each model are given as Equation (1s) and (2s) in the Supplementary Materials.

To obtain information about the maximum adsorption capacities, DCF adsorption isotherm experiments were conducted at pH ≈ 6.5 under three different temperatures (298, 308, and 318 K). The initial concentration of the DCF solution ranged from 5 to 25 mg L−1. Two isotherm models, namely Langmuir isotherm and Freundlich isotherm, were used to simulate the adsorption process. The isotherm model equations are given as Equation (3s) and (4s) in the Supplementary Materials.

A thermodynamics study can reveal information on the inherent energy change of adsorbent and the adsorption mechanism between adsorbent and adsorbate (Sun et al., 2014; Jiang et al., 2015). The effects of temperature on adsorption were explored through some thermodynamic parameters, such as Gibbs free energy of adsorption (ΔG°), heat of the adsorption (ΔH°) and standard entropy changes (ΔS°) (Suriyanon et al., 2013). Here, the thermodynamics adsorption of DCF on LPGC was carried out at various temperatures (298, 308, and 318 K), 50 mg LPGC was added into the 20 mg L−1 DCF solution (50 ml) at pH ≈ 6.5, contact time 24 h. Thermodynamic parameters calculation equations are given as Equation (5s) and (6s) in the Supplementary Materials.

To investigate the influence of pH onto the adsorption process, batch experiments with the same conditions of kinetic experiments (excluded pH value) were conducted. The range of initial pH was from 2.0 to 10.0, and 0.1 M NaOH or 0.1 M HCl with negligible volumes were used to adjust the pH of the solution.

NaCl with different concentrations varying from 0.001 to 0.1 M were used to explore the effect of ionic strength on the removal of DCF from the aqueous solution by as-prepared materials. The experiment conditions were the same as the kinetic experiment conditions.

Along with other ambient factors, background electrolyte ions also have an impact on the adsorption process. To examine the effect of this factor onto DCF adsorption by LPGC, several background electrolyte ions such as Na+, K+, Mg2+, Ca2+, NO[image: image], SO[image: image], and PO[image: image] were used. The electrolyte ions with three different concentrations (0.001, 0.01, and 0.1 M) were added into 50 ml DCF solution (20 mg L−1) containing 50 mg LPGC at 298 K and pH ≈ 6.5, respectively.




RESULTS AND DISCUSSION


Characterization of Adsorbents
 
Surface Morphology Analysis

The combination of the scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS) provides a powerful tool for exploring the morphological, topographical information of the biochar, while transmission electron microscopy (TEM) can reveal the structural quality and the layer state of material. The SEM images of BC, LBC, C/LBC, and LPGC are shown in Figures 2A–D. The EDS images of as-prepared samples are displayed in Figures 2E,F. The TEM image of LPGC is presented in Figure 3E. As can be observed, there are many nanoparticles on the surface of LPGC and C/LBC compared with BC. The original surface of BC possessed a relatively smooth surface with a plate-like morphology (Figure 2A). After one step modification, the H2SO4-treated sample (LBC) obtained a stripped layer structure with small and even ripples (Figure 2B). Meanwhile the morphology was totally changed for the K2FeO4-treated sample (C/LBC). Its surface became rough and uneven with various lumps of different diameters (Figure 2C). Figure 2D displays the outer shape of LPGC—the two-step modification sample. Compared with the previous samples, LGBC exhibited a different surface structure with very high roughness and many parallel stripped scratches. In addition, it is easy to recognize that many solid particles appeared on the surface of C/LBC and LPGC, which confirmed the loading of iron particles. Moreover, the EDS results (Figures 2G,H) show that 72.44 and 43.45 wt% of Fe were found in C/LBC and LPGC, respectively. It could be concluded that Fe molecules successfully attached on to the samples treated with K2FeO4. Furthermore, the TEM image of LPGC (Figure 3E) indicated the presence of graphitic carbon.


[image: Figure 2]
FIGURE 2. Scanning electron microscopy (SEM) images of (A) BC, (B) LBC, (C) C/LBC, and (D) LPGC, and the corresponding EDS image of (E) BC, (F) LBC, (G) C/LBC, and (H) LPGC.
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FIGURE 3. (A) XRD patterns and (B) Raman spectra of LPGC and other samples; (C) N2 adsorption-desorption isotherm, (D) pore size distribution, and (E) transmission electron microscopy (TEM) image of LPGC sample.




XRD and Raman Analysis

The composition and crystalline phase of the as-prepared samples were investigated by XRD and Raman spectra. The XRD patterns of samples are shown in Figure 3A. There was a broad peak in BC and some characteristic peaks at θ values of 24.2°, 30.1°, and 31.3° in LBC, which could be ascribed to amorphous carbon (Tseng et al., 2011; Jiang et al., 2018), while in the LPGC and C/LBC these peaks are weaker, indicating the significant changes of their carbon characteristic. Furthermore, it can be observed that two diffraction peaks at θ values of 26.6° and 44.7° in C/LBC were obviously higher in LPGC, which can be indexed to typical (002) and (001) reflection of graphitic carbon (JCPDS No. 41-1487) (Gong et al., 2017). New diffraction peaks at 65.0° and 82.3° can also be seen in both C/LBC and LPGC, indicating the presence of Fe (JCPDS No. 06-0696) (Jiang et al., 2018). Furthermore, some peaks at θ value between 40° and 50° that corresponded to cementite (Fe3C) were observed in the XRD pattern of C/LBC and LPGC (Yan et al., 2018). It again confirmed that Fe nanoparticles were successfully loaded on the surface of two K2FeO4-treated materials (C/LBC and LPGC) during the synthesis process. Additionally, the peaks between 30° and 35° in LPGC could be attributed to iron oxide bands (JCPDS No. 19-0629) (Macías-Martínez et al., 2016; Atul et al., 2019). The presence of all the peaks in the LPGC XRD pattern showed the formation of the desired porous graphitic carbon. In addition, the graphitic structure was also demonstrated by Raman spectroscopy. As can be seen in Figure 3B, two peaks were present which belong to the D-band and G-band in the Raman spectra of all samples. Basically, the D-band (near 1,350 cm−1) exhibits additional first-order bands, corresponding to defect sites or disordered sp2-hybridized carbon atoms of graphite and the G-band (near 1,580 cm−1) associated with the zone-center phonon of sp2-bonded carbon atoms (Gong et al., 2017; Li et al., 2018). In LPGC Raman spectra, the intensity of the D-band was lower than other samples, it may be attributable to the fact that the amorphous structure in LPGC was reduced, and instead there was the formation of another structure. In addition, in comparison with other samples, it was notable that Raman spectra of LPGC showed a peak at the wavenumber of 2,685 cm−1, which corresponds to the 2D-band-a signature of the graphitic carbon (Li et al., 2018). This indicated that the Raman spectrum of LPGC is referring to its graphitic portion. Generally, the intensity ratio of the D-band to G-band (ID/IG) was used as an useful parameter to determine the degree of order or disorder in crystalline structures of carbonaceous materials (Sadezky et al., 2005). The ID/IG values of LPGC were relatively low (0.48) compared with that of C/LBC (1.07) and BC (1.22). In short, the XRD and Raman spectra analysis confirmed that after two-step modification, the LPGC was successfully converted into porous biochar containing graphitic carbon.



N2 Adsorption-Desorption Isotherms

N2 adsorption-desorption isotherms and the porosity distribution of LPGC are shown in Figure 3C. Based on the International Union of Pure and Applied Chemistry (IUPAC) classification, the adsorption/desorption isotherm of LPGC belongs to Type-IV isotherm. It can be seen that the isotherm curve showed a hysteresis loop in the relative vapor pressure range of 0.4–1.0 bar, which demonstrated the presence of a hierarchical micro/mesoporous system on the surface of LPGC (Abo El Naga et al., 2019). This was further confirmed by the Barrett-Joyner-Halenda (BJH) pore-size distribution result. As can be observed in Figure 3D, the pore sizes of LPGC were allocated in a range of 1–133 nm, focused between 1.6 and 18.7 nm. The N2 adsorption with the pore diameter distribution curves of C/LBC and BC are shown in Figure S1. The corresponding porosity data of LPGC and comparison samples are listed in Table 1. After a process of pyrolysis at 900°C, the BET surface area of LPGC was 457.4 m2 g−1, while those of C/LBC and BC were 175.8 and 426.7 m2 g−1, respectively. Kim et al. (2012) carried out research on the influence of pyrolysis temperature on physicochemical properties of biochar obtained from the pyrolysis of pitch pine (Pinus rigida). The study reported that at different pyrolysis temperatures, the Pinus rigida sawdust derived biochar possessed different BET surface areas with an increasing trend (2.9, 4.8, and 175 m2 g−1, corresponding with the pyrolysis temperature at 300, 400, and 500°C, respectively). Tan et al. (2015) also confirmed that pyrolytic temperature plays a significant role in changing biochar characteristics. In this study, the BC sample without chemical activation obtained a relatively high BET surface area (426.7 m2 g−1), which might be due to the influence of a high pyrolysis temperature. Furthermore, it can be seen from the SEM images (Figures 2C,D), that plenty of nano particles appeared on the LPGC and C/LBC surface, which might block the small pores on their surfaces. In addition, in Figure 3C there is the appearance of an “ink bottle” between the isotherm adsorption—desorption curves of LPGC. It can be hypothesized that there were micropores inside of mesopores resulting in the process of N2 desorption, thus, after N2 liquid in the mesopores desorbed, the N2 gas bound in the micropore would suddenly escape. By analyzing the BET results, the surface area of the C/LBC (one-step activated) was significantly decreased while the surface area of LPGC (two-step activated) insignificantly increased, compared with the BET surface of no-treated biochar (BC).


Table 1. Parameters describe the surface area and pore structure of LPGC and comparison samples.
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XPS Analysis

To explore the surface chemical compositions of the as-prepared samples, X-ray photoelectron spectroscopy (XPS) was applied. Figure 4A shows the survey spectra of LPGC, C/LBC, LBC, and BC samples. It can be observed that C, O, N, K, and Fe in the XPS spectrum of LGBC and C/LBC were present, which is consistent with the EDS characterization results. Figures 4B–E shows the high-resolution (H-R) C 1s and O 1s XPS spectra of as-prepared samples. The H-R XPS spectrum of Fe 2p for LPGC and C/LBC are presented in Figure 4F.


[image: Figure 4]
FIGURE 4. (A) XPS survey spectra of LPGC and other samples; H-R C 1s spectrum of (B) LGBC and BC, (C) C/LBC, and LBC; H-R O 1s spectrum of (D) LPGC and BC, (E) C/LBC, and LBC; (F) H-R Fe 2p spectrum of LPGC and C/LBC.


Regarding the C 1s, as can be seen in Figures 4B,C, the peak located at 284.8 eV corresponded to the C-C bonds with a sp2 hybridization zone and appeared in all samples. The peak at 285.5 eV was associated with the contribution of both C-O and C-OH functional groups (Rojas et al., 2016) and can only be observed at LPGC and C/LBC. There were other peaks at 287.7, 293.7, and 296.5 eV in the C/LBC H-R C 1s XPS spectrum which can be ascribed to C-O, C=C, O=C-O, and π-π* “shake-up” satellites characteristic of graphite-like carbon (Chang et al., 2019). Those peaks then slightly shifted to higher binding energy in the C 1s spectrum of LPGC (288.0, 293.9, and 296.5 eV). This finding suggested that the changes in electron cloud density in the carbon atoms, were likely due to the more graphitic structure of LPGC compared with C/LBC. For the O 1s, XPS spectra for all samples are shown in Figures 4D,E. There was a peak at 531.7 eV in BC and LBC, which represented surface OH groups (Lu et al., 2018), but it did not present in C/LBC and LPGC, instead, there was the presence of a peak at 532.5 eV (in both LPGC and C/LBC). This peak can be attributed to the signal of C-O/C=O bonds with a larger contribution from C-O bonds than from C=O bonds. The next peaks at 533.1 eV in LPGC and 533.3 eV in C/LBC corresponded to C-OH bonds, while the peak at 534.5 eV, only seen in LPGC-, was associated with oxygen in water molecules (Rojas et al., 2016). Additionally, the H-R XPS spectrum for Fe 2p of LPGC (Figure 4F) shows two peaks around the binding energy of 712.2 and 725.4 eV, which were ascribed to Fe 2p3/2 and Fe 2p1/2, respectively (Gao et al., 2017), and the peak at 718.6 eV was attributed to the satellite peak of Fe (Li et al., 2019). For C/LBC, the peak at 712.2 eV was also observed on the Fe 2p spectrum, while the peaks at 724.8 eV could be assigned to Fe 2p1/2 (Li et al., 2019) and the peak at 735.8 eV presented a contribution of Fe3+ (Peña et al., 2019). The XPS results indicated that the surface of LPGC was significantly changed by using a two-step modification process. The XPS of BC and LBC only showed the existence of the sp2 hybridization zone, while multiple polar functional groups could be observed on the C/LBC and LPGC surface which might contribute to the formation of a porous graphitic structure of these samples.




DCF Adsorption Kinetics

Adsorption kinetics display a strong relationship with the physical and/or chemical characteristics of the biochar (Tan et al., 2015). The adsorption kinetics of DCF onto LPGC, C/LBC, LBC, and BC are displayed in Figure 5A. The uptake of DCF onto LPGC and C/LBC increased rapidly in the first 4 h, then gradually increased from 4 to 12 h, while the adsorption capacity of LBC and BC were insignificant. The maximum adsorption capacity was reached at about 24 and 20 h for LPGC and C/LBC, respectively; and 8 h for LBC and BC. Twenty-four hours was therefore chosen as the reaction time, while LPGC and BC were chosen as absorbents in further adsorption experiments.


[image: Figure 5]
FIGURE 5. (A) Effect of contact time on the adsorption of DCF by LPGC and three comparison samples and (B) adsorption isotherms of DCF by LPGC at three different temperatures.


To further understand the mechanism of adsorption, two conventional kinetic models (Pseudo first-order and Pseudo second-order) were used to analyze and simulate the experiment results of DCF adsorption. The model descriptions are given in the Supplementary Materials. The kinetic parameters and correlation coefficients (R2) of two kinetic models are listed in Table 2. As can be seen, the determined coefficients of the Pseudo second-order model were higher than those of the Pseudo first-order model for all samples. In addition, the simulated adsorption capacity results, which were provided by the Pseudo second-order model, were very close to the experimental data. It further confirmed the feasibility of the Pseudo second-order model to fit the kinetic DCF adsorption results. The trend indicated that the chemisorption might be the primary mechanism for the uptake of DCF onto LGBC and other samples. It is worth noting that the DCF adsorption capacity of K2FeO4-treated samples (112.1 and 91.3 mg g−1 corresponding to LPGC and C/LBC) are much higher than those of non- K2FeO4-treated samples (9.2 and 28.3 mg g−1 corresponding to LBC and BC). Furthermore, the results of the characterization of adsorbents confirmed the presence of Fe iron particles on the LPGC and C/LBC surface. Thus, Fe plays an important role in the removal efficiency of LPGC and C/LBC toward DCF, and the effect of Fe-based technologies for pharmaceutical removal from water is further discussed in a study by Liu et al. (2016).


Table 2. Kinetic parameters adsorption of DCF on LPGC and comparison samples.
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DCF Adsorption Isotherm

To explore the adsorption phenomena in the liquid phase at equilibrium, adsorption isotherm experiments were conducted. Figure 5B shows the uptake of DCF by LPGC at three different temperatures and Figure S2 illustrates the DCF adsorption by BC at three temperatures (298, 308, and 318 K, respectively). As can be seen, the uptake of DCF onto LPGC significantly increased with low initial DCF concentration. It might be the result of numerous active sites located on the surface of the adsorbent, which was easy to access. However, when the concentration of the DCF solution increased, the adsorption capacity of LPGC tended to decrease. This revealed that the active sites became fewer when the reaction state was near the equilibrium point. Two adsorption isotherm models, namely Langmuir and Freundlich, were used to investigate the mechanism of the adsorption equilibrium. Theoretical aspects regarding adsorption isotherm models are given in the Supplementary Materials. The relevant results simulated from those equations are listed in Table 3. The Langmuir parameter qmax corresponds to the monolayer's maximum adsorption capacity, while the Freundlich constant KF roughly reflects the adsorption capacity for comparing multiple adsorbent-adsorbate systems (Tong et al., 2019). Results in Table 3 indicate that the Langmuir model exhibited a higher correlation coefficient value than the Freundlich model and it could be assumed that the DCF adsorption by LPGC was a monolayer reaction, which may occur on homogeneous adsorption sites. Furthermore, the adsorption isotherm results of BC were fitted to both models with an insignificant difference between the R2 values of the Langmuir and Freundlich models. It was also reported that qmax tended to be related with the reaction temperature; the higher the qmax value, the higher the heat of sorption. This could be the base for the formation of stronger bonds (Ofomaja et al., 2010). In this study, the simulated maximum adsorption capacity (qmax) of the Langmuir model increased when experimental temperature increased (from 298 to 318 K), which indicated that a higher temperature could be more favorable for the uptake of DCF onto LPGC.


Table 3. Isotherm model parameters of DCF adsorption by LPGC and BC at three temperatures.
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DCF Adsorption Thermodynamic

The thermodynamic parameters were calculated from the data in Figure 5B by Equation (5s) and (6s) (Supplementary Materials). The results are shown in Table 4. The values of ΔG° were found to be negative at all temperatures, which revealed that the whole process was spontaneous. The positive value of ΔH° implied that the adsorption reaction was an endothermic process, which was suggested by the experimental results that the adsorption capacity of DCF increased when the temperature was raised. Furthermore, the positive value of ΔS° suggested that the randomness of the adsorbate-adsorbent interface could be increased during the reaction process.


Table 4. Thermodynamic parameters of DCF adsorption on LPGC.
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Impact of Solution pH

The value of solution pH is an important parameter for investigating the adsorption mechanism, since adsorption is a surface-controlled process and the variation of the pH value can change the surface charge of the adsorbent or the allocation of adsorbate in solution as well. Figure 6A shows the impact of initial pH solutions on DCF adsorption by LPGC and BC with a pH value ranging from 2.0 to 10.0. The results showed that the adsorption capacity was relatively high when the pH value was 2 and 3. It was then dramatically decreased at pH = 4.0 with LPGC and pH = 5.0 with BC. This phenomenon was consistent with the results of zeta potential (Figure 6B). The zeta potential value of LPGC and BC changed from positive to negative when the pH value increased. It demonstrated a negative charge on the LPGC surface over a wide range of pH values, and this surface charged value decreased with the increase of pH values. The zero point of charge (pHzpc) was found to be equal to 4.0, and at this point the LPGC surface became negatively charged. The DCF molecules could then be isolated to the anionic form, creating an electrostatic repulsive interaction between the negative charge of DCF anions and LGBC, which may result in a lower adsorption capacity of DCF onto adsorbents (Figure 6A). In addition, it was reported that the solubility of DCF was low (<2.37 mg/L) at pH values lower than its pKa (4.15), indicating a presence of DCF in its neutral form (Bhadra et al., 2016; Larous and Meniai, 2016). It might explain the decreasing trend in adsorption capacity when the pH value increased above 4.2 (pH>pKa), since the solubility of DCF became higher.


[image: Figure 6]
FIGURE 6. (A) Effects of solution pH on DCF adsorption by LPGC and BC and (B) zeta potential of LPGC and BC at different solution pH.




Impact of Ionic Strength

It was reported that wastewater contains not only organic contaminants but also various salts with ionic strengths, which may influence the elimination of contaminants (Xu et al., 2012). NaCl was chosen to explore the impact of ionic strength on the removal of DCF by LPGC due to its widespread presence in wastewater as well as other water sources. A series of experiments were conducted by adding different concentrations of NaCl into DCF compiled adsorbents (LPGC and BC), the results of which are shown in Figure 7. As can be seen, DCF adsorption capacity was improved in the presence of NaCl, and it was more obvious with adsorbent LPGC (qe increased 8.83% when added NaCl 0.1 M into the solution). The enhanced coefficient activity of hydrophobic organic compounds that resulted in their solubility reduction, might be due to the increase in ionic strength, which was beneficial for the adsorption process (Zhang et al., 2010). In addition, Wu L. et al. (2019) used NaCl 10 mM as the background ionic strength during their experiment to enhance adsorption capacity of adsorbents, confirming its favorable role for DCF adsorption.


[image: Figure 7]
FIGURE 7. Effect of the ionic strength on DCF adsorption by LPGC and BC.




Impact of Background Electrolyte

Several types of background electrolyte ions such as Na+, K+, Mg2+, Ca2+, Cl−, NO[image: image], SO[image: image], and PO[image: image] were simultaneously presented with contaminants in wastewater, which may influence the removal efficiency of contaminants from wastewater effluents. Thus, the impact of those background electrolytes on DCF adsorption was studied in the presence of cations (Na+, K+, Mg2+, and Ca2+) and anions (Cl−, NO[image: image], SO[image: image], and PO[image: image]) at three different concentrations (0.001, 0.01, and 0.1 M) for each type of ion; the results are shown in Figure 8. As can be seen in Figure 8A, the cations supported the adsorption process and the adsorption capacity increased with higher concentrations of cations. It may be due to the fact that the surface charge of DCF molecules at the studied pH (≈ 6.5) was negative, which led to an electrostatic interaction between the cations and the negatively charged DCF. On the contrary, the anions might hinder the adsorption of DCF onto LPGC (Figure 8B). Obviously, the adsorption capacity significantly declined in the presence of anions NO[image: image] and PO[image: image]. The phenomena might be mainly attributed to the occupation of NO[image: image] and PO[image: image] for limited adsorption sites on the LPGC surface, which resulted in a decrease in its adsorption capacity.


[image: Figure 8]
FIGURE 8. (A) Effect of background electrolyte cations and (B) effect of background electrolyte anions on DCF adsorption by LPGC.




Comparisons Between Studied Materials and Different Biomass-Derived Adsorbents

Table 5 provides an overview of different biomass-derived adsorbents used for DCF adsorption in terms of adsorption capacity. A straightforward comparison may not be objective since the experimental condition and the synthesized methodologies were different. Though, from the perspective of the efficiency of adsorbents, the comparison may provide a perception of the performance of a porous biochar containing graphitic carbon, obtained from the lignin content of pitch pine biomass (LPGC). From Table 5, it can be shown that the LPGC presents a significant adsorption capacity for DCF compared to the other biomass derived adsorbents such as pine wood, pig manure, Isabel grape bagasse, potato peel, cocoa shell, and tea waste, etc. However, the performance of LPGC on DCF adsorption was weaker than some other adsorbents such as rice straw (277.78 mg g−1) or sugarcane bagasse (315.0 mg g−1). Nevertheless, the dosage of LPGC used in adsorption experiments was small compared with rice straw and sugarcane bagasse. Therefore, LPGC can still be evaluated as a potential adsorbent for the efficient removal of DCF from wastewater.


Table 5. Comparison of DCF adsorption capacity with other biochar derived adsorbents.
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Possible Mechanisms

DCF is known as a hydrophobic compound with a weak acidity (pKa is around 4.15). As can be seen in section Impact of Solution pH, the higher adsorption capacity of LPGC was observed at an acidic pH due to the interaction between absorbent microparticles and ionizable micropollutants through electrostatic attraction or repulsion. The adsorption capacity increased with the decrease of solution pH and this phenomenon can be explained by the repulsive electrostatic interactions between the negative surface charge of LPGC and the negatively charged anionic form of DCF (-COO−) (Liang et al., 2019).

To investigate the possible adsorption mechanisms of the removal of DCF by LPGC, the FT-IR spectra of LPGC before and after DCF adsorption are shown in Figure 9 (scanning ranged from 500 to 4,000 cm−1). As can be seen from the FT-IR spectra, the left haft region above 2,000 cm−1 usually presents few common bands for all materials, while the right haft region shows a greater number of bands as well as their intensity variability. Among them, the broad peak at 3,440 cm−1 of original LPGC represented for the stretching vibration of O-H groups (dos Santos et al., 2019); and the peak located at 1,632 and 1,392 cm−1, were due to the skeletal vibration of aromatic C=C bonds (Jiang et al., 2015; Zhang et al., 2019). It can be seen that quite a few new peaks appeared at 1,507, 1,383, 1,160, and 874 cm−1, confirming the successful adsorbed DCF molecules on the surface of LPGC. Moreover, after DCF adsorption, the peak at 1,627 cm−1 shifted to 1,632 cm−1 and these peaks corresponded to the skeletal vibration of C=C bonds. This revealed the presence of a π-π interaction between aromatic rings of DCF and LPGC in the adsorption process (Wang et al., 2014). Moreover, Abo El Naga et al. (2019) reported that in relatively high pH conditions (pH ≥ 10), the adsorbent still had a considerable adsorption capacity, which might be attributed by the π-π electron donor acceptor interaction. Compared with the DCF adsorption capacity of LPGC at pH = 10, qe reached a value of 86.3 mg g−1, which confirmed that the π-π interaction might be the mechanism for DCF removal by LPGC. It can be seen that the wavenumber peak at 1,117 cm−1 was prominent on LPGC, which attributed to C-O stretches (Guerrero et al., 2010), but it was no longer seen on DCF-loaded LPGC. It might shift to a small peak at 1,022 cm−1. A similar phenomenon appeared at the 614 cm−1 peaks and could be assigned for COO- stretching (Arivuselvi and Kumar, 2015). The intelligible changes indicated that the interaction between DCF microparticles and oxygen-containing functional groups of LPGC occurred. These functional groups might be H-bonding between the DCF and LPGC. Thus, it could be hypothesized that H-bonding interaction, along with electrostatic interaction and π-π interaction were the possible mechanisms of DCF adsorption by LPGC and the adsorption mechanism can is illustrated in Figure 10.


[image: Figure 9]
FIGURE 9. FT-IR spectra of LPGC, DCF and DCF-loaded LGBC.



