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Abstract

Supercritical fluid chromatography (SFC), due to its high throughput and

efficiency, environmental friendliness, small solvent consumption, has been

recognized as a powerful technique for enantioseparations. Preparative SFC

is being increasingly used as a reliable method for rapidly accessing enantio-

pure compounds. To develop optimum methods for the SFC enantiosepa-

ration processes, a systematic study on the effect of different controllable

parameters on process performance has been performed. The optimization

for preparative SFC has been formulated as a multi-objective optimization

problem to simultaneously maximize the productivity and minimize the sol-

vent consumption. It has been solved using a proper mathematical model

integrated with suitable optimization algorithm under different operating

conditions, product quality requirements and elution fashion. In particu-

lar, isocratic and solvent gradient methods have been explored in detail and

an attempt has been made to experimentally implement the results of the op-

timization study. Although some deviations in the experimental results were

observed, the thesis quantitatively confirms the key advantages, significant

reduction in solvent consumption at high productivity. The rigorous opti-

mization techniques developed have a general application and can be used

to objectively compare different techniques and provide a basis for rational

scale-up of SFC process.

Keywords: Enantioseparation, Supercritical fluid chromatography,

Multi-objective optimization, Isocratic elution, Gradient elution
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Chapter 1

Introduction

1.1 General introduction

Chiral compounds are a class of chemical substances that have the same

chemical formula and structures with different optical properties. Each form,

a mirror image of the other, is called an enantiomer. Since in biological sys-

tems drug-receptor interaction can be stereo-selective, different enantiomers

might have varied biological activities [2]. For example, one enantiomer may

have the expected effect while the other can be either benign, or even toxic.

Several active pharmaceutical ingredients (API) of blockbuster drugs are chi-

ral in nature. Chirality has become an important issue in clinical trials and

hence in the sale of the final product. It is worth noting that toxicological

and pharmacodynamics properties of each enantiomer of a chiral drug must

be tested before launch into the market [3]. It is worth noting that single

enantiomer drugs constitute about 40% of the total drug sales [4]. However,

in modern pharmaceutical industry, significant number of the compounds are

usually synthesized through classical routes whose product is in racemic form

containing equal amount of two enantiomers. Owing to these reasons, ways

to resolve the mixture into pure enantiomers through efficient and econom-

ical means become an important topic of study for both academia and the

industry.
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Generally speaking, there are two approaches to produce the isolated enan-

tiomer: (i) enantioselective synthesis of the desired product; or (ii) sepa-

ration of the desired enantiomer from a racemate. The main disadvantage

of enantioselective synthesis is the cumbersome multi-step process and high

development cost. Moreover, the product of the chiral synthesis does not

contain the desired enantiomer in a required pure state or the productivity is

not sufficient enough to fulfil the requirements of the regulatory authorities.

Thus, additional purification or an enrichment step must anyhow be added

to the synthesis process. Compared to the chiral synthesis, enantioseparation

is typically more economical and less time consuming in several instances. In

the developmental stage of a drug, enantioseparation provides a big advan-

tage that both enantiomers can be obtained in pure forms to carry out the

individual tests in the shortest time [3].

There are many methods to implement enantiomeric separations, such as

crystallization [5], chromatography [6], membranes [7, 8, 9] and extractions

[10]. Chromatographic methods, particularly gas chromatography (GC) and

high performance liquid chromatography (HPLC) have been considered as

the first choice for the analytical separation of racemic mixtures [11]. Chi-

ral chromatographic methods can not only be applied to analytical scale

separations but are also suitable for preparative separations. In the recent

years technical developments related with the equipment and chiral station-

ary phases (CSPs) with high selectivities have enhanced the efficiency of chro-

matographic enantioseparations and have raised the level of acceptance [12].

In spite of heavy investments on equipment and stationary phase, high value
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addition to chirally pure substances can justify the high costs of liquid chro-

matography. Furthermore, the relatively short time required to develop a

chromatographic method and the availability of robust chromatographic sys-

tems make it a better candidate compared to other separation methods.

Although HPLC can be used for semi-preparative separations of enantiomers

for small scale applications such as drug discovery, it has certain shortcomings

especially for large scale applications. One such shortcoming of HPLC is

that of high pressure drops that are encountered at high throughputs. Large

pressure drops cause stationary phase degradation and lead to unexpected

results. Another drawback of large scale HPLC techniques is that the product

must be recovered from a dilute solution usually by evaporation and the

recycle or handling of the solvent increase the process cost and duration

time. Moreover the complexities of chiral stationary phase selection and

parameter optimization, also pose tremendous challenges for chiral method

development. Compared to HPLC, supercritical fluid chromatography (SFC)

can overcome these limitations due to its unique properties.

The overall goal of this research project is to develop an optimal prepara-

tive enantioseparation process using proper methodology based on a clear

understanding of the process. To achieve this, a fundamental study of the

enantioseparation process mechanisms under SFC conditions is performed

first. Based on the experimental information, a design methodology with

proper optimization algorithm was selected to obtain the optimum operating

conditions with different elution modes. Finally, an attempt has been made

to implement practically the results of the optimization.
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1.2 Supercritical fluid chromatography 4

1.2 Supercritical fluid chromatography

1.2.1 Supercritical fluids

The physical properties of a certain substance depends on the temperature

and pressure. Fig. 1.1 shows the phase diagram of a chemical substance.

The critical temperature (Tc) of a substance is the temperature at and above

which its vapor cannot be liquefied while the critical pressure (Pc) is the

pressure used to liquefy a gas under its critical temperature. A supercritical

state, shown as the shaded area in Fig. 1.1 is defined as a state whose temper-

ature and pressure is higher than critical temperature and critical pressure

(Tc, Pc). When a certain substance reaches the critical point, its isothermal

compressibility tends to infinity, thus the molar volume or density changes

dramatically. Further a substance that is usually a gas at normal conditions

will exhibit a much increased solvent capacity and a liquid-like density when

it is in the supercritical region.

As seen from Table 1.1, the critical temperature, in general, increases as the

molecular weight of the solvent increases or as the polarity or intramolecular

hydrogen bonding of the solvent increases. This can be very useful informa-

tion to choose a suitable solvent. For example, since the critical temperature

of ethane, carbon dioxide and ethylene are near ambient temperature, they

are attractive candidates for practical applications. In addition to its unique

solubility characteristic other physicochemical properties make the super-

critical fluid an attractive solvent. For example, over much of the range

of industrial interests, supercritical fluids possess a liquid-like density, ex-
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1.2 Supercritical fluid chromatography 5

Figure 1.1: Phase diagram of a generic chemical species. The supercritical state is indicated
by the shaded area.

hibit gas-like transport properties of viscosity and diffusivity [13]. These are

advantages for being chosen as mobile phase in chromatographic processes.

Among the different fluids, carbon dioxide has received particular attention

for food and pharmaceutical applications owing to its mild critical properties,

non-toxic nature and low cost. As shown in Table 1.1, the critical temper-

ature of carbon dioxide is around 30◦C which is close to room temperature

and its critical pressure is around 70 bar which can be easily achieved by

normal high pressure pumps. Carbon dioxide is non-flammable and easily

evaporates upon depressurization making it an attractive alternative to tra-

ditional organic solvents. However, a major shortcoming of using CO2, a

non-polar material, is its poor solvent strength for polar solutes. To solve

this problem, a certain amount of polar organic solvent is usually added into

supercritical fluid carbon dioxide to increase the polarity while eluting polar
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solute [14, 15]. Such solvent is called “modifier” whose addition is typically

limited to less than 30% (by mass). In any case, the use of CO2 leads to the

reduction of organic solvents and hence these processes are termed as “green”

processes.

Table 1.1: Physical parameters of selected supercritical fluids

Fluid Critical Critical
Temperature Tc (◦C) Pressure Pc (bar)

CHF3 25.9 47.5
CO2 31.3 73.9
NH3 32.5 114.0
N2O 36.5 73.4
SF6 45.5 37.6
C5H12 196.6 33.7
H2O 374.0 220.6

1.2.2 Supercritical fluid chromatography

Supercritical fluid chromatography (SFC) is a chromatographic method that

uses a supercritical fluid as the mobile phase. Although the use of super-

critical fluids as chromatographic mobile phases was reported more than 40

years ago, the benefits of employing SFC for enantioseparations have only

been demonstrated recently [16, 17]. The viscosity of supercritical fluid is

less than that of liquids and hence allows for the operation of preparative

chromatographic columns at high flow rate with low pressure drop. This,

in addition to the fact that the diffusion coefficients in supercritical fluids

are larger compared to liquid, reduces the analysis time without compromis-

ing the column efficiency thereby leading to an increase in productivity [13].

Low pressure drop also facilitates the use of columns with longer length or
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1.2 Supercritical fluid chromatography 7

multiple columns connected in series without loss of efficiency [18]. Shorter

re-equilibration time after changes in operating parameters also decreases the

time for method development [19]. For preparative chromatographic sepa-

ration methods such as HPLC, the collected fractions are mixtures of the

desired solute and solvent. The final product (the solute) is obtained usu-

ally by an extra step such as evaporation which contributes to a portion of

operation cost due to the power consumption and make the process time

consuming. The use of carbon dioxide as mobile phase greatly reduces such

costs because it can easily be separated by depressurizing leaving a much

concentrated fraction. These features makes supercritical fluid chromatogra-

phy an economical method compared to other chromatographic separation

methods.

1.2.3 Mobile phase in SFC

Lovelock suggested that a supercritical fluid can be used as mobile phase

for analytical chromatography in 1958 [15]. In 1962, Turner et al. also

applied supercritical chlorofluoromethanes as mobile phase to separate por-

phyrin mixtures [20]. Although a number of compounds, whose critical points

are achievable at a reasonable cost, have been tested as solvents used in SFC,

most cannot be used. Much of the SFC studies in the early stage focused

on either carbon dioxide or ammonia as the eluent, but compressed ammo-

nia is combustible thus not proper for most users. Nowadays, most of the

published SFC separations use carbon dioxide as the primary choice for the

main component of eluent system.
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Owing to the non-poplar nature of CO2, SFC is generally classified as a nor-

mal phase chromatographic technique [21]. The solvent strength of supercrit-

ical fluids is strongly related to its density which can be tuned by changing

pressure or temperature. Unlike liquids, the density of supercritical liquids

changes dramatically with pressure, particularly near the supercritical state

as shown in Fig. 1.2. This provides another degree of freedom for optimizing

Figure 1.2: The dependence of CO2 density on pressure for different temperatures (in ◦C).
The dotted line indicates the density values at critical temperature.

chromatographic separations compared to other methods such as HPLC, for

example by implementing pressure gradients that result in a better separa-

tion [22] and can also be used to tune retention. Temperature also affects

the retention of solute in SFC condition. Generally, at a particular pres-
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1.2 Supercritical fluid chromatography 9

sure, the retention of solute increases with increasing temperature [23]. Such

phenomenon is rare in the case of HPLC, but is often encountered in SFC

because of the variation in mobile phase density [24]. It is because at a given

pressure, a temperature increase reduces the density weakening the interac-

tions between solute and the mobile phase [25]. At a high pressure and high

modifier concentration, the effect of temperature is not obvious and the re-

tention behavior is similar to HPLC. Moreover, in some cases, the change of

temperature causes reverse of solute elution order which could dramatically

change the separation results [23].

As described before, organic modifiers are added to CO2 for the separation

of polar solutes [15]. The elution of compounds with high polarity, such as

basic or acid analytes can be achieved through the addition of polar modifiers

to the mobile phase [26]. This behavior can be explained in two cases: at low

concentration, the modifier masks the adsorption site on stationary phase

surface while at a higher concentration the modifier increases the solubility

and polarity of the bulk phase. The effect of modifier on retention and

separation performances although also observed in other chromatographic

methods such as HPLC, is more pronounced in SFC. The critical point of

mobile phase also can be altered by adding different type and amount of

modifier. The modified supercritical carbon dioxide has a higher critical

temperature and pressure. The continuity of the fluid properties between the

subcritical state and supercritical state has been reported which leads to little

compromise in the separation performance and detectable chromatographic

signal when moving from one state to the other [27, 28, 29, 30, 31]. Due
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1.2 Supercritical fluid chromatography 10

to the marginal difference between two domains, in the following part, the

chromatography using mobile phase either at its supercritical or subcritical

state is called supercritical fluid chromatography for simplification.

In some cases, other than modifier, a small amount of substance with high

polarity is necessary to be added into the mobile phase. Such kind of sub-

stances are called additives. They can improve the separation where the a

skewed peak shape are observed. These additives are generally acids which

are typically used for acidic analytes or bases which are effective for com-

pounds with anime functionality [32, 33]. Isopropylamine and trifluoroacetic

acid are usually used additives. The function of additives can be included

in several aspects, such as suppressing analytes ionization, competing for the

available adsorption sites on the stationary phase, and modifying the polarity

of the mobile phase.

1.2.4 Chiral SFC

Chiral separation is probably one of the most successful applications of SFC.

The mobile phase of SFC can be either polar or non-polar which increases the

flexibility of SFC allowing most of the HPLC separation to be successfully

transferred into SFC applications. Due to the advances in stationary phases,

detection and collection systems, SFC has become the technique of choice

for both analytical and preparative scale separation. Although SFC cannot

completely replace HPLC, in the field of chiral separations, during the last

decade, SFC has shown its capability in solving enantio-separation problems

from analysis of few milligram sample to purification of enantiomers in kg
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1.3 Preparative chromatography 11

scale.

The advantages of chiral SFC compared to HPLC include the low pressure

drop, short analysis time, less use of organic solvent and convenient recovery

of product as mentioned before. Due to the high mass transfer coefficient,

the peak resolution is usually higher than HPLC. More controllable operation

factors such as pressure, modifier composition, temperature etc. also helps

to achieve better separation in SFC. Moreover, it has been reported that

the column life in chiral SFC can be longer than in HPLC [34, 35]. This

can be another important consideration in process design since the chiral

stationary phase is normally expensive. Many relevant SFC applications

in chiral separation have been demonstrated and part of them are listed in

Table 1.2.

1.3 Preparative chromatography

Analytical chromatography aims at identifying and quantitizing various com-

ponents in a mixture. The major goal of such separation is achieved as long

as the desired components in a small amount of sample are separated with

high resolution and the corresponding analysis chromatogram is obtained.

In other words, no collection of the purified sample is required. Prepara-

tive chromatography differs from analytical chromatography mainly due to

the different purpose of separation. Preparative chromatography aims at

purifying a certain quantity of substance for further utilization. Usually a

large sample is required to be separated in a relatively short time and the

chromatographic system needs to modified in a corresponding manner. For
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Table 1.2: Applications of enantioselective SFC

Compound Mobile Phase chiral stationary phase
Acetaminophen CO2/MeOH Ionic column [36]
Aminoglutethimide CO2/MeOH Cyclose β-6-OH,

Cyclose β-6-OH-T [37]
Albendazole sulfoxide CO2/MeOH Chiralpak AD,Chiralcel OD [38, 39]
Alprenolol CO2/MeOH Vancomycin [40]
2-Amidotetralins CO2/MeOH Whelk-O [41]
Chiral sulfoxides CO2/MeOH Chirobiotic T,Chirobiotic TAG [42]
Coumachlor CO2/MeOH Chirobiotic R [43]
trans-1,2-Cyclohexanediol CO2 Permethylated b-cyclodextrin [44]
Dichlorprop CO2/MeOH Ristocetin A [43]
Dihydrofurocoumarin derivatives CO2/MeOH Chirobiotic R,Chirobiotic T [45]
Diltiazem CO2/IPA Chiralcel OF [46]
Dimethylaniline CO2/MeOH Ethyl pyridine column [47]
Efavirenz CO2/MeOH Chirobiotic R [48]
Fenoprofen CO2/MeOH Ionic column [36]
Flurbiprofen CO2/MeOH Chiralpak AD-H [49]
Furocoumarins CO2/EtOH Discovery HS F5 [23]
Heterocyclic compounds CO2/MeOH Chirobiotic T,Chirobiotic R [42]
Hexaconazole CO2/MeOH, Chiralpak AD [50]

EtOH, IPA
Ibuprofen CO2/IPA Kromasil CHI-TBB [51]
Ketoprofen CO2/MeOH Ristocetin A [43]
Mepivacaine and analogs CO2/MeOH Vancomycin [40]
Methamphetamine CO2/EtOH Chiralpak AD-H [52]
Metoprolol CO2/MeOH Ionic column [36]
Mianserin CO2/MeOH Chirobiotic V [53]
Naphthalene CO2/MeOH Ionic column [36]
Nicardipine CO2/MeOH Chirobiotic V [53]
Omeprazole CO2/MeOH Chiralpak AD [54]

EtOH, IPA
Paroxetine intermediate CO2/ IPA Chiralpak AD [55]
α-Phenylethanol CO2/MeOH Permethylated β-cyclodextrin [44]
Proline derivatives CO2/EtOH Polysaccharide-type column[35]
Propranolol CO2/MeOH Chiralpak AD-H [49]
N -protected amino acids CO2/MeOH Chirobiotic T,Chirobiotic R [42]
Testosterone CO2/MeOH Ionic column [36]
trans-Stilbene oxide CO2 Chiralpak AD, Chiralcel OD [56]
Thalidomide CO2/MeOH Chirobiotic R [43]
Thioridazine CO2/MeOH Chrialpak AD[57]
Triadimefon CO2/MeOH Chiralpak AD [58]

EtOH, IPA
Warfarin CO2/MeOH Chirobiotic R [43]
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1.3 Preparative chromatography 13

example, the pump equipped in the system must be able to deliver high flow

rates and the column size is usually larger compared to analytical columns.

Moreover, unlike analytical separation, the separated compounds is the tar-

get in preparative separation thus a collection device is absolutely necessary.

The success and advances in analytical chromatography lead to a high hope

for a preparative scale chromatography. The increasing need from indus-

try and the advances in the equipment such as packing material, collection

system promote the interest for a large scale chromatographic separation

methods. Improved packing methods have increased the system efficiency

resulting in shorter columns. Moreover, advanced control technology facili-

tates the chromatographic process and make it easy to arrange and automate

thereby decreasing the operation cost. Due to the new drug discovery and

rapid development of bioengineering, many new processes which require a

large amount of pure enantiomers in a relatively short period of time are cre-

ated. Preparative chromatography becomes one of the favored technologies

for such process.

The basic mechanism for the separation of mixture by preparative chromatog-

raphy is essentially the same as analytical chromatography. A pulse of the

mixture is injected at the column inlet. Owing to the differences in the

adsorption strength between the components and stationary phase, the ve-

locities of each component differs along the column. The solute which is least

strongly adsorbed to the stationary phase moves the fastest and elutes the

column first. By suitably adjusting the operating conditions, provided the

stationary phase can resolve the conditions, the purification of the desired
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component can be achieved.

The entire system for a preparative chromatography consists of pumping

system, injection system, separation system (column), collection system and

in some cases, recycle system as shown in Fig. 1.3. The solute is dissolved in

the solvent and filtered before entering the column to prevent contamination

or column blockage. The total feed is then injected into the column in a sharp

square pulse by the injection system. The column packing must be properly

designed to ensure the entering fluid is evenly distributed across the cross

section of column. The separation occurs as the components move along

the column. Once the separated components elutes out of the column, they

are sent to individual collectors using switching valves. This can be done

automatically based on a pre-setting time or concentration measurements

(UV, RI, conductivity, etc.). For a preparative system, stacked-injection is

always the preferred fashion because it minimizes the cycle time and thus

increases the productivity.

