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Abstract 20 

The use of Stationary-phase Optimized Selectivity in Liquid Chromatography (SOS-LC) was shown 21 

successful for HPLC to analyze complex mixtures using a Phase OPtimized Liquid Chromatography 22 

(POPLC) kit. This commercial kit contains five stationary-phase types of varying lengths, which can be 23 

coupled to offer an improved separation of compounds. Recently, Stationary-Phase Optimized 24 

Selectivity Supercritical Fluid Chromatography (SOS-SFC) has been introduced, transferring the 25 

methodology to SFC. In this study, the applicability of a customized POPLC expert kit for isocratic SFC 26 

runs was explored. Five stationary-phase chemistries were selected as potentially most suitable for 27 

achiral separations of polar compounds: aminopropyl (amino), cyanopropyl (CN), diol, ethylpyridine 28 

(EP) and silica. The retention factors (k) on the individual stationary phases were used for the prediction 29 

of the best stationary-phase combination, based on the POPLC algorithm (via the included software). 30 

As an alternative, the best column combination was predicted using multiple linear regression (MLR) 31 

models on the results obtained from a simplex centroid mixture design with only three stationary-phase 32 

types (Amino, Silica and EP). A third approach applied the isocratic POPLC algorithm on the same 33 

three stationary-phase data. The proposed combinations were assembled and tested. The predicted and 34 

experimental retention factors were compared. The predictions based on the POPLC algorithm provided 35 

a stationary phase showing a complete separation of the mixture. The stationary phase suggested by the 36 

MLR-models on the other hand, showed co-elution of two compounds, due to an unexpected 37 

experimental retention shift. Overall, the customized POPLC kit showed good potential to be applied in 38 

SFC.  39 

Keywords 40 

Achiral SFC, Polar Stationary Phases, Stationary-Phase Optimization, Coupled Systems, Retention 41 

Prediction  42 
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1. Introduction 43 

Supercritical Fluid Chromatography (SFC) has established itself as a preferred technique for the 44 

separation of chiral compounds, especially at the preparative level [1]. The major benefits of the 45 

technique are related to the supercritical-fluid properties of carbon dioxide (CO2) in the mobile phase. 46 

CO2 is by far the most used supercritical fluid in SFC since it has a low critical pressure and temperature 47 

of about 73 bar and 31°C, respectively, and is non-toxic, non-flammable and naturally produced [2]. 48 

Supercritical fluids possess a higher diffusivity and a lower viscosity than liquid mobile phases, 49 

which allow run times to be 3 to 5 times shorter than in High-Performance Liquid Chromatography 50 

(HPLC) [3]. Higher flow rates, which reduce the overall analysis time and increase the throughput 51 

capacity, do not compromise the efficiency of the technique. Moreover, the optimal Height Equivalent 52 

to a Theoretical Plate (HETP), which is directly related to the column efficiency, is similar for SFC and 53 

HPLC. In sub/supercritical conditions, the chromatographic column is equilibrated in a few minutes [4]. 54 

The low viscosity of the supercritical fluids is also the property responsible for the lower pressure drop 55 

across the column, allowing the coupling of several stationary phases in series [5]. 56 

Following the research of Berger and Wilson [6], showing the considerably high efficiency of 57 

coupling columns in SFC, several studies have been performed on column coupling [7–14]. Phinney et 58 

al. [15] showed the potential benefits of such couplings in SFC by separating groups of structurally 59 

related compounds (β-blockers and 1,4-benzodiazepines), through connection of different achiral and 60 

chiral stationary phases under subcritical experimental conditions. The results indicated that using CO2 61 

may solve mobile-phase incompatibility problems encountered in HPLC experiments. On the other 62 

hand, Wang et al. [5] changed backpressure to optimize the separation of stereoisomers on coupled 63 

systems, showing also that the coupling sequence can be an important parameter affecting selectivity 64 

changes. West et al. [16] compared the tandem coupling of two complementary achiral columns with 65 

the results obtained on the individual columns, for impurity profiling of synthetic drugs. The tandem-66 

column method provided some advantages, such as an improved peak capacity, compared to the single-67 

column analysis. 68 
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Stationary-phase selection is the most critical step for method development, with samples’ 69 

elution and retention depending mainly on the chemical properties of the selected phase [17]. However, 70 

with an extensive number of stationary-phase types available on the market, the selection of an adequate 71 

one may be less straightforward than hoped. The search for the proper stationary phase is challenging 72 

and typically based on the analyst’s experience, literature information and often on trial-and-error 73 

approaches [18]. Additional steps in an optimization strategy include the selection of the mobile-phase 74 

composition, temperature, backpressure, flow rate, gradient slope and, occasionally, the use of different 75 

additives. All these factors can be varied to tune the selectivity depending on the properties of the 76 

analytes. When analyzing complex mixtures, the difficulty in achieving maximal resolution is even 77 

higher and often the use of one single column is not successful, not only in terms of resolution but also 78 

of analysis time [18].  79 

Column coupling seems to be a promising approach for solving selectivity problems when 80 

analyzing complex mixtures. The term “serial tandem columns” is a synonym for coupled columns and 81 

consists of basically connecting two (or more) columns in series. Zero Dead Volume (ZDV) couplers 82 

are often used to assemble the systems because of the simplicity of connection [18]. The most significant 83 

advance in this approach was noticed with the commercialization of the POPLC (Phase OPtimized 84 