[image: Figure 10]
FIGURE 10. Possible mechanisms of DCF adsorption on to LPGC surface.





CONCLUSION

In the present work, a porous biochar containing graphitic carbon (LPGC) was successfully synthesized from structurally separated pitch pine sawdust biomass using a two-step activation process. The H2SO4 treatment separated the biomass into a lignin component whereas K2FeO4 was adopted as an activated agent and catalyst for carbonization and graphitization processes, respectively. The one-step H2SO4-treated sample, K2FeO4-treated sample, and non-treated sample were used to investigate the advanced characteristics of as-proposed material. The obtained LPGC has a micro-mesoporous structure with a relatively high surface area (457.4 m2g−1), as well as the presence of a graphitic structure. Through these characteristics, LPGC showed an excellent adsorption capacity for DCF adsorption from an aqueous solution. Result from the Langmuir isotherm model indicated that the maximum adsorption capacity of LPGC for DCF was 159.7 mg g−1 at experimental conditions of temperature 298 K, contact time 24 h, and pH 6.5 and this is a considerable DCF adsorption capacity compared with other biomass-derived adsorbents. The kinetic and isotherm parameters were highly fitted with the Pseudo second-order kinetic model and Langmuir isotherms, respectively. The results of the thermodynamic study demonstrated that the DCF adsorption by LPGC process was spontaneous and endothermic. The adsorption capacity was significantly influenced by the pH solution, followed by an increasing trend with the decrease of pH value and obtained maximum adsorption capacity at the value of pH = 2.0. The adsorption process by LPGC was enhanced with the presence of NaCl in the DCF solution. In addition, the study about the effect of background electrolytes indicated that the adsorption capacity was positively affected by the presence of cations (Na+, K+, Ca2+, and Mg2+) but was negatively affected by the presence of anions (Cl−, NO[image: image], SO[image: image], and PO[image: image]). The possible adsorption mechanism that was expected, is that the H-bonding interaction, electrostatic interaction, and π-π interaction took part in the process of DCF removal from the solution by LPGC. Finally, from a sustainability perspective, the synthesis process of LPGC can be assessed as an advantageous method due to its ability to provide a cost-effective and efficient adsorbent for the removal of DCF from aqueous solutions.
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Alumina porous monoliths were successfully fabricated using a simple and reproducible synthesis dispersing gamma alumina phase from commercial boehmite (GAB) in water containing water-soluble bio-based substances (BBSs) obtained from composted biowaste. The wet mixture obtained was shaped in form of small spheres and then dried and calcined at 500°C in order to burn the organic matter and obtain mesoporous monoliths. They were successively functionalized with BBSs in order to introduce BBS functional groups and obtain an efficient adsorbing system. Therefore, in this work, BBSs acted as template/binder for the production of monoliths and as functionalizing agent of the produced monoliths. The reference powders, deeply studied in a published article (Sadraei et al., 2019b), and the monoliths of GAB before and after functionalization were characterized by means of x-ray diffraction to evidence their crystal structure, Fourier transform infrared spectroscopy for evaluating the presence of BBSs on the supports, thermogravimetric analysis to measure the thermal stability of the materials and quantify the functionalizing BBS amount immobilized on the supports, nitrogen adsorption at 77 K for the investigation of the surface area and porosity of the systems, and zeta potential measurements to analyze the effect of BBS immobilization on the surface charge of the supports and to predict the type of interaction, which can be established with substrates. Finally, the systems were applied in removal of pollutants with different charge, polarity, and molecular structure, such as dyes (crystal violet and acid orange 7) and contaminants of emerging concern (carbamazepine and atenolol). Only the cationic dye CV is captured by the adsorbing material, and this allows envisaging a possible use of the functionalized monoliths for selective adsorption of cationic substrates.

Keywords: bio-based substances, alumina, porous monolith, organic/inorganic hybrid, removal of pollutant, cationic molecules


INTRODUCTION

Refuse accumulation is a heavy burden for our society, as the normal human activities imply an increasing production of wastes accumulating in dedicated places organized by the municipalities or often abandoned in non-regulated areas. Wastes are generated by domestic, industrial, agricultural, commercial, municipal, and sanitary processes. They can contaminate air, water, and land affecting in turn the health of the biosphere. Part of the problem is faced by a process called waste management, taking into account the management of the already existing refuses, but another complementary approach to reduce the impact of refuses, and the consequent earth pollution, is the Zero Waste Philosophy (https://www.epa.gov/transforming-waste-tool/how-communities-have-defined-zero-waste). It considers that a sustainable life passes through the reduction of wastes and their transformation into raw materials; therefore, it promotes the ideas of recycling and upcycling the waste we produce and increasing the sustainability of the production processes of objects that will be transformed into refuses at the end of their life.

In this perspective, compost is a renewable source of carbonaceous compounds, alternative to the less sustainable petroleum, and bio-based substances (BBSs), isolated from composted urban refuses, are interesting amphiphilic reactants (Montoneri et al., 2008, 2009, 2011). Bio-based substances have been used as binder/templating agents to produce siliceous mesoporous monoliths useful as support for a variety of applications. In 2012, they were employed to support an enzyme in order to obtain a heterogeneous biocatalysts for hydrogen peroxide activation (Magnacca et al., 2012), in this article, the same procedure has been applied to produce alumina-based mesoporous monoliths. In this case, the application of the material was chosen in the field of wastewater remediation, as water contamination, similarly to refuse accumulation, has become a serious worldwide concern that can cause many health problems, particularly in industrial countries. Scientists are facing the issue developing simple, fast, and environmentally friendly methods for decomposition or removal, in general, of pollutants, in particular of organic ones (de Paul Obade and Moore, 2018; Jaramillo and O'Shea, 2018; Vega et al., 2018; Ren et al., 2019).

Among the possible techniques for wastewater treatment, the adsorption process by solid adsorbents demonstrates a high potential as one of the most efficient methods for capturing organic contaminants from wastewaters avoiding the risk of secondary pollution brought by decomposition methods. Several adsorbents, such as activated carbon (Julcour-Lebigue et al., 2012), silica gel (Fan et al., 2012), organic clay (Unuabonah et al., 2013), alumina (Serbezov et al., 2011; Tang et al., 2018; Sadraei, 2019), iron powders (Yu et al., 2013; Zeng et al., 2018), and mesoporous silica (Ko et al., 2014; Ye et al., 2017), have been successfully applied for the removal of dyes from water, but the development of handleable materials that can operate much more easily, in particular in terms of recovery and reusability, is necessary. As the open-framework nature and large pore size (2–50 nm) are the key factors for a good diffusion of the molecules inside the adsorbing materials and a consequent fast adsorption process (Alauzun et al., 2011; Masika and Mokaya, 2011), the production of massive materials possessing these features is pursued, and alumina-based monoliths perfectly fit the requirements.

In addition to this aspect, the adsorption capacity of materials can be enhanced introducing functional groups with high affinity for different substrates by means of functionalization processes. The choice of functional groups allows defining a specific activity of the adsorbing material toward a specific substrate. Oxides carrying OH groups at the surface are very good candidates for being surface-modified, as they can be easily functionalized exploiting several strategies reported in the literature, some of them basing on physical methods, whereas others basing on chemical ones (Nayak et al., 2019; Sadraei et al., 2019a,b; Shanaghi et al., 2019). As in a previous article, we reported the performances of BBS-functionalized alumina powders (Sadraei et al., 2019b). In this work, we are considering the upscaling of the previous study producing mesoporous gamma alumina-based monoliths (GAB-M) functionalized with BBSs (GAB-M–BBSs).

Summarizing, the current research comprehends the following points: (1) the fabrication of new alumina monoliths using BBSs as binder/templating agents, (2) the simple monolith functionalization with BBSs acting as active phase to enhance the adsorption properties, (3) the physicochemical characterization of the produced materials compared with the parent alumina powder, and (4) the adsorption study.



MATERIALS AND METHODS


Materials for Synthesis

Commercial boehmite was kindly supplied by Centro Ricerche FIAT and used to prepare gamma-Al2O3 (GAB) after calcination in a furnace at 500°C for 3 h, as reported in the literature (Sadraei et al., 2019b).

Bio-based substances were extracted from composted organic refuses aged for more than 180 days supplied by ACEA Pinerolese Industriale. The extraction procedure was described by Montoneri et al. (2008, 2009, 2011). A hypothetic structure of BBS is reported in Scheme 1.
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SCHEME 1. Virtual molecular fragments of BBS.




Materials and Methods for Characterization Study

Scanning electron microscope (SEM) image of the monolith surface was obtained by means of a scanning microscope ZEISS EVO50 XVP equipped with LaB6 source and a secondary electron detector. The samples prior to the SEM investigation were sputtered with ~20 nm of a gold layer in order to avoid charging effects using a Bal-tec SCD050 sputter coater.

X-ray diffraction (XRD) analysis was used to investigate the morphology and crystal structure of powders and monoliths. The measurements were performed by using a X'Pert PRO MPD diffractometer from PANalytical, equipped with Cu anode worked at 45 kV and 40 mA in a Bragg–Brentano geometry. In this work, the flat sample-holder configuration was employed.

Fourier transform infrared (FTIR) spectroscopy was applied in a transmission mode by using Bruker Vector 22 spectrophotometer equipped with Globar source and DTGS detector, and working in the transmission mode in the range of 4000–400 cm−1 at 4 cm−1 resolution. Before investigation all the samples were mixed with KBr powder (1:20 ratio) and pressed to form pellets.

Nitrogen adsorption–desorption measurements at 77 K were carried out by means of ASAP 2020 Micromeritics gas-volumetric apparatus. Prior to the experiments, the samples before and after functionalization were activated at 300 and 40°C, respectively, for 24 h. Specific surface areas were calculated by applying the Brunauer–Emmett–Teller (BET) method (Thommes et al., 2015). Pore volumes and pore size distribution were determined by using the Barrett–Joyner–Halenda method (Thommes et al., 2015) applied to the isotherm adsorption branch.

Thermogravimetric analysis (TGA) was performed by means of TA Q600 (TA Instruments). Materials before and after functionalization were heated at a rate of 10°C/min from 40 to 650°C under air.

Zeta potential (ZP) measurements have been used in order to determine the surface charge of the particles in water at different pH and the point of zero charge of the dispersions (Sadraei et al., 2019b). They were performed using the instrument Zetasizer by Malvern (model ZS90). The suspensions were prepared by mixing 10 mg of sample (after finely crushing in an agate mortar in the case of monoliths) in 20 mL of deionized water under constant stirring (400 rpm) for 15 min. The pH of the suspensions was adjusted in different pH in the range of 3 to 11 by addition of 0.1 M HCl and 0.1 M NaOH solutions. The suspensions were shaken at 25°C temperature for 15 min until the pH had stabilized. A digital pH meter (Metrohm, model 827 pH lab, Swiss mode) was used to measure the pH. In all batch experiments, the refractive index value of alumina was selected.



Materials and Methods for Adsorption Study

UV-Vis spectrophotometer (Varian Cary 300 Scans) was applied to study the adsorption of the dyes crystal violet (CV, positively charged, maximum absorbance at 584 nm) and acid orange 7 (AO, negatively charged, maximum absorbance at 480 nm) and of the contaminants atenolol (polar, maximum absorbance at 224 nm) and carbamazepine (apolar, maximum absorbance at 284 nm).

The kinetics of the adsorption was carried out contacting 20 mg of adsorbents materials with 10 ppm of contaminant solutions in the total volume of 10 mL at pH 6.5 and keeping under shaking at the temperature of 22 ± 2°C. The removal was evaluated considering the residual contaminant concentrations after separation of the supernatant and measurement of contaminant absorption using a calibration curve.




RESULTS AND DISCUSSION


Preparation of Materials
 
Preparation of Monoliths as Support

Following the procedure previously applied for preparation of silica monolith (Magnacca et al., 2012), 0.5 g of BBSs was stored under stirring in 7.5 mL water at room temperature (RT) for 2 h. GAB (2 g) was added to the BBS solution. Five milliliters of water was then added, and the mixture was stirred for 2 h. The mixture was left at ambient condition for relaxing and dried at ambient temperature for the time needed to obtain a mud in order to model small spheres of ~0.5 cm of diameter. These spheres were dried overnight at RT and then calcined in furnace at 500°C for 4 h in order to remove all organics and yield a mechanically stable, porous monolith named GAB-M. The image of the spheres after calcination is presented in the inset of Figure 1 together with the SEM image of the monolith surface.


[image: Figure 1]
FIGURE 1. GAB-M before (in the inset) and after functionalization with BBSs (left section) and an SEM image of the monolith surface (right section).




BBS Functionalization of Monoliths

As alumina powders were successfully BBS-functionalized, thanks to a simple electrostatic interaction occurring in water at circumneutral pH (Sadraei et al., 2019b), we tried the same procedure to functionalize the surface of GAB-M. The functionalized monoliths were prepared using 1 g of GAB-M dispersed in water at natural pH (~6.5) containing 20 g/L of water-soluble BBSs and two different procedures:

The mixture container was sealed and gently shaken (in order to avoid the monolith breakage) using an orbital mixing plate with rotation at 1000 rpm for 24 h at 25 ± 2°C.

The mixture contained was sealed and, after shaking at RT, was placed in an oven at 60°C overnight and then cooled down and again placed in an oven at 80°C overnight.

At the end of both procedures, the samples were washed with 10 mL of water several times until no signal of leached BBS molecules from GAB-M–BBS samples were evidenced in the UV-Vis spectra of the washing medium. The following drying process was carried out in the oven at 40°C for 24 h.

The first procedure did not allow a complete functionalization of the monolith as the BBS brown color was present only in the outermost layer of the spheres, whereas the second treatment allowed a complete functionalization. The image of the functionalized porous monoliths, named GAB-M–BBSs, is reported in Figure 1. These samples were used for the subsequent characterization, and the powders obtained in the previous work (Sadraei et al., 2019b), GAB and GAB-BBSs, were used as reference materials for comparison.

The preparation route of the non-functionalized monoliths and the following functionalization methods were carried out several times in order to define the reproducibility of the procedures. In all the attempts, the samples presented very similar behaviors, as witnessed by FTIR spectra, XRD, TGA, and N2 adsorption/desorption analyses.




Material Characterization
 
XRD Measurements

X-ray diffraction analysis was performed to investigate the effect of monolith fabrication process on the crystal structure of GAB powder. Figure 2 shows the diffraction patterns for both GAB and GAB-M samples. As it can be seen, the crystallographic patterns of the monoliths GAB-M are not different from GAB one. The typical reflections of cubic γ-Al2O3 [reference pattern 01-075-0921 and (Sifontes et al., 2014)] can be evidenced in both diffractograms; in detail: the signals at 2θ = 39, 46, and 67° corresponding to the reflection of the planes (311), (400), and (440). An analogous curve, not reported for the sake of brevity, can be observed for monoliths after BBS functionalization.


[image: Figure 2]
FIGURE 2. XRD patterns of GAB (A) and GAB-M (B).




FTIR Spectroscopy

The IR spectra of GAB powder before and after functionalization are reported in Figure 3. The presence of BBSs is clearly visible in the GAB-BBS spectrum. In fact, as for pure BBS sample, it shows the presence of OH groups and atmospheric moisture interacting with the surface and producing a signal at ~3500 cm−1 (νOH vibrations), a large signal at 1600 cm−1 due to both carbonylic stretching (νC = O) and vibration of water molecules adsorbed at the surface (δHOH signal), and other two signals at 1400 and 1000 cm−1 due to carboxylic acid/C–H bending and OCO vibrations, respectively. Other weak signals due to νCH stretching vibrations are visible at around 3000 cm−1 (Nisticò et al., 2015; Bianco Prevot et al., 2019; Sadraei et al., 2019b). In addition to these bands, the alumina samples are characterized by a very intense absorption >1000 cm−1 due to the bulk vibrations of the solid framework.


[image: Figure 3]
FIGURE 3. FTIR spectra of sample powders and monoliths before and after functionalization with BBSs. Bio-based substance IR spectrum was reported for the sake of comparison. The curves were shifted for the sake of clarity.


The infrared spectra of GAB-M before and after functionalization were collected in the same figure. The spectrum of GAB-M before functionalization is dominated by a very large signal at ~3400 cm−1 and by a couple of bands at ~1650 and 1300 cm−1. All of them derive from the interaction of the solid samples with the molecules present in the atmosphere, H2O and CO2. In fact, the burning off of BBSs, in the process of monolith formation, leaves in the material some inorganic residues naturally present in the BBSs (namely, cationic and anionic species such as Mg2+, K+, Ca2+, NO3−, Cl−), and these species interact very easily with moisture and CO2 leading to the formation of intense νOH signals at high frequency and to the formation of symmetric and antisymmetric vibrations of surface carbonate-like groups at low frequency, respectively. In addition to these absorptions, the BBS functionalization causes the formation of BBS typical bands, as mentioned for GAB-BBS sample.



Gas-Volumetric N2 Adsorption at 77 K

Gas-volumetric analysis of N2 adsorbed at 77 K was carried out for all samples including reference powders. According to the International Union of Pure and Applied Chemistry classification, the adsorption/desorption isotherms of all samples, reported in Figure 4A, are of the IV type, with hysteresis loops at relative pressures higher than 0.4, confirming that all materials are mesoporous or even macroporous. The formation of monolith from alumina powder does not affect significantly the specific surface area (198 vs. 186 m2/g), but changes significantly the porosity, which appears higher and made up of larger mesopores and macropores of width up to 600 Å with respect to the pure powder (Table 1 and Figure 4B). This effect was already evidenced in the previous work dealing with silica monolith formation from powder (Magnacca et al., 2012), and it is due to the templating effect brought by BBS molecules during alumina particle aggregation.


[image: Figure 4]
FIGURE 4. Nitrogen adsorption/desorption isotherms (A) and BJH adsorption pore size distribution (B) of GAB (solid line), GAB-BBSs (broken line), GAB-M (squares), and GAB-M–BBSs (triangles). In the figure, the curves were shifted for the sake of clarity.



Table 1. Textural features of the samples.

[image: Table 1]

In the case of monolith and reference powder, the functionalization process affects the specific surface area and the mesoporosity of all systems, as BBSs occupy part of the pores (the largest ones) leading to a decrease of the total mesoporosity and consequently to the material surface area. This result confirms the BBS functionalization reaches also the core of the monolith pores, as also suggested by the visual examination of the internal part of the monoliths after functionalization.



Thermogravimetric Analysis

The results of TGA analysis on GAB and GAB-M before and after immobilization of BBSs are shown in Figure 5A. Figure 5B shows the curve due to BBS weight loss measured in the same conditions and reports two main regions of weight loss for pure BBS materials, the first one in the range of 40–200°C due to water molecules elimination, and the second one is in the range of 200–650°C due to the oxidation of BBSs. In order to interpret the TGA curve of GAB-BBSs and GAB-M–BBSs, we do need the BBSs, GAB, and GAB-M curves as references. As it can be seen in Figure 5A, all the curves report the two important weight losses described in the case of BBS sample, but while the foster occurs in the range of 40–200°C and is related to the removal of physisorbed and chemisorbed water molecules, the latter one, falling in the range of 200–650°C, is due to a couple of contributions, namely, (i) loss of water obtained from OH groups condensation and (ii) loss of organic matter by oxidation with formation of CO2 and H2O (Sadraei et al., 2019b). To calculate the amount of organic matter present in the functionalized samples, it is needed to eliminate the contribution due to the condensation of OH groups. The results of this comparison are reported in Table 2. The amount of BBSs loaded onto GAB-BBSs is higher than that observed in the case of GAB-M–BBSs, indicating that a small amount of BBS molecules can be hosted in the mesoporous structure of the monoliths with respect to the parent powder.


[image: Figure 5]
FIGURE 5. Thermogravimetric analysis curves obtained in air for GAB, GAB-BBSs, GAB-M, and GAB-M–BBSs in (A); weight (solid line) and derivate weight (dotted line) curves of BBSs in (B). The values indicated in the figure represent the residual weight measured for the materials at 650°C; the vertical broken lines indicate the temperature of 200°C used for the quantification of water and organics loss.



Table 2. Weight losses observed for references and hybrid materials.
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The amount of water physisorbed and chemisorbed present on the samples and determined by the weight loss in the range 40–200°C confirms that the presence of inorganic residues present on the plain monoliths GAB-M and the additional presence of BBSs present in the functionalized monolith GAB-M–BBSs make the materials much more hydrophilic than the relative powdery ones.



Zeta Potential

Zeta potential (ZP) measurements were obtained in order to evaluate the surface charge of the materials before and after immobilization of BBSs, as this is a very useful indication dealing with adsorption process in order to predict the type of substrate suitable for an efficient interaction with the adsorbent. The variations of the ZP values of the samples in the range of pH 3.0–11.0 are reported in Figure 6. GAB possesses a positive surface charge in the range of pH 4–7.9, and then it becomes negative. Water-soluble BBS molecules bring a negative charge at circumneutral pH caused by the presence of dissociated COOH and OH groups (Montoneri et al., 2009); therefore, they can interact quite easily with GAB support. After functionalization, the point of zero charge of GAB-BBS shifts from 7.9 to 5.2, leading to a hybrid material with negatively charged surface at circumneutral pH, prone to the interaction with positive or even partially positive (i.e., polar) substrates (Sadraei et al., 2019b). On the contrary, GAB-M and GAB-M–BBSs show a negative charge in the entire pH range examined, with no substantial modifications brought by BBS functionalization. This feature suggests that only positively charged substrates should interact with these materials.


[image: Figure 6]
FIGURE 6. Zeta potential values of GAB, GAB-BBSs, GAB-M, and GAB-M–BBSs as a function of pH. The measurements were carried out on 10 mg of crushed sample dispersed in 20 mL of deionized water. pH was adjusted by addition of HCl or NaOH 0.1 M and stabilized for 15 min.





Application of Materials in Contaminant Removal
 
Removal of Dyes

Positively charged CV and negatively charged AO (whose molecular structures are shown in Scheme 2) were selected as model adsorptives to evaluate the mechanism at the base of the interaction substrate monoliths. For the sake of comparison, CV adsorption on the reference powdery materials GAB and GAB-BBSs was taken into consideration.


[image: Scheme 2]
SCHEME 2. Molecular structure of crystal violet (CV) and acid orange 7 (AO).


Figure 7 shows the adsorption kinetics of CV on the monoliths GAB-M and GAB-M–BBSs (Section A) and on the reference powdery GAB and GAB-BBSs (Section B). No adsorption was evidenced contacting the negatively charged AO with the monolith systems.


[image: Figure 7]
FIGURE 7. Removal of CV by GAB-M and GAB-M–BBSs (A) and by GAB and GAB-BBSs (B). The inset in Section A is the linearized first-order kinetic plot. The measurements were carried out with 20 mg of monolith in 10 mL of CV solution (concentration of 10 mg/L). pH 6.5, T = 22 ± 2°C.


As reported in Sadraei et al. (2019b), the adsorption of CV on the powdery GAB-BBSs occurs very quickly and to a large extent, favored by the opposite charges carried by material and substrate. As already evidenced in Sadraei et al. (2019b) and as expected considering the positive charge carried by both material and substrate, the plain GAB powder does not give a good interaction.

The adsorption kinetic curves of CV on GAB-M and GAB-M–BBSs are reported in Figure 7B. In these cases, the interaction occurs in longer time (the experiments took up to 8 days), as the large but flexible CV molecules need to diffuse into the mesopores of monoliths to be adsorbed. Indeed, no significant differences are evidenced for the plain and the functionalized systems in terms of maximum removal, as expected considering the ZP curves and BET measurements discussed in the previous paragraph: both systems are slightly negative and possess similar surface areas; therefore, they can interact almost the same way with the positive substrate. The only change observable is related to the adsorption rate, higher in the case of GAB-M–BBS system, although smaller pores are present in this material with respect to the non-functionalized one. This means that diffusion of dye molecules into the porous adsorbing material is not a steady step for the adsorption process; therefore, we have to consider the high chemical affinity between the negatively charged support and the positively charged CV molecules. In the case of BBSs containing monoliths, the negative charge can be identified with carboxylate groups brought by BBSs, whereas for plain monoliths, a dispersed charge, not localized in one specific site, should be taken into account. In an adsorption process of this kind, a second-order kinetic law is expected, as two species should be responsible of the process, namely, the negative adsorbing surface and the positive dye molecules. In the case of GAB-M–BBS material, it is also possible to try evaluating the relative amounts of adsorbing sites and adsorbed molecules considering the number of carboxylate groups, the number of CV adsorbed molecules, and a stoichiometry of the interaction 1:1. The amount of BBS immobilized on monolith support is 5.6% in weight (as measured by TGA), the corresponding amount of carboxylate groups is 1.40 mmol COOH/g BBSs (Magnacca et al., 2014), and the amount of CV immobilized within 3 h is ~3 ppm, corresponding to ~7 · 10−8 mol. We can see that the amount of carboxylic groups available for adsorption is in large excess with respect to the amount of adsorbed dye molecules, so the kinetic law should depend only from CV concentration. In this situation, a kinetic constant of the pseudo–first order could be determined from the kinetic trend. For GAB-M–BBSs, the pseudo k = 0.172 h−1, whereas for GAB-M, k, calculated with analogous procedure, corresponds to 0.080 h−1, one-half of the GAB-M–BBS ones. In conclusion, the thermodynamic of the adsorption does not change with or without BBSs, but the BBS presence slightly influences the kinetic of the process.

No AO adsorption was revealed by GAB-M and GAB-M–BBSs, neither for prolonged time of contact, as expected given the negative charge of the dye.

For a comparison with literature data, the CV adsorption capacity of the monoliths was calculated (Liu et al., 2015):

[image: image]

In the Equation, C0 and Ct (mg/L) are the concentration of CV in solution before and after adsorption, respectively, V (L) is the volume of the solution, and W (g) is the mass of adsorbents.

