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Abstract

Due to its high selectivity and ability to realise high levels of product(s) purity, chro

m atographic separation has become an integral technique in the  purification of m any fine 

chemicals, pharm aceuticals and biologies. In this work, different feasible column designs 

and operating policies of high performance liquid chrom atographic processes are investi

gated so as to  minimise the m ajor purification cost elements involved whilst a t the  same 

time enhancing the column performance. This overall objective has been dem onstrated for 

mixtures w ith practical relevance.

Dynamic m athem atical models for general chrom atographic units were employed as 

the basis for this study so as to  take advantage of advances in com putational capability 

currently available. Experim ental and m athem atical verification of these models has been 

performed to increase the accuracy and reliability of the simulations. Recognising the 

im portance of the isotherm  model in chrom atography separation, a system atic procedure 

for isotherm  determ ination which requires only minimal experim ental effort and offers 

significant reduction in time, has been developed.

The m athem atical models coupled with a rigorous dynam ic optim isation technique 

have been employed to determine the best column design configuration for a series of 

representative chrom atographic processes. This approach exploits the  full potential of the 

chrom atographic separation process by taking into account key design param eters and 

operating variables such as column length, column diam eter, particle size, flow rate , valve 

switching action etc. The optimal design leads to improvements in production ra te  as well 

as in separation power.

Significant efi'ort is allocated to the investigation of different operating policies for chro

m atographic separations including: conventional recycling, a  peak shaving technique and 

m ultiple feed injection. Optim isation results show th a t by application of the  described op

erating policies, the  column performance can be enhanced whilst keeping the volume of the 

m atrix  constant, hence leading to substantial cost savings. The optim al solution is shown 

to be highly dependent on the separation conditions. As a result, careful consideration is 

required to decide which policy and which separation conditions should be adopted for a 

given process. The thesis concludes with recom mendations on how best to  implem ent the 

results of the study in an industrial context and outlines areas for future study.
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Chapter 1

Introduction and theoretical

background

In this chapter, a general introduction and definitions o f chromatography will 

be given (Section 1.1). Chromatographic separation can be divided into sev

eral groups according to the scale of operation, design configurations, desorbing 

modes and isotherms involved. These will be introduced in Section 1.2. A few  

examples of different adsorption equilibria available in the open literature will 

also be given (Section 1.3). Different principles employed fo r  separating the 

desired solutes will be highlighted (Section 1-4)■ Next, the motivations and ob

jectives of this research are given (Section 1.5) and finally, the structure o f this 

thesis will be outlined (Section 1.6).

1.1 W hat is chromatography?

Chrom atography is a process of separation in which the components to be separated are 

distributed between two phases, one of which is stationary  (the sta tionary  phase) while 

the other (the mobile phase) moves in a definite direction. This normally takes place in 

a column. Each component elutes a t different times from the  end of the  column due to 

different affinities for the column media. The process is often used in the  final purification 

of proteins, chemicals and biochemicals production where high resolution is an essential 

feature and high recovery yield is desired.

17



Chapter 1: Introduction and theoretical background 18

Chrom atography was originally introduced in 1855 when Runge published his work on 

dye separation using paper as the stationary phase (Touchstone, 1993). Since then, other 

workers such as Goppelsroeder (1861), Schonbein (1861), Reed (1893), Day (1897) etc. 

have worked on the development of this technique as a means of separation. However, not 

until Tswett (1906) published his work on the (chromatographic) separation of fragments 

was the  ground set for column chromatography. It is therefore generally regarded th a t 

Tswett (1906) was the first to  advocate adsorption in separation technology which later 

developed into chrom atographic processes (Touchstone, 1993).

Further development of chrom atography since then has lead to  its application as an 

analytical technique, first reported in the  1950s. However, it is still a relatively new entrant 

as a large-scale unit operation (Coulson and Richardson, 1991). High selectivity, versa

tility  and efficiency make chrom atography an attractive separation m ethod to fulfill the 

needs of the demanding biotechnology and pharm aceutical industries, which are constantly 

searching for effective means of separation.

Generally, chromatographic m ethods are classified according to the nature  of the mobile 

and stationary phases used;

• Gas chromatography where the mobile phase is commonly an inert gas. The sta tion

ary phase is an adsorbent or liquid d istributed over the  surface of a porous, inert 

support.

• Liquid chromatography where the mobile phase is a liquid of low viscosity which flows 

through the stationary  phase bed. This bed may be comprised of an immiscible liquid 

coated onto a porous support, a thin film of liquid phase bonded to  the  surface of 

a sorbent, or a sorbent of controlled pore size. (This thesis will only consider liquid 

chromatography. )

Due to its high selectivity, chromatographic separation is able to separate compounds 

of similar physical and chemical properties. Also, in theory, chrom atographic separation 

can split a # - component m ixture into N  pure components in ju s t one column instead 

of N-1 columns in continuous distillation. Chrom atography is typified by relatively short 

residence times, fast throughput and increased productivity. Hence, the products are rarely 

subjected to  therm al degradation (Coulson and Richardson, 1991).

Chrom atographic separation has become an integral and indispensable part of the 

biotechnology and pharm aceutical industries. It provides milder processing conditions
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with high resolution power compared to other separation techniques such as fractional 

precipitation, isoelectric focusing and u ltra  filtration which often involve heat generation 

or strong shear forces. It is well suited, though not restricted to, high value and low volume 

separation processes. P urity  levels up to 99.99% can be achieved (Coulson and Richardson, 

1991). These characteristics will be fully exploited later on in this thesis.

The holdup in a chrom atographic column is extrem ely low. Thus, the  start-up  of 

the  unit is rapid and the process losses are small since the whole column volume is pre

served. Due to the wide selection of combinations of mobile and sta tionary  phases available, 

chromatography is a versatile technique where an appropriate m ethod is available for the 

separation of a variety of chemical compounds, b o th  organic and inorganic.

The basic relationships of chrom atographic separation will be introduced in the follow

ing section to provide some insights into the fundam ental principles involved in this mode 

of separation.

1.1.1 Basic relationships

The main purpose of chromatographic separation is norm ally to separate one target compo

nent from the others in a mixture, i.e. impurities. This resolution is achieved by selectively 

retarding the target component(s) or the im purities to different extents whilst keeping the 

dispersion of the  solute bands as narrow as possible. A retention factor (k’) is normally 

used to characterise the retardation mechanism of the  solutes. It determ ines the tim e tha t 

the solutes spend in the extra-particles space in a chrom atographic column. It is given by 

the amount (or number of moles) of solutes in the  sta tionary  phase. M g, as compare to 

th a t in the mobile phase. M m -

In order to achieve a chromatographic separation of two species, the  retardation  of one 

solute species must be greater than  th a t of the  other as they  move through the column. 

This can be expressed by the selectivity or separation factor, a:

OCy,x =  Y

where x and y are the species considered. The selectivity factor is affected by the chrom ato

graphic m aterial under the  experimental condition chosen, i.e. mobile phase composition.
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Signal

A

Time or Volume of mobile phase

Figure 1.1: A typical chromatogram

tem perature, etc. While the retention factor may vary due to the differences in phase ratio 

(ratio of the volumes between stationary and mobile phases) of different materials, the 

selectivity factor is not affected (Sofer and Hagel, 1997).

A typical chromatogram is shown in Figure 1.1, where x represents an nnretained 

component and y is the desired product, Wh and are the base w idth and peak width at 

half height, respectively and a is the standard deviation of the peak.

The holdup time (fo) and void volume (To) of a column can be determined experimen

tally by m easuring the corresponding time or volume for an unretained component {x in 

Figure 1.1) to pass through that particular column. The retention tim e of a component 

[Ie)  is measured from the time of sample injection to the tim e of peak m axima for that 

component to leave the column. The retention volume {Vp) is dehned as the total volume 

of mobile phase required to elute a peak maxima. It is related to the retention time, I r 

by:

V r  =  t R  • Cy (1.3)

in which Fy is the volumetric flow rate. The relative m igration of a solute is equal to 

the relative amount found in the mobile phase. The retention volume of a solute, Vr can
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therefore be related to the retention factor, k ’ by:

+  k'VM (1-4)

where Vm  is the mobile phase volume. The distribution coefficient, K d , which is a measure 

of the  equilibrium distribution of a solute between the sta tionary  and mobile phases, can 

be related to the  retention factor by the following relationship:

y  =  K d ^  =  K d - F  ( 1.5 )
VM

in which Vs is the stationary  phase volume and F  is the  phase ratio. From Eq. 1.5, it 

can be noted th a t the retention factor is proportional to  the phase ratio  of the chrom ato

graphic medium. Plus, the retention factor is only constant provided th a t the distribution 

coefficient (K d ) is constant. However, this is only true for linear chrom atography (Details 

will follow in Section 1.2.4).

1.2 Types of chromatography separation

Chrom atography is a versatile purification m ethod which is characterised by different op

erating scale (Section 1.2.1), design configurations and operating policies (Section 1.2.2), 

elution modes (Section 1.2.3) and operating region in the isotherm s (Section 1.2.4) as 

means of separation. The following sections will summ arise the m ain features of these 

characteristics.

1.2.1 Scale of operation

Generally, liquid chrom atography can be divided into analytical, preparative and process 

chrom atography depending on the scale of operation. Analytical chrom atography is com

monly used to determine the composition of a given m ixture. On the  other hand, the 

u ltim ate goal of process chrom atography is to purify one or more components and to m ax

imise the throughput whilst m aintaining the required resolution simultaneously. It is the 

m atter of scale, the size of the  column or the quantity  to  be collected th a t will in tu rn  de

term ine the definition of the  operating scale of chrom atographic separation. Table 1.1 gives 

the rough guidelines on how liquid chrom atography is divided into groups whilst a brief 

sum m ary of the operational similarities and differences between analytical and preparative 

chromatographic separation is given in Table 1.2 (Subram anian, 1991).
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Scale Column internal 
diameter, mm

Typical column 
dimension,mm 

(length X diam eter)

Q uantity of 
product

Analytical 1 - 6 250 X 4.6

Semi-preparative 7 -  25 250 X 10 - 25 mg

Preparative 25 - 150 300 X 50 - 100 g

Process >150 300 X lü ü O kg

Table 1.1: Definitions of the scale of chrom atographic separation

Condition Analytical Preparative

Mobile phase W ide range More restricted 
(cost dependent)

Flow rate Often theoretical Often higher than
optimum theoretical optimum

Back pressure U nim portant within 

system constraints
Im portant

Speed of run Im portant (short) Im portant (long)

Sample load Non-overloaded Overloaded

Sample volume Small Large

Tem perature control Sometimes desirable Less common

Sample stability Im portant Very im portant

Table 1.2: Operating conditions of analytical and preparative chrom atography

1.2.2 D ifferent design  configurations and op eratin g  p olicies

Chrom atography can be divided into the following groups according to the different design 

configurations and operating policies used:

• High performance liquid chromatographic (HPLC) utilises very small diam eter {e.g. 

1 to 5 .ixm) rigid packing m aterials to perm it rapid and high efficiency purification 

in short columns with small diameters but a t the expense of higher pressure loss 

{e.g. from the 5 bar system used for standard chrom atography to the 100 bar system 

for HPLC). High resolution can be achieved with a broad range of applicability and
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short processing tim e (Snyder and Kirkland, 1974; Berridge, 1985; Bidlingmeyer, 

1992; Sofer and Hagel, 1997; AEA Technology Pic., 1998).

• Supercritical fluid chromatography (SFC) has developed rapidly during the last twenty 

years due to  the advances in high performance liquid chromatography. The mobile 

phase of this mean of separation is a supercritical fluid {e.g. C O 2 ). It is ideal for 

separation of m aterials w ith molecular weights overlapping between bo th  gas chro

m atography and liquid chromatography. Products are recovered as pure liquid or 

crystals, w ith no need of further drying or concentration. T he mass transport prop

erties of SFC provide a basis for greater numbers of theoretical plates than  other 

chrom atographic techniques (Coulson and Richardson, 1991; Touchstone, 1993).

• Simulated moving bed (SMB) process is a continuous, counter-current liquid chro

m atographic technique. It is realised by connecting several single chrom atographic 

columns in series. The counter-current movement is approxim ated by a cyclic switch

ing of the feed stream  between the inlet and outlet ports in the  direction of the fluid 

stream. It is becoming an im portant technique for large scale continuous chrom ato

graphic separation processes (Dunnebier et al., 1998; Migliorini et al., 1998; Zhong 

and Guiochon, 1998; Dunnebier et al., 1999).

• Closed-loop steady state chromatography (SSR) is a binary chrom atographic separa

tion. The periodic feed injections and product collections make it a repetitive process. 

It is similar to simulated moving bed (SMB) in th a t the  sample is injected into the 

interior of the  circulating chrom atographic profile (Grill, 1998; Grill and Miller, 1998; 

Quinones et al., 2000).

• Recycling chromatography is an efficient way to  improve the performance of a chro

m atography column and involves recycling the sample several times over the  column. 

However, recycling can only proceed to a point when the sample is spread over the 

whole column. Successful application of this type of separation has been reported in 

the pharm aceutical industry (Seidel-Morgenstern and Guiochon, 1993; Grill, 1998; 

Heuer et al., 1999; Quinones et a l, 2000).

In this thesis, high performance liquid chrom atographic process with or w ithout recy

cling is considered. HPLC separation has already become an indispensable purification 

process in the  biotechnology and pharm aceutical industries while the  potential benefits of
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recycling chrom atography have not been fully explored. To get the  full benefit from these 

processes, it is essential to  have a good understanding of the process dynam ic and equi

libria of these processes. In this work, m athem atical modelling and dynam ic optim isation 

are utilised to gain a fundam ental understanding of these phenom ena and to  determine an 

optim al design and operation for these processes accordingly.

1.2.3 E lution  m odes

There are three principal ways of desorbing bound solutes from the chrom atography 

medium; i) com peting agent as in elution chromatography, ii) displacing agent as in dis

placement chrom atography and iii) using the  sample as in frontal chromatography. Elution 

is by far the  m ost common desorbing mode due to its simple nature. Also, bo th  frontal 

and displacem ent chrom atography suffer significant disadvantages since column utilisation 

is not to ta l and regeneration of the column is required. On the other hand, in elution 

chromatography, all the  sample m aterial is usually removed from the column during the 

chrom atographic process, allowing reuse of the column w ithout regeneration. As a result, 

unproductive processing time and solvent regeneration costs can be reduced.

Elution chromatography

The solutes are desorbed from the medium due to the  action of a competing or modifying 

agent in the  eluent. The competition is a reversible process and the com peting agent’s 

concentration is a  key param eter. In Figure 1.2, a sample m ixture containing components 

A, B and C is separated using elution chromatography. Com ponent A is desorbed from the 

column due to the  competing action of component B in the  eluent while component B is 

desorbed due to  the  competing action of component C and so on. It should be noted tha t 

elution chrom atography is a dilution process, i.e. the  am ount of dilution depends on the 

rate  of elution. In this case, component A is the  least diluted product whilst component 

C is the  m ost diluted product.

E lution chrom atography can be carried out under three different conditions:

• Isocratic elution:

The composition of the eluting mobile phase and the retention factor (k ’) are kept 

constant. Therefore, zone broadening and elution distance between the peaks will
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A + B + C
Concentration

Time

Figure 1.2: Elution chromatography (Subram aniaii, 1994)

vary proportionate to the column length, i.e. proportionate separation distance. The 

deformation of peaks increases with increasing sample concentration. Hence, there 

is an upper limit to the concentration before the bands (peaks) s ta rt to overlap. 

It is often applicable in the separation of small molecules but not generally to the 

purification of macromolecules due to the dependency of the retention factor on the 

solute size (Sofer and Hagel, 1997).

Gradient elution:

The composition of the mobile phase is continuously changed with a continuous 

changes in retention factor (k’). The more retained component (C in this case) 

moves down the column more quickly compared to isocratic elution. Hence, the 

separation tim e is reduced. It is well suited for large molecules such as proteins 

where k ’ differs too much for isocratic elution and the adsorption behaviour can be 

quite complicated.

The zones are sharpened due to the compression caused by the different retention 

factors at the leading and diffusive parts of the peak. The compression and dispersion 

effects balance each other and lead to a ’quasi-steady s ta te ’ with a constant band 

width. It has to be noted th a t the compression effect of the peaks allows for higher 

sample loading than isocratic elution before overloaded conditions are noticed (Sofer 

and Hagel, 1997).
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A +  B + C
Concentration

Time

Figure 1.3: Displacement chromatography (Subram anian, 1994)

Step elution:

The retention factor (k’) is changed momentarily by discontinuously switching the 

mobile phase composition. It is normally employed for desorbing components with 

extrem e values of k ’ as in affinity chromatography (Refer to Section 1.4.1 for details 

of affinity chromatography.).

Displacement chromatography

In displacement chromatography, a small sample is displaced by the much more strongly 

held displacer, so tha t the sample is gradually pushed through the column as the displacer 

advances. The components are either dispersed into bands to obtain pure m aterials or 

displaced from the column even though the concentration of the displacer might be low. 

This is a non-reversible process under normal conditions. The advantage of displacement 

chrom atography is its ability to concentrate samples. It can be carried out using relatively 

inexpensive equipment.

Figure 1.3 shows a typical displacement chromatography. Component D is used as the 

displacer to displace the m ixture to be separated, i.e. components A, B and C. Component 

A will be obtained in a pure form followed by pure B and then pure C. Eventually, the 

column will be saturated  with the displacer, D.

The concentration of the displacer provides a convenient way of regulating the con

centration of the eluting component. The tailing noted in the non-linear elution mode
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Figure 1.4: Frontal chromatography (Subram anian, 1994)

is counteracted by the adjacent displacing solute and self-sharpening (compression effect 

which sharpens the leading front and diffusive tailing of a peak, and hence retains a con

stant steepness during its migration) of the solute zones th a t occurs.

Some of the disadvantages of displacement chrom atography include:

• It can only be realised where the isotherms of different solutes do not cross physically.

• Since the products desorb from the column as a train  of continuous profiles, a mean 

of detecting the component of interest is needed.

• There might still be some overlapping of the boundaries between components and 

hence ones need to sacrifice recovery yield in order to achieve the required purity.

• There is a potential need to remove contam inating displacer and this tends to ham per 

the utilisation of displacement chromatography for large-scale purification.

F ro n ta l c h ro m a to g ra p h y

In frontal chromatography, the sample is continuously introduced into the column. Initially, 

the sample collected at the end of the column is the mobile phase, free of m aterials that 

adsorb)/absorb on the stationary  phase. The sample components will displace each other 

in the order of decreasing affinity for the chrom atographic medium. The least retained 

solute will be obtained in a pure form until all the other solutes break through. Eventually 

the column will be saturated  with the strongest retained component and the eluent will
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have the same composition as the feed. In an ideal separation, even the strongest retained 

component can be removed after washing the column in a desorption step.

Figure 1.4 shows a typical frontal chromatography. A m ixture of components A, B, 

and C are fed continuously into the column. Component A being the  least retained will be 

obtained first in the pure form, followed by components A and B, and then components 

A, B and C.

1.2.4 Linear and non-linear chrom atography

Chrom atographic separation can be classified into linear and non-linear chrom atography 

according to  the operating region of the isotherm  involved. The isotherm  model describes 

how the  solutes concentrations vary between the stationary  and mobile phases and charac

terises the solutes behaviour during chrom atographic separation. Different isotherms will 

be discussed in more detail in Section 1.3. Table 1.3 compares the  differences between 

linear and non-linear chromatographic separation.

