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Abstract

:

We studied the use of dimethyl carbonate (DMC) as a non-toxic, aprotic modifier for hydrophilic liquid interaction chromatography (HILIC) and as a modifier for normal-phase liquid chromatography (LC). A comparison of ethyl acetate (EA) and DMC as organic mobile-phase modifiers in hexane for normal-phase LC of phthalates was conducted with a silica column and showed that retention factors (k) at the same modifier percentage were about a factor of two greater for DMC. Detection at 215 nm, possible with DMC, allowed for the better detection of the phthalates by a factor of 10, compared with EA detection, best at a 254 nm wavelength. Using a core-shell silica column, HILIC separations of trans-ferulic acid, syringic acid, and vanillic acid were compared between acetonitrile (MeCN) and DMC as the organic portion of the mobile phase, from 80–95%. The analyte retention for DMC, when compared to MeCN, was about 1.5 times greater, with only a moderate increase in back pressure. Plate count and peak asymmetry were somewhat better for the DMC chromatograms, compared to those with MeCN. Seven mono- and di-hydroxybenzoic acid positional isomers could be resolved effectively with DMC. Sorbate and benzoate preservatives in commercial drinks were also determined.
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1. Introduction


There are 12 principles of green chemistry; principle number 5 is to reduce and/or replace solvents with less toxic ones [1]. In analytical chemistry, where the volumes of solvents used are already quite small, this will often take the form of a replacement with a less toxic chemical. The greening of chromatography by using alternative, mobile-phase modifiers as opposed to standard, organic solvents continues to receive considerable interest, based on the number of review articles in recent years [2,3,4,5,6,7]. A wide variety of solvent applications to create a greening of sample pretreatment steps, as well as chromatography, are being made [8]. Acetonitrile (MeCN) is the dominant HPLC solvent that acts as the organic modifier for the mobile phase because of its low UV cut-off and low viscosity [9,10]. However, MeCN is known to be toxic to humans via inhalation and dermal absorption and often makes up the bulk (>50%) of the mobile phase in LC [11]. Emphasis on green solvents, particularly alternatives to MeCN, such as ethanol, was emphasized for the RPLC of pharmaceuticals [12]. Although the following solvents have relatively high UV cut-off wavelengths, acetone, due to its biodegradability, and ethyl lactate, produced from ethanol and lactic acid, have also been tested as green alternative solvents to MeCN. Sixteen poly-aromatic hydrocarbons (PAHs) have been separated by RPLC using ethyl lactate as the organic mobile-phase modifier [13]. A mixture of 75% ethanol and 25% methyl acetate was effective for RPLC of a wide variety of organic compounds, including food additives and dyes [14]. Glycerol has been proposed as a mobile-phase modifier to improve peak symmetry, particularly when mixed with ethanol and used at a controlled column temperature [15]. Recently, we have shown the non-ionic surfactant, Tween, to be effective for totally aqueous RPLC profiling of impurities in terephthalic acid [16] and for the separation of hydroxyl aromatic acids [17]. Separations using ionic liquids as mobile-phase modifiers, or immobilized in the stationary phase, continue to be promoted [18], as does the application of deep eutectic solvents [19].



Propylene carbonate (PC) as a replacement for MeCN in RPLC has generally been applied to specific pharmaceutical separations. Reversed-phase (RP) LC of a variety of pharmaceuticals using the mobile-phase modifier combination of 60% PC–40% methanol mixed with an aqueous ammonium acetate buffer was shown [20,21,22,23]. Recently, a 60% PC and 40% ethanol solution was used as the mobile-phase modifier for the first-dimension gradient RPLC x RPLC separation of a pharmaceutical mixture of sulfa drugs and analgesics [24] or phenolic compounds [25]. A more fundamental chromatographic comparison of PC to MeCN as a RPLC mobile-phase modifier was made by Tache and co-workers [26]. One HILIC chromatogram with a mixture of nicotinamide, pyridoxine, and thiamine was shown using both MeCN and PC mobile-phase modifiers, but no other such work was pursued.



