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Abstract:

 The possibility for simultaneous controlled partition of the biologically active alkaloid S-(+)-glaucine, presented in a crude ionic liquid-aqueous plant extract, and separation of the ionic liquid (IL) employed by means of ionic liquid-based aqueous biphasic systems (IL-ABS) was investigated in this study. The ABS were formed by the addition of inorganic salts with distinct water-structuring properties such as Na2CO3, MgSO4, (NH4)2SO4, and NaH2PO4 to an enriched of glaucine extract of Glaucium flavum Cr. (Papaveraceae). The influence of the salt type and concentration on the phase-forming ability, as well as the pH value on the partition of glaucine between the two phases formed, was comprehensively studied. It was found that the target alkaloid is predominantly transferred into the IL-rich phase, regardless the influential factors. The results obtained were further used as a platform for the development of an improved extractive procedure, ensuring simultaneous glaucine recovery, IL recycling and water removal in a single technological step. Thus, based on the formation of a three-phase system consisting of butyl acetate, IL-rich phase, and salt-rich phase, nearly quantitative recovery of glaucine (>99%), IL recycling (ca. 90%), and water removal (ca. 85%) were achieved by salt-induced separation of the crude plant extract.
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1. Introduction

Recent requirements for the development of green and sustainable technologies constantly increase the interest in research aiming at the substitution of volatile, toxic and flammable conventional molecular solvents with more benign ones [1]. Among the others, ionic liquids (ILs) have received considerable attention in the last decade and were introduced as an alternative liquid medium in numerous processes [2,3]. Particularly, ILs have proved to be efficient solvents for the recovery of a vast number of natural products from plant materials [4,5], providing enhanced extraction yields and significant reduction of the solvent consumption and extraction times in all cases. It is noteworthy, however, that the majority of the studies had been focused on the initial solid-liquid extraction step and neither have attempts for IL recycling—an important issue that addresses the economics of their use—have been undertaken, nor have approaches for isolation of the target compounds in pure form at the end of the process been offered. A short retrospection on the recent literature shows that the choice of a method to be employed depends on the specific properties of both ILs and solutes of interest. For instance, an anti-solvent-induced precipitation proved successful for the isolation of neutral compounds [6,7,8] and hydrodistillation for the recovery of volatile compounds [9]. Additionally, back-extraction with organic solvents [10,11,12,13,14], partitioning in IL-based aqueous biphasic systems (IL-ABS) [15,16], and in some cases, ion exchange resin [17,18] or resin for selective trapping [19], had given satisfactory results. The lack of systematic studies on the above issues suggests that additional investigations for the establishment of some general rules for the isolation of different classes of natural compounds from IL-based plant extracts have to be performed.

S-(+)-Glaucine is the main alkaloid component in the Glaucium flavum Crantz (Papaveraceae). This compound belongs to the group of aporphine alkaloids (cf. Figure 1) and possesses a wide variety of pharmacological effects including antitussive, antinociceptive, anticonvulsant and neuroleptic-like activities [20,21,22,23]. Moreover, in combination with some other biologically active components, glaucine enters into the composition of antitussive drugs produced by various manufacturers. In our recent studies [10,11,24], we demonstrated that methanol, widely applied in industry as a solvent to recover value-added chemicals from their natural matrices, can be successfully substituted by 1-butyl-3-methylimidazolium acesulfamate {[C4C1im][Ace]}-aqueous solution in the extraction of the biologically active alkaloid S-(+)-glaucine (cf. Figure 1) from aerial parts of G. flavum, and the beneficial effect of the IL-based system was attributed not only to the stronger dissolving power of ILs [10] but rather to the pronounced solvent-matrix interactions leading to an IL-induced plant matrix disruption and permeability modification [24]. The protocol developed [11] possesses several advantages in comparison with the conventional one in terms of extraction yield and time, equipment, energy consumption, and number of technological steps, and allows glaucine to be isolated in high purity and satisfactory yield at the end of the process as hydrobromide salt, the latter being its marketed form. Nevertheless, it still requires chloroform (a molecular solvent with proven toxicity to humans) to be employed in the liquid-liquid extraction step prior to glaucine isolation and this can be considered as a shortcoming from a safety standpoint. Furthermore, the protocol proposed for the recovery of IL required the evaporation of water (ca. 70 wt.%) under reduced pressure, the latter accounting for the high price of similar industrial processes [25]. With regard to that, in this study we report data for the partition of glaucine presented in an enriched ionic liquid-aqueous crude extract of G. flavum in IL-ABS. This study aims to check the possibility for the simultaneous separation of the IL from crude plant extract and the purification of glaucine by means of its controlled distribution between two aqueous-based phases, thereby avoiding the use of harmful molecular solvents. The ABS were formed by addition of inorganic salts with distinct water-structuring properties such as Na2CO3, MgSO4, (NH4)2SO4, and NaH2PO4 to a crude IL-aqueous plant extract, the latter allowing the influence of the salt type and concentration on the phase-forming ability as well as the pH value on the partition of glaucine between the two phases to be comprehensively studied.

