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The advent of supercritical fluid chromatography (SFC) in the 90s has changed preparative liquid chromatography. SFC is an improved way for separating chiral compounds during drug discovery processes yielding upwards of one hundred grams of pure enantiomers or during clinical trials requiring higher quantities.

The need to purify approximately 45 mg of racemic mixture raises concerns regarding processing parameters, including injection volumes and frequency, column size, chromatographic method, and feed composition. In this study, Chiralpak® AD-H amylose tris (3,5-dimethylphenylcarbamate) polysaccharide-based stationary phase columns of various dimensions were investigated for the purification of propranolol using EtOH (+0.3% triethylamine)/CO2 15/85 v/v as the mobile phase. Production rate (mg/h), productivity (kilograms of racemate separated per kilogram of chiral stationary phase per day; kkd), solvent usage (L/g) and environmental factor (E Factor) were calculated for four column sizes for sequence and stacked modes of injection. The parameters were optimized to determine a method yielding high productivity or reduced environmental impact.

In the stacked mode of injection, which allows for rapid processing compared with the sequential mode, the shortest column presents the best productivity of 0.176 kkd. A semipreparative column (30 mm i.d.) yielded the best production rate of 467 mg purified per hour but had the worst environmental impact with an E Factor of approximately 56414 (due to the solvent volume used during column equilibration). At Column Dilution (ACD) and mixed stream injection mode were also compared to separate 495 mg of propranolol. With ACD injection, 915 mL of ethanol and approximately 48 min were required, whereas with mixed stream injection, 1200 mL of ethanol and 63 min were required.

Introduction

Global warming is caused by the emission of greenhouse gases [START_REF] Capello | What is a green solvent? A comprehensive framework for the environmental assessment of solvents[END_REF]. Carbon dioxide (CO2) accounts for 72% of the totally emitted greenhouse gases, whereas methane and nitrous oxide (NOx) account for 18% and 9%, respectively. Carbon dioxide emissions are the primary causes of global warming and have dramatically increased within the last 50 years at 3% each year. Interestingly, carbon dioxide is considered a green solvent in the chemical industry [START_REF] Jessop | Searching for green solvents[END_REF]. This positive aspect of carbon dioxide is apparent when compared with other classical solvents (e.g., alkanes, aromatics, and chlorinated solvents). In analytical chemistry, the demand for more ecological methods involving reduced consumption of conventional solvents or the use of environmentally friendly solvents while maintaining or even enhancing productivity is high. In efforts to develop such methods, as stated by Anastas and Warner [START_REF] Anastas | Green Chemistry: Theory and Practice[END_REF], widely known principles of green chemistry can be directly applied in laboratories: use safer solvents and processes, minimize energy use, avoid chemical derivatives, and prevent waste [START_REF] Majors | The greening of the chromatography laboratory[END_REF]. A few studies have addressed green chromatography [START_REF] Welch | Greening analytical chromatography[END_REF][START_REF] Sandra | Green chromatography Part 1: Introduction and liquid chromatography[END_REF][START_REF] Brunelli | Green chromatography Part 2: The role of GC and SFC[END_REF][START_REF] Welch | Preparative chiral SFC as a green technology for rapid access to enantiopurity in pharmaceutical process research[END_REF][START_REF] Mohamed | Green, environment-friendly, analytical tool give insights in pharmaceuticals and cosmetics analysis[END_REF] and focused on replacing particular solvents [START_REF] Welch | Performance to burn? Re-evaluating the choice of acetonitrile as the platform solvent for analytical HPLC[END_REF][START_REF] Tognarelli | Saving green by going green: foreseeing the future beyond the acetonitrile shortage[END_REF][START_REF] Taygerly | A convenient guide to help select replacement solvents for dichloromethane in chromatography[END_REF]. In numerous pharmaceutical companies, supercritical fluid chromatography has been recognized as the first choice for separating isomers and stereoisomers due to certain intrinsic advantages compared with high-performance liquid chromatography (HPLC). These advantages include productivity and green incentive.