As reported in Table 3, the efficiency toward CV adsorption of monoliths studied in this article is similar to or higher than that of other literature adsorbing systems. In principle, therefore, both plain and BBS-functionalized monoliths could be applied to the removal of cationic contaminants. The BBS functionalization, therefore, seems not be functional to the adsorption application. Indeed, this system shows a further advantage with respect to other materials. In fact, it is known that BBSs possess photosensitizing properties (Bianco Prevot et al., 2019), being able of producing Reactive oxygen species (ROS) when irradiated with visible light. The produced ROS (typically the highly reactive OH radicals) can attack and degrade organic molecules until mineralization (complete abatement with formation of CO2 and H2O), with consequent increase of the applicative interest of this material. The challenge, so far, is the possibility of irradiating all the BBS molecules present in the material, including the molecules immobilized inside the porosities of the monolith, in order to achieve a high abatement efficiency. Thus, once a suitable shape of the support is elaborated, development of the material in photocatalytic applications could be pursued.


Table 3. Efficiency of various adsorbents toward CV removal from aqueous solutions.

[image: Table 3]



Removal of Contaminants of Emerging Concern

The molecular structure of the contaminants analyzed is reported in Scheme 3.


[image: Scheme 3]
SCHEME 3. Molecular structure of carbamazepine (left side) and atenolol (right side).


Contrary to what happened with reference powders and reported in Sadraei et al. (2019b), atenolol (polar non-charged substrate) and carbamazepine (essentially apolar substrate) did not give valuable adsorption on monoliths, even if the large pores of these systems should favor the diffusion and consequent adsorption of the substrates. Probably the simple van der Waals forces that could establish between the poorly charged monoliths and the non-charged substrates are not enough to produce a stable interaction.





CONCLUSIONS

γ-Alumina–based monoliths were prepared following a previously developed procedure (Magnacca et al., 2012). The results showed that they can be prepared in a reproducible way, with good mechanical property, large mesoporosity/macroporosity, and a surface area similar to the parent powdery system. With respect to the pure powder, the monoliths contain some inorganic residues deriving from the BBSs used as template/binder that remain in the alumina framework after the calcination was performed to remove the organic matter and obtain the monoliths. The inorganic residues are responsible of the interaction with atmospheric moisture and CO2, the last forming carbonate-like species on the monolith surface, and of the slightly negative surface charge of the material.

Bio-based substance molecules were also used to functionalize the alumina monolith in order to reproduce the results obtained with parent alumina powder and obtain a good adsorbent for polar pollutants, handleable, and therefore useful for upscaling the material to real application. The interaction of the functionalized monoliths with positive, negative, polar non-charged, and apolar molecules (chosen in the family of dyes and contaminants of emerging concern) evidenced a good interaction with positively charged species, opening the way to the use of the BBS-containing monoliths for the selective capture of pollutants based on their charge.
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Revalorizing organic biowaste is critical to achieve a full circular economy, where waste is transformed into resources. One of the main strategies is to produce activated carbons and use them as functional materials for electrochemical energy storage. In this study, winemaking wastes, bagasse (BAG), and cluster stalks (CS) were recovered and used in the preparation of activated carbons by a hydrothermal process. Then, they were chemically activated using KOH and investigated for electrochemical capacitor applications. The activation treatment resulted in microporous structures, characterized by a type I isotherm for low partial pressures (P/P0), and a type IV for higher pressures, as observed by Brunauer–Emmett–Teller surface analysis, with specific surfaces of 1,861 and 2,662 m2·g−1 for BAG and CS, respectively. These microporous structures were also investigated by means of scanning electron microscopy, revealing a high porous degree. Micro-Raman spectroscopy and X-ray photoelectron spectroscopy measurements displayed bands associated to disorder of the structure of the carbonaceous material. The electrochemical performance of the resulting materials was investigated for electrochemical energy storage applications, as supercapacitor electrode, in 1 M KOH aqueous electrolyte. These biowaste-derived materials displayed electrochemical double-layer capacitance, with 129 F·g−1 at 10 A·g−1 in the 0.1 to −1.0 V vs. saturated calomel electrode. For that reason, they are pin-pointed as potential negative electrodes for electrochemical double-layer supercapacitors and hybrid or asymmetric supercapacitors.

Keywords: wine biowastes, biomass reuse, activated carbon, electrochemical double-layer capacitor, supercapacitors


INTRODUCTION

The increasing demographic evolution over the last century alongside the industrial development of highly populated countries, such as India or China, has led to an increased demand for raw materials. This need entails a great environmental risk associated with the overexploitation of natural resources and the release of industrial waste. Nowadays, new habits to minimize the environmental impact have emerged, including a growing interest on the use of natural and bio-based products (Sardella et al., 2015). In addition, different valorization processes of waste are being considered as a mean to generate more efficient and tailored materials.

In this sense, obtaining activated carbons from waste is, currently, one important goal. Practically any raw materials with high carbon content, including several wastes, may yield interesting and useful materials (Deiana et al., 2009). Various waste sources have been proposed for the preparation of activated carbon, from biodiesel (Gonçalves et al., 2019) to food processing waste (Ramón-Gonçalves et al., 2019; Senophiyah-Mary et al., 2019; Yaglikci et al., 2020) or agriculture industry residues (Ukanwa et al., 2019), all of them with great attractiveness owing to their large-scale production and low price. Winemaking-derived waste is a major issue in the wine industry, being Spain, the origin of the precursor wine used in this work, the third world producer of wine (Maicas and Mateo, 2020). Among others, a great amount of skins, seeds, and stems left are generated in the process (Mingo et al., 2016). In this sense, bagasse is the residual material obtained after the pressing of grapes to extract the must, and contains grape skin, pulp, and seeds. Cluster stalks are waste generated after the grapes are removed from their woody support.

Different methods have been used to obtain activated carbons such as carbonization/leaching (Deiana et al., 2009), pyrolysis (Rajamani et al., 2018), impregnation with several activation agents (Chen et al., 2017), demineralization (Chan et al., 2011), or extraction with organic solvent (Jiménez-Cordero et al., 2014), among others. However, these processes need high-temperature treatments, increasing the total cost of the process, and usually yield materials with low specific surface areas with limited use. To increase cost-effectiveness while improving the final properties of the resulting material, hydrothermal pre-carbonization is gaining attention for the preparation of carbon-based materials from several biowastes (Jain et al., 2016). The benefits of this process as pre-treatment of precursor biowaste are two-fold. One the one hand, it reduces the total cost of the production because hydrothermal carbonization followed by chemical activation leads to increased efficiency of the subsequent activation process. On the other hand, the two-step process improves the microstructural features of the final material and, as a result, the properties of the activated carbon can be tailored to the application.

Among all the potential uses of activated carbons, such as catalyst or catalyst support [Sadashiv Bubanale and Shivashankar, 2017], pollutant adsorption (Alguacil et al., 2018; Alcaraz et al., 2019, 2020), or hydrogen production (Tsyntsarski et al., 2015; Prabu et al., 2019), their application in energy storage as electrodes for electrochemical double-layer capacitors (EDLCs) (Chang and Zainal, 2019) has attracted an immense interest from the scientific community.

EDLCs store energy in the form of electrostatic charge at the electrode–electrolyte interface. Large active surface area materials are required to attain large capacitance values, and, for that reason, active carbons are generally used. In contrast to classical batteries, there is no Faradaic reaction involved, which would imply diffusion-controlled chemical reactions in the material that imply slower response. Therefore, EDLCs exhibit better power capabilities (Lei et al., 2013) and the absence of chemical reactions allows to extend their useful lifetime to over 100,000 charge–discharge cycles.

Although previous studies have reported the use of activated carbons from winemaking waste for energy storage applications (Jiménez-Cordero et al., 2014; Guardia et al., 2018, 2019), most literature focuses on their performance in two-electrode systems. Studying their performance in three-electrode systems is key to understanding their applicability in asymmetric and hybrid devices. Moreover, to the best of our knowledge, the study of electrochemical properties for this type of materials has been scarcely investigated in certain cases, without an in-depth investigation on their cycling stability or their performance at high applied currents.

In the present work, the preparation of activated carbons from both winemaking wastes, bagasse (BAG), and cluster stalks (CS), is described. Hydrothermal carbonization as pre-treatment of chemical activation is used to obtain activated carbons with improved specific surface. Textural properties, and structural and morphological characterization have been investigated by several techniques, and their applicability to electrochemical energy storage systems has been addressed. The electrochemical performance of the obtained activated carbons from winemaking wastes is investigated using 1 M KOH aqueous electrolyte.



MATERIALS AND METHODS


Preparation of the Activated Carbons From the Biowastes

Activated carbons were generated from BAG and CS, winemaking wastes generated in the production of Albariño wine (Denomination of Origin “Rias Baixas,” Galicia, Spain). These biowastes were supplied by Mision Biológica de Galicia (CSIC). Both BAG and CS were separately ground to achieve a grain size of <2 mm. After that, aqueous suspensions of 75 g·L−1 were prepared. The mixtures were introduced into a high-pressure reactor at 523 K for 3 h and 30 bar. Then, the aqueous suspensions were filtered through a pressure filter, obtaining the activated carbon precursors. Finally, these were chemically activated with KOH (1:2 ratio) in a tubular oven under a N2 atmosphere (150 mL·min−1) at 1,073 K for 2 h. After cooling down to room temperature, the obtained activated carbons were washed with MilliQ water until a neutral pH was achieved. These materials are henceforward denominated BAG and CS.



Physicochemical Characterization

The microporous structure of the obtained carbonaceous materials was evaluated by N2 adsorption. Measurements were carried out using a Micromeritics ASAP 2010 Accelerated Surface Area and Porosimetry System at 77 K. The specific surfaces were determined by analyzing the N2 adsorption isotherm from the Brunauer–Emmett–Teller (BET) equation (Brunauer et al., 1938) and Density Functional Theory (DFT) model (Nič et al., 2009) using a Micromeritics and Quantachrome software. The BET and DFT results were compared using Kaneko (Kaneko et al., 1992) and Dubinin (Nguyen and Do, 2001) equations. Micro-Raman measurements were carried out in a Horiba Jovin Yvon LabRAM HR800 system at room temperature. The samples were excited by a 633 nm He–Cd laser on an Olympus BX 41 confocal microscope with a × 40 objective. A charge-coupled device detector was used to collect the scattered light dispersed by a 2,400 lines mm−1 grating (micro-Raman) with a spectral resolution of 1.5 cm−1. X-ray photoelectron spectroscopy (XPS) spectra were recorded using a Fisons MT500 spectrometer equipped with a hemispherical electron analyzer (CLAM2) and a non-monochromatic Mg Kα X-ray source operated at 300 W. Spectra were collected at a pass energy of 20 eV (typical for high-resolution conditions). The area under each peak was calculated after subtraction of the S-shaped background and fitting the experimental curve to a combination of Lorentzian and Gaussian lines of variable proportions. Binding energies were calibrated to the C 1s peak at 285.0 eV. The atomic ratios were computed from the peak intensity ratios and reported atomic sensitivity factors. Morphological characterization was performed by scanning electron microscopy (SEM) using a JEOL JSM-7600F. For these observations, the powder samples were placed on an adhesive conductive carbon disk.



Electrochemical Characterization

To evaluate the electrochemical properties of the activated carbons, a slurry was prepared using standard conditions reported elsewhere (Gören et al., 2015), that is, by mixing 80% of active material, 15% conductive carbon, and 5% PVDF dispersed in N-methyl-2-pyrrolidone. The slurry was impregnated on Toray Carbon Paper, which serves as conductive substrate, and then dried at 40°C for 12 h. Electrochemical performance was evaluated using 1 M KOH electrolyte in a three-electrode cell configuration. The coated carbon paper, a 2.5 × 2.5 cm2 platinum foil, and a saturated calomel electrode were employed as working, counter, and reference electrode, respectively. The electrochemical tests were performed in a Gamry Instruments IFC1000-07087 potentiostat. Cyclic voltammetry was performed at scan rates from 10 to 350 mV·s−1. Galvanostatic charge–discharge curves were obtained in the range −1.0 to 0.1 V at different specific currents (1–10 A·g−1). Electrochemical impedance spectroscopy (EIS) studies were performed after holding the electrode for 2,000 s open circuit potential to ensure signal stabilization, by applying a sinusoidal perturbation with 10 mV amplitude in the frequency range from 0.01 to 105 Hz. Material stability was tested by continuous galvanostatic charge–discharge experiments at 10 A·g−1 during 5,000 cycles.




RESULTS AND DISCUSSION


Characterization of the Activated Carbons
 
Textural Features

The textural properties of the activated carbons were assessed by N2 adsorption–desorption isotherms (Figure 1). For both activated carbons, the adsorbed N2 volume (cm3·g−1) significantly increases with the relative pressure (P/P0) for relative pressures below 0.1, which indicates the presence of microporosity in both samples. At higher relative pressures, hysteresis loops were found, indicating the presence of mesopores (Beltrame et al., 2018). These results reveal the presence of both micropores and mesopores. According to the IUPAC (Thommes et al., 2015), the obtained shapes correspond to type I and type IV isotherms, respectively. The volume of N2 adsorbed was lower for the BAG sample than for the CS sample. However, the micropore volume (Table 1) was similar for both activated carbons. The total pore volume for the BAG sample was lower than for CS (0.8 and 1.4 cm3·g−1, respectively). Also, the average pore sizes were 1.2 and 1.7 nm (lower than 2 nm in both cases), revealing that the obtained activated carbons mainly exhibit a microporous structure (Nič et al., 2009). The obtained results could indicate that the CS sample exhibits a greater number of mesopores. For this reason, the total volume of N2 adsorbed was the highest. Finally, the specific surface areas were calculated using the Dubinin and the BET equations. Although the BET equation shall be carefully interpreted for microporous materials, it is widely used for determining the specific surface area of porous carbons (Guardia et al., 2018). Therefore, BET surface areas are included for comparison purposes. The obtained values were 1,337 and 1,861 m2·g−1 for the BAG sample and 1,194 and 2,662 m2·g−1 for the CS sample. The calculated BET surfaces were higher than the obtained total surface areas from the Dubinin equation, which could be associated to pore sizes being higher than 1 nm. In these cases, the BET equation tends to overestimate the results, as previously reported in literature (Centeno and Stoeckli, 2010).


[image: Figure 1]
FIGURE 1. N2 adsorption–desorption isotherms for winemaking-derived activated carbons from bagasse (BAG) and cluster stalks (CS).



Table 1. Textural properties for both activated carbons obtained from the winemaking wastes.

[image: Table 1]



Scanning Electron Microscopy

SEM micrographs for the BAG and CS activated carbon samples (Figures 2A,B) exhibit a microporous microstructure. A large number of pores can be observed, caused by the chemical interaction between the precursor surface and the activation agent (KOH). The obtained pores were irregular and oval, like embedded deep holes typically observed after chemical activation (El-Naggar et al., 2015; Ravichandran et al., 2018). BAG images denote areas with material agglomerates, where porosity is found between these mass portions. Oppositely, images of carbon obtained from CS reveal low aggregated rates with larger porosity, which is in accordance with the results of nitrogen adsorption experiments.


[image: Figure 2]
FIGURE 2. SEM images for (A) BAG and (B) CS.




Micro-Raman Spectroscopy

Two predominant bands can be observed in the Raman spectra for CS and BAG samples (Figure 3) with peaks at around 1,350 and 1,600 cm−1. As previously reported for carbonaceous materials (Sfyris et al., 2017), these bands can be attributed to A1g and E2g modes, also known as D and G bands, respectively. The D band indicates the disorder and degree of defective structure, whereas the G band is related to the graphitization of the samples. The intensity ratio (ID/IG) can provide information about the disorder and graphitization degree of the activated carbons (Zhang et al., 2018; Yagmur et al., 2020). Furthermore, it has been reported that overlapped bands in the range 1,400–1,500 cm−1 can be observed for amorphous carbons (Shimodaira and Masui, 2002). For the obtained carbon-based materials, in both cases, the D band was more intense than the G band. The calculated ratio of the D and G Raman signal was 1.08 and 1.1 for BAG and CS, respectively. In addition, a broadening of the D band for CS was found. Thus, the obtained results indicate that the CS sample exhibits a higher disorder degree than BAG.


[image: Figure 3]
FIGURE 3. Raman spectra for BAG and CS activated carbons.




X-Ray Photoelectron Spectroscopy

XPS measurements were performed to investigate the chemical composition of the samples. Asymmetric broad photoionizations were found in both cases (Figures 4A,B). The deconvolution of the C 1s core-level spectra shows four different peaks, which can be assigned to the sp2 carbon bonding, C–O bonding, C=O bonding, and π−π* transitions (Estrade-Szwarckopf, 2004; Jerng et al., 2011; Dwivedi et al., 2015). The binding energy values found for the main peak were 284.5 eV for BAG and 285.0 eV for CS. A slight shift toward lower binding energies was found. In addition, a difference in the width of the curve is appreciable when comparing both samples. These spectra are consistent with the presence of a main band with binding energy at 284 eV that corresponds to graphite, with a distortion of the peak, resulting from the appearance of disorder in the structure. The maximum of the CS photoionization appears at higher binding energies than the BAG sample and its width is considerably higher owing to this disorder. The obtained results reveal that the CS sample exhibits a lower graphitization degree, in good agreement with the obtained Raman results. π−π* transition peaks are the result of the stacking of the graphitic portion. C–O/C=O signals exposed the presence of oxygen-containing surficial groups, which appears in carbonization processes in presence of oxygen and can only be eliminated at very high temperatures (Estrade-Szwarckopf, 2004).


[image: Figure 4]
FIGURE 4. Deconvolution of the C 1s core-level spectra for (A) BAG and (B) CS samples.





Electrochemical Characterization
 
Electrochemical Double-Layer Capacitance Analysis

BAG and CS wine biowaste–derived materials have been investigated as potential electrode materials in EDLCs. Figures 5A,B displays cyclic voltammetry results of the carbon-based materials in 1 M KOH in the −1.1 to 0.15 V range for CS and in the −1.0 to 0.1 V electrochemical window for BAG at different scan rates. Both present a quasi-ideal capacitive response at low scan rates. Nonetheless, when comparing the performance of both samples at scan rates over 200 mV·s−1, CS displays a tilted cyclic voltammogram, associated to increased resistance whereas BAG's cyclic voltammetry maintains its shape even at the scan rate of 350 mV·s−1.


[image: Figure 5]
FIGURE 5. Electrochemical characterization of CS (A,C) and BAG (B,D) by cyclic voltammetry (A,B) and galvanostatic charge–discharge (C,D) at different scan rates and applied currents, respectively. (E) Capacitance retention of each material at different applied specific currents. (F) Capacitance retention after 5,000 cycles of continuous charge–discharge at 10 A·g−1 in 1 M KOH.


Discharge curves (Figures 5C,D) display a linear time–potential relationship in any case, as expected for a double-layer capacitance charge storage mechanism. On the one hand, BAG exhibits a capacitance of 134 F·g−1 at 1 A·g−1 and 129 F·g−1 at 10 A·g−1, which represents 96% capacitance retention when the applied current is ten-folded. On the other hand, CS has a capacitance of 95 F·g−1 at 1 A·g−1 and 86 F·g−1 at 10 A·g−1, corresponding to 90% capacitance retention at 10 A·g−1. Whereas, BAG has higher capacitance and better capacitance retention, CS is active in a slightly larger electrochemical window (Figure 5E). Both materials exhibit excellent capacitance retention at higher applied currents, indicating their potential for high-power applications.



Long-Term Stability

Capacitance retention was evaluated after 5,000 continuous charge–discharge cycles at 10 A·g−1 and presented in Figure 5F. CS retains ~98% of its initial capacitance, resulting in a capacitance of 84 F·g−1 after the electrochemical cycling stability evaluation. Alternatively, BAG has a slightly lower capacitance retention, with 120 F·g−1 at 10 A·g−1 after 5,000 cycles as compared with the initial 129 F·g−1, which represents 93% capacitance retention. Although CS shows slightly better performance, both materials display good capacitance retention after continuous charge–discharge, as expected for carbon-derived materials.

Table 2 presents a brief review of previously reported activated carbons obtained from winemaking wastes applied in electrochemical energy storage for comparison purposes. The results obtained in this work display comparable performance, even when high currents are applied. In addition, cycling stability is evaluated for the first time, to the best of author's knowledge, in wine biowaste-derived carbons.


Table 2. Comparison of obtained electrochemical results with previous work on activated carbons from winemaking waste.
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Electrochemical Impedance Spectroscopy

Figure 6 illustrates the electrochemical impedance spectroscopy results for the CS and BAG-derived materials. Both display a quasi-ideal capacitive behavior, usually observed in carbon-based materials. This is in accordance with the results obtained by cyclic voltammetry and galvanostatic discharge. At high and mid-frequencies, from 105 to ~1–10 Hz, both materials display a purely resistive behavior, with a plateau in the modulus frequency (Figure 6A) and a close-to-zero phase angle (Figure 6B). The Nyquist plot (Figure 5C) shows an equivalent series resistance (ESR) of 2.65 Ohm for BAG and a charge-transfer resistance of 151 mOhm, whereas the CS-derived material displays an ESR of 3.8 Ohm and a charge-transfer resistance of 89 mOhm. Equivalent series resistance arises from the wiring and current collector resistance, the electrolyte resistance, and the contact and ionic resistances associated to the electrode–electrolyte interphase (Li et al., 2015). Both materials, prepared under the same conditions, present a depressed semi-circle, which accounts for the internal resistance of the electrode. In any case, both materials present a quasi-ideal behavior with a nearly parallel response to the imaginary axis in the mid- and low-frequency range, as observed in the Nyquist plot, and a phase angle close to −80°. Nonetheless, a deviation from the ideal behavior is explained by the contribution to the total impedance of certain diffusion-controlled phenomena that may be associated to the materials' porosity.


[image: Figure 6]
Figure 6. (A–C) Electrochemical impedance spectroscopy results for CS and BAG after 1 and 5,000 charge–discharge cycles. (D) Complex analysis of impedance results.




Complex Capacitance Analysis

The real and imaginary capacitances as a function of the frequency are obtained using a complex capacitance analysis (Taberna et al., 2003), as described by the following equations and presented in Figure 6D.
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where Z′ and Z″ are the real and imaginary parts of impedance in Ohm, respectively, f is the frequency in Hz, and |Z(ω)| is the modulus of impedance in Ohm. The real part of impedance attains a value of 145 mF·cm−2 for BAG, whereas CS displays 88 mF·cm−2, in accordance with the evolution observed by means of the galvanostatic discharge curves. As observed, the imaginary part goes thought a maximum at a certain frequency (f0) that defines a time constant, known as the characteristic relaxation time constant τ0 = 1/f0. This is considered a supercapacitor's factor of merit and is defined as “the minimum time needed to discharge all the energy from the device with an efficiency >50%” (Pech et al., 2010). In this case, CS has a factor of merit of 3.9 s, whereas BAG displays only 1.6 s, in agreement with the ESR values and the good performance at high applied currents.

Finally, EIS is evaluated after the first and last discharge curve during the cycling stability test (Figure 6). Three main features can be observed after 5,000 cycles. First, there is a 10% increase in the ESR. Second, the charge-transfer resistance for CS is maintained whereas for BAG it is slightly reduced to 126 mOhm. Third, both materials present almost identical behavior at mid- and low frequencies before and after continuous cycling, with the exception of CS at frequencies below 0.5 Hz, that presents a slightly decreased phase angle to −82° and BAG at frequencies lower than 0.03 Hz, which decreases its phase angle in 2°. Considering these results altogether, the integrity of the energy storage process, correlated to the active surface and porosity of the activated carbon, is maintained through continuous charge–discharge, thus retaining most of the initial capacitance of the material, as observed in Figure 5F, but a slight increase in system resistance for BAG, probably as a result of pore clogging leading to a smaller capacitance retention than for CS. Nonetheless, both materials show excellent properties for electrochemical double layer applications.

The electrochemical performance of a material is the result of its morphological character, chemical composition, and their interaction with the electrolyte. As observed by means of N2 adsorption experiments, both materials present great microporous surfaces, being slightly larger for BAG. This bagasse-derived carbon also possesses higher order and graphitic nature, as revealed by Raman and XPS. Therefore, this enhanced structure and chemical composition are reflected in the final electrochemical results, leading to lowered system resistance, as observed by cyclic voltammetry and electrochemical impedance spectroscopy, affecting final capacitance and performance at higher scan rates and applied currents. All these factors result in a better electrochemical performance of BAG when compared with CS. Nonetheless, both materials present excellent performance as negative electrodes for electrochemical energy storage. Therefore, BAG and CS can potentially be reinserted in a circular economy approach after their chemical activation.





CONCLUSIONS

Activated carbons were obtained from different winemaking wastes, bagasse (BAG) and cluster stalks (CS), by a hydrothermal process and subsequent chemical activation with KOH. This process leads to activated carbons with specific surfaces of 1,861 and 2,662 m2·g−1 for the BAG and CS samples, respectively. As adsorption–desorption N2 isotherms reveal the presence of micropores and mesopores in both samples. Raman spectra for both activated carbons exhibit two predominant bands assigned to the D and G bands, typical of carbonaceous materials. In addition, Raman measurements indicate that the CS-derived sample exhibits a higher disorder degree than BAG. The electrochemical properties of these activated carbons are studied for electrochemical double-layer capacitor applications. Capacitance values of 129 and 86 F·g−1 at 10 A·g−1 are obtained for BAG and CS, respectively, with stabilities over 90% in both cases after 5,000 cycles. These results endorse the future application of these materials as negative electrodes in electrochemical energy storage devices.
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This Perspective describes the challenges and objectives associated to the development of new chemical technologies for the conversion of lignocellulose (non-food or waste) into chemicals and materials; it also provides an outlook on the sources, potential products, and issues to be addressed.
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INTRODUCTION

Plant-based biomass plays a pivotal role in the development of economically and environmentally sustainable biorefinery processes. Three different biopolymers are included in lignocellulosic biomass, namely cellulose, hemicellulose, and lignin, which are characterized by different chemical composition and reactivity. The chemical diversity of raw biomass represents a challenge toward the development of energy and resource efficient chemical processes and of the associated technological tools (Xu et al., 2019). For example, most of 50–70 MT/year of lignin produced by both the pulp and paper industry and modern saccharification processes are currently employed in low added-value applications (e.g., burned for energy co-generation) (Luo and Abu-Omar, 2017). Back in 2004, a rational selection of biobased platform chemicals was reported and became a strategic tool to develop focused valorization strategies (Werpy and Petersen, 2004); since then, the list of renewable-based platform chemicals and the associated chemical- and biochemical-based valorization strategies is constantly monitored and updated (Bozell et al., 2007; Bozell and Petersen, 2010; Esposito and Antonietti, 2015; Lee et al., 2019; Huo and Shanks, 2020). Currently, a plethora of commercial cellulose and hemicellulose valorization processes are available (Aresta et al., 2015), while examples of integrated biorefinery processes were reported only recently (BBI JU Annual Activity Report, 2019; Liao et al., 2020).