Linear chromatography Non-linear chrom atography

Linear adsorption isotherms Non-linear adsorption isotherms

Shape of isotherms is not a function of Shape of isotherm s is a function of
other components in the sample other components in the sample

Retention time, peak shapes, peak Retention tim e, peak shapes, peak

m axima are not a function of samole loads m axim a are a function of sample loads

Analytical scale loads only All preparative applications

Little practical relevance Practical relevance

Table 1.3: Comparison between linear and non-linear chrom atography 

Linear chromatography

For linear chromatography, the amount of solutes adsorbed onto the stationary phase 

a t equilibrium is proportional to the solute concentration in the mobile phase, i.e. the 

isotherm  is summarised by a proportionality coefficient {Kd ) or retention factor (k’). The 

im portance of linear chrom atography comes from the fact th a t almost all analytical ap

plications of chrom atography are carried out under conditions with small sample size and 

low concentration, thus, the equilibrium isotherm  is linear.
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The band width is defined as the width of a concentration profile a t a certain fraction 

of its height {e.g. its half height) or length of the baseline between the intersection with 

the front and rear inflection tangents (shown in Figure 1.1). It depends on the  kinetics of 

mass transfer between the two phases in the column and on axial dispersion through the 

column. However, it is independent of the process equilibria (Guiochon et a l,  1994). The 

retention tim e is generally independent of the  rate  of mass transfer unless it is very slow. 

As the sample size is small and dilute, the components behave independently of each other, 

i.e. they do not compete for binding sites to  the  stationary  phase. Each elution profile is 

therefore the  same as if the corresponding solutes are pure and proceed along the column 

independently.

Working in this region is favourable from a resolution point of view (due to less tailing 

of peaks) and also from a scale-up point of view (constant conditions) (Sofer and Hagel, 

1997). Also, a linear isotherm simplifies the m athem atical description of the m igration of 

these independent, individual bands and of calculating their retention times and profiles.

One m ight expect non-linearity to result from over-crowding at very high concentra

tions, i.e. due to  steric interference between molecules. However, the  ra te  of mass transfer 

under linear conditions and to all the sources of band broadening, e.g. eddy diffusion, 

molecular diffusion and mass transfer resistance, can still be used in the  study of non

linear chrom atography since the fundam ental phenomena rem ains the same.

Non-linear chromatography

In non-linear chromatography, the separation is carried out under overloaded conditions 

(either concentration or volume overloaded) so as to maximise the process throughput. As 

the solute concentration increases, the  ratio of the solute concentration in the  stationary 

phase (q) to th a t in the mobile phase (C™) decreases. This is due to the decrease in 

the adsorption sites on the stationary  phase available for chrom atographic separation. 

Saturation of column capacity at high solute concentration will cause intense competition 

between solutes of interest for the availability of free adsorption sites. As a result, the 

retention factor and solute velocity will not vary proportionally with respect to the changes 

in the solutes concentrations, i.e. chrom atographic separation occurs in the non-linear 

region of the  adsorption equilibria.
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1.3 Adsorption equilibria

The transient flow of solutes through beds of granular m edia in chrom atographic columns, 

and the therm odynam ic interactions between these m igrating solutes and the stationary 

phase, give rise to  complex physical adsorption phenomena. The adsorption mechanism is 

usually described numerically by an isotherm  relationship in which a function relating the 

behaviour of solute concentrations between the sta tionary  and mobile phases is proposed.

In this section, some examples of isotherms available to  model solutes behaviour in chro

m atographic separation will be discussed. The correct choice of isotherm  which describes 

the complex non-linear equilibria of a given chrom atographic process deserves special a t

tention. This will be covered in C hapter 4 in which a system atic approach for determining 

the best isotherm  model, and the corresponding isotherm  param eters, from a wide selection 

of candidate isotherm  models for any chrom atographic process, will be proposed.

1.3.1 S in g le  com p on en t adsorption  equilibria

For a single component isotherm , the amount of th a t component adsorbed a t equilibrium 

in the sta tionary  phase, per unit mass or volume of absorbent, is dependent only on the 

concentration of this component in the corresponding mobile phase. The following sections 

highlight the single component adsorption equilibria isotherm s normally encountered in the 

open literature.

Linear adsorption isotherm

The linear adsorption isotherm  is the  simplest theoretical isotherm  model used in the 

modelling of liquid chromatographic separation. It has only a lim ited application for 

linear chrom atographic separation, i.e. for very dilute feed sample concentration where the 

components to be separated behave independently of each other. The solute concentration 

in the sta tionary  phase, is related to th a t in the  mobile phase, by a constant, o,.

The m athem atical form of this isotherm  in given by;

Qi =  O iC ^  (1.6)
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Langmuir isotherm

The Langmuir isotherm  is the most widely used theoretical isotherm  employed for describ

ing liquid chrom atographic separation. It is derived from simple kinetic considerations 

of gas or vapour adsorption. In this case, the molecules are adsorbed on a fixed number 

of well localised sites. Each site may accept only one molecule in such a way th a t they 

form a monolayer. It is assumed th a t all sites are energetically equivalent and there is no 

interaction between adsorbed molecules. Local equilibrium is also assumed between the 

liquid phase and the stationary phase (Bellot and Condoret, 1993b; Guiochon et a l,  1994).

The numerical form of the Langmuir isotherm  is as below:

® =  1 +ï’cr
Oi and bi are coefficients for component i, respectively. Coefficient hi is the ratio of the 

rate  constants of adsorption and desorption, so it is a therm odynam ic constant and its 

tem perature dependence is of an Arrhenius type. The ratio  of Oi/hi is the  column satu

ration capacity (qs) of component i and it is expected to be practically independent of 

tem perature.

Bi-Langmuir isotherm

The Langmuir isotherm is simple but may be unsuitable when energetic heterogeneity of 

sites is present. In order to  describe better the occurrence of two categories of independent 

and non-cooperative sites, the bi-Langmuir isotherm is then  derived (Bellot and Condoret, 

1993b; Guiochon et al, 1994):

ajcr â cr .g,
l+ 6 } C f  l + 6fCf

where, a j ,a f ,b ]  and bf are the numerical coefficients for component i a t independent and 

non-cooperative sites, accordingly.

1.3.2 M u lticom p on en t adsorption  equilibria

In practice, com petition between components is of profound im portance in determining the 

therm odynam ics of their adsorption and the shape of the  chrom atographic band profiles. 

Because the  equilibrium isotherms of each component of the  feed are competitive, i.e. the
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am ount of any component adsorbed at equilibrium depends on the concentration of all the 

other components present in the solution, the mass balance equations of these components 

are coupled. In other words, the migration rate  of each component, already a function 

of the  local concentration of this component, also depends on the concentrations of the 

other components present at the same place, i.e. of the  components in the interfering 

bands. Thus, the  bands will interact during their m igration and separation, and the 

problems of understanding the mechanism of chrom atographic separation; of predicting 

the individual band profiles, and of optimising the experim ental conditions, become very 

complex. Examples of multicom ponent adsorption equilibria are:

Com petitive Langmuir isotherm

The Langmuir equilibrium isotherm  model can be extended to m ulticom ponent systems. 

W hen several components are simultaneously present in a solution, the  am ount of each 

component adsorbed at equilibrium is smaller than  if th a t component is present alone 

as the  different components interfere. The competitive Langmuir isotherm  for the zth 

component of a multicomponent system is as below:

- (19)
1 +

j= i

where N  is the number of components in the system. The coefficients and bi are the 

coefficients of the  single component Langmuir isotherm  (Eq. 1.7) for component i in the 

same chrom atographic system. The competitive Langmuir isotherm  has some im portant 

properties:

• The separation factor (a) is assumed to be constant, i.e. independent of the  relative 

composition of the  m ixture. Hence, it offers no possibility to account for a reversal 

in the elution order of two components with increasing concentration (Guiochon et 

al., 1994).

• The isotherm model violates the Gibbs-Duhem relationship and therefore becomes 

therm odynam ically inconsistent when saturation capacities {ai/hi) are different for 

all components (Bellot and Condoret, 1993b). As a result, quantitative prediction 

of competitive isotherm behaviour using this isotherm  model is not possible if the
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difference in column saturation capacities for the components exceeds 5 to 10 % 

(Guiochon et al, 1994). Nevertheless, its simplistic and numerical description nature 

means it remains one of the most widely employed isotherms in the literature (Bellot 

and Condoret, 1993b).

Com petitive bi-Langmuir Isotherm

Analogous to the bi-Langmuir isotherm, when a surface is covered w ith two different kinds 

of sites, the competitive behaviour of two components can be accounted for using a com

petitive bi-Langmuir isotherm. The conditions of validity of the  isotherm  are the same as 

those of the competitive Langmuir isotherm: ideal behaviour of the  mobile phase and the 

adsorbed layer, localised adsorption, and equal column saturation  capacities of both types 

of sites for the two components (Guiochon et a l,  1994).

Equation 1.10 expresses this competitive bi-Langmuir isotherm  in its m athem atical 

form:

% = i -  + " p "  (1-10)
1 + E  b ]c f  1 + E  b']cf

;= i  ̂ 3=1  ̂ ‘

As w ith the competitive Langmuir isotherm, the coefficients (nj, and 6| )  of this

com petitive isotherm are those obtained from the single component isotherm.

1.4 Principles of liquid chromatography

In this section, the different retention mechanisms or principles encountered in chromato

graphic separation will be discussed. All chrom atographic separations except size exclu

sion (gel filtration) utilise the  selective adsorption of the components on the  surface of the 

chrom atographic medium (adsorption chromatography). Table 1.4 compares the  different 

separation criteria employed for chromatographic processes. The following sections discuss 

these chrom atographic separations in more detail. However, note th a t the  main emphasis 

of this research is on reversed phase chrom atography (adsorption chrom atography).
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Chrom atography

m ethod

Separation criteria Im portan t param eters

Adsorption: 

Ion exchange particle charge pH, ionic strength  and charge strength

Affinity biospecific interaction ligand, eluent

Hydrophobic
interaction

hydrophobicity polarity  (polar solvent), ionic strength

Revers^phase hydrophobicity polarity  (non-polar solvent), ionic 
strength

Size:
Size exclusion 
(Gel filtration)

solutes size difference 
and medium selectivity

column dimension, flow rate, sample 
volume, particle size

Table 1.4: Chrom atographic separation m ethods 

1.4.1 A dsorption  chrom atography

Adsorption chromatography is based on the surface binding of molecules by van der Waals 

forces. The separation properties are mainly determ ined by interaction of the polarities, 

dipole moments and hydrogen bonding of the sta tionary  phase, mobile phase and solutes.

The separation process involves two steps: F irst, a fraction of the sample is adsorbed 

onto the adsorbent and the non-adsorbed fraction is washed off. Subsequently, the bound 

components are eluted by changing the eluent composition. Examples of adsorption chro

m atography are: ion exchange chromatography, affinity chromatography, hydrophobic in

teraction chromatography, reversed phase chrom atography etc. The m ain features involved 

in these chrom atographic separation are highlighted below.

Ion exchange chromatography (lEC)

Ion exchange chrom atography is a reversible adsorption process in which exchange of ions 

occurs between the aqueous mobile phase and the charged surface on the  ion-exchange 

resin. The ion-exchange resin consists of an insoluble polymeric m atrix  th a t is perm eable 

to ionic solutes. The m atrix contains fixed charge groups and mobile counter-ions, i.e. ions 

of opposite charge. These counter-ions can be exchanged for other similarly charged ions 

from the  mobile phase via chemical equilibrium. As the m ixture of components is passed
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through the  column, the charges, or rather the  charged patches on the  solute surface, will be 

a ttrac ted  by opposite charges to  the m atrix provided the  ionic strength  of the surrounding 

buffer is low.

This type of separation is highly selective. It is commonly used in the purification 

of biological m aterials where the molecule possesses a net charge whose size and identity 

depend on the  pH. Ion exchange is the most generally useful step in large-scale chromatog

raphy. The m atrix  used is relatively inexpensive compared to those of, for example, affinity 

m atrices. It is norm ally used at an early stage in a process to  reduce the  volume of the 

sample (Builder and Hancock, 1988). Medium to high flow rates can be applied to the 

columns of ion exchange resins (Subram anian, 1991).

Affinity chromatography (AC)

In affinity chromatography, the product to be purified is specifically and reversibly adsorbed 

on a ligand coupled to a m atrix. The ligand attached to  the  m atrix  retains its ability to 

bind the target molecule. The unbound molecules are washed out from the  column while 

the target components are subsequently eluted using the m ildest conditions available. This 

adsorption mechanism results from molecular ’recognition’ which is similar to the ’lock and 

key’ model normally used for enzymatic reactions. It is analogous to the  specific binding 

process for biological proteins bu t the immobilised ligands do not undergo subsequent 

conversion.

Affinity chrom atography is highly specific and is a particularly  powerful m ethod for pu

rification of proteins from complex m ixtures even though the target protein is the minority 

component. This can be easily obtained as several complementary interaction mechanisms 

are operating simultaneously at specific locations. It is usually used at a later stage in a 

process to protect the  costly m atrix (Subramanian, 1991). The advantages and disadvan

tages of affinity chrom atography are listed in Table 1.5.

Hydrophobic interaction chromatography (HIC)

Hydrophobic interaction chrom atography (HIC) is based on the interaction between the 

hydrophobic regions of the solutes w ith a non-polar ligand. The interaction is m ediated by 

a polar solvent and is enhanced by a high ionic strength  of the  mobile phase. The forces
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Advantages Disadvantages

Rapid processing time Expensive or unstable ligand

Reduced overall num ber of processing step Slow development of an adsorbent

Capacity of the  adsorbent can be high Regeneration of an adsorbent can be
or low difficult

No lim itation of sample volume’s capacity Limited to high value product

High resolution Possible contam ination by the leaching

ligand

Table 1.5; Advantages and disadvantages of affinity chrom atography

responsible for adsorption to the  mobile phase depend on the increase in entropy arising 

from the displacement of hydrophobic molecular regions from the  polar surroundings. The 

basic principle of HIC is similar to th a t of reverse phase chrom atography (RPC) but the 

conditions are much milder and generally preserve the tertia ry  structure  and hence the 

activity of the protein when used for protein purification.

The adsorption process is not lim ited by the sample volume due to  the  high capacity of 

the m atrix (Subram anian, 1991). The media basically consists of a gel filtration medium 

to which hydrophobic groups are attached. It may be used to separate closely related 

conform ers.

Reversed phase chromatography (RPC)

Reverse-phase chrom atography (RPC) is a powerful separation m ethod and involves a 

hydrophobic, low polarity stationary  phase which is chemically bound to  an inert solid such 

as silica. Hydrophobic substances dissolved in a polar solvent (used for sample preparation) 

are separated due to their preferential interaction with the  non-polar stationary  phase. The 

mobile phase is composed of an aqueous buffer containing a water-soluble organic modifier 

(non-polar solvent), and this modifier will also constitu te the liquid interface a t the  non

polar stationary  phase (Sofer and Hagel, 1997).

Although hydrophobic interactions are also utilised in RPC , it is normally lim ited to 

the fractionation of substances such as antibiotics and synthetic or physiological peptides 

up to about the  size of insulin. Hydrophobic interaction chrom atography (HIC) is a non

denaturing m ethod bu t proteins are usually denatured by the non-polar solvents used for
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elution in RPC. Due to  the good selectivity of RPC, very high resolution can be obtained. 

T he versatility of the often water-based mobile phase make it the  dom inant analytical and 

preparative liquid chromatography m ethod. The separation is essentially an extraction 

operation and is useful for separating non-volatile components.

1.4 .2  S ize exclu sion  chrom atography

Size exclusion chrom atography or gel filtration does not involve any adsorption process 

(theoretically). The packing is a porous gel which is capable of separating large molecules 

from smaller ones according to their molecular mass and shape. The larger molecules 

will elute first since they cannot penetrate the pores. Small molecules enter the pores and 

move through the  column more slowly. Molecules are thus eluted in the order of decreasing 

molecular mass. The buffer medium used should be inert to avoid any interactions between 

the  m atrices and the solution (Builder and Hancock, 1988). According to Sofer and Hagel 

(1997), two m ain application areas for gel filtration are:

• Buffer exchange where low molecular weight components of the  sample (typically 

salt molecules) are exchanged for another buffering substance or solutes.

• Fractionation in which the solute of interest is to be separated from other solutes of 

similar size. This separation put higher demands on the  choice of chromatographic 

medium and the selection of operating conditions.

Gel filtration is normally used to separate proteins from salts or other substances. It is 

commonly used for the separation of closely related solutes differing in size, i.e. monomer 

from dimer. Since only the pore volume of the  packed particles in the column is available 

for separation, the  capacity of the sample volume is low, i.e. less than  5 % for fractionation 

and 30 to 40 % for buffer exchange (Subram anian, 1991). Gel filtration is usually carried 

out at the end of a process when the  sample volume is relatively low. However, buffer 

exchange can also be performed a t any stage with sample volume as the lim iting factor.

1.5 M otivation and objectives

W hilst chrom atographic separation has been established as an analytical technique since 

the 1950s, it is still a relatively new entrant as a large-scale unit operation. High selec
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tivity, versatility and efficiency make chrom atography an attractive separation m ethod for 

demanding purification problems. These characteristics also result in the  widespread ap

plication of this separation technique in the downstream processes of the  biotechnological, 

pharm aceutical and fine chemical industries. As a result, detailed m athem atical modelling 

and optim isation of chrom atographic processes are of crucial im portance to both  provide 

an insight into the process dynamic and equilibria, bu t also in order to reduce the time 

and effort involved from process conception to actual realisation.

Modelling of chrom atographic separation is a difficult m atter due to its inherent dy

namic and interacting nature. A dynamic  m athem atical model comprising of a system 

of partial differential algebraic equations is required to describe the chrom atographic op

eration and the solution of such a model is a challenging m atter. Traditionally, in order 

to decrease the com putational effort required, the  size and complexity of the model has 

been reduced by introducing a number of assum ptions to simplify it to a so-called ideal 

models in which an analytical solution can be more easily obtained. The recent advances 

in com putational power and availability of reliable numerical algorithm s facilitate a revisit 

to these modelling problems. As a result, this research utilises relatively detailed models 

of general chrom atography units for the separation of liquid m ixtures often encountered 

in the fine chemical and pharm aceutical industries, to take full advantage of the  compu

tational capability currently available. Both experimental and simulation verifications of 

these models are also performed to increase the confidence in the  models (Chapter 3).

The accuracy of chrom atography models is particularly dependent on the description 

of the  relevant component isotherms. Identifying the correct isotherm s, and determining 

the corresponding param eters a priori to the actual process realisation, is often a m ajor 

obstacle. Traditional approaches rely solely on detailed experim entation which is tedious 

and tim e consuming. A simple but efficient m ethod for isotherm  param eter estim ation 

is therefore potentially attractive. In this study, a system atic procedure for isotherm 

determ ination utilising numerical param eter estim ation and only requiring minimal exper

im entation effort, is proposed so as to overcome the lim itation of the  traditional approach 

(C hapter 4).

