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Abstract

:

A simple and green ultra-high-performance micellar liquid chromatography (MLC) method was developed here, comparing Tween 20 and Tween 40 for the first time as the only mobile phase modifiers with a C18 column. Its application to the separation of nine hydroxycinnamic acid (HCA) derivatives (cinnamic, caffeic, ferulic, sinapic, o-, m-, p-coumaric, 3,4-dihydroxyhydrocinnamic, and chlorogenic acids) was made, due to their importance as antioxidants in a variety of natural beverages such as wine and coffee. The optimal conditions of 45 °C temperature (T), 1% surfactant in the mobile phase, and pH control with 2.5 mM sulfuric acid were determined and used to elucidate the analytical figures of merit. Although the effect of these conditions was insignificant between the two surfactants, the nine-component HCA mixture was separated faster—in about 15 min—and with less peak tailing using Tween 20 than with Tween 40. The linearity of the Van’t Hoff (lnk versus 1/T) plots was evident for Tween 20, indicating a single retention mechanism—but less so for Tween 40. The equilibrium constants of the analytes with the micelles and the stationary phase were calculated. The developed method was successfully used to analyze organic red wine, spiked organic red wine, and green coffee diet pills. The percent recoveries of the nine HCA compounds spiked in the organic red wine ranged from 90% to 107%. The green coffee extract diet pills showed the presence of a significant amount of chlorogenic acid.
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1. Introduction


Micellar liquid chromatography (MLC) is a modified reverse-phase liquid chromatography approach in which a surfactant is used as a mobile phase (MP) modifier above its critical micellar concentration (CMC). The various equilibria, involving the partitioning of the solute with the aqueous phase, the micellar phase and the surfactant-coated stationary phase, are well known [1]. The role of surfactants in analytical chemistry, particularly chromatography, has been reviewed recently [2]. Mainly, only three surfactants are used in the chromatography literature: the anionic sodium dodecyl sulfate (SDS), the cationic cetyltrimethylammonium bromide (CTAB), and the neutral polyoxyethylene (23) lauryl ether (Brij-35). A comparison of these three previously mentioned surfactants for the MLC of plant extracts such as fatty acids and polyphenols in the thin layer mode has been reported [3]. Recent uses of CTAB seem to be more directed towards micellar electrokinetic chromatography, such as to facilitate the separation of fluoroquinolines with a negatively applied voltage [4]. Although Brij-35 was first used to test the viability of nonionic MLC [5], it has been more recently used in a SDS mixed micellar mobile phase to separate amino acids [6], and pharmaceutical mixtures such as common cold medicines [7] and sulfonamides [8]. Variations in Brij-35 in both the alkyl ether chain and the polyoxyethylene chain have been tested for the separation of a few compounds in each class (sulfonamides, β-adrenoceptor antagonists, tricyclic antidepressants, and flavonoids) [9]. However, this dominance of the use of SDS for MLC was evident in a recent review focusing on pharmaceuticals [10]. Our previous work on ultra-high-performance MLC has also tended to focus on the use of SDS. In particular, mono- and di-substituted hydroxyl aromatic acids, plus the phthalic acid isomers, were separated in various different mixes—again, isocratically with a C18 column and 0.1% SDS in dilute sulfuric acid, usually in less than 10 min. [11]. Various mono-, di-, and tri-carboxylated aromatics, and eight impurities that were formed in the synthesis of terephthalic acid, were separated isocratically on a C18 column in about 17 min using 1% SDS adjusted to pH 3 [12]. A recent study involving the separation of the same terephthalic acid impurities, but using simply a C18 column coated with the nonionic surfactant polyoxyethylene (20), sorbitan monolaurate (Tween 20) and present at 0.001% or less in the isocratic mobile phase, was possible in under 20 min [13].