Figure 1.3: Schematic of a typical preparative chromatographic system

The product obtained in the collector is the purified desired component to-
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gether with solvent. To obtain the final product, the component must be

recovered from the remaining solvent or carrier gas. In gas chromatography

(GC), this is usually done by condensers (cold traps). In liquid chromatog-

raphy, evaporation, distillation, extraction or crystallization are normally

available options. This brings an extra step and contributes to the total

operation cost. In some cases, complete separation of solutes is not possi-

ble, to increase the recovery and productivity, the fraction containing both

enantiomers is sent back to the column and recycled.

The total cost of a preparative chromatography system is controlled by many

factors. Although the separations are done in the column, it is not always

the controlling factor of total cost. With expensive packings such as affin-

ity chromatography packings or bonded reverse-phase packings, the packing

costs may be the major factor for the capital costs. With cheaper sorbents,

the recovery of the solute from the collected fraction may control capital cost

unless the stationary phase is replaced frequently. In cases where the gas or

solvent is not recycled, the make-up expenses might be the highest operating

cost. Since all the parts are important for the separation, to minimize the

cost, the system must be optimized based on a systematic consideration of

all parts. Generally, the higher the solute concentration leaving the column,

the cheaper the separation and recovery costs.

Due to the development in theoretical studies in the past 20 years, several

approaches have been proposed to model adsorption based processes. Dif-

ferent models such as ideal model, equilibrium-dispersive model and lumped

kinetic model to describe the column dynamics have been developed [59].
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The model together with the isotherm can be used to simulate the chro-

matogram at the column outlet. If the sample concentration is low, the

equilibrium isotherm is at the linear range and analytical solution for the

constituted equations is available. The process under such condition is easy

to be simulated and the optimization for such system is straight-forward

and relatively less time-consuming. However, since in most preparative scale

chromatographic systems, the sample concentrations are kept high to obtain

high productivity, the units are operated at conditions where the equilibrium

isotherms are at non-linear range. There are several isotherm models to de-

scribe non-linear isotherm with different complexity. Unlike linear isotherm,

analytical solution is available for non-linear isotherm only under limited and

ideal conditions. The simulation for the column dynamics is performed by

numerical methods which complicates the calculation and the necessary time

for optimization increases compared to linear isotherm.

Although chromatographic separation methods typically are implemented as

a batch process, simulated moving bed (SMB) has successfully converted it

into a continuous enantioseparation technology [60, 61, 62]. The principle

of SMB is to move the solid phase in a direction counter-current to that of

the fluid phase by simultaneously switching the inlet and outlet ports. The

schematic of a typical SMB process is shown in Fig. 1.4. The solutes and

desorbent are fed into the system at the inlet of sections 3 and 1 respec-

tively. The solid phase is recycled from section 1 to section 4 and the solvent

elutes at section 4 is recycled to section 1. Desired components are collected

at the extract and raffinate ports. In this fashion, the whole separation of
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enantiomers turns into continuous mode since the feed and recycle are im-

plemented continuously. The advantages of SMB include reduced solvent

consumption and higher separating efficiency. Although compared to HPLC,

SMB reduces the solvent consumption, it is still a solvent intensive process

using about 200 L solvent for every kilogram of racemate resolved. Thus the

need to replace the organic solvent with another environmental friendly fluid

surges leading to the creation of SF-SMB. Besides the advantages mentioned

above, the use of supercritical carbon dioxide as the mobile phase provides

an easy separation of solute and mobile phase, low pressure drop and high

column efficiency. Another attractive feature of using supercritical fluid is

the larger number of the controllable factors to change the solvent strength

in order to optimize the enantioseparation quality in SMB [22, 63]. The first

enantioseparation by supercritical SMB was reported by Denet et al. and

the separation of tetralol enantiomers was implemented [22]. The SF-SMB

has been successfully designed and operated. Separations and its features

are being explored [64, 65, 66].

1.3.1 General design consideration for preparative
chromatography

Although preparative chromatographic methods are different with each other

in many aspects such as stationary phase, mobile phase, etc.. There are some

design requirements which are universal.

1. Mobile and stationary phase requirement. The ability of the

stationary phase to separate the desired solutes is quantified by the
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Figure 1.4: Schematic of a typical SMB system
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selectivity which is the ratio of Henry constant (a measurement of ad-

sorption strength) of two enantiomers. A selectivity close to 1 makes

the separation impossible. As selectivity increase, the peak resolution

improves which facilitate the separation allowing for injections of very

large samples. If selectivity is higher than 1.5 or 2.0, the separation

is considered easy to achieve. If selectivity is not high enough, for a

preparative scale application, a study to increase the selectivity may be

necessary. To obtain a satisfactory continuous separation results, the

stationary phase must be rigid, chemically stable. Long life and high

resistance to poisoning and fouling are highly desirable. This can be

done by either changing or modifying the stationary phase or in liquid

system adjusting the property of solvent. In addition to giving a high

selectivity, the solvent in liquid systems must have good solubility of

solute. For preparative scale separation, a large amount of solute is usu-

ally required to be separated. To increase the injection concentration

and prevent precipitation inside the tubing and column, the solubility

of solute must be high enough. The solvent or carrier gas must be easy

to separate from the solutes and easy to purify and recycle. The sol-

vent or carrier gas should have a low viscosity and high diffusivity, as

these reduces pressure drop and height equivalent to a theoretical plate

(HETP). A noncorrosive and nontoxic solvent or carrier gas which is

inexpensive and readily available is desired.

2. Column design requirements. To ensure the solute move at the

same velocity across the entire cross-section as narrow bands, an even
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plug flow is desired. The axial mixing needs to be minimized both

inside the packed section and in the distributors, valve, tubing, etc.,

since it destroys the separation. Dead volume of column must be mini-

mized to prevent mixing. The distribution system at both ends should

be designed to given even plug flow. Improperly designed distribution

systems can drastically increase HETP. For some biological samples

such as protein, the temperature must be controlled within a certain

range to prevent degradation. In such case, a jacketed column is re-

quired. The solvent and sample must be pre-cooled/pre-heated before

entering the column. As known, the HETP is related to particle diam-

eter. The smaller particle size is, the smaller the HETP value is. To

obtain high column efficiency, the manufacturer tends to produce long

column with small particle size. However, this way for improving the

separation efficiency is limited to some extent. The decrease in particle

size brings a increase in pressure drop by order of 2. As mentioned be-

fore, a high pressure drop situation must be avoided. Thus a trade-off

needs to be made between pressure drop and column efficiency.

1.4 Optimization of preparative chromatog-

raphy

With the advances in equipment and stationary phase performance, prepar-

ative chromatography has been adopted as a major tool in many fields. A

rational optimization for the purpose of avoiding costly, time and energy-

consuming operation is an important objective in industry. Moreover, due to
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the complexity of sample and mobile phase properties, process optimization

requires a great deal of specialized knowledge. Preparative chromatography

has many controllable instrumental and physicochemical parameters such

as stationary phase characteristics, particle size, mobile phase composition,

flow and temperature effect, all of these complicate the method development

and optimization of the process. Although some of these parameters can be

modeled theoretically, the attainment of an optimal preparative chromatog-

raphy process still requires a lot of experimental work (parameter estimation

and trial runs) and computational work (simulation and data handling) as

well as the experience of the designer. A systematic approach to optimize a

preparative scale chromatography process including the following steps:

1. Screening of stationary phase and mobile phase. A best combi-

nation of the mobile phase and stationary phase needs to be selected.

The performance of sufficient number of commercially available station-

ary phase must be compared under various mobile phase compositions.

A high selectivity and a relatively small retention factor are desired for

an easy separation. The target components must have enough solubil-

ity in the mobile phase and the saturation capacity of the stationary

phase must be large. These two points are normally not important for

analytical scale separation but are of great importance for preparative

separation since they play an important role for the economics of the

process.

2. Physico-chemical data collection. Accurate measurements of chro-

matographic parameters are essential for a satisfactory estimation of
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the optimal experimental conditions. These include the isotherm pa-

rameters with a suitable model to describe competitive behavior, the

mass transfer parameters, viscosity and HETP values. There are many

methods to obtain these parameters either by directly measurement or

by inverse methods [67]. Both require significant time and effort. Cau-

tion should be exercised to those cases where the data obtained from

analytical experiments is applied for the scale up of preparative sep-

aration. For example, the experimental data of isotherm is normally

obtained from analytical scale injections at which the solute concen-

tration in mobile phase is rather low compared with preparative scale

separation. When applying the data for a scale-up, such variation has

to be taken into account to prevent serious consequence.

3. Computational work. Once the physico-chemical data is available,

a calculation program such as MATLAB or FORTRAN can be used

to obtain the optimal operation conditions for any specific case. The

formulation of the optimization problem is crucial. Different objective

functions, product requirements and process limitations may lead to

different optimization results. Selection of objective functions is based

on reasonable estimation of the cost figure which is usually not straight-

forward and case-sensitive. After formulation of the problem, a proper

optimization algorithm must be chosen to implement the calculation

for the optimal solution.

4. Experimental implementation Finally, the optimal solutions given

by the computer must be experimentally validated usually by a series of
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experiments where the chromatogram and product quality are tested.

1.5 Objective and outline of the thesis

SFC has been recognized as an attractive auxiliary method for chiral sep-

arations. Although the applications of SFC in chiral separation, chemi-

cal analysis, natural product separation have been widely reported in last

decade, there still exist certain scientific gaps in the field of SFC process

study. Firstly, the fundamental mechanism of the separation process under

SFC conditions is not clearly understood. Generally, the models which were

used to describe the column dynamics in HPLC can be translated for the

use of SFC. However, due to the unique properties of SFC, some phenom-

ena encountered in SFC cannot be totally explained by these models. For

example, the mobile phase in HPLC is considered to be a non-adsorbing

component and the effect of it is negligible. In SFC, the supercritical CO2

can actually adsorb to the stationary phase and must be taken into account

for a satisfactory description of the adsorption in SFC [68]. Several papers

regarding the effect of pressure, temperature and modifiers on the analytical

separations have been published [69, 70]. However, a comprehensive study

of the process is rare in literature. Thus a thorough understanding of SFC

is necessary for the achievement of a efficient, economical and productive

separation. Secondly, except several empirical optimization examples, few

studies report regarding the SFC process optimization. Numerous operating

factors in SFC bring both advantages and disadvantages. On one hand, such

high number of factors provide opportunities to tune separation. On another
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hand, all of these operating factors complicate the process and hinder the

optimization study if a clearly understanding of the effect on separation is

missing. Further a systematic study to understand the trade-off between

productivity and solvent consumption for SFC separations is still missing in

the literature.

Owing to the lack of studies in SFC, the motivation of this thesis is: to de-

velop tools that will help the understanding of the fundamental mechanisms

that dominate the SFC enantio-separation process and based on the theatri-

cal modeling, to optimize the separation of enantiomers. The methodology

for achieving this goal is shown in Fig. 1.5. It consists of four major steps:

(i) complete screening, (ii) modeling, (iii) optimization and (iv) experimental

implementation.

Figure 1.5: Schematic plan of the present study

i Preliminary screening. This involves the screening of different so-

lutes and suitable stationary phase, pressure and temperature condi-

tions. There exists no methodology for a priori determination of these

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



1.5 Objective and outline of the thesis 25

operation conditions. Performing screening experiments on an analyt-

ical scale is perhaps the best way to obtain this information quickly.

This strategy was used in this study.

ii Detailed characterization. Once the chiral stationary phase, pres-

sure, temperature, modifier type have been determined, the detailed

characterization of the adsorption isotherm and mass transfer param-

eters shall be performed. These experiments shall be performed under

column overload conditions, where the adsorption isotherm is in the

non-linear range. At these conditions, it will be important to study the

effect of various operating parameters on the separation. A particularly

interesting issue to study will be the role of the modifiers. As discussed

earlier, the modifier influences the separation through different mecha-

nisms that are poorly understood. A systematic study of these effects

through the use of experiments and mathematical models shall be used

in order to elicit the effect of the modifiers and pressure in SFC.

iii Mathematical model and optimization. The development of a

mathematical model is a key step. This model shall be used to deter-

mine the isotherm, mass transfer parameters under any given operating

condition based on the collected data and for scale up of the separation.

Moreover, the model shall be coupled with a suitable optimization algo-

rithm to identify operating conditions that result in obtaining desired

process performance. The optimization of different type of preparative

chromatography process can be done by this model using a proper al-

gorithm if enough experimental information is available. The search
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for the optimal solutions based on given decision variables and satisfy

constraints imposed by users is performed by the optimizer.

iv Experimental implementation. The last step of the study will in-

volve the implementation of the given optimal scaled up separation

condition and study of its performance characteristics. Particular at-

tention shall be paid to the improvement of productivity and solvent

consumption.

This thesis completed a total rational process design and optimization for a

enantio-separation by SFC. The experimentally measured parameters were

regressed in certain form and used to calculate the elution profiles under var-

ious operating conditions. The optimizations were carried out based on these

parameters and optimum operating conditions under different requirements

were obtained. Most important, these conditions were transferred onto real

chiral separation operations and the final product was collected and exam-

ined.

Chapter 2 addresses the issue of measurement and regression of characteri-

zation parameters. It was implemented by injecting of sample with different

concentration under various conditions and the parameters were obtained by

inverse method. The effect of these parameters on the separation perfor-

mance is also discussed.

Chapter 3 deals with the optimization of a isocratic SFC process. Suitable

decision variables and objective functions were chosen based on the avail-

ability of experimental instrument and data. The optimization was carried
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out under different requirements for two systems that differs in the flow rate

setting. Optimum operating conditions were obtained and compared. The

effect of decision variables on the separation performance is discussed.

Chapter 4 completes the optimization study for gradient elution by SFC.

Solvent gradient was selected as the study target and due to the increased

complexity in the operation, better separation performances were achieved.

The optimum operating conditions under gradient elution were compared

with the isocratic results. Finally, the effect of decision variables is studied.

Chapter 5 addresses the experimental implementation and collection of op-

timum operating conditions in Chapters 3 & 4. This is seldom reported in

literature and efforts are necessary to ensure the successful transition from

simulation to practical operation as it is not straightforward. Experimen-

tal elution profiles were compared with simulation and the desired products

were collected. Various factors which affect the elution and collection are

discussed.
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Chapter 2

Preliminary screening and
detailed characterization of the
separation

The separation of the enantiomers of racemic flurbiprofen on an amylose-

derived chiral stationary phase, Chiralpak AD-H, by supercritical fluid chro-

matography (SFC) under both linear and non-linear conditions is studied

in this chapter. Pulse injections were implemented using supercritical CO2

modified with methanol as a mobile phase at a temperature of 30◦C. At lin-

ear conditions, the isotherm is determined directly from the chromatogram.

Under overload conditions, the elution profiles were described by competitive

Langmuir and bi-Langmuir isotherm. Isotherm parameters were estimated

using the inverse method and the effects of operation variables such as pres-

sure and modifier composition were studied. The value of selectivity is from

1.9 to 2.1 while the value of resolution is from 5.3 to 11.8. The number of

theoretical plates is always greater than 5000 indicating high efficiency of

SFC.

Keywords: Enantioseparation, Supercritical fluid chromatography,

Competitive isotherm, Flurbiprofen, Model, Inverse method.
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2.1 Introduction

The primary objective of this chapter is to elucidate adsorption isotherm in

SFC; study the effect of modifier concentration and pressure on the isotherm

in order to apply this knowledge to process optimization. In this study, flur-

biprofen, a key non-steroidal anti-inflammatory drug, is used as the solute.

Recent studies have shown that while both enantiomers can reduce the for-

mation of a protein implicated in the formation of Alzheimer disease, the

R-enantiomer shows much less action against the body’s inflammatory re-

sponse mechanism, thereby making it an ideal candidate for clinical studies

[71, 72]. It is also worth mentioning that R-flurbiprofen is in a Phase II clini-

cal trial for its potential role in treating prostrate cancer [73]. In this chapter,

the linear and non-linear isotherms of flurbiprofen were measured using pulse

injections. The adsorption isotherm parameters were elucidated by using the

inverse method and influence of pressure and modifier composition on these

parameters were studied.

2.2 Experimental

2.2.1 Materials

Racemic flurbiprofen (purity > 99%), pure enantiomers of flurbiprofen, S

enantiomer with a purity of 98% and R enantiomer with a purity of 97%,

were obtained from Sigma-Aldrich (Singapore). HPLC grade methanol was

obtained from Aik Moh Paints and Chemicals, Singapore, and carbon dioxide

with a purity of 99.8% was obtained from Singapore Oxygen Air Liquide, Sin-
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gapore. A Chiralpak AD-H analytical column, 250×4.6 mm with an average

particle size of 5 µm was obtained from Alpha Analytical, Singapore.

2.2.2 Setup and procedure

A Thar AMDS analytical SFC system (Thar Technologies, Pittsburgh, PA,

USA) with minor modifications was used for the experiments. The CO2

from the cylinder was cooled to 4◦C and was pumped using a ISCO 260D

syringe pump (Teledyne technologies company, Lincoln, NE, USA). Another

ISCO 100DX syringe pump (Teledyne technologies company, Lincoln, NE,

USA) was used to pump the modifier. The mobile phase consisting of CO2

and the modifier flowed through an injection valve equipped with a 10 µL

injection loop. The chromatographic column connected to the injection valve

was housed in an air heated oven and the temperature was set to 30◦C for

all the experiments. A UV/Vis detector (151 Gilson, USA) fitted with a

high pressure flow cell was used to measure the UV absorbance. A back

pressure regulator located downstream of the UV detector controlled the

system pressure.

Experiments were performed by pumping the desired flow rate of CO2 and

methanol using the syringe pumps and keeping the system back pressure at

the desired level. For all the experiments, the CO2 syringe pump was set to a

constant flow rate of 1 mL/min with a pump head temperature of 4◦C and the

modifier syringe pump was set accordingly to provide the desired composition

of methanol. After the system reached equilibrium, the sample was injected

into the column. For the estimation of non-linear isotherm, the injections
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were done in full loop mode which ensured that all the sample in the loop

was positively injected. All the chromatographic responses were measured

by the UV detector and recorded using a Process Suite software from Thar

along with other experimental parameters, such as pressures, both upstream

and downstream, and temperature. All injections were repeated at least

three times to ensure reproducibility. The measured pressure drop across the

column was less than 35 bar. The maximal and minimal density drop across

the column were 15 g L−1 and 8 g L−1 respectively. This represented 1.63 %

and 0.88 % drop in density respectively.

To calculate the density of the supercritical CO2 and methanol mixture, the

Peng-Robinson equation of state with a quadratic mixing rule is used [74].

It is worth noting that the Peng-Robinson equation of state may not yield

accurate results especially for system near the critical conditions. Since the

operating in the present study did not fall in this region. It was found that

the calculated mixture densities were comparable to these in the literature

[1], the deviations were always less than 5%. The average density along the

column was used to obtain the volumetric flow rate inside the column and to

characterize the Henry constants. Details of the Peng-Robinson equation of

state are provided in Appendix A.

Prior to the isotherm estimation, the total porosity of column was measured.