A chromatographic method is evaluated based on its profitability, which can be characterized by several parameters: production rate (kg product/day), throughput (kg feed/day), and productivity, Pr, (kilogram of product/kilogram of chiral stationary phase/day) given in kkd units. It has been shown that improving productivity at preparative scales can be obtained through i) stacked injections, ii) larger feed concentrations (which depends on solute solubility) and iii) particle sizes of the chiral stationary phase (CSP) [START_REF] Enmark | Enantioseparation of omeprazole-Effect of different packing particle size on productivity[END_REF].

Because of the environmental friendliness of CO2 mobile phases, SFC is an ecological chromatographic method, which can be characterized by a green metric, such as an environmental factor or solvent usage. The environmental factor is defined as a waste to product ratio for any chromatographic procedure; solvent usage corresponds to the volume of solvent consumed to purify a known amount of racemate (expressed in L/g). HPLC and SFC share the same chiral stationary phases with a few exceptions (i.e., immobilized chiral protein-based or crown-ether stationary phases). In SFC enantioseparations, polysaccharidesbased stationary phases are most broadly applied. Pirkle-type stationary phases are also widely used, but they have a lower capacity of loading (1 and 40 mg/g CSP versus 7.5 to more than 100 mg/g CSP). Indeed, the loading ability of a stationary phase is an important parameter in preparative separations. Among polysaccharide-based stationary phases, tris(3,5dimethylphenylcarbamate) of cellulose and amylose have been the most successful with the latter have a slightly higher rate of success. Thus, due to the high loadability of the polysaccharide stationary phases, several ways to obtain a few dozen milligrams of enantiomers are available using columns of different dimensions.

In this work, four columns of different lengths (15 cm to 25 cm) and internal diameters (0.46 cm to 3 cm) were compared for separating 45 mg of propranolol racemate (Figure 1) to compare whether a process using many injections on a small column or a process using fewer injections on a larger column was more efficient. Propranolol was chosen as a probe because it is a well-known drug with a chiral centre with physico-chemical properties (pKa 9.6 and log P 2.6) representative of most drugs. The aim was to evaluate which process had the highest productivity with the lowest environmental impact. Stacked injection mode was compared with sequential injection mode, and mixed stream injections was compared with At Column Dilution (ACD). Comprehensive studies have compared HPLC and SFC performances [START_REF] Miller | Evaluation of injection conditions for preparative supercritical fluid chromatography[END_REF][START_REF] Miller | Preparative chromatographic resolution of racemates using HPLC and SFC in a pharmaceutical discovery environment[END_REF][START_REF] Baudelet | Enantioseparation of pyroglutamide derivatives on polysaccharide based chiral stationary phases by highperformance liquid chromatography and supercritical fluid chromatography: a comparative study[END_REF][START_REF] Van Der Vorst | Exergetic life cycle analysis for the selection of chromatographic separation processes in the pharmaceutical industry: preparative HPLC versus preparative SFC[END_REF], and others have examined analytical versus preparative scales in SFCs [START_REF] Rossi | Fit-for-purpose" development of analytical and (semi)preparative enantioselective high performance liquid and supercritical fluid chromatography for the access to a novel σ1 receptor agonist[END_REF][START_REF] Miller | Pharmaceutical purifications using preparative supercritical fluid chromatography[END_REF][START_REF] Cox | Preparative chiral separations: from laboratory scale to production[END_REF]. However, no work has examined different chromatographic processes run on a Chiralpak ® AD-H tris(3,5-dimethylphenylcarbamate of amylose) column of different dimensions (Figure 1).

Material and method

Chemicals

Propranolol hydrochloride and triethylamine (TEA) were supplied from Sigma-Aldrich. Ethanol (EtOH) was HPLC grade and was purchased from Carlo Erba (Val-de-reuil, France).

Carbon dioxide (CO2) with purity of 99.995% was purchased from Linde (Saint Priest, France) or Air Liquide (Paris, France).

Solutions

Propranolol solutions were prepared in ethanol at 20 mg/mL. Solutions were degassed by an ultrasonic bath prior to use.

