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Abstract7

This paper presents multi-objective optimization analysis and experimental imple-8

mentation of a single column isocratic supercritical fluid chromatography process for9

the enantioseparation of flurbiprofen. The single column process is simulated using10

a detailed model with equilibrium description by a competitive Langmuir isotherm.11

The optimization problem has been formulated with the objectives of maximizing12

of productivity and minimizing solvent consumption under different product purity13

and recovery constraints. The solubility of the solute in the mobile phase is explicitly14

accounted in the problem formulation. The results showed a maximum productivity15

of 5 kg racemate/kg stationary phase / day with a corresponding organic solvent16

consumption of 80 L/kg racemate for a required purity and recovery of 95%. The17

optimal operating conditions have been experimentally implemented in an analytical18

scale laboratory set-up which support the optimization results.19
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1 Introduction22

The awareness that different enantiomers of a racemic compound may have dif-23

ferent pharmacological effects makes chirality an important issue in the mod-24

ern pharmaceutical industry. The toxicological and pharmacological properties25

of each enantiomer has to be tested during clinical trials as required by the26

regulatory authorities [1]. Further, single enantiomer drugs constitute about27
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40% of the total drug sales [2]. All of these provide the motivation to develop28

processes to obtain single enantiomers. Chromatography in both single and29

multi-column modes is an effective technique for preparative enantiosepara-30

tion [3,4]. While most separations are performed using high performance liquid31

chromatography (HPLC), the method suffers from several drawbacks. Firstly,32

large pressure drops are encountered in HPLC when high throughputs are33

required. Large pressure drops cause stationary phase degradation and result34

in unexpected performance. Secondly, the desired component is collected as35

a dilute fraction and must be recovered from the mobile phase. This brings36

an extra step, e.g. evaporation, that makes the process expensive and time-37

consuming. Simulated moving bed chromatography (SMB), a multi column38

continuous process, reduces a number of the above limitations with increased39

productivity and reduced solvent consumption [4] . In any case, these pro-40

cesses involve the handling of large volume of solvents which translates into41

high energy consumption and associated disposal costs.42

Supercritical fluid chromatography (SFC) is one of the most promising chro-43

matographic methods in achieving fast enantioseparations with high produc-44

tivity [5]. SFC uses supercritical fluids, such as CO2, as mobile phase which45

has intermediate properties between gas and liquid. The viscosity of super-46

critical fluid is less than that of liquid and hence allows for the operation47

of preparative chromatographic columns at high flow rates with low pressure48

drops. This, in addition to the fact that the diffusion coefficients of solute in49

supercritical fluids are higher compared to liquid, reduces the batch separation50

time without compromising column efficiency thereby leading to increased pro-51

ductivity [6,7]. Rapid column equilibration after changes in chromatographic52

parameters reduces the time for method development. The solvent strength53

of a supercritical fluid is strongly influenced by the pressure. Hence pressure54

can be used as an additional degree of freedom to alter retention properties.55

SFC provides a distinct advantage also for fraction collection. By reducing56

the pressure of the mobile phase, CO2 can be easily separated resulting in57

a concentrated product and effectively reducing recovery costs [7]. Shorter58

analysis and equilibration time, higher productivity and efficiency, less cost in59

disposal of solvent, all of these make SFC a competitive technology for enan-60

tioseparations. It is also worth noting that multi-column processes have been61

successfully demonstrated using supercritical fluids as mobile phase [8–10].62

To purify large samples, there are usually two methods: scale up of system63

or column overloading. While scale-up of system involves using larger column64

diameter, higher flow rate, in column overloading the amount of injected sam-65

ple is increased until the desired level of separation is achieved. To implement66

column overloading, high sample concentrations are required which is called67

concentration overloading. Concentration overloading is only possible when68

the solute has a good solubility in the mobile phase. Injection of samples69

whose concentrations are above the solubility limit can lead to precipitation,70
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thereby leading to pressure build up. To avoid this, the solubility of sample71

must be taken into account in preparative chromatography. While solubility72

measurements in liquids are straightforward, those in high pressure mixed su-73

percritical phases are laborious. Hence for kilogram scale SFC separations,74

solubility measurements are seldom performed.75

Systematic optimization of preparative SFC that maximizes the productivity76

and further decreases the solvent consumption is yet scarce in practice. This77

is primarily due to the large number of controllable instrumental and physic-78

ochemical parameters in SFC process, including flow rate, pressure, modifier79

composition, particle size and characterization of stationary phase. This study80

