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Abstract

:

Corn steep water (CSW) is a complex agro-food stream that is used as a source of cost-competitive biosurfactants, since they are produced spontaneously in the steeping process of corn, avoiding production costs. Nevertheless, the extraction of biosurfactants from CSW using sustainable processes is still a challenge. Consequently, the use of calcium alginate membranes could present a novel and sustainable technology for recovering biosurfactants from aqueous streams. Therefore, the aim of this work is to evaluate calcium alginate-based biopolymers, without and with the presence of grape marc as an additive, as a key component of membranes for the recovery of biosurfactants in corn steep water. Biosurfactants are present in CSW, together with other inorganic solutes and biomolecules, such as organic acids, sugars, cations, anions as well as metals. Hence, the competition of these mentioned compounds for the active sites of the calcium alginate-based biopolymers was high. However, they showed a good adsorption capacity for biosurfactants, recovering around 55 ± 2% and 47 ± 1%, of biosurfactants from CSW using both calcium alginate-based biopolymers, with and without biodegraded grape marc. Regarding adsorption capacity, it was 54.8 ± 0.6 mg biosurfactant/g bioadsorbent for the biopolymer containing grape marc, and 46.8 ± 0.4 mg biosurfactant/g bioadsorbent for the calcium alginate-based biopolymer alone. Based on these results, it could be postulated that the formulation of green membranes, based on calcium alginate-based polymers, could be an interesting alternative for the recovery of biosurfactants from aqueous streams including CSW.
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1. Introduction


Corn steep water (CSW) is a fermented stream obtained as a by-product in the wet-milling corn industry, when the corn is steeping under acid conditions (pH = 4), high temperatures (45−52 °C) and in presence of SO2(g) and lactic acid bacteria or Bacillus [1]. CSW is commonly used in biotechnology processes as a low-cost source of nitrogen [2,3,4] as well as an ingredient in animal feed due to its nutritional properties [5,6]. However, CSW has been proposed as a direct source of biosurfactants due to the presence of lactic acid bacteria, which are producers of this type of surface-active compounds [1,7,8]. In fact, it has recently been isolated and identified that Aneurinibacillus aneurinilyticus is the main biosurfactant-producing Bacillus strain in CSW [9].



Biosurfactants are microbial surfactants produced by microorganisms that not only have similar or equal properties than their chemical homologous (e.g., reduce surface tension, emulsifying properties, solubilizing, and stabilizing agent, among others), but are also very promising and interesting substances, since they are composed of natural structures (lipids, proteins, and carbohydrates) compatible with the composition of cell membranes [10,11,12,13]. Several carbon sources as well as energy are used for microorganisms to grow. The combination of carbon sources (e.g., agro-food products or wastes) with insoluble substrates (e.g., hydrocarbons, oils) facilitates the intracellular diffusion and the biological production of diverse substances, such as biosurfactants [12]. Hence, the synthesis of biosurfactants is a growth-dependent production and frequently arises in resting microbial cell systems [13]. In addition, microorganisms can produce biosurfactants with different molecular structures and characteristics (e.g., surface activity), being a combination of a hydrophobic chain (e.g., fatty acids) with a hydrophilic moiety (e.g., carbohydrates, peptides, amino acids, alcohols, so on) [12]. Regarding their chemical composition, there are low-molecular-weight biosurfactants, like glycolipids, lipopeptides, and flavolipids, and high-molecular-weight biosurfactants, such as polysaccharides, proteins, lipopolysaccharides, lipopolysaccharides, and lipoproteins [11]. Nevertheless, the biosurfactants commercialized at the moment are produced in controlled fermentation processes, which make them non-cost competitive with chemically produced surfactants. Hence, the industrial application of biosurfactants is limited by their high production cost due to the complex recovery and purification stages [10,11,12,13]. For that reason, in a context of a circular economy, the use of streams generated in agro-food industries like CSW, where biosurfactants are produced spontaneously, it is an interesting alternative to obtain cost-competitive and value-added biosurfactants, increasing the market opportunities for these secondary raw materials.