Liquid Chromatography) system, associated with the POPLC Optimizer Software [19]. The calculations 85 

of the retention are based on the PRISMA model, initially applied for mobile-phase optimization, and 86 

later adapted for stationary-phase optimization by Nyiredy et al [19,20]. In the latter approach, the 87 

stationary phase is the optimization parameter, where connection of segments with variable lengths and 88 

different chemistries may lead to an optimal separation. The commercialized POPLC kit includes five 89 

types of column segments (ProntoSIL C18-SH2, C18-EPS, Cyano, Phenyl and C30), each with five 90 

different lengths. 91 

The first step is the screening of all compounds on a predefined length of each of the five types 92 

of stationary phases. The retention factor of each component in the mixture is predicted for all possible 93 

column combinations according to the following equation [19]: 94 
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 kA,B,C,D,E =  
∑ Φiki

E
i=A

∑ Φi
E
i=A

  (Eq.1)    95 

where kA,B,C,D,E represents the retention factor predicted for a compound in a coupled system, and ki the 96 

retention factor obtained for a compound on an individual stationary-phase segment (A-E). The symbol 97 

𝛷 is the effective length of a stationary phase. Afterwards, the column combinations can be ranked 98 

according to their ability to separate the critical peak pair and the combination providing the best 99 

separation can be selected. 100 

The POPLC kit was already successfully used in HPLC for the separation of mixtures containing 101 

steroids [21], explosives [22], polymer electrolyte membrane degradation products [23], and synthetic 102 

thyroid hormones and their impurities [24]. Deconinck et al. [25–28] have successfully applied the 103 

POPLC method in the contexts of food-supplement analysis to screen several types of mixtures, 104 

containing analgesics, adulterated dietary supplements, PDE-5 inhibitors in food supplements and to 105 

develop herbal fingerprints of specific plants in plant food supplements. De Beer et al. [29,30] provided 106 

a solution for the largest drawback of the POPLC method, namely that it is developed for application in 107 

isocratic mode. This was based on applying a multiple step gradient for the separation of a mixture 108 

composed of compounds with a broad range of polarities. Furthermore, the same research group 109 

provided an algorithm allowing to use the POPLC kit in a linear gradient mode, accurately predicting 110 

the optimal column combination after inserting a minimum of three preliminary isocratic measurements 111 

on each individual stationary phase. This linear gradient approach was also applied to develop a green 112 

method, in which a “green” mobile phase, composed of ethanol and formic acid, was defined and the 113 

stationary phase was optimized using the POPLC kit [31]. The POPLC strategy was also used to predict 114 

the optimal combination of chiral columns to acquire baseline separation of a mixture containing four 115 

chiral pairs [32]. The experiments in isocratic mode did not provide a satisfying separation, in contrast 116 

to the prediction and experimental results obtained by the algorithms for gradient analysis. In addition 117 

to the implementation in HPLC, the application of the basic kit was tested in SFC by Delahaye and 118 

Lynen [33], thereby introducing the term Stationary-Phase Optimized Selectivity Supercritical Fluid 119 

Chromatography (SOS-SFC). With this approach, an acceptable separation of a mixture containing 15 120 

achiral compounds was achieved. Subsequently, the same research group applied the SOS-SFC 121 
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methodology to chiral mixtures, optimizing the separation further via the mobile phase density and the 122 

use of  additives, such as isopropylamine and trifluoroacetic acid [34]. 123 

The aim of our actual study was to further investigate the suitability of the POPLC approach for 124 

SFC experiments. Five column chemistries were selected based on previous research by Galea et al. 125 

[17,35]. The selected chemistries are aminopropyl (amino), ethylpyridine (EP), cyanopropyl (CN), diol 126 

and silica, since these were identified as being the best stationary-phase types for the analysis of polar 127 

compounds in SFC. The intention was to adapt the kit and the methodology in the context of SOS-SFC. 128 

In this way, the kit is composed of normal-phase stationary phases, which are more interesting for 129 

implementation in SFC. Since these stationary-phase types are dissimilar, they are more likely to provide 130 

complementary separations, which could be beneficial to separate mixtures of structural analogues, such 131 

as impurities. An analgesics mixture was assembled in order to test the applicability of different 132 

prediction approaches on the customized kit. 133 

 134 

2. Materials and methods 135 

2.1. Instrumentation 136 

All experiments were performed on the SFC Acquity® Ultra Performance Convergence Chromatography 137 

(UPC2) System from Waters® (Milford, MA, USA). The system consists of a binary pump, an 138 

autosampler with a fixed loop of 10 µL, a convergence manager, a photo diode array (PDA) detector, a 139 

backpressure regulator and an external Acquity column oven without pre-heating system. During the 140 

analysis, the sample manager compartment was kept at 10°C for sample stability.   141 

2.2. Chemicals and reagents 142 

The solvent used was HPLC grade methanol (MeOH) purchased from VWR Chemicals (Fontenay-sous-143 

Bois, France). CO2 quality 4.5 (purity ≥ 99.995%) was from Messer (Sint-Pieters-Leeuw, Belgium). 144 

Ammonium formate, used as mobile phase additive, was obtained from Sigma-Aldrich (Steinheim, 145 