Our continued interest is in the better understanding of the capabilities of Tween surfactants, an understudied type of nonionic surfactant, in MLC. A recent MLC review article did not mention any specific Tween applications [14]. Initially, Tween 20 was used to facilitate chiral separations of various pharmaceuticals, such as naproxen, by reducing separation times without loss of resolution [15,16,17]. MLC with Tween 20 was found to simplify sample pre-treatment when coupled to an immunoassay for cortisol [18]. Tween 80 was found to increase analyte retention on a phenyl column using a cholic acid artificial membrane component in the mobile phase [19]. The alkaloids tetrandrine and fangchinoline were separated on a microfluidic micellar electrokinetic capillary chromatography system using 3% Tween 20 with 5% methanol in an acetate run buffer at pH 5.5 [20]. The reverse-phase separation of some phenolic acid or catecholamine mixtures using mixed ionic surfactant (tetradecyltrimethylammonium or SDS)–Tween mobile phases has been introduced [21], but apparently not followed up on. Recently, there has been a study involving the enhanced partitioning of phenolic acids—when dissolved in a 1% Tween 20 solution—into methyl linoleate, a hydrophobic lipid phase. In particular, hydroxyl cinnamic acids such as sinapic, ferulic, and caffeic acids were increased a proportion of 35–50% in the lipid phase as compared to the Tween aqueous phase—substantially higher than the 1–10% increase in the lipid phase when compared to just water [22]. Therefore, it was surmised that Tween surfactants might accentuate retention with a C18 stationary phase (representing the lipid), and therefore, an MLC study using Tween surfactants of hydroxycinnamic acid (HCA) compounds was proposed. The importance of the separation and determination of HCA compounds is summarized as follows.



HCA derivatives are a very important class of natural compounds and play a significant role in the metabolic pathways for building lignin in plants. Lignin gives plant cell walls necessary mechanical support, making it the second most abundant natural polymer after cellulose [23,24]. Ferulic acid (4-hydroxy-3-methoxycinnamic acid) is covalently bonded to lignin, and is also found in grains, cereals, spices, and fruits [25,26,27]. In plants, HCA derivatives accumulate as a response to environmental or pathological stresses such as microbial infections, UV radiation, or wounding, due to their anti-inflammatory, antioxidant, and antimicrobial properties. Figure 1 shows the metabolic pathways of HCA derivative biosynthesis in plants; phenylalanine is the starting material for cinnamic acid [28,29,30].



The presence of HCA derivatives in some fruits, such as apples and grapes, in significant amounts is the reason for the powerful antioxidant properties of these fruits. Juices and wines made of these fruits also contain HCA derivatives, which play an additional role in the quality, color, taste, and character of the final product [33,34,35,36]. During the fermentation and aging of wine, the concentration of HCA derivatives can be used for the estimation of the quality of the aged wine [37,38], because these compounds are naturally converted into volatile hydroxybenzoic acid derivatives, which have a significant effect on the aroma and taste of the aged wine [39,40].



The determination of HCA derivatives is of crucial importance due to its availability in food, beverages, and medications. Due to the nature of most samples, the most widely used method for the determination of HCA derivatives is RPLC with UV detection [41]. Previous determinations of four HCA derivatives in orange juice have used RPLC with a complex mobile phase composition, including the non-environmentally friendly tetrahydrofuran solvent [42]. Phenolic acids, including some HCAs, have been determined in cereals after solid phase extraction using a methanol linear solvent gradient [43]. Phenolic acids, including chlorogenic and caffeic acids as well as flavonoids—17 in number—have been previously separated in about 70 min by RPLC using a similar methanol gradient [44]. A previous ultra-high-performance liquid chromatography (UHPLC) method with UV detection for the qualitative and quantitative analysis of CA derivatives and flavonoids required a six-step gradient elution using acetonitrile, with a simultaneous flowrate gradient, to give a separation in about 11 min [45]. A comparative study of HPLC and UHPLC for phenolic compounds using sub-2 micron particle columns has been applied to grape wines and teas [46]. MLC has also been applied for the separation of phenolic compounds; a few phenolic compounds (tyrosol, caffeic acid, p-coumaric acid, and oleuropeona), along with two phospholipids, have been separated on a C18 column with 0.07 M SDS and 2.5% 2-propanol [47]. Phenolic acids, separately or combined with flavonoids, have been separated using three different RPLC modes, with SDS and propanol modified mobile phases at both above and below the CMC [48,49].



To our knowledge, there are no reports of the MLC of HCA compounds—particularly in the UHPLC mode, and certainly not one involving a comparison of Tween surfactants. A comparison study that uses both Tween 20 and Tween 40 (Figure 2) as the only isocratic MP modifiers above their CMC is presented in this paper. Although gradient elution studies using an organic solvent with MLC have been reported [50,51], an important aspect of our study was to avoid the use of any organic modifier solvents in the mobile phase and to maintain the inherent “green” advantage of MLC [52].