Dimethyl carbonate (DMC) has been classified as one of the greenest solvents, in the same class as water, short chain alcohols, and ethyl acetate [27]. DMC also biodegrades rapidly in the atmosphere (over 90% in 28 days); therefore, it can be considered non-toxic [27]. However, analytical chemistry applications involving DMC appear to be very limited. DMC has been introduced as a mobile-phase modifier for RPLC, with ICP-MS detection for the sulfur detection of aromatic sulfonamides, hexane sulfonic acid, and dithiobenzoic acid [28]. DMC, being a more non-polar solvent than MeCN or MeOH, can be used at a lower percentage (10% or less), permitting better stability of the ICP plasma.



Chiral chromatography of marinoaziridines using 90% DMC−10% methanol or ethanol [29] and hydantoins using 100% DMC on polysaccharide-based stationary phases [30] has been compared to supercritical fluid chiral separations.



A comparison of the solvent properties of MeCN, DMC, and PC, obtained from various sources [31], is shown in Table S1. The Hildebrand solubility parameters and the Hanson solubility parameters are quite comparable between the three solvents. However, the polarity of DMC, as indicated by the one relevant Hanson parameter, as well as the dipole moment and dielectric constant, is considerably lower than the other two solvents. The surface tension of DMC is similar to that of MeCN, while the surface tension for PC is considerably higher. Although MeCN has the lowest viscosity of the three solvents at 0.38 cP, the viscosity of DMC at 0.66 is fairly comparable, much lower than that for PC at 2.4. The solubilities of the carbonate solvents in water are comparable in the 14–18 g/100 mL range, indicating that a co-solvent of ethanol would likely be required for HPLC modes other than the normal phase. Table S1 also summarizes the solvent properties of ethyl acetate (EA), a common mobile-phase modifier for normal-phase LC. Several values, such as surface tension, dielectric constant, and Hildebrand solubility parameter, are similar between DMC and EA.



We have concluded that DMC should be an effective organic solvent mobile-phase modifier for both normal-phase LC and hydrophilic interaction liquid chromatography (HILIC). DMC has excellent miscibility with hexane when applied as a mobile-phase modifier for normal-phase LC. EA is considered a non-toxic solvent for normal-phase LC; however, its UV cut-off is high. High percentages, in the 90% range, of the aprotic solvent MeCN are often required for most HILIC applications [32,33,34]. A substitution of the aprotic DMC will provide a low-toxicity advantage, with a mass transfer capability that is still good, due to its reasonable viscosity.



Herein we present the application of DMC as a mobile-phase modifier for normal-phase LC and HILIC. To the best of our knowledge, the application of a carbonate organic solvent for normal-phase LC has not been performed. As a test case, normal-phase LC of phthalates with a low percentage of DMC in hexane showed excellent peak resolution and detection at 215 nm. Such a low wavelength, important for detectability, was not possible when using an EA in a hexane mobile phase. A detailed chromatographic comparison of DMC and MeCN as mobile-phase modifiers for HILIC is of major emphasis in this study. Retention factors (k) were generally about a factor of two greater for DMC than MeCN at the same mobile-phase composition, and van Deemter plots were quite favorable for DMC. A second mixture containing seven mono- and di-hydroxy benzoic acids, including positional isomers, was more effectively separated using DMC as the mobile-phase modifier. Complete peak reversals for the preservatives sodium benzoate and potassium sorbate were noted in the chromatograms when comparing MeCN and DMC.




2. Materials and Methods


2.1. HILIC Instrumentation


Separations took place with a Dionex P680A HPG binary pump equipped with an online Shimadzu degasser (DGU-14A), a Dionex ASI-100 autosampler, an Alltech 330 column heater, and a Dionex UVD 170U variable wavelength detector. Chromeleon 6.8 software (Thermo Scientific, Waltham, MA, USA) was used for instrument control and data acquisition. HILIC was conducted on a bare silica Halo HILIC column (Advanced Material Technology, Wilmington, DE, USA), with dimensions of 4.6 mm ID × 50 mm and 2.7µm particles. A HILIC peak symmetry comparison was performed using a Merck KGaA (Darmstadt, DE, USA) SeQuant ZIC-HILIC zwitterionic column (150 × 2.1mm, 5 µm, 200 °A). The injection volume was 20 µL, and the flow rate was generally 0.5 mL/min. The column was kept at 25 °C unless otherwise noted. UV detection was monitored at 260, 240, 220, and 215 nm.