Stationary phases

The four chiral columns (analytical or semi-preparative) were Chiralpak AD-H columns with different dimensions purchased from Chiral Technologies Europe (Illkirch, France). The dimensions were 150 x 4.6 mm internal diameter (i.d.) (analytical); 250 x 4.6 mm i.d.

(analytical); 250 x 10 mm i.d. (semi-preparative) and 250 x 30 mm i.d. (semi-preparative), with 5 µm particle sizes.

Instrumentation

Two chromatographic systems were used. The 4.6 mm and 10 mm i.d. columns were used in an SFC-PICLAB hybrid 10-20 apparatus (PIC Solution, Avignon, France) and the 30 mm i.d. columns were used in an SFC PICLAB-PREP200 (PIC Solution, Avignon, France).

SFC-PICLAB hybrid 10-20

For the SFC-PICLAB hybrid 10-20 apparatus, the pump head used for pumping the CO2 was cooled to -8°C by a Minichiller cryostat (Huber, Offenburg, Germany). The injection valve was supplied with 30, 50, or 250 µL sample loops. The system also comprised a Smartline 2600 diode array detector (DAD) (Knauer, Berlin, Germany). The system was controlled and data were acquired and processed with SFC PicLab Analytic Online v.3.1.2 and Offline v.3.2.0 software, respectively.

SFC PICLAB-PREP200

The SFC PICLAB-PREP200 system was equipped with a K1800 pump (Knauer, Berlin, Germany) to pump the modifier and a diaphragm pump (Lewa, Neuville-sur-oise, France) with pump heads cooled to -4°C to pump CO2. A third pump, model 515 (Waters, Guyancourt, France), was used for ACD injection modes. The injection valve was supplied with either 2, 5 or 10 mL sample loops. The system comprised a Smartline 2500 UV detector (Knauer, Berlin, Germany). The system was controlled and data were acquired and processed with SFC PicLab200 plus Online and Offline v.3.2.0 software, respectively.

Chromatographic conditions

Detection wavelength was set at 280 nm. All analyses were run in isocratic mode. The column oven temperature was 40°C, and the outlet pressure was maintained at 15 MPa for all experiments. The mobile phase consisted of CO2 and ethanol (85/15 v/v). Retention times were reported as average values of two replicates.

Results and discussion

All experiments were performed using the mixed stream injection mode, except for the paragraph 3.3.2 named "mixed stream vs ACD injection mode".

Productivity of the method

Production rate

The method development was first performed on the column with 150 x 4.6 mm dimensions.

The aim of this separation was to obtain a baseline resolution between both enantiomers of propranolol injected at the highest possible volume. The baseline resolution was determined using the separation criterion (S) utilizing the difference between the time of the beginning of the second peak and the time of the end of the first peak [START_REF] Noireau | Purification of drug degradation products supported by analytical andpreparative supercritical fluid chromatography[END_REF]. If S ≥0, the peaks are considered separated with baseline separation. This resolution allows for the isolation of both enantiomers with an enantiomeric excess higher than 99. Increasing volumes were injected; 31.8 µL was the largest injection volume possible for maintaining a full separation for this column. The same analysis was repeated on every column using injection volumes proportional to the column dimension, i.e., 52.9 µL, 250 µL and 2250 µL for the 250x4.6 mm, 250x10 mm and 250x30 mm columns, respectively. For each analysis, the same baseline resolution was obtained with different retention times according to the column dimension and the flow rate (Figure 2). All characteristics of the chosen columns and the optimized elution and injection conditions are reported in Table 1. Based on retention times, the production rate was determined for each column.

The production rates were determined using either the stacked injection mode (or overlapping injection mode) or a series of single injections (i.e., sequence mode). The entire racemic sample volume required several injections; small volumes of feed solution were injected several times to separate the entire mixture. In stacked mode, a subsequent injection is performed before the elution of the second enantiomer, whereas in sequential mode, the racemic mixture is entirely eluted prior to a subsequent injection. Regarding the preparative column (30 mm i.d.), because the total amount of racemic mixture was fixed at 45 mg, the entire mixture was injected in one cycle (2.25 mL of 20 mg/mL feed solution).