Germany). The mixture consisted of analgesic compounds. All samples were prepared using HPLC 146 

grade MeOH. Compounds used for the mixture were acetaminophen, diclofenac, ibuprofen, ketoprofen, 147 

naproxen (Sigma-Aldrich, Steinheim, Germany), caffeine (Fluka, Neu-Ulm, Switzerland), codeine 148 
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hydrochloride, morphine hydrochloride (Bios Coutelier, Brussels, Belgium) and indomethacin (Sigma, 149 

St. Louis, MO, USA). 150 

2.3. Test set 151 

Since it was aimed to identify the benefits of using the kit for the separation of complex mixtures, a 152 

number of analgesic compounds, composed of acetaminophen, caffeine, codeine, diclofenac, ibuprofen, 153 

indomethacin, ketoprofen, morphine and naproxen, was mixed. These nine analgesics cover a variety of 154 

molecular structures and were arbitrarily selected to assemble a mixture that was difficult to separate. 155 

Some compounds are structural analogues, e.g. ibuprofen, ketoprofen and naproxen (arylpropionic acid 156 

derivatives); morphine and codeine (opioids). Each individual compound solution contained 1 mg/mL 157 

in methanol. To prepare the mixture, 1.0 mL of each individual solution and 1.0 ml MeOH were added 158 

to a 10 mL tube, resulting in final concentrations of 0.1 mg/mL for each component. Both the individual 159 

solutions and the mixture were injected, in order to determine the elution sequence.  160 

2.4. Customized POPLC Expert kit 161 

The SOS-SFC method was developed using a customized POPLC Expert kit 250-5-SFC, 162 

commercialized by Bischoff Chromatography (Leonberg, Germany). The kit is composed of segments 163 

with lengths of 10, 20, 60 and 80 mm, and of two segments of 40 mm for each of the five stationary 164 

phases, which are ProntoSIL amino, cyano (CN), diol, ethylpyridine (EP) and silica. The columns have 165 

an internal diameter of 3 mm and the stationary phases all have particle sizes of 5 µm. The segments 166 

assembly is made via PEEK (PolyEther Ether Ketone) holders, with 10 mm and 20 mm cartridges, to 167 

support pressure. The kit also includes the holder pieces and inlet and outlet filters, necessary for the 168 

segments’ assembly.  169 

2.5. Mobile-phase composition 170 

The fraction of MeOH necessary to elute the analgesic compounds was first evaluated in a segment with 171 

100 mm length. A generic gradient was applied and the retention times (tR) of the compounds recorded. 172 

The generic gradient starts at 5% MeOH and increases up to 40% over 10 min, that fraction of modifier 173 
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is kept for 5 min and then returns to the initial value of 5% in 0.5 min, at which the column is re-174 

equilibrated for 2 more min. The overall run time for each sample is 17.5 min. Equation 2 is used to 175 

calculate the modifier fractions Ce at which the compounds are eluting [36].  176 

𝐶𝑒 =  𝐶𝑖 +
𝐶𝑓− 𝐶𝑖

𝑡𝐺
 𝑥 (𝑡𝑟 −  𝑡𝑑 − 𝑡0)       (Eq. 2) 177 

where Ci and Cf represent the compositions at the start and end of the gradient, respectively, td is the 178 

instrument dwell time, tr the residence time on the column, tG the gradient time and t0 the column void 179 

time. Then, the average modifier fraction was determined. 180 

2.6. Chromatographic conditions 181 

The runs were performed in isocratic mode with a mobile phase consisting of 15% MeOH with 10 mM 182 

ammonium formate in CO2. This additive was selected according to Muscat Galea et al. [37]. The flow 183 

rate was 2 mL/min, the column oven was set at 25°C and the backpressure at 150 bar. The injection 184 

volume was 2 µL and the detection wavelength 220 nm. The system void time (td) was determined by 185 

coupling a ZDV union. The column void time (t0) for each column was measured with a length of 186 

100 mm and marked as the first baseline disturbance observed with the blank injection. In the first step 187 

of the approach, the compounds are screened on the five separate stationary phases, using an arbitrary 188 

chosen length of 100 mm. When making combinations of different stationary phases, the longest 189 

stationary phase type was always coupled at the beginning of the column. The retention factors (k) were 190 

calculated as (tr – t0)/t0, in which tr
 represents the retention time of the compound.  191 

2.7. Approach 1 192 

The POPLC Optimization Software (version 1.04.03, Bischoff Chromatography, Leonberg, Germany) 193 

is included in the kit and allows the prediction of the ‘optimal’ and ‘best’ combination of segments 194 

(multiples of 10 mm segments) using equation 1. With the use of this equation, the selectivity α is 195 

calculated for all consecutive peaks, after which a ranking can be made of the α values for the critical 196 

peak pair of every column combination with the predefined total column length. The combined 197 

stationary phase, leading to the highest selectivity for the critical peak pair is selected, considering also 198 

the total analysis time. Furthermore, the algorithm of the software takes into account the efficiency of 199 
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the column, expressed as number of theoretical plates N. The efficiency of a combined column is 200 

calculated using the efficiencies of the elementary stationary-phase segments. After entering the 201 

retention times, column void time and plate counts on the pure stationary phases of 100 mm in the 202 