The optimization of temperature, sulfuric acid concentration, and the percentage of surfactant was investigated for both surfactants separately for the separation of a mixture of nine HCA derivatives, listed in Table 1. The retention mechanism with respect to Van’t Hoff plots was explored and MLC equilibrium constants with respect to micellar stationary phase interactions were calculated. Quantitative analysis followed the determination of the optimal chromatographic conditions. Analytical figures of merits were calculated for both surfactants based on triplicate measurements, but the determination of HCA derivatives in organic red wine, organic red wine spiked with a mixture containing 20 mg/L of the nine CA derivatives under investigation, and a green coffee extract diet pill was performed using Tween 20.




2. Materials and Methods


2.1. Chemicals and Samples


Distilled deionized water was purified through a Milli-Q (Millipore, Bedford, MA, USA) water purification system and treated on-line with UV light before using it to prepare all the necessary solutions. The mobile phase was acidified with appropriate concentrations of sulfuric acid that was diluted from 98% sulfuric acid, purchased from Fisher Scientific (Pittsburgh, PA, USA). Trans-cinnamic acid (>98% pure), ferulic acid (99% pure), 3,4-dihydroxyhydrocinnamic acid (98%), sinapic acid (98%), o-coumaric (97%), m-coumaric (99%), p-coumaric (98%), caffeic acid (98%), chlorogenic acid (95%), Tween 20, and Tween 40 (molecular biology grade) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Names, abbreviations, and the dissociation constants of HCA derivatives analyzed in this work are listed in Table 1.



Analytical figures of merit were calculated for both surfactants based on triplicate measurements to generate a six-point calibration curve for each surfactant. The Tween 20-generated calibration curve was successfully used for the determination of HCA derivatives in organic red wine, organic red wine spiked with a mixture containing 20 mg/L of the nine CA derivatives under investigation, and a green coffee extract diet pill. The standard mixture of the nine HCA derivatives were prepared by mixing 10 mg of each in 100 mL of 60% methanol–40% H2O, and then sonicating for 10 min. Two samples were analyzed for their HCA derivative content. Organic red wine (Flourish wine of California) was filtered through a 0.22 µm nylon filter before direct column injection without further treatment. Two green coffee diet pills (Garcinia Cambogia by Purely Inspired) were dissolved in 100 mL of 60% methanol–40% H2O and then filtered using a 0.22 µm plastic filter before injection for analysis.




2.2. Instrumentation and Chromatographic Conditions


Chromeleon 7.2.9 software (Thermo Scientific, Sunnyvale, CA, USA) was used to control the UltiMate 3000 UHPLC instrument (Thermo Scientific, Sunnyvale, CA, USA) and also to generate the necessary data. The UHPLC system was equipped with a DGP 3600RS pump, online degasser, and a WPS 3000RS autosampler. The column temperature was controlled using a TCC-3000RS oven and UV detection by the Ultimate multiwavelength 3000RS detector.



All chromatography was carried out using a Phenomenex Luna Omega polar C18 UHPLC column (Torrance, CA, USA). The dimensions of this column were 150 mm × 2.1 mm, with a 1.6 µm particle diameter. This column has polar modified surface-particles with a pore size of 100 Å, a surface area of 260 m2.g−1, and carbon load of 11%. Before starting the MLC experiments, one of the mobile phases (1% vol/vol Tween 20 or 1% vol/vol Tween 40), acidified using 5 mM sulfuric acid solution, was used to equilibrate the column for at least 15 min at a flow rate of 0.1 mL/min to ensure the full adsorption of the surfactant on the column stationary phase. The optimization and the quantitative analysis were performed using isocratic conditions at 0.3 mL/min, with single wavelength detection at 270 nm.





3. Results and Discussion


The main goal of this study was to compare the effectiveness of Tween 20 and Tween 40 as mobile phase modifiers for ultra-high-performance MLC of HCA derivatives. The first step was the optimization of temperature for both surfactants. Optimization of sulfuric acid concentration and the percentages of Tween 20 and Tween 40 was performed at 45 °C. The Tween mobile phase concentrations ranged between 0.6 and 1.2% (about 4.5–10 mM for both Tween 20 and Tween 40). The CMC values of Tween 20 and Tween 40 were, respectively, 0.050 mM and 0.028 mM at 25 °C, and only decreased to, respectively, 0.034 mM and 0.028 mM at 40 °C [53,54]. As there was no organic modifier, the micellar mobile phases (at least 100 times over the CMC values) were definitely maintained throughout this study. The second goal was to employ the optimum chromatographic conditions for the qualitative and quantitative analysis of three samples using a calibration curve.