aims to address this issue. In this work, optimization of isocratic SFC for the81

enantioseparation of flurbiprofen has been undertaken using detailed math-82

ematical models. Genetic algorithm has been used for the search of optimal83

operating conditions. Since both productivity and solvent consumption in-84

fluence the economy of the SFC process, the optimization problem has been85

formulated as a multi-objective instead of a single objective optimization prob-86

lem. The optimization studies have been done with actual experimental data87

under different purity and recovery constraints. In this study, the solubility of88

sample in supercritical mobile phase has been selected as a hard constraint89

and has been calculated based on experimental data published before [11].90

Finally, two of the representative optimum operating conditions have been91

experimentally demonstrated on a laboratory scale SFC unit and results are92

reported.93

2 System characterization94

2.1 Materials and experimental set-up95

Racemic flurbiprofen with a purity ≥ 99% was obtained from Sigmal-Aldrich96

(Singapore). HPLC grade methanol (Aik Moh Paints and Chemicals, Singa-97

pore) was used as the modifier with carbon dioxide (purity: 99.8%, Singa-98

pore Oxygen Air Liquide, Singapore). An analytical Chiralpak AD-H column99

(250×4.6 mm, particle size: 5 µm) was used as the chiral stationary phase.100

The set-up used for experiments has been reported earlier [12]. In short, two101

syringe pumps are used to deliver CO2 and the modifier. A UV detector lo-102

cated at the column outlet provides the elution profile and a back pressure103

regulator located downstream of the detector controls the pressure in the unit.104

A detailed study that explores the effect of pressure and modifier composition105

on the adsorption equilibrium and mass transfer characteristic has also been106

reported [12]. Besides, data to account for the effect of flow rate on pressure107
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drop and efficiency and and isotherm parameters at higher concentrations were108

needed to carry out the optimization studies. These experiments are discussed109

below.In this study the temperature was maintained at 30◦C. The back pres-110

sure was arbitrarily fixed at 135 bar. It was shown earlier that the selectivity111

and resolution did not show significant changes within the operating range112

and that the solubility was influenced more by the modifier composition than113

by pressure. Hence, the decision to fix the back pressure seemed reasonable.114

2.2 Characterization of pressure drop115

The pressure drop measurements at different flow rates and modifier concen-116

trations were performed at a fixed back pressure of 135 bar. The measured117

pressure drops are plotted in Fig. 1. As expected, the pressure drop increased118

with increasing flow rate and modifier concentrations [13].119

The pressure drop across the column in SFC can be described by the Darcy’s
law [14]:

∆P

L
= −β

(ρv)µ

ρ
(1)

where ρ and µ are the fluid phase density and viscosity respectively, the in-120

terstitial velocity is denoted by v and β is a the column permeability, that is121

typically fitted to experimental results. In the present work, although pressure122

drops up to 60 bar were measured, owing to the rather high modifier compo-123

sition the change of density and viscosity with respect to change in pressure124

were marginal. Hence, average values of density and viscosity corresponding125

to the average pressure (arithmetic mean of inlet and outlet pressures) were126

used to regress the value of β. The fluid density was calculated using the Peng-127

Robinson equation of state along with a 2 parameter mixing rule. The fluid128

viscosity was calculated as weighted mole fraction average of the CO2 and129

methanol viscosity [15]. The value of β=5.785×10−13 m mL−1 was regressed130

by minimizing the error between the experimental and calculated pressure131

drop. The calculated values of pressure drop are plotted in Fig. 1 and show132

an acceptable description of the experimental trends.133

2.3 Characterization of HETP134

The height equivalent to a theoretical plate (HETP) is a commonly used pa-135

rameter to estimate column efficiency. Large values of HETP represent peak136

broadening that deteriorate separation. Operating conditions such as flow rate,137

mobile phase composition affect HETP. Previous studies have shown that pres-138

sure drops contribute to loss of efficiency in SFC when the mobile phase was139
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compressible [13,14]. In order to investigate these effects under SFC condi-140