The overlapping injection mode reduces the cycle time, which is the difference of time between the end time of the peak corresponding to the second enantiomer eluted and the starting time of the peak of the first eluted peak. For instance, for the 250x4.6 mm column, the cycle time was 9.51 min in sequence mode (Fig. 3a), whereas the cycle time was 5.61 min in overlapping injection mode (Fig. 3b). This represents a reduction of 40.4% of the cycle time and therefore, impacts the production rate. Independent of column dimension, the production rate is lower in sequence mode than in stacked injection mode (Tables 2 and3, respectively).

Using the 250x100 mm column, the production rate was 33.9 mg/h in sequence mode and 52.9 mg/h in stacked injection mode. To separate 45 mg of racemate, the separation will take 80 min in sequence mode and 54 min in stacked injection mode.

Regarding the relationship between production rate and column size, the larger the i.d. of the column, the higher the production rate (at constant column length). Average production rates of 10.75 mg/h were reported for the 4.6 mm i.d. column, 52.9 mg/h for 10 mm i.d., and 467.55 mg/h for 30 mm i.d. (in stacked injection mode). The production rates were the same for the 150x4.6 mm and 250x4.6 mm columns, but the injected amount per run was higher for the longer column. Indeed, despite a smaller amount injected per run, the cycle time was shorter for the 150x4.6 mm column, thereby requiring in a higher number of injections per hour. This indicated that a shorter column can be at least as productive or better than a longer column. However, this observation is not generally true; the choice of column length leading to the best production rate is dependent on i) the selectivity of the separation, ii) the solubility of the sample and iii) the distribution isotherm of solutes between the stationary and mobile phases.

Productivity

Productivity is defined as the amount of product separated per time unit per amount of stationary phase expressed in kg racemate per kg CSP per day (kkd) [START_REF] Miller | Use of dichloromethane for preparative supercritical fluid chromatographic enantioseparations[END_REF]. Productivity is also expressed as kg enantiomer per kg CSP per day (kkd) [START_REF] Franco | The impact of productivity in the preparative separation of enantiomers by chromatography[END_REF].

The productivity value also represents the solubility of a sample; a low kkd indicates poor solubility or a poor loading capacity of the stationary phase [START_REF] Schultz | Comparison of the specific productivity of different chiral stationary phases used for simulated moving-bed chromatography[END_REF].

For the separation of propranolol on a Chiralpak AD-H stationary phase, the productivity values during stacked mode injections were 0.102 kkd, 0.108 kkd, 0.105 kkd and 0.176 kkd for the 250x4.6 mm, 250x10 mm, 250x30 mm and 150x4.6 mm columns, respectively (Table 3). The highest productivity was observed in the shortest column, which was also the case for sequence mode injections (Table 2). Few studies have performed productivity calculations [22; 25-27], and in those studies, no threshold guideline is typically issued. Depending on the column selectivity, sample solubility, expected recovery and expected enantiomeric excess, SFC productivity can reach up to 2.3 kkd [22; 28]. Productivity can also be improved by using other solvents, such as dichloromethane (either as the mobile phase or as a solvent for the feed solution), using an immobilized polysaccharide stationary phase, or using Whelk-O columns [START_REF] Miller | Use of dichloromethane for preparative supercritical fluid chromatographic enantioseparations[END_REF] with higher selectivity.

Regarding the impact of column dimension on productivity, for constant column length, the productivities were similar regardless of the inner diameter (±9%). This indicated that the column i.d. only impacted the production rate but not the productivity. The highest productivity was obtained with the shortest column. Previously, we noticed that the production rates were the same for a 150-mm column length and a 250-mm column length at constant i.d. Thus, higher productivity rates were expected with columns containing less stationary phase.