3.1. Retention as a Function of Temperature


The optimization of temperature was performed using mobile phases of 2.5 mM sulfuric acid with 1% Tween 20 (Figure 3A), and the same acid concentration with 1% Tween 40 (Figure 3B). A direct comparison between the two surfactants shows that Tween 20 had a consistently slightly lower retention factor range (about 3 units) than Tween 40 over the same range of temperatures. The shorter alkyl chain of the bound Tween 20 probably prevents easy analyte retention past the more hydrophilic polyoxyethylene unit to the stationary phase. Tween 40, with the longer alkyl chain, provides better access and sets up a more hydrophobic stationary phase. However, this also indicates that increasing the temperature is more effective in the reduction of the retention factor in the case of using Tween 40 as the mobile phase modifier. Increasing the temperature may loosen the micelle clusters, which could be more pronounced for Tween 40, causing a stronger analyte presence with this mobile phase and reduced retention (better analysis time). A close inspection of both the Tween 20 and 40 plots at high k values shows there appears to be a slight drop in the retention factor at about 36 °C. Such transitions have been reported previously for completely reverse-phase HPLC, and are due to a change in the orientation of the bonded phase [55]. As the mobile phase viscosity decreases as the temperature increases, MLC efficiency is often improved due to the improved transfer of the analyte between the aqueous and micellar phases and the stationary phase [56]. The subsequent increase in the analyte diffusion constant causes a decrease in mass transfer in the mobile phase term (Cm) in the van Deemter equation—improving the column efficiency. A temperature of 45 °C was considered to be optimal.



The linear relationship of the ln retention factor (k) versus 1/Temperature (T), where the intercept “A” is a measure of the entropy and slope “B” is a measure of the enthalpy, is considered valid for an analyte that is undergoing retention through one mechanism [57]. Based on the nine analyte trends in Figure S1 of the Supplementary Information for Tween 20, and the six for Tween 40 in Figure S2, data for the intercept and slope are tabulated in Table 2 and Table 3 for the HCAs. Correlation coefficients of 0.99 or better were found for all nine analytes using Tween 20, but a little lower for the six Tween 40 analytes. For Tween 20, the slope values for the six longest-retained analytes were fairly similar, in the 1100 range. For the three least-retained compounds, Clg and Sip was smaller and Dhc larger. The intercept values were more varied, from about minus 0.1 to −1.1, with Sip being the smallest and Dhc the largest—with both outside that range. Both the enthalpy and entropy values were less than those previously found for the separation of di- and tri-carboxylic acids using Tween 20, which were in the 1800 and −4 ranges, respectively [13]. For Tween 40, six of the analytes showed linear plots with more of a decreasing trend, from about 1800 to 1500 for the slope, and higher intercept values in the minus 2–3 range. These increased slope or intercept values indicate a greater respective enthalpy or entropy change, involving the transfer of the solute from the aqueous phase to the stationary phase. However, because the slopes tend to decrease with increasing retention, the linear fit model may not be quite appropriate. The plots for the three least-retained analytes (Clg, Dhc, and Sip) using Tween 40 were less linear (R2 values 0.94–0.96), and a quadratic fit of the data in the form of the equation ln k’ =a + b(1/T) + c(1/T)2 was performed, as shown in Figure 4. The plots appear to have two linear portions, with a transition temperature of 310 °K. This is similar to the transition temperature of 303 °K observed for PAHs [58], and is somewhat higher than that of 298 °K observed previously for Tween 20 with di-and tri-carboxylic acid compounds [13]. As the pH of the mobile phase was about 2.3, all of the analytes except Clg (pKa 3.5) would be in their completely unionized form, and therefore, a combination of an ionized and neutral analyte causing mixed retention cannot explain the nonlinearity of ln k’ with 1/T. These three analytes (Clg, Dhc, and Sip) were the least retained, and perhaps their interaction with the Tween 40 micelle became the more significant retention mechanism, in contrast to the greater degree of stationary phase retention of the other six analytes. The Ln k linearity is also indicative that the integrity of the micelle was retained over the studied temperature range. This could be less likely for the Tween 40 micelle, which is less compactly packed compared to Tween 20, due to the longer alkyl chain. By taking the derivative of the quadratic equation and setting it to zero, the temperature at the extreme (maximum in this case) value of k can be determined as T = −2c/b. These corresponding T values, when multiplied by 1000 for Clg, Dhc, and Sip, were 296, 291, and 291 °K, respectively—indicating the maximum temperature for an entropy-driven process. Our lowest experimental temperature was slightly above these temperatures, indicating that the retention process was mostly enthalpy-driven [57].