In this study, 1,3,5- tri -tert-butyl benzene (TTBB) which is usually con-

sidered as a non-adsorbing compound was used as the hold-up time marker

[75]. Injections of TTBB were made to obtain the retention time of a non-

adsorbing component t0. Hence the total porosity, ε, can be calculated by
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ε=t0Q/V, where V is the column volume and Q is the volumetric flow rate.

At a modifier composition of cm = 13%, the measured voidage decreased

from 0.863 to 0.785 as the pressure was increased from 120 bar to 210 bar.

This behavior has been observed in other studies and can be attributed to

the possibility that TTBB can indeed adsorb weakly at these operating con-

ditions [69]. Hence, in this study, the lowest measured value, i.e. ε = 0.785

was used for all calculations.

To investigate the influence of pressure and modifier concentration on the

isotherm, pulse injections were performed at different pressure levels and

modifier composition. For linear isotherm measurement, back pressure levels

of 85, 100, 135, 170 bar and modifier composition cm of 13, 18, 23% (w/w) were

chosen as experimental conditions. The sample concentration was kept low to

ensure that the isotherm is within linear range, which was confirmed by the

symmetric chromatographic peaks. For non-linear isotherm measurement,

pulse injections were made at back pressure levels of 100, 135, 170, 205 bar and

modifier composition cm, of 13, 18, 20, 23% (w/w). The choice of operating

conditions ensured that no phase change of mobile phase occurred along the

length of the column. The sample solution of racemic mixture and pure

enantiomers of flurbiprofen were prepared by dissolving the solute in HPLC

grade methanol. Three different concentrations namely, 75, 150, 300 g/L

were chosen for the racemic injections while a 200 g/L sample was chosen for

the two pure enantiomer injections.
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2.3 Results and discussion

2.3.1 Linear isotherm

2.3.1.1 Screening of column and modifier

As described above, the Henry constant was obtained by performing pulse

injections of dilute mixtures. Although the separation of flurbiprofen under

analytical conditions in SFC has been reported in the literature [76, 77, 78],

preliminary screening using different column and solvent combinations was

performed. Two different kinds of chiral stationary phases namely, Chiralcel

OD-H, Chiralpak AD-H and three modifiers, namely methanol, ethanol and

2-propanol, were tested for the enantioseparation of flurbiprofen. No separa-

tion was found on Chiralcel OD-H while complete separation of flurbiprofen

enantiomers was achieved on Chiralpak AD-H. As shown in Fig. 2.1, all three

modifiers yielded separations, with methanol offering the best selectivity and

resolution. Hence, a Chiralpak AD-H column using methanol as modifier was

used for the separation of flurbiprofen enantiomers.
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Figure 2.1: Effect of modifier type on the enantioseparation of flurbiprofen on Chiralpak
AD-H (a) methanol, (b) ethanol, (c) 2-propanol. CO2 flow rate: 1 cm3 min−1, modifier flow
rate: 0.07 cm3 min−1, back pressure: 120 bar, column temperature: 30◦C, UV wavelength:
220 nm.
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2.3.1.2 Estimation of linear isotherm parameters

Under conditions where the isotherm is linear, the retention factor of com-

ponent i, ki, is calculated as:

ki =
tRi − t0
t0

(2.1)

where t0 is the hold-up time, i.e. the retention time of a non-adsorbing com-

ponent and tRi is the retention time of component i. The column hold-up time,

t0, was calculated using the void volume and the volumetric flow rate while

the retention time, ti, was obtained from the experimental chromatogram.

If retention factor is known, the Henry constant, Hi can be calculated using

the following relationship:

Hi =

(
ε

1− ε

)
ki (2.2)

The Henry constant of the two enantiomers of flurbiprofen as a function

of fluid phase density under different modifier concentrations is shown in

Fig. 2.2. It can be seen that for a given modifier concentration, the Henry

constant decreases with an increase in pressure. This can be explained as

mentioned previously by the fact that the density of a supercritical fluid

is a strong function of pressure. At higher density the mobile phase has a

stronger solvation power, hence resulting in a lower Henry constant. It can

further be noticed that for a given density, the Henry constant decreases with

increasing modifier composition. This is possibly due to the competitive effect

of modifier as discussed before. These observations are consistent with earlier

studies [22, 69]. Compared with the effect of pressure on retention time, the

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



2.3 Results and discussion 35

20

15

10

5

0

H
en

ry
 c

o
n

st
an

t,
 H

i 

980960940920900880

Density, �  [g L
-1

]

  cm=13%    
  cm=18%    
  cm=23%

 

Figure 2.2: Dependence of Henry constant on mobile phase density at different modifier
concentrations cm, in %(w/w). The symbols are the experimental data, whereas the lines
represent the correlation in Eq. 2.3. Closed symbols and solid lines correspond to the R
enantiomer, while the open symbols and dotted lines correspond to the S enantiomer.

influence of modifier content was stronger. At a certain temperature, the

Henry constant can be expressed as a semi-empirical function of mobile phase

density and modifier concentration [69]:

Hi =
1

aicm + di

(
ρo

ρ

)picm+ri

(2.3)

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

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

and ri are empirical constants. To obtain the best fit of the above equation

to the experimental data, all the parameters were estimated simultaneously

by reducing the sum of the residuals of the calculated and experimentally

determined Henry constant. The resulting empirical parameters are reported

in Table 2.1. The comparisons of experimentally determined Henry constant
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Table 2.1: Empirical parameters, corresponding to Eq. 2.3, reference density ρ0 = 1000.0
g L−1

Component a d p r
R 0.0378 -0.165 0.0791 7.67

S 0.0172 -0.0636 0.104 6.72

and the predicted ones are plotted in Fig 2.2. As can be observed from the

figure, the semi-empirical correlation is able to describe the influence of the

fluid phase density and the modifier concentration on the Henry constant of

the solute satisfactorily.

The selectivity, α, is defined as:

α = H2/H1 (2.4)

where the indices 1 and 2 correspond to the weakly and strongly adsorbed

components respectively. In the present case, R & S enantiomers corre-

sponded to the weakly and strongly adsorbed components respectively. The

peak resolution of the enantiomers (Rs), in terms of the number of theoretical

plates, N, retention factor of component 1, k1, and selectivity, α, is given as:

Rs =

√
N

2

(
α− 1

α + 1

)
k1

1 + k1

(2.5)

where the number of theoretical plates, N, can be calculated from the exper-

imental Gaussian peaks, by following expression:

N = 5.55

(
tRi
w

)2

(2.6)

with w has the peak width at half peak height.
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The dependence of selectivity and resolution on the mobile phase density

and modifier composition is shown in Fig. 2.3. Within the range of param-

eters studied, the selectivity showed a modest dependence on the operating

parameters. Further at a particular modifier composition, no clear trend for

the dependence of selectivity on density was observed. Fig. 2.3(b) shows the

dependence of resolution on the parameters. It can be seen that an increase

in both density and modifier content leads to a decrease in the resolution.

The values and trends are comparable to those reported in the literature

[76, 77]. The effect of density on resolution was more profound at lower

modifier compositions.
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Figure 2.3: Dependence of (a) selectivity and (b) peak resolution of Chiralpak AD-H for the
separation of the enantiomers of flurbiprofen on density at different modifier concentration
(cm, wt.%). Symbols correspond to experimental values, while lines are drawn to guide
the eyes.

2.3.2 Non-linear isotherms

2.3.2.1 UV calibration

The linear isotherm parameters were estimated from the measurement of

the peak retention time. For these measurements, no information about the
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concentration along the elution profile is required. However, to calculate the

non-linear adsorption isotherms using the inverse method, it is necessary to

obtain the concentration of each point on the elution profile. Thus, it is

essential to obtain a calibration curve that converts the UV signal to solute

concentration [79].

Conventionally, the calibration curve under non-linear conditions is derived

from the results obtained in frontal analysis or by injecting solutions of known

concentration directly to the detector cell . These methods use large quantity

of solute which especially for chiral compounds, can be expensive. In this

study, an indirect method is employed to obtain the calibration curve [79, 80].

This procedure uses the same chromatogram for isotherm calculation which

eliminates independent calibration of the detector and reduces the use of

solutes. The following three parameter calibration curve was used to relate

the fluid phase concentration c to the UV signal Sig:

c(Sig) = −b1ln
(

1− Sig

b2

)
+ b3Sig (2.7)

In the above expression, b1, b2, b3 are positive constants which are fitted in

order to minimize the sum of squared errors, J , between the estimated and

the known injected amounts of solute which is defined as:

J =

Nexp∑
k=1

(
cloopk V loop −Q

∫
ck(Sig)dt

cloopk V loop

)2

(2.8)

In Eq. 2.8, the first term in the numerator represents the amount of the solute

injected, while the second term describes the amount eluting at the column

outlet obtained by integrating the chromatographic peak. The difference of
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the two terms is normalized to the mass injected thus giving equal weightage

to all experiments. Since pressure and modifier concentrations can alter the

UV absorbance characterizations, a different set of b1, b2 and b3 was obtained

corresponding to each operating condition.

2.3.2.2 Modeling

Several methods are available for the estimation of non-linear isotherms from

experiments [67, 81]. The choice of the methods depend on several factors

such as effort and accuracy required, availability of instrumentation, etc. Es-

timation of isotherms by injecting concentrated pulse is often performed as

it reduces the amount of solute required for parameter estimation. However,

a serious drawback of this method is that the concentration measured at

the column outlet is lower than what is injected and hence the determined

isotherm can be used with confidence only over a limited range of concentra-

tion. In this work the inverse method is used to estimate isotherm parameters

[81]. In brief, the first step in this method is the measurement of experimen-

tal elution profiles. Then a proper isotherm model is chosen and numerical

simulations are used to calculate the elution profile at conditions identical to

the experiments. In the process, the isotherm and mass transfer parameter

are evaluated by minimizing the difference between the experimental profile

and the calculated one.

Let us consider a chromatographic column operating at constant temperature

and negligible pressure drop. Under these operating conditions the material
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balance of solute is given by:

∂ci
∂t

= Dax,i
∂2ci
∂z2
− ∂(civ)

∂z
− 1− ε

ε

∂ni
∂t

(2.9)

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

stationary phase respectively, v is chromatographic linear velocity, Dax,i is

the axial dispersion coefficient and ε is the total porosity of column. The

first term on the right hand side represents the axial dispersion; the second

term the convection and the last term the accumulation in the solid phase.

In current study, the pressure drop of the column and the change of velocity

arising due to the adsorption of the solute are assumed to be negligible. These

can be justified considering low flow rates and low concentration of the solute

in the mobile phase. Under these conditions, Eq. 2.9 can be written as:

∂ci
∂t

= Dax,i
∂2ci
∂z2
− v∂ci

∂z
− 1− ε

ε

∂ni
∂t

(2.10)

The solid phase accumulation can be described at various levels of details

depending on the governing resistance to mass transfer. However, a simple

formalism, the linear driving force (LDF) model that lumps the different

resistances into the mass transfer coefficient kf,i is used in the present study.

The LDF model can be written as:

dni
dt

= kf,i(n
∗
i − ni) (2.11)

where n∗i is the concentration in the adsorbed phase in equilibrium with the

concentration ci in the mobile phase. The description of the solute material
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balance is completed with the introduction of the adsorption isotherm:

n∗i = f(ci) (2.12)

The set of partial differential equations can be solved once suitable initial

and boundary conditions are obtained. In this case, the column is completely

clean prior to the injection of pulse, and initial conditions are given by:

ci(t = 0, z) : ciniti = 0, i = 1... N (2.13)

ni(t = 0, z) : n∗i (c
init
i ) = 0, i = 1... N (2.14)

The Danckwerts’ boundary conditions, which take into account the effect of

axial dispersion at the column inlet are used and can be expressed as:

At z = 0 : ci(t) = cinji (t) +
Dax,i

v

∂ci
∂z

∣∣∣∣
t,z=0

, i = 1... N (2.15)

At z = L :
∂ci
∂z

∣∣∣∣
t,z=L

= 0, i = 1... N (2.16)

In SFC, owing to the mass transfer characteristics of the fluid and due to the

small size of the stationary phase, mass transfer resistances are less significant

compared to HPLC. Hence, in this study, all dispersion effects, caused either

due to axial dispersion or mass transfer resistances, are lumped into the

mass transfer coefficient, kf,i, and a very low value for the axial dispersion

coefficient for all the simulations Dax,i = 0.00001 cm2 s−1 was assumed. The

PDEs were discretized in space using a finite difference scheme with 2000

grid points and the resulting ODEs were solved using the Gear’s method as

implemented in IMSL FORTRAN subroutines.
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2.3.2.3 Isotherm models and parameters estimation

The isotherm model describes the mathematical formalism to determine the

equilibrium between the fluid and solid phases. Several models have been

proposed in the literature with varying levels of complexity. For systems that

show a favorable behavior, the competitive isotherm is perhaps the simplest.

In this study, we use the following form of the competitive Langmuir isotherm:

n∗i =
Hici

1 +
∑n

j=1Kjcj
=

KiΓici
1 +

∑n
j=1Kjcj

, i = 1, ..., N (2.17)

where Γi and Ki are the saturation capacity and equilibrium constant of the

solute i. Here we allow the two species to have different saturation capaci-

ties. For a binary system, this represents an equation with four parameters:

namely, ΓR, ΓS, KR and KS.

An alternative formalism that is often considered for chiral stationary phase

which consist of selective and non-selective sites is the bi-Langmuir isotherm.

Although there are several formalisms [82], we choose the following:

n∗i =
ΓnsKnsci

1 +
∑n

j=1Knscj
+

ΓselKsel,ici
1 +

∑n
j=1Ksel,jcj

, i = 1, ..., N (2.18)

In this formalism the saturation capacity of selective (Γsel) and non-selective

sites (Γs) are assumed to be equal for two enantiomers. Hence, this isotherm

expression results in five parameters namely, Γns, Γsel, Kns, Ks,R, Ks,S.

From the equations described above, it is clear that for a particular operating

condition, the mass transfer coefficient, kf,i and isotherm parameters, Ki, Γi

for the Langmuir isotherm and Kns, Ksel,i, Γns, Γsel for the bi-Langmuir

isotherm have to be estimated. In the frame of the inverse method these
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parameters are obtained comparing the calculated profiles to those measured

experimentally. The best fit parameters are obtained by minimizing the

objective function Ψ which is given as:

Ψ =
1

cloopk

∫ ∞
0

|csimi − cexpi | dt (i = R, S) (2.19)

For all the cases these parameters were estimated from the elution profiles of

the pure enantiomers. To obtain the parameters, a Simplex method was used.

Since the observed experimental elution profiles showed a minor effect of

band broadening, high values of mass transfer coefficient were used as initial

guesses. For the isotherm parameters, good initial guesses were obtained from

the retention time method [83] and the Henry constant measured at linear

conditions. Using the values estimated, the elution profile of the racemic

injections were calculated.

2.3.2.4 Experimental results for non-linear isotherm estimation

A representative set of experimental elution profiles for different injected

concentrations is shown in Fig. 2.4 and 2.5. It can be seen that both pure

enantiomers and racemic injections show elution profiles that are typical of

systems that have a favorable isotherm. Sharp fronts indicate that the mass

transfer resistances are negligible. This can be caused due to two contribut-

ing factors, namely the use of small particles (5 µm) together with the use of

a mobile phase that results in reduced resistance to mass transfer and broad-

ening. Similar observations were found for other experimental conditions

which are shown in appendix B.

The competitive Langmuir isotherm parameters obtained from inverse
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method are also used to calculate elution profiles using the equilibrium the-

ory of chromatography where axial dispersion and mass transfer resistances

are not considered. The comparison are shown in Fig. 2.6. The nice match

confirms both the validity of the isotherm parameters and the fact that mass

transfer resistances are indeed negligible.
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Figure 2.4: Experimental (symbols) and simulated (lines) pulse response of the enan-
tiomers of flurbiprofen on Chiralpak AD-H. (a) pure component injections, (b) racemic
injections. Pressure: 100 bar, modifier concentration: 13 % (w/w). Solid lines indicate
simulated results using a competitive Langmuir model while the dotted lines represent the
simulation using a bi-Langmuir model.

2.3.3 Estimation of mass transfer coefficient

The values of the mass transfer coefficient kf,i under different operating con-

ditions are listed in Table 2.2 and Table 2.3. It can be seen that the mass

transfer coefficients are rather high compared to the corresponding HPLC

cases. This is confirmed visually by the sharp peaks observed in the elution

profiles shown in Fig. 2.4. No clear trend of mass transfer coefficient with

respect to pressure or modifier concentration was observed. The estimated

mass transfer coefficients are rather high and do not influence the profiles,
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Figure 2.5: Experimental (symbols) and simulated (lines) pulse response of the enan-
tiomers of flurbiprofen on Chiralpak AD-H. (a) pure component injections, (b) racemic
injections. Pressure: 100 bar, modifier concentration: 20 % (w/w). Solid lines indicate
simulated results using a competitive Langmuir model.
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Figure 2.6: Experimental (symbols) and simulated (lines) pulse response of the enan-
tiomers of flurbiprofen on Chiralpak AD-H. (a) pure component injections, (b) racemic
injections. Pressure: 135 bar, modifier concentration: 23 % (w/w). Solid lines indicate
simulated results using a competitive Langmuir model and equilibrium theory.
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even if they are varied. This can be attributed to a low resistance to mass

transfer which is an attractive feature of SFC. It is also worth recollecting

that in this work the effects of both axial dispersion and mass transfer are

lumped into the mass transfer coefficient.