Environmental aspects of separation regarding the different columns and injection mode

Solvent use

Solvent usage corresponds with solvent volume consumed to purify a known amount of racemate and is expressed in L/g. In Table 2, the calculations obtained for the sequence mode are shown. On the narrowest columns of 150-mm and 250-mm lengths (4.6 mm i.d.), the volumes necessary to separate one gram of propranolol were in the same range, i.e., approximately 4.30 L of ethanol. On the 250-mm length column (10 mm i.d.) the volume was the lowest, 3.71 L, whereas on the preparative column (30 mm i.d.), the consumption was 3.80 L. In Table 3, the calculations obtained for the stacked mode are summarized. Independent of column dimensions, the consumption volumes were similar, between 2.36 and 2.43 L of ethanol to purify one gram of propranolol. Thus, the stacked mode injection appeared less expensive compared with the sequence mode injection due to the lower required solvent volumes for purifying one gram of racemate.

Environmental factor

Metrics are key to evaluating the ecological impacts of a chromatographic process. These impacts are assessed using an environmental factor defined as a waste-to-product ratio for any chromatographic procedure [START_REF] Miller | Use of dichloromethane for preparative supercritical fluid chromatographic enantioseparations[END_REF] that should be minimized. For preparative separations, the amount of waste produced is correlated with the solvent volume consumed for the purification. E Factors were calculated for each different column (also accounting for the use of carbon dioxide) by considering and not considering the solvent volume used for column equilibration. These values are listed in Table 2 for the sequence injection mode. If the volume of the mobile phase used to equilibrate was not included in the E factor calculation, all E factors were similar regardless of column. However, by including the solvent volume used in the equilibration step, the E factor was found to be proportional to the column size.

The environmental impact was more noticeable for the 30 mm i.d. column. In stacked injection mode (Table 3), overall column productivity was improved, and thus, E factors were expected to be lower than those calculated for the sequence injection mode. The E factor values (when including the equilibration step) were lowest for the two smallest columns (150 x 4.6 mm i.d.; 250 x 4.6 mm i.d.) at 16143 and 16937, respectively. For the 10 mm i.d. column, the E factor was 18703. For the 30 mm i.d. preparative column, the E factor was 56414 (regardless of injection mode because only one injection was required). For this largest column, the E factor was not correlated with the kkd of the process but was slightly dependent on the solvent volume used for column equilibration (i.e., 226.8 mL of ethanol).

Influence of sample concentration and injection mode on productivity

Sample injection, especially at the preparative scale, is a key step to obtaining good resolution. Inappropriate conditions can result in peak distortions or broad peaks, leading to low productivity with negative impacts on the E factor. Three parameters can affect the peak shape: the solvent used to dissolve the sample, the volume of the sample and the injection mode.

While the polarity and viscosity of the solubilizing solvent can be sources of peak broadening [START_REF] Vajda | Comparison of volume and concentration overloadings in preparative enantioseparations by supercritical fluid chromatography[END_REF][START_REF] Yun | Peak Distortion arising from large-volume injections in supercritical fluid chromatography[END_REF][START_REF] Fairchild | Influence of sample solvent composition for SFC separations[END_REF][START_REF] Enmark | A closer study of peak distortions in supercritical fluid chromatography as generated by the injection[END_REF][START_REF] Shalliker | How viscous fingering can spoil your separation and you may not even suspect it[END_REF][START_REF] Shalliker | Visualising viscous fingering in chromatography columns: High viscosity solute plug[END_REF][START_REF] Desfontaine | A systematic investigation of sample diluents in modern supercritical fluid chromatography[END_REF], these factors will not be explored in this study. A single common solvent, ethanol, was used as a solvent in the mobile phase and to dissolve the sample.

Feed solution concentration

The second parameter impacting sample resolution is the injected sample volume. Preparative separations require the injection of large amounts of compounds. This indicates that large volumes are injected, up to several millilitres for a column with a 30-mm inner diameter. The solvent used to dissolve the sample impacts the separation, especially if the solvent has a high elution strength. Thus, better resolutions are typically achieved when injecting smaller volumes of highly concentrated feed solutions than larger volumes of diluted feed solutions. Furthermore, sample resolution is also dependent on sample solubility.

