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Abstract

:

Climate change is impacting the severity of water pollution, and polluted water bodies have an impact on climate change. Increased precipitation and atmospheric temperature changes affect the flow of water bodies, causing interactions in the chemical kinetics of the contaminants present in water that should not be present in the first place. Likewise, anthropogenic activities and their waste management require urgent actions for the mitigation and adaptation to climate change. Fats, oils and grease (FOG) present in water are difficult to remove and affect the drinking water or wastewater treatment trains; that is, FOG can aggregate and clog subsequent operations and are susceptible to temperature changes. Relevant advances in FOG removal using oleic acid as a model compound submitted to a liquid–liquid extraction under menthol:lactic acid deep eutectic solvent (DES) mixture is presented.
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1. Introduction


FOG are non-polar, hydrophobic chemical substances, and often toxic, organic (not to mention, expensive) solvents must be used for their dilution. During the removal of FOG from water, toxic by-products (e.g., acetate) may be left in the process, and these types of organic compounds have carcinogenic effects in animals, plants and humans [1]. For industries and Water Resource Recovery Facilities (WRRF), the presence of FOG impedes the optimal transport of fluids because these compounds adhere to pipe walls, causing obstructions and economic losses as a result of maintenance, in addition to the consequent environmental impact due to poor management of this waste [2].



FOG pollution comes from a variety of sources, including industry and the domestic use of edible oils. The largest source of pollution by fats is the production and extraction of palm oil, with high concentrations around 4000 to 6000 mg/L [1,3]. As for domestic use, a concentration between 50 and 100 mg/L [1,4] is reported, although kitchen waste is the most important contributor of oils in greywater discharges. Other sources of polluting oils and fats are found in industries that use them in their manufacturing processes, such as food (use of vegetable oils), metal and oil refining (use of oils of non-vegetable origin) [1]. These forms of pollution, through the addition of toxic chemicals and/or man-made by-products, can generate some toxic and greenhouse gases, which can subsequently contribute to global warming or further environmental threats [5,6]; for instance, solutions for the removal of FOG that allow water to reenter productive processes (herein the term “water circularity”) and water resource facilities or drinking water plants need to be found.



Deep eutectic solvents (DES) [7] have been investigated to exploit their uses for organic matter extraction, inorganic ion extraction, extractive distillation, gas absorption and liquid–liquid extraction [8]. Despite the fact that the solubility capacity of long hydrocarbon chains in a DES matrix has already been studied, the application of DES for FOG removal from water from a remediation perspective requires more exploration, especially in the oil and gas sector [9], oil spill removal [10] and wastewater and household management. Estimates for household and industrial oil run off vary greatly because these are difficult to measure [11]. In developing countries such as Ecuador, greywater is often disposed of directly into water bodies, although some interception solutions of these waters are being provided by Ecuadorian water companies, and this type of technology has not yet been applied. In addition, Ecuador shelters the Galápagos Islands, which is a unique environmental area on the planet, and therefore practical and sustainable solutions are needed. DES-like mixtures are tunable solvents that can be customized for a particular type of chemistry application, are easy to handle and are available from relatively inexpensive components; the production of DES involves the simple mixing of two components, generally with moderate heating and stirring, lowering the cost of production compared to conventional solvents and allowing large-scale applications [12]. DES show low vapor pressure, are non-flammable and contain large and asymmetric ions that have low lattice energy and therefore low melting points; this specific temperature is also known as “eutectic point” [12,13]. Because this temperature is observed at the specific molar fraction of one of the components of the mixture, new terms have been suggested to name these mixtures, such as Low-Transition Temperature Mixture (LTTM), which shows a glass transition temperature lower than the melting points of the pure components [14]. Nevertheless, given that these substances are commonly referred to as DES by other authors, including Andrew Abbott, a pioneer in the research of these solvents, throughout this work we will also call these mixtures DES, despite the different molar ratios where the eutectic point is reached [7,15,16].



This work presents, for the first time, the removal results of oleic acid as a model compound of FOG during an extraction process involving a 1:1 equimolar mixture of menthol and lactic acid. These results are part of a green bioremediation technology that is currently being developed that is aimed at circular water management and contributes to lowering carbon emissions based on FOG extraction via Deep Eutectic Solvents to partially substitute current FOG removal practices.




2. Materials and Methods


All reagents used in DES synthesis were of analytical grade. DL-Menthol, USP grade, was purchased from La Casa de los Químicos S.A. (Ecuador). Extra pure grade (>90%) lactic acid was purchased from TM Media and oleic acid (ACS > 99%) from Fisher Scientific (Waltham, MA, USA). For FOG analysis, chloroform (ACS > 99%) was purchased from Sigma Aldrich—Supelco (Sofia, Bulgaria). Throughout all the experimental runs, deionized water (ASTM type II) was used.