POPLC Optimization Software, it provides the predicted column combinations. The predictions were 203 

made, defining a maximum column length of 200 mm (to provide a wider variety of possible 204 

combinations) and a minimal resolution of 1.5 (since a resolution higher than 1.5 represents baseline 205 

separation). The maximal analysis time was set at 30 min. The ‘optimal’ prediction is the combination, 206 

which meets the requirements for the resolution and has the shortest analysis time. The ‘best’ 207 

combination is that with the best chromatogram (best resolution and selectivity).   208 

2.8. Approach 2 209 

The idea of approach 2 was to apply a mixture design to obtain the best result for the selectivity α. As 210 

in the original SOS-LC idea of Nyiredy et al. [19] a triangular domain of possible combinations between 211 

three stationary-phase types with a certain total column length was examined. In this mixture-design 212 

approach, the variables are the lengths of the stationary-phase types, of which two are independent and 213 

one is dependent at a selected total column length [38,39]. Instead of applying the classical equation 214 

based on the addition of the retention factors, MLR models were built for the retention based on the 215 

results from a 7-points simplex centroid mixture design. The obtained response surface models were 216 

used to predict the retention of different points in the triangular domain, which in turn allowed the 217 

prediction of the selectivity at these points. The goal of this approach is to predict the column-segments 218 

combination with the best selectivity α of the worst separated peak pair. For the mixture design, a 219 

simplex centroid design was chosen, which required seven measurement points for three segments: (1, 220 

0, 0), (0, 1, 0), (0, 0, 1), (0.5, 0.5, 0), (0, 0.5, 0.5), (0.5, 0, 0.5) and (1/3, 1/3, 1/3). However, when 221 

coupling segments with a minimal length of 10 mm, the centroid could not be assembled for a total 222 

column length of 100 mm. Therefore, this point was shifted towards stationary phase composition (0.4, 223 

0.3, 0.3) (see Fig. 1). In practice, this means that the three 100 mm individual stationary phases, three 224 

50 mm - 50 mm combinations of two stationary-phase types and the 40 mm – 30 mm – 30 mm 225 

combination of the three column types should be measured. With the results at these seven points, 226 
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multiple linear regression (MLR) models or response surfaces with the following type of equation were 227 

built for each compound:  228 

log k = b0 + b1x1 + b2x2 + b3x3 + b12x1x2 + b13x1x3 + b23x2x3 + b123x1x2x3  (eq. 3) 229 

where log k is the logarithm of the retention factor for a compound in the coupled system, xi the relative 230 

lengths of stationary phases 1, 2 or 3, b0 the intercept and bi, the estimated coefficients.  231 

The three selected stationary phase types were Amino, Silica and EP. When setting the total column 232 

length to 100 mm, 66 possible combinations (multiples of 10 mm) can be assembled (see grid points in 233 

Fig. 1). With the MLR-models for each compound, the log k and k values can be estimated for each 234 

column combination. When sorting the k values, the selectivity (α) can be calculated for each 235 

consecutive peak pair. The minimal α-value of every stationary phase combination can be visualized in 236 

an αmin plot and then the maximal is selected. This value represents the column combination for which 237 

the best separation of the critical peak pair is achieved.   238 

2.9. Approach 3 239 

A third approach was to perform predictions based on the POPLC algorithm with the three stationary-240 

phase types selected for approach 2, i.e. Amino, Silica and EP. Based on the retention factors obtained 241 

from the measurements on 100 mm of each column, the corresponding k-values for all possible 242 

combinations of these three stationary-phase types (with a total length of 100 mm) were calculated using 243 

equation 1. For the 66 potential combinations (multiples of 10 mm), the retention factors were ranked 244 

and the α-values calculated. The stationary phase with the highest predicted α-value for the critical peak 245 

pair was selected and assembled to measure the mixture.  246 

2.10. Procedure and software for data analysis 247 

Empower® 3 V7.10 software 2010 (Waters, Milford, MA, USA) was used for data acquisition and 248 

processing, i.e. retention times (tr), retention factors (k), USP resolutions (Rs) and  USP plate counts (N) 249 

are determined for all injections. The resolutions were calculated as 2(tr2 – tr1)/(w1 + w2), in which w 250 

represents the peak width at the baseline, applying the tangent method. The plate counts were calculated 251 
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as 16 (tr/w)². The POPLC Optimizer Software was used to predict the ‘optimal’ and ‘best’ combinations 252 

of approach 1 and to provide the predicted chromatograms at these combinations. Multiple linear 253 

regression (MLR) models were calculated with m-files written in MATLAB® 2014a (The Mathworks, 254 

Natick, MA, USA). The αmin plot for the mixture design was drawn with the ggtern package [40] in 255 

RStudio version 1.2.5019 (RStudio Inc., Boston, MA, USA). Microsoft® Excel (Microsoft Office 256 

Professional Plus 2016) was used to calculate relative deviations (|measured – predicted value|/average 257 

value) and selectivities (α), and to create scatter plots. Furthermore, it was used to calculate the k-values 258 

for approaches 2 and 3. 259 

3. Results and discussion 260 

3.1. Basic measurements on 100 mm of each stationary phase type 261 

It was challenging to establish a chromatographic method that allowed a good separation of the selected 262 

analgesics group, which presents heterogeneity in terms of molecular properties. A mobile phase with 263 