Table 2.2: Estimated adsorption isotherm parameters for the competitive Langmuir model.

cm Pressure KR ΓR kf,R KS ΓS kf,S

(% w/w) (bar) (L g−1) (g L−1) (s−1) (L g−1) (g L−1) (s−1)
13 100 0.0910 81.2 8.83 0.219 66.9 10.6

135 0.0630 97.6 7.11 0.204 61.7 4.48
170 0.0642 84.6 10.9 0.171 62.6 6.13
205 0.0560 85.4 27.8 0.157 61.3 22.7

18 100 0.0884 54.7 19.3 0.237 40.8 20.0
135 0.0562 71.9 17.7 0.154 54.7 11.0
170 0.0507 73.6 21.4 0.153 51.2 14.5
205 0.0673 54.5 20.9 0.162 45.2 8.91

20 100 0.0715 53.0 25.5 0.128 64.9 21.3
135 0.0364 85.8 23.3 0.125 55.3 16.8
170 0.0308 90.2 7.66 0.107 58.8 14.7
205 0.0326 83.3 24.8 0.0958 61.0 16.5

23 100 0.0516 61.6 52.3 0.117 57.1 26.9
135 0.0563 58.0 3.80 0.125 49.8 3.25
170 0.0309 83.2 45.0 0.0849 63.8 17.2
205 0.0563 45.2 15.4 0.117 45.8 21.0

2.3.4 Estimation of isotherm parameters

For the determination of the competitive Langmuir isotherm, all the four

parameters were fitted using the method describe above. The isotherm pa-

rameters were estimated using the pure component injections alone. The esti-

mated parameters are listed in Table 2.2 and the corresponding isotherms are

plotted in Fig. 2.7. From the figure, it can be seen that at particular modifier

concentration, lower pressure leads to a higher non-linearity of the isotherm.
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Table 2.3: Estimated adsorption isotherm parameters for the bi-Langmuir model.

cm Pressure Γns Kns Γs KR kf,R KS kf,S

(% w/w) (bar) (g L−1) (L g−1) (g L−1) (L g−1) (s−1) (g L−1) (s−1)
13 100 34.674 0.066 48.504 0.106 10.469 0.257 12.500

135 82.481 0.038 30.391 0.102 10.313 0.330 11.250
170 50.026 0.046 37.395 0.085 10.938 0.228 10.313
205 52.760 0.029 43.190 0.077 12.500 0.187 10.000

18 100 35.609 0.083 20.034 0.093 6.000 0.340 4.500
135 54.495 0.062 21.586 0.029 7.813 0.234 3.500
170 58.824 0.058 16.856 0.019 7.820 0.259 2.875
205 45.556 0.074 14.232 0.021 6.500 0.286 3.250

20 100 20.165 0.024 57.280 0.061 4.813 0.137 3.125
135 68.992 0.019 36.128 0.050 4.390 0.154 2.875
170 70.500 0.026 28.783 0.034 9.500 0.158 3.750
205 47.350 0.020 42.534 0.041 8.531 0.115 4.250

23 100 34.738 0.042 38.226 0.041 3.844 0.132 2.625
135 24.901 0.007 46.568 0.060 4.688 0.130 2.675
170 43.826 0.025 43.960 0.032 5.117 0.092 2.367
205 23.333 0.031 33.033 0.050 2.438 0.141 2.250

In addition, at a particular pressure, increasing the modifier concentration

reduces the non-linearity. The comparison of experimental elution profile and

the calculated one is shown in Fig. 2.4. It can be seen that the comparison

is rather excellent. The values of the saturation capacity are plotted against

modifier concentration and density in Fig 2.8. Theoretically, the value of Γi

is expected to decrease with increasing modifier concentration since more of

the available sites are occupied by the modifier. However, no clear trend was

found for the relationship between Γi density and modifier concentration in

this study as compared to previous studies [79]. It is worth emphasizing that

these experiments were at moderate loading compared to saturation capaci-

ties and hence a physical interpretation of the parameter should be performed

with caution, and these should rather be treated as model parameters. Al-

though we recognized this shortcoming, which are typical of injections of
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Figure 2.7: Measured non-linear isotherms for the S enantiomer of flurbiprofen at different
operating conditions. The lines and symbols correspond to isotherm described by the
competitive Langmuir and bi-Langmuir models respectively.
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Figure 2.8: Dependence of saturation capacity of S enantiomer on (a) modifier concentra-
tion and (b) density. The symbols indicate the values fitted to the competitive Langmuir
model while the lines are drawn to guide the eye.

short pulses, the parameters obtained can still be used for process design

with confidence. This has been demonstrated earlier where isotherm param-

eters estimated from analytical conditions, using the inverse method, was

successfully used for the design of supercritical SMB [65]. The parameters of

the bi-Langmuir isotherm were obtained in the same manner as above. The

estimated parameters are listed in Table 2.3 and the corresponding isotherm

are plotted in Fig. 2.7. It can be seen from Fig. 2.7 the isotherms calculated

by the Langmuir and bi-Langmuir equations are comparable. Similar to the

case of the competitive Langmuir isotherm, the saturation capacities did not

show a clear trend with respect to neither the density nor with the modifier

composition. The comparison of the experimental elution profiles and the

calculated one is shown in Fig. 2.4a. A remarkable match can be observed.

It is worth noting that the Henry constants obtained from the overloaded

injections were comparable to those obtained from dilute injections. The
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average deviation of Henry’s constant between linear and non-linear cases

is less than 7.5%. This reassures the confidence in the parameters over the

range of concentrations that have been experimentally covered.

2.3.5 Racemic injections

After the parameters were estimated, they were used to calculate the elution

profiles of racemic injections. For these calculations, the numerical technique

described in section 2.3.2.2 was used. Fig. 2.4b shows the comparison of

the experimental and calculated elution profiles. Although minor derivations

are seen in the predictions of the front at low injection concentrations, the

comparison is rather good at large injected composition. The ability of the

two isotherm models to predict the elution profiles of the racemic injections

was compared using the average value of the errors which is defined as:

Ψ =
1

Nexp

Nexp∑
k=1

|csimk (t)− cexpk (t)|
cloopk

(2.20)

where Nexp is the number of racemic injections. For each modifier concentra-

tion Nexp = 12. The calculated values of the Ψ is given in Table 2.4. It can be

seen that the bi-Langmuir model yields marginally better results compared

to the competitive Langmuir model. However, it could be argued that the

simplicity of the Langmuir model is perhaps suitable enough to model the

competitive behavior for the range of concentrations studied. This has been

demonstrated in our recent studies, where the Langmuir isotherm resulted in

good predictions of experimental profiles even under gradient operations as

discussed in the Chapter 4.
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Table 2.4: Errors between experimental and calculated profiles by Langmuir and bi-
Langmuir models

cm ΨLangmuir Ψbi−Langmuir

(% w/w) (-) (-)
13 0.469 0.301
18 0.509 0.384
20 0.414 0.391
23 0.530 0.360

2.4 Conclusions

The SFC enantioseparation of flurbiprofen, a key non-steroidal anti-

inflammatory drug, on Chiralpak AD-H was studied. Experiments were

performed at both dilute and overloaded conditions. The linear isotherms

showed characteristics typical to SFC systems, i.e, the Henry constants

decreased with increasing density and modifier conditions. Non-linear

isotherm were measured using the inverse method by matching experimental

elution profiles of pure enantiomer with calculated ones based on compet-

itive Langmuir and bi-Langmuir isotherm. The isotherm parameters were

obtained from single component injections. It was found that mass transfer

coefficients were rather high and this was reflected by the sharp elution

profiles. The saturation capacities did not show regular trends with neither

the density nor the modifier concentration. The isotherm parameters from

single component injection were used to calculate the profiles of racemic

injections. Although minor deviations were found at low injected concen-

trations, the elution profiles were well predicted especially for high injected

concentrations. The effectiveness of these parameters have been verified for
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process optimization studies, details of which was presented in Chapter 3

and 4.
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Chapter 3

Optimization of isocratic
supercritical fluid
chromatography process for
enantioseparation

This chapter presents multi-objective optimization analysis of a single column

isocratic supercritical fluid chromatography process for the enantioseparation

of flurbiprofen. The single column process is simulated using a detailed model

with equilibrium description by competitive Langmuir isotherm. The HETP

and pressure drop under different modifier composition were measured and

have been taken into account in the optimization. The optimization prob-

lem has been formulated as a multi-objective optimization. The objectives

are maximization of productivity and minimization of solvent consumption

under different purity and recovery constraints with different operating pa-

rameters: namely, injection concentration, injection volume, flow rate and

modifier composition. The results indicate significant performance improve-

ment in terms of increased productivity and reduced solvent consumption

compared with performance reported in the literature. Moreover, the effect

of each decision variable on the objective functions is discussed.

Keywords: Enantioseparation, Supercritical fluid chromatography,

Multi-objective optimization, Isocratic elution, Generic algorithm
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3.1 Introduction

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

matographic methods in achieving fast enantioseparations with high produc-

tivity [84]. However, optimal operation of the SFC process that maximizes

the productivity and further decreases the solvent consumption is yet scarce

in practice. This is primarily due to the large number of controllable in-

strumental and physicochemical parameters in SFC process, In this chapter,

optimization of the isocratic SFC process has been undertaken using a de-

tailed mathematical model. Genetic algorithm has been used for the search of

optimal operating conditions. Since both productivity and solvent consump-

tion influence the economy of the SFC process, the optimization problem has

been formulated as a multi-objective optimization problem, instead of a sin-

gle objective optimization problem. The enantioseparation of flurbiprofen is

considered as a model system. The optimization studies have been done with

actual experimental data under different purity and recovery constraints.

Any optimization problem begins with the selection of objective functions

and decision variables. The objective functions translate the performance

and characteristics of separation into quantitative parameters. An ideal ob-

jective function must be able to compare and differentiate between good and

poor separation quality and effectively describe the quantitative scaling of

separation performance. Also, the objective functions must be suitable for

the purpose of the chromatography and should be affected by operating pa-

rameters or controllable factors whose values are to be chosen. Moreover, the

objective functions must be correlated with controllable parameters in such
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a way that it can be interpreted rationally. The objective functions should

not have any internal mathematical limitations or inconsistencies.

For the case of preparative chromatography, the best objective function is

clearly the product cost. However, due to the complexity of the whole cost

composition, reasonable estimation is usually not available. Mostly used

objective function in academic studies is the productivity. Maximization

of productivity is only realistic in cases where the capital costs consist the

major portion for the total costs. In practice, the operation cost especially the

energy consumption for product recovery and cost spent on solvent recycle

and handling consist a big portion of the total cost. Thus to optimize a

single objective function is not enough to represent the real economics of

the process and the optimization problems are normally formulated as multi-

objective optimization. Additional objective functions are usually solvent

consumption, yield etc.

After the objective functions are chosen, the next step for the problem formu-

lation is to choose decision variables and constraints. The decision variables

are the controllable factors used to affect the separation. Different combi-

nation of decision variables lead to different separation results. Each set of

them serves as one solution to the problem. The given results need to satisfy

certain requirements called constraints. The constraints can either be the

product quality, equipment limitation or all of them. The final optimal re-

sults are sets of decision variables which give the optimum value of objective

functions and satisfy all the constraints set by end user.

Single objective optimization and multi-objective optimization are conceptu-
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ally different. For single objective optimization, there only exists one single

solution to either maximize or minimize the objective function. For multi-

objective optimization, if the objectives are competing, a compromise must

be made between the objective functions. Further, it is usually not pos-

sible that the possible optimum values of all the objective functions can be

achieved by the same values of decision variables. In such cases, the resulting

optimal operating conditions are a series of optimal conditions called Pareto

curve. Among the Pareto curve, all the points are optimal solutions because

moving from one point to another, one objective function improves while the

other deteriorates. To solve multi-objective optimization problems, many

approaches have been used, for example, minmax formulation [85] where no

preferences are provided and directly optimizes the overall maximum value or

weighted sum method [86] in which the preference information is given by the

designer. Most of the traditional optimization algorithm tends to approach

the optimum value step by step, which means the solution updates in each

iteration. These methods have the possibility falling into a local minimum.

To avoid such situation, evolutionary algorithms such as genetic algorithm

can be applied [87]. Genetic algorithm solves multi-objective optimization

problems based on the mechanism of natural selection and natural genetic.

The algorithm uses a population of chromosomes which are composed of a

particular set of decision variables. The algorithm begins with a generation

of randomly chosen or given set of chromosomes. The fitness (related with

objective functions) of each chromosomes is evaluated and sorted with those

having better fitness. The higher the fitness is, the more possible it can

survive. Next generation of chromosomes are created based on the previous
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generation but undergo reproduction, crossover and mutation. Crossover is

to exchange parts of a set of randomly chosen parent chromosomes and cre-

ate the offspring chromosomes. Mutation is performed to randomly change

the parts of next generation generated from the crossover. Such step is to

prevent the solution trapping into local optimum. The procedure repeats

to create the next new generation of chromosomes. Generally, the fitness

of each generation is better than the previous one. The optimization termi-

nates at a given number of generations or until a satisfactory improvement

of the objective functions is achieved. In this chapter, a few key experimen-

tal parameters necessary for the optimization are first measured. Then the

optimization problem is formulated and solved. The results are analyzed and

the effect of decision variables on process performance are discussed.

3.2 System characterization

3.2.1 Material and experimental set-up

The materials and experimental set-up used for experiments are identical

to those described in chapter 2. Further a detailed study that explores the

effect of pressure and modifier composition on the adsorption equilibrium

and mass transfer characteristic has also been described in chapter 2. These

values have been used in this study as well. Besides, data to account for the

effect of flow rate on pressure drop and efficiency was needed to carry out

the optimization studies. These experiments are discussed below.
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3.2.2 Pressure drop characterization

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

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

pressure drops are plotted in Fig. 3.1. As expected, the pressure drop in-

creased with increasing flow rate and modifier concentrations [70]. The pres-

sure drop across the column in SFC can be described by the Darcy’s law [88]:
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Figure 3.1: Experimental (symbols) and calculated pressure drop by Eq. 3.1(lines) under
different CO2 flow rates and modifier concentrations. Back pressure: 135 bar.

∆P

L
= −β (ρv)µ

ρ
(3.1)

where ρ and µ are the fluid phase density and viscosity respectively. The

parameters: v is the interstitial velocity and β is a system dependent pa-

rameter, that is typically fitted to experimental results, In the present work,
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although pressure drop up to 60 bar were measured, owing to the rather high

modifier composition the property change with respect to change in pressure

were marginal. Hence, average values of density and viscosity correspond-

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

were used to regress the value of β. The fluid density was calculated using

the Peng-Robinson equation of state along with a 2 parameter mixing rule.

The fluid viscosity was calculated as weighted mole fraction average of the

CO2 and methanol viscosity [89]. The value of β=5.785×10−13 m mL−1 was

regressed by minimizing the error between the experimental and calculated

pressure drop. The calculated values of pressure drop are plotted in Fig. 3.1

and show an acceptable description of the experimental trends.

3.2.3 HETP characterization

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

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

broadening that deteriorate separation. Operating conditions such as flow

rate, mobile phase composition affect HETP. Previous studies have shown

that pressure drops contribute to loss of efficiency in SFC when the mobile

phase was compressible [70, 88]. Hence, it was important to determine the

effect of flow rate and modifier composition on the HETP. In order to inves-

tigate these effects under SFC conditions, the HETP values were measured

under different flow rates and modifier concentrations by injecting dilute

sample of racemic flurbiprofen, the results of which are shown in Fig. 3.2.

As observed from the figure, both flow rate and modifier composition had

a minor effect on HETP over the range of operating conditions investigated
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in this work. Further, the value of HETP is rather small (around 10 µm)

showing a high efficiency of the column. Such high column efficiency may be

attributed to the high diffusivity of supercritical fluids and small particle size

(5 µm) of stationary phase. Hence, in the entire study, the minor variation

of HETP was not accounted for and assumed to be adequately described by

the fitted mass transfer coefficients reported earlier [90].
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Figure 3.2: Experimentally measured HETP values under different operating conditions.

3.3 Modeling of column dynamics

The same equation in Chapter 2 was used to describe the column dynamics

here:

∂ci
∂t

= Dax,i
∂2ci
∂z2
− ∂(civ)

∂z
− 1− ε

ε

∂ni
∂t

(3.2)
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where ci and ni are the concentrations of the solute i in the mobile phase and

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

axial dispersion coefficient and ε is the total porosity of the column. Note

that Eq. 3.2 is the more general form of Eq. 2.10 as the velocity is considered

to be a function of column length.

In this chapter, the density change brought by pressure drop is less than 3%

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

solute can be neglected. Under this assumption, Eq. 3.2 can be written as:

∂ci
∂t

= Dax,i
∂2ci
∂z2
− v∂ci

∂z
− 1− ε

ε

∂ni
∂t

(3.3)

which is identical to Eq. 2.10 A linear driving force (LDF) model and a

competitive Langmuir isotherm were used in this chapter to describe the

adsorption situation. The formulations of the models are same as Chapter 2.

In this chapter, to simplify the optimization, the back pressure was fixed at

135 bar. Under these conditions, a simple linear relationship as given below

was experimentally obtained which adequately represented the dependence

of Γi on cm:

ΓR = −3.87cm + 148.82 (3.4)

ΓS = −1.12cm + 76.13 (3.5)

The maximum deviation of the experimentally determined values of Γi with

respect to the linear relation was 17%. The description for Henry constant

is the same as Eq. 2.3 in Chapter 2 and the same values for the empirical
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constants were used in this chapter. Eq. 2.3, 3.4 and 3.5 provide the complete

description of the isotherms for the region of interest.

The set of partial differential equations with suitable initial and boundary

conditions were discretized in space using a finite difference scheme with 40

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

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

3.4 Validation of simulation for isocratic elu-

tion

The modeling for the column dynamics is based on a disperse-equilibrium

model with experimentally measured isotherm parameters at 4 particular

modifier compositors. It is necessary to examine the simulation code exper-

imentally. The simplest method is to compare the retention time obtained

from a dilute injection. Under this condition, symmetric Gaussian peaks oc-

cur in the chromatogram and the retention time is determined by the Henry

constant. Two dilute injections (cinj=10 g/L, vinj=10 µL) under isocratic

elution with modifier concentration of cm1 (14.2%) and cm2 (22.7 %) was

implemented. The CO2 flow rate was fixed to 1 mL/min during all the ex-

periments. Modifier flow rate was changed accordingly to provide desired

modifier composition. Comparison of retention time by experiments and

simulation is shown in Table 3.1. As observed, satisfactory prediction of the

retention time (deviation less than 4%) under linear isotherm was achieved.
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Table 3.1: Comparison of retention time under isocratic elution

texpr (min) tsimr (min) deviation (%)
isocratic (cm1) 1st peak 4.14 4.27 3.1
isocratic (cm1) 2nd peak 6.27 6.04 3.7
isocratic (cm2) 1st peak 6.27 6.34 3.7
isocratic (cm2) 2nd peak 10.56 10.43 1.2

3.5 Process Optimization

3.5.1 Definition of parameters

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

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

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

Yi =
Amount of solute i collected in a fraction

Amount of solute i injected

=
Q
∫ tend

i

tstart
i

ci dt

Vinj,icinj,i
i = R, S

(3.6)

Pi =
Amount of solute i collected in a fraction

Total amount of two enantiomers collected in the same fraction

=

∫ tend
i

tstart
i

ci dt∫ tend
i

tstart
i

cR dt+
∫ tend

i

tstart
i

cS dt
i = R, S

(3.7)

The symbols tstarti and tendi denote the start and end time of collection for the

fraction that is predominantly i. Note that in the simulations, the efficiency
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of fraction collection is considered to be 100%. In other words, all the solute

that is to be collected between tstarti and tendi are collected without any loss

in the cyclone. The productivity is defined as the kg of product collected per

kg of chiral stationary phase per day as shown in Eq. 3.8:

PR =
Total amount of both enantiomers in respective fractions

(Amount of stationary phase)(cycle time)

=
Vinj
wcsptc

[cinj,RYR + cinj,SYS] (3.8)

where Vinj is the injection volume, cinj,i is the injection concentration of

component i, wcsp and tc are the weight of stationary phase and cycle time

respectively. The cycle time is defined as the minimum time interval between

two continuous injections and is equal to tendS − tstartR .

In chromatographic separation, product recovery and solvent handling both

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

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

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

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

while the solute, along with the modifier precipitates and is collected. In

the next step, the solute is separated from the modifier typically through

evaporation. Compared to the pumping of the mobile phase, evaporation

is more energy intensive and only the amount of modifier in the product

contributes to the cost. Hence in this work, the solvent consumption is

defined as the volume of modifier required per kg of the product produced:
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S =
Total amount of modifier used in one cycle

Total amount of both enantiomers collected in one cycle

=
Qmodtc

Vinj[cinj,RYR + cinj,SYS]
(3.9)

where Qmod is the volumetric flow rate of modifier.

3.5.2 Choice of cut time

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

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

the mixture to be separated consists of two components in comparable quan-

tities, a strategy has to be developed for choice of collection times. Current

work is limited to a binary separation and it is assumed that peaks from con-

secutive injections are at least baseline separated. In other words, only the

peaks of the two components in a particular injection are allowed to overlap.