2.2. HILIC Chemicals and Procedures


Acetonitrile (Fisher Scientific, Pittsburgh, PA, USA) and dimethyl carbonate (Sigma-Aldrich, St. Louis, MO, USA) were the bulk organic portions of the mobile phase. Ethanol (Decon Labs, King of Prussia, PA, USA) was added to ensure mobile-phase solubility. The low solubility of DMC (~14% v/v) in water required the aqueous part of the mobile phase to have two parts ethanol mixed with one part ammonium acetate buffer. A 10 mM ammonium acetate buffer (Sigma-Aldrich) was created in the water portion of the mobile phase and adjusted to a pH of 5.9 with glacial acetic acid (Fisher Scientific) before the final dilution with ethanol. Solutions were prepared with 18.2 MΩ water, which was distilled and deionized before passing through a Milli-Q water purification system (Millipore).



A test mixture of toluene (Fisher Scientific), trans-ferulic acid (Sigma-Aldrich), vanillic acid (Sigma-Aldrich), and syringic acid (Sigma-Aldrich) was analyzed, with each component being between 10 and 20 µg/g. Chromatograms based on this test mixture were used for calculations related to the retention factor (k) and plate count (N). Toluene was used as the unretained marker (t0) involving retention factor, calculated as k = (tR − t0)/t0, and the plate count (N), calculated using the Foley-Dorsey equation [35]. One modification made to this equation was to add a correction for t0, as seen in Equation (1)


  N =   41.7         t   r   −   t   0       W   0.1         2       B   A   + 1.25    



(1)




where t0 is the retention time of toluene, tR is the retention time of the peak, W0.1 is the peak width at 10% above baseline, B is the right baseline width, and A is the left baseline width, both measured from the peak apex.



Another test mixture of positional isomers containing mono- and di-hydroxy benzoic acids (Sigma-Aldrich) with the same analyte concentration range was prepared by dilution in a 2:1 (v/v) ethanol/water mixture before a final dilution to 10 µg/g with organic solvent. The preservatives sodium benzoate (Fisher Scientific) and potassium sorbate (TCI Chemicals, Portland, OR) were examined in a set of drinks: Jose Cuervo Classic Lime Margarita, Daily’s Cocktails Margarita Mix, and Sunny D Orange Strawberry (all purchased from a local grocery store). The drink samples were filtered with a 0.2 μm nylon filter. External calibration curves from 5–125 ppm, using both peak height and peak area taken in quadruplicate, were constructed for both the sorbate and benzoate analytes, determined at the previously indicated detection wavelengths.




2.3. Normal-Phase LC Instrumentation


Separations took place with a Dionex UltiMate 3000 LPG Pump, equipped with an inline degasser, a Dionex ASI-100 autosampler, a Jones Chromatography model 7950 column chiller, and a Dionex UVD 170U variable wavelength detector. Chromeleon 6.8 software (Thermo Scientific) was used for instrument control and data acquisition. The separations were performed using an Agilent (Santa Clara, CA, USA) Zorbax RX-SIL 5 μm particle column, with dimensions of 4.6 mm ID × 150 mm. UV detection was monitored at 254, 275, 220, and 215 nm.




2.4. Normal-Phase LC Chemicals and Procedures


Ethyl acetate and hexane were reagent-grade and obtained from Fisher Scientific. Dimethyl carbonate was from the same source (Sigma Aldrich). Dimethyl-, diethyl-, dibutyl-, dioctyl-, and benzyl butyl-phthalate (Sigma-Aldrich) solutions were prepared at 50 μg/g with 0.3% 2-propanol (Fisher Scientific) in hexanes and either ethyl acetate or DMC as the remainder. Hexanes-0.3% 2-propanol solution portions ranged from 90 to 98%, with the balance to 100% being either ethyl acetate or DMC. Flow rate was 1 mL/min, with the column kept at 25 °C.