The optim isation of chrom atographic separation is an even more complex problem 

because of the non-linear characteristics of the chrom atographic separation and the high 

inter-dependency between the column design param eters and the operating conditions.
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The classical approach used for designing chrom atographic separations is to  make use 

of existing experimental da ta  or to carry out several sets of experiments at analytical 

and preparative scale using different column design param eters and operating conditions. 

Together w ith some simulation results and known heuristics, these experimental da ta  are 

then employed for design purposes. Several iterations will be needed to  determine the 

best design which will then be used for scale-up operation. This m ethod is not only time- 

consuming but requires a significant amount of relatively expensive and highly purified 

product(s). However, even with such an iterative approach, there is no guarantee th a t 

the best design can be found due to the interacting and often conflicting decisions. Also, 

as only a lim ited range of experimental conditions are norm ally investigated, the design 

configurations and operating conditions obtained are likely to be sub-optimal. In this 

research, detailed m athem atical models coupled with a dynamic  optim isation technique 

are employed to determine the best design configuration, operating conditions and policy 

for typical chrom atographic processes.

The optim isation of closed-loop recycling high perform ance liquid chromatographic 

(HPLC) system has, to the best of our knowledge, not been a ttem pted  previously. Hence, 

focus is given to HPLC separation in which different operating policies, i.e. conventional 

recycling, peak shaving and multiple feed injection, will be exploited. The objective is to 

minimise the  m ajor purification cost elements involved whilst at the same time enhancing 

the column performance, hence leading to substantial cost savings.

1.6 Outline of the thesis

This thesis focuses on modelling and optim isation of high perform ance liquid chromatog

raphy processes. Dynamic m athem atical models are developed (Appendix A) and verified 

against experim entation and computer simulation, respectively in C hapter 3. These mod

els, coupled with a dynamic optim isation technique (Appendix A.4.2), are then used to 

determ ine the  optimal design, operation conditions and operating policy of high perfor

mance liquid chromatographic processes.

Different models available in the literature for the  modelling of chrom atographic pro

cesses are summ arised in Chapter 2 . Work on optim isation of chrom atographic separations 

found in the  open literature are also reviewed.
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Experim ental and simulation verifications of the so-called equilibrium-dispersive model 

(Appendix B) and general rate  model (Appendix C) are considered in C hapter 3. A 

comparison of these models is also conducted.

The im portance of process equilibria in determ ining chrom atographic separation is 

established in Chapter 4. Different types of traditional m ethods of isotherm  determ ination 

are discussed. A system atic approach for isotherm determ ination via param eter estim ation 

is then  proposed to reduce the tim e and effort involved from process conception to actual 

realisation. This approach is dem onstrated through a case study  involving the separation 

of a b inary  mixture.

D eterm ination of the  optim al column design and operating conditions of a chromato

graphic process is illustrated in Chapter 5. Different combinations of the design and oper

ating conditions are optimised to investigate how these variations in the  degrees of freedom 

available will affect the overall system performance. O ptim isation of closed-loop steady 

sta te  recycling chromatography is also performed as an alternative means of improving the 

system performance of a conventional chrom atography setup via recycling operation with 

periodic feed injections.

In C hapter 6 , an investigation of different operating policies for HPLC processes is per

formed. These include: conventional recycling, recycling w ith peak shaving, and recycling 

with peak shaving and m ultiple feed injection. Considerations of the practical implemen

tation  issues, lim itations and specific solvent consumption of these operating policies are 

also given.

Finally, the  overall conclusions of this work are drawn in C hapter 7, and some possible 

directions of future research are suggested. Publications arising from this work are also 

listed.

1.7 Main contributions of this thesis

The following summarises the main constributions of this thesis:

• Model verification has been performed to increase the  confidence in the m athem atical 

models in which:
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— The equilibrium-dispersive model has been verified experimentally as well as 

using computer simulation.

— The general ra te  model has been verified via com puter simulation.

• A system atic approach for isotherm determ ination using numerical param eter esti

m ation with minimal experimental effort, has been proposed.

• The verified m athem atical models coupled with a  dynamic optim isation technique 

are then employed for;

— The determ ination of the  optimal design and operation of chrom atographic pro

cesses (more degrees of freedom than  previously considered in the literature, as 

well as the  effect of pre-specifying some of these param eters, have been consid

ered)

— The determ ination of the optimal operating policy for different operation modes 

of closed-loop recycling ffPLC processes (this is the first work which system

atically compares the different operation modes of closed-loop recycling HPLC 

processes)



Chapter 2

Literature review

In this chapter, the importance of modelling (Section 2.1) and types of models 

available (Section 2.2) in chromatographic separation will be discussed. The 

modelling work done so far by other researchers for  general and recycling chro

matographic processes will be summarised in Section 2.3. Then, Section 2.4 

highlighted the traditional optimisation efforts by previous workers in this field. 

Finally, some concluding remarks are drawn in Section 2.5 .

2.1 The importance of modelling in chromatography

A model is a description of a process in m athem atical term s. Modelling of chromato

graphic processes is a complicated task due to the high level of complexity a ttribu tes from 

the non-linearity of the isotherms in non-linear chrom atography (Section 1.2.4), the inter

actions between the process variables and the inherent dynamic natu re  of the  process itself. 

Hence, it is difficult to accurately predict the elution profiles especially when the process is 

subjected to disturbances {e.g. fluctuations in feed concentration or composition) or when 

operating conditions are changed. Furthermore, when biological solutes are involved, ex

perim ental studies become expensive and complex as trem endous effort is often required 

merely to obtain sufficiently pure materials.

In light of all these challenges, m athem atical modelling and com puter simulation of 

chrom atographic processes becomes an efficient and economical m ethod to  provide an 

insight into the process equilibria and its dynamics. Practical applications of such m athe

m atical models include:

42
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• Improved understanding of the process variables

• Prediction of system behaviour

• Study of the operability and controllability of the  dynamic process subject to external 

disturbances

• Optimisation of the design configuration and operation

Experim ents are still required, bu t feedback from com puter modelling can greatly re

duced the number of experiments necessary. Hence, the tim e and effort required from 

process conception to  actual realisation can be reduced whilst minimising the technical 

risk involved.

2.2 Types of mathematical models

Two main categories of m athem atical models of chrom atographic processes have been pre

sented in the literature: p late models and rate  models. The basic concepts of these models 

will be discussed in the following sections.

2.2.1 P la te  m od el

The plate model divides the column into discrete zones denoted as plates, sections or stages. 

The continuous flow is broken down into a virtual discontinuous process. W hen a fraction 

of the mobile phase enters a plate in a tim e-discrete m anner, equilibrium of the solutes 

between the mobile and stationary  phases is assumed to be a tta ined  instantaneously. The 

liquid is then transferred into the  next plate and the solute again is distributed between 

the two phases. This is repeated until the solute has left the column. A more realistic 

approach still, considers the column to be divided into plates bu t the  flow is thought to be 

continuous (continuous plate model).

The plates can be infinitesimally small so th a t the discontinuous flow become prac

tically continuous. For the ideal model (regardless of whether the flow is continuous or 

discontinuous), instantaneous equilibrium is attained. The column is assumed to have infi

n ite efficiency with no axial dispersion. The two main categories of p late models are listed 

in Table 2.1 (Jungbauer, 1996).
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Mode of virtual flow Example Rem arks

Discontinuous

Continuous

Craig model 

M artin & Synge model

E ntire  p late  volume is transferred 

and no mixing occurs between the 

plates.

Infinitesimally small fractions pass 

through the plates. Mixing occurs 

between the plates.

Table 2 .1 : Categories of plate models with respect to v irtual flow and mixing between the 

plates

Both the continuous and discontinuous models are described below (Guiochon et a/., 

1994, Jungbauer, 1996, Sofer and Hagel, 1997):

•  Craig model (Craig, 1944)

The Craig model is a discontinuous model. It assumes th a t the column can be 

divided into discrete stages. Each stage contains bo th  mobile and stationary  phases. 

No mixing occurs between the plates. It works by allowing the solutes in the mobile 

and sta tionary  phases in each slice to reach equilibrium, after which the mobile phase 

is moved as a whole to the next slice and so on. The below distribution gives the 

concentration profile {C{Nr)) of this model, after AT t̂h of such transfer operations:

(2 .1 )

in which (5 {(5 = p ^ )  is the fraction of solutes moved from one stage to the next, and 

Ng is the  number of stages of the Craig model. This discontinuous model enjoyed 

only lim ited success.

• M artin  and Synge model (M artin and Synge, 1941)

The M artin  and Synge plate model is a continuous p late  model. It assumes th a t 

the column is equivalent to a series of continuous flow mixers, each of which consists 

of identically repeating proportions of stationary  and mobile phases. The loading 

plate, numbered zero, contains the sample solutes which are distributed between 

the two phases according to the  retention factor {k ’). Infinitesimal fractions of the 

mobile phase is transferred from one mixer to  the next one as new mobile phase is 

continuously added to  the first mixer. This continuous flow of mobile phase ensures
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th a t the volumes of the mobile phase (Vm) and of the  sta tionary  phase (F5 ) in each 

mixer rem ain constant. The elution profile is given by the following distribution:

=  (2 .2) 

Ng is the  num ber of stages in this M artin and Synge model.

Equilibrium  between the mobile phase and the stationary  phase is the  principal as

sum ption m ade in the  plate theory. Due to the continuous movement of the mobile phase 

through the sta tionary  phase, true equilibrium is v irtually  impossible. However, since the 

movement is very slow, the column can be operated close to  equilibrium. In order to reach 

equilibrium as quickly as possible, the flow rate  of the  mobile phase should be kept low to 

provide enough tim e for mass diffusion.

The advantages of the p late theory are its capability in describing elution profile, peak 

shape, peak resolution, zone migration and zone spreading. At low solute concentration 

(linear chrom atography), it is reasonable to assume a Gaussian elution curve. The M artin 

and Synge continuous model is able to describe the elution profile as a normal error curve 

when the column has a large plate number and is applicable to  affinity chrom atography 

with a Langmuir isotherm (Sofer and Hagel, 1997). However, the p late model fails to 

predict p late height and plate number. It cannot quantify the  individual contributions 

such as diffusion, flow pattern  and mass transfer resistance on band broadening (Kirk 

and O thm er, 1993). Also, it is not suitable for m ulticom ponent chrom atography since the 

equilibrium stages may not be assumed equal for different components (Gu, 1995).

2.2.2 R a te  m od el

The m ain assum ption of the  plate model is th a t the column can be divided into dis

crete plates or stages. Calculation of mass transfer from differential equations will, how

ever, describe the separation as a continuous process which is suitable for describing non

equilibrium conditions. As the change of solute concentration is studied per unit time, this 

model is known as the rate  or mass balance model. From a physio chemical point of view, 

the ra te  model is a more accurate model than  the p late model. However, the  complex 

numerical calculations have prohibited the general use of this model in the past. By the 

rapid increase in com putational power nowaday, this is no longer the  case and the rate
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model has been extensively used for modelling a wide range of adsorptive chromatographic 

separations (Bellot and Condoret, 1991).

Zone broadening in a packed column can be a ttribu ted  to a num ber of kinetic related 

causes, e.g. eddy diffusion, molecular diffusion and mass transfer resistance. The rate 

theory assumes th a t these causes are completely independent. Hence, the ra te  model eval

uates each contribution to the column efficiency individually, i.e. indicates how the column 

efficiency, such as using smaller particles and selecting optim al operation conditions, can 

be improved. However, the  ra te  model does not provide inform ation on the elution pro

file and some deviations from the experimental chromatogram can be observed if a strong 

interrelation between individual processes exist.

In Appendix A, the ra te  model is derived from first principles. A differential mass 

balance equation is employed to describe the changes of solute concentrations in the bulk 

mobile phase. The derivation of this mass balance equation is based on the following 

assumptions: the  column is assumed to be radially homogeneous, the axial dispersion 

coefficient [Dax] is considered constant along the column, the  mobile phase is not adsorbed 

on the stationary  phase etc. Details of these assumptions and the appropriate sets of 

initial and boundary conditions can be found in Appendix A. In addition, an isotherm is 

required to  describe the relationship between the solute concentrations in the stationary 

and mobile phases (Section 1.3). Together, these equations form a system  of second order 

partial differential equations which can only be solved numerically. By m aking different 

assum ptions such as infinite column efficiency, fast mass transfer or slow mass transfer, the 

rate  model can be simplified to ideal model, equilibrium-dispersive model or general rate  

model, accordingly as outlined in Appendix A.

2.3 Review of modelling of chromatography in literature

W hilst chrom atographic separation has been established as an analytical tool since the 

1950s, it is still considered a new unit operation on a large scale to  process engineers 

compared to other conventional separation techniques such as distillation, liquid-liquid 

extraction etc. Traditionally, researchers relied heavily on experim ental results to provide 

an insight into the process dynamic and equilibria of chrom atographic separation. In the 

past few decades, significant efforts had also been performed in modelling of this process
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using either the plate or the rate  models described earlier in Sections 2 .2 .1  and 2 .2 .2 , 

respectively. Different plate and rate  models th a t had been proposed so far in the modelling 

of liquid chrom atography are shown in Tables 2 .2  and 2.3, accordingly. The assumptions, 

advantages and lim itations of these models are also discussed.

From the literature review in the following sections, the ra te  model is found to  be the 

preferred model. It quantifies the individual contribution of mass transfer mechanisms 

(eddy diffusion, molecular diffusion, mass transfer resistance etc.) to  the  system as well 

as facilitates the study of changes in solute concentrations per unit time. The dynamic 

elution profiles along the column length and those inside the particle radius can easily be 

obtained. As a result, this research uses the rate  models for modelling and optim isation 

of high performance liquid chromatographic processes. Examples of the  modelling effort 

m ade using the rate  model are given in Table 2.4.

2.3.1 P la te  m od els

Even though the p late models can describe the elution profiles and zone broadening effects, 

they  are unable to quantify the kinetic contribution of different physical phenomena in zone 

broadening. This has limited their applications in the modelling of liquid chrom atographic 

processes over the past twenty years. The plate models are only applicable in the linear 

region of the isotherm. These models enjoyed limited success with error up to 100 % 

(Guiochon et al., 1994; Li et al, 1995). Reviews of these p late models can be found in the 

works by Guiochon et al. (1994), Li et al. (1995) and Jungbauer (1996).

Karol (1989) a ttem pted  to derive both the M artin and Synge and Craig plate models 

using a differential rate  model. Despite the deficiency of the Craig p late model due to the 

ad hoc m anner in which the plate height is related to  the  fundam ental process dynamic 

and equilibria of chromatography, this work dem onstrated th a t this discontinuous model 

is a phenomenologically valid approxim ation to  the  M artin and Synge plate model and to 

the ra te  model.

The Knox-Pyper model coupled w ith the Craig model was employed by Snyder et al. 

(1989(a,b)) to  describe the elution profile for individual components in the presence of 

other components. The Knox-Pyper model ignored the band  deviation from the ideal 

shape (Right triangle shape is assumed.) a t higher loading. It also assumed th a t band 

m igration for the individual component proceeds independently in the  presence of other
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components in the sample (linear chromatography). These combined models provided 

a simple and clear description of the inter-relationship of optim um  plate number with 

experim ental conditions. However, under mass overloaded conditions, deviation from the 

actual elution profiles became significant, especially for low p late  num bers, small values of 

separation factors and large samples.

The Craig model was employed by Jungbauer and K altenbrunner (1996) to model and 

to optimise a protein separation on an ion-exchange chrom atographic process. The main 

objectives were to  maximise the production rate whilst m aintaining the desired resolu

tion. It was found th a t the distribution coefficient, which is a strong function of protein 

concentration and salt concentration, will in tu rn  determ ine the system  performance of a 

chrom atographic separation under overloaded conditions.

2.3 .2  R a te  m odels

Review of modelling of chromatography using different types of ra te  models is discussed 

in the following sections:

Ideal m odel

The ideal model is the simplest form of the rate  models. In this case, the  column is assumed 

to have infinite efficiency with no axial dispersion or mass transfer effects. Therefore, the 

analytical solution can easily be obtained. Examples of these works included modelling 

efforts by Ghodbane and Guiochon (1988), Golshan-Shirazi and Guiochon (1989(a,b)) and 

G allant et al. (1996). It is an easy and quick approach to evaluate the  kinetics of a chro

m atography process. As a result, it had been used extensively to  determ ine the operating 

conditions of chrom atographic processes. However, the assum ptions m ade will introduce 

some degree of inaccuracies in the model, especially when dealing w ith columns with finite 

efficiency.

Ghodbance and Guiochon (1988) used the ideal model for m odelling of an overloaded 

preparative liquid chromatography. In this work, finite column efficiency due to physical 

dispersion was accounted for by introducing an equivalent numerical dispersion using the 

finite difference m ethod. It had been shown th a t maximum production in preparative 

chrom atography can be obtained simply by concentration overloading the column. The
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recovery yield and purity of the desired product will generally determ ine the optimal extent 

of overloading.

In the work of Golshan-Shirazi and Guiochon (1989 (a,b)), the ideal model had been 

employed to investigate the effects of different experim ental conditions on the system per

formance of an overloaded elution chromatography. A nalytical solution of this model and 

the com petitive Langmuir isotherm, coupled with expressions for purity, recovery yield and 

production ra te  provided a rough guideline to determ ine the  best experim ental conditions 

of a liquid chrom atographic separation. It also pointed out th a t the  optim al experimental 

conditions for maximum production ra te  of a binary m ixture a t a certain purity  require

ment, w ith or w ithout a recovery yield constraint, was very much depend on the desired 

product (first or second component of the mixture).

The ideal model was employed by Gallant et al. (1996) to describe the behaviour of 

protein separation using an ion-exchange chrom atographic process under gradient elution 

conditions. Analytical solution of this model provided a rapid evaluation of the non-linear 

adsorption effect in gradient elution chromatography. Failure to account for dispersion 

effect in the  chrom atography system became its m ajor drawback and hindered its general 

application.

Equilibrium-dispersive model

The equilibrium-dispersive model is widely known in the open litera tu re  (Bellot and Con

doret, 1993a; Charton et o/., 1993; Seidel-Morgenstern and Guiochon, 1993; Heuer et a/., 

1999; Quinones et a/., 2000) and has been experimentally verified (Charton et a/., 1994; 

Heuer et ai] 1995; Teoh et a/., 2001). It is suitable and commonly use for the modelling 

of high perform ance liquid chromatographic columns w ith high efficiency, i.e. the H ETP 

is greater th an  several hundreds. An apparent dispersion coefficient is used to capture the 

axial dispersion and mass transfer effects in the system.

Bellot and Condoret (1993a) used the equilibrium-dispersive model to investigate the 

influence of different competitive equilibria isotherms on a reversed phase displacement 

chrom atographic process. A novel simplified experimental procedure together w ith in situ 

estim ation of the  numerical param eters involved, was proposed to obtain the competitive 

param eters for a binary mixture. The results, however, dem onstrated th a t the competitive 

isotherm  equations with numerically fitted param eters did not lead to  a good description
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of a displacement chromatographic process. On the  other hand, the LeVan-Vermeulen 

isotherm , with non-competitive Langmuir param eters, was found to  be a relevant choice 

for the  investigated experimental conditions.