With the mathematical model, an elution profile can be obtained for a given

set of operating conditions. A simulated chromatogram is shown in Fig. 3.3

in order to explain the fraction collection scheme and cut time. In order to

illustrate the general methodologies, a simulation where the peaks of the two

component overlap is shown. The illustration assumes that the R enantiomer

is the light component. The selection of tstartR , the time at which the fraction

contains R starts and tendS , the time at which the fraction contains S ends are

rather straightforward. If the expected purities are equal to 100% then this

can be achieved by selecting tendR = ts and tstartS = tr as shown in Fig. 3.3. ts

corresponds to the time at which S starts eluting and tr corresponds to the
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time of which R has fully eluted. It is worth noting that although this results

in 100% purities, the recovery is compromised as the fraction between tr and

ts is not collected.

For cases, where purity requirement is less than 100%, the following strategy

is used: it can be seen that shifting the cut time from ts to tr results in de-

creasing the purity of first component but increasing the purity of the second

component. Therefore, there exist a point (tp) where purities of two com-

ponents are equal (PR=PS=Pp). Under these circumstances, three possible

scenarios can be concluded:
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Figure 3.3: Illustration of strategy to decide cut time. The cycle time is tend
S -tstart

R . R enan-
tiomer is collected from tstart

R to tx1 (tend
R ) and S enantiomer is collected from tx2(tstart

R )to
tend
R to ensure the constraints are satisfied. Insert shows the complete chromatography.

1. If Pp > Pmin, to keep high recovery, only one cut (at t = tx) should

be made. The productivity (solvent consumption is not affected by the
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decision of cut time) is calculated at different position between tr and

ts and tx is chosen at the position where the productivity is maximum

and the minimum purity requirement is satisfied.

2. If Pp = Pmin, tx is set to the position of tp.

3. If Pp < Pmin, only one cut can not fulfill purity constraint and two cuts

(tx1, tx2)are necessary. tx1 moves from ts to right hand side until the

purity constraint is satisfied. Similarly, tx2 moves from tr to the left

hand side until purity requirement is fulfilled. The recovery of two com-

ponents will then be calculated based on the cut points. This scenario

will result in three fractions. The middle fraction is not recycled.

3.5.3 Optimization problem formulation

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

ber of objective functions, single objective optimization and multi-objective

optimization. These two kinds of optimization problems are conceptually

different. Single objective problems seek to maximize or minimize one ob-

jective function and result in an unique set of decision variables. In the case

of multi-objective optimization there may not be one optimum (i.e., a single

point) with respect to all the objectives. Instead, there would be an entire set

of optimal solutions (i.e., a curve) known as Pareto curve when the objectives

conflict with each other. For example, in chromatographic separations, it is

desired to maximize productivity but minimize solvent consumption. Every

point on the Pareto curve is an optimal solution since moving from one point

to another at least one objective function improves and the other worsens.
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The final choice of an optimal Pareto point depends on relative cost of the

two objectives.

For SFC process, a large number of operating parameters make the optimiza-

tion problems challenging. Actually, the additional degrees of freedom in the

SFC process (e.g. modifier concentration) compared with HPLC process ren-

ders the optimization problem more demanding. As a matter of fact,although

multi-objective optimization for single column and multi-column chromatog-

raphy and hybrid processes are available [87, 91, 92], an optimization study

of the SFC process is rare in the literature. It is well known that appropri-

ate formulation of the optimization problem is the most crucial part in an

optimization study. Since the economics of the SFC process has opposite

interests in terms of solvent consumption and productivity, the optimization

for SFC can properly be set as a two objective optimization problem with

the aim of minimization of the solvent consumption and maximization of the

productivity.

Objective functions are functions of decision variables which are selected as

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

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

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

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

variables. The summary of objective functions is shown in Tables 3.2. The

solution to an optimization problem must satisfy one or several constraints

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

be either from the limitation of the equipment or from the production require-
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Table 3.2: Objective functions and constraints for the optimization study.

Case I Objective functions 1. Max: PR(vinj, cinj, cm)
2. Min: S(vinj, cinj, cm)

Constraints 1. P=x± 0.002, x=95%, 97%, 99%
2. Y=y±0.002, y=95%

Case II 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%
2. Y=y±0.002, y=95%
3. ∆P ≤50 bar

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

limitation (maximum pressure drop which the stationary phase can with-

stand) and the other is the quality of the product (recovery and purity). The

physical limitation is a“hard”constraint since the equipment cannot be oper-

ated above such condition. Recovery and purity are “soft” constraints. Since

the optimization is carried out over a range of recovery and purity values.

The ranges of the decision variables are decided considering the equipment

limitation such as maximum sample loop volume available in lab and the

isotherm data which can be obtained from literature and they are compiled

in Table 3.3.It is worth noting that, although we present results for a specific

system (flurbiprofen), the analysis bears general applicability.

There are several methods to solve multi-objective optimization problem.

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

version of simple GA is used [93]. Non-domination refers to a better solution

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

are the same as simple GA. A random or given seed was used as the first
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Table 3.3: Range of decision variable values.

Decision variable Range
cinj (g/L) 100 - 300
Vinj (mL) 0.05 - 0.5
cm (w/w) 13.0 - 23.0 %
mCO2 (g/s) 0.01 - 0.1

generation. Under mutation and crossover, next generation was calculated

and sorted according to the fitness of the solution. Such step repeats for a

pre-set number of generations to obtain the optimal solution. Compared to

a single objective optimization algorithm such as Simplex, NSGA guarantees

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

for all the optimization runs are list in Table 3.4.

Table 3.4: Parameters of NSGA used in multi-objective optimization study.

Parameters Value
Number of generations 60
Population size 60
String length 24
Crossover probability 0.20
Mutation probability 0.05
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3.6 Results and discussion

3.6.1 Case I Multi-objective optimization for a fixed
flow SFC system

The first case study considers the multi-objective optimization of an SFC

separation where the CO2 flow rate is fixed at 1 mL/min. Pareto optimal

set for three different purities: 95, 97 and 99 % are found for a fixed flow

rate of CO2 of 1 mL/min. The decision variables are feed concentration,

injection volume and modifier concentration as given in Table 3.3. The re-

sults are shown in Fig. 3.4 where the axes correspond to the two objective

functions, namely productivity and solvent consumption. As a general trend,

with decreasing product purity requirement, it is observed that the Pareto

curves move down and right indicating less solvent consumption and more

productivity.

As observed, under all three purity constraints, steep Pareto profiles were

obtained which means increase in the productivity will cause a rapid increase

in the solvent consumption. This is because addition of modifier in the

mobile phase results in earlier elution of the component to be separated,

thus reducing cycle time which in turn increases productivity. Figure 3.4

also indicates maximum achievable productivity (under the constraints) for

different purity values. Figure 3.4 enables us to calculate required solvent

amount for a fixed productivity value. For example, for a productivity at

4 kg/kg/day, 50 L/kg rac of solvent will be necessary for both purity and

recovery of 95%. The final decision on which Pareto point should one operate

depends on the cost of the solvent and product. It is worth emphasizing that
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Figure 3.4: Pareto curves showing the trade-off between the two objective functions
namely, productivity and solvent consumption for Case I under different values of pu-
rity. Recovery is fixed at 95%.

liquid phase SMB separations which typically have comparable productivities

result in much higher solvent consumption [94]. These results provide strong

motivation for practitioners to consider SFC as a powerful alternative.

Figure 3.4 is very useful to select an optimum point for the operation of

the process with appropriate trade-off between productivity and solvent con-

sumption for different purity requirements. In case that the solvent and its

handling is inexpensive, one can operate the process at the top-right part

of the Pareto curve to obtain maximum productivity. On the other hand,

the right side of the flat part of the Pareto set is the favorable region to

work with when the solvent or solvent handling is expensive, since increase

in productivity does not require too much increase in solvent consumption.
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3.6.2 Case II Multi-objective optimization for SFC
system: CO2 flow rate as decision variable

In Case I, the CO2 flow rate was fixed at 1 mL/min. However, for practical

applications, the flow rate is also used as a decision variable in order to

obtain high productivity. Therefore, in Case II, CO2 flow rate has been used

as a decision variable and the modifier flow rate was accordingly adjusted

to obtain the desired modifier concentration for three different purity values.

Objective functions and constraints are the same as in Case I. The range

of decision variables of Case II is listed in Table 3.3. The resulting Pareto

optimal results are shown in Fig. 3.5. It is observed from Fig. 3.5 that the

maximum obtainable productivity indicated by circled point is 8 kg/kg/day.

This is 100% higher than the maximum obtainable productivity in Case I

which is 4 kg/kg/day. This increase due to the reduction in the cycle time

caused by high flow rate. The variable flow rate also gives another degree of

freedom. This feature makes the slope of Pareto curve is smaller compared

with Case I which provides more favorable operating conditions. It is worth

noting that, for the maximum productivity points on all the three Pareto

sets in Case II, the pressure drop is close to the maximum allowable value

which was not observed in Case I. The general trend of Pareto under different

purity requirement conforms to the same trend as in Case I, i.e., decrease in

purity constraint leads to productivity increase and a decrease in solvent

consumption.
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Figure 3.5: Pareto curves showing the trade-off between the two objective functions
namely, productivity and solvent consumption for Case II under different values of pu-
rity. Recovery is fixed at 95%. Lines are shown as a guide to the eyes.

3.7 Effect of decision variables on the SFC

performance

An optimal solution is a set of a combination of best decision variables

searched by the optimization algorithm. An understanding of how each deci-

sion variable affects the separation performance will yield deep understanding

of the process. A detailed discussion of the effect of the decision variables on

isocratic SFC separation process is presented below:

3.7.1 Effect of modifier concentration

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

ethanol is usually added to the mobile phase. With modifier, the solute nor-
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mally elutes earlier compared to the use of pure CO2 as an eluent since the

modifier can either increase the polarity or directly compete for the adsorp-

tion sites with solute. The effect of modifier concentration on productivity

and solvent consumption in this study is shown in Fig. 3.6. It is clear from

Fig. 3.6 that increasing modifier concentration leads to increasing productiv-

ity and solvent consumption. This is because addition of modifier reduces

the elution time of enantiomers thus decreasing the cycle time. The effect

of modifier addition on productivity is more pronounced at lower modifier

composition, while the effect on the solvent consumption shows the opposite

trend.
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Figure 3.6: The effect of modifier concentration on productivity and solvent consumption
for Case I. Purity: 95%, Recovery: 95 %.
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3.7.2 Effect of throughput parameters

Throughput parameters include injection volume and injection concentration.

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

with small injection volume or by injecting large volume with low concen-

tration of solute. In this study, both injection volume and concentration

have been used as decision variables to investigate the optimal injection con-

ditions. The effect of both injection concentration and volume is shown in

Fig. 3.7 a) and b) indicating no clear trend for these individual throughput

parameters on productivity and solvent consumption. However, when the

total injected amount (cinjVinj) is plotted against the objective functions, as

shown in Fig. 3.7 c), a clear trend is observed along the Pareto curve: higher

productivities are obtained when smaller amount of the solute is injected

under the purity and recovery constraints.

3.7.3 Effect of flow rate

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

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

the modifier was added accordingly to provide desired modifier composition.

The effect of flow rate on productivity and solvent consumption is shown

in Fig. 3.8. It is clear from the figure that high flow rate increases the

productivity since the cycle time decreases . However, increasing flow rate

also increases the pressure drop [95] therefore, there is a upper limit for

increasing the flow rate. The maximum flow rate resulted in both maximal

productivity and maximum pressure drop (50 bar). For solvent consumption,
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Figure 3.7: The effect of a) injection concentration, b) injection volume and c) injected
amount on productivity and solvent consumption for Case I. Purity: 95%, Recovery: 95
%.
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the flow rate did not show much effect. The solvent consumption remained

almost constant for different volumetric flow rate of mobile phase. In SFC,

at least under the experimental conditions studied, the effect of flow rate on

HETP has been minimal. Hence, pressure drop and not column efficiency

seems to dictate the maximum flow rates that can be used in SFC.
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Figure 3.8: The effect of mobile phase flow rate on productivity and solvent consumption
for Case II. Purity: 95%, Recovery: 95 %. Lines are shown as a guide to the eyes.

3.8 Conclusions

In this chapter, multi-objective optimization analysis of a single column iso-

cratic SFC process was presented. The enantioseparation process was sim-

ulated with a detailed model using competitive Langmuir isotherm. The

optimization was carried out to maximize the productivity and minimize

the solvent consumption under different purity and recovery constraints. In-
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jection concentration, injection volume, flow rate and modifier composition

were chosen as the decision variables. The results indicate significant perfor-

mance improvement in terms of increased productivity and reduced solvent

consumption compared with those reported in the literature.

The advantages of SFC: low solvent consumption, high throughput have been

demonstrated. Comparing to conventional HPLC and SMB technology, sig-

nificant reduction in solvent consumption is achieved. This can be clearly

observed that for all the optimal points, the solvent consumption is less than

80 L/kg which in the case of HPLC this number is usually more than 200

L/kg for much lower value of productivity [96, 97]. Less solvent consumption

not only reduces the cost but also result in an environmental friendly process.

These investigations confirm the potential of SFC process for practical appli-

cations and also demonstrate the advantage of using rigorous design methods

with mathematical models and optimization algorithms.
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Chapter 4

Optimization of gradient
supercritical fluid
chromatography process for
enantioseparation

This chapter presents multi-objective optimization analysis of a single column

gradient supercritical fluid chromatography process for the enantioseparation

of flurbiprofen. The enantioseparation process is simulated using a detailed

model with equilibrium description and a competitive Langmuir isotherm.

To simply the optimization and compare the performance under isocratic

and gradient elution, modifier concentration is selected as the operating pa-

rameter for gradient in this chapter. Two simple types of gradient, namely,

step and linear gradient are studied. The problem has been formulated as

a multi-objective optimization to simultaneously maximize productivity and

minimize solvent consumption. Injection concentration, injection volume,

flow rate and modifier gradient shape are optimized to obtain the optimum

operating conditions. Product purity, recovery and column pressure drop

are chosen as the constraints. The resulting Pareto curves under different

constraints are shown and compared with those obtained in isocratic case.

Keywords: Supercritical fluid chromatography, Multi-objective

optimization, Gradient elution
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4.1 Introduction

Unlike analytical chromatography, total baseline separation is not required

at preparative scale. For many cases, to maximize the productivity, high

feed concentration with large mobile phase flow rate are often encountered

in preparative chromatography leading to peak overlap. Proper operating

conditions must be selected to adjust such overlap so that the final product

is obtained with desired quality in a relatively short time. Generally, there

are two different approaches which can be used to decrease the cycle time

while maintain necessary peak resolution. One is to design and use more

efficient columns by increasing their lengths or decreasing the particle sizes

which increases the capital cost. Another is to operate the same system but

under gradient elution rather than isocratic conditions. Obviously, the latter

one is easier and more practical to implement.

Isocratic operation refers to a process whose operating conditions are kept

constant from injection until collection. The isocratic elution is simple to

operate and the cost is inexpensive since no extra design or operation ad-

justment are necessary. However, in isocratic elution mode, several problems

can often be encountered. Firstly, the strong component may elute with a

long tail or large peak width which might lead to the dilution of the product

if high recovery is expected. Secondly, since the operating conditions do not

vary during the separation, a long operating time may be necessary for com-

pleting the separation. This increases the cycle time and thus reduces the

productivity. Finally, if there are strongly retained compounds in the feed,

eluting them can lead to unusually long cycle time. Many of these problems
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can be solved if a gradient elution is used.

Under a gradient elution, at least one operating variable is changed in a cer-

tain fashion during the time between sample injection and product collection

which makes the separation programmable. The elution times of different

components can be adjusted by changing solvation strength of mobile phase

in a gradient mode. For example, with a binary mobile phase, a weaker

solvation power can be used as the initial condition for a binary separation

which has components that have significantly different adsorption strength.

After majority of first compound elutes, an intensive parameters, e.g., solvent

composition, temperature, is changed according to a pre-defined operating

strategy in order to elute the second component faster. This leads to a re-

duced separation time while maintaining of the peak resolution. There are

many choices of the pattern of gradient profiles, e.g., step, linear, convex

or concave profiles and in some cases, more complex elution such as double

linear gradients are used to achieve satisfactory separation results [98].

Many operating variables are chosen to implement gradient. In HPLC or

GC, gradients using temperature, mobile phase composition or flow rate have

been widely used to enhance the separation. Compared with HPLC, SFC has

more degrees of freedom for operation which provides potential to improve

separation. This is typically accompanied with an increase in the process

complexities and hence a suitable design strategy is necessary. As known,

the solvation power is related to the density of the mobile phase which is

strongly affected by pressure near the critical point. Thus the pressure gra-

dient of SFC system can be used to tune the separation. Another normally
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used parameter for gradients in SFC is the modifier concentration which af-

fects the polarity of mobile phase. It is worth noting that gradient using

different parameters (density, modifier, etc.) were implemented in SFC be-

fore [23, 99] although under conditions where the isotherm is linear. For

preparative separation, the feed concentration is so large that the isotherm is

usually at non-linear range. To our knowledge there has been no study that

has reported gradient preparative SFC separation processes based on a clear

understanding of the non-linear isotherm. A rational process design based on

proper column dynamics and isotherm models for overloaded injections un-

der SFC conditions is also rare in literature. This provides the motivation, to

design a SFC gradient process based on a clear understanding of separation

process.

As mentioned, the choices of operating parameter for gradient in SFC are

many. However, pressure and modifier composition may be considered as

the most obvious ones to implement. No matter which of the two variables

chosen as the intensive variable, the primary limitation is to ensure condition

such that the solubility of solute in the mobile phase is high enough. It is

well known that high modifier concentrations are indeed important to ensure

that the solubility constraints are met. Once this is established the next step

is to choose the intensive variable that will affect the maximum flexibility

to alter retention situations. It has been shown in Chapter 2 that the effect

of modifier on the retention is much more pronounced compared to pressure

and hence we limit our study to designing modifier gradient. During the

process, the temperature and back pressure are kept constant. The modifier
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gradient can be carried out by adjusting the flow rate of two syringe pumps

that pump CO2 and methanol respectively.