tions, the HETP values were measured under different flow rates and modifier141

concentrations by injecting dilute sample of racemic flurbiprofen. As observed142

from Fig. 2, both flow rate and modifier composition had a minor effect on143

HETP over the range of operating conditions investigated in this work. Fur-144

ther, the value of HETP is rather small (around 10 µm) showing a high effi-145

ciency of the column. Such high column efficiency may be attributed to the146

high diffusivity of supercritical fluids and small particle size (5 µm) of sta-147

tionary phase. Hence, in the entire study, the minor variation of HETP was148

not accounted for and assumed to be adequately described by the fitted mass149

transfer coefficients reported earlier [12].150

2.4 Characterization of isotherm151

The isotherm data used in this study was measured using the same method re-152

ported earlier [12]. Since the data reported in the previous study corresponded153

to lower concentrations, the isotherm parameters were re-estimated by using154

an injection loop of 100 µL. The injection concentrations chosen were close155

to the solubility limits in supercritical mixture (see Section 2.5). The classical156

Langmuir isotherm:157

n∗

i =
ΓiKici

1 + KRcR + KScS

=
Hi

1 + KRcR + KScS

(2)

where Γi is the saturation capacity of the enantiomer and Ki is the component158

equilibrium constant. The Henry constant, Hi, was obtained by injections of159

dilute samples at a constant back pressure of 135 bar but under different160

modifier concentration, namely 13%, 18% and 20%. The following equation is161

used to represent Henry constant as a semi-empirical function of mobile phase162

density and modifier concentration [16]:163

Hi =
1

aicm + di

(

ρo

ρ

)picm+qi

(3)

where cm is the modifier concentration in %(w/w), ρ and ρo are the density at164

operating and reference conditions respectively, while parameters ai, di, pi and165

qi are empirical constants. The estimated value for the empirical constants are166

reported in Table 1. The saturation capacity, Γi, was calculated by the inverse167

method. It was found that the modifier composition had a minor effect on168

the Γi and hence average of values from the different runs was used as a169

representative value (see Table 1). Equations 3 together with values of Γi170
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provide the complete description of the isotherms for the region of interest. The171

use of average values gave adequate description of the experimental profiles.172

2.5 Characterization of solubility173

The solubility of flurbiprofen in pure CO2 and in CO2 + methanol was ex-174

perimentally measured using a direct visualization technique [11]. The Peng-175

Robinson equation of state was used to describe the solubility over a wide176

range of modifier composition ( upto 13% w/w). Since the modifier composi-177

tions used in the current study are larger than the ones reported, the inter-178

action parameters were re-estimated based on the experimental data with179

the largest modifier composition, i.e., cm = 13% and the values of solu-180

bility for cm > 13%w/w were calculated. The predicted solubility (σ) for181

13 < cm(w/w) < 20 can be described by the empirical equation:182

σ = 0.3196c2
m + 0.5815cm − 8.6589. (4)

3 Modeling of column dynamics183

The dynamics of solute transport in the chromatographic column was repre-184

sented by an axially dispersed plug flow model:185

∂ci

∂t
= Dax,i

∂2ci

∂z2
−

∂(civ)

∂z
−

1 − ǫ

ǫ

∂ni

∂t
(5)

where ci and ni are the concentrations of the solute i in the mobile phase and186

in the stationary phase respectively, v is the interstitial velocity, Dax,i is the187

axial dispersion coefficient and ǫ is the total porosity of the column.188

In this study, the density change caused by pressure drop is less than 3% and189

therefore, the change of velocity arising due to the adsorption of the solute190

can be neglected. Under this assumption, Equation 5 can be written as:191

∂ci

∂t
= Dax,i

∂2ci

∂z2
− v

∂ci

∂z
−

1 − ε

ε

∂ni

∂t
(6)

A linear driving force (LDF) model is used to describe the mass transfer from192

the fluid to the solid phase:193
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dni

dt
= kf,i(n

∗

i − ni) (7)

where n∗

i is the concentration in the adsorbed phase in equilibrium with ci.194

The set of partial differential equations with suitable initial and boundary195

conditions were discretized in space using a finite difference scheme with 40196

grid points per 1 cm of column length. The resulting set of ODEs were solved197

using the Gear’s method as implemented in IMSL FORTRAN subroutines.198

4 Process Optimization199

4.1 Definition of parameters200

Purity, recovery, productivity and solvent consumption are important param-201

eters to evaluate the separation efficiency and quality. In this work, recovery202