Figure 1. Structures of glaucine and [C4C1im][Ace].
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2. Experimental Section


2.1 Chemicals

All chemicals used in this study were purchased from Sigma-Aldrich (FOT, Bulgaria). The organic solvents were of analytical grade and acetonitrile used for HPLC analysis was of chromatographic grade. The IL used for extraction experiments was 1-butyl-3-methylimidazolium acesulfamate ([C4C1im][Ace], Figure 1) and was synthesized, purified and characterized by the authors according to a recently published protocol for the synthesis of hydrophilic ILs [26]. Its structure and purity was unequivocally proven by means of 1H- and 13C-NMR spectral analysis [10] with a Bruker DRX 250 NMR spectrometer operating at 250.13/62.5 MHz, respectively.

Aerial parts of plant material of Glaucium flavum Cr. (particle size 0.25–0.40 mm) and standard sample of glaucine were available from previous studies in our laboratory. Crude plant extract, being a stock solution for the recovery studies (glaucine concentration = 4.0 mg/mL), was obtained by means of consecutive extractions of same batch sample [11].



2.2 Glaucine Quantification

Glaucine quantification was carried out by means of reverse-phase high performance liquid chromatographic analyses (RP-HPLC) on a GBC liquid chromatography system (GBC Scientific Equipment, Melbourne, Australia), equipped with a LC 1100 HPLC pump, a variable LC 1200 UV/Vis detector, а LC 1431 system organizer, an injector with a 20 μL loop and N2000 Chromatostation software (Zhejiang University, PRC, Hangzhou, China)for data treatment. A ZORBAX Extend-C18 (Agilent Technologies, Santa Clara, US;150 × 4.6 mm i.d., 5 μm) was used as an analytical column. The mobile phase was a mixture of 0.1% triethylamine aqueous solution and acetonitrile (50:50) delivered at a flow rate of 1 mL/min [24]. The UV detection wavelength was set up at 280 nm, where aporphine alkaloids have an optimum absorption. Each injection volume was 20 μL and the column temperature was ambient. Under these conditions the target alkaloid glaucine was baseline separated and its peak was symmetrical. The peak identification was achieved by a comparison of its retention time with the corresponding peak in a standard solution, and glaucine concentration was calculated according to a previously developed relationship. For all analyses, aliquots were taken and were diluted with a certain volume of acetonitrile/water mixture, in order to fit into the linear range of the standard curve, then were filtered through a 0.45 μm microporous membrane prior to analysis and were directly injected into the HPLC apparatus. All HPLC analyses were performed in triplicate and the mean value was adopted.



2.3 Partitioning of Glaucine in IL-Based ABS and Calculations

Four salting-out agents, namely Na2CO3, (NH4)2SO4, MgSO4 and NaH2PO4, were utilized to induce the formation of [C4C1im][Ace]-based ABS. The phase diagrams were not established for these systems since the IL concentration is initially restricted to be 1M (ca. 30%). The experiments were performed at ambient conditions in 15 mL centrifuge tubes, by portion-wise addition of a certain amount of the corresponding salts to 8 mL of the crude glaucine extract (for details see Table S1 in Supporting Materials). The mixtures were vigorously shaken to ensure the complete salt dissolution, and next portions were subsequently added until the two-phase region was approached. The samples were then allowed to equilibrate overnight, and in order to form two clearly distinguishable phases, the samples were centrifuged for 5 min prior to analysis. In the majority of the cases, with the exception of (NH4)2SO4, the IL-rich phase was formed as the top-phase. The volume of each phase was then detected and aliquots were subjected to analysis as described in Section 2.2.