The sample concentration used in the first part of this study was 20 mg/mL. To validate the impact of sample concentration on the productivity and E-factor, different sample concentrations of 45 mg of propranolol dissolved in ethanol were injected onto the 30 mm i.d.

column.

As shown in Figure 4, the injection of 45 mg propranolol dissolved in 1.125 mL or 2.25 mL ethanol and did not significantly alter the peak shape. However, injections over larger sample volumes, e.g., 4.5 mL and 9 mL, had significant negative impacts on the peak shape. For both volumes, no baseline separations were observed. This indicated that feed solutions of 10 mg/mL and 5 mg/mL concentrations negatively impacted the productivity and required high solvent volumes. Furthermore, the poor separation was likely due to a "plug effect" caused by the polarity of the solvent (i.e., ethanol). These results confirmed a study by L. Miller [START_REF] Miller | Evaluation of injection conditions for preparative supercritical fluid chromatography[END_REF] wherein it was concluded that high concentrated feed solutions provided better separations.

Unfortunately, this condition is not always possible due to the low solubility pairings between some compounds and solvents. In a few cases, other solvents (e.g., in a pure solution or mixed with a modifier) provide better compound solubility [START_REF] Miller | Use of dichloromethane for preparative supercritical fluid chromatographic enantioseparations[END_REF]. This experiment was performed only with a 30-mm i.d. column. Similar results would have been anticipated with a 4.6-mm or 10-mm i.d. column.

Mixed stream vs ACD injection modes

Two main injection modes are available in SFC: mixed stream and modifier stream [START_REF] Speybrouck | Preparative supercritical fluid chromatography: a powerful tool for chiral separations[END_REF]. A comparison between both was performed by L. Miller [START_REF] Miller | Evaluation of injection conditions for preparative supercritical fluid chromatography[END_REF]. As shown in Figure 1A (in Supplementary Information), in mixed stream injection modes, the constituents of the mobile phase are mixed upstream of the injection loop, and the sample is pushed to the column by the entire mobile phase. This mode is used by most suppliers. With this injection mode, the injection time is very short and linked to the flow rate (typically less than a few seconds).

However, as explained earlier, this injection mode generates a solvent plug with potential impact on the peak shape. T. Berger developed the modifier stream injection mode [START_REF] Berger | Method of sample introduction for chromatographic systems[END_REF], wherein the sample loop is connected to the modifier flow stream. The modifier and the CO2 are mixed downstream of the injection loop (Figure 1B in Supplementary Information). The advantage of this injection is the absence of the solvent plug. However, the injection time is linked to the modifier flow rate and thus, may be longer. Even if the modifier stream injection is considered the better injection mode under most conditions, the mixed stream injection mode must be evaluated according to the SFC conditions used.

To determine whether the injection mode impacts the separation of propranolol on the Chiralpak AD-H columns and thus, affect productivity, a comparison of the injection modes was carried out on the 250x30 mm column. Mixed stream injection mode is the standard injection mode available on the PIC solution system. Due to the configuration of the system, it was difficult to implement the modifier stream. However, the use of an additional pump dedicated to injection and a configuration named "At Column Dilution" [START_REF] Blom | Two-pump at-column-dilution configuration for preparative liquid chromatography-mass spectrometry[END_REF], an injection mode similar to the modifier stream injection mode used by L. Miller [START_REF] Miller | Evaluation of injection conditions for preparative supercritical fluid chromatography[END_REF], was implemented on our system. This hybrid system is typically not equipped with an additional pump; thus, ACD experiments were not implemented on the 4.6-mm and 10-mm i.d. columns. Using this mode, the sample is pushed into the column by the modifier and not by the entire mobile phase (Fig. 2 in Supplementary Information). The ACD mode was similar to the modifier stream mode. Modifier stream injection has been shown to improve peak shape in preparative SFC under gradient conditions and can be compared with the at-column dilution injection technique. This latter mode is utilized in preparative HPLC in reversed phase mode to inject compounds with low solubility in aqueous solutions [START_REF] Miller | Evaluation of injection conditions for preparative supercritical fluid chromatography[END_REF].