Different factors were studied in this work. Here we present the most typical conditions for FOG removal in water. A 1:1 equimolar mixture of menthol:lactic acid is produced by weighing 156.27 g (1 mol) of menthol and 90.03 g (1 mol) of lactic acid. This mixture is stirred at 500 rpm and heated at 40 °C for one hour. The resulting mixture is clear, and it is transferred to an amber container for storage and kept in a cool and dry place, without exposure to light. Artificial water with oleic acid (600 mg/L) is prepared. The solvent is added and stirred at 500 rpm for 15 min. The aqueous and organic phases are allowed to separate for mass transport to take place. This separation time will be no less than eight hours. Subsequently, the aqueous phase is decanted, which will be an almost free-of-fatty acids phase. The supernatant can be collected and reused for more extractions, never exceeding five reuse cycles.



DESs were characterized by Fourier Transform Infrared (FTIR) spectrophotometry to analyze the hydrogen bonds present in the eutectic mixture. A spectrophotometer (Agilent Cary 630) with an ATR module was used to record all spectra within the 4000 to 600 cm−1 range. Origin Pro and data processing software (OriginLab Corporation, Northampton, MA, USA) was used to analyze the peaks obtained in the FTIR spectra.



The EPA 1664B method was used with the modification of the use of chloroform as an extraction solvent as an alternative to hexane. Results were validated using the original gravimetric method EPA 1664B (“Method 1664, Revision B: N-Hexane Extractable Material (HEM; Oil and Grease) and Silica Gel-treated n-Hexane Extractable Material (SGT-HEM; Non-Polar Material) by Extraction and Gravimetry”, 2010). The repeatability of the analyzes carried out with chloroform was validated, as well as the repeatability analysis of the extraction of oils and fats using n-hexane, according to the standards required by the EPA 1664B method.



The influence of the variation on stirring speeds, contact time and phase separation time was also evaluated.




3. Results and Discussion


Figure 1 shows the spectra of the infrared region for the DES, made up of the equimolar mixture of menthol:lactic acid (1:1 ratio), as well as its pure components. These spectra contain important information regarding the bonds of the compounds involved, especially information relating to the hydrogen bonds formed between them. Indeed, stretching vibrations of the bonds in the region between 3500 and 3100 cm−1, which correspond to the vibrations of the O–H bonds, are observed. A characteristic peak can be noted for menthol (hydrogen bond donor), with a maximum at 3237 cm−1 due to the characteristic O–H bond of cyclohexanol. In the same way, a wide peak occurs at 3147 cm−1 due to the vibrations of the O–H groups of lactic acid. In addition, the stretching vibrations of the O–H bond of the carboxyl group is evidenced (2880 cm−1). For the eutectic mixture, a broadening of the O–H bond stretching band (3370 cm−1), as well as characteristic peaks in the region of 3000–2800 cm−1 typical of the hydrogen bonds formed between the hydroxyl groups of menthol and the hydroxyl and carboxyl groups of lactic acid [17,18,19], are also observed.



Figure 2 shows notable results of oleic acid (as a model fatty acid representing FOG) removal efficiency from water using the 1:1 DES mixture. It has been shown that menthol-based hydrophobic deep eutectic solvents can be used in wastewater remediation. In fact, there are some studies where DES can hatch pollutants by hydrogen bonds between organic pollutants and DES, as well as ionic interactions with heavy cations [19,20,21]. These interactions are stronger with the use of short-chain carboxylic acids and alcohols such as formic, acetic, and propionic acids, and n-butanol in deep eutectic mixtures with DL-menthol [22]. Highly efficient oleic acid removals (>91%) in water with an initial concentration, Co, of 600 mg/L were obtained at specific stirring speeds, contact times and phase separation times.



Figure 2a shows FOG removal as a function of DES (1:1) to polluted water ratio with an initial concentration, Co, of 600 mg/L, 500 rpm during 15 min. It can be observed that as the DES to polluted water ratio is greater, removal efficiency is also better. It is hypothesized that because there is a greater amount of DES in the water to be treated, there is a greater possibility that undissolved fatty acids in the water will be transferred to the organic phase and will easily dissolve in the DES. This is compatible with liquid–liquid separations with substances more miscible in one phase than in another.



Figure 2b presents removal as a function of initial concentration, Co, at 500 rpm over 15 min where, by increasing the initial concentration of the pollutant (oleic acid), the removal efficiency each time is lower. Typical concentrations up to 1000 mg/L provide more than 80% pollutant removal. This is important because it can provide initial operating conditions in the case of scaling up the process to pilot plant and industrial levels.



Figure 2c depicts the removal as a function of stirring contact time at 500 rpm and Co = 600 mg/L. The contact time during the agitation process is important as it determines how much of the pollutant in the water can be dissolved in the organic phase. By increasing the contact time, the efficiency of the process is always higher, reaching over 99% removal with a stirring time of 30 min. Typical conditions, for efficient removal processes, can take place for 15 min with considerable removal up to 90% for this pollutant model.