(Y ) and purity (P ) are defined with respect to the individual fractions as:203

Yi =
Amount of solute i collected in the fraction

Amount of solute i injected

=
Q
∫ tend

i

tstart
i

ci dt

Vinj,icinj,i

, i = R, S
(8)

Pi =
Amount of solute i collected in the fraction

Total amount of two enantiomers collected in the same fraction

=

∫ tend

i

tstart
i

ci dt
∫ tend

i

tstart
i

(cR + cS) dt
, i = R, S (9)

The symbols tstarti and tend
i denote the start and end time of collection for the204

fraction that is predominantly i. Note that in the simulations, the efficiency205

of fraction collection is considered to be 100%. In other words, all the solute206

that is to be collected between tstarti and tend
i are collected without any loss in207

the collection device, e.g. cyclone. The productivity (PR) is defined as:208
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PR =
Total amount of both enantiomers in respective fractions

(Mass of stationary phase)(cycle time)

=
Vinj

wcsptc
[cinj,RYR + cinj,SYS]

(10)

where Vinj is the injection volume, cinj,i is the injection concentration of com-209

ponent i, wcsp and tc are the mass of stationary phase and cycle time respec-210

tively. The cycle time is defined as the minimum time interval between two211

continuous injections and is equal to tend
S − tstartR .212

In chromatographic separations, product recovery and solvent handling both213

contribute to the cost of separation. In SFC where a modified mobile phase214

is used, it is important to carefully define the solvent consumption. While the215

chromatographic separation itself is carried out at high pressure, the product is216

collected at low pressure. Under these conditions, the CO2 is evaporated while217

the solute, along with the modifier is collected. In the next step, the solute218

is separated from the modifier typically through evaporation. Compared to219

the pumping of the mobile phase, evaporation is more energy intensive and220

only the amount of modifier in the product contributes to the cost. Hence in221

this work, the solvent consumption (S) is defined as the volume of modifier222

required per kg of the product produced:223

S =
Total amount of modifier used in one cycle

Total amount of both enantiomers collected in one cycle

=
Qmodtc

Vinj[cinj,RYR + cinj,SYS]
(11)

where Qmod is the volumetric flow rate of modifier.224

4.2 Choice of cut time225

In preparative chromatography, the choice of collection intervals is crucial to226

maintain product quality and performance of the process. In general, when the227

mixture to be separated consists of two components in comparable quantities,228

a strategy has to be developed for choosing collection windows. The current229

work is limited to a binary separation and it is assumed that peaks from230

consecutive injections are at least baseline separated. In other words, only231
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the peaks of the two components from a particular injection are allowed to232

overlap. Further, only two fractions are collected and the recycle of impure233

fractions is not considered.234

A simulated chromatogram is shown in Fig. 3 in order to explain the fraction235

collection strategy. In order to illustrate the general methodologies, a simula-236

tion where the peaks of the two components overlap is shown. The selection237

of tstartR , the time at which the fraction containing R starts and tend
S , the time238

at which the fraction containing S ends are rather straightforward. They are239

defined as the place where the concentration is 1% of the peak value. However,240

the choice of tend
R and tstartS require attention. If the expected purities are equal241

to 100% then this can be achieved by selecting tend
R = ts and tstartS = tr as242

shown in Fig. 3, where ts corresponds to the time at which S starts eluting243

and tr corresponds to the time at which R has fully eluted. It is worth noting244

that although this results in 100% purities, the recovery is compromised as245

the fraction between tr and ts is not collected. For cases, where purity require-246

ment is less than 100%, the following strategy is used. Herein, tstartR and tend
S247

are fixed as discussed above. An arbitrary cut time,tx with tstartR < tx < tend
S , is248

then chosen. It can be seen that shifting tx from ts to tr results in decreasing249

the purity of R but increasing the purity of S. Therefore, there exist a point250