This Perspective showcases some recent examples of (i) preparation of selected building blocks derived from established biobased platform chemicals [e.g., levulinic acid (LVA) and OH-bearing biobased derivatives (BBDs) ] and (ii) non-destructive technologies for the valorization of lignin. For both classes of biobased chemicals, valorization occurred employing mild, eco-friendly technologies.



LVA HYDROGENATION

LVA is an important renewable-based platform chemical, which can be obtained selectively upon acidic hydrolysis of polysaccharides (Bozell and Petersen, 2010; Kang et al., 2018). LVA is characterized by a significant synthetic potential in different fields of applications: for example, it is employed as intermediate for the preparation of drugs bearing heterocyclic scaffolds but can also be used as co-monomer for the preparation of renewable-based materials (Esposito and Antonietti, 2015; Adeleye et al., 2019). LVA can be selectively reduced to γ-valerolactone (GVL), which is a low-toxicity, biodegradable five-membered ring heterocyclic compound employed as a fully renewable-based aprotic solvent, fuel additive, and precursor for added-value chemicals (Alonso et al., 2013; Mellmer et al., 2014). LVA reduction to GVL is a sequential process composed of two steps by which LVA is initially hydrogenated to the intermediate γ-hydroxyvaleric acid that, in turn, undergoes a dehydration/cyclization reaction to give GVL (Figure 1, top). These transformations typically occur in solution in presence of homogeneous metal complexes based on Ru, Ir, Pd, and, more recently, Fe (Omoruyi et al., 2016). Nevertheless, GVL recovery by distillation is non-practical and anti-economical, due to its high boiling point (Teb = 207–208°C). Consequently, heterogenized Ru-based catalysts were developed, including complexes with sulfonated ligands for effective confinement in the aqueous phase, and/or Ru-based catalysts supported on mesoporous or amorphous materials (Wright and Palkovits, 2012). Performing LVA hydrogenation in multiphasic systems (MPs) represents a promising strategy to improve selective GVL formation as well as catalyst recovery. A MP consisting of three immiscible phases (e.g., water, an apolar solvent, iso-octane, and an ionic liquid, IL) was initially proposed. The catalyst (Ru/C) was effectively segregated in the IL phase and recycled up to eight times without losing its performance; in all catalytic runs, GVL was formed quantitatively (LVA Conv. = 81%; GVL Sel. > 99%) and exclusively in the aqueous solution (Selva et al., 2013). More recently, Ru/C catalyzed quantitative conversion of LVA to GVL was observed even in a simple biphasic H2O/iso-octane system. In the absence of any IL, the catalyst could be selectively confined (suspended) in the hydrocarbon medium, on condition that the aqueous solution was acidic in a pH range of 2.5–3. Ru-leaching in water was neglectable (Ru < 0.01% w/w) (Bellè et al., 2019).


[image: Figure 1]
FIGURE 1. Top: multiphasic systems based on Ru/C active for the reduction of LVA to GVL; center: dimethyl carbonate (DMC) reactivity; bottom: reactivity of DMC and OH-BBDs.




VALORIZATION OF OH-BEARING BBDs WITH DIMETHYL CARBONATE (DMC)

The lightest term of the dialkyl carbonates series, dimethyl carbonate (DMC), has an established role as a low environmental impact reagent and solvent (Fiorani et al., 2018; Selva et al., 2019). DMC embeds different non-equivalent electrophilic groups within its structure (one sp2 carbonate C and two sp3 hybridized methyl C) and can therefore react as an ambident reagent for selective carboxymethylation and/or methylation of a variety of O-, S- C-, N-, and P-based nucleophiles (e.g., alcohols, phenols, methylene active compounds, amines, and phosphines). Figure 1, center, exemplifies the case of alcohols and phenols. At low temperatures (T ≤ 90°C) and in the presence of base catalysts, only transcarbonation reactions take place via a BAc2 mechanism: equilibrium product (ROCOOMe) formation is favored by continuous removal of MeOH via azeotropic distillation with DMC or by adding suitable adsorbing porous materials (molecular sieves, zeolites, etc.). At higher temperatures (T > 120–150°C) and in the presence of weak bases or amphoteric catalysts like alkali metal exchanged faujasites, methylation occurs selectively following a BAl2 mechanism. In the latter case, methylation products (ArOCH3) are formed irreversibly with release of CO2. Within our long-lasting interest in eco-compatible processes using renewable-based starting materials, our group has developed a solid expertise on the use of DMC for the selective chemical upgrading of biosourced platform chemicals, as depicted in Figure 1, bottom. In-depth chemical valorization studies have been carried out by us on various OH-BBDs, including glycerol (Glyc), its cyclic acetals solketal and glycerol formal and other bioderived aliphatic alcohols. DMC-based protocols allowed for the selective preparation of OH-BBDs methyl ether derivatives, which find applications as fuel additives as well as solvents and chemical intermediates (Rorrer et al., 2019) or for the synthesis of symmetrical aliphatic dialkyl carbonates, which are rapidly gaining importance and expanding the range of applications as biobased polar aprotic solvents (Mao et al., 2019). For instance, the reactivity of Glyc and DMC under thermal (catalyst-free) conditions was thoroughly studied: (i) in batch mode, glycerol carbonate methyl ether was obtained selectively when working in large DMC excess (DMC/Glyc = 60:1 mol/mol, T = 180°C, t = 5 h, yield = 82%). Interestingly, under a CO2 atmosphere [DMC/Glyc = 20:1 mol/mol, T = 180°C, t = 5 h, p (CO2) = 20 bar], the reaction led to the formation of glycerol carbonate in up to 84% yield; (ii) in continuous-flow (CF) mode (DMC/MeOH/Glyc = 10:6:1 mol/mol, p = 50 bar, F = 0.1 ml·min−1, T = 230–250°C); instead, glycerol carbonate was achieved in up to 92% yield at T = 230°C (Guidi et al., 2016). The CF-reaction of DMC with OH-BBDs was further explored using weakly basic hydrotalcite catalysts (HTs). O-alkylation, with formation of the corresponding methyl ethers (> 99% yield) was the preferred pathway (DMC/ROH = 20:1 to 5:1 mol/mol, p = 1 bar, F = 0.1 ml·min−1, T = 150–260°C) (Cattelan et al., 2017). Interestingly, HT catalysts displayed a high activity and selectivity also for the preparation of symmetrical dialkyl carbonates via a two-step carbonate interchange reaction (CIR). In this case, alkyl methyl carbonate intermediates were initially formed by batch reaction of various alcohol(s) with DMC at T = 90°C. Thereafter, intermediates were converted into the desired symmetrical carbonates through disproportionation reactions carried out under CF conditions at high T (T = 180–275°C) (Cattelan et al., 2018).



LIGNIN

The potential of lignin as a feedstock is enormous due to its abundance and rich chemical nature, consisting mainly of aromatic and phenolic subunits. Different valorization pathways have been explored, such as direct lignin valorization, i.e., development of innovative renewable-based materials, or chemical transformation in aromatic commodities and chemicals such as for example, in the “lignin first” approach consisting in reductive treatments of biomass yield complex mixtures of partially reduced lignin derivatives useful for biofuel production (Sun et al., 2018). Nevertheless, industrially and commercially relevant lignin valorization processes are still needed (Argyropoulos and Crestini, 2016; Sun et al., 2018). Lignin stream valorization is hampered by two main factors: (i) lignin is an extremely complex biomaterial lacking a defined primary structure, with a specific composition severely affected by the botanical origin and location, altering monomers' ratio and their linking modes; (ii) industrially available lignins are highly variable heterogeneous, polyfunctional complex mixtures of unpredictable specifications, with distinct physicochemical properties compared to native lignin, largely due to the different processes required for their isolation (Figure 2). Therefore, to fully exploit lignin streams as feedstocks for further utilization, they should initially be refined to reproducible “cuts” with consistent specifications. At the same time, structural characterization studies and development of ad hoc analytical techniques are vibrant and challenging research topics useful to accelerate the development of circular lignin valorization value chains (Sette et al., 2011; Meng et al., 2019). For example, the structural features of milled wood lignin (MWL, which strongly resembles native lignin) were elucidated only in 2011 by an array of NMR techniques, unambiguously showing that MWL is a linear oligomer rather than a highly branched polymer (Crestini et al., 2011). Structural elucidation studies performed on softwood kraft lignin highlight the presence of two different components: one derived from native lignin and the other composed of repolymerized oligomeric fragments generated during the Kraft pulping process (Crestini et al., 2017). Given the high variability and diversity of commercially available lignin streams, design and development of fractionation protocols for the isolation of distinct lignin fractions characterized by the same molecular weight distribution and chemical properties represent a key purification technology. Several studies on lignin fractionation have been reported, mainly relying on fractional precipitation and/or sequential dissolution in the presence of solvents with different polarity, aqueous solutions at different pHs, or membrane filtration (Cui et al., 2014; Sevastyanova et al., 2014; Duval et al., 2016; Lange et al., 2016). Lignin fractionation opens the door to a more widespread exploitation of commercial lignin stream derivatives in materials science. Moreover, specific fractions can be selectively modified (e.g., varying solubility, hydrophobicity, surface adhesion, antioxidant activity, UV screening, antimicrobial activity, anti-inflammatory activity, etc.). Development of accessible and reproducible tailoring processes will promote lignin inclusion in a large variety of consumer products, i.e., home and/or personal care products (Brooker et al., 2016a,b), composites, packaging materials coatings, and resins, retaining the desired macroscopic properties and, at the same time, mitigating the overall environmental footprint and improving their biodegradation.


[image: Figure 2]
FIGURE 2. Structures of relevant technical lignins. (A) Softwood kraft lignin; (B) softwood lignosulfonate; (C) wheat straw organosolv lignin.


The development of innovative materials derived from biomass is a timely fundamental research challenge. To this aim, in recent years, several different renewable-based micro- and nanostructured materials were developed and successfully applied, among others, in microelectronics, cosmetics, nutraceutical, and pharmaceutical applications. Lignin nanoparticles were initially developed for agricultural applications as vectors for the controlled release of active principles, or in nanocomposites formulation (Tortora et al., 2014; Bartzoka et al., 2016; Sipponen et al., 2018). However, thanks to their high biocompatibility, lignin microcapsules can also be employed for the controlled and synergic release of pharmaceutical and/or cosmetic active principles and for the design and development of functional foods. The range of potential applications of lignin-based nanomaterials is expanding continuously and now also includes preparation of renewable-based lignin nanofibers suitable for carbon nanofiber production and use in structural composites and energy storage applications (Kumar et al., 2019).



CONCLUSIONS

Plant-based biomass plays a pivotal role in the development of economically and environmentally sustainable biorefinery processes. The chemical complexity of plant biomass, however, still represents a challenge toward the development of energy- and resource-efficient chemical processes and of the associated technological tools. Reliable convergent chemical strategies enabling transformations of biomass-derived matrices in discrete families of platform chemicals will be crucial to improve the biorefinery efficiency. This Perspective article, showcasing some recent examples of valorization of biopolymers and platform chemicals derived from lignocellulosic biomass, aims at offering the Reader the scenario of issues associated to the implementation of new chemical technologies for the conversion of lignocellulose (non-food or waste) into chemicals and materials; at the same time, it also provides an outlook on the sources and potential products to be addressed using multiphase systems, eco-compatible reagents like DMC, and the design of protocols for lignin fractionation. Notably, this approach should be complemented with the advance of analytical techniques for the identification of the most promising added-value structures of a given valorization process.
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Soybean hulls are one of the by-products of soybean crushing and find application mainly in the animal feed sector. Nevertheless, soybean hulls have been already exploited as source of peroxidase (soybean peroxidase, SBP), an enzyme adopted in a wide range of applications such as bioremediation and wastewater treatment, biocatalysis, diagnostic tests, therapeutics and biosensors. In this work, the soybean hulls after the SBP extraction, destined to become a putrescible waste, were recovered and employed as adsorbents for water remediation due to their cellulose-based composition. They were studied from a physicochemical point of view using different characterization techniques and applied for the adsorption of five inorganic ions [Fe(III), Al(III), Cr(III), Ni(II), and Mn(II)] in different aqueous matrixes. The behavior of the exhausted soybean hulls was compared to pristine hulls, demonstrating better performances as pollutant adsorbents despite significant changes in their features, especially in terms of surface morphology, charge and composition. Overall, this work evidences that these kinds of double-recovered scraps are an effective and sustainable alternative for metal contaminants removal from water.

Keywords: soybean hulls, adsorption, wastewater treatments, scrap reuse, metals


INTRODUCTION

The origin and early history of soybeans are unknown, but some agronomic publications recorded origins of soybeans back to 2800 B.C. in China. Soybean (Glycine max) is an annual crop and today represents one of the major industrial and food crops grown in every continent (Bekabil, 2015), reaching a global production of over 360 million metric tons in 2018–2019 (USDA, 2019). Soybean hulls are one of the by-products of soybean crushing, a necessary step to produce soybean oil and meal (Poore et al., 2002; Scapini et al., 2018). Hulls represent around 8% (w/w) of the seed (Middelbos and Fahey, 2008; Robles Barros et al., 2020) and find application mainly in the animal feedstuff sector, due to their low nutrient value (Li et al., 2011; Balint et al., 2020; Robles Barros et al., 2020). When such use is not possible, hulls are burnt to recover heat or disposed in landfill as putrescible waste (Robles Barros et al., 2020). According to previous works, they are constituted by variable amounts of cellulose (38–51%), hemicellulose (20–25%), lignin (4–8%), pectin (4–8%), proteins (11–15%), minor components (fatty acids, waxes, terpenes, essential oils, aromatic compounds, residual sucrose), and a little fraction of ashes (Wartelle and Marshall, 2000; Rojas et al., 2014).

One of the potential uses of soybean hulls in bio-chemistry field is their treatment to extract the soybean peroxidase (SBP). This enzyme is quite similar in structure and properties to the well-known horseradish peroxidase (HRP), adopted in a wide range of applications such as bioremediation and wastewater treatment, biocatalysis, diagnostic tests, therapeutics, and biosensors (Lopes et al., 2014; Krainer and Glieder, 2015). Respect to HRP, SBP shows a higher stability and a lower susceptibility both to thermal and chemical inactivation, making it suitable for biotechnological applications (Ryan et al., 2006; Steevensz et al., 2014; Al-Maqdi et al., 2018; Bilal et al., 2018; Donadelli et al., 2018; Sadraei et al., 2019; Yang et al., 2019). In a previous study regarding the prospects for a large-scale soybean peroxidase commercialization, Hailu et al. (2010) suggested that investments in an SBP extraction facility can be economically advantageous, estimating that, in a 0.5 ha plant, 6.2 metric tons of hulls can generate 0.56 billion units of crude SBP with a total annual revenue of 5.1 millions of CAD$.

Another possible way to valorize the soybean hulls is their application as adsorbents of metal ions or organic molecules (among others, those indicated as Contaminants of Emerging Concerns) in polluted waters. The presence of these species in water bodies represents one of the most concerning environmental issues for their detrimental repercussions on aquatic organism, plants, human health, and climate changes (Inyinbor Adejumoke et al., 2018). Within the scientific community, many efforts have been devoted to the development of different methods to solve this problem. Adsorption on biomasses results one of the most convenient solutions for two aspects: the adsorption does not favor secondary pollution if used with organic contaminants (i.e., transformation of the toxic substances into other kinds of polluting products) and it is a suitable method for capturing metal ions. In addition, the employment of residual biomasses is a key factor in a perspective of recycle and reuse. Carbon-based compounds, such as activated carbons, graphene, or graphene-oxides (De Gisi et al., 2016; Wang et al., 2018; Ali et al., 2019), and (hydro)oxide-based materials like SiO2, Al2O3, zeolites, clays, etc. (Chen et al., 2017; Shi et al., 2020) have been widely described in the literature. More recently, supported humic-like substances, natural polysaccharides (as chitosan, alginate, starch, cellulose), but especially various types of agricultural/domestic scraps have been exploited for adsorption purposes (Dai et al., 2018; Singh et al., 2018; Tummino et al., 2019, 2020). In this context, soybean hulls, rich of hemicellulose and cellulose, containing oxygenated functional groups including carbonyl groups, hydroxyl groups, and ethers, can bind heavy metal ions and organic pollutants by different kinds of interaction (chelation, complexation, coordination, formation of hydrogen bonds). A short, but representative, list of substances removed by soybean hulls-based adsorbents, as reported in the literature, is shown in Table 1.


Table 1. Inorganic ions and organic substances removed by adsorption with soybean hulls.
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Moreover, in a previous paper, Marshall and Wartelle (2006) carried out modifications to make hulls act as dual-functional ion exchange resins and enhance their adsorbing properties, imparting a specific surface charge by reaction with citric acid (negatively charged) or choline chloride (positively charged).

Soybean hulls have been also considered as source of carbon (obtained by either thermal or chemical transformations) for the production of micro-mesoporous adsorbents (Girgis et al., 2011), biofillers (Balint et al., 2020), and can potentially be employed in those fields where carbons are required as active substrates for electrochemistry, electronics and biomedicine (Thiha et al., 2019; Sun et al., 2020; Wang C. et al., 2020). Finally, also cellulose and other polysaccharides, constituting the lignocellulosic hull biomass and obtained after proper extraction processes (Camiscia et al., 2018; Wang S. et al., 2020), can find outlet in different branches of biotechnology (food, medicine, bioremediation, paper industry, etc.) and of biorefinery, since they can be converted to biopolymers, bioethanol or even to fuels with high commercial value (Cassales et al., 2011; Camiscia et al., 2018; Dall Cortivo et al., 2020; Wang S. et al., 2020).

Given the benefits of promoting soybean hulls revalorization, this study is framed in the context of circular economy, aiming to (i) recover and reuse soybean hulls at the very end of their lifecycle after being subjected to the treatments for SBP extraction; (ii) study the physicochemical properties and adsorbing features of the treated hulls, also in comparison with the untreated ones. For these purposes, soybean hulls were characterized and tested toward solutions of the following inorganic ions, Fe(III), Al(III), Cr(III), Ni(II) and Mn(II), in different aqueous matrixes, namely pure water, potable waters and landfill leachate.



MATERIALS AND METHODS

All the reagents were purchased from Merck Life Science S.r.l. (Italy) and used without further purification. All the experiments were performed in triplicate.


Preparation

For the extraction of soybean peroxidase (SBP) (Tolardo et al., 2019), the seeds were peeled, and the obtained hulls were stored at −12°C until use. SBP was extracted and purified by a process based on a previously published method (Calza et al., 2016): 100 g of soybean hulls were ground in a mortar, added to 600 mL of phosphate buffer (0.025 M, pH 7) and left under stirring for 2 h at room temperature. Then, the hulls were separated from the solution by filtration with a cotton gauze and subjected to the same treatment until the filtrate gave a negative response to enzymatic activity test for SBP. The hulls were successively dried at room temperature, cooled by N2 at 77 K to favor their grinding and, then, homogenized in a mortar. Hulls not subjected to SBP extraction were homogenized in the same way and used as reference samples. In this paper, treated and untreated hulls were labeled SBH-A and SBH-B, respectively, where A and B stands for “After” and “Before” the extraction.



Characterization

ζ-potential measurements were performed on a Zetasizer (Malvern Instrument, Malvern, UK). The ζ-potential values were measured using principles of laser Doppler velocimetry and phase analysis light scattering (M3-PALS technique). All the suspensions were prepared by dispersing 10 mg of powder in 20 mL of double distilled water. The pH values were adjusted in a range of 2–10 by addition of 0.1 M HCl or 0.1 M NaOH aqueous solutions.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra (16 scans/spectrum, 4 cm−1 resolution) were collected using a Universal ATR Sampling Accessory assembled in a Perkin–Elmer Spectrum 100 Fourier transform infrared spectroscope.

Scanning Electron Microscopy (SEM) analysis was carried out using a ZEISS EVO 50 XVP with LaB6 source, equipped with detectors for secondary electrons collection and an Energy Dispersive X-ray Spectrometry (EDS) probe for elemental analyses. Samples were covered with a gold layer of ~15 nm of thickness before the analysis to prevent charging (Bal-tec SCD050 sputter coater).

Surface area and pore volumes were obtained by N2 adsorption at 77 K in an ASAP2020 gas-volumetric apparatus (Micromeritics, Norcross, GA, USA). The samples were previously outgassed overnight at 100°C until a standard residual pressure of 10−2 mbar was stably present in the outgassing system. The specific surface area of soybean hulls was calculated by the Brunauer–Emmett–Teller (BET) method (Brunauer et al., 1938).

The release of substances from SBH-A and SBH-B (1,600 mg L−1) in MilliQ® water at pH 5 and 7 was monitored. After stirring for 24 h, hulls were separated by filtration in a Büchner funnel and the amount of each metal ion in solution was determined by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), model Optima 7000 DV (Perkin Elmer, Waltham, MA, USA), equipped with a crossflow nebulizer, a Scott spray chamber and a double monochromator (prism and Echelle grating). The instrumental conditions were: plasma power 1.3 kW, sample aspiration rate 1.5 mL min−1, argon nebulizer flow 0.8 L min−1, argon auxiliary flow 0.2 L min−1 and argon plasma flow 15 L min−1. Moreover, in order to follow the simultaneous loss of organic substances, UV-visible spectra of the same solutions were recorded by an UV-visible spectrophotometer CARY 100 SCAN (Varian, Palo Alto, CA, USA) with a sample quartz cell of 1 cm path length.



Adsorption/Desorption Experiments

Following a previously reported procedure for the adsorption of metallic ions (Tummino et al., 2019), aqueous solutions (75 mL) of Iron, Aluminum, Nickel, Manganese and Chromium ions, prepared by concentrated commercial standards Tritisol® in MilliQ® water [respectively, FeCl3, Al(NO3)3·9H2O, NiCl2, MnCl2, CrCl3], were put in contact at 25 ± 1°C with soybean hulls in a beaker and left under mechanical stirring throughout the measurement. During the experiments, pH and temperature were continuously monitored by means of a pH electrode and a thermometer introduced in the beaker. At different times, 10 mL of suspension were withdrawn and filtered with a cellulose filter (0.45 μm, Minisart, Sartorius, Göttingen, Germany) supported on syringes with plungers devoid of rubbery parts (BD DiscarditTM) to remove the adsorbent. After filtration, 10 μL of ultrapure HNO3 (65%, Suprapur®, Merck) were added to each sample and the solutions were stored at 4°C until further analysis. Inorganic ions concentration was determined by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), adopting the conditions previously described.

Initial tests were carried out by adding SBH-A or SBH-B at different concentrations (800 and 1,600 mg L−1) for 1 or 24 h to a solution containing all the metallic species: Fe(III), Al(III), Ni(II), Mn(II), and Cr(III) (1 × 10−5 M for each ion). The pH was modulated by adding NaOH or HNO3 solutions (0.2 M) in order to reach the stable pH value of 5, chosen after preliminary tests (not shown) to ensure the adsorption process without incurring precipitation problems. Then, for the most efficient system, namely SBH-A, the adsorption properties were studied more deeply in presence of: (i) solutions of a single inorganic ion (1 × 10−4 M) at pH 5; (ii) solutions of Cr(III) at different concentrations (from 1 × 10−3 to 2 × 10−1 mM) to construct the adsorption isotherm at pH 5 and 25°C; (iii) potable waters tested without any modification (pH 7.5); (iv) a landfill leachate tested without any modification (pH 5.6).

The experiments with potable waters and landfill leachate were performed for 6 h of contact time in order to optimize adsorption while maintaining the manipulation of the leachate within a typical working day (for safety reasons), in accordance with a previous procedure with similar samples (Tummino et al., 2019). The potable waters, obtained from different municipal wells, and the landfill leachate were supplied by Acea Pinerolese Industriale S.p.A., a waste treatment facility connected with a water depuration plant located in Pinerolo, Italy.

The desorption tests were performed on SBH-A, recovered by filtration in a Büchner funnel after a 24 h-adsorption experiment in presence of the mixed ions solution (ions concentration: 1 × 10−5 M for each ion and hulls concentration: 1,600 mg L−1). The desorption was conducted with two different solutions: (i) MilliQ® water at pH 5 and (ii) MilliQ® water at pH 5 containing NaCl salt in a 1:1 concentration ratio. The obtained suspensions were left under stirring for 24 h, then the hulls were separated from the solution by filtration. The ion concentrations in filtered solutions have been determined by ICP-OES.




RESULTS AND DISCUSSION


Hulls Characterization

The treatment employed for SBP extraction clearly modified the macroscopic aspects of hulls. The most visible effect was the adhesion of the SBH-A hulls to each other, not observable in SBH-B. This characteristic was assessed by measuring the hulls thickness by a digital thickness gauge on a casual and representative set of samples before grinding: the thickness values were 100 ± 30 μm for SBH-B and 533 ± 160 μm for SBH-A.