The selection of decision variables and objective functions is crucial to an op-

timization study which has been stressed in the previous chapter. Obviously

the gradient pattern is the first choice of decision variable which the designer

should consider. In this chapter, both step and linear gradient were chosen

and the corresponding initial and final modifier concentration, gradient slope

and time are decision variables to improve separation. Other than gradient

elution profile, injection concentration, injection volume and mobile phase

flow rate which are related with the throughput were also selected. To evalu-

ate the separation performance, productivity and solvent consumption were

chosen as objective function. Modifier gradient using both step and linear

gradient profiles were optimized for the purpose of maximizing productivity

and minimizing solvent consumption simultaneously. The resulting multi-

objective optimization problems were solved by a genetic algorithm under

different purity and recovery constraints. The optimization results which are

in the form of Pareto profiles were also compared with isocratic case and the

effects of decision variables have been discussed.
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4.2 Modeling

4.2.1 Modeling of column dynamics

Chromatographic model that accounts for convection and axial dispersion

was used to describe the column mass balance under gradient elution:

∂ci
∂t

= Dax,i
∂2ci
∂z2
− ∂(civ)

∂z
− 1− ε

ε

∂ni
∂t

(4.1)

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

stationary phase respectively, v is chromatographic linear velocity, Dax,i is

the axial dispersion coefficient and ε is the total porosity of column. For an

isocratic elution, the composition of the mobile phase is constant throughout

the run and hence it is sufficient to solve Eq. 4.1. However, for gradient elu-

tion, the composition fronts of the CO2 and the modifiers also travel through

the column and hence Eq. 4.1 should also be solved for the mobile phase com-

ponents as well. In contrast to the solutes it can be assumed that the CO2

and modifier, do not adsorb. Several studies have shown that both CO2 and

the modifier do adsorb onto the stationary phase, although weakly. Hence,

their adsorption is not explicitly accounted for in the present study. The local

density of mobile phase mixture is calculated based on inlet pressure and the

local mobile phase composition. In our implementation, the mass flow rate

of CO2 is kept constant while that of the modifier in mass units changes to

obtain desired modifier composition. Thus the total feed flow rate is not con-

stant during the gradient process. However, the back pressure regulator at

the downstream automatically adjusts the outlet to prevent pressure build-up

and thus no mass gradient occurs along the column. Based on this, the total
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mass flow rate at column inlet was used to calculate the linear velocity at

different position of the column. It is also worth mentioning that due to the

connection between modifier pump and mixing chamber, it takes sometime

for the gradient modifier fronts to travel through this volume. This dead

volume causes a delay at gradient profile between pump and column inlet.

This dead volume was measured by comparing the elution time of modifier

and the simulated one in a step gradient. The calculated value is 0.6 mL

based on the difference in eluting time and flow rate. This value was used in

the simulation code for all the gradient elution in this section.

The mass balance equation 4.1 together with mass transfer equation same as

Eq. 2.11 and isotherm equations same as Eq. 2.17, 2.3, 3.4 and 3.5 complete

the description for the column dynamics. The group of PDEs was solved

to obtain the elution profile at column exit. The set of partial differential

equations with suitable initial condition and boundary conditions were dis-

cretized in space using a finite difference scheme with 40 grid points per 1 cm

of column length. The resulting set of ODEs were solved using the Gear’s

method as implemented in IMSL FORTRAN subroutines.

4.2.2 Advantage of gradient operation

In order to highlight the unique advantages of gradient operation, we consider

a case where 95% purity of both components are expected. Two isocratic

cases representing the two levels of the modifier gradient are considered and

the simulation results along with the gradient elution is shown in Fig. 4.1.

In all the three cases, the same amounts of solute at identical concentrations

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



4.3 Validation of simulation for gradient elution 87

are injected. The gradient elution starts with a lower modifier concentration

of cm1. At a certain time it is increased to a higher concentration of cm2 for

a period of time and then returns to cm1. Comparing Fig. 4.1 a) with b), the

peak width reduces due to the increasing modifier composition, however, the

overlap of two enantiomer peaks is enhanced thereby decreasing the purity

and recovery. The use of gradient operation eliminates this problem. Com-

paring Fig. 4.1 a) and c), the mixing part in the middle is reduced while

the peak width is maintained. Thus, the final product can be obtained in a

short time with better quality. Such effect can be explained by the modifier

gradient showed in Fig. 4.1 c). The gradient first runs at low composition

to avoid much mixing between two components. After the major part of

first component elutes out, the modifier composition increases to help second

component come out faster decreasing the cycle time.

4.3 Validation of simulation for gradient elu-

tion

To verify all the assumptions and simplifications in the column mass balance

and isotherm model under gradient SFC condition, a dilute injection was

made under a step gradient. As mentioned in chapter 3, at low concentra-

tion, the isotherm is at linear range where the Henry constant dominates

the isotherm and determines the retention time of chromatographic peaks.

By comparing the experimental and simulated retention time, the validity of

modeling can be examined.

The same experimental set-up described in Chapter 2 was used. The step
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Figure 4.1: Comparison of elution profiles under isocratic and step gradients. a) isocratic
elution with cm = 14.2%, b) isocratic elution with cm = 22.7% and c) step gradient with
cm1 = 14.2% and cm2 = 22.7%. Blue lines represent the R enantiomer, red lines represent
the S enantiomer, dotted line represents the modifier composition at column exit.
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gradient was implemented by changing the flow rate of modifier pump at

desired time. The modifier concentrations of cm1 = 14.2% and cm2 = 22.7%

for the modifier composition for the step were used in the experiment. Con-

sidering the dead volume, the gradient times at the column inlet for these

two compositions are 1.48 min and 3.13 min respectively. The schematic

of the gradient implementation is shown in Fig. 4.1. In order to compare

the experimental results , we perform a simple analysis using the method of

characteristics. Here the propagation velocities of the solute i is given by

dz

dt

∣∣∣∣
i

=
v

1 + 1−ε
ε
Hi

(4.2)

where v is the interstitial velocity and Hi is the Henry constant. During

gradient elution, the velocity of the mobile phase changes according to the

operating condition. The Henry constant of the solute is a function of the

mobile phase composition. Hence it is important to properly account for the

change in velocity. In this analysis, it is assumed that the velocity along

the column is constant and is based on the inlet conditions. Hence, for 0 <

t < 1.48 min the interstitial velocity in the column, v1 corresponds to the

conditions corresponding to cm=cm1=14.2%. For the time 1.48 min <t <

4.61 min, the interstitial velocity is v2 which corresponds to cm=cm2=22.7%.

Finally for t > 4.61 min, the velocity in the column equals to v1. Now, let

us consider the characteristics corresponding to the modifier composition. In

the current situation, the modifier is assumed to be non-adsorbing. Hence,

the velocity leading edge of the front is given by

dz

dt
= v1 (4.3)
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and that of the traveling edge is given by

dz

dt
= v2 (4.4)

Once the velociies and the propagation of the modifier band is indentified,

the propagation velocities of the solute can be calculated using Eq. 4.2. The

propagation of the two solutes are shown in Fig. 4.2 a). The conditions in

the rest ranges can be deduced by analogy. The analysis estimates that the

elution times of lighter and heavier components to be 5.2 min and 7.7 min

respectively. These compare well with experiments that show elution times

of 5.3 min and 7.9 min which is within 3% of the predicted values. These

demonstrate that the assumptions made by the model are reasonable and

can be used to study gradient SFC.

10

8

6

4

2

0

ti
m

e 
(m

in
)

2520151050

column length (cm)

t1

t2

v1

v2

v1

cm=cm1

cm=cm1

a)

cm=cm2

10

8

6

4

2

0

ti
m

e 
(m

in
)

43210
UV signal (mv)

b)

Figure 4.2: Comparison of retention time of R (solid line in a) and S (dashed line in a)
enantiomer under step gradient elution. a) the physical plane along with the characteristic.
b) experiemntal results.
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4.4 Process optimization

4.4.1 Optimization problem formulation

Formulation of the optimization problem is the most important part in the

optimization study. The decision variables, objective functions and con-

straints must be clearly defined before the optimization calculation. Com-

pared to HPLC, SFC has more operation variable such as pressure, temper-

ature and modifier concentration which can be used to alter the separation

results. To simplify the problem and to demonstrate the ability of gradient

elution, only the modifier concentration is selected to implement gradient. In

this section, two simple gradient profiles: step gradient and linear gradient

were considered. The schematic of these two gradient is shown in Fig. 4.3.

As shown, cm1 is the initial modifier composition and cm2 is the modifier con-
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Figure 4.3: Schematic of modifier profiles at column inlet. a) step gradient. b) linear
gradient

centration for next step. tg1, tg2 and tg3 are the gradient time for individual

modifier composition. As can be seen, step gradient is a special case of the
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linear gradient. It is worth noting that there is no constraint imposed on the

relative magnitudes of cm1 and cm2. In other words, situations where cm1 >

cm2 or cm1 < cm2 are allowed.

Similar to the previous chapter, two cases were studied. In the first case, the

CO2 flow rate was fixed at 1 mL/min while in the second case, it was treated

as a decision variable. For both cases, the injection concentration (cinj)and

injection volume (vinj), the gradient parameters, cm1, cm2, tg1, tg2, tg3 (for

linear gradient) were treated as decision variables. The range of decision

variables has been listed in Table. 4.1.

Table 4.1: Range of decision variable values

Decision variable Range
cinj (g/L) 100 to 300
Vinj (mL) 0.05 to 0.5
cm1 (%) 13.0 to 23.0
cm2 (%) 13.0 to 23.0
tg1 (s) 5.0 to 300.0
tg2 (s) 5.0 to 300.0
tg3 (s) 5.0 to 300.0

mCO2 (g/s) 0.01 to 0.1

Another important aspect of optimization is the definition of objective func-

tions. Optimization problems can be sorted to either single objective opti-

mization or multi-objective optimization based on the number of objective

functions. These two kinds of optimization problems are conceptually dif-

ferent. Similar to isocratic optimization study considered in the Chapter

3, productivity and solvent consumption have been selected as the objective
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functions since both of them contribute to the cost of process. The definitions

of productivity and solvent consumption are same as in Chapter 3. Thus the

optimization for SFC in this section is formulated as a multi-objective opti-

mization problem with the aim to maximize the productivity and minimize

the solvent consumption simultaneously.

Other than decision variables and objective functions, constraints are an im-

portant part to complete the problem formulation. The same constraints as

isocratic optimization have been used in this chapter, namely, purity, recovery

and pressure drop. Purity and recovery constraints are related with product

quality while pressure drop is a constraint related with equipment limita-

tion. The calculation of purity and recovery is based on same method as in

chapter 3. During the gradient elution operation, the modifier concentration

keeps changing with time leading to a change in pressure drop. To ensure

the equipment is operated under safe condition, the maximum pressure drop

during the process was calculated using the values of decision variables that

determine pressure drop, namely flow rate and mobile phase composition. If

the constraints are not satisfied, the optimizer terminates current simulation

and proceeds to consider next set of decision variables. The total description

of the optimization study for step and linear gradient is shown in Table 4.2

The resulting optimization problems were solved by non-dominated sorting

generic algorithm (NSGA) which is a modified version of simple GA [87].

The parameter values for NSGA algorithm was same as Chapter 3 and is not

repeated here.
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Table 4.2: Objective functions and constraints for the optimization study.

Case I Objective functions 1. Max: PR (vinj, cinj, cm1, cm2, tg1, tg2, tg3)
2. Min: S(vinj, cinj, cm)

Constraints 1. P=x± 0.002, x=95%, 97%, 99%
2. Y=y±0.002, y=95%

Case II 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%
2. Y=y±0.002, y=95%
3. ∆P ≤50 bar

4.4.2 Choice of cycle time

Before proceeding to the optimization study, there are several issues, par-

ticularly related to the definition of cycle time that must be described first.

Based on the chromatographic model and isotherm parameters, elution pro-

files for enantiomers can be obtained at any given operating conditions and

injection amount. However, to obtain the final product separation, a proper

cutting scheme must be defined for the objective function calculation. The

same fraction cutting method as Chapter 3 has been used here. For a par-

ticular chromatogram, this method guarantees a maximum productivity and

a well satisfaction of purity and recovery constraints.

Other than the fraction cut times, another issue faced in gradient elution is

the decision of cycle time. The cycle time refers to the time interval between

two continuous injections. For preparative scale separation, to increase the

productivity, the length of cycle time must be reduced to a minimum. In

the isocratic case, the decision of cycle time is quite straightforward and
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is equal to the peak width of target enantiomers measured at the baseline.

A continuous, back-to-back chromatograms will be observed if consecutive

samples are injected at this interval. However, in gradient elution, since the

operation conditions change between injection and collection, the cycle time

must be appropriately designed to minimize the operation time length and

to ensure the gradient elution implemented consecutively. Fig. 4.4 is used to

illustrate the choice of cycle time. As shown in the figure, tchrom = tendS -tstartR is
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Figure 4.4: Illustration of strategy to decide cycle time. Chromatogram of R (blue line)
and S (red line) enantiomers with modifier profile at column inlet (black line) and column
outlet (dotted line).

the peak width of two enantiomers. Without considering the gradient effect,

tchrom is the minimum interval between two injections. Thus the cycle time

is firstly set to tchrom and then based on the gradient effect, it will be decided

whether tchrom is appropriate. The total gradient time, tg, in the case of step

gradient, tg= tg1+tg2 and in the case of linear gradient, tg= tg1+tg2+tg3. To
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maximize the productivity, the cycle time needs to be as short as possible

and the gradient of next injection must not affect the current one. In other

words, the leading edge of modifier front with a concentration of cm2 must

not interfere with the racemate of the next injection. To account for this,

tm is used to represent the traveling time of modifier flow cm2 through the

column which is equal to t∗g1- tg1. Comparing tg and tchrom the following

possible scenarios can be expected:

1. tchrom is larger than tg. As mentioned, cycle time is firstly set to tchrom.

Since tg is less than tchrom, the gradient can be completed within one

cycle. Next, situations at column outlet are taken into account. It takes

tg1+tm for modifier front of next injection to travel from the column

inlet to outlet. To avoid interference from modifier front and inject next

sample at tchrom, tendS must be larger than (tchrom+tg1+tm). In this case,

cycle time is equal to tchrom. If tendS is less than (tchrom+tg1+tm), the

cycle time is equal to (tendS -tm-tg1) to ensure that the modifier front does

not affect the solute elution and the cycle time is minimum.

2. tchrom is less than tg. In this case, tchrom cannot be chosen as the cycle

time since the gradient will not complete. Thus the cycle time is set

to tg firstly. Next the conditions at column outlet is considered. If

(tg+tg1+tm) is larger than tendS , the cycle time is equal to tg since the

modifier front will not interfere the solute. If (tg+tg1+tm) is less than

tendS , to avoid the effect of modifier front, (tendS -tm-tg1) is selected as cycle

time. Same as first case, this choice of cycle time ensures no mixing of

modifier front and the solute and the time is minimum.
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4.5 Results and discussion

4.5.1 Case I Multi-objective optimization for a fixed
flow SFC system

To study the effect of flow rate and to simplify the optimization problem,

the study was firstly carried out under a system where the volumetric flow

rate of CO2 is fixed to 1 mL/min. Three different purities 95, 97 and 99%

all with a recovery of 95% were selected as the constraints. To compare

gradient and isocratic elution, the resulting Pareto curves under 3 modes,

namely, isocratic, step and linear gradients are shown in Fig. 4.5. Under

all 3 elution modes, the ranges of common decision variables are the same

for a fair comparison. As a general trend, with decreasing product purity

requirement, the Pareto curves move down and right for all 3 elution modes

indicating increased productivity and decreased solvent consumption. Lower

purity requirement allows more overlapping between peaks to be collected

thus result in an increased productivity. The step gradient can be treated

as a special form of linear gradient (tg2 = 0) and isocratic is a special case

of gradient ( cm1 = cm2). Thus in principle the optimization results of linear

gradient should be at least same if not better than step gradient and iso-

cratic elution. The trend observed from the optimal Pareto curves confirms

this expectation. Under the purity of 99% and 97%, the Pareto of linear

gradient shows larger productivity and less solvent consumption. This dif-

ference between two gradient mode becomes minor under the purity of 95%

because of the lower purity constraints but the gap between gradient and iso-

cratic is still considerable. Further, it is observed that using a gradient it is
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Figure 4.5: Comparison of Pareto curves using isocratic, step and linear gradient operation
for Case I under different value of purity constraint. Recovery is fixed at 95%.

possible to achieve productivities that are not possible with isocratic elution.

For comparable values of solvent consumption, a 51% (indicated by arrow

on x axis in Fig. 4.5) increase in productivity can be achieved, and a 22%

(indicated by arrow on y axis in Fig. 4.5) reduction in solvent consumption

compared to isocratic elution can be achieved for comparable productivities.

These results clearly indicate that operation under gradient conditions can

lead to significant improvement in process performance measured in terms of

productivity and solvent consumption.

The simulated elution profiles for the maximum obtainable productivity point

using linear gradient and isocratic under the purity constraint of 95% are

shown in Fig. 4.6. The injection amount in isocratic is 26.5 mg and the value

in case of linear gradient is 32.1 mg. It is shown in the figure that by gradient,
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the modifier concentration increases after most of 1st component elutes. It

helps to decrease the elution time of 2nd component reducing the cycle time

while maintain the product quality when the more solute is injected. It is

worth noting that although the cycle time are comparable, it is possible to

inject more solute for the case of gradient elution.
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Figure 4.6: Simulated elution profile of R (blue lines) and S (red lines) enantiomers with
modifier gradient profile at column exit (dotted line) for Case I by a) isocratic elution and
b) linear gradient. The injection conditions for a): cinj = 260 g/L, vinj = 102 µL, cm =
22% and for b): cinj = 283 g/L, vinj = 113 µL, cm1 = 16.3%, cm2 = 22.9%, tg1 = 39 s,
tg2 = 5 s, tg2 = 181 s. Purity: 95%, Recovery: 95%.

4.5.2 Case II Multi-objective optimization for variable
CO2 flow gradient SFC system

To study the effect of flow rate on the objective functions, in this section, the

CO2 flow rate was also chosen as a decision variable for the optimization of

gradient elution. To compare all 3 elution modes in this system, the resulting

Pareto curves are shown in Fig. 4.7. It is observed from Fig. 4.7 that the

maximum obtainable productivity is about 8 kg/kg/day. This is 60% higher

than the maximum obtainable productivity when the CO2 flow rate is fixed.
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This shows the effect of mobile phase flow rate on the productivity. High

flow rate decrease the cycle time thus increasing the productivity. A further

increase in flow rate is not possible as it will lead to the violation of the

pressure drop constraint. Same trends as in section 4.5.1 for all 3 modes was

observed in this system. Decreasing product purity requirement causes an

increase in productivity and a reduction in solvent consumption. Compared

with fixed flow rate system, the slope of Pareto curves is much smaller. It

indicates that in this system, improvement in producibility does not lead to

a considerable increase in solvent consumption which is favorable.

Comparing three different operation modes under same purity constraint, the

difference in separation performance is small. Although this observation is

different with the Case I, the same principle is still applicable. Increasing

the number of decision variable, the results are expected to be at least same

if not better. Since no deterioration in the separation performance occurs

while the complexity of elution mode increase, the optimization results are

consistent with the expectation. Under the 95% purity, the linear gradient

elution tends to spend slightly less solvent while producing the same quantity

of product compared with step gradient and isocratic elution. However, as

we will show in the next section the resulting gradient profiles are indeed

close to isocratic conditions. It indicates that when pressure drop is the

limiting constraint, the difference in process performance between various

modifier elution modes becomes minor. Thus to obtain high productivity

and decrease the process cost by avoiding complicated operation, isocratic

separation may be indeed preferable. It is worth noting that although this
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conclusion is only applicable for system studied in this chapter, the trends

may be similar for other separations.
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Figure 4.7: Comparison of Pareto curves using isocratic, step and linear gradient operation
for Case II under different value of purity constraint. Recovery is fixed at 95%.

To compare the gradient and isocratic elution in this system, the simulated

elution profiles of maximum obtainable points by linear gradient and iso-

cratic under purity constraint of 97% are shown in Fig. 4.8. The injection

amounts for two operations are similar. As observed, the difference between

two modifier concentration in gradient is marginal which makes the gradient

similar to isocratic. This explains the overlap of Pareto curves obtained for

isocratic and gradient.
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Figure 4.8: Simulated elution profile of R (blue lines) and S (red lines) enantiomers with
modifier gradient profile at column outlet (dotted line) for Case II by a) isocratic and b)
linear gradient. The injection conditions for a): cinj = 173 g/L, vinj = 160 µL, cm =
16.7%, mCO2 = 0.039 g/s and for b): cinj = 213 g/L, vinj = 126 µL, cm1 = 17.4%, cm2

= 17.5%, tg1 = 48 s, tg2 = 49 s, tg2 = 213 s, mCO2 = 0.038 g/s. Purity: 97%, Recovery:
95%.