(tp) where purities of two components are equal (PR=PS=Pp). Under these251

circumstances, three possible scenarios can be expected based on the related252

values of Pp and the required purity Preq:253

(1) If Pp > Preq, to keep high recovery, only a single cut is made and tx is254

chosen in such a way that the purity requirements are satisfied.255

(2) If Pp = Preq, tx is set to the position of tp.256

(3) If Pp < Preq, one cut can not fulfill purity constraint and two cuts (tx1, tx2)257

that satisfy the respective purity constraints are made. This scenario will258

result in three fractions of which two are collected. The middle fraction,259

i.e. between tx1 andtx2, is not recycled.260

It is worth pointing out that the above strategy is suitable where the purity261

requirement on both components are identical, a case that is considered in262

this study.263

4.3 Formulation of optimization problem264

Optimization problems can be sorted into two kinds with respect to the num-265

ber of objective functions, namely single and multi-objective. These two kinds266

of optimization problems are conceptually different. Single objective problems267

seek to maximize or minimize one objective function and result in an unique268

set of decision variables. In the case of multi-objective optimization there may269

9



not be an unique optimum (i.e., a single point) with respect to all the objec-270

tives. Instead, there would be an entire set of optimal solutions (i.e., a curve)271

known as Pareto curve when the objectives conflict with each other. For exam-272

ple, in preparative chromatography, it is desired to maximize productivity but273

minimize solvent consumption. Every point on the Pareto curve is an optimal274

solution since moving from one point to another only one objective function275

improves whereas all others deteriorate. The final choice of an optimal Pareto276

point at which the process will be operated depends on relative cost of the277

two objectives.278

In SFC the availability of a large number of operating parameters make the op-279

timization problems challenging. As a matter of fact, although multi-objective280

optimization for single column and multi-column chromatography and hybrid281

processes are available [17–21], an optimization study of the SFC process is282

rare in the literature. It is well known that appropriate formulation of the283

optimization problem is the most crucial part in an optimization study. Since284

the economics of the SFC process has opposite interests in terms of solvent285

consumption and productivity, the optimization for SFC can properly be set286

as a two objective optimization problem with the aim of minimization of the287

solvent consumption and maximization of the productivity.288

Objective functions are functions of decision variables which are selected as289

the operating parameters, i.e., separation conditions that significantly influ-290

ence the process performance. In this study, injection volume (Vinj), injection291

concentration of the solutes to be separated (cinj), modifier concentration (cm)292

and mass flow rate of CO2 (mCO2
) have been chosen as the decision variables293

while the system back pressure has been set to 135 bar and the temperature294

is set to 30◦C.295

The solution to an optimization problem must satisfy one or several constraints296

defined in the space of objectives or decision variables. The constraints can be297

either from the limitation of the equipment or from the production require-298

ment. Two kinds of constraints were used in this study. One is the physical299

limitation, namely, maximum pressure drop which the stationary phase can300

withstand and the solubility of solute in mobile phase. The others concern301

the quality of the product namely, recovery and purity. The physical limi-302

tation is a “hard” constraint since the equipment cannot be operated above303

such condition. Recovery and purity are “soft” constraints. Since the optimiza-304

tion is carried out over a range of recovery and purity values, the ranges of305

the decision variables are decided considering the equipment limitation such306

as available sample loop volume and applicable range of isotherm data. The307

complete description of the optimization problem is given in Tables 2 and308

3. It is worth noting that, although we present results for a specific system309

(flurbiprofen), the analysis bears general applicability.310
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There are several methods to solve multi-objective optimization problem. In311

this work, non-dominated sorting generic algorithm (NSGA), a modified ver-312

sion of simple GA is used [21]. Non-domination refers to a better solution than313

another in at least one objective. The mutation and crossover operators are314

the same as simple GA. A random or given seed is used as the first generation.315