2.5. DMC Purity Analysis by GC


An Agilent 8860 GC coupled to a 5977B MSD running Agilent Mass Hunter 10.0 was utilized for the DMC purity experiments. The GC was equipped with an Agilent HP-5MS column, with 30m × 0.25 mm ID × 0.25 µm film thickness and a 4mm ID × 78.5 mm L Ultra Inert liner. The distillation of DMC, obtained from a different company, was performed on a 100 mL solvent volume, in a 500 mL round-bottom flask, with a 12-inch fractional distillation column and a condenser tube emptying into a clean, 150 mL beaker. Distillation occurred over approximately 45 min of reflux, with two fractions of 25 mL apiece collected. The UV-Vis spectra were obtained neat on an Agilent 8453 photo diode array spectrophotometer, G1103A.





3. Results and Discussion


It was discovered that the purity of DMC, based on the UV absorbance spectra, was variable between two different companies. The purity of the Sigma-Aldrich DMC was fine and could be used without purification. The DMC purchased from a different company showed a substantial absorbance in the 250 nm range (Figure S1). Previously, impurities such as cyclohexanol and propylene glycol in DMC, synthesized using the methanol oxidative carbonylation method, were determined using gas chromatography equipped with a polar Carbowax capillary column [36]. A GC-MS assay of the before-distilled DMC solvent from the second company indicated that only a very small impurity of methanol could be noted. A distillation was performed, and the UV-Vis spectra of the purified and remaining DMC solutions in the flask were obtained (Figure S1). The remaining DMC in the flask showed a similar spectrum to the starting material. However, the spectrum of the distilled, collected fraction and that of DMC purchased originally from Sigma-Aldrich were very similar, both with low UV cut-offs. There was only one lot of DMC tested from this second company, and the purity issue may be an anomaly. If needed, simple distillation should be effective for the purification of DMC.



3.1. Normal-Phase LC


The retention factor (k) plots for dimethyl-, diethyl-, benzylbutyl-, dibutyl-, and dioctyl-phthalates using both EA and DMC as mobile-phase modifiers in hexane are shown in Figure 1. The retention order of the phthalates for EA is as expected, with the least non-polar organic compound (dimethylphthalate) retained the most throughout the 2–10% EA in the hexane mobile phase. At 10% EA or DMC, retention factors were slight, all under 1.5. Retention was doubled at 4% modifier solvent; however, at 2%, the retention factors dramatically increased to the ranges of 1–5 for EA and 2–9 for DMC. In addition, the retention order at 2% DMC changed with the k values of benzylbutyl- and diethyl-phthalate, crossing over the k values of dimethyl-phthalate. The lower dipole moment and dielectric constant values for DMC, as compared to EA in Table S1, may partially explain the weaker normal-phase eluting strength of the former solvent. Snyder eluent strength parameters for hexane (0.01), EA (0.58), and ethanol (0.88) were used to calculate the polarities of various binary mobile phases of hexane–EA and hexane–ethanol. It was found that a percentage range of ethanol from 1.3–2.6% was predicted to offer the same phthalate peak resolution as 2–6% EA. The reproducibility of such low % values of ethanol in the mobile phase could be problematic.



The UV spectra of solutions with low percentages of EA and DMC in hexane are compared in Figure S2. The EA solution showed a broad peak, with a wavelength absorbance maximum near 220 nm, while the peak for DMC was narrower, with a wavelength absorbance maximum closer to 200 nm. Minimal UV absorbance was indicated for EA at 250 nm and for DMC at 220 nm. A comparison of the chromatograms for the phthalates taken with a 4% DMC modifier with detections at 254 and 215 nm is shown in Figure 2. Plate count values averaged about 4000. The analysis time was about 10 min, and peak intensities were about 10 times higher at the lower wavelengths, still with a very stable baseline. This was as expected, considering the general UV spectra of phthalates show the absorbance increasing as the wavelength deceases to a maximum of about 204 nm. A comparison of the chromatograms for the phthalates taken with a 4% EA modifier with detections at 254 and 220 nm is shown in Figure 3. Plate count values averaged about 3000. The analysis time was a bit faster at 8 min, with similar peak intensities to those of DMC at 254 nm. However, the UV absorbance of EA at 215 nm was significant, and only a very noisy baseline was noted. Figure S3 shows the comparable chromatograms for phthalates with the detection at 275 nm, as expected. Figure S4 shows the chromatographic peak detection of phthalates at 220 nm using DMC as the modifier was clearly possible but only baseline noise was observed using EA.