3.2. Retention as a Function of Sulfuric Acid Concentration


Both surfactants have very similar responses to the effects of changing sulfuric acid concentrations on the retention factors of the nine HCA derivatives (Figure 5A for Tween 20 and Figure 5B for Tween 40). As expected, retention due to the ionization of the COOH group was lowest with no acid, and increased to a plateau starting at 2 mM sulfuric acid, when little ionization was left. The retention order of the nine acids is listed in order in Table 1 and is not really related to pKa. Although it had the lowest pKa, chlorogenic acid was retained the least, likely due to its hydrophilic ester group. For both surfactants, resolution was lost for SA and FA at around 1 mM sulfuric acid to 0 mM acid, which might be due to the similar structures and pKa values for these two acids. The optimum sulfuric acid concentration was considered to be 2.5 mM.




3.3. Retention as a Function of Tween 20 and Tween 40 Percentage


With a temperature of 45 °C and a sulfuric acid concentration of 2.5 mM, the percentages of Tween 20 and 40 were varied from 0.6–1.2% (Figure 6). Due to the closely related structures of these Tween surfactants, the retention factors profiles were, as expected, quite similar. No retention factor crossovers were noted, with the retention factors consistently higher for Tween 40 than Tween 20. The retention order of the HCA derivatives was generally as expected based on their nonpolar structures, with the most hydrophilic compounds (CgA and Dhc) with multiple hydroxyl groups retained the least, the p-,m-.o- coumarics in their expected order, and cinnamic acid (no hydroxyl group) retained the most. The sinapic, ferulic, and caffeic acid retention order was less easy to predict, but was the same as their partitioning affinity from Tween to the methyl linoleate lipid phase, as described previously in the Introduction of [22]. Considering peak resolution and analysis time, the optimum Tween percentage was considered to be 1%.



For completely aqueous MLC, the partitioning of the analytes between the micelles and the surfactant-coated stationary phase are the important equilibria [59]. The partitioning equilibrium constants K can be determined from the following Equation (1):


1/k = 1/(φKAS[S]) + KAM[M]/(φKAS[S])



(1)




where k = retention factor, KAS is the analyte equilibrium constant between the stationary and aqueous phases, KAM is the analyte–micelle equilibrium constant per monomer of surfactant, and M is the concentration of the surfactant in the mobile phase [60]. The ratio of the slope to the intercept of Equation (1) gives the KAM value. The equilibrium constant per micelle Keq is KAM(Nagg), where Nagg is the aggregation number for the surfactant—about 90 for both Tween 20 and Tween 40 [60,61]. Such linear plots, using Equation (1) for all the analytes, are shown for Tween 20 in Figure S3 and for Tween 40 in Figure S4. The slope and intercept data shown in Table 4 for Tween 20 are again based a higher correlation coefficient (usually 0.99) than the analogous data in Table 5 for Tween 40 (usually 0.98). The KAM values, ranging from about 100–300 for the analytes separated using Tween 40 (Table 5), did not show a strong correlation with retention order and were significantly higher than those for Tween 20 (range of 25–130 in Table 4), which did show more of a trend with retention order. The compound with the strongest retention for the micelle as measured by KAM also differed: Dhc using Tween 40 and oCm for Tween 20. The analyte attraction for the stationary phase as measured by φKAS[S], where φ is the phase ratio and [S] is the stationary phase sites, did tend to follow the retention order trend for Tween 20 (Table 4) and Tween 40 (Table 5). The highest φKAS[S] values were the two most-retained compounds (oCm and Cin) for both surfactants.



Using the optimized temperature, sulfuric acid concentration, and surfactant concentration, chromatograms for the nine HCA derivatives using Tween 20 and Tween 40 can be compared in Figure 7. In Figure 7A, baseline separation of the nine CA derivatives was achieved within 16 min using Tween 20. Figure 7B represents a chromatogram of the same mixture within 19 min using Tween 40. Peaks in the Tween 20 chromatogram showed only slight peak tailing, with an average asymmetry value of 1.21 for all peaks. The Tween 40 chromatogram showed more significant peak tailing; the average asymmetry of the nine peaks was 2.15. The number of plates N calculated for oCm based on baseline peak width was found to be 2886 for Figure 7A and 2039 for Figure 7B. Tween 20 was considered the better option for further quantitative work due to the higher plate count and shorter analysis time.