Upon mutation and crossover, the next generation is generated and sorted ac-316

cording to the fitness of the solution. Such steps are repeated for a pre-set317

number of generations to obtain the optimal solution. Compared to a single318

objective optimization algorithm such as Simplex, NSGA guarantees escape319

from converging into a local optimum. The parameters used by NSGA for all320

the optimization runs are listed in Table 4.321

5 Results and discussion322

5.1 Optimal Pareto curves323

The multi-objective optimization of SFC was solved for four purity require-324

ments namely, 95, 97, 99, 100%. For 95, 97, 99 %, a minimum recovery of325

95% is set as a constraint and for purity of 100%, the recovery constraint is326

set to 100%. The resulting Pareto curves are shown in Fig. 4 where the axes327

correspond to the two objective functions, namely productivity and solvent328

consumption. As a general trend, with decreasing product purity requirement,329

it is observed that the Pareto curves move down and right indicating lower330

solvent consumption and higher productivity.331

As observed, for total separation, a steep Pareto curve was obtained which332

indicates that an increase in productivity is possible only at the expense of333

solvent consumption. This is due to the rather high product quality require-334

ment. When decreasing the purity requirement, the slopes of Pareto curves335

decrease indicating an operating range where improvement in productivity can336

be achieved without compromising much for the solvent consumption. Figure 4337

enables us to calculate required solvent amount for a fixed productivity value.338

For example, for a productivity of 5 kg/kg/day, 80 L/kg rac of solvent will be339

necessary for both purity and recovery of 95%. It is worth emphasizing that340

liquid phase SMB separations which typically have comparable productivities341

result in much higher solvent consumption [22]. These results provide strong342

motivation for practitioners to consider SFC as a powerful alternative.343
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5.2 Effect of decision variables on process performance344

An optimal solution is a set of best decision variables searched by the opti-345

mization algorithm. An understanding of how each decision variable affects346

the separation performance will yield better understanding of the process. A347

detailed discussion of the effects of the decision variables on isocratic SFC348

separation process is presented below.349

5.2.1 Modifier concentration, cm350

To elute a polar solute, a highly polar organic solvent such as methanol or351

ethanol is usually added to the mobile phase. With addition of a modifier, the352

solute normally elutes earlier compared to the use of pure CO2 as an eluent353

since the modifier can either increase the solubility and/or directly compete354

for the adsorption sites with solute. The effect of modifier concentration on355

productivity and solvent consumption in this study is shown in Fig. 5. It is356

clear from Fig. 5 that in general, most of the optimal operating points lie357

close to the upper bound of this decision variable. However, for the case of358

100% purity, it is seen that increasing modifier composition leads to increased359

productivity. This trend is because of the fact that the addition of modifier360

reduces the elution time of enantiomers thus decreasing the cycle time.This is361

an important observation and rather counter-intuitive. It would be expected362

that an increased modifier concentration will also lead to an increased solvent363

consumption. However, the optimization results indicate that the possibility364

to inject larger concentrations owing to a larger solubility and the reduction365

in cycle time owing to an increased modifier composition results in a reduced366

solvent consumption. It is worth pointing out that these results should be367

viewed in the light that only a limited range of cm has been used in this study368

and exploring larger modifier compositions, in the future, could be beneficial.369

5.2.2 Throughput parameters,Vinj, cinj370

Throughput parameters include injection volume and injection concentration.371

High injection amount of solute can be achieved either by high concentration372

with small injection volume (concentration overloading) or by injecting large373

volume with low concentration of solute (volume overloading). In this study,374

both injection volume and concentration have been used as decision variables375

to investigate the optimal injection conditions. This plot confirms an intuitive376

understanding that higher injection concentrations lead to better process per-377

formance. The effect of injection concentration on the process performance378

is shown in Fig. 6. There appears to be no clear trend with respect to this379

decision variable, except for the case of purity = 100% where larger injection380
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concentrations lead to increased productivity and solvent consumption. Fig-381

ure 7 shows the plot of cinj vs cm for the points on the Pareto. It is worth382

observing that most of the optimal points indeed lie close to the solubility383

limit. The effect of injection volume is shown in Fig. 8. It is observed that in-384

creasing injection volume caused lower productivity and solvent consumption.385

When productivity was plotted against the total amount injected in Fig. 9386

(ninj = cinjvinj), clear trends are seen. Smaller injection amounts tend to fa-387

vor high productivity but result in increased solvent consumption. It is also388

seen that the solvent consumption for all cases seem to fall on a curve. This389

trend is a result of the definition of the solvent consumption which is based390

on the amount of solute injected.391

5.2.3 Effect of flow rate392

Flow rate is a key decision variable and it is easy to manipulate. In the current393