4.6 Effect of decision variables on the SFC

performance under gradient elution

Each decision variable has its own effect on the separation performance. The

analysis of these effects helps to understand the process and select proper

operating parameters. A detailed discussion of the effect of the decision

variables on gradient SFC separation process is presented below.

4.6.1 Effect of gradient profile

Unlike isocratic elution, the modifier concentration changes with time in

gradient elution. The modifier concentration alone is not enough to illustrate

the effect on the separation performance and a complete gradient profile is

necessary to be studied. The investigation is firstly implemented in a fixed
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flow system. The modifier gradient profiles at the column inlet for two points

with maximum productivity (circled) from the Pareto curves of step and

linear gradient in Fig. 4.5 is shown in Fig. 4.9. As observed from the figure,
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Figure 4.9: The modifier gradient profile at column outlet for optimum conditions in a)
step gradient and b) linear gradient for Case I. Purity constraint: 97%.

positive gradient appears in optimum conditions for both two gradient modes.

The values for cm1 and cm2 are generally same in step and linear gradient,

i.e., for cm1, it is about 15% and for cm2, it is about 23%. In other words,

they are close to the bounds. hence the best performance can be expected

when the difference (cm2-cm1) is large. The reason for this can be explained by

noting that injecting at lower composition allows the introduction of the high

amount of the solute while the gradient helps in improving the resolution and

reducing the elution time of tail of the second component. In linear gradient,

a gradual increase from cm1 to cm2 enhances such effect and thus increase the

productivity.

The gradient profiles for points with maximum obtainable productivity with
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purity constraint of 97% from Fig. 4.7 are plotted in Fig. 4.10. These two

points correspond to runs that show maximum productivity. It clearly ex-

plains why the the difference between Pareto curves of isocratic and gradient

elution is so small. As observed, the gradient elution at the optimum con-

ditions is actually isocratic due to the modest changes in modifier concen-

tration. It is worth noting that at 95% purity constraint, there exist such

optimal points with lower productivity whose elution profiles show that the

gradient is more pronounced which proves that the optimizer has searched

the gradient range. However, to obtain high productivity, it is recommended

that the process is carried out at isocratic elution due to its simplicity in

operation.
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Figure 4.10: The modifier gradient profile at column inlet for optimum conditions in a) step
gradient and b) linear gradient for Case II. Recovery constraint: 95%, Purity constraint:
97%.
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4.6.2 Effect of throughput parameters

Throughput parameters are related with the loading ability. In the optimiza-

tion, both the injection concentration and volume are decision variables. The

dependence of productivity and solvent consumption on the injection concen-

tration, volume and total injection amount is shown in Fig. 4.11. As observed

from Fig. 4.11 a), generally an increase in injection concentration leads to

increase in productivity. An opposite effect of injection volume on productiv-

ity is shown in Fig. 4.11 b). The effect of injection volume and concentration

on solvent consumption is minor. No clear trend for injection amount on on

either productivity or solvent consumption was observed.

4.6.3 Effect of flow rate

It has been demonstrated in isocratic optimization that flow rate is a key

decision variable which can be used to improve the productivity. The effect

of flow rate is also examined in the case of gradient. Since the linear velocity

changes with respect to time in gradient operation, the CO2 (majority of

mobile phase) mass flow rate was selected as the decision variable. The

dependence of productivity and solvent consumption on CO2 mass flow rate

is shown in Fig. 4.12. It clearly shows a positive effect of flow rate on the

productivity from the figure. Increasing flow rate reduces the cycle time thus

increases the productivity. Due to the pressure drop constraint, the optimum

condition tends to remain at the range where the pressure drop is close to

the specified limit. The flow rate has a minor effect on solvent consumption.
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Figure 4.11: The effect of a) injection concentration, b) injection volume and c) injected
amount on productivity and solvent consumption for Case II by step gradient. Purity:
97%, Recovery: 95%.
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Figure 4.12: The effect of CO2 mass flow rate on productivity and solvent consumption
for Case II. Purity: 97%, Recovery: 95%.

4.7 Conclusions

Systematic optimization studies of step and linear gradient using SFC for

enantioseparation of racemic flurbiprofen were performed in this chapter.

Flow rate, injection volume, sample concentration and modifier gradient pro-

file were chosen as the decision variables to maximize the productivity and

minimize the solvent consumption simultaneously under different purity con-

straints. NSGA, a modified version of simple GA, was used to solve the

optimization problem. The resulting optimal Pareto curves were presented

and compared with those obtained under isocratic conditions. The results

indicate that high flow rates with low purity constraints lead to large pro-

ductivity and low solvent consumption. When the CO2 flow rate is fixed,

linear gradient shows best performance ( high productivity with low solvent
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consumption). It was found that when the unit is operated at conditions

far from pressure drop limitations, gradient operation offers significant ad-

vantage compared to isocratic elution. When the CO2 flow rate is chosen

as decision variable, the difference between the optimal Pareto curves of iso-

cratic, step and linear gradient becomes minor. Finally, the effects of decision

variables on objective functions were discussed. The study also shows that

flow rate is an important decision variable to enhance productivity.
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Chapter 5

Experimental implementation
of optimal results

The optimum operating conditions under both isocratic, step gradient and

linear gradient conditions obtained in Chapter 3, 4 were experimentally im-

plemented on an analytical scale laboratory instrument. The resulting ex-

perimental elution profiles were compared with theoretical simulations and

the results are discussed. Collections of desired enantiomers were also carried

out for isocratic optimum operating conditions. The cut time was strictly

set by the optimization results considering the dead volume in the collectors.

Finally, the fractions collected were analyzed by a SFC method. The results

of the implementation along with the limitations are discussed.

Keywords: Supercritical fluid chromatography, Fraction collection,

Experimental implementation.
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5.1 Introduction

As mentioned in previous chapters, few studies have focused on rigorous

optimization of SFC process. As a result, experimental implementation of

a theoretical optimization is rarely reported. However, such experiments

are important due to the following reasons. Firstly, it is well known that

the transition of a theoretical calculation to a practical application is not

straightforward and requires certain efforts. Secondly, it is crucial to imple-

ment the real operation to prove the correctness of simulation and show the

ability of the unit. Thus in this chapter, experiments were carried out to

validate the optimization results given in Chapter 3 and 4.

One attractive feature of SFC is the instantaneous separation of the mo-

bile phase from the solute. The solvent power of supercritical CO2 can be

controlled by altering the pressure. At constant temperature, decrease in

pressure from a supercritical pressure to a subcritical pressure greatly re-

duces the solvent power of CO2 which results in solute precipitation. Such a

feature of CO2 was employed to facilitate the collection and product recovery,

for example in cyclones. At ideal conditions, formation of a biphasic system

occurs when pressure decreases. If the mobile phase is pure supercritical

CO2, the final product can be directly collected through precipitation. If a

modified mobile phase is used, a small amount of organic solvent (modifier)

together with desired product is collected. In both cases, the time and energy

consumption to recovery the product is much less than HPLC because the

concentration of solute is much higher [100].

There are several factors which can affect the collection process and results in
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an undesired outcome. Aerosol formation is an important factor that affects

both purity and recovery. It usually occurs inside the cyclone separator

when the mobile phase velocity is high, a situation commonly encountered

in preparative separations. The solute particle can be drawn into the aerosol

and taken out of the cycle through the vortex which decreases the recovery.

Many methods and equipments were used to solve this problem. For example,

another manual pressure regulator located downstream of cyclone can be

used to decrease the flow velocity thus preventing aerosol formation. In some

cases, a water bath or jacket that regulates the temperature at the cyclone

is also employed to overcome the problem. In the unit available in our labs,

a modifier stream is introduced right after the back pressure regulator to

help maintain the recovery. The mixture is then sent to different collection

vessels through switching valve and the gas is released from the outlet located

on top. Such feature is expected to increase the separation efficiency and

product recovery. Another factor which may worsen the collection is the

solute residual inside the system especially on the tubing wall. Some solutes

are viscous and tend to remain inside the tubing. This situation leads to

cross contamination and thus reduces purity.

In this chapter, the main objective is to demonstrate the validity of optimiza-

tions by experimentally implementing the optimum operating conditions and

collecting the desired enantiomers. The obtained elution profiles are com-

pared with simulation results and the product was collected and analyzed by

injecting back to the same SFC system to obtain the purity and recovery.
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5.2 Experimental set-up and procedure

5.2.1 Experimental set-up and procedure

The experimental system used for separation and collection is shown in

Fig. 5.1. The equipment up to the back pressure regulator is identical to

the one described in chapter 2. In order to facilitate collection, a collection

pump and a series of collection vessels were provided. When the unit is op-

erated in a collection mode, the pressure of the mobile phase downstream of

the back pressure regulator reduces to 1 atm. Under these conditions, CO2

behaves as a rather poor solvent and the modifier and solute precipitate out

of it. This leads to the formation of a biphasic system consisting of the gas

phase (CO2) and liquid phase (solute dissolved in modifier). A collection

pump which continues pumping the solvent during the collection is used to

improve the solvent power in order to prevent precipitation inside pipes. This

function prevents the formation of aerosol and keeps the solute soluble in the

modifier. Collections both with and without the solvent pump were imple-

mented whose results are not presented here. It shows that the purity and

recovery were significantly increased by using the solvent pump. A switching

valve connecting the back pressure regulator and collection vessels was used

to deliver desired enantiomers to designated vessels. The gas liquid mixture

was sent to the collection vessels through a small tubing and a pipe located

at the top of vessel was used to release the CO2.

Usually a 30 min to 1 hour waiting period was provided for the system to

reach equilibrium after which the injection was started. The injection loop
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Figure 5.1: Schematic of a preparative SFC chromatographic and collection system

was firstly positioned at load mode and the sample was manually injected

into the loop. Full loop injection was made to ensure the precision of injection

amount. After injection, the loop was switched to the injection mode in which

the mobile phase flowed through the loop to produce a pulse injection into the

column. The switching between two modes was automatically controlled by

the injector. Once the injection was made, the data collection was initiated.

A collection time given by simulation results was used to decide the start and

ending points of a fraction. The collection was done by manually switching

the effluent to different vessels at designated time. At the downstream of the

back pressure regulator, the biphasic mobile phase was sent to a switching

valve where different fractions were delivered to the designated collection

vessel. Inside the collection vessels, the solute and modifier drip through the

wall and congregate at the vessel bottom and the gaseous CO2 was sent to

waste through the release piping. After the collection was completed, the

vessels were sealed using parafilm to avoid contamination and sample loss.

The collected fractions were injected back to the column for a composition
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analysis. From the chromatogram, peak areas were used to calculate the

purity by 5.1.

Puri =
(Area)i

(Area)R + (Area)S
, i = R, S (5.1)

The calculation of recovery is not as straightforward as purity. The collection

vessels were weighted before and after the collection and mass difference was

recorded. Once the solution density is known, the volume of collected fraction

can be calculated. Due to the collection solvent pump, the solution is diluted,

thus the density of pure methanol was used to calculate the fraction volume.

Peak area was used to obtain sample concentration based on a UV calibration

curve.The collected amount of product can thus be known by the product

of the concentration and the volume. Recovery is calculated as the ratio of

collected amount versus total injection amount of each enantiomer.

5.2.2 Measurement of dead volume

One of the primary objective of the study was to compare theoretical results

with the experimental ones. Hence, it is important to characterize the dead

volume in the system which refers to the volume of the tubing between column

outlet and UV cell. The dead volume measured here is not the same as

analytical injection since for collection system, there is a tubing connecting

UV cell and back pressure regulator which results in a time delay between

the back pressure regulator outlet and UV detector. Since the cut time is

based on the chromatogram at column exit and the collection is done at the

downstream of back pressure regulator, the dead volume of the tubing must
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be determined to convert the cut time to an operational one.

A direct method for the dead volume measurement is to measure the length of

the tubing connecting UV detector and back pressure regulator. However, it

is difficult to precisely obtain the tubing length due to the bends, production

inaccuracies and other factors. An alternative way to calculate the dead

volume is to install two UV detectors in the system, one at the column

outlet and the other located at downstream of back pressure regulator. Time

difference between two UV profiles from two detectors is used to calculate

the dead volume provided flow rate is known. The resulting chromatograms

from two UV detectors are shown in Fig. 5.2. The time difference of two

chromatogram is 0.9 min. Based on the corresponding volumetric flow rate,

the dead volume was calculated to be 1.23 mL.
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Figure 5.2: Experimental UV profiles upstream (left) and downstream (right) of the back
pressure regulator. The dotted lines indicate the retention time. CO2 flow rate: 1 mL/min,
MeOH flow rate: 0.3466 mL/min, back pressure: 135 bar, injection volume: 100 µL, sample
concentration: 53 g/L, UV wavelength: 305 nm
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5.2.3 Validation of the collection efficiency

As mentioned before, the efficiency of separator can be affected by the tem-

perature, pressure, and the separator design. Thus a validation of the separa-

tor efficiency is necessary to eliminate interferences from extra column effects.

Before each collection, the vessels were washed using methanol and the pure

methanol inside the vessels was injected into the column to ensure that no

residual flurbiprofen was presented. To implement the validation, a small

amount of racemic flurbiprofen is injected into the column to obtain a base-

line separation. The CO2 flow rate was fixed to 1 mL/min and the modifier

concentration, cm: 16 %. Only one peak was collected per injection to pre-

vent the mixing between peaks. After the collection, the collected fractions

were directly injected back to the same column to analyze the composition.

The procedure was repeated to collect and analyze both the enantiomers.

The chromatogram with collection windows and the fraction analysis results

are shown in Fig. 5.3 and 5.4 respectively. Theoretically, the purity for a

baseline separation peak should be 100% because there is no overlap of the

two peaks. As shown from the figures, for both fractions, the composition of

the impurity is around 7 %. We conjecture that this can be caused due to the

high viscosity and sticky nature of flurbiprofen. Before entering the switch-

ing valve, all the fractions flow through the same line that connects the valve

and pressure regulator outlet. It is highly possible that the undesired flur-

biprofen enantiomer sticks to the tubing wall and was washed later causing

cross contamination. The only way to solve this problem is to decrease the

tubing length connecting back pressure regulator and switching valve which
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was not possible due to the equipment limitations. This error should also be

taken into account for a fair justification of optimization results since in the

optimizer, the loss and contamination caused by collector is not taken into

account.
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Figure 5.3: Experimental UV profile of injections for collection of a) R enantiomer and b)
S enantiomer. The collection windows have been adjusted for dead volume. CO2 flow rate:
1 mL/min, MeOH flow rate: 0.238 mL/min, back pressure: 135 bar, injection volume: 100
µL, racemic sample concentration: 16.7 g/L (left) and 12.1 g/L (right), UV wavelength:
295 nm
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Figure 5.4: Chromatograms showing the fraction analysis of experiment reported in
Fig. 5.3. a) Analysis of the fraction with a R flurbiprofen being the main component.
b) Analysis of the fraction with S flurbiprofen being the main component. Injection con-
ditons: CO2 flow rate = 1 mL/min, MeOH flow rate = 0.3533 ml/min, back pressure =
135 bar, injection volume = 10 µL, UV wavelength = 295 nm.
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5.3 Experimental implementation of opti-

mum conditions under isocratic elution

5.3.1 Collection for fixed flow system with isocratic
elution

The optimization for a system where the CO2 flow rate is fixed to 1 mL/min

was reported in Chapter 3. In this section, the experimental implementa-

tion and the collection under the optimal condition for isocratic elution with

fixed flow was discussed. The optimal point was chosen from the Pareto

curve with 99% purity and 95 % recovery constraints. The comparison of

resulting experimental chromatogram and the simulation elution profiles are

shown in Fig. 5.5. The experimental conditions are given in the caption. As

observed from the figure, in experiment, the solutes eluted later than what is

predicted by simulation. In order to analyze the results, a few injections were

performed by varying the concentration of injections while keeping all other

parameters identical. These results are shown in Fig. 5.6. A few trends are

clearly observed. At an injection concentration of 100 g/L, the simulation

predicts the experimental elution profile satisfactorily, although the experi-

mental results show a larger spread compared to the simulation. While the

injection concentration increases to 200 g/L, there is a deviation between the

peak front of simulation and experimental results. However, the tail has been

well described by simulation. This can possibly be a result of deviation of the

adsorption equilibrium parameters at high concentrations compared to those

measured at low concentrations. At the largest injection concentration, it

appears that experimental profile shifts to a higher retention time, i.e., both
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the peak front and the tails shift to higher retention times. This trend is not

expected for systems exhibiting a Langmuir or bi-Langmuir isotherms. In

these cases, the tail of the heavier component is always expected to match

for mass overload injections. We conjecture that the cause for these profiles is

the low solubility of flurbiprofen in CO2. The injections used a concentration

of 300 g/L is made. It is possible that under these conditions, the solubility

of the solute in the supercritical mobile phase is rather low. This can lead

to the precipitation of solute at the column inlet which gradually gets eluted

as the mobile phase continues to flush through the column. This can result

in trend observed in Fig. 5.6. Other reasons such as damage of stationary

phase issues, validity of isotherm parameters, competitive effect of CO2 and

modifier seem less likely as these cannot explain the observed trends. Gen-

erally damage of stationary phase results in change of retention parameters

which is not the case as the injections at linear conditions are comparable

with experiments that were performed at least a year before showing that the

stationary phase is indeed intact. Further, experiments at lower concentra-

tions do not show significant shift in profiles compared to experiments. The

other reason, which is common when moving from analytical to overloaded

conditions is the validity of isotherm parameters measured at very low con-

centrations when used to predict injections at much higher concentrations.

Although this may cause deviation between predicted and experimental elu-

tion profiles, they cannot explain why the tails of the heavier component can

shift. Finally the competitive effect of modifier and CO2 also seems less likely

as these components are expected to adsorb weakly on the chiral selectors

compared to the solute. The competition with a lighter components cannot
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account for a shift in the elution profiles of the heavier component. From the

above arguments, the only plausible reason seems to the effect of solubility.

This aspect deserves attention in the future as it seems to affect experimental

implementation significantly.

Fig. 5.5 also reveals that the width of the chromatogram is comparable to the

predicted values. Hence, collection windows calculated from the simulation

were implemented by using their relative times starting from the elution time

of the first peak.

The collection was processed manually by opening the switching valve to

different vessels at an appointed time. Totally two fractions were obtained

and each of them mainly contains one enantiomer. Before injecting back for

fraction analysis, the collected samples were sealed in vessels to prevent sam-

ple degradation or loss. Since flurbiprofen can be remained on the tubing

wall, pure methanol was injected before each fraction analysis injection to

eliminate the effect of residual. The results for fraction analysis are shown in

Fig. 5.7. The purity for R enantiomer in first fraction is 94% and for S enan-

tiomer in second fraction is 92%. Compared with the purity constraint of

99% in optimization, there is some deviation. However, it is worth pointing

out that even for a baseline separation whose fraction purity is expected to be

100% the purity for collected fraction was only 93%. This fact indicates that

the reduction in purity is perhaps caused by extra column effects. Neverthe-

less, the purity obtained here is close to a purity from baseline separation.