3.4. Analytical Figures of Merit Comparison


Standard solutions ranging from 10–100 mg/L of each HCA derivative were used to calculate the limits of detection (LOD) and limits of quantification (LOQ) in nmoles and in mg/L based on a 5 µL injection volume. Tables S1 and S2 in the Supplementary Information describe the RSD data for retention factor and peak area, respectively. For the retention factors, RSD values generally ranged between 0.1–3%. For the peak areas, RSD values generally ranged from 0.5–5%. Linear regression analysis parameters, as well as LOD and LOQ, are summarized in Table 6 for Tween 20 and in Table 7 for Tween 40. Comparison of the results shows LOD values ranging from 0.06–0.16 nmoles (3–6 mg/L) for both Tween surfactants.




3.5. Sample Analysis


Quantitative analysis was performed using Tween 20, and three samples were analyzed for their HCA derivatives. The organic red wine showed the presence of seven out of the nine HCA derivatives under investigation (Figure 8). To examine the accuracy of this method, the organic red wine sample was spiked with 20 mg/L of each HCA derivatives (Figure 8) and then the percent recoveries were calculated.



In addition to the two previously mentioned samples, a green coffee extract diet pill was analyzed (Figure 9), showing a major presence of Clg and lower amounts of three other compounds, with trace detection of two more HCAs. The results are listed in Table 8. The percent recoveries of the nine HCA compounds spiked in organic red wine were considered good, ranging from about 90% to 107%. Although no label information was available for this brand, green coffee diet pills are known to have high amounts of Clg. The “greenness” of this analytical method was evaluated based on a comparison to recently reviewed related liquid chromatography methods [62]. Based on the ECO scale, where 100 is the best, our method should be rated at least in the 90–95 range—similar to mixed micelle MLC studies with no organic modifier, of which only a few such papers were cited.





4. Conclusions


In this study, an ultra-high-performance MLC comparison between Tween 20 and Tween 40 showed optimum mobile phase conditions of 1% surfactant in 2.5 mM sulfuric acid, with a column temperature of 45 °C. The analytes under investigation were nine hydroxycinnamic acid (HCA) derivatives. Retention of all the HCA compounds was somewhat lower using Tween 20 than Tween 40. The retention order of the HCA compounds was generally as expected, based on the non-polarity of their structure. The retention order of sinapic, ferulic, and caffeic acids were difficult to predict based on structure, but followed a literature-predicted partitioning trend from Tween to a lipid phase. The linearity of the Van’t Hoff plots, particularly for Tween 20, indicated one primary retention mechanism.



Based on calculated equilibrium constants, stronger interactions of the more weakly-retained analytes with the Tween 40 micelles were observed. Analytical figures of merit showed LOD values in the 0.06–0.16 nmol range. MLC using Tween 20 as the surfactant in the mobile phase showed faster analysis times (about 15 min) and better peak shapes (average 1.2 peak asymmetry) than Tween 40; so, that method was successfully used to analyze two samples directly injected without pre-treatment. The spiked sample experiments showed excellent recoveries.
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Figure 1. Natural biosynthesis map of cinnamic acid derivatives in plants [31,32]. 
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Figure 2. The structure of Tween 20 (W + X + Y + Z = 20) with primarily (60%) C12 alkyl chains; molar mass 1228. Tween 40, also with (W + X + Y + Z = 20), has primarily (90%) C16 alkyl chains; molar mass 1277. 






Figure 2. The structure of Tween 20 (W + X + Y + Z = 20) with primarily (60%) C12 alkyl chains; molar mass 1228. Tween 40, also with (W + X + Y + Z = 20), has primarily (90%) C16 alkyl chains; molar mass 1277.