study, the mass flow rate of CO2 was selected as decision variable and the394

modifier was added accordingly to provide desired value of cm. The effect of395

flow rate on productivity and solvent consumption is shown in Fig. 10. It is396

clear from the figure that high flow rate results in an increase in productivity397

and solvent consumption. However, the upper limit for increasing the flow rate398

is determined by the maximum pressure drop.399

6 Experimental implementation of optimum conditions400

Every Pareto point in Fig. 4 is associated with a set of decision variables.401

In order to demonstrate the validity of the optimization, two points from the402

Pareto curves (circled) (c.f. Fig. 4) were selected for experimental implementa-403

tion on an analytical laboratory set-up. The elution profile shown in Fig.11 (a)404

corresponds to a situation where both purity and recovery are expected to be405

100%. This requirement can be met only if the two components are baseline406

separated. Hence only two fractions will be obtained. The injection volume407

was 70µL, and the CO2 flow rate was was 0.97 mL/min, close to conditions408

where the experiments for parameter estimation were performed. As seen from409

the figure, the experimental elution profile shows good agreement with the cal-410

culated one. The cut times suggested by the optimizer also indicate that pure411

fractions can indeed be collected. The existing facility in our laboratory limits412

fraction collection and hence check for purity was not performed.413

The elution profile shown in Fig. 11 (b) corresponds to a situation where414

Yi = Pi = 95% where baseline separation is not a pre-requisite. The values of415

the all the decision variables are provided in the caption of the figure. In this416

case the injected volume was 170µL and the CO2 flow rate was 1.63 mL/min;417
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much larger than conditions at which the characterization experiments were418

performed. As seen from the figure, the experimental elution profile shows mi-419

nor deviation compared to the calculated one, especially in the region where420

the two components overlap. These deviations could arise due to the simplifi-421

cations in the modeling, such as use of a constant Γi, or minor loss of column422

efficiency. However, it is worth noting that times at which the elution pro-423

file begins and ends and the tail of the second component all compare very424

well with the calculated ones. These observations point to the fact that the425

optimization results can be directly translated into experimental separations.426

7 Conclusions427

In this study a general methodology for the rational design of SFC separa-428

tions have been provided. This involves characterization at analytical scale;429

estimation of process parameters and process design based on multi-objective430

optimization. The characterization experiments showed that in the region that431

was explored the variation of HETP was minor allowing the use of high flow432

rates. The maximum flow rate in SFC, seems to the governed by the result-433

ing pressure drop than the loss of column efficiency. It was shown that the434

larger modifier compositions resulted in improving process performance both435

in terms of productivity and solvent consumption. The effect of different op-436

erating parameters yielded general characteristics that can be useful for prac-437

titioners to develop general heuristics for rapid scale-up of preparative SFC438

separations. Finally, two points from the Pareto curves were chosen for ex-439

perimental implementation. The experimental elution profiles compared well440

with the calculated ones demonstrating the reliability of optimization results.441

8 Notation442

a parameter in Henry constant correlation in Equation 3 [-]
c fluid phase concentration of solute [ g L−1 ]
cinj injected concentration [ g L−1 ]
cm modifier concentration [ w/w ]
Dax axial dispersion coefficient [ cm2 s−1 ]
d parameter in Henry constant correlation in Equation 3 [-]
H Henry constant [-]
K equilibrium constant in Langmuir isotherm [ L g−1 ]
L column length [cm]
kf mass transfer coefficient [ s−1 ]
m mass flow rate [g s−1]
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n solid phase concentration of solute [ g L−1 ]
n∗ equilibrium solid-phase concentration of solute [ g L−1 ]
P purity [ % ]
PR productivity [ kg/kg/day]
p parameter in Henry constant correlation in Equation 3 [-]
∆P pressure drop [ bar ]
Q volumetric flow rate [ cm3 min−1 ]
q parameter in Henry constant correlation in Equation 3 [-]
S solvent consumption [ L kg−1]
t time [ s ]
tc cycle time [ s ]
v interstitial velocity [ cm s−1 ]
Vinj volume of injection loop [ cm3 ]
wcsp mass of stationary phase [ g ]
Y recovery [ %]
z axial coordinate [ cm ]

Subscripts and Superscripts443

cal calculation
exp experiment
i components
mod modifier
min minimum
R enantiomer R
req required
S enantiomer S