Plots of log k versus log ΦEA and ΦDMC are shown in Figure 4. This was based on the normal-phase solvent strength equation: Log k = log kB − nlog (B), where n = number of strong solvent molecules (B) displaced by the solute adsorption to an active site, and kB is k for the 100% B mobile phase. The linear regression equations and correlation coefficients for the plots are given in Table S2. For EA, the linearity of the plots was good, with correlation coefficients between 0.97–0.99. The slope values ranged between 0.80 and 1.30, indicating that the effective number of phthalate polar groups displaced by EA is about 1. For DMC, the linearity of the plots was not quite as good with correlation coefficients between 0.93–0.99, except for dioctyl-phthalate at 0.84. The slope values ranged between 0.92 and 1.35, indicating, again, that the effective number of phthalate polar groups displaced by DMC is about 1. For both solvents, the slope and intercept values decreased in order, and the correlation coefficients increased in the order of the increasing retention factor.




3.2. Hydrophilic Interaction Liquid Chromatography


The water solubility of DMC, similar to that for PC [26], required the use of a ternary solvent. Ethanol was chosen for its character in green chemistry, low UV absorptivity, and good miscibility with aqueous and organic solvents. We found that a 2:1 (v/v) proportion of ethanol to water allowed for a complete miscibility with DMC at all concentrations. This aqueous mixture of ethanol and water was used as the aqueous portion of all mobile phases. The UV absorbance spectra (200 to 230 nm) for various DMC mobile-phase fractions, from 90–60%, are shown in Figure S5. The lowest possible usable wavelength for 90% DMC was 215, considering the UV cut-off definition of 1 AU. For 80% DMC, the UV cut-off was about 212 nm. A very similar UV cut-off of 216 nm was determined previously with PC [26].



Figure S6 shows that the column pressure-drop using the DMC–buffer–ethanol mobile phase was about 1.5–1.8 times that of the MeCN–buffer–ethanol mobile phase, as expected due to the viscosities, which are different by about a factor of two. However, even with a 20% aqueous component in the DMC mobile phase, the column back pressure was reasonable, at about 550 psi. The pressure-drop for a 10 cm × 2.1 mm ID 3.5-micron particle column using 80% PC at 0.25 mL/min was about 50 bar, or 750 psi [26].



3.2.1. Retention Factor Comparison between DMC and MeCN


The plot of retention factors (k) for trans-ferulic acid, vanillic acid, and syringic acid showed increased retention with the increasing organic content of the mobile phase for both MeCN and DMC, as expected (Figure 5). Plate count values were not very high; they were in the 500 range for EA and averaging about 1200 for DMC. The resolution of trans-ferulic acid and vanillic acid was incomplete from 80% to 90% of the organic modifier. We found that above 89% MeCN, the peak shape and overlap made any analysis difficult (Figure S7); thus, this retention factor plot did not go above 90%. However, peak shape remained good as high as 95% DMC, and retention factors could be measured with an improved resolution of the first two peaks, which were trans-ferulic and cinnamic acids. In general, the retention factors using DMC were about 1.5 times that of MeCN, similar to that found for PC [26]. Log k versus log % organic modifier plots were very linear (near a correlation coefficient of 0.995) for vanillic and syringic acids using either MeCN or DMC (Figure S8). Slope value ratios for DMC/MeCN for the two acids were also similar, at about 1.1. van’t Hoff plots were constructed, as shown in Figure S9, over a temperature range of 25–40 °C for the two resolved components (trans-ferulic and syringic acids) using MeCN and all three components using DMC. The slope and intercept values were, respectively, about 1.6 and 1.7 times greater for DMC than MeCN. The linear regression for each data set was R2 > 0.99, leading us to conclude that only a single retention mechanism was present with either the mobile phase or a silica column [37].