[image: Separations 09 00061 g002]







[image: Separations 09 00061 g003 550] 





Figure 3. The relationship between the retention factor (k) and the temperature using Tween 20 (A) and Tween 40 (B). 
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Figure 4. Plots of ln retention factor k versus (1/T °K)*1000 using data in Figure x for Clg, Dhc, and Sip. Quadratic equation data fit: Clg, y= −8.16x2 + 55.21x − 91.23, R2 = 0.9944; Dhc, y = −6.40x2 + 44.03x − 73.35, R2 = 0.9974; Sip, y = −3.88x2 + 26.65x − 43.08, R2 = 0.9963. 
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Figure 5. The relationship between the retention factor (k) and the sulfuric acid concentration using Tween 20 (A) and Tween 40 (B). 
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Figure 6. The relationship between the retention factor (k) and the surfactant concentration using Tween 20 (A) and Tween 40 (B). 
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Figure 7. Chromatograms using 1% Tween 20 (A) and 1% Tween 40 (B). Peak assignments as follows: 1-CgA, 2- 3,4DHC, 3- SA, 4- FA, 5-Caf, 6- pCm, 7- mCm, 8- oCm, 9- CA. Retention times had %RSDs between 0.06% and 2.0% for Tween 20 and 0.04% and 2.8% for Tween 40. 
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Figure 8. Chromatogram of red wine sample (lower black trace) and spiked red wine to 20 mg/L of the HCAs (upper orange trace). 
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Figure 9. Chromatogram of green coffee diet pill. 
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Table 1. List of cinnamic acid derivatives with their corresponding acid dissociation constant pKa.
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	Name
	Abbreviation
	pKa





	1
	Chlorogenic
	Clg
	3.50



	2
	3,4-Dihydroxy-

hydrocinnamic
	Dhc
	4.62



	3
	Sinapic
	Sip
	4.47



	4
	Ferulic
	Fer
	4.52



	5
	Caffeic
	Caf
	4.43



	6
	p-Coumaric
	pCm
	4.10



	7
	m-Coumaric
	mCm
	4.44



	8
	o-Coumaric
	oCm
	4.04



	9
	Cinnamic
	Cin
	4.44
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Table 2. Coefficients A and B with correlation coefficients (R2) for plots based on the van’t Hoff equation: lnk = A + B(1/T), shown in Figure S1 for Tween 20.
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	Compound
	A Intercept
	B Slope
	R2





	Clg
	−1.15
	867
	0.9973



	Dhc
	−2.73
	1425
	0.9902



	Sip
	−0.0676
	767
	0.9978



	Fer
	−1.05
	1150
	0.9927



	Caf
	−1.05
	1150
	0.9927



	pCm
	−0.695
	1068
	0.9935



	mCm
	−1.04
	1234
	0.9912



	oCm
	−0.183
	1039
	0.9931



	Cin
	−0.280
	1119
	0.9919
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Table 3. Coefficients A and B with correlation coefficients (R2) for plots based on the van’t Hoff equation: lnk = A + B(1/T), shown in Figure S2 for Tween 40.
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	Compound
	A Intercept
	B Slope
	R2





	Fer
	−3.29
	1873
	0.9828



	Caf
	−3.29
	1873
	0.9828



	pCm
	−2.76
	1735
	0.9831



	mCm
	−2.75
	1786
	0.9895



	oCm
	−1.58
	1489
	0.9897



	Cin
	−1.47
	1501
	0.9935
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Table 4. Linear regression equations for 1/k vs. [Tween 20, mM] plots (Figure S3 data) for HCAs. and their equilibrium constants (Equation (1) in above text).
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	Compound
	Intercept
	Slope*1000
	R2
	KAM
	ΦKAS[S]





	Clg
	0.154
	5.37
	0.9861
	34.9
	6.50



	Dhc
	0.138
	3.44
	0.9790
	25.0
	7.26



	Sip
	0.0585
	3.85
	0.9897
	65.8
	17.1



	Fer
	0.0440
	3.37
	0.9902
	76.6
	22.7



	Caf
	0.0440
	3.37
	0.9902
	76.6
	22.7



	pCm
	0.0383
	3.20
	0.9908
	83.6
	26.1



	mCm
	0.0308
	2.83
	0.9907
	91.9
	32.5



	oCm
	0.0203
	2.61
	0.9907
	128.6
	49.3



	Cin
	0.0203
	1.93
	0.9907
	95.1
	49.3
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Table 5. Linear regression equations for 1/k vs. [Tween 40, mM] plots (Figure S4 data without 9.4 mM point) for HCAs and equilibrium constants (Equation (1) in above text).
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	Compound
	Intercept
	Slope*1000
	R2
	KAM
	ΦKAS[S]