The ionic charge, water solubility and location of the surface-active sites (e.g., intracellular, extracellular, or cell-bound) of biosurfactant molecules define the required processing stages needed for their recovery. Therefore, there are several techniques that can be applied for the selective separation and recovery of biosurfactants such as acid precipitation (e.g., acidic solutions, ammonium sulfate solutions and in non-aqueous media), crystallization, chromatographic separation, adsorption, among others, with the liquid-liquid extraction the most commonly used [14]. In fact, for the moment, the recovery of biosurfactants from CSW has been achieved by liquid-liquid extraction with organic solvents. For instance, chloroform or ethyl acetate are used depending on the final application of the biosurfactant, as they are extracellular surface-active compounds [7]. Otherwise, the adsorption onto granular activated carbon [15,16,17,18] or ion-exchange resins [19] has also been studied for biosurfactant recovery. The adsorption process is an in situ technique that has certain advantages, such as that it allows the reuse of the adsorbent during several cycles without decreasing adsorption efficiency and avoids the use of organic solvents. Additionally, biosurfactants can be desorbed from the solid adsorbent using typically an aqueous pH buffer solution due to their lipophilic properties [15,16,19,20]. Despite this, new processes have been developed to recover biosurfactants based on cost-effective and environmentally friendly in situ downstream processing approaches. Examples are foam fractionation and membrane technology [20,21,22]. With regard to membrane technology, ultrafiltration membranes have been remarkably applied for the recovery and purification of glycolipid and lipopeptide biosurfactants [23,24,25,26].



From a sustainable point of view, there is an effort to develop more green membranes using biodegradable polymers such as alginate. Specifically, sodium alginate is a natural polysaccharide obtained from the cell wall of brown algae and is an unbranched binary copolymer of 1-4 linked β-D-mannuronic acid and α-L-guluronic acid. The combination of these blocks determines the physical and chemical properties of this polymer [27]. For instance, Aburabie et al. [28] developed calcium alginate-based membranes by crosslinking sodium alginate in calcium chloride aqueous solution, for green organic solvent nanofiltration application to test the retention or permeation of dyes and vitamin B12 in methanol.



In view of the aforementioned information, the aim of this work is to evaluate calcium alginate-based biopolymers, without or with the presence of biodegraded grape marc, for the recovery of biosurfactants from corn steep water by adsorption processes as a previous step to their use as potential materials in the manufacture of green membranes, and their subsequent use in the recovery of these biomolecules. It should be highlighted that this is the first time that biosurfactants from corn steep water have been recovered by liquid-solid processes without the use of organic solvents.




2. Materials and Methods


2.1. Corn Steep Water


The corn steep water (CSW) was provided by the FeedStimulants company (Zoetermeer, The Netherlands; Lot No. CSL-201811; Reg. No. NI214247). CSW, containing 50% of solids (m/v), was diluted in distilled water up to 50 g/L, and then it was centrifugated (Hettich Rotina 380R), at 5000 rpm and 4 °C for 30 min, for solid removal.



The characterization of the CSW, before and after adsorption processes, was carried out by using infrared spectroscopy and mass spectrophotometry analysis.



2.1.1. Fourier-Transform Infrared Spectroscopy (FTIR)


A pellet was obtained after pressing 1 mg of the lyophilized sample with 10 mg of potassium bromide. After that, the infrared absorption analysis was carried out with a Niocolet 6700 FTIR system (Thermo Fisher Scientific, Waltham, MA, USA). The spectra were recorded with a resolution of 4 cm−1 and wavenumber range between 400 and 4000 cm−1.




2.1.2. Electrospray Ionization Mass Spectrometry (ESI-MS)


Electrospray ionization mass spectrometry/collision-induced dissociation (ESI-MS/CID) was used to characterize the corn stream. For that, 1 mg of the lyophilized sample was diluted in Milli-Q water and volatilized under vacuum. Then, a current of electrons was used to ionize the molecules, and the fragmentation pattern was recorded on a Mass Spectrometer Bruker FTMS APEXIII (Bruker, Billerica, MA, USA) in positive mode.





2.2. Calcium Alginate-Based Biopolymers


The biopolymers were formulated using 2% sodium alginate, whereas biopolymers in combination with other biomaterial (e.g., grape marc) was formulated with 2% sodium alginate (m/v) and 2% biodegraded grape marc (m/v). Calcium alginate-based biopolymers were formulated using water as a solvent and calcium chloride solution (0.58 mol/L) as a crosslinking agent. Furthermore, grape marc was obtained from local winery industries and subjected to a spontaneous biodegradation of the organic matter following the protocol described previously [29,30].