3.2.2. Van Deemter and Peak Asymmetry Comparison of DMC and MeCN


Height equivalent of theoretical plates (HETP) plots were constructed vs. temperature, flow rate, and organic mobile-phase modifier composition (Figure 6). Peak asymmetry was taken into account for the calculation of N, using the Foley–Dorsey equation. It was observed that the DMC HETP profile was slightly lower than that of MeCN over the x axis range for all the points. Percent RSD values derived from the plate count, as indicated in the figure legend, confirmed that the separation difference for the point profiles was real. The difference in HETP between DMC and MeCN was greater at low flow rates. This was expected because the B term of the van Deemter equation, which is dependent on the diffusion coefficient of the analyte in the mobile phase (Dm), is dominant. The higher viscosity of DMC corresponded to a lower Dm value, as compared to the lower viscosity and higher Dm for MeCN. The HETP points for MeCN and DMC became closer together at higher low rates because the stationary phase mass transfer term became significant. Previously, seven different HILIC columns were compared for the separation of six nucleosides, with the zwitterionic column showing the best performance [38]. It was thought that the HETP profile trends of DMC and MeCN might switch in magnitude with a zwitterionic HILIC column, but this was found to not be the case (Figure S10). Peak symmetry was generally slightly better for this syringic acid test compound when using a DMC mobile phase rather than a MeCN mobile phase on either a silica or zwitterionic column (Figure S11). Peak asymmetry for both DMC and MeCN converged at faster flow rates. Less peak broadening, along with longer peak retention, was considered the likely reason for lower HETP profiles for DMC.




3.2.3. Applications Involving Positional Isomers and Drink Preservatives


A more complex sample of mono- and di-hydroxy benzoic acids, including positional isomers, was separated using the same organic modifier composition of 89% for MeCN and DMC (Figure 7). Peak shapes when using MeCN could be improved using a 100 mM buffer instead of a 10 mM buffer, the latter chosen as being more potentially MS-compatible. Retention of 2,6-dihydroxy benzoic acid (2,6-DHBA) was fine when using DMC, but it overlapped with the unretained toluene peak when using MeCN. Resolution of 2,4- and 2,5-DHBA was difficult using MeCN. However, the resolution of 2,4-DHBA and m-HBA was unexpectedly difficult when using DMC. Table S3 summarizes the retention factors for the hydroxy benzoic acid derivatives using MeCN and DMC. Para- and meta-hydroxy benzoic acids (HBA) were the only compounds tested that decreased in retention with the use of DMC, compared to MeCN. Three of the four DHBA positional isomers, as well as o-HBA, were retained in the 2–7 k range when using DMC, as compared to those same compounds which were only in the 0–1.2 k range using MeCN. The HETP values for 3,5-DHBA, p-HBA, and o-HBA were 0.0104, 0.0112, and 0.575 mm, respectively, using MeCN; HETP values for DMC were 0.0067, 0.0171, and 0.0185 mm, respectively. Column efficiency seemed to trend better for the longer retained peaks in the chromatograms.