The adsorption behaviour and chromatographic separation of methyl m andelate enan- 

tiom ers on immobilised cellulose was modelled using the  equilibrium-dispersive model by 

Charton et al. (1993). The obtained results showed good agreement between simulated 

and experimental elution profiles using the competitive bi-Langm uir isotherm.

Successful application of recycling of chrom atographic separation has been reported, 

m ainly in the pharm aceutical industry {e.g. Dingenen and Kinkel, 1994; Heuer et a/., 

1999). However, there is still a lack of detailed m athem atical models th a t account for 

all the  features of this mode of operation. The equilibrium-dispersive model is the most 

commonly used model so far to describe the elution profiles for closed-loop recycling HPLC 

processes. Seidel-Morgenstern and Guiochon (1993) used this model to investigate the 

possibility of improving the recovery yield and production ra te  of chrom atography by 

recycling. Theoretical studies from this work confirmed th a t recycling not only can improve 

the recovery yield bu t can also increase the production rate  under certain conditions. 

W hile Charton et al. (1994) compared the system performance of a conventional elution 

chrom atography and a closed-loop recycling chrom atographic process for the  separation 

of ketoprofen enantiomers using this equilibrium-dispersive model. The effect of recycling 

different fractions of the  purified sample was also investigated. Experim ental verification 

of this model by Heuer et al. (1999) then established it as a reliable tool for designing and 

optimising recycling chromatography.

Despite the good agreement between the calculated and experimental elution profiles of 

the  m entioned works, the model did not accurately enough predict the  performance of this 

operating policy. Reasons might be due to the  extra-column zone broadening effect caused 

by re-mixing in the pum p and tubings which was not considered, tim e delays, inaccuracy in 

the competitive isotherm involved, numerical solution error etc. A more realistic approach 

to the modelling of recycling chromatographic processes was reported  by workers such as 

Heuer et al. (1995) and Teoh et al. (2001), in which the extra-colum n zone broadening 

effect had been accounted for by a continuous stirred tan k  model. Quinones et al. (2 0 0 0 ) 

employed correction terms for the contributions of this extra-colum n zone broadening effect 

in a closed-loop steady sta te  recycling chrom atographic process for the separation of a
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racemic pharm aceutical intermediate. These papers showed th a t the extra-column effects 

had to  be emphasised in order to model recycling chrom atography accurately. Excellent 

agreement between the simulation and experimental results increased the  confidence in 

this model as a modelling tool for recycling operation.

General rate model

The application of a general rate  model for the modelling of chrom atographic processes 

has become increasingly im portant due to  the availability of highly efficient computers. 

The variations of solute concentrations in the bulk liquid phase, as well as those inside 

the particle pore, can be described by this model. Various mass transfer effects such as 

axial dispersion, interfacial film mass transfer and intraparticle  diffusion are included in 

this model. The model is usually expressed in a dimensionless form. The m ain lim itations 

of this model are the difficulty to quantify the exact values of param eters involved, and 

hence to  identify the  most im portant design param eters for a particular process. The 

long com putational tim e required to solve the model also restricts its use for optim isation 

purposes.

Gu et al. (1990) employed this model to numerically investigate the interference effects 

of a m ulticom ponent chromatographic process for frontal, elution and displacement modes. 

The model enabled the visualisation of these effects under conditions of mass transfer 

lim itation. It was concluded th a t the elution profile of a component is usually sharpen by 

the displacem ent effect from another component, whilst the  leading front of the displacer 

is usually diffused.

The application of this model was then extended by Gu et al. (1991) to  study the effect 

of variations in the displacer concentration on a desorption chromatography. In desorption 

chromatography, frontal adsorption is followed by the displacem ent process which often 

concentrates the  adsorbate(s) using a suitable displacer. A lthough this purification tech

nique is similar to th a t of displacement chromatography, it is operationally different and 

also differs in the  requirem ent for displacer concentration. W hen desorption chrom atogra

phy is used to  concentrate the  adsorbates from a satu rated  or partially  satu rated  column 

w ith minimal amount of displacer, it was found th a t the  best displacer concentration is 

not usually the  one th a t is more strongly adsorbed than  the adsorbates.
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The compression effects on frontal and step elution operations during the scale-up of 

an ion-exchange chromatography was simulated by Colby et al. (1996) using the general 

ra te  model. The variation in porosity as well as particle deform ation th a t occurs within 

a packed bed during compression are included in the model. For bo th  desorption modes, 

system  behaviour was found to be largely independent of compression. It was concluded 

th a t the compression effects are not im portant during scale-up of this system.

Ma et al. (1996) investigated the effects of pore and surface diffusions in a multi- 

component adsorption and liquid chromatographic process using this general rate  model. 

Experim ental and simulation results showed th a t both surface and pore diffusions cause 

sym m etric spreading in the elution profiles in the linear region of a single component sys

tem . However, in the highly non-linear isotherm region, surface diffusion causes profound 

tailing in the elution curves, in contrast to relatively sym m etric elution profiles due to  pore 

diffusion. For a multicomponent non-linear system, the elution order can change if pore 

diffusion dominates for a low affinity solute, whereas surface diffusion dom inates for a high 

affinity solute.

The purification of a protein m ixture consisting of a hum an growth hormone and a 

recom binant hum an growth hormone analog was conducted on a reversed-phase liquid 

cliromatographic separation using gradient elution by Gu and Zheng (1999). The general 

rate  model coupled with a second order kinetic isotherm equation had been employed to 

study the  scale-up behaviour of this system. The simulated elution profiles were predicted 

w ithout a posteriori data. Good agreement between the  sim ulation and experimental 

results was obtained.

2.3 .3  Sum m ary

The plate model only enjoyed limited success in the modelling of chrom atographic separa

tion due to the ad hoc and ideal assumptions made for the  derivation of this model. This 

theoretical approach can only be employed for the modelling of linear chrom atographic 

separation. In contrast, the rate model is well suited for the modelling of both  linear 

and non-linear chrom atographic processes. The rate model will therefore be employed 

throughout this thesis for the modelling and optimisation of chrom atographic separation 

as it facilitates the  study of changes in solute concentration per unit tim e. Also, it can 

successfully quantify the individual contribution of process kinetics such as eddy diffu-
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sion, molecular diffusion and mass transfer resistance to the  system which is significant in 

non-linear chromatography.

Generally, there are three rate  models available in the open literature, i.e. ideal model, 

equilibrium-dispersive model and general ra te  model. The ideal model assumes infinite 

column efficiency w ith no axial dispersion or mass transfer effect. Although analytical 

solution can easily be obtained for this model, it  fails to  model accurately non-linear 

chrom atographic separation. The equilibrium-dispersive model can be used to describe 

HPLC separation with fast mass transfer mechanism and finite column efficiency. However, 

some discrepancies between the simulated and experimental da ta  are observed when this 

model is employed for the modelling of recycling chrom atography when extra-column zone 

broadening or re-mixing effect is significant. As a result, the equilibrium-dispersive model 

coupled w ith a continuous stirred tank is employed to model the recycling chromatographic 

separation in this research.

The general rate  model is by far the most complex model of chrom atographic separation 

as it can study the variations of solute concentrations in the  bulk liquid and those inside 

particle pores. It is well suited to capture the slow diffusional effects for chromatographic 

columns w ith finite column efficiency. However, the lack of highly efficient computers 

and reliable numerical solution algorithms had hindered the  widespread application of this 

model in the  past. These lim itations are no longer valid due to  the  recent advances in 

com putational power as well as the availability of reliable numerical solution algorithms. 

As a result, the  general rate  model will be employed for the modelling and optim isation of 

chrom atographic in this work.

2.4 Review of optimisation of chromatography in literature

Optim al design and operation of chromatographic processes is of great economic impor

tance due to the widespread reliance of this means of separation in the  pharm aceutical 

and biologically-based industries. Optimisation of chrom atographic separation can only 

be achieved based on a thorough understanding of the  process behaviour and, in partic

ular, of how the therm odynam ics of competitive phase equilibria, the  finite rate  of mass 

transfer, and the dispersion phenomena combine to affect the  elution profiles of the indi

vidual components (Guiochon et al. 1994). However, this has rarely been attem pted  in
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the past for various reasons, e.g. limited com putational power, lack of reliable solution 

numerical algorithm  etc.

Traditionally, the  determ ination and verification of the best operation conditions for 

chrom atographic separation involves a three-step process: i) prelim inary experimental data  

to describe the isotherm  behaviour and column efficiency, ii) repeated simulations of the 

elution profiles using an appropriate m athem atical algorithm  to find the best operating 

profiles and finally and iii) experimental verification of these predicted profiles (Jacobson 

et a/., 1992 (a,b); Jungbauer and Kaltenbrunner, 1996).

Recently, Baczek et al. (2001) compared the different commercially available software 

th a t can be used for m ethod development, or so-called optimisation., of analytical reversed 

phase HPLC isocratic separations based on retention da ta  and molecular structure of the 

desired products. Useful information, especially those based on experim ental retention 

data, can be obtained to reduce the trial-and-error, and hence the time and large con

sum ption of chemicals involved, for m ethod development of analytical HPLC separations. 

However, significant effort is still required for the optim isation of process scale chromatog

raphy under overloaded separation conditions (non-linear chrom atography).

A purely theoretical approach to determine the optim um  design and operating condi

tions of a chrom atographic column has been studied using m athem atical simulation, either 

based on the application of the ideal model (Ghodbance and Guiochon, 1988; Golshan- 

Shirazi and Guiochon, 1989a,b) or the equilibrium-dispersive model (Wilhelm and Riba, 

1989; Felinger and Guiochon, 1994; Felinger and Guiochon, 1996a,b) of chromatography. 

The equilibrium-dispersive model provides a more realistic approach compared to the ideal 

model as the  axial dispersion and mass transfer behaviour in the  chrom atographic column 

are captured b e tte r (Bellot and Condoret, 1991; Teoh et al., 2001).

W ilhelm and Riba (1989) considered the scale-up problem of production-scale liquid 

chromatography. The elution profiles involved were first calculated using a Fourier trans

form. Then, the  cost of stationary phase, subjected to the  purity  requirem ent and geomet

rical constraints of the system, was minimised by a Gauss-Newton m ethod. This was a 

steady sta te  optim isation problem which is only applicable to  linear chrom atography and 

not to non-linear chromatographic processes.

Production ra te  and solvent consumption are normally employed to characterise the 

system perform ance of a chromatographic system. These are highly dependent on the
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experim ental conditions and column design param eters. A non-linear Simplex algorithm, 

in conjunction w ith the equilibrium-dispersive model, has been applied to  determine the 

optimum experim ental conditions and column design param eters for the most economical 

separation of a binary m ixture on a preparative liquid chrom atography by Felinger and 

Guiochon (1994). A hybrid objective was defined to  locate the  tradeoffs between the 

production ra te  and solvent consumption.

Felinger and Guiochon (1996a) then proposed a new objective function (product of the 

production ra te  and the recovery yield) for the  optim isation of the  design and operation 

conditions in preparative chromatography. Improved recovery yield could be obtained with 

a comparable production rate  as if only the production ra te  was maximised. The appli

cation of this novel objective was beneficial in overloaded isocratic elution, in overloaded 

gradient elution and in displacement chromatography. The same novel objective was then 

applied for the  optim isation of an overloaded gradient elution chrom atography (Felinger 

and Guiochon, 1996b). The findings of this work showed th a t the  optim um  experimental 

conditions were very different depending on whether the purification of the first of second 

component was being maximised.

Lin et al. (1998) investigated the simulation and optim isation of a preparative liquid 

chrom atography system  using the equilibrium-dispersive model. However, a different ap

proach for solving the partial differential equations was utilised here, i.e. a combination 

of pertu rbation  and modified collocation methods. The sim ulations results showed th a t 

the production ra te  increases with increasing column length and sample volume. A brief 

sum m ary of the optim isation efforts in liquid chromatography is tabu la ted  in Table 2.5.

2.4 .1  Su m m ary

From the litera tu re  review, it can be found th a t the so-called optimisation  of chromato

graphic separation presented by previous workers was prim arily experimental. Gomputer 

sim ulation and steady-state  optim isation techniques such as Gauss Newton m ethod, non- 

Simplex algorithm  etc. were also used to predict the best operating conditions of a chro

m atographic separation. However, even with an iterative approach, those approaches did 

not guarantee an optim al solution as only limited design param eters and operating condi

tions were examined. In contrast, this research will utilise detailed m athem atical models 

coupled w ith a dynamic optim isation technique (Detail is given in Appendix A.4.2.) to de-
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term ine the  optimal column design and operation of chrom atographic processes, in which 

the whole process will be optimised simultaneously.

2.5 Concluding remarks

Over the last fifty years, significant work has been performed on the modelling of chro

m atography separation using relatively simple models. Section 2 .2  discussed the differ

ent types of models currently available in the literature. Various assum ptions have been 

introduced to reduce the com putational effort required to solve the  dynamic models as 

summ arised in Section 2.3. However, much less work had been devoted to  optim isation of 

this means of purification.

Detailed m athem atical models coupled with a dynamic optim isation approach will be 

employed for the modelling and optimisation of chrom atography in this research. The 

equilibrium-dispersive model will be used to investigate different operating policies of a 

HPLC process, while the general rate  model will be employed to determ ine the optimal 

design and operation of chromatographic processes.



References Model Assumptions Advantages Limitations
Karol (1989),
Guiochon et al. (1994), 
Li et al. (1995), 
Jungbauer (1996)

Craig model, 
M artin  & Synge 
model

Refer to  section 2.2.1 1 ) Simple
2 ) Able to describe the 

elution profile and 
zone broadening effect

3) Analytical solution can 
be easily obtained

1) Unable to quantify the 
contribution of different 
physical phenomena in 
zone broadening effect

2) Restricted to linear 
adsorption

3) Limited success, i.e. 
error up to 100  %

4) Fails to predict plate 
height and plate 
num ber

Snyder et al. 
(1989a,b)

Knox-Pyper 
model coupled 
w ith Craig 
model
(Discontinuous 
plate model)

1 ) Band deviation from 
’right triangle’ shape 
at higher loading
is ignored.

2 ) Band migration for 
individual component 
proceeds independently 
in the presence of 
other components in 
the sample.

Provide a simple and 
clear description of the 
interrelationship between 
optimum plate number 
and experimental 
conditions.

Under mass overloaded 
conditions, deviation from 
actual elution profiles are 
significant, especially for 
low plate numbers, small 
values of separation 
factor and large sample.

Jungbauer k
K altenbrunner
(1996)

Craig model Refer to section 2.2.1 A strategy to derive the 
distribution coefficient 
from experimental results 
was developed.

Unable to predict the 
variation in plate numbers 
w ith different separation 
conditions. More complex 
algorithm  is required for 
m ulticom ponent system.
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Table 2 .2 ; A sum m ary of different plate models for liquid chrom atographic separation modelling



References Model Assumptions Advantages Lim itations
Ghodbane & Guiochon 
(1988), Golshan-Shirazi & 
Guiochon (1989 a,b), 
Gallant et al. (1996)

Ideal model Infinite
column
efficiency

1) Simple
2 ) Analytical solution easily 

available

Unable to account for axial 
dispersion and mass transfer 
effects for columns with 
finite efficiency.

Bellot & Condoret (1993a), 
Charton et al. (1993), 
Seidel-Morgenstern Sz 
Guiochon (1993),
Charton et al. (1994), 
Heuer et al. (1995),
Heuer et al. (1999), 
Quinones et al. (2000), 
Teoh et al. (2001)

Equilibrium
dispersive
model

Refer to 
Appendix B .l

Able to capture the dispersion 
and mass transfer effects in the 
column using an apparent 
dispersion coefficient as long as 
the column efficiency is greater 
than  several hundreds H ETR

1) Not suitable for column with 
low H ETP

2 ) Unable to  account for in tra
particle diffusion for large 
particle size

Gu et al. (1990), 
Gu et al. (1991), 
Colby et al. (1996), 
Ma et al. (1996), 
Gu & Zheng (1999)

General rate  
model

Refer to 
Appendix C

1) Detailed model of the system
2 ) Able to capture the mass 

transfer, axial dispersion, inter- 
and intra- diffusion effects for 
large scale separation

1) Difficult to obtain the model 
param eters

2) Difficult to identify or quantify 
the  m ost im portant design 
param eter(s) and operating 
conditions th a t will affect the 
separation performance
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Table 2.3: A sum m ary of different rate  models for liquid chrom atographic separation modelling
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Reference Model Isotherms Mode Numerical
solution

Remarks

Ghodbane & Guiochon 
(1988)

Ideal model Langmuir
isotherm

Overloaded
elution

Finite
difference

The ideal model was used for 
optim isation of concentration 
overloaded liquid chromatography.

Golshan-Shirazi & 
Guiochon (1989 a,b)

Ideal model Competitive
Langmuir

Overloaded
elution

Analytical
solution

The ideal model was used to determ ine 
the experimental conditions for a liquid 
chrom atographic separation.

Gallant et al. (1996) Ideal model Equilibrium 
constant 
(linear isotherm)

Gradient
elution

Analytical
solution

The ideal model was used to predict the 
elution profiles of an ion-exchange 
chrom atographic for protein separation.

Bellot & Condoret 
(1993a)

Equilibrium
dispersive
model

Competitive
Langmuir,
LeVan-Vermeulen, 
quadratic

Displacement Finite
difference

Application of different competitive 
adsorption isotherms for the  modelling 
of displacement chrom atography was 
investigated.

C harton et al. (1993) Equilibrium
dispersive
model

Com petitive 
bi-Langmuir, 
competitive 
LeVan-Vermeulen

Elution Finite
difference

Successful application of the  model for 
describing the purification of methyl- 
m andalate enantiomers with limited 
understanding about the  enantio- 
selectivity.

s
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Table 2.4: Examples of modelling work using the ra te  model from the  literature



Reference Model Isotherms Mode Numerical
solution

Remarks

Seidel-Morgenstern &: 
Guiochon (1993)

Equilibrium
dispersive
model

Com petitive
Langmuir
isotherm

Elution Finite
difference

Use of the  equilibrium dispersive model for the  
modelling of recycling chrom atography separation 
and dem onstrated th a t recycling operation can 
improve the recovery yield and increase the 
rate  of production for the m inority component.

C harton et al. (1994) Equilibrium
dispersive
model

bi-Langmuir Elution Forward-
backward
finite
difference

The effect of recycling different fractions of the 
purified sample on the system perform ance of a 
preparative chrom atography separation was 
investigated.

Heuer et al. (1995) Equilibrium
dispersive
model

Langmuir Elution Finite
difference

Experim ental investigation and modelling of a 
closed-loop recycling preparative chrom atography 
for the separation of a binary m ixture (TTB and 
PHL) were performed. The extra column zone 
broadening effect was modelled by a CSTR model.

Heuer et al. (1999) Equilibrium
dispersive
model

Competitive
bi-Langmuir

Elution Finite
difference

The use of the model as a designing tool for recycling 
chrom atography was dem onstrated. The mixing effects 
in the  pum ps and tubings were ignored.

Quinones et al. (2000) Equilibrium
dispersive
model

Competitive
Langmuir

Elution Forward-
backward
finite
difference

The model was employed to describe the band profiles 
of a racemic pharm aceutical interm ediate on a closed- 
loop steady sta te  recycling chrom atography unit. The 
ex tra column band broadening effect had been 
accounted for by correction term s.
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Reference Model Isotherms Mode Numerical
solution

Remarks

Gu et a/.(1990) General 
ra te  model

Com petitive
Langmuir

Frontal,
elution,
displacement

Orthogonal 
collocation 
finite element

The interference effect in a multicom ponent 
chrom atography was studied.