Biopolymers Morphology Characterization


The biopolymers were washed with sodium cacodylate 0.1 mol/L buffer and fixed with 2.5% of glutaraldehyde in cacodylate 0.1 mol/L buffer for 2–4 h at 4 °C. Following this, the samples of biopolymer were introduced in 1% OsO4 in cacodylate 0.1 mol/L buffer during for 1 h at 4 °C. Dehydration was carried out with ethanol using a different graded series (30%–15 min; 50%–2 × 15 min; 70%–2 × 15 min; 80%–2 × 15 min; 90%–2 × 15 min; 100%–3 × 15 min). Then, samples were dried at the chamber of a critical point dryer (Baltec CPD030, Rambouillet, France) using liquid CO2. Dried samples were cut with liquid N2, covered with gold (Emitech K550X, Dubai, United Arab Emirates) and observed using a digital microscope with a DeltaPix camera (Infinity X21) as well as a scanning electron microscope (SEM) (JEOL JSM 6700F FEG) operating at an acceleration voltage of 5.0 kV for secondary-electron imaging (LEI).





2.3. Adsorption Studies


Adsorption experiments were carried out in 250 mL Erlenmeyer flasks placed in an orbital shaker (IKA KS 4000 ic control) at 150 rpm and 25 °C. The CSW/biopolymer ratio used was 1:1 (v/v). Samples were removed after 24 h, once the equilibrium was reached, for analysis of biosurfactant extract and other inorganic solutes and biomolecules. Experiments were carried out in triplicate.



Adsorption Removal and Capacity Determination


Equation (1) was used to determine the percentage of inorganic solutes and biomolecules removed from the corn stream, whereas Equation (2) was used to calculate the adsorption capacity qe (mg/g) of calcium alginate-based biopolymers [31]:


    C removed  ( % )    =       C 0    −    C t    C 0    · 100  



(1)




where C0 and Ct (mg/L) are the concentration of inorganic solutes and biomolecules in CSW initially and at a fixed time t, respectively.


    q e  (  mg g  )    =      (  C 0    −    C e  ) · V  W    



(2)




where C0 and Ce (mg/L) are the initial and equilibrium concentrations of inorganic solutes and biomolecules in the corn steep water, respectively, V (L) is the volume of the CSW used during adsorption experiments and W (g) is the mass of biopolymer (expressed as g of initial sodium alginate).





2.4. Extraction of Biosurfactants from Corn Steep Water


For comparative purposes, the lipopeptide biosurfactant extract was obtained by liquid-liquid extraction from CSW, using a ratio chloroform/CSW of 2:1 (v/v), at a temperature of 56 °C, for 60 min and at an agitation speed of 150 rpm. After extraction, the biosurfactant was separated from the chloroform by rotary evaporation (Buchi R-210, Flawil, Switzerland) at a pressure of 474 mbar and 60 °C, following the methodology proposed by Vecino et al. [7]. This biosurfactant extract was used as a control to determine the quantity of biosurfactant present in the initial CSW and after adsorption processes.



Surface Activity and Critical Micellar Concentration Determination


The presence of biosurfactants in the CSW (liquid samples) was observed by surface tension measurements using a Krüss K20 EasyDyne tensiometer with a 1.9 cm platinum Wilhelmy plate (Krüss GmbH, Hamburg, Germany). Additionally, the critical micellar concentration (CMC) of lyophilized initial CSW and lyophilized samples after adsorption processes as well as the lipopeptide biosurfactant extract, from the CSW using liquid-liquid extraction, were determined after several dilutions in deionized water. The concentration above which micelles are formed is defined as the CMC. Below the CMC, surface tension in aqueous solution decreases. Once the CMC is reached, surface tension remains more or less constant. Therefore, it is possible, under the CMC, to linearly relate the surface tension with the concentration of biosurfactant [1]. In this case, a calibration curve under the CMC from the biosurfactant extract obtained by liquid-liquid extraction is used to extrapolate the surface tension of liquid samples, before and after adsorption processes, in order to determine the biosurfactant concentration. All determinations were carried out in triplicate.





2.5. Measurement of Other Inorganic Solutes and Biomolecules from Corn Steep Water


The determination of other inorganic solutes and biomolecules from CSW (liquid samples) such as organic acids, sugars as well as total organic carbon (TOC), total nitrogen (TN), anions, cations, and metal ions before and after adsorption processes, were carried out as follows:



2.5.1. TOC and TN


The Analytik Jena 3100 Multi N/C Analyzer was used to determine the carbon and nitrogen content of aqueous samples. The determination was carried out by thermocatalytic decomposition (oxidation) of the samples at 950 °C as it allows the quantitative determination of even poorly oxidizable carbon and nitrogen components.




2.5.2. Anions, Organic Acids and Sugars


The determination and quantification of the anion, organic acids and sugars were carried out by ion chromatography with the DIONEX ICS-3000 equipment. For anion determination, a Metrosep A Supo 5 column (250 × 4 mm Metrohm) with carbonate-bicarbonate buffer solution in a mobile phase at 0.7 mL/min and conductivity as detector were used. For organic acid determination, an IonPac AS11-HC column (250 × 4 mm Dionex) with 50 mM NaOH solution as a mobile phase at 1.0 mL/min and conductivity as detector were applied. For sugar determination, a CarboPac PA1 column (250 × 4 mm Dionex) with 150 mM NaOH solution as a mobile phase at 1.0 mL/min and amperometric as a detector were utilized.