To determine whether the injection mode could impact resolution, 2.25 mL of a 20 mg solution were injected on the 30-mm i.d. column using both injection modes under the same conditions described earlier (Figure 5).

In this figure, the chromatograms showed that the retention times were shorter in mixed stream injections due to the presence of solvent plugs. The peak shapes were not the same with narrower peaks for the ACD injection mode. This peak shape affects the separation criterion (S) and productivity. As shown in Table 4, while 11 injections of 45 mg were performed in less than one hour leading to the separation of 495 mg, the mixed stream injection mode allows only 10 injections within the same duration (63.5 min for 11 injection). This indicates that the separation of 495 mg of propranolol would require the consumption of 1.2 L of ethanol (including TEA) in mixed stream injection mode and only 1.1 L in ACD.

The productivity gain using the ACD injection mode would be higher because a volume larger than 2.25 mL can be injected due to the better separation abilities.

To validate this hypothesis, increasing volumes of 20 mg/mL propranolol were injected in ACD injection mode to determine the optimum volume for obtaining a baseline resolution. In parallel, the same series of injections was carried out using the mixed stream injection mode.

As shown in Figure 6, the modification of the volume of injection impacted the peak shape.

However, the impact is more pronounced with the mixed stream injection mode (Figure 6a) compared with the ACD injection mode (Figure 6b). This confirmed the impact of the solvent plug on the separation with the mixed stream injection mode. Despite the modified peak shape, baseline resolution (S=0) was obtained for injected volumes up to 3 mL in the ACD injection mode. This volume was 33% greater than the maximum volume injected in the mixed stream mode (2.25 mL). Furthermore, because the onset time of the first peak and the end of the second peak were not impacted by the modification of the volume of injection in the ACD injection mode, the number of injections per hour did not change leading to higher productivity (+33%). Thus, to separate 495 mg, 9 injections and 48 min would be required with the ACD injection mode versus 11 injections and 63 min in the mixed stream injection mode. This indicates that the consumption of ethanol to separate 495 mg of propranolol would be 915 mL in the ACD injection mode and 1200 mL in the mixed stream injection mode (Table 4). These experiments were only carried out with the 30-mm i.d. column because the ACD injection mode was developed and implemented only on the prep pic200 system and not on the hybrid system used for the 4.6-mm and 10-mm i.d. columns. The comparison ACD/mixed stream injection modes would probably lead to the same conclusion. It would be possible to implement the ACD injection mode on the hybrid system; however, this would require an analytical pump to push the sample to the column.

Conclusion

Chiral preparative chromatography is an efficient way to produce pure enantiomers. However, it is also the largest contributor of solvent waste in drug discovery. Unfortunately, this impact has seldom been addressed. This work describes the separation of propranolol using SFC. We report that column dimension impacts the production rate and productivity, whereas the injection mode (sequence or stacked) does not affect the solvent or E-factor. A comparison between "at column dilution" and mixed-stream injection modes indicated that ACD was less time and solvent consuming. Considering the cost-effectiveness of the process, production rates increased with column dimensions. Indeed, a larger quantity of racemate can be purified per hour on a larger column (from 10.9 to 467 mg/h). In contrast, the highest kkd productivity (0.176 in stacked injection mode) was obtained on the smallest column (150 x 4.6 mm i.d.) because of the lower quantity of stationary phase. For the four examined columns, the amount of solvent used was the same between 2.36 and 2.43 L/g in stacked injection mode and between 3.80 and 4.38 in sequential injection mode. The E Factor was relatively consistent regardless of column dimensions under sequential injection mode when the solvent volume required for the equilibration step was not considered (an E Factor average of 24942). Under stacked injection mode, the 30-mm i.d. column only required one injection to purify 45 mg propranolol. Indeed for the first three columns, the E factors were the same between 15191 and 16293; however, for the fourth and largest column, the E factor was 24269 (without considering the equilibration step). When considering the equilibration step, the E Factor of this largest column was the lowest (56414) due to the amount of solvent volume required for column equilibration (226 mL of ethanol) and the lack of stacked injection advantage.