10 mM ammonium formate and 15% MeOH as the average percentage necessary for the elution of all 264 

compounds on the Amino column was selected using equation 2. Thereafter, the mixture was screened 265 

on each stationary phase type with 100 mm column length. The most retained compound was morphine 266 

(peak 8), eluting at 21.5 min from the silica stationary phase. All individual retention times and 267 

corresponding retention factors for the nine compounds on the different segments are presented in Table 268 

S1 (in the Electronic Supplementary Material (ESM)). The chromatograms obtained with the individual 269 

stationary phase segments, in the screening step, are shown in Fig. 2. None of the stationary phases fully 270 

separated the analgesics mixture. However, different elution sequences are observed, suggesting that 271 

combining segments of the various stationary-phase types could possibly provide a baseline separation 272 

of all compounds.  273 

 To assess the dissimilarities S between the different stationary phase types for this analgesics 274 

mixture, the correlation r² between the retention factors was used in the following equation [41,42]: 275 

 S = 100 x √1 − r²  (Eq. 4) 276 
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S values close to 100 show a high dissimilarity between columns, while a value close to 0 indicates a 277 

similar separation on two columns. The results (see Table 1) show that the highest dissimilarity is found 278 

between the column types Silica – Amino and CN – Amino. On the other hand, the retention on the CN 279 

and Silica column shows high similarity (low S).  280 

3.2. Approach 1 281 

A next step consisted of entering the retention times, column void times and plate counts obtained by 282 

the measurements on 100 mm of the individual stationary phases (Table S1 in the ESM) in the POPLC 283 

Optimizer Software, applying equation 1 and determining that the critical peak pair consisted of 284 

naproxen and ketoprofen for all advised predictions. The ‘optimal’ (meeting the requirements for the 285 

resolution in the shortest analysis time) and ‘best’ combination (the best possible result for resolution 286 

and selectivity) were both predicted via the POPLC Optimizer Software, setting the maximal analysis 287 

time at 30 min. The proposed ‘optimal’ combination for a minimal resolution of 1.5 and a maximal 288 

column length of 200 mm was 60 mm CN + 20 mm Amino + 10 mm EP. However, this combination 289 

led to a chromatogram where only seven peaks were observed: a co-elution of naproxen (peak 5), 290 

ketoprofen (peak 6) and codeine (peak 2) occurred (Fig. 3 (a)). This was caused by earlier elution of 291 

ketoprofen (peak 6) and codeine (peak 2) than predicted (13.9% and 29.7% relative deviation for the 292 

retention factors, respectively; see Table 2). Furthermore, a large deviation could also be noticed for the 293 

retention factor of morphine (peak 8) (18.6%).  294 

To improve the experimental separation of the predictions of the ‘optimal’ combination, a minimal 295 

resolution of 2 was requested, leading to the predicted combination of 80 mm CN + 30 mm Amino + 10 296 

mm Diol. The analysis of the analgesics mixture on this column composition led to an improved 297 

separation (Fig. 3 (b)). However, four peak pairs showed a resolution below 1.5, with a minimal value 298 

of 0.98 for indomethacin (peak 7) and codeine (peak 2) (Table 2). Once again, the largest relative 299 

deviation in retention factors could be assigned to codeine (peak 2) (8.4%) and morphine (peak 8) 300 

(8.9%). It may be noticed that both above suggested column combinations are shorter than 200 mm, 301 

most likely to obtain the shortest analysis times, as requested for the ‘optimal’ combinations. 302 
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As mentioned above, this POPLC Optimizer software approach also provides the possibility to estimate 303 

the ‘best’ combination. In this case, less focus is put on the speed of the separation, while achieving the 304 

best resolution and selectivity is preferred. This ‘best’ combination, when a minimal resolution of 1.5 305 

and a maximal length of 200 mm were entered as parameters, was 110 mm Silica + 50 mm Amino + 40 306 

mm CN. This segment combination led to a complete baseline separated chromatogram (Fig. 4). The 307 

lowest resolution (2.00) was obtained between the peaks of naproxen (peak 5) and acetaminophen 308 

(peak 4) (Table 2). However, the use of this 200 mm long column implied a prolonged analysis time 309 

(25 min) compared to the shorter column combinations, where a total analysis time of approximately 3 310 

and 4.5 min for 90 mm and 120 mm columns was achieved (in both cases without baseline separation!), 311 

respectively. For a shorter analysis, this run could possibly be further optimized by applying a gradient 312 

elution. This would allow for the same selectivity with a faster elution of the later eluting compounds.  313 

3.3. Approach 2 314 

The application of a simplex centroid mixture design was evaluated as an alternative to the SOS-LC 315 

approach. However, for this methodology, only three types of stationary phases were considered 316 

simultaneously. Amino, Silica and EP were the selected stationary phase types for the measurement of 317 

the mixture on seven column combinations. The selection was made based on the S values in Table 1: 318 

these three stationary phase types showed an overall high value in terms of dissimilarity. Furthermore, 319 

because the combinations CN – silica and diol – EP showed higher correlations, they were not 320 

considered together. Seven measurements (see Fig. 1) were required for this approach: the vertices, 321 

midpoints of the sides of the triangle and a point near the centroid (40 mm Amino + 30 mm Silica + 30 322 

mm EP). The obtained retention factors (see Table S1 and Table S2 in the Electronic Supplementary 323 