In order to better define the surface and structural modification induced by the SBP extraction process, SBH-A samples were characterized by means of ζ-potential measurements, ATR-FTIR analysis and electron microscopy, whose relative results were compared with SBH-B properties.


ζ-Potential

ζ-potential of SBH-A and SBH-B samples suspended in double distilled water were measured at different pH values. These measurements indicated that the surface of both the samples was always negatively charged also at acidic pH, approaching the point of zero charge at pH close to 2 (Figure 1). Moreover, the process for SBP extraction clearly influenced the surface of the hulls since the ζ-potential values of SBH-A are less negative than those recorded for SBH-B in the whole pH range, suggesting that the phosphate buffer is able in removing substances with a low pKa, which are negatively charged in a large range of pH values and therefore resulting more soluble than other not-charged substances (see release of organic matter in paragraph Release From SBH-A and SBH-B). The strong impact of this kind of pretreatment has been already ascertained by Giri et al. (2017) who observed the modification of physical structure and thermal stability of soybean hulls subjected to pyrolysis.


[image: Figure 1]
FIGURE 1. ζ-potentials of SBH-B and SBH-A at different pH values.




ATR-FTIR Measurements

ATR-FTIR spectrum of pure SBP enzyme (Figure 2) displayed absorbance bands between 3,000 and 3,500 cm−1 attributed to the N–H and O–H stretching modes, respectively, whereas the C–H asymmetric stretching was observed around 2,930 cm−1. Bands at 1,645 and 1,530 cm−1 were ascribed to the amide I and amide II absorbance bands, respectively (Torres et al., 2017). The amide I band is mainly associated with the C=O stretching vibrations of the peptide bonds and it is closely correlated to the protein secondary structure, whereas amide II results from the N-H bending vibration and the C-N stretching vibration (Barth, 2007). The region between 1,200 and 1,400 cm−1 involved mainly C–H bending modes (Torres et al., 2017), whereas the signal at ca. 1,050 cm−1 was associated to O–H+–O stretching or bending of hydrated protons in proteins (Barth, 2007).


[image: Figure 2]
FIGURE 2. ATR-FTIR spectra of SBP commercial sample, SBH-B and SBH-A. Main vibrational modes observed in the spectra are indicated in the figure.


In general, ATR-FTIR spectra of hulls showed a broad band between 3,000 and 3,500 cm−1 of the N–H and O–H stretching modes, the peaks at 2,920 and 2,850 cm−1 were attributed to –CH2 asymmetric and symmetric stretching vibrations, respectively (Chandane and Singh, 2016). The peak at 1,740 cm−1 represents the carbonyl group (–C=O) stretching (Chandane and Singh, 2016), typical of ligno-cellulosic materials (Widiarto et al., 2019). The signal at 1,640 cm−1 (for SBH-B) and 1,620 cm−1 (for SBH-A) was associated to C=O stretching vibrations of the peptide bonds, if present, (Torres et al., 2017), to olefinic C=C stretching vibration (Qin et al., 2011) and to δHOH vibrations of molecularly adsorbed water (Widiarto et al., 2019). The peak at 1,540 cm−1 was due to N-H bending vibration and C-N stretching related to proteins (Torres et al., 2017) and/or to aromatic –C=C– stretching, which are vibrations mainly related to the ligno-cellulosic backbone (Chandane and Singh, 2016). At 1,420 and 1,370 cm−1 there are the regions of CH2 bending vibration and deformation of C-H in aromatic ring (Widiarto et al., 2019). The broad band centered at 1,010 cm−1 was assigned to ether (–C–O–C–) stretch (Chandane and Singh, 2016) and the peak at 870 cm−1 was attributed to glycoside bond of cellulose (Widiarto et al., 2019). The most remarkable differences between spectra of SBH-B and SBH-A concerned: (i) the peaks between 2,920 and 2,850 cm−1, sharper in the case of SBH-A; (ii) the intensity of the peak at 1,740 cm−1 of the carbonyl group (–C=O), stronger for SBH-A; (iii) the shift of the peak at 1,640 to 1,620 cm−1 and the decrease of the signal at 1,540 cm−1 in the case of SBH-A. These evidences suggested that the peptidic portion on the surface hulls was almost completely lost after the SBP extraction treatment, whereas the ligno-cellulosic backbone signals became prevailing.



Morphological Characterization

Nitrogen adsorption at 77 K revealed a very low surface area, <1 m2 g−1, for both treated and untreated samples. On the other hand, SEM micrographs (Figure 3) confirmed the surface modifications highlighted before showing evident morphological differences between SBH-A and SBH-B. Indeed, SBH-B had a rough surface with some cavities (Chandane and Singh, 2016) and scales with a diameter comprised between 5 and 10 μm. After the SBP extraction, the hull surface structure seemed to collapse, the section appeared more compact and the order constituted by the scales was lost.


[image: Figure 3]
FIGURE 3. Micrographs of SBH-B (a,c) and SBH-A (b,d) surfaces at different magnifications and, at the bottom, pictures of SBH-B (e) and SBH-A (f) sections.




Release From SBH-A and SBH-B

The release of the metal ions involved in this study was detected at pH 5 and 7 after the hulls were soaked in pure water for 24 h (Table 2), in order to probe the metal content which could interfere in the adsorption/desorption tests. The reproducibility of the results is confirmed by low percent relative standard deviation (RSD %) which was always <5%. SBH-B released a higher content of metals than SBH-A, confirming that SBP extraction procedure resulted in the removal of impurities present in the ligno-cellulosic structure of the hulls. Relevant amounts of iron, aluminum and, to a lesser extent, manganese were found in solution, in accordance to their ubiquitous presence as essential elements for living matter and their widespread diffusion in soils (Spehar, 1994; Noya et al., 2014). At increasing pH, the release process became less favorite. Nevertheless, in all cases, the amount of metals detected in the solution was lower than the concentration used in the adsorption tests to evaluate hulls' sequestrating capacity. The aqueous solutions were further analyzed by means of UV-vis technique, in order to follow the simultaneous loss of organic matter. The UV-visible spectra in Figure 4 show a non-negligible shoulder centered at 275 nm, indicating the release of water soluble organic substances (Khan et al., 2014), in particular in the case of SBH-B. A similar behavior have been already evidenced by Fieira et al. (2019), who evaluated such release in terms of Chemical Oxygen Demand (COD).


Table 2. Species released from SBH-A and SBH-B (1,600 mg L−1) in MilliQ® water at pH 5 and 7.
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FIGURE 4. UV-visible spectra of the solutions obtained after the release tests of SBH-A and SBH-B (1,600 mg L−1) in MilliQ® water at pH 5 (A) and 7 (B).


An overall view of the characterization outcomes for SBH assesses a sort of cleaning effect of the protein extraction with phosphate buffer from inorganic and organic substances present in the main lignocellulosic structure. It is reasonable to image that, together with the loss of a part of hulls' mass, the interactions keeping together the lignocellulosic matter components were subjected to changes: in particular, several functional groups, initially interacting each other in the non-modified structure, remained isolated, and available to form other interactions with other substrates (in this case, metal ions). Simultaneously, the changes induced in the surface morphology can be ascribable to the swelling of the lignocellulosic matter and subsequent drying that, probably, caused a partial structure collapse (Fidale et al., 2008).




Adsorption/Desorption Experiments
 
Adsorption of Metal Ions Mixture

SBH-A and SBH-B were tested for their adsorbing capability and the correspondent results are shown in Figure 5. Adsorption % was calculated by the following equation, where C0 is the starting concentration of each ion (1 × 10−5 M) and Cion is the concentration of each ion left in the solution at the end of the experiment. The error was calculated with respect to the total amount of the adsorbed ions. To highlight the differences in the adsorption of different metal ions, the contribute of each ion was indicated in a proper color in Figure 5.
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Figure 5, left panel, displays the different performances of SBH-A and SBH-B (800 mg L−1) in contact with a solution containing the five metal ions (1 × 10−5 M for each ion) for two different contact times: 1 and 24 h. Many differences are highlighted from the experimental data, both concerning the adsorption properties of the sample before and after the SBP extraction, and the behavior toward the metal ions. Observing the trends related to iron adsorption, the use of SBH-A was evidently advantageous with respect to SBH-B sample, particularly after a longer contact time. Similarly, 1 day-contact favored the removal of Cr(III), mostly for SBH-A. In the cases of Ni(II) and Mn(II), the adsorption levels resulted comparable for SBH-A and SBH-B both after 1 and 24 h, whereas a peculiar behavior was demonstrated toward Al(III), which was captured significantly only by SBH-A after 24 h.


[image: Figure 5]
FIGURE 5. Adsorption % of Fe(III), Al(III), Cr(III), Mn(II), and Ni(II) mixed together (1 × 10−5 M for each ion) at pH 5 in presence of SBH-B and SBH-A; Left panel conditions: hulls concentration 800 mg L−1 and contact times 1 or 24 h; Right panel conditions: hulls concentrations 1,600 mg L−1, contact time 24 h. The adsorption % was calculated in relation to the total initial amount of metal ions in solution as described in the text.


In the right panel of Figure 5, the degrees of adsorption reached after 24 h with 1,600 mg L−1 of hulls are represented. In general, the hull increment did not significantly affect the adsorption in the presence of the trivalent cations, whereas the adsorption observed for the two divalent cations, Mn(II) and Ni(II), almost doubled. A better adsorptive activity was once more achieved by SBH-A than SBH-B toward iron and aluminum ions.

From the interpretation of the two graphs of Figure 5, it can be noticed that, although the adsorption is generally a fast process, involving the adsorbent surface and multiple interactions, the simultaneous presence of different ions slowed down the process, establishing a certain selectivity, as well. The equilibria varied over time, favoring the species with a higher positive charge, Fe(III), Al(III) and Cr(III), possibly due to their electrostatic affinity with the negatively charged hulls surface. Nevertheless, the description of the adsorption phenomenon cannot be associated only to the electrostatic forces. Indeed, the hulls behavior toward aluminum resulted very peculiar: Al(III) has the lowest ionic radius (then, less steric hindrance) and a strong positive charge (3+), but it was not sequestrated by SBH-B and 1 h was not a sufficient contact time to allow an efficient adsorption. This occurrence can be justified by taking into account the solvation degree: smaller ions with high density charge are more solvated and less rapidly attracted by the adsorbent surface (Zhu et al., 2016). In general, a complex frame of factors connected to the adsorbate nature influences the adsorption effectiveness, as valence, electronegativity, hydration radii, hydration enthalpies, solubility of the cations (Zhu et al., 2016) and hard—soft, acid–bases affinity [according to Pearson's principle (Alfarra et al., 2004)]. Moreover, it is worth to underline that the modifications induced by SBP extraction, including a lowering of the surface's negative charge, did not compromise the adsorptive properties of hulls, but rather improved them in some cases. The most probable reasons are the lower competition with intrinsically present metal ions, which were mostly released during the SBP extraction treatment, and the exposure of a higher number of active sites on the surface of ligno-cellulosic matter after the same procedure. In particular, the SBH functionalities capable of positive ion attraction are mainly hydroxyl and carboxylic groups (Dai et al., 2018), which are present to a different extent in SBH-A and SBH-B, according to FTIR results.



Desorption Tests

Taking into account the adsorption capacity of SBH-A for most of the metals considered, the desorption tests were conducted on this material only. The hulls were recovered by filtration after 24-h adsorption experiment, the sample was divided in two aliquots and each successively added to a different solution, namely ultrapure water at pH 5 with or without NaCl. The intense interaction already found for hulls toward Al(III), Fe(III) and Cr(III) was responsible for the extremely reduced desorption observed for these ions, namely 1–3% maximum. Ni(II) and Mn(II) were slightly released, but always <20%. In general, the adsorption on SBH-A was not reversible in the adopted conditions, without any advantage provided by the presence of other metal ions (Na+) in the washing solution.



Adsorption of Metal Ions Separately

Deepening the behavior of SBH-A, the hulls underwent adsorption of the same metal ions separately, using a concentration 10 times higher than the previous ones. As shown in Figure 6, high levels of metals removal were already reached in 1 h. Except for manganese, the entity of metals removal was ~90%, despite of different kinetic trends. In the absence of competition among different ions, the adsorption was favored for all the ions tested but the highly charged metal ions showed faster adsorption kinetic as confirmed by the first order kapp, reported in Table 3. In particular, aluminum and iron ions show the highest kapp values and were almost totally adsorbed in few minutes, supporting the hypothesis that the present trials were mainly driven by charge interactions.


[image: Figure 6]
FIGURE 6. Adsorption kinetics of Fe(III), Al(III), Cr(III), Mn(II), and Ni(II), single ion solutions 1 × 10−4 M at pH 5, in presence of SBH-A (800 mg L−1).



Table 3. First order kinetic constants calculated on the basis of single ion adsorption reported in Figure 6 (ion concentration 1 × 10−4 M at pH 5, in presence of SBH-A 800 mg L−1).
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To get some preliminary information on the adsorption mechanism of SBH-A, Cr(III) was chosen as a representative ion to obtain an adsorption isotherm. In this case, the amount of adsorbed Cr(III) by SBH-A was measured after 24 h of contact between SBH-A and variable concentrations of Cr(III). Preliminary measurements confirmed that the equilibrium was reached at all the Cr(III) concentrations considered in the experiment.

The experimental data were fitted both with the Langmuir and Freundlich equations reported below:

[image: image]

In both the equations, qe is the concentration of adsorbate on the solid and Ce is the concentration of Cr(III) at equilibrium. In the Langmuir equation, qm is the sorption capacity (namely the amount of adsorbate at complete monolayer coverage) and b the Langmuir isotherm constant that relates to the energy of adsorption. In Freundlich equation, the value of Kf is indicative of the adsorption capacity and 1/n represents the adsorption intensity (Islam et al., 2013).

The parameters determined by fitting the experimental data with the two equations are reported in Table 4. The highest value of R2 obtained using the Langmuir model showed that it could be the most suitable model describing the system under study, indicating a homogenous distribution of adsorption sites and the presence of a single layer of Cr(III) ions on the surface of the hulls, rich of negatively charged functional groups (Saruchi and Kumar, 2019). On the other hand, from the Freundlich model, the value of 1/n value obtained in the range between 0 and 1, indicated that the interaction between Cr(III) and the hulls occurred easily (Saruchi and Kumar, 2019).


Table 4. Values of Langmuir and Freundlich constants, related to adsorption of Cr(III) ions on SBH-A (800 mg L−1) at pH 5, time of contact 24 h.
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Tests on Potable Waters and Landfill Leachate

On the basis of previous results, final trials were carried out on real potable waters and a landfill leachate. Such experiments were performed as described above and in accordance to a previously reported procedure with similar samples (Tummino et al., 2019). Other metal ions (zinc and lead) were also followed, albeit not considered in the previous tests, but present in the real water samples.

Potable waters from two different urban well-sources were tested: in both cases the presence of iron, aluminum and chromium species were negligible, whereas low concentrations of nickel, zinc, and lead (respectively, 0.03, 0.61, and 0.006 μM) were observed. Adsorption test with SBH-A led to the removal of 63% of Ni, 85% of Zn and 41% of Pb.

In the case of the landfill leachate, it is important to note that the matrix was constituted also by organic molecules, creating a competition among the multiple components and then influencing SBH-A performances toward metallic ions. Nevertheless, the results showed in Figure 7 are encouraging since SBH-A hulls maintained their sequestrating ability, in particular toward Fe and Al, since more than 75% of these ions was removed from the solution. Moreover, it is also interesting to consider that, in the case of Fe, this percentage corresponds to a concentration of 1.7 × 10−4 M, confirming the good adsorption levels reached by SBH-A toward iron ions in ultrapure water, as previously discussed.


[image: Figure 7]
FIGURE 7. Results of the 6 h-adsorption treatment of landfill leachate at its natural pH 5.6 with SBH-A. The left panel reports the adsorption % for each metal ion. On the right panel, the removed concentration (μM) of each ion is shown and the labels are referred to the starting concentration (μM) of each ion.






CONCLUSIONS

Soybean hulls were recovered after the extraction of soybean peroxidase, an enzyme employed as green biocatalyst. The results of hull physicochemical characterization evidenced a remarkable impact of the enzyme extraction procedure, which varied the hull surface morphology and decreased the content of intrinsically adsorbed metallic/organic substances. Such treated hulls were applied as adsorbents of metal ions [Fe(III), Al(III), Ni(II), Mn(II), Cr(III)] in different aqueous matrixes, revealing an improvement of their sequestrating capability with respect to untreated samples. In conclusion, such residual hulls deriving from agro-industrial scraps, not only can be successfully processed to obtain a high-value enzyme, but it is also possible to extend their exploitation in water remediation field, further decreasing their environmental impact as waste and giving them an additional technological and economical value.
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For the past few decades, a plethora of nanoparticles have been produced through various methods and utilized to advance technologies for environmental applications, including water treatment, detection of persistent pollutants, and soil/water remediation, amongst many others. The field of materials science and engineering is increasingly interested in increasing the sustainability of the processes involved in the production of nanoparticles, which motivates the exploration of alternative inputs for nanoparticle production as well as the implementation of green synthesis techniques. Herein, we start by overviewing the general aspects of nanoparticle synthesis from industrial, electric/electronic, and plastic waste. We expand on critical aspects of waste identification as a viable input for the treatment and recovery of metal- and carbon-based nanoparticles. We follow-up by discussing different governing mechanisms involved in the production of nanoparticles, and point to potential inferences throughout the synthesis processes. Next, we provide some examples of waste-derived nanoparticles utilized in a proof-of-concept demonstration of technologies for applications in water quality and safety. We conclude by discussing current challenges from the toxicological and life-cycle perspectives that must be taken into consideration before scale-up manufacturing and implementation of waste-derived nanoparticles.

Keywords: carbon nanoparticles, metal nanoparticles, e-waste, plastic waste, industrial waste, nanoparticle-enabled technologies


INTRODUCTION

According to the Environment Program of the United Nations, nearly 11.2 billion tons of solid waste is generated every year, which is a significant source of environmental degradation and negative health impacts, particularly in low-income countries, where more than 90% of waste is openly dumped or burned (UNEP, 2020). In Southeast Asian countries with insufficient waste management capacity, such as Vietnam, Malaysia, the Philippines, and Thailand, waste-related issues are further exacerbated by the massive amounts of plastic, electric, and electronic waste imported from industrialized countries (Kaza et al., 2018; Dell, 2019; Sukanan, 2020). This situation has motivated the development, implementation, and strengthening of different policy strategies including (i) international environmental agreements such as the Basel Convention on the control of transboundary movements of hazardous wastes and their disposal (Basel Action Network, 2019), (ii) source reduction, or complete bans on single-use plastics (UNEP, 2018), and (iii) shifts in political agendas toward the adoption of circular economy models for meeting environmental and resource-oriented goals in several countries (Bourguignon, 2014; Berg et al., 2018). However, there are significant technical, economic, environmental, and social challenges for realizing closed-loop management of engineered materials on a large scale. For example, many plastic and metal recycling processes involve the use of hazardous substances for extraction and purification, which results in new health risks for humans and the environment (Kral et al., 2019). Besides, the practical viability of strategies for recycling and repurposing materials is directly linked to the economic value of the end-products. Therefore, using “clean manufacturing” processes to yield “value-added” commodities from waste materials emerges as a desirable synergy for achieving both circularity and sustainability goals (Ferronato and Torretta, 2019).

Over the past few years, a plethora of engineered nanomaterials have demonstrated great promise for advanced applications ranging from energy transformation and storage (Hussein, 2015; Verma et al., 2016; Sonawane et al., 2017; Yang et al., 2019), pollution monitoring (Baruah and Dutta, 2009), intelligent packaging (Pereira de Abreu et al., 2012), precision agriculture and controlled delivery of food ingredients (Bindraban et al., 2015; Peters et al., 2016), membrane technology (Goh et al., 2015); water treatment (Westerhoff et al., 2013); drug delivery and diagnostics (Turcheniuk and Mochalin, 2017), bone and tissue engineering (Shadjou and Hasanzadeh, 2016), amongst others. In an effort to reduce negative environmental impacts and health risks associated with the production, use, and disposal of novel nanomaterials, the fields of materials engineering and nanotechnology are increasingly concerned with sustainability approaches, frameworks, and metrics (Dhingra et al., 2010; Mata et al., 2015; Falinski et al., 2018). For example, a Boolean search of the keywords “green synthesis” AND “nanomaterials” on the academic engine Web of Science (Clarivate™) returns a record count of 569 articles published on 2019 alone, which is 3-fold higher number than the year 2015, and 12-fold higher than the year 2009. This growing trend is expected to continue over the next few years, consistent with global trends on sustainable development.

Herein, we provide an overview of the current status, challenges, and future directions for the utilization of industrial wastes (e.g., large batteries, rubber tires, wastewater), e-waste (e.g., copper cables, printed circuit boards, electronic equipment), and plastic wastes (e.g., polyethylene, polypropylene, polyvinyl alcohol) as suitable inputs for production of nanoparticles (NPs) as added-value products. In addition, we review some proof-of-concept examples for the incorporation of waste-derived NPs in advanced technologies for pollution monitoring, treatment, and remediation of water (Figure 1). We conclude with some remarks from the sustainability viewpoint, that emphasize the critical aspects necessary for scale-up manufacturing and deployment of waste-derived nanomaterials.
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FIGURE 1. Schematic representation of the concept discussed in the review article. industrial, electric, electronic and plastic wastes are suitable inputs for sustainable production of engineered nanoparticles, which can be further used in the development of advanced technologies for environmental applications. Thus, disrupting the linear end-of-life approach to waste management and increasing sustainability by closing the loop with the fabrication of value-added materials and technologies from waste. This schematic was created using public domain images obtained from a open source database.




WASTE AS STARTING MATERIALS FOR THE PRODUCTION OF NANOPARTICLES

Depending on the source of emission, highly problematic waste materials produced in massive amounts can be classified into wastes generated by industries, and wastes generated by consumers. Both industrial and consumer wastes can be utilized as inputs for processes that yield value-added products. From the industrial sector, large batteries, rubber tires, wastewater, and biosolids are prominent sources of carbon, lead, zinc, copper, and palladium. End-of-life consumer products result in overwhelming amounts of e-waste and plastic waste. E-waste can be a significant source of recoverable precious and semi-precious metals. Depending on the type of polymer and the degree of purity, plastic waste can be either recycled and reused as packaging material or, it can be used as raw material for other applications, including the production of construction materials, paper, fiber composites, new polymers, and carbon nanoparticles. In this section, we examine the recent research on the mechanisms and processes used for the recovery of valuable components from the different waste streams.


Industrial Waste

Up to this point in time, several industrial wastes such as batteries, tires, wastewater, and sludges have been studied as potential low-cost and ubiquitous starting materials for nanoparticles synthesis (Samaddar et al., 2018).


Lead Batteries

Over 50 million units of waste lead batteries are produced annually by China alone; considering the toxicological effects of lead exposure, along with its bioaccumulation capacity, recycling these batteries is a responsible approach while avoiding ecological and public health problems (Zhou et al., 2017). Lead pastes are made of metal oxide, dioxide, and sulfate forms that are difficult to recover and reuse because of their insolubility. However, pyrometallurgical processes can be employed to retrieve lead from spent lead-acid battery paste. For example, Zhou et al. (2017) designed a synthesis technique to make Pb nanopowder from simulated spent lead paste by the pyrolytic route. The authors produced submicron particles of lead oxide by a thermal process coadjuvated by poly (N-vinyl-2- pyrrolidone), which helps decrease the particle size (Zhou et al., 2017). While the technique overcomes difficulties associated with the insolubility of lead paste in aqueous media, pyrometallurgical processes may have unfavorable consequences due to the high energy requirements as well as the undesirable emissions of air pollutants such as sulfur dioxide and lead dust.



Zinc-Manganese Batteries

Similarly, a large percent of transportable batteries in industrialized countries are made of zinc-manganese (Zn-Mn) composites. China alone produces more than 15 billion units every year (Xiang et al., 2015). Exposure to toxic concentrations of Zn can result in impaired calcium uptake and metabolic deficiencies in humans and other organisms (Valko et al., 2005). Thus, recovering Zn from recycled Zn-Mn batteries is a convenient approach for enabling reuse of the metal in other applications while limiting its uncontrolled dissemination in the environment. Synthesis of Zn nanomaterials such as NPs, nanofibers, and flaky NPs using recycled Zn-Mn batteries as starting material, has been actively investigated in recent years. Xiang et al. (2015) demonstrated a facile and highly efficient method for separating zinc from spent batteries. Samples of recycled zinc-cathodes were put in a corundum crucible and subjected to a vacuum pressure of 1 Pa, heating temperature of 800°C, and condensing temperature 200°C. The simple technique can attain zinc separation efficiency up to 99.68%. By following the separation process with a nitrogen gas flow into the heating chamber, structured nanoparticles can be obtained with different morphologies including hexagonal prisms, fibers, and sheets (Xiang et al., 2015).



Rubber Tires

Worldwide, roughly 1,000 million scrap tires are generated every year (GoldsteinResearch, 2020). A significant portion is landfilled or openly burned, contributing to air pollution and environmental degradation (Moghaddasi et al., 2013). For that reason, the disposal of scrap rubber in landfills is banned in most developed countries (Turgut and Yesilata, 2008). Thus, there is interest in finding sustainable solutions for managing rubber tire waste. Generally, tires are composed of 45–47% natural rubber, 21–22% carbon black, 12–25% metals, 5–10% textile, 6–7% additives and 1–2% zinc, ~1% sulfur (Evans and Evans, 2006; Samaddar et al., 2018). The synthesis of Zn NPs from used tires constitutes a suitable alternative with value-added potential. Moghaddasi et al. (2013) obtained NPs from recycled tires by applying ball milling for five consecutive hours. The method yielded rubber ash particles smaller than 500 nm; when aided with silicon waste, the particle size was further reduced to <50 nm. The effectiveness of rubber ash and ground tire rubber particles as a zinc source for plant nutrition was comparable to a commercial ZnSO4 fertilizer (Moghaddasi et al., 2013).