Gu et al. (1991) General 
ra te  model

Com petitive
Langmuir

Displacement Orthogonal 
collocation 
finite element

The effect of variation in the  displacer 
concentration on a desorption chrom atography 
process was studied.

Colby et al. (1996) General 
ra te  model

Second
order
kinetic

Step elution, 
frontal

Orthogonal 
collocation 
finite element

The compression effect during the scale-up of 
an ion-exchange chrom atography separation 
was investigated.

Ma et al. (1996) General 
ra te  model

Langmuir Elution Orthogonal 
collocation 
finite element

The effects of pore and surface diffusions in multi- 
component adsorption for liquid chrom atography 
system were dem onstrated.

Gu & Zheng (1999) General 
ra te  model

Second
order
kinetic

Gradient
elution

Orthogonal 
collocation 
finite element

The use of the model for scale-up of a reversed 
phase chrom atography separation was conducted.

9
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Table 2.4 contd.: Examples of modelling work using the rate  model from the literature



Reference Model M ethod Numerical
solution

Remarks

Ghodbane & Guiochon 
(1988)

Ideal model Com puter simulation was performed 
to determ ine the best loading factor 
of a chrom atography column.

Godunov
algorithm

Guidelines for predicting the best 
overloading extent was provided.

Wilhem &: Riba (1989) Equilibrium
dispersive
model

Steady s ta te  optim isation technique 
to determ ine the cost of stationary  
phase subjected to the purity and 
geometry constraints.

Gauss
Newton
m ethod

Restricted to  linear chrom atography 
separation.

Jacobson et al. 
(1992a,b)

Equilibrium
dispersive
model

Traditional experimental approach 
with com puter simulation was 
applied to  improve the production 
rate  of a chromatography system.

Finite
difference

Com puter simulation was conducted to 
determ ine the optimum  production ra te  
of an enantiomer purification by varying 
the sample size and the retention 
param eters.

Felinger & Guiochon 
(1994)

Equilibrium
dispersive
model

A hybrid objective function was 
constructed to find the tradeoffs 
between the  production ra te  and 
the solvent consumption of a 
chrom atography system.

Non
simplex
algorithm

Experim ental conditions of a preparative 
chrom atography system was optim ised to 
obtain a minimum production cost for 
th a t system  accordingly.

Felinger k  Guiochon 
(1996a)

Ideal and 
equilibrium 
dispersive 
models

A novel objective (product of the 
production rate  and the recovery 
yield) was defined for this 
optim isation problem.

Non
simplex
algorithm

O ptim isation of the design and operating 
conditions of a chrom atography system  
using the defined novel objective function 
was performed.

9
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Reference Model M ethod Numerical
solution

Remarks

Felinger & Guiochon 
(1996b)

Equilibrium
dispersive
model

A novel objective (product of the 
production rate  and the recovery 
yield) was defined for this 
optim isation problem.

Non
simplex
algorithm

Optim isation of th e  experim ental 
conditions of an overloaded 
gradient elution chromatography.

Jungbauer &
K altenbrunner
(1996)

Craig p late 
model

Traditional experimental approach 
w ith computer simulation was 
applied to determine the 
distribution coefficients in ion- 
exchange chromatography.

Investigation of the  fundam ental 
questions in optimising ion-exchange 
chrom atography was conducted.

Lin et al. (1998) Equilibrium
dispersive
model

Numerical simulation Perturbation 
and modified 
collocation 
methods

Optim isation of the  column length 
and operating conditions was 
performed.

Baczek et al. (2001) Retention da ta  and molecular 
weight of the  purified components 
are employed to determ ine the so- 
called optimal operating conditions 
for analytical chromatography.

Comparison between commercially 
available softwares to  determ ine the 
operating conditions for analytical 
chrom atography was performed. 
Application of these softwares is only 
restricted to linear chromatography.
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Chapter 3

Models verification

In this chapter, verification of the equilibrium-dispersive and general rate mod

els used in the optimisation studies in Chapters 5 and 6 will he performed in 

Sections 3.1 and 3.2, respectively. Evaluation of these models from  a com

putational point o f view will also be discussed (Section 3.3). Finally, some 

concluding remarks are drawn (Section 3.4)-

Prom the literature review in the previous chapter, there was evidence th a t both the 

equilibrium-dispersive and general rate  models can be employed for the modelling of liquid 

chrom atography processes. Details of these models are discussed in Appendices B and C, 

respectively. In this chapter, therefore, experimental and sim ulation verifications of these 

models will be conducted to increase the confidence in the  reliability and accuracy of the 

models. Using these verified models, dynamic optim isation of the  purification process can 

then be performed in Chapters 5 and 6 .

3.1 Verification of the equilibrium-dispersive model

In this section, the  equilibrium-dispersive model will be verified against da ta  obtained from 

the literature as well as against experimental results. Three case studies will be considered:

i) separation of a binary m ixture of TTB (l-,3-,5-,Tri-tert-butyl-benzene) and PHL (l-,3- 

,5-,Tri-hydroxybenzene) using a closed-loop recycling preparative HPLC column (Section 

3.1.1); ii) separation of an erythromycins crude sample (Section 3.1.2) and iii) separation 

of an arom atic standard  (Section 3.1.3) using a standard  HPLC unit.

64
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3.1.1 Case study I

In this case study, simulation of a closed-loop recycling preparative chrom atographic col

umn is considered. The column section is described by the  equilibrium-dispersive model 

discussed in A ppendix B .l. The Langmuir isotherm is employed to describe the relation

ship of solute concentration in the stationary  and mobile phases. Mixing effects in the 

connecting tubes and back-mixing effects in the pum p which will contribute to  further 

zone broadening, are modelled as a continuous stirred tank. Additional auxiliary units 

include a divider and three fraction collectors (All assum ptions and model equations are 

given in Appendix B).

System  configuration

Figure 3.1 is a schem atic diagram of a closed-loop recycling apparatus. The system consists 

of standard  H PLC components: a high pressure pump, a six-port sample injection valve and 

a continuous flow UV detector. An additional four-port valve is installed in the connecting 

line between the  detector outlet and pump inlet. Hence, the  chrom atographic system can 

either be operated in conventional elution mode or closed-loop recycling mode. During 

recycling, the  four-port valve is closed so th a t the purified samples are pum ped back into 

the column for further purification. During elution, the  four-port valve is opened and the 

purified components are collected in the appropriate fraction collectors. It is im portant 

to note th a t recycling should only proceed to a point when the  sample is spread over the 

whole column. Further recycling will then lead to a reduction in the  resolution of the 

purified product. Hence, there is an optimal number of recycling cycles and this issue will 

be discussed in detail in Chapter 6 .

Three fraction collectors are present in this particular case to  collect the  purified prod

ucts: fraction collector 1 is designated for TTB  (component 1) and fraction collector 2 

is for PHL (com ponent 2 ) collection. Fraction collector 3 is used to collect the m aterials 

which fail to achieve the  required purity (waste or off-cut).

Experimental conditions and model parameters

The detailed experim ental conditions and param eters used in this case study were presented 

by Heuer et al. (1995). The system param eters used for sim ulation are summarised in
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Figure 3.1: Schematic diagram of a closed-loop recycling chrom atographic unit

Param eters Values Units

Column Length, L 25 cm

Column Diameter, D 0.4G cm

Volumetric flow rate, Fy 0 .1 m L/m in

Phase ratio, F 0.94 -

Column Volume, Vy 4.15 inL

Pum p Volume, 0 .2 mL

Particle Diameter, dp 15 lim

Void Volume, Vq 2.14 mL

Van Deem ter’s Coefficient, A 0.0287 cm

Van Deemter’s Coefficient, Cs 0.090G s

Langmuir isotherm ’s param eter, o t t b 0.202G L/L

Langmuir isotherm ’s param eter, 6t t b 0.01512 L /g

Langmuir isotherm ’s param eter, o p h l 0.3G59 L/L

Langmuir isotherm ’s param eter, bp h i 0.01115 L /g

Detector calibration factor, fpTB 0.123

Detector calibration factor, J p h l 0.459

Dead time of the column, Iq 1550 s

Table 3.1: Model param eters (Heuer et a l, 1995)
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Table 3.1. A binary m ixture of l-,3-,5-,Tri-tert-butyl-benzene (TTB) and l-,3-,5-,Tri- 

hydroxybenzene (PHL) was considered. M icrocrytalline cellulose triacetate  w ith a particle 

size 0Î 15 - 25 fim  was used as the stationary phase. A stainless-steel column with an 

internal column diam eter of O.46 cm and column length of 25 cm  was used. Feed samples 

of different composition mixtures (1:3, 1:1 and 3:1) and different sample volumes (10 and 50 

/iL) were fed onto the column. All separations were perform ed under isocratic conditions 

using pure m ethanol as the  mobile phase. A UV wavelength of 250 nm  was used to  measure 

the outlet solute concentration.

R esults and discussion

Com puter simulations of the described system were performed a t a variety of separation 

conditions for different combinations of sample compositions (1:3, 1:1 and 3:1) and sam

ple volumes (10 and 50 pL) accordingly, using gPRO M S  process modelling tools (Process 

System Enterprise Ltd., 2000). The numerical solution m ethod used was the orthogo

nal collocation finite element m ethod (OCFEM) rather than  the  finite difference m ethod 

(EDM) as suggested by the literature (Heuer et a i, 1995). This is because the simulation 

results given by the FDM  are not satisfactory as the curves are oscillatory and unstable. 

Details of the  numerical solution technique used for the sim ulation and the  differences 

between OCFEM  and FDM  m ethods are discussed in Appendices A.4.1 and A.4.4.

In this work, the  model param eters obtained by Heuer et al. (1995) (Table 3.1) were 

employed when predicting the elution profiles at different experim ental conditions for the 

purpose of model verification as described above. However, only one example will be 

illustrated here. Figure 3.2 shows the simulated elution profiles for the  1:1 m ixture of TTB 

and PHL after four recycling cycles when the flow rate  is 0.1 m L /m in  for 10 and 50 pL  

sample volumes, respectively. Comparison of the peak positions and peak heights for PHL 

between literatu re  and simulated values is made in Table 3.2 for different sample volumes 

0Î 10 and 50 p L  a t a flow rate of 0.1 m L /m in . As can be seen, reasonable agreement 

between the sim ulated elution profiles and those from the literature was obtained.

3.1.2 Case study II

Erythrom ycins are a sub-group of the  macrolide family of antibiotic which are well-established 

antimicrobial agents in both  clinical and veterinary medicine (K irk-Othm er, 1996). Ery-
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Figure 3.2: Simulated elution profiles for a 1:1 m ixture of TTB  and PHL after 4 recycling 

cycles for a fiowrate of 0.1 m L /m in  at different sample volumes

Heuer et al.., 1995 This work

Sample Number of Exp. peak Exp. peak Simulated peak Simulated

volume (/iL) cycles position, s height position, s peak height

10 1 2 0 0 0 0.25 2 1 0 0 0.32

10 2 4000 0 .1 2 4200 0.17

10 3 6500 0.07 6500 0 .1 2

10 4 8800 0.06 8500 0 .1 0

50 1 1800 1 .20 2 2 0 0 1 .0 0

50 2 4200 0.58 4300 0.52

50 3 6500 0.40 6400 0.38

50 4 8800 0.30 8600 0.30

Table 3.2: Comparison of peak positions and peak heights of PHL between literature and 

sim ulation results at different separation conditions
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thromycins A is the most widely used macrolide antibiotic and is the principal product 

found in culture broth  of Streptomyces erythreus. The empirical formula of erythromycins 

A is C zjH qjN O iz w ith a molecular weight of 733.5.

In this section, the equilibrium-dispersive model (Appendix B .l) was verified against 

experim ental da ta  of erythromycin purifications from the  work by Pate  (1998). Model 

param eters were estim ated from his experimental da ta  using g E S T  w ithin the g PRO  M S  

Process Modelling tools (Process System Enterprise Ltd., 2000). (The theory of this param 

eter estim ation technique is outlined in Appendix A.4.3.) The following sections introduce 

the system  configuration and experimental conditions for this particular purification, the 

assum ptions made, the estim ation of param eters required by the model and finally, present 

some results and discussion.

System  configuration and experimental conditions

Case study II is based on the work of Pate  (1998). The HPLC system  used was a Beckman 

m odular system (Beckman Instrum ents Inc., CA, USA) comprising of an autosampler, 

solvent m odule (pumps) and a program mable ultraviolet (UV) detector m odule and is lo

cated at the  Advanced Centre of Biochemical Engineering, University College London. The 

column used for the separations was tem perature-controlled to  ±0.1^(7 via a therm ostat. 

All the  mechanical components were controlled using an IBM P S / 2  personal computer. 

Figure 3.3 is a schematic diagram  of the Beckman preparative HPLC system  used in this 

case. T he software used for the  control and operation was the System Gold (Beckman 

Instrum ents Inc.).

The HPLC column was packed with CG300 polystyrene m atrix  w ith 35 pm  particle 

diam eter (reverse phase). The dimension of the column was 15 X  0.78 cm. The column 

was operated under isocratic conditions with % acetonitrile and 55 % water as the 

mobile phase. The column was operated at 64^(7 at a constant flow ra te  of 1 m L /m in . 

The to ta l elution tim e for all the components in the sample was 72 minutes. Although 

Pate  (1998) considered a wide range of operating conditions, only three sample loads are 

considered here, i.e. 65, 130 and 260 pL. Since only semi-purified sample of erythromycins 

were available, the exact feed composition was unknown.

The semi-purified erythromycins used by Pate  (1998) was supplied by A bbott Labora

tories, N. Chicago, IL, USA. The samples were dissolved in a mobile phase consisting of 45
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Figure 3.3: The Beckman preparative HPLC system (Pate, 1998)

(’—•’ — fluid line and ’-----’ =  data  transfer)

% acetonitrile, 50 % water and 5 % buffer. The most concentrated sample (20 rng/mL), 

was difficult to dissolve and involved reducing the size of the erythromycin particles slightly 

in a m ortar and pestle followed by mixing using a m agnetic flea and stirrer for about two 

hours. All the erythromycins samples (both dissolved samples and the crude powder) were 

kept in a refrigerator at A^C prior to use. The samples were filtered into 2 mL  sample 

vials (Kimble vials. Sigma Chemical Co., St. Louis, MO, USA) using 0.2 firn syringe filters 

(Phenomenex, Macclesfield, UK) before positioning in the autosam pler (Pate, 1998).

The autosam pler could be fitted with different sample loops of various sizes depending 

on the sample volume being investigated. The solvent module comprised two pumps which 

controlled up to four solvents each. Since isocratic separations were performed, one pump 

was sufficient. However, in practice, two pumps were used up to 50 % capacity to improve 

accuracy. This also spreads the wear on each of the pumps (Pate, 1998).

The UV detector module was capable of operating at any wavelength in the range of 

150 to 600 urn. The maximum absorbance of erythromycins is at 190 nm. However, at 

this wavelength, acetonitrile in the buffers is strongly absorbed. Hence, a wavelength of 

215 nm  was used instead (Pate, 1998).

A s s u m p tio n s  m a d e

Since only a semi-purified erythromycins sample was available, the exact compositions of 

the feed samples and adsorption isotherms were unknown. Some assum ptions were imposed
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Figure 3.4: Calibration curve for erythromycins sample (Pate, 1998)

to make use of the experimental da ta  for modelling of this particular purification process 

as well as for model verification purposes:

• The UV absorbance is linearly proportional to the outlet concentration in the range 

of experiments performed. Figure 3.4 is the UV calibration curve for all the feed 

samples considered (Pate, 1998). This assum ption is valid in the  range of experiments 

undertaken.

• Only three main components (erythromycins A, erythromycins B and erythromycins 

C) are present in the crude samples. All the im purities eluting later than  40 minutes 

were ignored. Erythromycins A is the desired component. It is the second least 

retained component in the mixture.

• There is no interference and competition between the components to be separated as 

the separation is performed under dilute conditions, i.e. in the  linear region of the 

isotherm.

• A combination of feed compositions is assumed. This assum ption is crucial as the 

actual feed composition of the crude sample is unknown. (The to ta l sample concen

tra tion  is 20 m g/m L.)

Estim ation of model parameters

The model param eters required in order to describe fully this separation include: i) coeffi

cients of the  Langmuir isotherm (a^, bi in Eq. 1.7); ii) Beer-Lam bert Law’s coefficient {Ei
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in Eq. 3.1) and iii) param eters of the modified van-Deemter equation (A and Cs in Eq. 

B.7).

i) Langmuir isotherm

Due to  its well defined theoretical background and extensive experimental verification, 

the Langmuir isotherm  (Eq. 1.7: qi = ï q ^ ^ )  was used to  describe the  relationship of the 

solute concentrations in the  stationary and mobile phases. Since the am ounts of injected 

solutes are quite small, it is expected th a t there is not much therm odynam ic competition 

in the system, i.e. single component isotherms can be applied.

ii) Beer-Lambert Law

The Beer-Lam bert Law was employed here to relate the  solute concentration at the 

column outlet to the UV absorbance (Boyer, 1993). It was assumed th a t the  UV absorbance 

is directly proportional to the  outlet concentration, Cout,ii Le. Ei is constant in the range 

of operating conditions:

UVi =  EiCout.i (3.1)

where UVi and Ei are the UV absorbance and the  Beer-Lam bert Law’s coefficient for 

component i, respectively. The response of the  UV detector was always found to be in the 

linear region for this separation (Pate, 1998). (If the lim it of the UV detector had been 

exceeded, fiat top elution profiles would then be observed.)

iii) Modified van Deemter equation

A modified van Deemter equation was used to  calculate the  height of a theoretical plate 

for the  chrom atographic column (Eq. B.7 in Appendix B):

Hp = A-\- CgU (3.2)

A and Cs are the coefficients of the modified van Deemter equation. It is assumed th a t the 

column efficiency is only controlled by contributions of flow anisotropy (Eddy diffusion) and 

mass transfer resistance. Hence, axial molecular diffusion is neglected. This assum ption 

is reasonable as the separation process in normally carried out a t high flow ra te  which is 

strongly depend only on A  and Cs bu t not B  (refer to Eq. A. 19 for the original form of 

the equation).
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Figure 3.5; Simulated and experimental elution profiles a t different sample volumes 

(’— ’ =: simulated elution profiles, ’-----’ =  experimental elution profiles (Pate, 1998))

These equations (Eqs. 1.7, 3.1 and 3.2) together w ith some experimental da ta  (UV 

detector ou tput in this case) were then employed to numerically estim ate the unknown 

param eters, i.e. ai, bi, Ei, A  and Cs- The principles and numerical algorithm involved in 

this dynamic param eter estim ation are described in Appendix A.4.3.

Results and discussion

All the  model param eters discussed in the  previous section were estim ated using gE ST  

within the gPRO M S  package (Process System Enterprise Ltd., 2000). The experimental 

da ta  sets of 65 and 130 p L  sample volumes were employed for param eter estim ation. The 

feed composition was assumed to be a 1:2:1 m ixture, i.e. the  injected feed concentration is 

5, 10 and 5 m g/m L  for erythromycin A, erythromycin B and erythromycin C, respectively.
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An orthogonal collocation finite element m ethod was applied as the  numerical solution 

m ethod (refer to Appendix A.4.1).