Material (ESM)) were then used in the calculations to search for the best stationary-phase combination. 324 

Only combinations with a total column length of 100 mm were used in the predictions, leading to a total 325 

of 66 theoretical combinations (step size 10 mm, see Fig. 1). With multiple linear regression (MLR) 326 

models as in equation 3, the retention factors k on each column-fragment combination were modelled. 327 

From the predicted k values, the selectivities α for consecutive peaks were estimated and the minimal 328 

selectivity αmin, i.e. α for the worst separated peak pair, indicated for each stationary-phase composition. 329 
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The column composition where αmin is maximal specifies the best predicted separation for the worst 330 

separated peak pair. The αmin values were visualized by plotting them in a ternary phase diagram (Fig. 331 

5).  332 

It can be noticed, that the combinations between only EP and Amino, on the one hand, and the Silica 333 

and EP combinations, on the other, seem to provide poor separations. An area of improved separations 334 

is observed in the range, where the relative length of the EP segment is below 0.4, the Silica segment 335 

between 0.3 and 0.7 and the length of the Amino segment between 0.3 and 0.6. The highest αmin value 336 

could be found at a combination of 60 mm Silica + 40 mm Amino. The worst separated peak pair on 337 

this stationary phase was predicted to be naproxen – ketoprofen. However, as seen in Fig. 6 (a), a co-338 

elution of codeine (peak 2) and diclofenac (peak 9) is noticed when testing this column combination. 339 

Large shifts in retention can again be seen for codeine (peak 2) and morphine (peak 8) (the last two 340 

eluting compounds), resulting in an unforeseen overlap between codeine (peak 2) and diclofenac 341 

(peak 9) (Table 3). For these compounds, a larger decrease than expected for the retention factors was 342 

noticed. The other compounds were all baseline separated with the lowest resolution between naproxen 343 

(peak 5) and ketoprofen (peak 6) (Rs 1.68). To verify whether a longer total column length could 344 

promote the separation, the same fraction ratio was used in a 200 mm column, leading to a combination 345 

of 120 mm Silica + 80 mm Amino (see Fig. 6 (b)). This stationary-phase combination indeed led to a 346 

baseline separated chromatogram of the mixture. This observation could be attributed to a prolonged 347 

retention of codeine (peak 2), which moreover resembles the predicted retention factor better than that 348 

on the 100 mm column. However, notice that the total analysis time of the analgesics mixture almost 349 

tripled compared to the measurements on the 100 mm column.  350 

3.4. Approach 3 351 

As a comparison to the predicted stationary-phase combination obtained from approach 2, predictions 352 

were performed using equation 1 on the same three stationary phases: Amino, Silica and EP. The 353 

retention factors of the nine compounds were predicted for the same 66 theoretical combinations and a 354 

total column length of 100 mm, based on the data from the basic measurements on 100 mm columns. 355 

Afterwards, identical steps were considered to predict the separation of a given stationary-phase 356 
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composition. A maximal αmin for the critical peak pair was now predicted for a stationary phase 357 

combination composed of 70 mm Silica + 30 mm Amino. Although there was little difference compared 358 

to the composition retrieved from approach 2, a full baseline separation was now achieved (Fig. 6 (c)). 359 

The sequence of elution remained the same in both cases, as well as the overall analysis time (8.5 min). 360 

Naproxen (peak 5) and ketoprofen (peak 6) proved to be the most difficult to separate, with a resolution 361 

of 1.53 (Table 4). Once more, a large difference could be noticed in the predicted and measured retention 362 

times of the last two eluting compounds: codeine (peak 2) (4.44 min instead of 8.73 min) and morphine 363 

(peak 8) (7.95 min instead of 15.90 min). Overall, larger relative variations of retention factors could be 364 

observed compared to the stationary-phase combinations tested with the other approaches, with relative 365 

differences ranging from 11.4% to 69.0%.  366 

3.5. Comparison of the prediction approaches 367 

Three alternative approaches for the prediction of the best stationary-phase combination were 368 

evaluated. The use of the POPLC Optimizer Software accompanying the kit, allowed the selection of 369 

different responses, such as the desired minimal resolution or selectivity, maximal length of the column 370 

and the maximal time of analysis. However, the two tested ‘optimal’ combinations, obtained for minimal 371 

resolutions of 1.5 and 2, and a maximal column length of 200 mm, did not provide a baseline separation 372 

of the mixture. The ‘best’ combination with approach 1, calculated for a minimal resolution of 1.5, 373 

allowed a complete baseline-separated chromatogram.  374 

Approach 2, using equation 3 models to predict the k and α values, which thereafter are ranked to 375 

find the best predicted separation for the critical peak pair, seemed to be less successful, with a co-376 

elution of two compounds. Furthermore, to simplify the combination, only three of the five stationary-377 

phase types were selected for the measurements and calculations. The selection was based on 378 

dissimilarities between the stationary-phase chemistries. A total column length of 100 mm was chosen, 379 

the same length as the basic measurements, leading to 66 possible column combinations. In this way, 380 

the same pressure and density will be obtained as with the basic measurements, together with overall 381 

shorter analysis times in contrast to longer columns. To obtain enough data points for the calculations 382 
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of approach 2, seven column combinations were assembled. In contrast, only five and three basic 383 

measurements (100 mm of each individual column type) are needed for approaches 1 and 3, respectively.  384 