As waste tires are composed, principally, of carbon (representing about 81.2 wt%) they are considered a promising source of carbon for various potential applications. Maroufi et al. (2017) synthesized high-value carbon nanoparticles (CNPs) from waste tire rubber (WTR), using a high-temperature approach. The transformation of WTRs was carried out at 1,550°C over various reaction times (5 s to 20 min). The total energy utilization for the process was acceptable as the decomposition of WTR and the formation of CNPs occurs quickly, and completely. Within 5 min, all the impurities, such as sulfur, zinc, and oxygen, have been removed (Maroufi et al., 2017). Another facile and low-cost method for the preparation of carbon black nanoparticles from waste tires was reported by Gómez-Hernández et al. (2019). Briefly, thermal transformation under the high temperature (1,000°C) and self-pressurized conditions produced carbon nanoparticles (~22 nm) with high yield (about 81%) under the optimized conditions. The chain-like agglomerated nanoparticles showed good thermal stability and conductivity and the chemical analysis indicated that it was partly oxidized (C, 84.9%; O, 4.9%; S, 10.21%) (Gómez-Hernández et al., 2019). Many studies have been reported advising to choose an unconventional hydrocarbon waste as low-cost starting materials such as tires and plastics for the synthesis of CNTs (Sathiskumar and Karthikeyan, 2019). Multiwalled carbon nanotubes were synthesized from low boiling point hydrocarbon tire pyrolysis oil derived from waste tire material mixed with ferrocene as the catalyst on a quartz substrate with a flow rate of 20 ml/min at 950°C (Parasuram et al., 2018).



Wastewater and Bio-sludge

Wastewater effluents and industrial sludges have been identified as rich sources of valuable metals and metal oxides; therefore, these waste effluents have been extensively studied for the recovery of materials such as PbO, Mo, Ni, Co, Cu, Ag, SiO2, rare earth elements, and Pt. While the concentration of trace elements is highly variable among waste effluents, there are associations with the specific activities performed in the emitting source, as well as the mineralogical diversity found within a single effluent source. For example, the U.S. Geological Survey has identified waste effluents from Zn ore mining as major sources of Ga and In. Through wastewater and biosolid mining, Ga and In could be recovered and used for the fabrication of integrated circuits, light-emitting diodes, photodetectors, semiconductors, and solar cells (Smith et al., 2015). An elemental analysis of waste stream samples (e.g., mining influenced waters) from different historical metal mining sites found concentrations of Ag (Mdn. ~10 ppm), Au (Mdn. ~0.3 ppm), Pd (Mdn. ~30 ppm), Pt (Mdn. ~1 ppm), Re (Mdn. ~ 0.01 ppm), Os (Mdn. ~0.02 ppm), Ir (Mdn. ~0.001 ppm), La (Mdn. ~20 ppm), Ce (Mdn. ~40 ppm), Nd (Mdn. ~20 ppm), Sm (Mdn. ~4 ppm), Gd (Mdn. ~4 ppm), Yb (Mdn. ~2 ppm), Th (Mdn. ~4 ppm), Zn (Mdn. ~1,000 ppm), Cu (Mdn. ~150 ppm), Ga (Mdn. ~15 ppm), In (Mdn. ~ 1 ppm), Sb (Mdn. ~10 ppm), and Te (Mdn. ~1.5 ppm). Although the recovery of some of these metals may not be economically attractive by itself, the removal and recovery of trace elements from waste streams may still offset treatment and disposal costs and reduce environmental and public health liability (Smith et al., 2015).

Urbina et al. (2019) demonstrated an innovative approach for metal recovery from aqueous waste such as those found in bioremediation or biomining processes. The method uses metal-binding peptides to functionalize fungal mycelia. In silico models have been developed for predicting binding affinity between metals and natural ligand-binding motifs. These models are useful because they enable the prediction of binding parameters based on open access protein databases (e.g., The Protein Data Bank https://www.rcsb.org) to describe the geometric features a cognate metal in a metalloprotein. As a proof-of-concept, the authors achieved binding affinity and specificity for Cu that show a high correlation between the natural motifs and those derived in silico (Urbina et al., 2019). Another study identified different morphologies of silica nano-fillers (100–500 nm) present in polymer waste (Tran et al., 2017). Various metals have also been recovered from pickling wastes, spent catalysts, furnace slag, fly ash, e-waste, and metalized plastic waste (Khaloo et al., 2013; Bennett et al., 2016; Chaukura et al., 2016; Chen et al., 2016; El-Nasr et al., 2020; Elsayed et al., 2020). Aside from being a good source for the recovery of metals, various industrial effluents and bio-wastes have been used for the synthesis of carbon-based nanomaterials (Deng et al., 2016; Zhang et al., 2016). Deng et al. provided a comprehensive review highlighting the current status and prospects of green synthesis of carbon nanocomposites from bio-sludges and industrial wastes through microbiologically driven pathways (Deng et al., 2016).




Electric and Electronic Wastes

The overwhelming generation of end-of-life electric and electronic products and equipment (e-waste or WEEE) in the United States and Europe is causing severe environmental and public health issues in the e-waste receiving nations, which are primarily located in West Africa and Asia (Baldé et al., 2017; Tansel, 2017). For the past decades, there has been a steady increase in the development of efficient recycling techniques for e-waste led by the US and China, especially with regards to the recovery of metallic components (Bhat et al., 2012; Wibowo et al., 2014; Barletta et al., 2015; Park et al., 2017; Zeng et al., 2017). However, e-waste recycling is increasingly challenging because electronic devices are made of complex mixtures of various metals, plastics, glass, and even newly engineered nanomaterials (Abdelbasir et al., 2018b,c). Moreover, electronic components are continually being miniaturized, which diminishes the efficiency of conventional mechanical separation processes available in developing countries (Baldé et al., 2017). Despite the practical difficulties, the high economic value of precious metals, such as gold, silver, and palladium, continues to drive e-waste mining.

As shown in Table 1, Printed circuit boards and mobile phones contain the highest amounts of precious metals and a considerable portion of base metals. Printed circuit boards (PCBs) are an integral component of all electronics. On average, PCBs represent 3% of the total mass of waste electric and electronic equipment, but in the case of small appliances, it can account for almost 8% of the weight (Dalrymple et al., 2007; Luda, 2011; Abdelbasir et al., 2018c). In 2014 the value of metals in e-waste was roughly estimated at 52 billion U.S. dollars (Xu et al., 2016). The estimated overall composition of PCBs is 40% metals, 30% organics, and 30% persistent noxious materials (Abdelbasir et al., 2018b). Detailed elemental analysis of polymers present in PCB has revealed the following composition: 5.52 wt% C, 2.18 wt% H, 0.73 wt% N, and 7.86 wt% Br (Blazsó et al., 2002). Copper represents the highest amount of metals in PCBs, and it has the second-highest pecuniary value. The organics are generally made of a variety of polymers such as polyvinyl chloride (PVC), polycarbonate (PC), acrylonitrile butadiene styrene (ABS), polytetrafluoroethylene (PTFE), polyethylene (PE), and polypropylene (PP) (Stevens and Goosey, 2009). The toxicity of the materials found in PCBs is a recurrent concern in the characterization and treatment of waste PCBs. The lead-tin soldering material and the brominated flame retardants (BFRs) contained in PCBs are the most harmful constituents. Additionally, copper catalyzes the formation of dioxins when the flame retardants are incinerated.


Table 1. Composition of metals in various e-waste scraps.
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Conventional industrial waste management processes involve transport of e-waste over long distances, to only recover a small fraction of materials; primarily precious metals such as Au and Ag, and semi-precious metals, like Cu, Ni, Al, Zn, Pb, and Sn, leaving significant amounts of residual waste and toxic components (Mankhand et al., 2012). Generally, industrial recycling approaches start with energy-intensive mechanical operations such as bulk crushing, grinding, and separation based on density or magnetic properties (Long et al., 2010); chemical treatments are later applied for extraction and purification of copper and other precious metals (Quan et al., 2010; Mankhand et al., 2012).

Overall, the metal content in e-waste is much higher than in land-mined ores (Li et al., 2007; Duan et al., 2009; Zhao et al., 2012). For example, e-waste has a weight composition of 10–20% Cu, whereas the maximum concentration of Cu in virgin ore is 3%. Thus, recovering metallic elements from e-waste, rather than mining for ores in natural deposits, would significantly cut the environmental impacts associated with both the mining of metals and the accumulation of e-waste. Enormous energy savings have been estimated from the recovery of metals from e-waste in contrast with the conventional extraction from mined ores. Specific examples of comparative cost-benefits are 95% for Al, 85% for Cu, 75% for Zn, and 90% for Ni (Cui and Forssberg, 2003; Shokri et al., 2017). Conventional approaches for recovering metals from e-waste begin with the conversion of the metallic components found in e-waste to oxide or sulfite forms, followed by the iterative raising of the pure form of the elements. Recently, efficient processes such as pyro- and hydro- metallurgy of e-waste captured significant attention. In pyrometallurgy, crushed e-waste is placed into a molten bath where the plastic degrades while releasing energy, and the refractories are ejected as slag. This slag is subsequently processed for the extraction of base or precious metals (Cayumil et al., 2014). Alternatively, hydrometallurgy processing is more predictable and controllable, but also very costly since it requires recovery and treatment of spent liquids and preparation of fresh solutions. Furthermore, the presence of chlorides in hydrometallurgically-treated e-waste is likely detrimental to the environment (Mankhand et al., 2012).

While the high yields of precious and semiprecious metals from WEEE provide the economic incentive for recycling it, there is still a need for more efficient and sustainable approaches to WEEE management that use a more substantial fraction of the waste materials (not just the metal parts) and results in the generation of value-added products (Abdelbasir et al., 2018c).



Plastic Wastes

The broad utilization of non-biodegradable plastics has arguably brought about the most significant and problematic class of waste materials in the world. Plastic polymers have been intensely used for about a century to fabricate an immense number of products. In fact, the production of synthetic plastics has increased vastly during the last decades (Gu and Ozbakkaloglu, 2016). Traditional plastics were designed to be durable and withstand variations in external environmental conditions, which is precisely the reason why they persist and accumulate in the environment (Pol and Thiyagarajan, 2010). On a global scale, plastics are now the major component in solid waste (Ritchie and Roser, 2020). The generation of plastic wastes (PW) accounts for over 150 million metric tons per year (Aboulkas et al., 2010).

Plastic debris and microplastics have been found in alarming concentrations in the ocean. These particles produce negative impacts not only on aquatic life and birds but also on humans via contamination of the trophic chain (Bouwmeester et al., 2015). Aside from the problems associated with their slow degradation, PWs are harmful because they contain pigments with several highly noxious trace elements that can migrate out of the polymeric matrix and into the environment (Gondal and Siddiqui, 2007). As a result, environmental pollution from synthetic PWs is now considered one of the most devastating and likely irreversible effects of contemporary anthropogenic activities (Zheng et al., 2005).

In many countries, separation at source (i.e., segregation of materials at the point of disposal) and recycling are main collective efforts initiated at the household level, which are aimed at reducing the need for producing new plastics from virgin materials and fossil fuels. Main synthetic polymers in household items include polystyrene (PS), polypropylene (PP), polyethylene terephthalate (PET), high-density polyethylene (HDPE), low-density polyethylene (LDPE), linear low-density polyethylene (LLDPE), polyvinyl chloride (PVC) and nylon. Table 2 depicts the properties of common plastic polymers. Considering the vast amount of solid waste generated worldwide, stakeholders are looking for avenues to use PWs as starting material for energy recovery or valued-added products manufacturing (Ackerman, 2000). From the thermodynamic perspective, energy recovery is less favorable as the energy content of plastic (42.6 MJ/l) is at least an order of magnitude lower than conventional fuels such as heating oil (443.5 MJ/kg) (Kumar et al., 2011; Banu et al., 2020). Additionally, using PW as an energy source can be seriously detrimental for public health since harmful dioxins are released during PW burning. Finally, the concept of using PWs as an alternative feedstock to generate syn-gas or oil for the later conversion into liquid fuels such as diesel and gasoline may incentivize the unnecessary perpetuation of dependence on carbon fuels, which ultimately leads to the release of greenhouse gases into the atmosphere, and all its encompassing effects on the planet.


Table 2. Properties and structure of polymers commonly found in plastic waste.
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On the other hand, turning PW into useful products is particularly challenging because of the chemical heterogenicity in the different waste streams. For instance, many packaging materials are made of compact composites of several thin layers of different polymers and often are lined with aluminum. These composite plastics have to be landfilled because they are difficult to separate by conventional mechanical and/or chemical recovery processes (Al-Salem et al., 2009; Astrup et al., 2009; Singh et al., 2017). Recent approaches for valorizing mixed PWs include mixing them with materials such as wood, cement, and ash to turn them into construction materials (Sardot et al., 2012; Sofi et al., 2019), printable paper-like composites (Fan et al., 2020), fiber composites (Keskisaari and Kärki, 2017), new polymers (Rahimi and Garciá, 2017), and polar waxes (Marek et al., 2015). Nanomaterials have also been prepared from single-polymer PW. For example, ultrafine nano-channeled carbon tubes and multi-walled carbon nanotubes (MWCNTs) have been synthesized from polyethylene terephthalate waste using an arc discharge method (Berkmans et al., 2014). Table 3 summarizes the advantages and challenges of some of the potential value-added applications of PWs.


Table 3. Potential value-added applications for recycled plastics.

[image: Table 3]

In summary, the depicted mechanisms show promising potential for reducing the amount of landfilled materials and noxious elements dispersed in the environment. It is worth noting that the majority of the reviewed processes are still in the early stages of research and development, thus the economics of scale have not yet been fully determined. Nonetheless, the proposed processes serve as a proof-of-concept demonstration of ways to divert from the business-as-usual approach to waste management. Perhaps, offsetting treatment and disposal costs, and reducing environmental and public health liabilities may be sufficient incentives to promote these alternative approaches.




SYNTHESIS OF NANOPARTICLES FROM RECYCLED MATERIALS


Metal and Metal Oxide Nanoparticles

Various procedures have been used for the synthesis of several types of nanomaterials from wastes after suitable pretreatment either physically or chemically or combinations of both. The most common physical pretreatment methods are grinding and milling. Chemical pretreatment is applied to separate any contaminants present in the waste sample by heating or treating with reagents such as strong acids (e.g., H2SO4, HNO3, HCl) (Samaddar et al., 2018).

The most popular synthesis method for metallic NPs is reduction with sodium borohydride. Generally, the sodium borohydride solution is freshly prepared and rapidly added to the solution of waste materials. NPs produced via reaction are washed repetitively with ultrapure water and absolute alcohol for the removal of excess sodium borohydride. This method was implemented by Fang et al. to prepare Fe NPs from steel pickling waste materials released from a steel plant (Fang et al., 2011).

Another important and widely used method is the solvent thermal method which involves chemical reactions in solvents contained in closed autoclave reactor and heated to a critical temperature (Dubin et al., 2010). When water is used as a solvent the process is known as “hydrothermal.” As an example, hematite NPs (α-Fe2O3) were synthesized via a solvent thermal method using ethanol as a solvent and heating the solution of the starting materials mixture (FeCl3, and NaOH) at 150°C for 2 h to gain NPs (Tang et al., 2011). Another technique that uses voltage to promote chemical reactions in aqueous solutions for the synthesis of nanoparticles is electrodeposition. This method has been applied to produce nanowires, nanoporous materials, and nanocylinders. In addition to these mentioned techniques, green synthesis methods based on the use of environmentally friendly and biocompatible materials such as plants and microorganisms have recently arisen (Jeevanandam et al., 2016).

Metal nanoparticles (e.g., Pb, Hg, Cu, Fe, Au, Ag, Pd, Pt, and Rh) and polymers can be recovered from electronic wastes such as computer circuit boards, cellular phones, laptops, automobiles, and supercapacitors (Xiu and Zhang, 2012; Singh and Lee, 2016; Vermisoglou et al., 2016). To date, most efforts have focused on the recovery of metal nanoparticles from spent batteries. However, other forms of e-waste are also good sources of a variety of valuable materials. For example, Cu nanoparticles were prepared from acidic CuCl2 waste etchants generated in the manufacturing process for printed circuit boards by microemulsion processes (Mdlovu et al., 2018). Likewise, aqueous solutions of CuSO4 from PCBs were chemically reduced to create organically stabilized Cu nanoparticles (Tatariants et al., 2018). Waste printed circuit boards (WPCBs) have also been recycled to obtain metals such as Cu, Pb, Fe, Au, and Hg (Calgaro et al., 2015; Chen et al., 2015a,b; Chu et al., 2015; Fogarasi et al., 2015; Hadi et al., 2015; Cui and Anderson, 2016). The metals recovered from WPCBs can be used to create nanoparticles. Cu from WPCBs has acted as a starting material in the synthesis of Cu nanoparticles (Yousef et al., 2018; El-Nasr et al., 2020). Figure 2 portrays the morphological features of Cu nanoparticles obtained from WPCBs using the approach by El-Nasr et al. (2020).
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FIGURE 2. High resolution TEM images of CuNPs obtained from WPCBs. These NPs were prepared from (a) ammoniacal ammonium chloride and (b) ammoniacal ammonium carbonate leachant by ascorbic acid in presence of cetyltrimethylammonium bromide (CTAB) as modifier. These images were reproduced from Seif El-Nasr et al. (2020) under the reproduction license number 4854300796766 provided by Elsevier and Copyright Clearance Center.


WPCBs can also be used to create nanoparticles directly. Cu2O/TiO2 photocatalysts were recovered using electrokinetic processes (Xiu and Zhang, 2009). Cu2O nanoparticles of different sizes were also created from WPCBs using supercritical water oxidation methods (SCWO) and electrokinetic processes (Xiu and Zhang, 2012). Copper–tin (Cu–Sn) nanoparticles were fabricated from the WPCBs of spent computers using selective thermal transformation while also separating toxic lead (Pb) and antimony (Sb) (Shokri et al., 2017). Lead (Pb) nanoparticles were synthesized from solders of WPCBs via evaporation under vacuum with forced flow inert gas condensation (Zhan et al., 2016). Various other forms of e-waste can be used to create nanoparticles such as purified carbon nanotubes, Cu2O nanoparticles, and Cu2O/TiO2 catalysts. For example, Ag was completely recovered from incinerated organic solar cells (Søndergaard et al., 2016).

Wastes other than e-wastes can also be utilized. Ag, Cu, and bimetallic Ag/Cu nanoparticles were synthesized from a leachate solution (Figure 3). This solution was derived from a solution of leached metalized acrylonitrile butadiene styrene (ABS) from plastic wastes combined with nitric acid and ascorbic acid in the presence of chitosan at 60°C (Elsayed et al., 2020).
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FIGURE 3. TEM images of (a) Ag and (b) Cu NPs synthesized from metalized plastic waste. The NPs were prepared with leachant solution of metalized acrylonitrile butadiene styrene (ABS) using ascorbic acid as reductant and chitosan as stabilizer according to the methods described by Elsayed et al. (2020). These original images were provided by the authors of the manuscript and have not been previously published.


Researchers also utilize methods to reuse nanoparticles. For example, functionalized nanoparticles were successfully recycled to capture toxins from spiked blood plasma samples by applying a glycine buffer to free up the nanoparticles after their initial use (Hassanain et al., 2017). In another study, zinc oxide (ZnO) nanoparticles were synthesized from spent Zn-C battery via thermal technique at 900°C under an argon atmosphere using a horizontal quartz tube furnace. The produced nanoparticles were spherically shaped within a size range of 50 nm (Figure 4) (Farzana et al., 2018).
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FIGURE 4. Low resolution (a) and high resolution (b) TEM images of ZnO NPs recovered from spent Zn-C batteries via thermal route. This figure was reproduced from Farzana et al. (2018) under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).


According to Dutta et al. recycling waste batteries and electronics to recover nanomaterials has ushered in a new era in nanotechnology and environmental research (Dutta et al., 2018).



Carbon Nanotubes

Carbon nanotubes (CNTs) synthesis from waste plastics is carried out in diverse systems, such as autoclaves, quartz tubes, crucibles, and muffle furnaces (Bazargan and McKay, 2012). Each method aims to disintegrate solid-state polymers into their carbon precursors via pyrolysis (Zhuo and Levendis, 2014). Polyolefin (~85.7wt % carbon content) is a polymeric material created from olefin monomer (CnH2n), and it is present in the large majority of plastic waste (Gong et al., 2012). Two waste polyolefins, polypropylene (PP) and polyethylene (PE) can be used for carbon materials synthesis. Other plastics integrated with additional elements such as polyvinyl alcohol (PVA) and polyethylene terephthalate (PET), can also be used for CNTs synthesis (Deng et al., 2016).

Gong et al. developed a new layer-by-layer assembling mechanism. In this method, waste PP was catalyzed via activated carbon and Ni2O3 in a quartz tube reactor. Activated carbon was effective in breaking PP into light hydrocarbons. Activated carbon also provided highly efficient catalytic conversion with Ni by encouraging dehydrogenation and aromatization with the formation of different aromatic groups. CNTs growth was accomplished based on benzene rings. The carboxylic moieties of activated carbon also enabled synergistic catalysis with Ni2O3. The highest carbon yield (~50 wt%) was reached at 820°C with a proportion of raw materials of PP:10Ni2O3:8AC (wt%) (Gong et al., 2012). Considering the high energy demand of this method, the recovery of Ni2O3 could be an alternative for more sustainable scale-up manufacturing.

Zhou et al. reported another combustion method for PE decomposition. This method generates light hydrocarbon in-situ during an exothermic process. This method utilized a stainless-steel wire mesh as a catalyst and a substrate. A ceramic filter was placed before the stainless-steel wire mesh to eliminate the soot that could deactivate the mesh that served as a catalyst. The yield of CNTs was higher than 10 wt% (Zhuo et al., 2010).

In another synthesis process, Zhang et al. mixed PP (~2 g), maleated PP (~0.5 g), and Ni catalysis powders (~0.5 g) in an autoclave. The resulting mixture was then heated for 12 h to a temperature of 700°C using an electric stove. It was then left to cool to ambient temperature. Carbon solid spheres were the only product obtained in absence of Ni from the reaction system which indicated that Ni powder catalyzed the decomposition of PP. MA-PP contributed to two actions in the growth process of CNTs, first improving the dispersion of Ni in PP, and then forming a homogenous system between carbon atoms and Ni catalysts. Ni particles were separated to form carbon-surrounded Ni particles and a high surface packing density of Ni particles enabled the nanotubes to grow along a consistent direction. This method of production of 160 nm CNTs had a yield of 80% (Zhang et al., 2008).

Bajad et al. attained approximately 45.8% yield in the production of MWNTs. These MWNTs were derived from PP waste catalyzed by Ni/Mo/MgO using a combustion technique (Bajad et al., 2015). The powdered catalysts and PP were placed in a covered silicon crucible and heated to 800°C in a muffle furnace. The Ni/Mo ratio was found to affect the yield and size of nanotubes. The HRTEM images exposed that the Ni/Mo ratio controlled both the yield and morphology of CNTs. Increasing the Mo content resulted in large diameter CNTs while lower Mo content gave higher yield with short-radius CNTs. The authors optimized the Ni/Mo mole ratio using response surface methodology (RSM) which proposed that 394% of carbon product could be yielded at a Ni/Mo mole ratio of 22.04. While 514% of CNTs would yield over Ni4Mo0.2MgO1 catalyst at 800°C, 5 g polymer weight, 150 mg catalyst weight, and combustion time of 10 min.

Table 4 summarizes the different methods used in the production of CNTs from plastic polymers commonly found in solid waste.


Table 4. Synthesis methods of CNTs from waste plastics.
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Graphene

Graphene is a single-atom-thick sheet of sp2 hybridized carbon atoms packed into a honeycomb lattice structure. Prominent properties of this material are high surface area, high electrical conductivity, good chemical stability, and strong mechanical strength (Nair et al., 2008; Rao et al., 2009; Luo et al., 2012; Novoselov et al., 2012). Graphene revolutionized the health, energy, and environment sectors (Liu et al., 2013a; Quesnel et al., 2015; Surwade et al., 2015; Yang et al., 2016a).

Its electrical, optical, and mechanical properties (Bonaccorso et al., 2010; Soldano et al., 2010; Marinho et al., 2012) make graphene eligible for any application. There are two essential sources for the preparation of graphene: graphite and organic molecules (Strudwick et al., 2015). Typical methods for graphene preparation include the bottom-up approach, the top-down approach, epitaxial growth on silicon carbide (Mishra et al., 2016), mechanical cleavage (Bonaccorso et al., 2012), and chemical reduction of graphene oxide (Abdolhosseinzadeh et al., 2015). The bottom-up approach utilizes chemical vapor deposition (CVD) on metallic films (Strudwick et al., 2015). The top-down approach utilizes liquid exfoliation of graphite crystal (Coleman, 2013). Table 5 summarizes the recent approaches for graphene synthesis from waste materials.


Table 5. Synthesis of graphene from waste materials.

[image: Table 5]

Graphene can be synthesized from various waste plastics using a variety of methods. Gong et al. were able to create high yields of graphene flakes. Their method used waste polypropylene (PP) catalyzed by organically modified montmorillonite. A uniform mixture of PP (~89 wt %), talcum (~11 wt %), and modified montmorillonite, was placed in a crucible and heated to 700°C for 15 min to obtain the carbonized char. After cooling the carbonized char was immersed in HF and HNO3. HF dissolved the impurities and HNO3 oxidized the amorphous carbon. After a repeated process of centrifuging and isolating from solution, graphene flakes were obtained (Gong et al., 2014b).

Manukyan et al. developed an energy-saving combustion method to prepare graphene sheets using waste polytetrafluoroethylene (PTFE) and silicon carbide (SiC). The process mechanism was similar to epitaxial growth on SiC, in which Si was removed by C2F4 through an exothermal reaction (Manukyan et al., 2013).