W ith  the param eters found from the fit to  the 65 and 130 p L  d a ta  sets, the elution 

profiles were then simulated at all sample volumes, i.e. 65, 130 and 260 pL , respectively. 

The sim ulated and experimental elution profiles for sample volumes of 65 and 130 p L  are 

shown in Figures 3.5a and 3.5b respectively. Good agreement in term s of peak positions 

and peak heights was obtained between the experim ental da ta  and the simulated elution 

profiles for the 130 p L  sample volume. W hen the sample volume is 65 pL , the simulated 

peak heights axe slightly lower than  the experimental ones.

In order to test the goodness-of-ht, the estim ated param eters were used to predict the 

elution profiles of the 260 p L  sample volume. Figure 3.5c compares the simulated and the 

experim ental elution profiles when the sample volume is 260 pL. Reasonable agreement in 

term s of peak positions and peak heights between the elution profiles was obtained. The 

differences between the elution profiles resulted from the assum ptions m ade for param eter 

estim ation. These are due to a lack of information about the exact feed composition of the 

crude sample.

3.1.3 Case study III

In order to overcome the discrepancy of the param eter estim ation in case study II due 

to the  lack of information of the exact feed composition, the  separation of an arom atic 

m ixture consisting of nitrobenzene, naphthalene, fluorene and fluoranthene with a known 

feed composition was considered. The model equations can be found in Appendix B .l. 

The model param eters required are the  same as those described in Section 3.1.2 and in

clude: i) coefficients of the Langmuir isotherm  (Eq. 1.7); ii) param eters of Beer-Lambert 

Law (Eq. 3.1) and iii) modified van Deemter equation’s coefficients (Eq. 3.2). System 

configuration and experimental conditions will be given followed by param eter estim ation 

and experimental verification of the model.

System  configuration and experimental conditions

The arom atic m ixture was separated using a HPLC column (0.46 X 25 cm) run isocratically 

at different flow rates (1 .0 , 1 .2  and 1.5 m L /m in )  a t the  Advanced Centre for Biochemical
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Param eters Values

Column length, L 0.25 m

Column diameter, D 4.6-10“  ̂ m

Particle diameter, dp 5 10-6 m

Unretained or holdup time, (flowrate = 1.0 m L /m in ) 3 m in

Unretained or holdup time, to (flowrate = 1 .2  m L /m in ) 2.5 m in

Unretained or holdup time, to (flowrate = 1.5 m L /m in ) 2 m in

Total porosity, £t 0.722

Column void volume, Vq 3 10-3 m3

Phase ratio, F 0.385

Sample concentration, Cinj,i 0.0004 g/L

Sample volume, Vinj 10  pL

Table 3.3: Experim ental param eters and conditions used for the arom atic separation

Engineering, University College London. The setup of the  system was similar to  th a t of 

Figure 3.3 w ithout the  presence of a therm ostat, i.e. the separation was carried out at 

room tem perature. The stationary  phase consists of 5 /im  diam eter silica particles. The 

mobile phase used was 90 % acetonitrile and 10 % water. The injected feed concentration, 

Cinj,i^ was 0.0004 g /L  for each of the arom atic compounds. A UV wavelength of 265 nm  

was used to measure the outlet concentration. Table 3.3 summarises the  experimental 

param eters and conditions employed for the  arom atic standard  separation.

Experimental determination of the HETP

Experim ental da ta  a t different flow rates were used to calculate the  experimental plate 

height, and the reduced plate height, for the  arom atic components as a function

of the  linear velocity, u. This was done to  ensure th a t an efficient HPLC column was being 

used a t the  experimental operating conditions.

The experimental num ber of theoretical plates, can be obtained from the chro

m atogram  according to Eq. B .6 in Appendix B .l =  5 .5 4 ( |^ ) ^ ) .  This can then be

used to calculate the  experimental theoretical p late height, through the following
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Flow rate, 

m L /m in

Linear velocity, 

m /m in

hp,nit hp,nap hp,flu hpJlr

0 .2 0.016 5.30 5.04 4.90 4.13

0 .6 0.056 4.58 3.64 4.21 3.23

0 .8 0.064 4.21 3 J a 3.85 3.17

1.0 0.083 4.00 3.20 3.28 3.13

1 .2 0 .1 0 0 3.83 3^W 3.48 3.20

1.5 0.125 3.87 3.20 3.55 3.33

Table 3.4: Reduced plate heights for the  arom atic standard  a t different flow rates

equation (Synder and Kirkland, 1974):

(3.3)

The reduced plate height, hp^i, for each component of the  m ixture is given by:

ip
hp,i =  (3.4)

The linear velocity, % is given by:

u =  — (3.5)
to

where is the retention tim e of the unretained component or holdup time, which can be 

obtained from the chromatograms (refer to Figure 1.1).

Based on this procedure, the calculated reduced plate heights at different linear veloc

ities were found experimentally as tabulated  in Table 3.4. hp^nit^ hp,nap^ hpjlu  and hpjir  

are the reduced plate heights for nitrobenzene, naphthalene, fluorene and fluoranthene, 

respectively.

The variation in reduced plate heights at different linear velocities is plo tted  in Figure 

3.6. For linear velocities greater than  0.08 m /m m , at which the column is normally oper

ated, all the reduced plate heights for the arom atic components satisfied the common rule 

of thum b, 2 <  hp î < 4 (Snyder and Kirkland, 1974; Teoh et 2001). From this, we can 

conclude th a t the column used is very efficient at high linear velocities (>  0.08 m /m in), 

i.e. the reduced plate height, only increases very slowly. This is particularly true for
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Figure 3.6: Reduced plate height as a function of linear velocity for the arom atic standard 

(’x ’=  Nitrobenzene, ’*’=  Naphthalene, ’o’=  Fluorene and ’+ ’=  Fluoranthene)

the small particle size used in this study (5 yurri). These results agree with those reported 

in the literature by Synder and Kirkland (1974).

D e te rm in a t io n  o f d iffu sio n  coeffic ien t a n d  o p tim u m  lin e a r  v e lo c ity

In order to make sure th a t the separation was operated within the optimum range of 

linear velocity utilising the best separation power of the system, the diffusion coefficient 

and optimum linear velocity will be calculated in this section. According to Synder and 

Kirkland (1974), the ideal flow rate occurs when the reduced velocity, 'Vapt is 3. Therefore, 

the optimum linear velocity, Uopt, can then be calculated from the following equation 

(Synder and Kirkland, 1974):

(3,e)
dp

The diffusion coefficient of the mobile phase, which is required to calculate the

reduced velocity, v, is given by the following relationship (Chung and Wen, 1968; Snyder 

and Kirkland, 1974; Perry et a l, 1997):

7.4 . 10-‘".Tv/i7MW
----------  0.7)

where T  is the tem perature in degree Kelvin, M W  and ip are the mobile phase molecular 

weight and the mobile phase association factor respectively, is the mobile phase viscosity 

and V  is the sample molecular volume. In practice, the diffusion coefficient lies in the 

range oi 1 - 2 -10“  ̂ (Synder and Kirkland, 1974).
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Param eter

estim ation

Experim ental da ta  

set(s) employed

H ETP Weighting

Case A flow ra te  =  1 m L /m in overall 1

Case B flow rates =  1 & 1 .2  m L /m in overall 1:1

Case C flow rate  =  1 &: 1 .2  m L /m in individual 1:1

Table 3.5: Conditions used for param eter estim ations for case study  III

To validate the results obtained in Figure 3.6, the  optimum linear velocity, Uopt, and the 

diffusion coefficient, T>/,m, were calculated using Eqs. 3.6 and 3.7 as detailed in Appendix 

D. The calculated diffusion coefficient, for the arom atic standard  separation using

90 % acetonitrile and 10 % water as the mobile phase was found to be 2 • 10“  ̂ c'm?s~^ 

(refer to  Appendix D .l for calculation details). As this value coincides with the  findings in 

the literature, the calculated values for the reduced theoretical p late heights are physically 

realistic.

The calculated optimum linear velocity (from Eq. 3.6) is approxim ately 0.07 m /m in  

(Appendix D.2 ). This agrees well with the experimental optimum linear velocity which is 

slightly higher at 0.08 m /m in  from Figure 3.6. Hence, it was concluded th a t the column 

was operated within the optimum range of linear velocity utilising the best separation 

power of the system.

Estim ation of parameters in the equilibrium-dispersive m odel

In order to  fully describe the equilibrium-dispersive model, the  model param eters required 

for this case study were estim ated using g E S T  w ithin the gPRO M S  package (Process 

System Enterprise Ltd., 2000). The UV detector ou tput was employed for the  param eter 

estim ation. Details of this param eter estim ation are briefly discussed in Appendix A.4.3. 

The required param eters included coefficients in: i) Langmuir isotherm  (Eq. 1.7); ii) Beer- 

Lam bert Law (Eq. 3.1) and iii) modified van Deemter equation (Eq. 3.2). An orthogonal 

collocation finite element m ethod was applied to discretise the problem (third order, 80 

elements). Details of this numerical solution technique can be found in Appendix A.4.1.

Table 3.5 shows the experimental da ta  sets and conditions employed for different cases 

of param eter estimation, in which ’weighting’ indicates the  relative im portance of the  data. 

Three param eter estimations were performed here to  investigate the  effects of different
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Equations Param eters Case A Case B Case C

Langmuir ^ n i t 1.29 1 .21 1.30

Langmuir ^nap 2.30 2.30 1.85

Langmuir ^ f l u 1.90 1.92 1.85

Langmuir ^ f l r 2.62 2.66 2.64

Langmuir bnit 1.45-10^ 1.26 1 0 ^ 1.4040^

Langmuir bnap 2.70 10^ 2 .2 0 -10^ 2.1040^

Langmuir b f lu 8.4640^ 8.0040^ 7.0040^

Langmuir b f l r 4.75 10^ 4.7540^ 4.50 40^

Beer-Lambert E fi i t 1 .0  • 10^ 9.3 • 10^ 9.0 • 1 0 ^

Beer-Lambert ^ n a p 5.9 10^ 5.8 40^ 8 .8  40^

Beer-Lambert E f l u 2 .6  -10^ 2 .6  40^ 2.4 40^

Beer-Lambert E f i r 2.5 10^ 2.5 lO'̂ 2.7 40^

Modified van Deemter A M O-5* M 0 -5 * -

Modified van Deemter A n i t * - - 140-5*

Modified van Deemter A *■^nap - - 140-5*

Modified van Deemter A f l u * - - 140-5*

Modified van Deemter A f l r * - - 140-5*

Modified van Deemter C s
1 .1 0 - 12* 1 . 1 0 - 1 5 * -

Modified van Deemter C s ,n i t - - 1 . 1 0 - 1 5 *

Modified van Deemter C's,nap - - 140-15*

Modified van Deemter ^ s j l u - - 140-15*

Modified van Deemter E ' s j l r - - 140-15*

Table 3.6: Values of estim ated param eters for param eter estim ation for case study III

(*: on the bound)

numbers of da ta  sets employed and theoretical plate height on the estim ation output. 

The estim ated values of the param eters for all the  different param eter estim ations are 

then listed in Table 3.6. Subscripts nit^ nap^ flu  and f ir  correspond to  nitrobenzene, 

naphthalene, fluorene and fluoranthene in the  order of increasing affinity for the  stationary 

phase, i.e. nitrobenzene is the  least retained component whilst fluoranthene is the most 

retained component.
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Figure 3.7: Param eter estimation A for case study ITT 

Simulated and real elution profiles for the arom atic standard  at different flow rates; 

a) 1.0 m L/m in; b) 1.2 m L/m in and c) 1.5 m L/m in;

(’— ’ =  Simulated elution profile and ’x ’ =  Experim ental elution profile)

i) Parameter estimation A

Tn Case A, an overall HETP for all components, was employed to describe the

column efficiency. The experimental da ta  set for a flow rate  of 1 m L /m in  with sample 

volume of 10 jiL  was used for the param eter estim ation (refer to Table 3.5). Eigure 3.7a 

shows the simulated (with param eters from Table 3.G (Case A)) and experimental elution 

profiles for a flow rate of 1 m L /m in . Good agreement in term s of peak positions and heights 

was obtained as expected, as this set of data  was used for the param eter estimation.

The estim ated param eters were then used to predict the elution profiles for flow rates 

of 1.2 and 1.5 m L /m in . These simulated elution profiles were then compared to the ex

perimental elution profiles as shown in Figures 3.7b and 3.7c. This was done to test the
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goodness-of-fit for the estim ated param eters. Good agreement in term s of peak positions 

and heights was obtained between the simulated and experim ental elution profiles. From 

these results, we can conclude th a t the dynamic model w ith the estim ated param eters can 

accurately describe the column behaviour under the  experim ental circumstances investi

gated.

It should be noted th a t some oscillations along the tim e axis were observed which 

are probably due to  the numerical solution m ethod employed to  discretise the  system of 

partial differential algebraic equations. Such oscillation is an inherent characteristic of the 

orthogonal collocation finite element m ethod. It is still w ithin acceptable lim it in this case 

so long as the simulation results are numerically stable. A ttem pts to  use a finite difference 

m ethod failed as the numerical error produced was unacceptably large. This m ethod also 

requires much longer com putational times compared to  the orthogonal collocation finite 

element m ethod. A comparison of these numerical solution technique is given in Appendix 

A.4.4.

ii) Parameter estimation B

In the case of param eter estim ation B, experimental da ta  when the flow rates are 1 

and 1.2 m L /m in  w ith sample volumes of 10 p L  were employed. The estim ated param eters 

are tabu lated  in Table 3.6 (Case B), in which an overall was used to characterise the

column efficiency. Figures 3.8a and 3.8b are the plots of the sim ulated and experimental 

elution profiles for the flow rates of 1 and 1.2 m L/m in^  respectively.

For a flow rate of 1 m L/m in^ it can be seen th a t good agreement in term s of peak 

positions and peak heights was obtained for all the  components except naphthalene (second 

component), while for a flow rate  of 1.2 mL/min.^ the  sim ulated peak heights are slightly 

higher than  of the experimental elution profiles for all the  components.

In order to test the  goodness-of-fit, the  estim ated param eters from param eter estim a

tion B were used to predict the  elution profiles for a fiow ra te  of 1.5 m L /m in . From Figure 

3.8c, good agreement in term s of peak positions and peak heights was obtained between 

the sim ulated and experimental elution profiles. As in param eter estim ation A, some os

cillations along the time axis were observed. However, these oscillations are still within 

acceptable limits.
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Figure 3.8: Param eter estimation B for case study Til 

Simulated and real elution profiles for the arom atic standard  at different flow rates; 

a) 1.0 m L/m in; b) 1.2 m L/m in and c) 1.5 m L/m in;

(’— ’ =  Simulated elution profile and ’x ’ =  Experim ental elution profile)

vii) Parameter estimation C

Due to different retention mechanisms of the solutes to be purified in a chromatographic 

separation, solutes will travel at different velocities along the column. As a result, different 

values of column efficiency should be employed to characterise these differences in process 

kinetics, especially for slow mass transfer process (Guiochon et ak, 1994). For param eter 

estim ation C, the arom atic components were assumed to have individual value of HETP, 

Experimental da ta  sets of 1 and 1.2 m L /m in  flow rates were used for this param eter 

estim ation and the param eters obtained are tabulated in Table 3.6 (Case C). The simulated 

and experimental elution profiles for flow rates of 1 and 1.2 m L /m in  are shown in Figures 

3.9a and 3.9b respectively. From these figures, it can be seen th a t good agreement in
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Figure 3.9: Param eter estimation C for case study III 

Simulated and real elution profiles for the arom atic standard  at different flow rates; 

a) 1.0 mL/m in; b) 1.2 m L/m in and c) 1.5 m L/m in;

(’— ’ =  Simulated elution profile and ’x ’ =  Experim ental elution profile)

terms of peak positions and peak heights were obtained for nitrobenzene, fluorene and 

fluoranthene. For naphthalene, however, the simulation result shows higher peak heights 

with shorter retention times.

The estim ated param eters in Table 3.6 (Case C) were then used to simulate the elution 

profile for a flow rate of 1.5 m L /m in  to test the goodness-of-fit of the param eter estimation. 

The simulated and experimental elution profiles are shown in Figure 3.9c. As in Figures 

3.9a and 3.9b, good agreement in terms of peak heights and positions were obtained for 

all the components except for naphthalene.

As expected, some oscillations along the time axis were observed due to the numeri

cal solution m ethod employed. It is not surprising th a t longer com putational times were
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required for param eter estim ation C than  the  first two cases as more param eters are esti

m ated in this particular case.

iv) Comparison between different cases of parameter estimation considered

From Table 3.6, it can be observed th a t the  estim ated param eters for the three cases 

are generally of similar magnitudes. However, the differences in the  coefficient of Langmuir 

isotherm , hi are quite significant (except for fluoranthene).

For param eter estimations A and B, even though both  sets of estim ated param eters can 

predict the  elution profiles accurately, estim ated param eters from param eter estim ation 

A gave more accurate results than  those of param eter estim ation B. This outcome is 

surprising. Normally, the accuracy and reliability of a param eter estim ation will improve 

with increasing num ber of experimental da ta  sets supplied. The fact th a t this appears not 

to be the case here might due to the  following reasons:

• Experim ental error

• Accuracy of the  experimental da ta

• Too many unknown param eters to be estim ated

• Oscillations of the  simulated elution profiles

It is suspected th a t the th ird  reason might be the  m ain cause of this contradictory 

outcome. Only four input variables (UV absorbance of the  arom atic components) are 

being employed to estim ate fourteen unknown param eters in these cases. A lthough gE ST  

m anaged to perform the param eter estimations, the  reliability and the accuracy of these 

estim ated param eters are questionable. The number of estim ated param eters should be 

reduced to  improve the reliability of the  param eter estim ation. (C hapter 4 in this thesis 

will look into ways of improving this param eter estim ation for isotherm  determ ination.)

gE ST  can only perform accurately under robust conditions. Oscillations observed in 

the sim ulated elution profiles along the tim e axis might introduce some numerical errors 

in the estim ated param eters. Oscillation is an inherent characteristic of the orthogonal 

collocation finite element m ethod bu t can be reduced by increasing either the  order or the 

num ber of finite element bu t a t the  expense of longer com putational time.

The estim ated param eters from param eter estim ation C in Table 3.6 show greater 

differences compared to those of param eter estim ations A and B. Since there are twenty
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param eters to be estim ated in param eter estim ation C, from only four input variables, the 

estim ated param eters are therefore even less accurate.

One interesting fact is th a t all the param eters involved in defining the theoretical plate 

heights, {Ai and Cg^i), are the same in all the  three cases of param eter estimation.

Hence, an overall theoretical plate height, is probably sufficient to define the column

efficiency for this particular separation w ith fast mass transfer kinetics. For all the cases 

considered, these param eters are located at the  bounds of the param eter estim ation as the 

reduced plate height, hp or hp î should fall between the values of 2 and i.e. an efficient 

column is used for the chrom atographic separation (Snyder and Kirkland, 1974).