The extraction efficiency (EE%) in the liquid-liquid extraction experiments was established by taking into account the corresponding phase ratio (R, Equation (1)) and partition coefficient (K, Equation (2)) of glaucine between the two phases. The equations used were as follows: (i) the phase ratio (R) was defined as
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(1)




where VIL and VSalt refer to the volume of the IL-rich phase and salt-rich phase, respectively; (ii) the partition coefficient (K) was defined as
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(2)




where CIL and CSalt are the concentration of glaucine in the IL-rich phase and salt-rich phase, respectively; and (iii) the extraction efficiency (EE%) was determined according Equation (3):
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(3)







3. Results and Discussion

It was recently shown by us [11] that glaucine can be recovered from IL-based extracts by means of a classical extraction procedure with chloroform; however, this molecular solvent possesses proven toxicity to humans and its use can be considered as a shortcoming from a safety standpoint. Therefore, we were interested in exploring an alternative possibility for its recovery from the crude plant extract by means of IL-based aqueous two-phase systems (IL-ABS). It was recently shown that aqueous solutions of hydrophilic ILs can be switched into IL-ABS by introduction of an inorganic salt with certain water-structuring properties [27]. The driving force of the process can be attributed to the salting-out effect of the inorganic salt, resulting in the formation of two water-rich immiscible phases, where the upper phase (in the majority of the cases) consists mainly of IL and the lower one of concentrated inorganic salt. This way, IL-ABS can be considered as an attractive alternative to the widely applied conventional liquid-liquid extraction with organic solvents, since they ensure simultaneous enrichment, separation, purification and isolation of a particular molecule. Indeed, IL-ABS have been utilized to extract a wide range of compounds such as proteins [28], saccharides [29], enzymes [30], antibiotics [31], phenolic compounds [15], and alkaloids [32,33], to name just a few. It is noteworthy that, in some cases, a controlled partition of the solutes of interest had been achieved by variation of the system composition or its pH value, thus broadening the scope of IL-ABS applications. Considering these facts, it can be suggested that the recovery of value-added chemicals from raw plant extracts by means of IL-ABS is worthy of investigation.

Four salting-out agents (Na2CO3, NaH2PO4, MgSO4 and (NH4)2SO4) were utilized to induce the formation of the two phases in the present study. These salts were chosen in a way to ensure different pH values in the system, the latter allowing the influence of this factor on the glaucine partition to be assessed. On the other hand, the presence of different inorganic ions with distinct solvation properties in the system suggests that the glaucine partition can be manipulated since different types of interactions can be expected [34]. Furthermore, the salts’ impact on the phase ratio and glaucine partition was evaluated by increasing their concentration until saturation is reached. The phase diagrams were not established for the systems under study since the IL concentration is initially restricted to be 1 M (ca. 30%) and is in the range of those typically adopted in the majority of the model IL-ABS reported in the literature. The experiments were performed as described in Section 2.3 and the results for the EE% are summarized in Figure 2 (for details see Table S1 in Supporting Materials).