2.5.3. Cations and Metals


Cations and metals were determined and quantified by inductively coupled plasma emission spectroscopy (Optima 4300DV de PerKin Elmer, Waltham, MA, USA). Prior to ICP-OES analyses, samples were filtered (0.2 μm) and acidified with 2% HNO3.






3. Results and Discussion


3.1. Corn Steep Water Composition


The composition of CSW results in the extraction of water-soluble components during the steeping step of corn, as shown in Table 1. The CSW is mainly composed of carbon (around 37%) and nitrogenous (about 7%) components (elemental analysis data not shown), being the total carbon from organic sources. Regarding organic acids, lactic acid is the most predominant one (6.7 g/L), followed by the phytic acid (3.1 g/L) and acetic acid (2.8 g/L). Monosaccharides, like glucose (0.3 g/L) and arabinose (0.2 g/L), as well disaccharides such as sucrose (0.04 g/L) are part of the CSW composition. Physiologically relevant ions such as chloride, phosphate, sulphate, ammonium, calcium, boron, iron, potassium, magnesium, sodium, manganese, zinc, and silicon, were detected in CSW at substantial quantities. Among them, potassium (0.8 g/L) and phosphate (0.5 g/L) are the most significant; while aluminum, chromium, copper, cobalt, and nickel are the less represented. Hull and Montgomery [32] suggested that the high amount of inorganic phosphate in CSW could be due to in part to being a product of dephosphorylation of myo-inositol phosphates.



The above composition agrees with the composition analyzed by Hull et al. [33] at various times during the steeping of corn and from four different industrial processes. However, the novelty of this composition is the concentration of biosurfactant. This bioactive compound is present in a concentration of 2 g/L, based on the CMC data of biosurfactant extracted from con steep water by liquid-liquid extraction with chloroform (see Figure S1). This finding, related with the use of CSW as a direct source of biosurfactants, and its uses have been previously patented and published by Vecino et al. [1,7,34]. Nowadays, depending on the industrial application of the biosurfactant extract from CSW, an organic solvent is proposed for the extraction process. However, the possibility of using a liquid-solid extraction process by calcium alginate-based biopolymers to recover biosurfactants from CSW has not been considered until now.




3.2. Calcium Alginate-Based Biopolymers Characterization


The macro view as well as the SEM images of the calcium alginate-based biopolymers formulated without (Figure 1a,c,e) shows and with the presence of grape marc (Figure 1b,d,f) are shown in Figure 1. Figure 1a,b show the macro view images of the calcium alginate-based biopolymers. The presence of the biodegradable material (e.g., grape marc) can be observed in Figure 1b through black dot visualization. Figure 1c,d shows the external morphology of biopolymers at 300× magnification; whereas Figure 1e,f shows the internal morphology of biopolymers at 1000× magnification. Taking into to account the images above, it can be observed that the calcium alginate-based biopolymer in the presence of grape marc is a heterogeneous biopolymer; while the biopolymer composed of by alginate is a homogeneous biopolymer. Both biopolymers have rough surfaces, but the polymer with grape marc has a rougher surface (see Figure 1c,d). The morphology observed, in the case of biopolymer of alginate tunned with grape marc, is in concordance with the characterization of this biopolymer in previous studies [30].




3.3. Calcium Alginate-Based Biopolymers Performance in Liquid-Solid Process to Recover Biosurfactants from Corn Steep Water


In this study, two types of calcium alginate-based biopolymers were formulated without and with the presence of grape marc for the recovery of biosurfactants in CSW. Table 2 shows the removal percentage of the inorganic solutes and biomolecules, that comprise CSW, after adsorption process for a contact time for 24 h (e.g., equilibrium was attained), using alginate biopolymer and alginate biopolymer with grape marc.



The biopolymer that only contains alginate presented a high capacity for the elimination of organic acids and sugars from the CSW, with a maximum removal for acetic acid (100%) and glucose (98.5%), respectively. For almost all ions, metals as well as biosurfactant extract, the percentage of removal was about 50%, except for boron (40.4%) and silicon (39.2%). On the other hand, the alginate-based biopolymer tunned with grape marc, also showed good elimination rates for the same families, organic acids, and sugars, but for other types. For instance, the highest percentage of elimination was for lactic acid (99%) and for all the sugars tested this was greater than 99%. Moreover, this biopolymer had obtained good removal of metals such as iron (98.5%) and zinc (96.8%) as well as for cations, like manganese (90.4%), and anions, such as phosphate (75%). However, the amount of biosurfactant extract eliminated was of 55%.