3.1 .4  Sum m ary

Experim ental and simulation verifications of the  equilibrium-dispersive model have been 

conducted in this section. Three different case studies were investigated. In case study 

I, the  model was verified against computer simulations. Verification of the  model in case 

studies II and III involved experimental da ta  (for case study II from Pate  (1998) and for case 

study III from this thesis). Estim ation of the required model param eters was performed 

based on experimental data. Validation of the  estim ated param eters was also carried out 

to increase the confidence in these param eters. Good agreement between simulated and 

experimental results was obtained for all the cases. The obtained results suggest th a t the 

equilibrium-dispersive model is able to describe the  process dynamics and equilibria of 

HPLC processes accurately.

3.2 Verification of the general rate model

So far, only the verification of equilibrium-dispersive model has been considered. In this 

section, the  verification of the  general ra te  model will now be performed. This is a more 

detailed model compared to the equilibrium-dispersive model. The general rate  model 

considers three phases of separation (bulk liquid, macropores and micropores phases) and 

accounts for the  axial dispersion, external meiss transfer and intraparticle  diffusion effects 

which are im portant in preparative and large scale chromatography. The assum ptions and 

model equations of this model can be found in Appendix C. In this section, the model will
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be verified using model param eters obtained from the work of i) Gu et al. (1990) and ii) 

Carlsson et al. (1994) and Samsatli and Shah (1997).

3.2.1 Case study IV

The study  of interference effects between m ulticom ponent molecules is of fundam ental 

im portance in understanding multicom ponent chromatography. The interference effects 

on elution, displacement and frontal chrom atographic separations (refer to Section 1.2.3 

for details of these desorption modes) were studied by Gu et al. (1990) using computer 

simulations. It had been shown th a t the concentration profile of a component becomes 

sharper due to the displacement effect from another component, while the  concentration 

front of the  displacer is usually diffuse.

In this case study, a dimensionless general rate  model together with a dimensionless 

com petitive Langmuir isotherm  (Eq. C.49) as presented by Gu et al. (1990) was used to 

verify the m odel’s ability to predict the displacement effect in m ulticom ponent chromato

graphic processes and to increase the confidence in the  dimensionless general rate  model. 

This dimensionless model is a convenient and system atic approach to  group together the 

process param eters involved. The use of this model enables the  visualisation of the mul

ticom ponent interactions in chrom atography under slow mass transfer conditions when 

diffusional mechanism is dom inant. Details of the dimensionless model can be obtained in 

Appendix C.2.

Simulation conditions

All the  simulations are conducted using the gPRO M S  package (Process System Enterprise 

Ltd., 2000). For the  bulk liquid phase, a third order OCFEM  w ith 10 collocation elements 

m ethod was used to discretise the spatial domain, whilst a th ird  order OCFEM  with 

1 collocation element was used to discretise the spatial domain inside the particle pore 

(Details of this numerical solution technique is discussed in A ppendix A.4.1).

The process param eters used in this study were obtained from the  work by Gu et al. 

(1990) and are tabulated  in Table 3.7. Here, Pci is the  Peclet num ber in the bulk liquid 

phase for component %, pi is the dimensionless constant for component i and B ii  is the Biot 

num ber of mass transfer for component i. o, and bi are the coefficients of the competitive 

Langmuir isotherm. is the feed concentration of component i.
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Species Pei m B ii Üi Fig.

1 300 30 1 1 10 X 1 3.10

2 400 40 2 4 40 X 0.1 (elution)

3 500 90 0.9 9 90 X 0.1

1 300 10 3 3 6 X 0.1 3.11

2 300 15 4 2 4 X 0.4 (displacement)

1 100 1 2 1 2  X 0.1 3.12

2 100 1 2 10 20 X 0.1 (frontal)

Table 3.7: Model param eters (Gu et a i, 1990) for case study  IV

Three different desorption modes were considered: i) elution; ii) displacement and iii) 

frontal. In all cases, the bed void volume fraction, Sb, and the particle porosity, 6^, were 

0-4 and 0.5^ respectively. During elution chromatography, the  dimensionless feed injection 

period, Tinj, was 0.1. For displacement chromatography, component 2 (displacer) was 

introduced to a column pre-saturated with component 1 by a step change. The feed sample 

was continuously fed into the system during frontal chromatography. The simulations were 

carried out for 10 unit dimensionless time.

Results and Discussion

Figures 3.10, 3.11 and 3.12 are the simulated elution profiles obtained for elution, displace

m ent and frontal modes, respectively. Comparison of the retention times of peak maxima 

between literature and simulated values is made in Table 3.8 for different operation modes 

of chrom atographic processes, i.e. elution, displacement and frontal, respectively. Good 

agreement between the simulated elution profiles and those from the literature was ob

tained. From these simulation results, it can be observed th a t the  diffusive tailing of a 

component can be reduced by the displacement effect of the subsequent component (dis- 

placer), and hence improved separation can be obtained.

3.2.2 Case study V

Affinity chrom atography is a highly specific technique which separates biomolecules ac

cording to the differences in biological or chemical function (more details can be found in
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Figure 3.10: Ternary elution system for case study  IV 

(’— ’ =  first component, ’-----’ =  second component and =  th ird  component)
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Figure 3.11: Two components displacement system  for case study IV 

(’— ’ =  first component and ’----- ’ =  second component)
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Figure 3.12: Binary frontal adsorption for case study IV 

(’— ’ =  first component and ’----- ’ =  second component)
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Fig. Species Simulated retention tim e 

of peak m axima 

(Gu et al., 1990)

Simulated retention time 

of peak m axima 

(This work)

3.10 1 1.9 2 .0

(elution) 2 3.5 3.5

3 5.0 5.0

3.11 1 1 .8 1 .8

(displacement) 2 2.5 2 .6

3.12 1 4.2 4.0

(frontal) 2 6.4 6.5

Table 3.8: Comparison of retention times of peak m axim a between literature and simulated 

values for different operation modes of chrom atography for case study  IV

Section 1.4). The purification of lysozyme using an affinity chrom atography system was 

considered by Carlsson et al. (1994). A dimensionless general ra te  model was employed to 

describe this separation. Details of the model are given in Appendix C.2 .

Simulation conditions

The d a ta  of this case study is obtained from the work by Carlsson et al. (1994) and 

Samsatli and Shah (1997). The adsorption of lysozyme on Sepharose CL-6 B has been 

chosen as a model system. As only a single component is present in the cited literature 

(Carlsson et al.  ̂ 1994), another component was added arbitrarily  to enable the simulation 

of a binary  m ixture system. Some modifications to the  adsorption and desorption rate  

constants were made by Samsatli and Shah (1997) so th a t the  modelling of elution mode 

was possible. Table 3.9 shows the  model param eters used for the com puter simulations. A 

second order kinetic isotherm  model was employed to model the  slow sorption mechanism 

in this process (Eq. C.8 ). As in case study IV, the  system of partial differential algebraic 

equations for this separation were discretised using OCFEM , i.e. a th ird  order and 10 

collocation elements for the bulk liquid, and a th ird  order and 1 collocation element for 

the spatial domain inside the particle pore.
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Param eter System Unit

Column length, L 0.104 m

Column diameter, D 0 .0 1 m

Particle radius, dp 50 /im

Bed porosity, 6^ 0.37 -

Particle porosity, Sp 0.75 -

Flow rate, Fy 1.67 TO- 8 m ^ /s

Feed injection period, tinj 500 s

Param eter Component 1 Com ponent 2 Unit

Feed concentration, Cinj,i 5.00 TO-3 7.14 4 0 -3 m o l/m ^

Axial dispersion coeff., Dax,i 8.00 10-8 5.75 10-8 m f / s

Mass transfer rate  coeff., Kpm^i 7.0 10-8 6.9 10-8 m /s

Effective diffusion coeff., D^ff^i 5.0 -10-11 5.3 -10-11 rr? !  8

Adsorption rate  coeff., kadp4 0 .1 2  0.286 m? jm o l  - 5

Desorption ra te  coeff., kdep,i 4.6 -1 0 - 8  2.8 -10-8 1/s

Maximum adsorption capacity. A* 1 .6  1 .6 m o l/m ^

Table 3.9; Model param eters for case study V (Samsatli and Shah, 1997)

Results and discussion

Figure 3.13 shows the simulated elution profiles for the binary m ixture considered using 

the param eters tabulated  in Table 3.9. Table 3.10 compares the  sim ulated peak heights 

and positions obtained from the literature and this work. Good agreement was obtained 

between the simulated peak heights and peak positions and those from the literature  except 

some differences in the  value of peak position for component one. The sim ulated elution 

profiles in the  literature were presented on a real tim e basis (unit second) instead of di

mensionless time. The difficulty in obtaining an exact m easurem ent of the  peak positions 

from the graph prohibited an accurate conversion to the dimensionless tim e unit and hence 

may be the  cause of this difference in term s of peak positions.
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Figure 3.13: Simulated elution profiles for case study  V 

(’— ’ =  1st component and ’----- ' — 2nd component)

Component Samsatli &: Shah (1997) This work

Peak height Peak position Peak height Peak position

1 0.15 27 0.14 20

2 0.045 77 0.050 76

Table 3.10: Comparison of peak positions and peak heights between literature  ani simu

lated values for model verification for case study V

3.2 .3  Sum m ary

In this section, the general rate  model was verified via com puter sim ulation for tvo case 

studies: IV) modelling of the displacement effects in m ulticom ponent chromatography and 

V) modelling of slow mass transfer effects in affinity chromatography. Good ageem ent 

between the simulation results of this work and those in the  literature  were obtained. 

This model can capture successfully the displacement and slow mass transfer effects of a 

chrom atographic separation.

3.3 Comparison between the models

From a com putational point of view, the equilibrium-dispersive model is the  peferred 

model as it requires less CPU tim e compared to th a t of the  general ra te  mode. The 

equilibrium-dispersive model regards chrom atography as comprising two phases cf sepa
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ration, i.e. bulk liquid phase (mobile phase) and m acropores phase (stationary phase). 

The presence of an apparent dispersion coefficient can capture the axial dispersion, mass 

transfer and diffusion effects successfully in most of the HPLC processes. This is true for 

highly efficient columns or as long as the height equivalent to a theoretical plate (HETP) 

of th e  column is over several hundreds plates or the reduced plate height {hp) falls between 

the values of 2 and

The general ra te  model studies the variation of solute concentrations in the bulk liquid, 

macropores and micropores. It is a more detailed model and hence, the solution of this 

model requires longer com putational time. This model is suitable for predicting the elution 

profiles for large scale chromatographic operation with large particle size. The changes of 

solute concentrations inside the micropores can be easily modelled. Also, it can account 

for the  diffusional and mass transfer effects which are dom inant in a slow mass transfer 

process. However, the  lack of a convenient approach with which to determ ine the large 

num ber of process param eters required by this model, has so far hindered its application.

3.4 Concluding remarks

Verification of the equilibrium-dispersive and dimensionless general rate  models has been 

performed partly  experimentally as well as via com puter simulation. The results obtained 

here suggest th a t the models developed in Appendices B and C are able to describe accu

rately the process dynamic and equilibria for a wide range of chrom atographic processes. 

A comparison of the  models from a com putational point of view is also made.

The choice of model is highly depend on its application. Throughout this work, the 

equilibrium-dispersive model will be used to determ ine the  isotherm  param eters (Chapter 

4) as well as to investigate different operating policies of HPLC processes and hence to 

locate an optimal operating policy for this mode of separation (C hapter 6 ). On the other 

hand, the dimensionless general rate  model will be employed to determ ine the optimal 

design configuration and operation of chrom atographic processes by taking into account 

all the diffusional and mass transfer effects in the  bulk liquid, micropores and macropores 

phases (Chapter 5).
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A systematic approach for isotherm 

determination

In this chapter, the importance of isotherm equilibria in modelling of chro

matographic processes is highlighted (Section f . l ) .  The traditional methods for  

isotherm determination are summarised in Section 4-2. In Section 4-3, a sys

tematic approach is then proposed to identify the m ost suitable isotherm and to 

determine its parameters fo r any chromatographic separation. A  case study is 

considered in Section 4-4 lo illustrate the application of the proposed approach. 

Finally, some conclusions are drawn in Section 4-3■

4.1 Introduction

W hen modelling chromatographic processes, a significant num ber of param eters must be 

determined experimentally a priori, as the transport and equilibria relationships are too 

complex to model directly from first principles. The model accuracy is particularly de

pendent on the isotherm model, which describes the  relationship between the solute con

centrations in the mobile and stationary phases (The most commonly available isotherm 

models are given in Section 1.3.). In the case of m ulticom ponent m ixtures, an additional 

complexity results from the competition between the different components as they inter

act with the stationary phase. The amount of a component adsorbed a t equilibrium is a 

function of the concentration of this component, as for single com ponent isotherms, bu t

93
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also of the  concentration of all the other components present in the  solution which are 

adsorbed by the  sta tionary  phase (Guiochon et a l, 1994). Design and operation charac

teristics such as unit performance, production ra te  and extent of purification, cannot be 

found until the  isotherm s involved have been determined. As a result, significant work has 

been conducted in the  past by workers to determ ine accurate equilibrium isotherm data  

for chrom atographic processes (Bellot and Condoret, 1993a; Charton et a l, 1993; James 

et a l,  1999). The dependence of model accuracy on the determ ination of isotherm  model 

param eters will be dem onstrated through a sensitivity analysis in Appendix E.

The selection and experim ental determ ination of an appropriate isotherm  are time 

consuming. A large am ount of pure and relatively expensive chemicals is consumed as 

well for this purpose. Traditionally, the  design and realisation of a particular process- 

scale chrom atography process is based on detailed experim ental work at analytical or 

preparative-scales w ith significant effort involved in isotherm  determ ination. Examples of 

these isotherm  determ ination techniques are addressed in Section 4.2.

A be tte r understanding of the process dynamics and equilibria of chrom atographic sep

arations m ay reduce the experimental work needed and hence reduce the tim e and effort 

from process conception to realisation. As a result, it has been a recurring problem in chro

m atography for the  development of an efficient m ethod for isotherm  determ ination. The 

reliable num erical algorithm s available nowadays, in conjunction w ith advances in compu

tational power, facilitates a revisit of the fundam ental problem of isotherm  determination. 

Successful isotherm  determ ination using numerical solutions of the  inverse problem (the 

determ ination of the  isotherm  and rate constants a t known solutions of the system of equa

tions, i.e. the  elution profiles) of non-linear chrom atography has been reported (James et 

al, 1999). However, this m ethod still fails to describe the physical dispersion effect in the 

chrom atographic system  as only the ideal model (Appendix A .1.1) had been employed.

Utilisation of an apparent dispersion coefficient, Dap,i, in the  equilibrium-dispersive 

model (Details of this model is given in Appendix B .l) can accom m odate the  physical dis

persion phenomenon in a chrom atographic column effectively. This model will therefore be 

used throughout this chapter to describe the  elution profile of chrom atographic processes. 

The main objectives of this chapter are therefore: 1) to develop a system atic procedure for 

isotherm determ ination; 2 ) to determine isotherm  param eters for the  candidate isotherms 

by estim ation m ethods based on a minimal set of experim entally obtained elution profiles
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and 3) to  identify the  most appropriate isotherm  model amongst the  candidate models 

which can accom m odate the displacement and com petitive effects th a t characterise the 

non-linear chrom atography of realistic feed stocks.

4.2 Traditional isotherm determination m ethods

Traditionally, isotherm s are determined experimentally by either sta tic  or dynam ic m ethods 

(Bellot and Condoret, 1993a; Guiochon et uL, 1994). The m ain characteristics of these 

m ethods will be outlined in Sections 4.2.1 and 4.2.2. A comparison of these m ethods will 

then be made (Section 4.2.3).

4.2.1 Static m ethod

The static  m ethod often assumes an infinite column efficiency and the phases in the chro

m atography system  are always at equilibrium (Guiochon et a/., 1994). In the  sta tic  m ethod, 

a known weight of stationary  phase is immersed in a solution of known concentration of 

feed sample (Of)  in a closed vessel until equilibrium is reached. The required tim e for the 

system to reach equilibrium depends on the dimension of the vessel, the  am ount of m ate

rial involved and the  particle size of the stationary  phase etc. bu t is often in the  order of 

hours. After the system  reaches its equilibrium, the stationary  phase is removed from the 

solution. The solution is then analysed using either gravim etry or infrared absorption to 

determine the solute concentration left in the  solution (Q ). As a consequence, the  solute 

concentration adsorbed onto the stationary phase (%) can be calculated, i.e. Qi = C f — Q .

An accurately known weight of the sample component is added to the  system , and 

the process is repeated until enough da ta  points or when the  saturation  capacity of the 

stationary  phase have been acquired. The relationship between qi and Q  a t different solute 

concentrations can then  be found graphically or m athematically.

4.2.2 D ynam ic m ethods

As opposed to the sta tic  m ethod which utilises a closed vessel for isotherm  determ ination, 

the dynamic m ethods can describe the fast mass transfer kinetics and near equilibrium 

behaviour of the  phase system utilising a chrom atographic column. These include: frontal
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Figure 4.1: Chrom atogram s obtained from dynamic m ethods of isotherm  determ ination 

(a) FA =  staircase; FACP =  diffuse rear boundary after the  last frontal step (b) ECP

analysis (FA), frontal analysis by characteristic points (FACP) and elution by characteristic 

points (ECP).

Frontal analysis (FA)

Frontal analysis is a very popular m ethod of isotherm  determ ination (Guichon et al.  ̂ 1994; 

James et a l, 1999). In this m ethod, successive step changes of increasing concentration 

are injected into the column and the elution profile is determ ined as shown in Figure 4.1a. 

From this elution profile, the amount of solute adsorbed (q) a t equilibrium w ith a solution 

of concentration (C) is determined.

(Q+i-Q)(yR,z+i-%,)
Ql+i = 9 1  +

V s
(4.1)

where Vr  and Vq are the retention volume of the  desired component and the void volume, 

respectively. Vs is the volume of the stationary  phase inside the column. Subscript I 

corresponds to the  number of step changes in the sample concentration.
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Frontal analysis by characteristic points (FACP)

In frontal analysis by characteristic points (FACP) m ethod, the  m easurem ent of the isotherm 

can be conducted from the rear boundary recorded in FA (Figure 4.1a) or by conducting a 

negative step change from finite concentration to  pure mobile phase (Guichon et ai , 1994; 

Jam es et al , 1999). For the  later approach, a large concentration step is pum ped into 

the column and after a long plateau has been formed in the  column, pure mobile phase is 

pum ped into the column. The isotherm is then derived from the recorded diffusive profile 

by integration:

g =  C i V R i C )  -  V„) dC  (4.2)
V 5 Jo

where Vr {C) is the retention volume of the point of the  diffusive profile a t concentration C, 

or characteristic point. Thus, each point of the  rear profile gives one point of the isotherm.

Elution by characteristic points (ECP)

The isotherm  is derived from the rear part of an overloaded elution profile obtained upon 

injection of a large sample in the elution by the characteristic points m ethod (Figure 4.1b). 

Eq. 4.2 is employed to calculate the isotherm. The EC P m ethod is sim ilar to the FACP 

m ethod. In ECP, the isotherm is determined from the rear part of an overloaded elution 

profile whilst in FACP, it is determined from the diffusive profile obtained after washing a 

concentration plateau off the column (Cuichon et al , 1994; Jam es et al,  1999).