Overall, the selection of column dimensions for a preparative SFC separation is dependent on the amount of compound to be separated and the desired production rate and environmental impact. In discovery applications, only a few milligrams of racemate are separated; cycle time is a key parameter. If environmental impact is considered, a large column would be better due to a higher production rate regardless of solvent. If the desired goal is an optimal production rate, a preparative column should be used.

If an economic goal is desired, the lowest solvent and CO2 consumption rates and solvent use are offered by the 250 x 10 mm i.d. column.

If the goal is optimal productivity, the shortest column (150 x 4.6 mm i.d.) should be used.

If the goal is reduced environmental impact, the smallest column should be used.

To conclude, despite high E factor values, preparative SFC can be considered a greener process (compared with preparative HPLC) because a large proportion of the mobile phase comprises CO2. Although CO2 is a greenhouse gas, the SFC technique does not produce CO2 but instead, uses CO2 collected as by-product from industrial process. Nevertheless, this specificity of SFC does not yield a better E factor. Because of this, a parameter representing the negative effects of waste on the environment should be introduced. Conditions : particle size : 5 µm ; temperature : 40°C ; outlet pressure : 15 MPa t0 (min): dead time determined by the first disturbance of the baseline after injection, caused by the solvent peak.

Figure 3a

Equilibration volume (mL): defined as 10 column volumes.

Stationary phase amount: determined with a density of the stationary phase equal to 0.6 [START_REF] Miller | Use of dichloromethane for preparative supercritical fluid chromatographic enantioseparations[END_REF].

Table 2: Productivity and green metrics in sequence injection mode.

Conditions: same as Table 1.

Equilibration volume (mL): defined as 10 column volumes.

Stationary phase amount: determined with a density of the stationary phase equal to 0.6 [START_REF] Miller | Use of dichloromethane for preparative supercritical fluid chromatographic enantioseparations[END_REF].

Run time (min): defined as the end time of the second peak.

Production rate (mg/h): mixture amount separated by time unit.

Solvent use (L/g): volume of solvent used to separate 1g of racemate. 
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Table 1 :

 1 Characteristics of the columns and optimized conditions of injection.

	Column dimensions (mm)	Dead volume (mL)	Stationary phase amount (g)	Co-solvent type	Co-solvent percentage	Flow rate (mL/min)	Sample concentration (mg/mL)	Sample volume (µL)	Injected amount (mg)	Column equilibration volume (mL)	Co-solvent consumption for column equilibration (mL)
	150 x 4.6	1.92	1.49	EtOH (0.3%TEA)	15.00%	3	20	31.8	0.63	19.2	2.88
	250 x 4.6	3.03	2.49	EtOH (0.3%TEA)	15.00%	3	20	52.9	1.06	30.3	4.55
	250 x 10	16.52	11.77	EtOH (0.3%TEA)	15.00%	14	20	250.0	5	165.2	24.78
	250 x 30	151.20	105.60	EtOH (0.3%TEA)	15.00%	126	20	2250.0	45	1512.0	226.8
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Density of CO2: 0.93 (T: 5°C; inlet pressure: 20MPa) Density of Ethanol: 0.79 *: the number of injections / hour (frequency) was rounded down to the nearest whole number Table 3: Productivity and green metrics in stacked injection mode Conditions: same as Table 1.

Equilibration volume (mL): defined as 10 column volumes.

Stationary phase amount: determined with a density of the stationary phase equal to 0.6 [START_REF] Miller | Use of dichloromethane for preparative supercritical fluid chromatographic enantioseparations[END_REF].

Run time (min): defined as the end time of the second peak. S: separation criterion meaning difference between the time of the beginning of the peak 2 (tbeg 2) and the time of the end of the peak 1 (tend 1) from [START_REF] Noireau | Purification of drug degradation products supported by analytical andpreparative supercritical fluid chromatography[END_REF].

*Cumulative amount injected for n injections