Overall, the combination of calcium alginate-based biopolymer with grape marc provided better results in comparison with only calcium alginate biopolymer; except for boron and silicon, where only the alginate biopolymer offered greater affinity for these compounds. The initial hypothesis is supported by the fact that grape marc possesses lower adsorption capacity for these elements than calcium alginate, which reduces the adsorption capacity for boron and silicon. When the bio-adsorbent is formulated with sodium alginate, the active surface sites for adsorption are based only in the calcium alginate-based polymer, whereas when the bioadsorbent is formulated with sodium alginate (2%) plus grape marc (2%), the active surface sites, for adsorption, based on calcium alginate, were lower, since the latter biopolymer has a lower percentage of alginate, with respect to the total composition, than the former. Additionally, the adsorption of biosurfactant extract was not greatly influenced by the type of biopolymer since there was only around 8% difference between them. Indeed, it is important to remark that this is a multi-adsorption mechanism, occurring simultaneously with physical and/or chemical adsorption and ion-exchange processes. Moreover, the corn stream is composed of several inorganic solutes and biomolecules that interact between them, adding more complexity to the adsorption process. However, in a previous study [30], a calcium alginate-based biopolymer tunned with grape marc was evaluated for the removal of color in wastewater. It was observed that the adsorption process followed a pseudo-second order kinetic model (heterogeneous process). In addition, in another physicochemical study with a bio-based adsorbent made from grape marc [35], the physical control of the sorption stage was well- described by the Freundlich isotherm.



Biodegraded grape marc entrapped in calcium alginate beads has been previously tested as an eco-adsorbent. For instance, Perez-Ameneiro et al. evaluated the use of a biopolymer based on grape marc entrapped in calcium alginate beads for the removal of pigments from an agro-industrial effluent [30] or dye compounds from winery wastewater [35] as well as to remove micronutrients from winery effluents in order to avoid eutrophication [36]. Additionally, an alginate-based polymer with grape marc has also been tested as an eco-adsorbent for removal of copper (II) from aqueous streams [37]; for adsorption of binary mixtures of dyes [38]; and for the removal of cyanide and transition metals from industrial electroplating process waters [39]. Nevertheless, it should be highlighted that this type of biopolymer has never been tested to recover biosurfactants present in corn steep water.



In the case study of micronutrients [36], the calcium alginate-based biopolymer with grape marc removed most of the TN, NH4+ and NO3− existing in the vinasses (wastewater from winery industry) and about 60% of Mg, P, K, and total carbon. Similar results were obtained in the current study, with 66% of Mg, 75% of P, 55% of K and 49% of TOC. It is important to note that in the corn steep water, the concentration of Mg and P was almost ten times more, being double for K and around six times more for the total carbon than vinasses.



On the other hand, the adsorption capacities for the inorganic solutes and biomolecules tested using calcium alginate-based biopolymers, after 24 h of equilibration time, are displayed in Table 3.



The maximum adsorption capacity was achieved for lactic acid with both biopolymers, which was 167.9 and 332.4 mg/g for the calcium alginate-based biopolymer without and with grape marc, respectively. This maximum capacity is followed by the capacity for acetic acid (141.1 mg/g) and phytic acid (114.2 mg/g) in the case of the biopolymer alone with alginate; and this order of adsorption capacity value is reversed in the biopolymer containing grape marc: phytic acid with 129.7 mg/g and acetic acid with 118.2 mg/g. Additionally, both biopolymers presented high capacity for TOC between 102.9 mg/g (alginate) and 136.9 mg/g (alginate plus grape marc); and the capacity of TN was 35.3 and 47.6 mg/g for the alginate biopolymer and the alginate biopolymer tunned with grape marc, respectively. Concerning the biosurfactant adsorption capacity, both biopolymers showed values of 46.8 and 54.8 mg/g for the alginate biopolymer and the alginate biopolymer tunned with grape marc, respectively. For the other inorganic solutes and biomolecules, that compose the CSW, the calcium alginate-based biopolymers provided adsorption capacities values below 24 mg/g.