Approach 3, using the same three stationary-phase types as approach 2 and a column length of 100 385 

mm, proposed a column combination capable of separating the mixture. With both approaches 2 and 3, 386 

the largest deviations from predicted retention factors were found with codeine and morphine. Both 387 

compounds are structural analogues and exhibit the strongest basic properties of the mixture. 388 

Furthermore, these two compounds eluted last in most tested column combinations, which makes them 389 

potentially more difficult to predict. Overall, larger deviations in predicted retention factors were noticed 390 

with approaches 2 and 3, compared to approach 1. Doubling the length of the column combination 391 

obtained with approach 2 did indeed give a completely separated mixture.  392 

4. Conclusions 393 

The applicability of a customized POPLC kit in supercritical fluid chromatography was examined using 394 

an analgesics mixture. The kit consisted of five stationary-phase types, specifically chosen for their 395 

applicability in SFC, which could be easily combined to achieve a better separation of complex mixtures. 396 

Two out of the three approaches (i.e. those using the POPLC algorithm) used to predict the best possible 397 

combination indicated conditions that fully baseline separate the mixture. Approach 2 (using a different 398 

equation than the POPLC algorithm to predict the best combination) did not predict conditions that gave 399 

a complete separation. Large deviations between predicted and measured retention factors were noticed, 400 

especially on the shorter columns. With the 90 and 100 mm columns, the retention times of especially 401 

codeine and morphine seemed difficult to predict, leading to the highest relative deviations of their 402 

measured retention factors. Both compounds elute last in the column combinations of approaches 2 and 403 

3, which make their prediction even more difficult. As a general trend, the longer the total length of the 404 

column, the better the overall predictions seem to be. However, this phenomenon should be confirmed 405 

from additional separations considering different mixtures.  406 

In conclusion, the customized POPLC kit can successfully be used for experiments in SFC. 407 

Nevertheless, due to some experimental shifts in the predicted retention times, it may be necessary to 408 
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test several predicted combinations. This implies that the POPLC algorithm is possibly too simplified 409 

for the application in SFC, where pressure and mobile-phase density are of a larger importance than in 410 

HPLC. The experiments have only been conducted in isocratic mode in this study. The applicability of 411 

the approach in gradient mode to possibly enhance the separation of the compounds has yet to be tested. 412 

The complementarity of the isocratic POPLC and the gradient optimizations for compounds with similar 413 

and different polarities, respectively, may also be another topic for future research. Furthermore, the use 414 

of longer columns or changing the backpressure could possibly fine-tune the separation of the mixture 415 

on failed stationary-phase combinations.  416 
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Tables 

Table 1 Dissimilarity S for the retention factors obtained on the five column types 422 

Column Amino Silica EP Diol CN 

Amino 0     

Silica 99.67 0    

EP 68.70 85.94 0   

Diol 89.27 61.16 38.08 0  

CN 99.80 16.91 82.90 57.72 0 

  423 
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Table 2 Retention factors (k), selectivity (α) and resolutions (Rs) for the analgesics mixture measured 424 

with the different combinations of approach 1: A. 60 mm CN + 20 mm Amino + 10 mm EP, B. 80 mm 425 

CN + 30 mm Amino + 10 mm Diol, and C. 110 mm Silica + 50 mm Amino + 40 mm CN. Peak 426 

numbering, see Fig. 2 427 

C
o

m
b

in
a

ti
o

n
 

 

Peak 

Retention factor (k) Selectivity (α)  

Measured 

resolution 

(Rs) Measured Predicted 

Relative 

deviation 

(%) Measured Predicted 

Relative 

deviation 

(%) 

A 

1 0.51 0.55 6.76 - - - - 

3 1.28 1.33 4.18 2.48 2.42 2.59 3.86 

4 2.75 2.88 4.46 2.16 2.16 0.29 4.43 

5 3.13 3.24 3.63 1.14 1.13 0,84 0.82 

2 3.13 4.22 29.68 1.00 1.17 15.95 0.00 

6 3.13 3.59 13.90 1.00 1.11 10.28 0.00 

7 4.45 4.69 5.18 1.42 1.11 24.60 2.57 

8 7.07 8.52 18.58 1.59 1.82 13.43 3.96 

9 9.38 9.84 4.78 1.33 1.16 13.83 2.57 

B 

1 0.52 0.51 2.50 - - - - 

3 1.46 1.40 4.45 2.80 2.75 1.95 6.15 

4 2.98 2.92 1.89 2.04 2.09 2.57 6.17 

5 3.59 3.42 4.71 1.21 1.17 2.82 1.86 

6 4.06 3.84 5.45 1.13 1.12 0.74 1.19 

2 4.73 4.35 8.38 1.17 1.13 2.94 1.44 

7 5.25 5.00 4.81 1.11 1.15 3.58 0.98 

8 9.90 9.06 8.91 1.89 1.81 4.11 6.50 

9 11.01 10.63 3.53 1.11 1.17 5.39 1.14 

C 

1 0.90 0.88 2.32 - - - - 

3 1.61 1.62 0.28 1.78 1.83 2.60 6.26 

4 3.20 3.12 2.46 1.98 1.93 2.75 8.58 

5 3.70 3.77 1.92 1.16 1.21 4.38 2.00 

6 4.45 4.54 2.07 1.20 1.20 0.15 2.59 

7 5.87 6.06 3.32 1.32 1.34 1.25 4.05 

9 10.94 11.30 3.21 1.86 1.86 0.11 8.73 

2 22.92 23.51 2.53 2.10 2.08 0.68 12.36 

8 42.35 43.35 2.34 1.85 1.84 0.19 12.66 



20 

 