Figure 2. Effect of pH and salt concentration on the partition of glaucine in IL-ATPS.
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As can be seen, the phase-forming ability of the salts used (represented as an amount of salt added [%wt/wt]) is in the following order: Na2CO3 (8.18) ≈ NaH2PO4 (8.68) > (NH4)2SO4 (10.62) >> MgSO4 (17.61), which is consistent with the Hofmeister series [35]. The partition coefficients, K, were found higher than unity regardless of the pH value of the system, and they increased with the salt concentrations. The data obtained is similar to that previously reported for other alkaloids [32,33], and suggests that the ionic/charge-charge or hydrogen-bonding interactions are not the predominant driving forces for the glaucine partition, since regardless of its charge (pKa = 6.4, Ref. [36]) it preferentially migrates toward the IL-rich phase. Consequently, this phenomenon can be attributed to the enhanced hydrophobic interactions of glaucine with both [C4C1im]+ and [Ace]− ions, which includes π−π or dispersive-type interactions between the aromatic rings or methyl groups of the alkaloid and alkyl side chains of the IL’s ions, respectively. This suggestion can be further rationalized by a comparison between the K values of all systems at the first concentration studied. For the Na2CO3-based system (pH ca. 11), where glaucine exists as a base, the observed K (13.54) is nearly three-fold higher compared to the others (5.76, 5.36 and 4.28, cf. Table S1), where its protonated form is predominant (pH in the range 2.5–6.5). Thus, nearly quantitative extraction of glaucine into the IL-rich phase (EE of 94%) was achieved with the former system compared to the others (EE in the range 67%–75%), in a single extractive step. Further increase of the inorganic salt concentration slightly affects the phase ratio (R), but causes simultaneous increase of both K and EE%, the latter showing the better salting-out capacity of the inorganic additives over glaucine and IL.

From the above results, it can be summarized that the glaucine transfer toward the IL-rich phase is facilitated at alkaline pH and that controlled partition between the two phases by the variation of the pH value of the system or the inorganic salt type is unachievable. The latter suggests that an additional step for glaucine recovery from the IL-rich phase has to be implemented in order for the target compound to be isolated in pure form. Nevertheless, the results obtained can serve as a platform for the future development of improved procedures for IL recovery from crude plant extracts by its induced separation with a certain inorganic salt. This can be of a great importance from the application standpoint since the removal of water from aqueous solutions accounts for the high production costs of similar industrial processes [25]. To check this, additional preliminary experiments for simultaneous IL and glaucine recovery were conducted. As it can be seen from Figure 2, Na2CO3 possesses the best phase-forming ability, i.e., ensures phase separation at the lowest amount added. Similarly, it ensures a preferable pH value (ca.11) for glaucine transfer in a more hydrophobic phase. This way, a tri-phase system consisting of a salt-rich phase, IL-rich phase and butyl acetate, being a more benign organic solvent [13], was formed and the partition of glaucine between the phases and quantity of IL recovered were followed. The study was carried out similarly to the ABS experiments and the volume ratio between the phases was 1:0.8:0.8 in respect to the salt-rich phase. It was found that ca. 90% of the IL was separated as the IL-rich phase and that ca. 68% of the target alkaloid was recovered into the organic phase. After separation of the salt-rich and IL-rich phases, the latter one was further extracted twice with fresh portions of butyl acetate (in a ratio 1:1), which resulted in 99% recovery of the target alkaloid in a purity higher than 95% (HPLC). In summary, the proposed approach ensures nearly quantitative recovery of glaucine and IL, and about 85% water removal, after phase separation in a single technological step.



4. Conclusions

The possibility for simultaneous recovery of the biologically active alkaloid S-(+)-glaucine and separation of the IL employed for its extraction from Glaucium flavum Cr. (Papaveraceae) by means of IL-ABS was studied. It was found that the target alkaloid is predominantly transferred into the IL-rich phase regardless of influential factors such as pH, salt type and concentration, and that its transfer toward the IL-rich phase is facilitated at alkaline pH. The results obtained were further used as a platform for the development of an improved extractive procedure, ensuring simultaneous glaucine recovery, IL recycling and water removal in a single technological step. Thus, based on the formation of a three-phase system consisting of butyl acetate, an IL-rich phase and a salt-rich phase, nearly quantitative recovery of glaucine (>99%), IL recycling (ca. 90%), and water removal (ca. 85%) was achieved by salt-induced separation of the crude plant extract.

The results obtained in the present study contribute to the understanding of IL behavior in the extraction processes and suggest a possible application of the developed procedure for the production of natural products at standard conditions. This is of great importance from an industrial point of view, since a considerable amount of time and energy could be economized if such a process is implemented in the technological scheme. In this direction, scale-up experiments are now in progress in our laboratory and the results from the ongoing investigations will be reported in due course.
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