Removals as a function of stirring speed (Figure 2d) with Co = 600 mg/L and 15 min contact time, shows interesting results, where high and low stirring speeds have a considerable influence on the process. Speeds lower than 300 rpm show less than 85% removal, while speeds higher than 1000 rpm can obtain the same removal percentage. For this reason, it is necessary to consider a moderate speed to obtain removals greater than 90%. This phenomenon may be due to the transport of the pollutant in the organic and aqueous phases. With a lower speed of agitation, it is not possible to mix both phases, and the transport of the contaminant is impoverished, while at high speeds of agitation, the flow becomes turbulent in the organic/aqueous interface, preventing a correct transport of the pollutant between both.



Removals as a function of phase separation time (Figure 2e) with 500 rpm and Co = 600 mg/L and 15 min contact time reveals how necessary a correct phase separation time is. After the stirring time, the time in which the separation takes place is fundamental because in the interface of both organic and aqueous phases there is still the transport of contaminants. In addition, as a product of the emulsion obtained after stirring, if both phases are separated quickly, it is not possible for the emulsion to break, leaving part of the DES trapped in the aqueous phase, as well as water in the organic phase. Separation times of less than 4 h diminish removal to less than 75%, while times greater than 6 h increase removal to more than 87% [19,21]. To depict the potential application of the selected DES-like mixtures with other ratios, Figure 2f has been included. It can be observed that FOG removal can still be improved with other ratios.



After the extraction treatment, it is expected that there is no change in the chemical structure of the DES and that there is a greater number of linkages due to the solubility of fatty acids (oleic acid) in the organic phase [18,19,23]. This was corroborated and, as can be seen in Figure 3, there are no differences in the presence of peaks for the before (BT) and after (AT) treatments. The only difference is observed in the relative height of the peaks corresponding to the carboxylic groups, especially in the range of O–H bonds (3500–2800 cm−1) and C=O bonds (1700 cm−1), which are expected because the DES mixture is taking up more carboxylic groups (present in oleic acid) in the removal process, and the very small amount of water that is slightly soluble in DES.



These results bring the motivation to continue to pursue this investigation under more complex and realistic polluted water matrices polluted with FOG. Compared to traditional physical methods, it has been found in our study that comparable removal efficiencies are achieved (over 95% when optimizing the studied parameters). First, a study found that gravity separation and dissolved air flotation methods achieve efficiencies of 50–60%, while 90% removal can be achieved if surfactant additives are used. On the other hand, through chemical methods such as flocculation and electrochemical technologies, removals of up to 90% can be achieved. Finally, through demulsifying methods using carbon nanoparticles, oil removal efficiencies of up to 99% are achieved [24]. FOG is chemically characterized as a mixture of free long-chain saturated and unsaturated fatty acids and triacylglycerols such as palmitic, oleic, linoleic and stearic acids [25]. Palmitic and oleic acids, as well as stearic acid, have been used as FOG standards. Furthermore, the rheological aspects of these mixtures are currently being investigated, and it has been found that the DES mixtures under study show a Newtonian behavior when continuous shear test were developed; however, a viscoelastic response was observed during oscillatory shear tests at high frequencies [26]. This is crucial for the quantification of the pumping and energy requirements for scale-up purposes. It is also worth mentioning that this DES mixture can be reutilized for subsequent extractions.




4. Conclusions


This research work is the prelude of a potential partial “carbon neutral” solution for FOG removal during water resource recovery within an industrial and household scope that can lead to business opportunities and partnerships for its application at a larger scale, and replication worldwide, supported with technoeconomic reports that compare the proposed technology to classic and other green removal methods, such as those from agro-industrial wastes. It could also lead to the possible generation of patents.
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Figure 1. FTIR spectra of the equimolar menthol:lactic acid eutectic mixture (1:1 ratio), and its pure components: lactic acid and menthol. 
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Figure 2. FOG percent removals using oleic acid as the model compound of FOG. Sensitivity analyses of removal percentages as a function of: (a) DES (1:1) to polluted water ratio with an initial concentration, Co, of 600 mg/L, 500 rpm over 15 min, (b) Co at 500 rpm over 15 min, (c) stirring contact time at 500 rpm and Co = 600 mg/L, (d) stirring speed with Co = 600 mg/L and 15 min contact time, and (e) phase separation time with 500 rpm and Co = 600 mg/L and 15 min contact time; (f) shows that there are still other ratios of menthol:lactic acid to evaluate that may even enhance FOG removal. 
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Figure 3. FTIR spectra of the equimolar DES formed by menthol:lactic acid (1:1 ratio). Spectra are presented both before (DES 1:1 BT) and after (DES 1:1 AT) removal treatment. 
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