Ruan et al. developed a green synthesis method in which raw wastes including waste polystyrene, grass blades, waste food, and grass, were transformed into high-quality single-layered graphene. In this method, 10 mg of start materials were placed on a slightly bent piece of Cu foil held by a quartz boat in a CVD quartz tube. After low-pressure annealing at a temperature of approximately 1,050°C for 15 min in an inert atmosphere (Ar and H2), graphene growth was observed on the back of the Cu foil (Ruan et al., 2011).

Another CVD based graphene synthesis method used solid waste plastics roughly composed of 86% polyethylene and 14% polystyrene (Sharma et al., 2014). The method used two furnaces. In the first furnace, nearly 3 mg of plastic waste was put into a ceramic boat and kept at a temperature of approximately 500°C. In the second furnace, Cu foil was placed inside as substrate and kept at a temperature of approximately 1,020°C. Following pyrolysis, the degraded carbonaceous compounds were placed into the next furnace in a gas mixture (Ar/H2: 98/2.5 sc cm). The products then interacted with a Cu substrate causing graphene growth. In this method, the injection rate of disintegrated products was crucial for graphene crystal formation. Large hexagonal single-layered graphene was produced at a low rate of pyrolysis and injection. On the other hand, under a high injection rate, a bilayer or multilayer graphene was formed (Sharma et al., 2014).




ENVIRONMENTAL APPLICATIONS OF WASTE-DERIVED NANOPARTICLES

The environmental applications of waste-derived nanoparticles will be discussed in this section and are presented in Table 6.


Table 6. Environmental applications of waste nanoparticles.
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Wastewater Treatment and Water Remediation
 
Adsorption

Industrial wastewater is contaminated with a mixture of pollutants unique to the industries that create them. For example, the textile industry produces waste streams contaminated with a variety of dyes. Water contaminated with these dyes must be treated to ensure public and environmental health (Arslan et al., 2016). Several research groups are attempting to find novel nanotechnology-enabled treatments for industrial wastewater using recycled nanoparticles, which helps meet circularity and sustainability goals. Arifin et al. (2017) developed iron oxide nanoparticles from mill scale and applied them to dye removal. In their process, iron oxide particles were removed from the unwanted components of mill scaling using magnetic separation techniques. The particles were then processed using conventional and high energy ball milling and treated with hexadecyltrimethylammonium bromide to prevent aggregation. In dye wastewater, the adsorption by the modified iron nanoparticles was above 99% with optimum adsorption of 99.93% with 53.76 nm particles (Arifin et al., 2017).

Giri et al. (2011) developed a method for creating magnetite (Fe3O4) nanoparticles from iron ore tailings. The formation of these particles was confirmed through powder X-ray diffraction (XRD), ultraviolet-visible spectrophotometry (UV–Vis) and Fourier-transform infrared spectroscopy (FT-IR) spectra. These particles were fast and effective in the removal of methylene blue and Congo red dyes. In optimal conditions, the monolayer adsorption capacities were 70.4 mg g−1 for methylene blue and 172.4 mg g−1 for Congo red. These nanoparticles compared well with particles created from reagent grade materials and as such could be a value-added product with possible applications in large scale wastewater treatment (Giri et al., 2011).

El Essawy et al. (2017) explored another means of removing dye from water using recycled Polyethylene terephthalate (PET) as a starting material for NP production. Through thermal dissociation, PET creates graphene. The graphene was characterized using SEM, TEM, Raman, BET, TGA, and FT-IR. The produced graphene showed high micropore volume and surface area. Potential for adsorption was assessed with methylene blue and acid blue 25 dyes. This graphene showed good adsorption of methylene blue with optimal adsorption at a pH of 12. The methylene blue dye reached equilibrium within 30 min. The adsorption of the acid blue 25 dye was optimal in acidic solutions and the adsorbed dye reached an equilibrium in approximately 50 min. The PET-based graphene showed effectiveness in removing both dyes from solutions (El Essawy et al., 2017).

Wang et al. developed engineered biochar functionalized with waste eggshell particles. The biochar is composed of three types of biomass pretreated with eggshell waste and prepared through slow pyrolysis. The eggshell particles are prepared using a method shown to make colloidal and nanosized eggshell particles (Hassan et al., 2014). Using characterization tools such as scanning electron microscopy eggshell particles were found on the surface and within the pore networks of the biochar. When studied the biochar treated with eggshells was more effective at lead (Pb2+) adsorption than pristine biochar due to the presence of CaCO3 from the eggshells (Wang et al., 2018).

Thai et al. (2019) reviewed the synthesis of highly porous aerogels from recycled materials such as paper, cotton textiles, and plastic bottles. Paper-derived aerogels were made through a simple process that required sonication of a solution of recycled cellulose with plyamide-epichlorohydrin, followed by freeze-drying at −98°C. Similarly, textile-derived aerogels were prepared by blending scraps of cotton cloth with DI water, followed by sonication in a solution of plyamide-epichlorohydrin. The resulting dispersion was freeze-dried at −98°C and cured at 120°C. Aerogels from recycled PET bottles were obtained by immersing PET fibers in a solution of NaOH heated at 80°C; the fibers were subsequently rinsed with DI water and then mixed with a solution of polyvinyl alcohol, glutaraldehyde, and HCl. Next, the mixture was sonicated, heated at 80°C, and freeze-dried. To confer superhydrophobicity to these aerogels, a coating of methyltrimethoxysilane was added at the end of the fabrication process. The ultra-low density and high absorption capacity of these waste-derived aerogels make them especially attractive for remediation applications such as the clean-up of oil spills in water bodies. For example, aerogels from cotton can achieve an absorption capacity above 100 grams of motor oil per gram of aerogel, which significantly outperforms most commercial sorbents (Thai et al., 2019).

Zhang et al. (2020) proposed and tested another method for treating waste dyewater using iron derived from the manufacturing of saccharin. In this process, NiFe2O4 nanoparticles that are used as a catalyst, are first extracted from the saccharin wastewater, which is challenging to treat. A mesoporous magnet NiFe2O4/ ZnCuCr-LDH composite is then created using a hydrothermal method. The created NiFe2O4/ ZnCuCr-LDH composites had a removal efficiency for Congo red of over 97% in cases where the initial concentration of the dye was between 100 and 450 mg l−1. The process treats the saccharin wastewater for iron contamination and reuses the waste iron to create a magnetic composite for the treatment of dye water (Zhang et al., 2020).

Rovani et al. and Peres et al. proposed methods of creating silicon nanoparticles from agricultural waste for the absorption of dyes. Rovani et al. created high purity silica nanoparticles (SiO2NPs) from sugar cane waste ash. The nanoparticles were tested for their capacity as absorbent material for the removal of acid orange 8 (AO8) dye. The silicon nanoparticles had an absorption capacity of 230 mg/g and the nanoparticles were able to be reused for up to five cycles (Rovani et al., 2018). Peres et al. synthesized silica nanoparticles from corn husk waste through a standard synthesis and a microwave synthesis method. These silicon nanoparticles were applied for the absorption of methyl blue dye. The microwave silica nanoparticles show higher values for surface area, poor volume, pore diameter, porosity, and purity compared to the traditionally synthesized silica nanoparticles. The microwave silica nanoparticles had an absorption capacity of 679.9 mg/g and a removal percentage of 80%. The thermodynamic results for the absorbent revealed a favorable spontaneous exothermic reaction for both nano-silica particles (Peres et al., 2018).



Photocatalytic Degradation

Nayak et al. (2019) synthesized a nanocomposite of ZnO and CuO using electronic waste, specifically printed circuit boards. These composites were formed by applying nitric acid to the memory slots and processing the leached liquid using an alkaline hydrothermal treatment. The composites were characterized using high-resolution transmission electron microscopy (HR-TEM), diffuse reflectance ultraviolet-visible spectrophotometry (UV-DRS), and UV–Vis. The nanocomposites were composed of CuO cores with ZnO nanostructures precipitated onto the cores. The nanoparticles proved to be effective photocatalyst for methyl orange dye degradation in the presence of visible light and hydrogen peroxide. These nanoparticles show promise as photo-Fenton catalysts for organic pollutants (Nayak et al., 2019).

Wu et al. explored another strategy for the photocatalytic degradation of pollutants in wastewater. Wu et al. prepared a metals-doped ZnO (M-ZnO) nanomaterial using fabric filter dust. The dopants used (Fe, Mg, Ca, and Al) and the zinc were all obtained from fabric filter dust without the addition of chemicals as elemental sources. The doped M-ZnO nanoparticles were prepared through sulfolysis combining co-precipitation processes. The nanoparticle acts as a favorable photocatalyst for the breakdown of organic substances, specifically phenol, under visible light irradiation (Wu et al., 2014).



Decomposition

Lee et al. studied the removal of nitrobenzene using synthesized zero-valent iron nanoparticles. The iron oxide to synthesize the nanoparticles comes from the pickling line of a steel plant. These particles are approximately 500 nm. The particles showed a reaction activity much higher than commercial zero-valent iron. Lee et al. proposed that in presence of the synthesized zero-valent iron nitrobenzene deoxidizes to nitrosobenzene. The nitrosobenzene is then reduced to aniline which is more biodegradable than nitrobenzene. When combined with biological processes these nanoparticles show promise in decomposing nitrobenzene in wastewater (Lee et al., 2015).




Monitoring of Pollutants in Water

Laboratory tests utilized to identify pollutants in water are cost-prohibitive in some communities because they require trained personnel and expensive equipment to run. To address this problem, researchers are developing low-cost sensors to monitor pollutants using nanoparticles. Some researchers take it a step further using recycled nanoparticles. Lu et al. (2012) developed an optical sensor that uses recycled carbon nanoparticles from waste pomelo peels. Pomelo (Citrus maximus) has a grapefruit-like flavor with a much thicker peel and is a popular fruit from Brazil to Southeast Asia. The particles, derived from the hydrothermal processing of the pomelo peels, need no further chemical modification. The carbon particles have a reported quantum yield of approximately 6.9%. These particles were tested for use in the detection of mercury (Hg2+) based on the mercury-induced fluorescence quenching of the carbon particles. The particles' selectivity and sensitivity were excellent, and the particles had a limit of detection as low as 0.23 nM. The carbon nanoparticles have also been successful in mercury detection in lake water samples (Lu et al., 2012).

Abdelbasir et al. (2018a) developed an electrochemical sensor for environmental protection applications. The sensor was fabricated by anchoring copper nanoparticles to laser-scribed graphene electrodes. The nano-cuprous oxide was synthesized from electrical waste. The unique structure of the nanoparticles made them stable, linker-free, and size-tunable. The anchoring of the particles to the graphene electrode reduced internal/charge transfer resistance enhancing electrochemical performance. The effectiveness of the sensors in detecting dopamine and mercury was evaluated. In the case of dopamine, the sensor shows a linear calibration curve between 300 nM and 5 uM, a limit of detection of 200 nM, a sensitivity of 30 nA μM−1 cm−2, and a response time of 2.4 ± 0.7 s. In the case of mercury, the sensor shows a linear calibration curve between 0.02 and 2.5 ppm, a limit of detection of 25 ppb, a sensitivity of 10 nA ppm−1, and a response time of fewer than 3 min. The proposed approach presented to fabricate these sensors is scalable as wires are used in a variety of commonplace goods and industries (Abdelbasir et al., 2018a).



Capture of Air Pollutants

Zeng et al. tested a means of deriving porous silica nanoparticles (PSNs) from rice husks with a simple template-free method. This method is inexpensive, fast, simple, and energy saving. (NH4)2SiF6 salt formed during the synthetic process serve as a porogen. Thus, providing control of the porosity of the PSNs without the need for extra pore-directing templates and post-heat-treatment by varying the molar ratios of HF/Si and NH4OH/Si. The PSNs were evaluated as support for polyethyleneimine (PEI). The PEI/silica composite reached an adsorption capacity of 159 mg/g at 75°C under 15% CO2. According to Zeng et al. this is superior to waste silica precursors reported in the literature. The sorbent also showed high stability during 20 cycles of absorption and desorption. This implies that it has potential in post combustions CO2 capture. The silica used could also be sourced from other waste streams such as bottom ash and fly ash (Zeng and Bai, 2016).




SUSTAINABILITY CONSIDERATIONS AND CONCLUDING REMARKS

Throughout this review, different possibilities for using waste materials as inputs for the production of NPs have been exemplified and discussed in the context of research. While the concept of turning waste into advanced technologies for environmental applications may, at first glance, look like an attractive full-circle approach, there are significant knowledge gaps about engineered nanomaterials that should be addressed before transitioning these ideas from the lab to the real world; particularly regarding energy use, generation of secondary wastes, fate and transport behavior, exposure routes in different environments, and toxicity levels in diverse organisms (Kumar et al., 2014). As viable processes emerge from the proof-of-concept stage, careful cost-benefit analyses must be conducted. Though there is no simple path for overcoming the negative implications of the current “end-of-life” waste management systems, many experts have highlighted the importance of conducting life cycle assessments and risk analysis early on during the development of new technologies and processes, and also, to account for aging transformations and potential release of nanomaterials and byproducts in the environment. Thus, minimizing the potential for the future unveiling of unintended consequences (Dhingra et al., 2010; Grillo et al., 2015; Mitrano et al., 2015). However, performing the pertinent life cycle assessment and risk analyses implies having access to a sufficiently large body of data on emissions and environmental concentrations on engineered NPs. Hence, most data available in the literature have been obtained through modeling and simulation of the release of NPs from containing products during consumer manipulation; thus, empirical information on release coefficients throughout all stages of the life cycle (including production, usage, and disposal) is a limiting factor (Aitken et al., 2006; Gottschalk and Nowack, 2011).

At the production stage, the twelve principles of green chemistry provide a suitable framework for manufacturing NPs and NP-enabled technologies. These principles are intended to guide the design of chemical routes that yield enhanced sustainability outcomes (Gilbertson et al., 2015; Benelli, 2019). Nevertheless, the fact that NPs can be produced through sustainable approaches does not mean that the fabricated NPs are intrinsically safe and that their use and release in the environment will not cause harm. In the last decade, some studies have shown that engineered NPs that have already been used in different applications, including food manufacturing and packaging, could dramatically disrupt epigenetic mechanisms, and there are several questions regarding their ability to induce diseases (Smolkova et al., 2015). Perhaps, fullerenes are amongst the better-known class of engineered NPs. Several in vitro and in vivo studies have reported on the interactions and toxicity of carbon nanomaterials with various living systems (Liu et al., 2013b; Lalwani et al., 2016). Kagan et al. (2005) discussed how the very same properties that make CNTs so desirable for technological applications are also associated with inflammatory reactions and fibrogenic events that impair lung function in mice making their respiratory system more prone to infections (Kagan et al., 2005). The effects of inhalation of CNTs have been compared to those of asbestos fibers, which are known cytotoxic and carcinogenic particles (Sanchez et al., 2009).

In conclusion, to realize the potential benefits from the implementation of waste-derived NPs, a complex web of influencing factors must be understood, and decisions should err on the side of precaution and ethics. Scale and scope of the applications of these NPs, as well as strategies to enable closed-loop management of the engineered nanomaterials, should be defined on a regional basis and management policies should be informed by health and environmental science.
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The dye industry is one of the largest water consuming industries, and at the same time generates large quantities of wastewaters. The resulting wastewaters require proper treatment before discharge, because the dye contents have a negative effect on the water body and organisms present in it. The most efficient treatment method for water containing dyes is represented by adsorption processes. The challenge with these adsorption processes is to develop new, efficient, viable, and economic adsorbent materials. Therefore, in the present paper, the performance of Zn2Al-layered double hydroxide, prepared from an industrial waste (zinc ash) as a zinc source, was investigated in the Orange II dye adsorption process. The Zn2Al-layered double hydroxide prepared from secondary sources presents similar morphological and structural characteristics as those prepared from analytical grade reagents. The influence of initial dye concentration, adsorption time, solid:liquid ratio, pH, and temperature was evaluated in order to confirm the benefit of this waste valorization. A comparison with the reference Zn2Al-layered double hydroxide prepared from analytical grade reagents was performed and the results show that due to the small presence of impurities, the material prepared from zinc ash shows better adsorption capacities (qmax,exp = 42.5 mg/g at 293 K) than the material prepared from reagents (qmax,exp = 36.9 mg/g at 293 K), justifying the utilization of secondary sources for layered double hydroxides preparation. The proposed treatment process presents advantages from both economic and environmental protection point of view.

Keywords: layered double hydroxides, zinc ash waste, Orange II adsorption, equilibrium, kinetics, thermodynamics


INTRODUCTION

Synthetic dyes are used in many industries, such as the textile, plastics, leather, pharmaceutical, paint, and electroplating industries. Their intensive use leads to an increase of discharged effluents with dye content in water streams, representing an increased danger for environmental protection and human health (Jin et al., 2008; Hsiu-Mei et al., 2009; Kousha et al., 2012). In particular, the International Agency for Research on Cancer (IARC) classified Orange II dye as a category 3 carcinogen in humans (Pan et al., 2011). Their property of fast dispersion in water and their complex aromatic structure slow down the efficiency of the water treatment process, such as biological treatment and the oxidation processes (Abramian and El-Rassy, 2009; Hsiu-Mei et al., 2009; Jin et al., 2014; Asfaram et al., 2015; Ghaedi et al., 2015). From all the conventional processes used for treatment of water containing dye pollutants, adsorption proved to be the most efficient. If the formation of toxic sludge is avoided, it could be used for a wide range of water compositions—implying low operational costs (Bouhent et al., 2011; Mahmoodi et al., 2011; Kousha et al., 2012; Kaur et al., 2015). The most important factor which has the greatest influence on the efficiency of an adsorption process is represented by the adsorbent material type. An efficient adsorbent material must fulfill the following criteria: high adsorption kinetics, great selectivity, high adsorption capacity, thermal and chemical stability, and easy preparation. These properties are accomplished by layered double hydroxides (LDHs), also called hydrotalcite-like compounds, due to their distinctive characteristics; positively charged metal hydroxide layers and interlayer balancing anions which lead to large interlayer spaces, tunable chemical composition, and the reasonable number of exchangeable anions (Aguiar et al., 2013; Lafi et al., 2016; Mandal and Sandhya, 2019). In the last few years, in order to decrease the synthesis costs and also to reduce the quantity of waste discharged in the environment, attention has been focused on the LDH synthesis starting from secondary sources (Li et al., 2012; Murayama et al., 2012; Santini and Fey, 2012; Barik et al., 2014). Therefore, the novelty of this paper consists of the use of a Zn2Al-layered double hydroxide, prepared from an industrial waste zinc source (zinc ash), as the adsorbent material in the removal process of Orange II dye from aqueous solutions. The influence of initial dye concentration, time of adsorption, solid:liquid ratio, pH, and temperature was evaluated in order to confirm the benefit of this waste valorization. A comparison of the adsorption performance of the studied materials with a reference Zn2Al-layered double hydroxide, prepared from analytical grade reagents, was performed. The proposed method of using, as adsorbent materials, LDH obtained from an industrial waste, presents multiple advantages, such as: decreasing the waste discharged in the environment, minimizing the use of primary materials, and reducing costs of the adsorption process.



MATERIALS AND METHODS

All reagents utilized in this study were purchased from Merck (Germany) and were used as received. The layered double hydroxides (Zn2Al-CO3 - type) utilized in this study were prepared and characterized in a previous study (Cocheci et al., 2018). The sample Zn2Al – R was prepared by starting of analytical grade reagents and utilizing the co-precipitation at low oversaturation method, as described by Cavani et al. (1991). The sample Zn2Al – W was prepared starting from fine grained zinc ash (d < 0.315 mm), a waste produced by the hot-dip galvanizing process. The schematic procedure of the Zn2Al – W sample preparation is presented in Figure 1. After mixing the zinc ash with 20% HCl in order for zinc dissolution to occur, the zinc chloride solution was separated by filtration from unreacted compounds and utilized as a zinc precursor for the Zn2Al – type layered double hydroxide preparation, by utilizing the same co-precipitation method. The zinc chloride solution was mixed with a defined quantity of aluminum nitrate in order to obtain a molar ratio Zn2+ : Al3+ = 2 : 1 and a total molar concentration of the 1 M in 200 cm3 metal precursors solution. This solution was added drop by drop to a Na2CO3 1M solution under vigorous magnetic stirring. The pH was kept constant to pH = 10.5 by adding a 2M NaOH solution and was monitored with an InoLab pH-meter. After total addition of metal precursors solution, the precipitate was aged at 70°C overnight, washed with distilled water until all impurities and unreacted compounds were removed, filtered, and dried at 70°C. The LDH samples were crushed and sieved in order to obtain particles with dimensions <90 μm.


[image: Figure 1]
FIGURE 1. Schematic procedure of Zn2Al–W sample preparation from zinc ash.


The structural characterization of prepared LDH reveals that the sample prepared from zinc ash has similar characteristics to the sample prepared from analytical grade reagents Supplementary Table 1 presents the unit cell parameters for the two materials and the morphological characteristics (BET surface area and the pore volumes) for the synthetized samples (Cocheci et al., 2018). The SEM images are presented in Figure 2, together with the EDX spectra. From the SEM images of the materials, it is evident that the formation of highly agglomerated hexagonal plates with different sizes and good crystallinity, stacked with one another—this behavior being well-known for this type of materials synthesized by a co-precipitation method. In case of LDH-W (Figure 2A), due to the presence of a small quantity of impurities (Fe, Pb, Ca) from the zinc ash, an inhomogeneity of the surface and a smaller crystallinity is evidenced.


[image: Figure 2]
FIGURE 2. SEM images and EDX spectra for (A) LDH-W and (B) LDH-R.


Orange II dye adsorption experiments were developed in batch mode in order to obtain information about the adsorptive behavior of the two materials. In order to study the benefit of waste valorization onto LDH, kinetic, thermodynamics and equilibrium studies were performed. The kinetic studies were performed studying the influence of different parameters such as: pH, solid:liquid ratio, initial dye concentration, and temperature at various stirring times upon the adsorption performance developed by the two studied LDHs. The adsorption characteristics were obtained by contacting a defined amount of adsorbent (Zn2Al – R or Zn2Al – W) with 50 cm3 solutions of different concentrations of dye (10 – 200 mg/L).

The adsorption capacity at equilibrium (qe) and at time t (qt) were calculated taking into account the mass balance of Orange II dye adsorbed onto the LDH surface:

[image: image]

where qe is the adsorption capacity of adsorbent at equilibrium (mg/g), V the volume of the solution (L), C0 (mg/L) and Ce (mg/L) the initial and equilibrium concentrations of Orange II, and m the mass of adsorbent (g).
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where qt is the adsorption capacity of adsorbent at time t (mg/g), V the volume of the solution (L), C0 (mg/L) the initial concentration of Orange II, and Ct (mg/L) the concentration of Orange II at time t, and m the mass of adsorbent (g).

The structural characterization of exhausted materials after adsorption was performed by utilization of XRD and FTIR techniques. The X-ray diffractograms were recorded using a Rigaku Ultima IV X-ray diffractometer (40 kV, 40 mA) with CuKα radiation. The Fourier-transform infrared spectra (FTIR) were recorded in the domain 400–4,000 cm−1 using Bruker Vertex 70 FTIR equipment. The concentrations of Orange II dye solutions were sprectrometrically determined at 480 nm using a Varian 100 UV-VIZ spectrometer.



RESULTS AND DISCUSSION


Determination of pHpzc for the Adsorbents

Due to the fact that layered double hydroxides consist in positive layers of mixed metal hydroxides, the pH of working solutions plays an important role in the adsorption behavior of these materials. Depending on the value of the initial pH of the working solution, the surface of the materials can be either negatively charged, neutral at a particular pH, or positively charged. The value of pH at which the surface of the materials is neutral (the so-called pH of point of zero charged pHpzc) was determined by contacting 0.0050 g of solid materials with 50 cm3 of solutions of HNO3 or NaOH with defined pHi values. After 24 h of mixing, the values of final pH (pHf) of the solutions were determined. By plotting pHf = f(pHi), the pHpzc can be determined as the intersection point of the obtained curve with the theoretical curve pHi = pHf. The pH of point of zero charged for the studied materials is presented in Figure 3.


[image: Figure 3]
FIGURE 3. Determination of pHpzc for the adsorbents.


From Figure 3 it can be observed that the behavior of the materials (LDH – R, prepared from analytical grade reagents and LDH – W, prepared from waste) is similar and the pH = 9.5 represents the point of zero charge of the surfaces for both materials. At pH values lower than pHpzc = 9.5 the surface of LDH became positive due to the protonation effect, while at pH values greater than pHpzc = 9.5 the surface of LDH became negative due to the deprotonation effect (Xu et al., 2008). From a practical point of view, if the initial pH of the working solution has values lower than pH = 4, or greater than pH = 12, the mixed hydroxides can be dissolved.

On the other hand, the Orange II dye exists in aqueous solutions in various forms (Bourikas et al., 2005), but in the pH range of 2 – 9 only the partial ionized species (HL−) is present; the fully ionized species being predominant at pH > 12 (Zaheer et al., 2019).



Kinetic Studies
 
At Different pH Values

The studies about pH influence on the adsorption process were performed by starting with 40 mg/L dye solutions, 1 g/L solid:liquid ratio, and an experimental temperature of 20°C. The influence of pH on the adsorption process is presented in Figure 4A.


[image: Figure 4]
FIGURE 4. Influence of: (A) initial pH; (B) S:L ratios; (C) initial concentrations of dye and (D) temperature on the Orange II adsorption process at different stirring times.


It is evident that acidic conditions are favorable for the adsorption capacity of materials. As the pH of the dye solution increases, the adsorption capacity decreases. Comparing the sample prepared from analytical grade reagent (LDH – R) and that prepared from waste (LDH – W), at pH = 4 and after 90 min of adsorption, the adsorption capacities are similar. At initial pH = 6.3, the LDH prepared from waste (sample LDH – W) adsorbed better than the sample LDH – R (prepared from analytical grade reagents). We decided to run the following experiments at natural pH of initial Orange II solutions (5 < pH < 7) for practical convenience. It can also be observed that at each pH and for both studied adsorbents, the quantity of the adsorbed dye takes place very fast in the first 5 min of stirring. After that, the increase of the adsorption capacity is not so significant.