Greek symbols444

β Column permeability [m mL−1]
ǫ void fraction of column [-]
µ viscosity [ Pa s ]
ρ density [ g L−1 ]
σ solubility [ g L−1 ]
Γ saturation capacity [ g L−1 ]
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9 List of Figure Captions478

Figure 1:479

Experimental (symbols) and calculated pressure drop by Equation 1(lines)480

under different CO2 flow rates and modifier concentrations. Back pressure:481

135 bar.482

Figure 2:483

Experimentally measured HETP values under different operating conditions.484

Symbols represent experimentally measured values while lines are drawn to485

show the trend.486

Figure 3:487

Illustration of strategy to decide cut time using a simulated chromatogram.488

R enantiomer is collected from tstartR to tx1 and S enantiomer is collected from489

tx2 to tend
R to ensure the constraints are satisfied. Insert shows the complete490

chromatogram. The cycle time is tend
S -tstartR .491

Figure 4:492

Pareto curves showing the trade-off between the two objective functions namely,493

productivity and solvent consumption under different purity and recovery con-494

straints.495

Figure 5:496

The effect of modifier concentration on a) productivity and b) solvent con-497

sumption.498

Figure 6:499

The effect of injection concentration on a) productivity and b) solvent con-500

sumption.501

Figure 7:502

The solubility and optimal injection concentrations under different modifier503

compositions.504

Figure 8:505

The effect of injection volume on a) productivity and b) solvent consumption.506
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Figure 9:507

The effect of injection amount on a) productivity and b) solvent consumption.508

Figure 10:509

The effect of CO2 mass flow rate on a) productivity and b) solvent consump-510

tion.511

Figure 11:512

Comparison of experimental (symbols) and simulation results (lines) for op-513

timal solution. a) Optimal operating condition for a constraint with Yi =514

Pi = 100%. CO2 flow rate: 0.97 mL/min, cm= 19.0%, back pressure: 135 bar,515

Vinj=70 µL, cinj=111 g/L. b) Optimal operating condition for a constraint516

with Yi = 95% and Pi = 97%. CO2 flow rate: 1.63 mL/min, cm= 18.9%, back517

pressure: 135 bar, Vinj=170 µL, cinj=121 g/L.518

18



10 List of Table Captions519

Table 1:520

Adsorption isotherm parameters, corresponding to Eq. 2 and 3, reference den-521

sity ρ0 = 1000.0 g L−1
522

Table 2:523

Objective functions and constraints for the optimization study.524

Table 3:525

Range of values for decision variables.526

Table 4:527

Parameters of NSGA used in multi-objective optimization study.528
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Fig. 11. Comparison of experimental (symbols) and simulation results (lines) for op-
timal solution. a) Optimal operating condition for a constraint with Yi = Pi = 100%.
CO2 flow rate: 0.97 mL/min, cm= 19.0%, back pressure: 135 bar, Vinj=70 µL,
cinj=111 g/L. b) Optimal operating condition for a constraint with Yi = 95% and
Pi = 97%. CO2 flow rate: 1.63 mL/min, cm= 18.9%, back pressure: 135 bar, Vinj=170
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Table 1
Adsorption isotherm parameters, corresponding to Eq. 2 and 3, reference density ρ0

= 1000.0 g L−1

Component a d p r Γ [g/L]

R 0.0242 -0.137 0.0165 1.74 102.0

S 0.0105 -0.0382 0.0794 4.94 75.0
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Table 2
Objective functions and constraints for the optimization study.

Objective functions 1. Max: PR(vinj, cinj, cm, mCO2
)

2. Min: S(vinj , cinj , cm, mCO2
)

Constraints 1. P=x± 0.002, x=95%, 97%, 99%,100%

2. Y=y±0.002, y=95%,100%

3. ∆P ≤50 bar

4. cinj ≤Solubility in mobile phase
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Table 3
Range of values for decision variables.

Decision variable Range

cinj 5 - 200 g/L

Vinj 0.05 - 0.2 mL

cm 13.0 - 20.0 % [w/w]

mCO2
0.01 - 0.1 g/s
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Table 4
Parameters of NSGA used in multi-objective optimization study.

Parameters Value

Number of generations 60

Population size 400

String length 24

Crossover probability 0.20

Mutation probability 0.05
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