A real-life sample analysis involved the determination of the preservatives, potassium sorbate and sodium benzoate, in three different drinks. A representative chromatogram of the standards and one of the margarita drinks using both MeCN and DMC mobile-phase modifiers are shown, respectively, in Figure 8 and Figure 9. Interestingly, the peak order was reversed, with benzoate being the first peak of the pair when using MeCN and then the second peak when using DMC. A previous HILIC report showed that the retention factors for these two preservatives are very close [39]. An MeCN and a DMC chromatogram comparison is shown for the other margarita mix sample in Figure S12. The Sunny D drink chromatograms showed several additional peaks, as well as the expected peak for sorbate (Figure S13). The UV spectra of benzoate and sorbate showed absorbance wavelength maxima near 225 and 254 nm, respectively. Calibration curves for both compounds at these absorbance wavelengths are shown in Figures S14 and S15. Using the MeCN chromatogram calibration curves, the μg/g concentrations (RSD), taken in quadruplicate of benzoate and sorbate, respectively, in Jose Cuervo Classic Lime Margarita, were 125 (0.41) and 109 (0.27), and the concentrations in Daily’s Cocktails Margarita Mix were 983 (0.32) and 305 (0.31). The μg/g of sorbate in Sunny D was 265 (0.70) from the MeCN chromatogram. Using the DMC calibration curves, the μg/g concentrations of benzoate and sorbate, respectively, in the Jose Cuervo Classic Lime Margarita were 168 (5.2) and 174 (5.0), and the concentrations in Daily’s Cocktails Margarita Mix were 1067 (0.64) and 372 (0.50). The μg/g of sorbate in Sunny D was 329 (0.15) from the DMC chromatogram. Although the precision was good, we are uncertain why the drink values differed between the DMC and the MeCN methods; the values determined by DMC averaged about 1.3 times higher.




3.2.4. Greenness Evaluation of DMC as a Mobile Phase for LC


The various approaches to evaluate the greenness of analytical chemistry methods has been reviewed [40]. The Analytical GREEnness (AGREE) Metric Approach was chosen to evaluate the application of DMC as a mobile phase for HILIC [41]. Using the AGREE calculator and the example table in reference [41], a score of 0.72, based on a perfect score of 1, was found (Figure S16). Most of the twelve greenness characteristics in Figure S16 were favorable (green). Segment characteristics in the yellow were due to the HPLC method not being on-line but potentially at-line and the fact that HPLC methods do generate solvent waste. The overall score was comparable to 0.74 for an RPLC method using 85% water (0.1% formic acid)—15 % ethanol for the separation of sulfonamides, xanthine alkaloids, and steroids [42].






4. Conclusions


Our main research aim, which was to show the ability of DMC to be used as an effective mobile-phase modifier for both normal-phase LC and HILIC, has been met. A comparison of EA and DMC as mobile-phase modifiers in hexane using a silica column showed that DMC was a weaker solvent by about a factor of two, but both solvents provided excellent peak resolutions of phthalates. Detection at 215 nm, only possible with DMC, allowed for the better detection of the phthalates by a factor of 10, compared with EA detection, which was the best at 254 nm. A comparison of MeCN and DMC in a buffer–ethanol mixture, using a silica column, showed DMC to be the weaker HILIC solvent by a factor of two, a similar magnitude to that found for the normal phase method. Van Deemter plots with DMC showed slightly lower HETP profiles than those with MeCN. This trend was repeated using a column with a zwitterionic stationary phase, possibly indicating that the exposed silanol surface of silica is not the explanation for the lower DMC HETP profiles. van’t Hoff plots were linear for both DMC and MeCN, indicating that only a single retention mechanism on the silica column was likely. A seven-component hydroxylated benzoic acid mixture containing positional isomers could be effectively separated by HILIC, using DMC as the mobile-phase modifier solvent. Sorbate and benzoate preservatives could be easily resolved and determined in commercial drink samples. The compatibility of DMC with MS detection still needs to be established, but it is expected to be fine. The compatibility of DMC for the corona-charged aerosol detection of carbohydrates has been shown by us, and this work is ongoing. Preliminary work has shown that DMC, in conjunction with ethanol, is an effective mobile-phase modifier to shorten the elution of high molar mass PAHs, such as coronene. Enhanced fluidity HILIC methods using methanol/buffer/CO2 mobile phases [43] also avoid using MeCN and are considered green. We feel that DMC, with conventional HPLC instrumentation, can also make HILIC comparable in greenness.
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Figure 1. Retention factor plots of phthalates as a function of organic modifiers (increases to the left): (A) ethyl acetate and (B) dimethyl carbonate in hexane. Top to bottom at 4% organic modifier: dimethyl phthalate, diethyl phthalate, benzyl butyl phthalate, dibutyl phthalate, and dioctyl phthalate. 
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Figure 2. Chromatograms using 96% hexanes and 4% DMC. Peak assignments are as follows: 1, dioctyl phthalate; 2, dibutyl phthalate; 3, benzyl butyl phthalate; 4, diethyl phthalate; and 5, dimethyl phthalate. UV detection: (A) 254 nm, (B) 215 nm. 
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Figure 3. Chromatogram using 96% hexane and 4% ethyl acetate. Peak assignments are as follows: 1, dioctyl phthalate; 2, dibutyl phthalate; 3, benzyl butyl phthalate; 4, diethyl phthalate; and 5, dimethyl phthalate. UV detection: (A) 254 nm, (B) 215 nm. 