	Clg
	0.0656
	11.6
	0.9869
	176
	15.2



	Dhc
	0.0411
	12.1
	0.9881
	294
	24.3



	Sip
	0.0462
	4.74
	0.9897
	103
	21.7



	Fer
	0.0310
	4.75
	0.9849
	153
	32.3



	Caf
	0.0364
	4.06
	0.9792
	112
	27.5



	pCm
	0.0238
	3.74
	0.9782
	157
	42.0



	mCm
	0.0305
	4.06
	0.9830
	133
	32.8



	oCm
	0.0222
	2.56
	0.9788
	115
	45.0



	Cin
	0.0185
	2.31
	0.9742
	125
	54.1
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Table 6. Calibration parameters derived from linear regression equations using Tween 20.
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	R2
	Intercept
	Slope
	Std Error
	LOD nmoles
	LOD mg/L
	LOQ nmoles
	LOQ mg/L





	Clg
	0.9987
	−0.253
	6.401
	0.13
	0.061
	4.319
	0.203
	14.4



	Dhc
	0.9985
	−0.191
	2.271
	0.095
	0.125
	4.565
	0.418
	15.22



	Sip
	0.9986
	−0.247
	3.776
	0.124
	0.099
	4.434
	0.33
	14.78



	Fer
	0.9975
	−0.445
	7.123
	0.365
	0.154
	5.969
	0.513
	19.9



	Caf
	0.9983
	−0.288
	6.782
	0.31
	0.137
	4.937
	0.457
	16.46



	pCm
	0.998
	−0.525
	9.63
	0.516
	0.161
	5.276
	0.536
	17.59



	mCm
	0.9988
	−1.703
	20.85
	0.886
	0.127
	4.184
	0.425
	13.95



	oCm
	0.9988
	−1.54
	17.63
	0.736
	0.125
	4.111
	0.417
	13.7



	Cin
	0.9988
	−2.916
	26.54
	1.234
	0.14
	4.133
	0.465
	13.78







LOD = (3*α)/B, where α is the standard deviation of the y-intercept, LOQ = (10*α)/B, where α is the standard deviation of the y-intercept.
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Table 7. Calibration parameters derived from linear regression equations using Tween 40.
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	R2
	Intercept
	Slope
	Std

Error
	LOD nmoles
	LOD mg/L
	LOQ nmoles
	LOQ mg/L





	Clg
	0.9976
	−0.105
	3.563
	0.080
	0.068
	4.781
	0.225
	15.95



	Dhc
	0.9964
	−0.372
	2.806
	0.152
	0.162
	5.904
	0.54
	19.68



	Sip
	0.9967
	−0.123
	3.273
	0.139
	0.127
	5.969
	0.423
	18.99



	Fer
	0.9973
	−0.468
	6.141
	0.272
	0.133
	5.156
	0.443
	17.2



	Caf
	0.9975
	−0.402
	5.703
	0.260
	0.137
	4.931
	0.456
	16.42



	pCm
	0.9969
	−0.324
	7.761
	0.430
	0.166
	5.452
	0.554
	18.17



	mCm
	0.9987
	−1.537
	17.27
	0.632
	0.109
	3.604
	0.366
	12.01



	oCm
	0.9989
	−0.548
	13.73
	0.458
	0.1
	3.285
	0.334
	10.95



	Cin
	0.9978
	−2.4
	21.75
	1.141
	0.158
	4.661
	0.525
	15.54







The LOD and LOQ were calculated as in Table 6.
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Table 8. The quantitative analysis of the organic red wine and green coffee diet pills. The recovery percentages were calculated by subtracting the amounts of the CA derivatives already found in the sample.
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	Name of Acid
	Red Wine + 100 ng Spiked HCA
	Ng of Acid in Red Wine
	Ppm Acid in Red Wine
	%Recovery
	Ng of Acid in Green Coffee
	Mg Acid Per Pill





	Clg
	122.6
	21.43
	4.286
	91.14
	916.1
	183.2



	Dhc
	338.4
	240.8
	4.452
	95.99
	62.61
	12.52



	Sip
	102.1
	0
	0
	102.1
	0
	0



	Fer
	121.1
	17.34
	3.468
	103.8
	trace
	0



	Caf
	125.2
	28.86
	5.772
	91.64
	15.89
	3.179



	pCm
	129.2
	35
	7
	92.64
	0
	0



	mCm
	107.7
	0
	0
	107.7
	18.2
	3.639



	oCm
	116.8
	16.85
	3.37
	99.97
	0
	0



	Cin
	115.5
	21.37
	4.274
	94.09
	trace
	0
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