Table 3 Retention factors (k), selectivity (α) and resolutions (Rs) for the analgesics mixture measured 428 

on the best combination predicted with approach 2: 60 mm Silica + 40 mm Amino. Peak numbering: 429 

see Fig. 2 430 

 

Peak 

Retention factor (k) Selectivity (α) Measured 

resolution 

(Rs) Measured Predicted 

Relative 

deviation (%) Measured Predicted 

Relative 

deviation (%) 

1 0.78 0.89 13.21 - - - - 

3 1.99 2.07 3.93 2.54 2.32 9.29 6.94 

4 3.40 3.54 4.00 1.71 1.71 0.07 5.20 

5 4.76 4.82 1.18 1.40 1.36 2.81 3.53 

6 5.57 5.83 4.63 1.17 1.21 3.44 1.68 

7 7.07 7.65 7.93 1.27 1.31 3.31 2.63 

9 14.82 14.48 2.34 2.10 1.89 10.27 7.21 

2 14.82 25.86 54.24 1.00 1.79 56.41 0 

8 27.72 46.47 50.54 1.87 1.80 3.98 7.76 

 431 

Table 4 Retention factors (k), selectivity (α) and resolution (Rs) for the analgesics mixture measured on 432 

the best combination predicted with approach 3: 70 mm Silica + 30 mm Amino. Peak numbering: see 433 

Fig. 2 434 

 

Peak 

Retention factor (k) Selectivity (α) Measured 

resolution 

(Rs) Measured Predicted 

Relative 

deviation (%) Measured Predicted 

Relative 

deviation (%) 

1 0.81 0.97 17.80 - - - - 

3 1.60 1.89 16.67 1.97 1.95 1.14 4.75 

4 3.04 3.40 11.35 1.90 1.80 5.35 5.46 

5 3.78 4.41 15.23 1.25 1.30 3.90 2.09 

6 4.44 5.36 18.87 1.17 1.22 3.66 1.53 

7 5.62 7.15 24.00 1.27 1.33 5.19 2.37 

9 11.71 13.38 13.34 2.08 1.87 10.75 7.41 

2 14.00 28.63 68.60 1.20 2.14 56.55 2.17 

8 25.85 53.09 69.02 1.85 1.85 0.47 8.50 

  435 
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Figures 436 

 437 

Fig. 1 Simplex centroid design for a ternary mixture with an ‘adjusted centroid’, leading to seven 438 

measurement points: (1, 0, 0), (0, 1, 0), (0, 0, 1), (0.5, 0.5, 0), (0, 0.5, 0.5), (0.5, 0, 0.5) and (0.4, 0.3, 0.3)  439 
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 440 

Fig. 2 Chromatograms obtained for the separation of the analgesic components on the five different 441 

segments (Amino, Cyano (CN), Diol, Ethylpyridine (EP) and Silica) with 100 mm length. Mobile phase: 442 

see text. A flow rate of 2 mL/min and a backpressure of 150 bar were applied. 1. caffeine, 2. codeine, 3. 443 

ibuprofen, 4. acetaminophen, 5. naproxen, 6. ketoprofen, 7. indomethacin, 8. morphine, and 9. 444 

diclofenac 445 
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 446 

Fig. 3 (a) Experimental chromatogram for the ‘optimal’ combination, predicted minimal resolution of 447 

1.5 and a maximal column length of 200 mm, for approach 1: 60 mm CN + 20 mm Amino + 10 mm EP. 448 

(b) Experimental chromatogram for the ‘optimal’ combination, predicted minimal resolution of 2 and a 449 

maximal column length of 200 mm, for approach 1: 80 mm CN + 30 mm Amino + 10 mm Diol.  450 

Flow rate: 2 mL/min. Backpressure: 150 bar. Mobile phase: see text. Numbering: see Fig. 2  451 
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 452 

 453 

Fig. 4 Predicted (top) and experimental (bottom) chromatogram of the ‘best’ combination for the 454 

analgesics mixture, resulting from approach 1: 110 mm Silica + 50 mm Amino + 40 mm CN. Flow rate: 455 

2 mL/min. Backpressure: 150 bar. Mobile phase: see text. Numbering: see Fig. 2  456 
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 457 

Fig. 5 Ternary phase diagram, showing the minimal selectivity α of each combination of 100 mm 458 

between the Amino, Silica and EP stationary-phase segments 459 
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 460 

Fig. 6 Chromatograms from the analgesics mixture (a) on 60 mm Silica + 40 mm Amino (approach 2), 461 

(b) on 120 mm Silica + 80 mm Amino (longer column with the same ratio of the stationary-phase 462 

combination with approach 2), and (c) on the best prediction from approach 3: 70 mm Silica + 30 mm 463 

Amino. Flow rate: 2 mL/min. Backpressure: 150 bar. Mobile phase: see text. See Fig. 2 for the peak 464 

identification  465 
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