Depending on the solute and its concentration, the capacity of calcium alginate-based biopolymer, tunned with grape marc, changes substantially. For example, in the study of pigment removal from vinasses [30], the capacity of the biopolymer varied between 0.28 and 0.76 mg/g as a function of the initial dye concentration (8.8 to 24.7 mg/L). Also, in the case of mixtures of dyes [38], the adsorption capacity was 2.47 and 2.22 mg/g for methylene blue and methyl red, respectively, using calcium alginate-based biopolymer with grape marc; whereas, the biopolymer based only in calcium alginate achieved capacity values lower than 2 mg/g. These capacities are very low compared to those obtained in this work. However, the biopolymer capacities for metal ions were higher. Pérez-Cid et al. [39] concluded that calcium alginate hydrogel beads can be considered a bioadsorbent with a high capacity to remove free cyanide (1177 mg/g) and transition metals (Ni, Cu and Zn as follows 107.3, 39.5 and 1.52 mg/g, respectively) in electroplating streams. In this case, the introduction of composted grape marc in the calcium alginate bead formulation did not produce significant improvements in the adsorption capacity. Comparatively, the Zn adsorption capacity, achieved in the current work, was higher 23.9 mg/g, but the initial concentration of zinc in the corn stream was around ten times less and also lower quantity of adsorbent was used (the CSW/biopolymer ratio used was 1:1 (v/v) vs. the wastewater/bioadsorbent ratio used was 1.5:1 (v/v)) than in the previous study. Otherwise, the maximum adsorption capacity was reached by using the calcium alginate-based biopolymer with grape marc for copper (II) removal from sulfate solutions [37]. In this study, the adsorption capacity value was around 1800 mg/g after 5 min of contact time, while it increased to 2785 mg/g at the highest concentration assessed (0.15 mol/L) and at the maximum extraction times (20 min).




3.4. Characterization of Corn Steep Water before and after Adsorption Processes


The corn steep waters were characterized based on CMC, FTIR and ESI-MS analysis. Raw corn steep liquor possesses a CMC of 10–15 g/L depending on the provider company, providing minimum surface tension values to water between 36.6 and 46.7 mN/m [1]. However, these results are not comparable with those obtained in this work since the corn steep water has been centrifuged (for solids removal) and lyophilized. Thus, in the current work the CMC of the corn steep water, as shown in Figure 2, was 0.46 g/L, reaching a minimum surface tension of 54.5 ± 0.2, observing that solids increased the CMC of raw corn steep liquor, although they provide a higher reduction of surface tension in water.



The concentration at which the micellization starts is known as CMC. At this concentration not only the micelles are made, but also the lower surface tension value of the solution is achieved [40]. Thus, after the adsorption processes, with the calcium alginate-based biopolymers, the CMC values increased almost two-fold, being 0.99 and 1.15 g/L for the biopolymer based on calcium alginate and calcium alginate tunned with grape marc, respectively; whereas the minimum surface tension remained constant (54.2–55.3 mN/m). In this case, although the minimum surface tension value had been kept constant, an increase in CMC implies that a higher amount of biosurfactant extract is needed to reach this value of surface tension. Therefore, the corn steep water reduced its surfactant capacity, since the biosurfactant extract is adsorbed by these calcium alginate-based biopolymers. Thus, CMC results are in concordance with the percentage removal of the biosurfactant as a function of the type of biopolymer (see Table 2). Therefore, greater capacities for biosurfactants obtained with the biopolymers, involved higher CMC values for the treated corn steep water. Although the presence of biosurfactants in those streams treated with calcium alginate polymer tunned with grape marc was lower.



On the other hand, Figure 3 shows the FTIR spectra of the initial corn steep water (grey line) as well as the corn streams after adsorption processes with the calcium alginate-based biopolymers (orange and blue lines). Also, it was used to determine the similarities of the corn stream before and after the adsorption processes.



The FTIR spectrum of the biopolymer only with alginate is in concordance with the results of characterization carried out by Aburabie et al. [28], where the absorption region of stretching vibrations of O–H bonds (3344 cm−1) in calcium alginate membranes was narrower and more elongated than sodium alginate solution; while the C–O stretching vibration (1080 and 1021 cm−1) decreased in calcium alginate membranes.



In general terms, the bands of corn stream that are affected, after the adsorption process, correspond to the functional groups of proteins, lipids, and polysaccharides. The characterization was as follows: (i) the wavenumbers between 3400 and 3000 cm−1 corresponded with the peptide groups resulting from O–H and N–H stretching; (ii) bands around 3000 and 2000 cm−1 as well as 1400 cm−1 related to the presence of C–H stretching corresponding to aliphatic chains (CH2 and CH3 groups) of fatty acids; (iii) the bands C=O bond at 1640 cm−1 (amide I bond) and N–H bonds at 1540 cm−1 (amide II bond) indicated the presence of protein-related weakness; and iv) the band around 1000 cm−1 denoted the presence of polysaccharides, conforming the C–O stretch vibration [41,42].