At Different Solid:Liquid Ratios

To study the influence of the quantity of adsorbent material on the removal of Orange II dye, different amounts of LDH were added, ranging between 25÷100 mg, into the flask containing 50 mL of dye solution. The experiments were performed at pH ~6.3, temperature 293K and the initial dye concentration of 40 mg/L. The resulting suspensions were stirred in a Julabo SW 22 multishaker at 200 rot/min. The samples were removed from stirring at predetermined time intervals and solids were removed by filtration and the filtrate was analyzed to establish the residual dye concentration. The results are shown in Figure 4B.

It is evident that the increase in the adsorbent dose lead to the decrease of the quantity of adsorbed dye. In case of the highest S:L ratio there is not a great difference between the adsorption capacity developed by the studied adsorbent. At a lower S:L ratio the adsorption capacity developed by LDH-W is higher than the adsorption capacity developed by LDH-R. Because the main purpose is to decrease the treatment costs, it is more efficient to use a lower S:L ratio. Therefore, further studies were performed using 1 g of LDH for the treatment of 1 L of aqueous solutions containing Orange II. By studying the second parameters, solid:liquid ratio, at different stirring times, the same conclusion can be drawn—that the main quantity of dye is adsorbed in the first 5 min of stirring. At higher stirring time, the adsorption capacity presents a slow increase, regardless of working conditions.



At Different Initial Concentrations of Dye

The effect of stirring time upon the adsorption performance was also studied using three different initial concentrations of dye (20, 40 and 80 mg/L). The experiments were performed at pH ~6.3, temperature 293K, and the dosage of adsorbent 1 g/L. The results are shown in Figure 4C.

The difference between the adsorption capacities developed by the two studied adsorbents is more relevant when it is used at higher initial concentrations of Orange II in solution. The presence, in the LDH structure (in case of the LDH-W, obtained from waste), of impurities (such as: Fe, Ca, Pb) lead to the decrease of its crystallinity, conferring inhomogeneity to the adsorbent surface and increasing the number of available sites for dye adsorption (Cocheci et al., 2018). At the same time, the LDH obtained from waste presents larger pores. All of this leads to the fact that LDH-W develops much higher adsorption capacity than LDH-R in the removal process of Orange II from aqueous solutions.

The performance of the studied materials developed in the adsorption process of Orange II from aqueous solutions was compared with the adsorption performance of other materials reported in specialty literature (Table 1). It can be observed that the Zn2AL-LDH prepared from secondary sources present better adsorption capacity than other similar materials studied for the removal of Orange II from aqueous solutions.


Table 1. The comparison between the adsorption capacities of similar adsorbents developed in the treatment processes of aqueous solutions containing Orange II.

[image: Table 1]



At Different Temperatures

The kinetic studies were also performed at three different temperatures (293, 308, and 323 K) in order to determine the effect of temperature on the Orange II adsorption process, using LDH-R and LDH-W as adsorbent materials. The experiments were performed at pH ~6.3, the initial dye concentration of 40 mg/L and the dosage of adsorbent 1 g/L. The results are shown in Figure 4D.

The temperature increase lead to a slow increase of the quantity of dye adsorbed onto the studied materials. At the same temperature, the LDH obtained from waste developed a higher adsorption performance than the LDH obtained from the reagent.

It can be concluded that the equilibrium between the studied LDHs and the adsorbate is achieved quite quickly, regardless of working parameters. The largest quantity of Orange II is retained by the studied LDHs in the first 5 min of stirring, then the adsorption capacities of the material present a slow increase in time due to the decrease of the active site available for adsorption. After 15 min of contact between the two phases, the adsorption capacities of the studied materials are not influenced by the stirring time. It can be concluded that the studied layered double hydroxides are more efficient adsorbent materials for Orange II removal, than other adsorbents reported in literature due to the fact that in this case the equilibrium is achieved more quickly. In case of Orange II adsorption onto metal-Organic Framework (MOF) iron-benzenetricarboxylate (Fe(BTC)), the equilibrium is achieved between 80 and 140 min (García et al., 2014) and through adsorption onto phosphoric-acid modified clam shell powder after 90 min of stirring (Ma et al., 2013).

In order to investigate the mechanism of adsorption of Orange II onto LDH-R and LDH-W, kinetic models are used to test the experimental data. The experimental curves were fitted with the linear forms of the pseudo-first order (PFO) (Equation 3) (Georgin et al., 2016) and pseudo-second order (PSO) (Equation 4) (Hu et al., 2010; Plazinski et al., 2013; Georgin et al., 2016; Zaheer et al., 2019) models:
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where k1 (min−1) and k2 (g mg−1 min−1) are the rate constants of the PFO and PSO models, respectively; qe and qt (mg g−1) are the equilibrium adsorption capacity and the adsorption capacity at time t (min), respectively.

The kinetic parameters k1 and qe were determined from the slope and intercept of the linear plot ln(qe-qt) vs. t (figures omitted for the sake of brevity). For the PSO the graphical representations of t/qt=f(t) were used in order to determine the kinetic parameters k2 and qe (Figure 5). The kinetic parameter together with the obtained correlation coefficients are presented in Supplementary Table 2.


[image: Figure 5]
FIGURE 5. Pseudo-second-order kinetic models for adsorption of Orange II at: (A) different pH; (B) different S:L ratio; (C) different dye concentrations; (D) different temperatures.


The plots of t/qt vs. t show good linearity, regardless of the working conditions, implying that the adsorption system follows the pseudo-second-order kinetic model. In all cases the correlations coefficients obtained for the fitting of the experimental data with the PSO model is close to unity compared with the correlation's coefficients obtained in case of the fitting of the experimental data with the PFO model. Furthermore, the qe calculated from the linear plot of the PSO kinetic model are close to those experimentally determined. All of this suggests that the pseudo second order kinetic model describes the adsorption of Orange II onto the studied LDH, implying a chemisorption process.




Equilibrium Studies

In order to determine the maximum adsorption capacities of the studied materials, equilibrium studies were performed with solutions containing initial concentration of Orange II between 10 and 100 mg/L, a S:L ratio of 1 g/L, at three different temperatures (293, 308, and 323 K). Due to the fact that, at 323 K, the equilibrium was not reached with the same starting dye solutions as in previous experiments, we performed the equilibrium studies with an initial concentration of Orange II between 40 and 200 mg/L.

The experimental data were fitted with the non-linear form of the Langmuir and Freundlich isotherms in order to describe the equilibrium between the adsorbent materials and Orange II. The non-linear mathematical expression of Langmuir model is represented in Equation (5) (Tran et al., 2016):
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where qmax (mg/g) is the maximum saturated monolayer adsorption capacity under the given conditions and KL (L/mg) is the Langmuir constant related to the affinity between an adsorbent and adsorbate.

The non-linear form of Freundlich isotherm is described by Equation (6):

[image: image]

where KF (mg/g)(L/mg)1/n is the Freundlich constant and 1/n (0 < n < 10) is a Freundlich intensity parameter.

The equilibrium isotherms of Orange II adsorption onto LDH-R and LDH-W at the studied temperatures are shown in Figures 6–8. The equilibrium isotherms parameters, together with the obtained correlation coefficients, are presented in Table 2.


[image: Figure 6]
FIGURE 6. Equilibrium isotherms of Orange II adsorption onto: (A) LDH-R and (B) LDH-W at 293 K.



[image: Figure 7]
FIGURE 7. Equilibrium isotherms of Orange II adsorption onto: (A) LDH-R and (B) LDH-W at 308 K.



[image: Figure 8]
FIGURE 8. Equilibrium isotherms of Orange II adsorption onto: (A) LDH-R and (B) LDH-W at 323 K.



Table 2. Equilibrium parameters for Orange II adsorption onto LDH-R and LDH-W.
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The adsorption performance of the studied materials increases with the increase of the working temperatures. At 323 K the maximum adsorption capacities developed by LDH-R and LDH-W is 117 and 126 mg/g, respectively. These values are almost 3 times higher than the maximum adsorption capacities resulted at 293 K. Due to the fact that the isotherms present an S shape at 323 K the initial concentration of Orange II was increased until the equilibrium was reached. According to Giles and et al., this shape is obtained when the compounds containing a sulfonate group and an aromatic ring are absorbed vertically to the adsorbent surface, implying strong intermolecular forces (Giles et al., 1960). At a higher temperature, the diffusion and mobility of the Orange II particles are increased leading to a higher mass transfer rate from solutions to the surface of the studied LDHs. Furthermore, this behavior suggests that the adsorption of Orange II onto LDHs materials is a chemisorption. By increasing the temperature, the rate of the chemical reaction increases, the favorable intermolecular forces between the LDHs surface and dye are much stronger than those between adsorbate and solvent (Kaur et al., 2013; Gupta et al., 2017). The increase in adsorption capacities of adsorbents with an increase in temperature may also be attributed to the pore size enlargement (Demirbas et al., 2008; Banerjee and Chattopadhyaya, 2017).

It is observed that for both adsorbents the curves obtained from the two models reproduce, with sufficient accuracy, the experimental data. Also, for various temperatures and both models, the values of the correlation coefficient R2 are higher for LDH-R and, for the same type of adsorbent, these values are higher for the Langmuir model (Table 2). Furthermore, the maximum adsorption capacities developed by the studied adsorbent and experimentally determined are close to those calculated from the Langmuir isotherm, regardless of the working temperatures. These data indicate that the Langmuir model described the adsorption of Orange II onto the studied LDHs on the entire concentration range, suggesting that the adsorption takes place from a monolayer onto the adsorbent surface (Tran et al., 2016). The LDH obtained from waste developed a higher maximum adsorption capacity than the LDH synthesized from reagents (Table 2).

The strength of adsorption is indicated by the magnitude of the Freundlich constant (KF), which is the highest at the highest temperature (for both adsorbents) and for LDH-W (at the same temperature). For all the cases the Freundlich parameters 1/n present sub unitary values which indicates the affinity of Orange II for the studied adsorbents (Gupta et al., 2017).

In order to determine if the Orange II adsorption takes place due to a physisorption or a chemisorption process, the adsorption energy E was estimated by applying the Dubinin-Radushkevich (D-R) isotherm. The linearized form of this isotherm is given in Equation (7) (Hadi et al., 2010):

[image: image]

where BD is the D-R model constant (mol2/kJ2) and ε is the Polanyi potential (Equation 8):

[image: image]

The adsorption energy E whose magnitude can provide information on adsorption mechanisms is determined from Equation (9), BD being determined from the linear representation of lnqe=f(ε2):

[image: image]

The D-R isotherm parameters are presented in Table 2. The low values of the adsorption energy confirm that the dye adsorption on both adsorbents is physically achieved. The maximum adsorption capacities calculated from the D-R isotherms present values lower than those experimentally obtained.

Due to the fact that the Langmuir isotherm best described the adsorption of Orange II onto the studied LDHs, the equilibrium experimental data were also fitted with its four linear forms which are presented in Equations (10)–(13) (Tran et al., 2016):

Langmuir linearization (type 1):

[image: image]

Langmuir linearization (type 2):

[image: image]

Langmuir linearization (type 3):
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Langmuir linearization (type 4):

[image: image]

The symbols have the same meaning as described before. The applicability of these isotherms was compared based on the error function values: correlation coefficient R2, chi-square test χ2 (Equation 14) (Hadi et al., 2010), average relative error ARE (Equation 15) (Li et al., 2017), and normalized standard deviation Δq (Equation 16) (Lv et al., 2007):
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The Langmuir parameters determined from its linear representations (figures omitted for the sake of brevity) are presented in Supplementary Tables 3, 4.

Each of the four linear forms of the Langmuir isotherm will result in different parameter estimates as shown in Supplementary Tables 3, 4. The adsorption of Orange II onto LDH-R and LDH-W adsorbents is well-represented by the Langmuir type I model with highest coefficient of determinations; R2 values as shown in Supplementary Tables 3, 4, indicate that there is strong evidence that the sorption of the chosen dye onto the prepared samples follows the Langmuir isotherm.



Thermodynamic Studies

The thermodynamic parameters were calculated according to the following equations (Kaur et al., 2013; Banerjee and Chattopadhyaya, 2017; Gupta et al., 2017):
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where: ΔG° is Gibbs free energy (KJ/mol), ΔS° is the entropy and heat of adsorption (J/mol K), ΔH° is enthalpy (kJ/mol), T is the absolute temperature (K), R is universal gas constant (8.314 J/(mol·K)), and Kd is the distribution coefficient.

ΔH° and ΔS° were obtained from the slope and intercept of van't Hoff plots of lnKd vs. 1/T (Figure 9) and the resulted values, together with the Gibbs free energy calculated with Equation (17) and the correlation coefficients, are presented in Table 3.


[image: Figure 9]
FIGURE 9. Effect of temperature on the adsorption of Orange II onto the studied materials.



Table 3. Thermodynamic parameters of Orange II adsorption onto the studied materials.

[image: Table 3]

The positive value of ΔH° thermodynamically substantiates the assumption that the adsorption of Orange II on the studied LDH is endothermic in nature. The feasibility and spontaneity of the adsorption process was confirmed by the obtained negative values of ΔG°. The positive value of ΔS° suggested an increase in randomness at the solid/liquid interface during adsorption of Orange II dye onto the studied materials. Adsorption is then likely to occur spontaneously at a high temperature because ΔH° > 0 and ΔS° > 0 (see Table 3) (Kaur et al., 2013; Banerjee and Chattopadhyaya, 2017; Gupta et al., 2017).



The Structural Characterization of Exhausted Materials After Adsorption

The XRD patterns of exhausted adsorbents are presented in Figure 10. The diffraction peaks of materials after Orange II dye adsorption are characteristic for layered double hydroxides with carbonate as an interlayer anion, since no modification in the position of the main peaks and basal spacing occurred. The basal spacing d003 and the d110 distances (cation-cation distance in the hydroxides layer) of the as-synthetized materials were d003 = 7.605 Å (d110 = 3.082 Å) for Zn2Al – LDH prepared from zinc ash and d003 = 7.598 Å (d110 = 3.080 Å) for Zn2Al – LDH prepared from analytical grade reagents (Cocheci et al., 2018). For the materials separated after Orange II adsorption, the basal spacing and d110 distances are: d003 = 7.593 Å (d110 = 3.079 Å) for LDH – W (prepared from waste) and d003 = 7.587 Å (d110 = 3.077 Å) for LDH – R (prepared from analytical grade reagents). Studies regarding Orange II intercalation in the interlayer space of layered double hydroxides find that the basal spacing became larger due to this intercalation (Geraud et al., 2007; Liu et al., 2007). The unchanged basal spacing in our case suggests that, due to the presence of a carbonate anion in the interlayer space of LDH (due to the strong electrostatic attraction and the hydrogen bonds that the carbonate creates with the hydroxides layer), the organic dye was adsorbed on the surface of the layered double hydroxides.


[image: Figure 10]
FIGURE 10. The XRD patterns of (A) LDH–R and (B) LDH–W after Orange II adsorption.


The FTIR spectrum of Orange II (Figure 11) presents several absorption bands between 1,700 and 1,000 cm−1; the bands with maxima at 1,662 and 1,622 cm−1 correspond to a combination of phenyl ring vibrations with stretching of the C = N groups (Stylidi et al., 2004; Zhang et al., 2007). The band with a maximum at 1,614 cm−1 correspond to carbonyl (C = O) stretching vibrations and the maximum at 1,473 cm−1 are attributable to N = N stretching vibrations. The bands with maxima at 1,396 cm−1 and 1,320 cm−1 could be attributed to O – H bending vibrations (Stylidi et al., 2003). The absorption band with a maximum at 1,090 cm−1 could be attributed to the ν(N – N) stretching vibrations, and the maxima located at 1,153 cm−1 and 1,045 cm−1 correspond to the coupling between the phenyl ring and the νs(SO3) mode of the sulfonate group (Zhang et al., 2007).


[image: Figure 11]
FIGURE 11. FTIR spectra of (A) Orange II dye; (B) LDH–R after adsorption; (C) LDH–W after adsorption.


The FTIR spectra of exhausted adsorbents present the main absorption bands that are characteristic of layered double hydroxides but also show some small shoulders that correspond to the vibrations of sulfonate groups of Orange II dye (Figure 11). The main FTIR absorption bands of LDH – R (Figure 11B) and LDH – W (Figure 11C) could be attributed as follows: the strong band at 3,380 cm−1 is attributable to O – H stretching vibrations of Zn and Al hydroxides from the layer, the band with a maximum at 1,360 cm−1 could be assigned to the stretching ν3 mode of carbonate. The small shoulders at 1,504 cm−1 can be attributed to a lowered carbonate symmetry that activated the ν1 vibration mode of carbonate (Carja et al., 2001). The lowering of the carbonate symmetry activated the appearances of some weak shoulders corresponding to the ν2 and ν4 vibration mode of carbonate, visible at around 920 cm−1 and 600 cm−1, respectively (Kloprogge et al., 2002). The band located around 770 cm−1 and the band at around 550 cm−1 may be due to the Al – O or Zn – Al – O bond vibrations in the brucite-like layer (Cocheci et al., 2018). The small shoulders that are located at 1,120 cm−1 and 1,005 cm−1 could be assigned to the bands of sulfonate group of Orange II dye that are shifted to lower frequencies due to the interactions with the hydroxides layer (Geraud et al., 2007).

The adsorption mechanism of Orange II onto the LDH-R or LDH-R adsorbents might involve two paths: external surface adsorption of dye via electrostatic interactions or replacement of carbonate anions from the interlayer region by the sulfonate group via anionic exchange (Lei et al., 2017; Srilakshmi and Thirunavukkarasu, 2019). From the structural characterization of exhausted materials after adsorption, it could be concluded that, in this case, the mechanism of Orange II adsorption onto the studied materials involves electrostatic interactions. This conclusion is in agreement with reports of other researchers who studied the adsorption of different anionic dyes on similar adsorbent materials (Geraud et al., 2007; Khosla et al., 2013; García et al., 2014; Jin et al., 2014). The schematic representation on Orange II adsorption onto the surface of adsorbents is presented in Figure 12.


[image: Figure 12]
FIGURE 12. Schematic representation on Orange II adsorption onto surface of adsorbents.





CONCLUSIONS

In the present paper, the performance of Zn2Al-layered double hydroxide, prepared from an industrial waste (zinc ash) as a source of zinc, and of Zn2Al-layered double hydroxide prepared from analytical grade reagents, as a reference, in the Orange II dye adsorption process, was investigated. The influence of initial dye concentration, time of adsorption, solid:liquid ratio, pH, and temperature was evaluated in order to confirm the benefit of this waste valorization. It was observed that the Orange II adsorption is strongly influenced by the studied parameters, the most efficient results being obtained at an initial pH value around 6, using a solid:liquid ratio of 1 g/L. The Orange II adsorption onto the studied LDH takes place very quickly, most of the dye content being adsorbed in the first 5 min, then the equilibrium is achieved in 15 min, regardless of the working conditions. The kinetic studies showed that the adsorption is described by the pseudo-second order and the equilibrium data presented a good fit with the Langmuir isotherm. The adsorption capacities increase with the increase of working temperature, and the thermodynamic parameters suggest the process of removal was spontaneous and endothermic. These results correlated with the results obtained from the structural characterization of exhausted materials after adsorption, through RX and FTIR, suggesting that the Orange II adsorption onto the studied materials occurs due to a chemisorption, implying strong intermolecular forces between the sulfonate group of the dye and the active sites of the adsorbent surface. For all the working conditions the LDH obtained from zinc ash shows better adsorption capacities than the material prepared from reagents, justifying the utilization of secondary sources for layered double hydroxides preparation. The proposed treatment process presents advantages from both an economic and environmental protection point of view.
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>10

58

58

40
NR
NR
NR
45.8

41.16
NR

85

~39
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Recycled plastics

Value-added
applications

Expected advantages

Foreseen challenges
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PET, PP, PS, LOPE,
HDPE, PVC

PP, LDPE, PS

LLDPE

PVC, PET, PP

LDPE, PET, HDPE,
PVC, PS

PP, PET

Production of liquid fuels.

Production of
construction materials.

Production of printable
paper.
Production of fibers.

Production of new
polymers.

Production of polar
waxes.

Production of carbon
nanoparticles

Reduced need for oil extraction from
natural reserves.

Possibility of utiizing mixed plastics.

High affinity with ink, hydrophobicity, and
durabilty under harsh conditions.
Reduced plastic waste volumes disposed
to landils.

Reduced dependence on petrochemicals
for plastic production.

Catalytic methods for chemical recycing
of polymers are less energy intensive than
thermolysis methods.

Facile 2-step process. Requires low-toxic
solvents that can be recirculated into the
process.

The rheological properties of the obtained
waxes are similar to the commercial ones.
Attractive for applications in a plethora of
advance technologies.

High cost associated with complex
thermochemical processes.

Generation of hazardous byproducts.

Requires ultrafine grinding and thorough mixing
to reduce variability in thermal and mechanical
properties.

Involves the use of hazardous organic solvents.

Impurities and contamination potentially
present in the recycled materials produce
significant variations in the properties of the
fibers.

Isolation and purification of monomers from
chemically treated recycled polymers can be
expensive.

The mechanical properties of the newly
synthesized polymers may not meet the
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Overtime, wax deposition may affect the
equipment required for the process.
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manufactured and handed in large quantities.
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Plastic

Polystyrene (PS)

Polyvinylchloride (PVC)

polyethylene
terephthalate (PET)

Polypropylene (PP)

High-density

polyethylene (HDPE)

Low-density
polyethylene (LDPE)

Molecular weight
(g/mol)

104.1
(of repeat unit)

62.50
(of repeat unit)

19217
(of repeat unit)

42,08
(of repeat unit)

10%-107

8.9 x 10* to 4.7 x 10°

Density, (gem™%)  Chemical

formula
1.04-1.11 (CeHs)
1.10-1.45 (C2HsCln
1.38-1.40 (G10H5Ou)n

0.855, amorphous  (CsHg)n

0.946, crystalline
0.93-0.97 (CoHa
0.910-0.940 (GoHahn

Structure

n

o, o
——d : o
L 0
PET

ot
i~
I~

Crystallinity

Highly amorphous (atactic),
Highly crystalline (syndiotactic)

Highly amorphous

Sermi crystaline

Highly crystalline (isotactic),
Highly amorphous (atactic)

High crystaline and low
amorphous

Low crystaline and high
amorphous
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Type of e-waste

cu
Printed circuit board 20
Mobile phone 13
TV board 10
Portable audio 21
DVD player 5
Calculator 3

Fe

6
5
28
23
62
4

Weight (%)

Al

4
1
10
10
&

5

1

0.1
0.3
0.03
0.05
0.5

Pb

25
03
18
0.14
03
0.1

Ag

1,000
1,380
280
150
115
260

Weight* (ppm)

Au

250
350
20
10
15
50

Pd

90
210
10
4

4

5

This table was partially reproduced from Hsu et al. (2019) with republication license provided by the Royal Society of Chemistry (iicense ID: 1034063-1) (Hsu et al., 2019). *Minor

components (<0.03 wt.%).
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Absorbents qeexp  Pseudo-first-order Pseudo-second-order

(mgg~') model model
et Kigny R de2(mg ke (g
(mg g~') ) mg”!

)
LPGC 11109 1054 147 080 1121 0015
cABC 8966 853 097 08 913 0015
LBC 900 83 059 08 92 0091
8C 2875 262 100 063 283 0083

Experimental conditions: m\V/

1mg/ml, Co =20mg L7, T = 298K, pH

R?

0.98
0.96
0.90
0.80
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Adsorbents Temperature Langmuir Freundiich

)
amax K R? Ke n R
(mg/g) (L/mg) [(mg/g)/
(mg/L)'"]
LPGC 298 1697  0.25 098 4111 044 091
308 1659 052 0.98 60.72 033 083
318 1951 021 098 4108 051 097
BC 298 352 0.36 0.93 1432 026 096
308 37.4 033 0.96 1455 028 098
318 46.3 0.30 0.98 1684 029 099

Experimental conditions: m/V = 0.1 mg/mL, Co ranged 5-25mg L=", T = 298, 308,
318K, pH=6.5,t =24 h.
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TK) Ink? AGe (k) AS° (WK AH (kJ mol)

mol") mol)
208 1.22 -302 0015 1.662
308 1.36 -850
318 1.26 -334

Experimental conditions: m/V = 0.1 mg/mL, Co = 20mg L~!, T = 298, 308, 318K, pH
65, t=24h.
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Material

Rice straw
Pinewood
Pig manure
Sugarcane
Isabel grape
Potato peel
Cocoa shell
Tea waste
LPGC
CABC

BC

BET surface
area (m2/g)

2878
133
435

1145.0
2.0
866
619

865.4

457.4

1758

428.7

pH

Adsorption ambient conditions

Temperature
)

293
298
298
208
296

298
208

298
298

Adsorbent
dose (g)

03
2
2

04

0.0005
10
25
03
0.05
0.05
0.05

Initial concentration
of DCF solution (mg
L)

159
05
05

50.0
100

50.0

100.0

300

20.0

20.0

20.0

Maximum adsorption
capacity (mg g~')

2778
11
a4

315.0

1.1
68.5
63.5
62.5

159.7

913
352
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Samples

LPGC
C/BC

Isotherms
type

v
v

BET surface
area (m2 g~')

457.4
1758
4267

Total pore
volume (em®
g7
0288
0.141
0.265

Micropore
volume (cm®
g7
0.143
0049
0.154

Mesopore
volume
(em® ™)

0.145
0.002
0111

Ratio of mesopore
on total pore
volume (%)

50.3
65.2
418

Average pore
diameter (nm)

2.524
3214
2.449