Figure 3. Chromatogram using 96% hexane and 4% ethyl acetate. Peak assignments are as follows: 1, dioctyl phthalate; 2, dibutyl phthalate; 3, benzyl butyl phthalate; 4, diethyl phthalate; and 5, dimethyl phthalate. UV detection: (A) 254 nm, (B) 215 nm.
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Figure 4. Log retention factor (k) versus log fraction (Φ) organic modifier. (A) Ethyl acetate (EA). (B) Dimethyl carbonate (DMC). Top to bottom between −1 and −1.5 for log Φ: dimethyl phthalate, diethyl phthalate, benzyl butyl phthalate, dibutyl phthalate, and dioctyl phthalate. 
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Figure 5. Retention factor vs. % organic modifier: (A) MeCN; (B) DMC. Top (gray)—syringic acid; middle (orange)—trans-ferulic acid; bottom (blue)—vanillic acid. 
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Figure 6. Height equivalent of theoretical plates compared to the composition (A), temperature (B), and flow rate (C). Composition for (B,C) was 89% organic modifier, temperature for (A,C) was 25 °C, and flow rate for (A,B) was 0.5 mL/min. Top profile (purple): acetonitrile; bottom profile (green): dimethyl carbonate. Error bars (standard deviation) within the points. Average % RSD for points (n = 3): Composition (A) MeCN: 2.9%, DMC: 6.4%; temperature (B) MeCN: 4.2%, DMC: 4.7%; flow rate (C) MeCN: 8.9%, DMC: 8.8%. 
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Figure 7. Separation of a mixture of mono- and di-hydroxybenzoic acids. (A) The 89% acetonitrile—11% 100 mM buffer/ethanol; (B) 89% dimethyl carbonate—11% 10 mM buffer/ethanol. Peak ID: 1—toluene; 2—2,6-DHBA; 3—p-HBA; 4—o-HBA; 5—2,4-DHBA; 6—m-HBA; 7—2,5-DHBA; and 8—3,5-DHBA. 






Figure 7. Separation of a mixture of mono- and di-hydroxybenzoic acids. (A) The 89% acetonitrile—11% 100 mM buffer/ethanol; (B) 89% dimethyl carbonate—11% 10 mM buffer/ethanol. Peak ID: 1—toluene; 2—2,6-DHBA; 3—p-HBA; 4—o-HBA; 5—2,4-DHBA; 6—m-HBA; 7—2,5-DHBA; and 8—3,5-DHBA.



[image: Separations 10 00070 g007a][image: Separations 10 00070 g007b]







[image: Separations 10 00070 g008a 550][image: Separations 10 00070 g008b 550] 





Figure 8. Chromatograms of benzoic acid and sorbitol standards (1 mM). The (A) 85% DMC—15% 10 mM buffer/ethanol and the (B) 85% MeCN—15% 100 mM buffer/ethanol. Peak 1: Sorbate, and peak 2: Benzoate. Wavelength: 215 nm. 
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Figure 9. Chromatograms of Daily’s Cocktails Margarita Mix. The (A) 85% DMC—15% 10 mM buffer/ethanol and the (B) 85% MeCN—15% 100 mM buffer/ethanol. Peak 1: Sorbate, and peak 2: Benzoate. Wavelength: 215 nm. 
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