The bands of the three main functional groups (proteins, lipids, and polysaccharides) are decreased after the adsorption process with both calcium alginate-based biopolymers. This is confirmed by the degree of similarity of the initial corn stream before and after adsorption processes, which was 69.6% and 72.1% for the biopolymer alone with alginate or alginate tunned with grape marc, respectively between 400–4000 cm−1. It would be expected that the corn stream treated with the alginate-based biopolymer tunned with grape marc would be more different from the initial corn stream, since the removal rates for most of the inorganic solutes and biomolecules were higher than those obtained after treating the corn steep water with the biopolymer only based on calcium alginate (see Table 2). Additionally, the biosurfactant extract obtained from corn steep liquor is a lipopeptide [1]; therefore, observing the protein band, it would be expected that the biopolymer with grape marc would produce a greater reduction in the band of corn steep water, due to the higher removal percentage of biosurfactant achieved in comparison with the biopolymer only formulated with calcium alginate (around 55% vs. 47%). This finding could be due to the fact that the calcium alginate-based biopolymer tunned with grape marc provided nitrogen to corn steep water, since grape marc is a biodegradable material with the following composition: 3.9% N, 42.7% C and 5.5% H [30].



Moreover, the ESI-MS analysis allowed us to corroborate the adsorption of certain inorganic solutes and biomolecules such as the biosurfactant by the biopolymers under evaluation. Figure 4 shows the natural molecular masses of the bioactive molecules present in the raw corn stream as well as those present in the corn steep water after adsorption treatment with the calcium alginate-based biopolymers. The following signals were detected in raw corn steep water: at 175, 219, 263, 330, 423, 493, 570, 659, 806, 879, 966 as well as signals between 1200–1300 m/z. Some of them, for instance 879, were m/z also detected in the biosurfactant extract obtained from corn steep liquor, after the liquid-liquid extraction process, in previous studies [43]. In fact, the biomarker observed at 879 m/z (and at 617 m/z) was derived from the fragmentation of the signal observed at 933 m/z, with signals compatible with the presence of lipopeptide biosurfactants [43]. Additionally, Li et al. [44] suggested that the presence of triglycerides, diglycerides and monoglycerides could be signals below 800 m/z. Ma et al. [45] detected, in the ESI-MS/MS spectrum, at 441 m/z, several surfactin precursors. Nevertheless, in the biosurfactant extract from CSW, obtained after liquid-liquid extraction with organic solvents, this signal could correspond to the presence of phenolic compounds [46,47].



Otherwise, signals within the range of 800 and 1200 m/z are mass biomarkers of biosurfactant precursors produced by Bacillus strains widely described in lipopeptide analyses [44,48,49,50]. Thus, the masses higher than 800 m/z relatively disappeared from the ESI spectrum, in treated corn steep water, corroborating that part of the biosurfactant extract was trapped by the calcium alginate-based biopolymers.





4. Conclusions


Corn steep water is an interesting secondary stream obtained from the corn industry and is used as a direct source of biosurfactants. However, nowadays, the recovery of biosurfactants using sustainable processes is a challenge. Thus, this work is a first attempt at recovering biosurfactants from CSW by a liquid-solid process using calcium alginate-based biopolymers, without or with an additive (e.g., biodegraded grape marc). The results achieved showed that calcium alginate-based biopolymers possess an enormous potential to enhance the capabilities of membranes prepared from green materials. Based on the results obtained in this work, several scenarios can be proposed for the use of these biopolymers: i) as a polishing step before biosurfactant recovery to remove impurities such as organic acids, sugars as well as cations, metals, and anions from CSW; and ii) as a recovery step for biosurfactant extract since about 50% is removed. Overall, it could be highlighted that it is possible to recover biosurfactants, avoiding organic solvents, with biodegradable materials. Although more studies are needed in order to design the alginate-based membranes, as well as the eluent used for the desorption process.
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Figure 1. Macro view and SEM micrographs of alginate-based biopolymers: (a,c,e) from the biopolymer composed only for alginate, and (b,d,f) from the biopolymer with alginate and grape marc. 
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Figure 2. Critical micellar concentration (CMC) of corn steep water before adsorption processes. 
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Figure 3. FTIR spectra of corn steep water before and after adsorption processes with calcium alginate-based biopolymers. 
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Figure 4. ESI spectra of raw corn steep water (a) and corn stream after adsorption process with the calcium alginate-based biopolymers, only alginate (b) and alginate tunned with grape marc (c). 
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Table 1. Chemical composition of diluted (20 times) raw corn steep water used in this study after solid removal.
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	Component
	Concentration (mg/L)