Next the satisfaction of the recovery constraint needs to be examined. The
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Figure 5.5: Comparison of experimental (dotted line: implementation of optimum condi-
tion, dash line: analytical injection represented by UV signal) and simulation (solid line)
results for optimal solution with operational cut time. Purity constraint: 99%, Recovery
constraint: 95%. CO2 flow rate:1 mL/min, MeOH flow rate: 0.3533 mL/min (cm: 22.2%),
back pressure: 135 bar, injection volume: 70 µL, injection concentration: 290 g/L. UV
wavelength: 220 nm
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Figure 5.6: Comparison of experimental (lines) and simulation (symbols) results for three
different injection concentration, namely, a) 100 g/L, b) 220 g/L, c) 300 g/L. CO2 flow
rate: 1 mL/min, modifier composition (cm): 22.0%, back pressure: 135 bar, injection
volume: 80 µL
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procedure described before was used to calculate the recovery. The calcu-

lated recovery of R enantiomer for 1st fraction is 67% and for S enantiomer in

2nd fraction this value is 91%. For the S enantiomer, the recovery constraint

of 95% is generally satisfied but a significant deviation with the constraint

for R enantiomer in 1st fraction was observed. This can be explained in

several aspects. Firstly, the peak appeared under pure methanol injection

shows that even after wash, some flurbiprofen can still remain in the system.

This would lead to a loss in recovery. Secondly, the collection results for

baseline separation show that there exists cross contamination between two

collection vessels and along the joint tubing which also cause the decrease

in the desired product amount. Finally, although the solvent pumped down-

stream of the back pressure regulator prevents the formation of aerosol and

kept solute soluble in the solvent, it is still possible that a portion of solute

particles suspend in the gas phase and leaves the system with CO2. Since

the purities obtained are comparable to these from the baseline separation,

it can be argued that the optimum injection can indeed be experimentally

implemented. However, the collection efficiency has to be markedly improved

in order to fully reach the optimum results. It indicates that to improve the

product quality, more effort should be put on the design of collection system

which mainly caused the deteriorating in recovery.

5.3.1.1 Collection for variable flow system with isocratic elution

The collection for optimum operating condition with constraints of both 95%

recovery and purity when CO2 flow rate was selected as decision variable was

also implemented. The procedure and fraction analysis method were same as
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Figure 5.7: Chromatograms showing the fraction analysis for experiments reported in
Fig. 5.5. a) Analysis of first peak collected. b) Analysis of second peak collected. CO2

flow rate: 1 mL/min, MeOH flow rate: 0.238 mL/min, back pressure: 135 bar, injection
volume: 10 µL,UV wavelength: 220 nm

the collection for fixed flow system. The corresponding chromatogram with

cut time is shown in Fig. 5.8. Delay in the retention time of experimental

elution profile compared with simulation was also observed in this case. The

collected fractions were analyzed and the results are shown in Fig. 5.9. The

purity of R enantiomer for 1st fraction is 86% and for S enantiomer of 2nd

fraction the purity is 73%. Compared with the purity constraint of 95%,

the deviation for R enantiomer is 10 % and for S enantiomer is 23 %. As

mentioned before, cross contamination happens at the downstream of the

back pressure regulator which caused a decrease in purity. The high flow

rate which is about 2 times of that in fixed flow system might increase such

effect since it increases the potential dispersion and mixing. Moreover the

high throughput of sample raises the possibility that the solute remain on the

tubing wall which could also cause lower purity than expected. The recovery

of R enantiomer in 1st fraction is 77% and that of the S enantiomer is 90%. In

general, the obtained recoveries are indeed low compared to expected values.
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Figure 5.8: Comparison of experimental (dotted line) and simulation (solid line) results for
optimal solution with operational cut time. Purity constraint: 95%, Recovery constraint:
95%. CO2 flow rate: 2.3 mL/min, MeOH flow rate: 0.59 mL/min, back pressure: 135 bar,
injection volume: 130 µL, injection concentration: 220 g/L.

5.4 Conclusion

In this chapter the results of the attempts to experimentally realize the opti-

mization results were discussed. Attempts were also made to collect fractions.

The experimental implementations proved challenging. Firstly, the experi-

mental elution profiles showed deviation from the calculated values. These

deviations are possibly caused due to effect of solubility of the solute in the

supercritical mobile phase. Secondly, the results of fraction collection showed

that cross contamination and possible formation of solvent mist reduced pu-

rities and recovery values. In any case for experiments with low CO2 flow

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



5.4 Conclusion 126

1.0

0.8

0.6

0.4

0.2

0.0

U
V

 s
ig

n
al

  [
m

v]

6004002000
time [s]

a)
0.30

0.25

0.20

0.15

0.10

0.05

0.00

U
V

 s
ig

n
al

  [
m

v]

6004002000
time [s]

b)

Figure 5.9: Chromatograms showing the fraction analysis for experiments reported in
Fig. 5.8. a) Analysis of first peak collected. b) Analysis of second peak collected. CO2

flow rate:1 mL/min, MeOH flow rate: 0.238 mL/min, back pressure: 135 bar, injection
volume: 10 µL,UV wavelength: 220 nm

rate showed that purities greater than 90% were possible.

It is worth noting that in this work, we have pushed requirement to the

limit of what is possible theoretically. However, practical implementations

have revealed limitations that can be only solved by better design of col-

lection systems and by better injection methods [84]. They also highlight

the importance of taking into account the solute solubility when performing

optimization. These results provide clear indications about area that deserve

further investigation.
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Chapter 6

Concluding remarks

6.1 Conclusion

The thesis addresses key issues concerning SFC, namely, fundamentals of

retention, process optimization and the experimental realization of optimal

results. Both experimental and theoretical tools have been used to study

enantioseparation process by SFC. The isotherm parameters under linear and

non-linear range has been investigated by a series of experiments. The effect

of various operating factors on the separation performance have been stud-

ied and integrated into a proper mathematical model which was developed

to simulate the separation process. Based on the experimental data and the

modeling, optimizations problems for the SFC enantioseparation process were

constructed as multi-objective optimization problems which aim to maximize

the productivity and minimize the solvent consumption for different elution

modes. These problems were solved by a non-dominated sorting generic algo-

rithm (NSGA) algorithm. Unlike other optimization algorithm, NSGA tends

to search for the optimal solution within a large domain through different

directions thus avoiding local optimal solutions. Finally, enantioseparation

and product collection were experimentally implemented on an analytical

scale set-up. The experimental results were compared with simulation and

qualitatively support the optimal solutions.
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Several important observations have been made. Firstly, the high efficiency

offered by SFC and the use of 5 µm particles have been clearly demonstrated.

It was seen in Chapter 2 that all elution profiles at high loading are describ-

able by the equilibrium theory of chromatography and the mass transfer

parameters obtained by the inverse method indicate the same. Secondly,

it was shown that standard models to describe solute adsorption in HPLC

and GC conditions also seem to adequately describe adsorption equilibrium

under SFC conditions as well. The usefulness of isotherm parameters and

the potential of SFC in preparative scale have been demonstrated by the

optimization. The optimization results in Chapter 3 show that owing to fa-

vorable physical properties, it is possible to achieve a productivity of up to

8 kg/kg stationary phase per day at a recovery and purity of 95%. These

values of productivities are considered very favorable for chromatographic

enantioseparation.

The goal of the thesis was to develop scale-up methods based on mathemat-

ical models. The procedures developed in this work namely description of

adsorption equilibrium and mass transfer properties at supercritical condi-

tions, development of optimization tools that use realistic constraints will

help practitioners to obtain desired product specifications. Based on a few

experiments at an analytical scale, users can obtain realistic estimation of

productivity and solvent consumption, the key economic indicators of pro-

cess performance. This quality by design approach also allows to decide and

compare alternatives, e.g. HPLC vs SFC, SMB vs SFC at a much earlier

stage implementing the separation. The rule of thumb in industrial chro-
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matography is to consider an SMB process for productivities greater than

1 kg/kg/day which typically has a solvent consumption of 200 L/kg race-

mate [94]. The organic solvent consumption in SFC is found to be about 52

L/kg racemate. This is a very important result that clearly highlights the

“green” aspect of SFC compared even with complex multi-column process.

These results show that the investment costs which tend to be high for SFC,

owing to high pressure operation, can be easily offset by low operating costs.

Not only the simple isocratic operation has been studied, but also the gradi-

ent elution has been investigated. Unlike HPLC, the gradient of modifier or

pressure in SFC has a much more profound effect on the separation. In Chap-

ter 4, the rational design of modifier gradients was presented. Simple profiles

were considered and modeled. This is one of the first studies to consider

modifier gradients in SFC. It was shown that at moderate flow rates, modi-

fier gradient offers significant improvement in process performance. However,

when the unit is to be operated at higher flow rates, the advantages of gradi-

ent operation is rather modest and users might prefer to consider the isocratic

mode that is easier to implement.

In the final chapter, an attempt was made to experimentally implement the

results of the optimization. Before the collection of product under optimal

conditions, the efficiency of collection system has been tested by baseline

separation. For baseline separations, collection efficiency was observed to be

satisfactory. Samples with optimal values of concentration and volume were

then injected. Deviations between simulation and experimental results were

observed at high overloading conditions. It was conjectured that the poor
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solubility could cause these differences and it should be taken into account

in the future work. For the collection of high sample loading, the results are

less satisfactory when the flow rate increases. Formation of aerosol inside

collection vessels could most likely lead to such deviation since it is enhanced

under high flow rate. All of these results indicate that the effort should also

be spent on the collection system improvement to assure the product quality.

6.2 Outlook

This work has demonstrated the potential of SFC for preparative separations.

However there are several open issues that need to be addressed in order to

better understand and design SFC processes. The effect of solubility on

the preparative separation needs to be addressed not only in solvent but

also in the supercritical mobile phase. First steps in this direction has been

started [101]. In order to obtain high productivity, concentrated solution is

usually preferred . The issue of solubility in solvent has been noticed before

but such concern in the aspect of supercritical fluid is not yet discussed

in literature. In some cases, the injection concentration of solute in pure

solvent is higher than the solubility limit in the supercritical fluid. The

injection profile might be changed due to the solubility issue thus affects the

elution profile. Models and optimization methods that take into account this

aspect has to be developed. Another issue which needs to be investigated

in the future is the adsorption of mobile phase in SFC. The models used in

this study have not explicitly account for the competitive adsorption of CO2

and modifier. These have to be performed to understand the effect of this
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phenomena on preparative separations.

Although not explored here, various modifier shapes should be studied par-

ticularly in light of multi component separations. These may be important

to extend the capacity of SFC also to bio-separations. Although only mod-

ifier gradient has been discussed in this thesis, the use of pressure gradient

can be attractive to separate non-polar solutes where the mobile phase can

be pure CO2. Different injection methods need to be developed to avoid the

precipitation of the solids at the column inlet. These might lead to the results

with unexpected peak shapes allowing the realization of optimal conditions.

Finally collection systems have to be designed to take into account low sol-

ubility of solutes and the high viscosity they exhibit when they precipitate

from the mobile phase. The system also needs to minimize the formation of

aerosol which might greatly decrease the purity and recovery of final product.

These studies will improve the understanding of SFC and will allow improved

process performance.
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Roman symbols

a parameter in Henry constant correlation,Eq. 2.3 [-]
Area peak area based UV signal [mV s]
b1 UV calibration parameter [ g L−1 ]
b2 UV calibration parameter [ µV ]
b3 UV calibration parameter [ µV−1 ]
c fluid phase concentration of solute [ g L−1 ]
cloop injected concentration [ g L−1 ]
cm modifier concentration [ w/w ]
Dax axial dispersion coefficient [ cm2 s−1 ]
d parameter in Henry constant correlation, Eq. 2.3 [-]
H Henry constant
J objective function in UV calibration [-]
K equilibrium constant in Langmuir isotherm [ L g−1 ]
kf mass transfer coefficient [ s−1 ]
L length of the column [ cm ]
m mass flow rate [g s−1]
N number of theoretical plates [-]
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, Eq. 2.3 [-]
∆P pressure drop [ bar ]
P pressure [ bar ]
Q volumetric flow rate [ cm3 min−1 ]
q parameter in Henry constant correlation, Equation 2.3 [-]
r parameter in Henry constant correlation, Eq. 2.3 [-]
S solvent consumption [ L kg−1]
Sig UV signal [ µV ]
t time [ s ]
tc cycle time [ s ]
tg gradient time [ s ]
t0 column hold-up time [ s ]
tRi retention time [ s ]
T temperature [ K ]
v interstitial velocity [ cm s−1 ]
V loop volume of injection loop [ cm3 ]
wcsp weight of stationary phase [ g ]
Y recovery [ %]
z axial coordinate [ cm ]
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Greek symbols

α selectivity
ε total porosity
ρ density [ kg·cm3 ]
Γ saturation capacity [ g L−1 ]
Ψ objective function [ s ]

Subscripts & superscripts

c critical
exp experiment
i component i
init initial state
k injection number
m modifier
ns non-selective
R enantiomer R
S enantiomer S
sel selective
0 reference state
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Appendix A

Calculation of mobile phase
physical properties

A.1 Calculation of mobile phase density

To calculate phase equilibria, activity coefficient models are used to describe

liquid-phase non-idealities and an equation of state to describe vapor phase

non-idealities. This method has proven to be accurate from low to moderate

pressures and can be utilized to represent non-ideal systems. However, dif-

ficulties and inaccuracies arise when using this kind of models to calculate

high pressure equilibria and equilibria for mixtures containing supercritical

compounds.

Cubic equation of state does not have such kind of limitation inherently. For

hydrocarbons and slightly polar systems, cubic equations of state provide

a simple robust and computationally economical method to calculate phase

equilibria. For moderately polar and highly polar mixtures, the predictions

are not accurate. However, since the supercritical CO2 is non-polar and

modifiers are slightly polar substances, this kind of equations of state could

be used to calculate the density of the supercritical mixture with acceptable

accuracies. Among several equations of state, the Peng-Ronbinson equation

[74] is one of the most used equations for supercritical fluids. It exhibits

performance similar to the Soave equation, but it is generally superior in
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predicting the liquid densities of many materials, especially non-polar ones

[102].

The equation of state provide by Peng and Robinson is shown as following:

P =
RT

v − b
− aα

v(v + b) + b(v − b)
(A.1)

where

a =
0.45724R2T 2

c

Pc

b =
0.07780RTc

Pc

α =

[
1 +m

(
1−

√
T

Tc

)]2

m = 0.37464 + 1.54226ω − 0.26992ω2

where R is the universal gas constant, T is the temperature, P is the pressure,

V is the molar volume, Pc and Tc are the critical pressure and temperature

respectively, ω is the acentric factor for the species.

To calculate the density of the supercritical mixture, a mixing rule is needed.

Most of the mixing rules for cubic equations of state calculate the mixture

parameters a and b for the equations of state, in the following fashion:

a =
N∑
i=1

N∑
j=1

xixjaij (A.2)

b =
N∑
i=1

N∑
j=1

xixjbij (A.3)

The only difference between them is the combining rule that determines how

the cross coefficients aij and bij are calculated. In this case, a quadratic
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mixing rule which only offers two adjustable parameters for binary system

was used. One binary interaction parameter is used to adjust the mixture

parameter a and the other is used to adjust the mixture parameter b.

aij =
√
aiaj(1− kij) (A.4)

bij =
bi + bj

2
(1− lij) (A.5)

with kij = kji and lij = lji. The value of mixing binary parameter kij, lij

are obtained from literature [103]. The calculated results are compared to

the experimental results from literature whose conditions are close to those

of this study [1] as shown in Fig. 3.1. The maximum deviation is less than

5%.
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Figure A.1: Comparison of estimated fluid density and experimental results [1]. Points
represent experimental results from literature, while lines are calculated using the Peng-
Robinson equation of state with a quadratic mixing rule. Temperature: 313 K modifier
concentration (mole ratio): 0.58
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The final density of supercritical mixture of CO2 and MeOH is shown in

Table A.1

Table A.1: Density of supercritical mixture of CO2 and MeOH.

cm Pressure ρ
(% w/w) (bar) (g L−1)
13 100 894.7

135 914.9
170 932.3
205 947.7

18 100 907.0
135 921.3
170 934.1
205 945.6

20 100 908.4
135 921.1
170 932.4
205 942.8

23 100 907.7
135 918.3
170 928.1
205 937.0

A.2 Calculation of mobile phase viscosity

It is necessary to obtain the viscosity of supercritical mixture for the calcu-

lation of pressure drop. The viscosity of pure CO2 is obtained from NIST

Chemistry Webbook. The dependence of viscosity on pressure is shown in

Figure A.2. A clear linear trend was observed. Thus by regressing the data,

the following equations were used to calculate the individual viscosity. The

pressure has minor effect on the viscosity of pure MeOH. Thus the viscosity

of MeOH at 30◦C was used for all the calculation.

µCO2 = 0.1974P + 49.957 (A.6)
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Figure A.2: Dependence of CO2 viscosity on pressure at constant temperature: 30◦C.

There are several methods to calculate the mixture viscosity provided the

values of pure components are known. One simple method is to calculate it

by the mole ratio of individual substances as shown in Equation A.7.

µmix =
n∑
i=1

xiµi (A.7)

Here µmix and µi are the viscosities of the mixture and the component i,

respectively and xi is the mole fraction. The validity of such relationship has

been examined for similar pressure and temperature conditions for acetone

and CO2 [89], thus it was used for all the simulations in this thesis.
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Appendix B

Results of overloaded racemic
injections

The comparison of simulation and experimental elution profiles for all 4 dif-

ferent modifier and pressure conditions are shown in the following figures.

Since the difference between bi-Langmuir and Langmuir isotherm is minor,

only the simulation results based on Langmuir isotherm are presented here.
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Figure B.1: Experimental (symbols) and simulated (lines) pulse response of the racemate
of flurbiprofen on Chiralpak AD-H. Pressure: a) 100 bar, b) 135 bar, c) 170 bar, d) 205
bar, modifier concentration: 13% (w/w). Triangle symbol: 300 g/L, square symbol: 150
g/L, cycle symbol: 75 g/L
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Figure B.2: Experimental (symbols) and simulated (lines) pulse response of the racemate
of flurbiprofen on Chiralpak AD-H. Pressure: a) 100 bar, b) 135 bar, c) 170 bar, d) 205
bar, modifier concentration: 18% (w/w). Triangle symbol: 300 g/L, square symbol: 150
g/L, cycle symbol: 75 g/L
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Figure B.3: Experimental (symbols) and simulated (lines) pulse response of the racemate
of flurbiprofen on Chiralpak AD-H. Pressure: a) 100 bar, b) 135 bar, c) 170 bar, d) 205
bar, modifier concentration: 20% (w/w). Triangle symbol: 300 g/L, square symbol: 150
g/L, cycle symbol: 75 g/L
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Figure B.4: Experimental (symbols) and simulated (lines) pulse response of the racemate
of flurbiprofen on Chiralpak AD-H. Pressure: a) 100 bar, b) 135 bar, c) 170 bar, d) 205
bar, modifier concentration: 23% (w/w). Triangle symbol: 300 g/L, square symbol: 150
g/L, cycle symbol: 75 g/L
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