	Biosurfactant extract
	2007 ± 39



	Total organic carbon
	5613 ± 45



	Total nitrogen
	1655 ± 21



	Lactic acid
	6714 ± 394



	Acetic acid
	2822 ± 1



	Formic acid
	4.9 ± 0.7



	Phytic acid
	3141 ± 3



	Arabinose
	204 ± 5



	Glucose
	287 ± 10



	Sucrose
	41 ± 3



	Chloride
	163 ± 3



	Phosphate
	511 ± 16



	Sulphate
	242 ± 8



	Ammonium
	183 ± 4



	Calcium
	3.6 ± 0.2



	Aluminum
	0.1 ± 0.005



	Boron
	0.7 ± 0.03



	Chromium
	0.03 ± 0.001



	Copper
	0.07 ± 0.003



	Iron
	3.1 ± 0.1



	Cobalt
	ND *



	Potassium
	847 ± 45



	Magnesium
	301 ± 15



	Sodium
	183 ± 1



	Manganese
	1.5 ± 0.1



	Nickel
	0.09 ± 0.005



	Zinc
	4.9 ± 0.2



	Silicon
	8.0 ± 0.4







ND * = below the limit of quantification (0.01 mg/L).
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Table 2. Removal of some inorganic solutes and biomolecules (%) with the calcium alginate-based biopolymers after 24 h of equilibration time.
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	Component
	Alginate Biopolymer (%)
	Alginate Biopolymer with Grape Marc (%)





	Biosurfactant
	46.6 ± 1.5
	54.6 ± 1.5



	Total organic carbon
	36.7 ± 0.5
	48.8 ± 0.1



	Total nitrogen
	42.7 ± 2.4
	57.5 ± 0.2



	Lactic acid
	50.0 ± 1.6
	99.0 ± 0.1



	Acetic acid
	100 ± 0.1
	83.8 ± 2.6



	Formic acid
	73.7 ± 4.3
	69.1 ± 3.9



	Phytic acid
	72.7 ± 0.1
	82.6 ± 1.7



	Arabinose
	88.5 ± 0.6
	99.2 ± 0.1



	Glucose
	98.5 ± 0.6
	99.4 ± 0.2



	Sucrose
	92.5 ± 1.8
	99.8 ± 0.1



	Phosphate
	59.1 ± 1.1
	75.1 ± 0.5



	Sulphate
	48.5 ± 2.2
	42.0 ± 1.0



	Ammonium
	44.0 ± 1.4
	27.1 ± 1.5



	Boron
	40.4 ± 0.8
	8.8 ± 0.4



	Iron
	77.0 ± 0.1
	98.5 ± 0.1



	Potassium
	49.2 ± 0.5
	54.9 ± 0.4



	Magnesium
	45.8 ± 0.2
	66.0 ± 0.3



	Manganese
	62.2 ± 0.2
	90.4 ± 0.7



	Zinc
	58.9 ± 1.4
	96.8 ± 0.2



	Silicon
	39.2 ± 0.4
	10.1 ± 0.5
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Table 3. Adsorption capacity (mg/g) of some inorganic solutes and biomolecules with the calcium alginate-based biopolymers after 24 h of adsorption process.
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	Component
	Alginate Biopolymer (mg/g)
	Alginate Biopolymer with Grape Marc (mg/g)





	Biosurfactant
	46.8 ± 0.4
	54.8 ± 0.6



	Total organic carbon
	102.9 ± 1.3
	136.9 ± 0.1



	Total nitrogen
	35.3 ± 2.0
	47.6 ± 0.1



	Lactic acid
	167.9 ± 5.4
	332.4 ± 0.1



	Acetic acid
	141.1 ± 0.2
	118.2 ± 3.7



	Phytic acid
	114.2 ± 0.2
	129.7 ± 2.7



	Arabinose
	9.0 ± 0.1
	10.1 ± 0.1



	Glucose
	14.1 ± 0.1
	14.3 ± 0.1



	Sucrose
	1.9 ± 0.1
	2.0 ± 0.1



	Phosphate
	15.1 ± 0.3
	19.2 ± 0.1



	Sulphate
	5.9 ± 0.3
	5.1 ± 0.1



	Ammonium
	4.0 ± 0.1
	2.5 ± 0.1



	Potassium
	20.8 ± 0.2
	23.3 ± 0.2



	Magnesium
	6.9 ± 0.1
	9.9 ± 0.1
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