4.2.3 Com parison of the m ain m ethods

The self-sharpening effect of the  FA fronts perm its an accurate determ ination of the 

isotherm  points even for slow mass transfer processes (Guiochon et al , 1994). It has 

been dem onstrated th a t only FA can supply single component and com petitive isotherm 

da ta  accurately for chromatographic separation (James et al ,  1999). Unfortunately, FA 

is tim e consuming and requires significant amounts of relatively expensive pure chemicals. 

Even though the  static  m ethod can give comparable result to th a t of FA, it is much slower 

and usually requires larger amounts of m aterial (Guiochon et al ,  1994).

Both EC P and FACP m ethods can only be employed for the  determ ination of single 

component equilibrium data, but not for competitive equilibrium d a ta  (Bellot and Con

doret, 1993a; James et al,  1999). These m ethods are less accurate compared to th a t of FA
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as they rely on the assum ption th a t the column efficiency is infinite, i.e. the  contribution 

of axial dispersion and mass transfer resistance effects on zone broadening is ignored. A 

system atic error is therefore introduced in the  derived isotherm  (Guiochon et al., 1994). 

In view of this, a dynamic m ethod of isotherm determ ination which accounts for the finite 

column efficiency with minimal experim entation is proposed in the next section.

4.3 A system atic approach for isotherm determination

A faster and simpler way of determ inating model param eters, utilising a numerical pa

ram eter estim ation technique (Appendix A.4.3) coupled w ith minimal experim entation, is 

proposed here. The equilibrium-dispersive model (Appendix B .l) is employed to  account 

for the  physical dispersion mechanism (finite column efficiency) in chrom atographic pro

cesses. This is an inversed problem as the  isotherm is determ ined from the elution profiles. 

This procedure can then  be employed to more efficiently identify an appropriate  isotherm 

with which the process equilibria can be described. The proposed system atic procedure 

for isotherm  determ ination is as follows:

S te p  1 : The elution profiles of the individual components of a m ixture, as well as for the 

whole m ixture, m ust be generated experimentally. (The individual elution profiles are for 

param eter estim ation whilst the components elution profiles are for isotherm  validation.) 

In order to capture the competitive and displacement effects of the m ixture under consid

eration, the experimental conditions m ust be such th a t sufficient degree of overlapping of 

the elution profiles between the components is achieved for the component elution profiles 

(James et al , 1999).

S te p  2 : The num ber of theoretical plates, ■> the height equivalent to a theoretical 

plate, and the apparent dispersion coefficient, Dap^i, of component i can be calculated

directly from the experimental elution profile according to equations B.6 , B .8  and B.5 in 

Appendix B .l (Guiochon et al, 1994; Teoh et al , 2001). These equations are listed as 

below:

=  5 .5 4 ( ^ ) 2

D

p,i j^exp
P,ï
uL
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Step 3: A UV calibration curve which relates the column outlet concentration, Cout.i^ to 

the UV absorbance, UVi, for component i m ust be constructed based on the Beer-Lambert 

Law (Boyer, 1993).

UVi = Ei • Cout,i (4-3)

where E{ is the Beer-Lambert coefficient for component i. Eq. 4.3 can then  be extended for 

m ulticom ponent systems which states th a t the sum m ation of the  individual UV absorbance 

{ U V i )  is equal to  th a t of the  to ta l UV absorbance { U V r ) '

N  N

UVt  = '£ U V i  = Y , E , -  Caat,i (4.4)
i=l i=\

N  is the  num ber of components present in the solution.

Step 4: An appropriate isotherm model m ust be selected. Examples include: Langmuir 

isotherm , competitive Langmuir isotherm, bi-Langmuir isotherm , Fowler isotherm , Pre- 

undlich isotherm  etc. (Bellot and Condoret, 1993b; Guiochon et al. 1994). Some of these 

isotherm  models are discussed in Section 1.3.

Step 5: Param eter estimation is conducted to determ ine the param eters for individual 

components of the selected isotherms using gE ST  w ithin the gPRO M S  process modelling 

tools based on the elution profiles of the  individual components (Process System Enterprise 

Ltd., 2000). The numerical solution methodology of this param eter estim ation is briefly 

discussed in Appendix A.4.3.

Step 6: The determined param eters are then employed to  validate the  elution profiles of 

the m ixture as a function of the operating conditions using the m ixture elution profiles 

obtained in Step 1 .

4.3.1 L im itations of Beer-Lam bert’s Law

Beer-Lam bert’s Law holds when there is a linear relationship between the  UV absorbance 

and the m easured concentration of a solute. Deviations from this relationship arise at high 

concentrations when the perturbing effect of intermolecular interactions or ionic species on 

the charge distribution of the absorbing species become dom inant. According to  Thomas 

(1997), the Beer-Lam bert’s Law is still valid for a solution containing more th an  one ad

sorbing species (multicomponent system), provided there is no interaction between various
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components, i.e. in the linear region of this relationship a t low concentration. This is 

applicable to the operational region of chrom atographic separation investigated in this 

work.

4.4 Case study

In this section, a case study is considered to illustrate the application of the  proposed 

system atic approach in Section 4.3 for isotherm  determ ination. Estim ation and validation 

of the  isotherm  param eters will also be performed (Sections 4.4.3 and 4.4.4). For com

parison, isotherm  determ ination via the static  m ethod is also attem pted. Details of the 

experim entation work are given in Appendix F.3.

4.4.1 Experim ental details

In order to verify the approach outlined in the previous section, the separation of a binary 

m ixture of naphthalene and fluorene was performed using a reversed-phase HPLC column 

(4.6 X 150 mm) at The Advanced Centre for Biochemical Engineering, University Col

lege London. The separation was conducted at different flow rates (0.8, 1.0, 1.2 and 1.5 

m L/m in) and sample volumes (10, 20, 30 and 50 pL)  w ith 0.1 g /L  feed concentration for 

each of the individual arom atic compounds. The stationary  phase consisted of a Jupiter 15 

p m  Cis particles (Phenomenex, Macclesfield, Cheshire, United Kingdom). The separation 

was carried out under isocratic condition. The mobile phase was 90 % acetonitrile and 10 

% water. In this work, the  response of the  UV detector was determ ined to be linear in the 

range of experiments undertaken (refer to Figure 4.2).

As sta ted  in Step 1 of the proposed approach in Section 4.3, the  elution profiles of 

the individual components as well as those of the whole m ixture, were generated experi

mentally. The calculated values for the number of theoretical p late height, , height 

equivalent to a theoretical plate, and the reduced plate height, hp î for the  arom atic 

components a t different separation conditions are tabu la ted  in Appendix F (Step 2). In or

der to achieve a sufficient degree of overlapping between the components, the  experimental 

conditions (mobile phase composition) were constructed in such a way th a t the  calculated 

reduced plate heights, hp î were greater than  4 (refer to  Appendix F .l) . The reason for this
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0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Concentration, g/L

Figure 4.2: UV calibration curve for arom atic components 

(’x ’ =  naphthalene and ’o ’ =  fluorene)

was to deteriorate the resolution of the column so th a t the non-linear com petition effect 

between the  components to be separated could be investigated.

4.4.2 D eterm ination  of Beer-Lambert Law’s Coefficient

The UV absorbance of the individual component (naphthalene and fluorene) a t known 

concentrations were measured separately in a spectrophotom eter a t a wavelength of 265 

nm. Only the m easurem ents in the linear region of the  Beer-Lam bert Law were recorded. 

Three m easurem ents were taken at different solute concentrations for the  components 

considered. The average of these m easurements are p lotted  in Figure 4.2. The Beer- 

Lam bert Law’s coefficient for component f  was determ ined from the slope of this 

figure. The determ ined coefficients, E^ap and Efiu  are 4^-0  and 62.7 L /g  for naphthalene 

and fluorene, respectively.

4.4.3 Param eter estim ation

The chrom atographic column section was modelled using the  equilibrium-dispersive model, 

coupled w ith the appropriate boundary and initial conditions (refer to  Appendix B .l). A 

th ird  order orthogonal collocation finite element m ethod with 80 collocation points was 

used to  discretise the dynamic model (refer to  Appendix A.4.1). The Langmuir (Eq. 1.7) 

and competitive Langmuir (Eq. 1.9) isotherms are considered as candidate models in the 

following:
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Naphthalene Fluorene

0>i

bi

D ata sets

Objective function 

Com putational tim e

29.5

1.00 • 10^ L /g  

Fy = l  m L/m in & V^„^=10 p L  

F y= l m L/m in & Vinj=SO pL  

1.65 

11179 CPUs

0.19 

2.58 • 1 0  ̂ L /g  

Fy=0.8 m L /m in  & Vinj—10 pL 

Fy—1 m L /m in  & Vinj=lO /iL  

1.24 

12781 CPUs

Table 4.1: Estim ated isotherm  param eters

% = {Langm uir)

{C om petitive L angm uir)

;=]

The single isotherm param eters, a{ and bi, for both the components were estim ated using 

gE ST  w ithin the gPRO M S  package (Process System Enterprise, 2000). Details of the 

numerical param eter estim ation technique are discussed in Appendix A.4.3. The estim ated 

isotherm param eters are tabulated  in Table 4.1 together with the experim ental da ta  sets 

and conditions employed for the param eter estim ations. The objective function (goodness- 

of-fit) being minimised in this case indicates how well the predicted elution profiles fitted 

the experimental elution profiles. The estim ated param eters were validated in Appendix 

F.2 using the basic theory of chemistry.

The com putational load required for the param eter estim ations was 11179 and 12781 

CPUs for naphthalene and fluorene, respectively (Table 4.1). Running on an IBM RISC 

System 6000 (43P-140), each param eter estim ation took around 3 to  4 hours which is 

insignificant compared to the tim e and effort required to  construct the  detailed exper

imental work (either sta tic  or dynamic m ethods discussed in Section 4.2) for isotherm  

determ ination.

The determined param eters were then used to  predict the single elution profiles for 

both  the individual components separately a t different flow rates (0.8 and 1.0 m L/m in) and 

different sample volumes (10, 20 and 30 pL). This was done so as to  assess the  goodness-of- 

fit of the param eter estimations. Good agreement in term s of peak position was obtained
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between the simulated and experimental elution profiles at different operating conditions 

(Figures 4.3 and 4.4). However, some differences in the  peak height of the  elution profiles 

were observed.

4.4.4 Validation of the estim ated param eters

The isotherm  param eters found for the  individual components were used in predicting the 

elution profiles for a 1:1 binary m ixture (both naphthalene and fluorene) a t different flow 

rates (0.8 and 1.0 m L/m in) with different sample volumes (10, 20 and 30 pL) utilising either 

the Langmuir or the competitive Langmuir isotherms. This was done to determ ine the most 

appropriate isotherm to describe the process equilibria of the  case study investigated.

Figures 4.5 and 4.6 show the simulated and experim ental elution profiles obtained 

assuming a Langmuir isotherm and a competitive Langmuir isotherm , respectively. For 

both  the isotherms, good agreement in term s of peak positions was obtained for both the 

flow rates considered. W hen the flow rate was 0.8 mL/m in., slight differences in term s 

of peak heights were observed whilst when the  flow rate  is 1 mL/min., good agreement 

in term s of peak heights was obtained. This slight differences between experimental and 

simulated elution profiles are as expected due to the fact th a t the  experim ental da ta  sets 

when the flow rate  is 1 m L /m in  are used for the param eter estimations.

Both the Langmuir and competitive Langmuir isotherm s predict the elution profiles 

reasonably well in all cases. However, from a com putational point of view, the  Langmuir 

isotherm is preferred due to its simplistic m athem atical nature.

Some oscillations in the numerical solution were observed for bo th  the  isotherm s consid

ered due to the inherent characteristic of the  orthogonal collocation finite element m ethod 

employed. This can be reduced by using a higher num ber of finite elements at the expense 

of longer com putational times (Appendix A.4.4).

4.5 Concluding remarks

A system atic procedure for determ inating isotherm  param eters utilising numerical param e

ter estim ation and requiring minimal experim entation effort has been developed. The most 

appropriate isotherm, which can best describe the equilibria relationship for a particular
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Figure 4.3: Simulated and real elution profiles for naphthalene

(a) Fy =  0.8 m L/m in & V ^ j = 20 pL (b) Fy = 0.8 m L/m in & V ^ j = 30 fiL

(c) Fy — 1.0 m L/m in & Vinj =  10 /iL (d) Fy =  1.0 m L/m in & Vinj =  50 pL

(Continuous line =  simulated elution profile and ’x ’ =  exp. elution profile)
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Figure 4.4; Simulated and real elution profiles for fluorene 

(a) Fy = 0.8 m L/m in & V ^ j  =  10 pL  (b) Fy = 0 .8  m L/m in & Vinj — 20 pL  

(c) Fy -  0.8 m L/m in & Vinj =  30 pL  (d) Fy =  1.0 m L/m in & Vinj =  10 /^L 

(Continuous line =  simulated elution profile and ’x ’ =  exp. elution profile)
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Figure 4.5: Langmuir isotherm: Simulated and experimental elution profiles for naphtha

lene and fluorene at different flow rates and sample volumes

(a) Fy = 0.8 m L/m in & V ^ j  =  10 /iL (b) Fy =  0.8 m L/m in & Vinj =  20 /iL

(c) Fy =  0.8 m L/m in & Vinj =  30 /iL (d) Fy — 1.0 m L/m in & V ^ j = 10 /iL

(Continuous line =  simulated elution prohle and ’x ’ =  exp. elution profile)
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Figure 4.6; Competitive Langmuir isotherm: Simulated and experimental elution profiles 

for naphthalene and fluorene at different flow rates and sample volumes

(a) Fy — 0.8 m L/m in & V ^ j  =  10 p,L (b) Fy — 0.8 m L/m in & Vinj — 20 pL

(c) Fy — 0.8 m L/m in & Vinj =  30 pL  (d) Fy =  1.0 m L/m in & Vinj — 10 pL

(Continuous line =  simulated elution profile and ’x ’ =  exp. elution profile)
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purification process, can easily be identify using this m ethod. Significant reduction both  

in term s of tim e and effort can be then realised. On the other hand, as this approach uses 

the Beer-Lam bert’s Law to relate the  column outlet concentration to  the UV absorbance, 

some deviations from experimental da ta  might be observed at high solute concentrations 

when the Beer-Lam bert’s Law reaches its lim itation.

For the case study considered, good agreement between the experim ental da ta  and 

the sim ulated elution profiles with the estim ated isotherm  param eters was obtained under 

different operating conditions. For the case study considered, bo th  the Langm uir and the 

competitive Langmuir isotherms captured successfully the displacement and competitive 

effects in non-linear chromatography.



Chapter 5

Optimal design and operation of 

chromatographic processes

This chapter is concerned with the determination o f optimal design and oper

ation of chromatographic processes. As noted in  the literature review (Section 

2.4), the optimisation attempts reported in the literature so far, are either based 

on experimentation or simplified models. Earlier work has not considered all 

available degrees of freedom simultaneously when evaluating the system perfor

mance of the chromatographic column. In this work, a wider range of degrees 

of freedom is exploited in order to ascertain the fu ll potential o f the chromato

graphic separation. The dimensionless general rate model (Appendix C.2) is 

used to determine the optimal design and operating conditions fo r  a chromato

graphic separation using a dynamic optim isation technique (Appendix A .4-2). 

A case study is considered to demonstrate the approach in determining the op

timal design and operation of a chromatographic process.

5.1 Introduction

There is a constant quest in the pharm aceutical and biotechnology industries for be tter 

separation processes with high resolution power and high recovery yield. To keep up with 

this demand, optim isation of chrom atographic separations therefore becomes essential. 

However, the inherent dynamic nature of these processes makes their optimal design and 

operation a difficult task.

109
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Traditionally, the  design of a chromatographic process relies heavily on experimental 

work, in which several sets of experiments a t analytical and preparative scale are per

formed to investigate feasible design configurations w ith a combination of different operat

ing conditions. The da ta  obtained, together w ith sim ulation results and heuristics, is then 

employed for scale up. The actual realisation of a process scale chrom atographic process 

using this classical approach, is therefore tim e consuming and tedious. A lot of relatively 

expensive pure m aterial(s) is also required. Since only a lim ited range of experimental 

conditions is considered, the obtained design is almost inevitably sub-optim al. Optim isa

tion of chrom atographic processes has not been widely applied in the  past, m ainly due to 

lack of com putational power and reliable numerical algorithms. A review of the classical 

optim isation  work was given in Section 2.4.

This chapter is concerned with the optimal design and operating conditions of chro

m atographic processes. In contrast to earlier work, a detailed dimensionless general rate 

model (Model equations are given in Appendix C.2) coupled with a dynamic optim isation 

technique (refer to Appendix A.4.2) is used. The ultim ate objective of detailed modelling 

of any system  is to incorporate all the individual parts of the process and to  optim ise these 

parts simultaneously, in order to find a global optimum of the  process. Hence, the  degrees 

of freedom available for the design and operation of a chrom atographic process such as 

particle size, column diameter, column length and flow rate, are included in the  detailed 

model. These degrees of freedom are then optimised to ensure th a t the  system is utilised to 

its full potential. The effect of gradually removing these degrees of freedom on the system 

performance is also investigated to illustrate the  im portance of incorporating these degrees 

of freedom a t the earliest possible stage.

The formulation of the  optim isation problem considered in this chapter are discussed 

in the  next section, i.e. definition of the objective function, constraints and degrees of 

freedom available. The application of this dynamic optim isation approach is illustrated 

through a case study for optimal system performance of the  base case design obtained from 

the works of Carlsson et al. (1994) and Samsatli and Shah (1997) (Section 5.3), optimal 

designs (Section 5.4) and closed-loop steady s ta te  recycling (Section 5.5). Comparison 

between the base case design and the optimal designs, together w ith issues of the  actual 

im plem entation of this approach industrially will also be m entioned (Section 5.6). Finally, 

some concluding remarks are summarised in Section 5.7.
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5.1.1 C losed -loop  stead y  sta te  recyclin g  (S SR ) chrom atography

Closed-loop steady sta te  recycling (SSR) chrom atography is considered in Section 5.5 as an 

alternative means to improve the system performance of a conventional chromatographic 

system. The underlying principles involved and the operating procedures of this mode of 

operation will first be discussed.

Closed-loop steady sta te  recycling (SSR) chromatography, also known as closed-loop 

recycling w ith periodic intra-profile injection (CLRPIPI) chromatography, is a binary chro

m atographic separation technique (Grill, 1998; Grill and Miller, 1998; Quinones et a l, 

2000). It is similar to sim ulated moving bed (SMB) chrom atography (refer to Section 1.2.2 

for details of this mode of separation) in th a t the sample is injected into the  interior of the 

circulating chrom atographic profile. After several cycles, closed-loop SSR chrom atography 

reaches its steady state , i.e. the shape and the size of the  elution profiles are identical for 

each cycle. The periodic feed injections and product collections make SSR chromatography 

a repetitive process. On the other hand, SMB chrom atography is a continuous process as 

the sample is continuously injected and two product stream s are continuously collected.

The application of SMB chrom atography in the large scale separations of enantiomers is 

very common these days. However, its high capital cost compared to other chrom atographic 

processes with similar production capacity is a m ajor drawback. A lternative purification 

techniques th a t can offer similar separation resolution w ith  lower capital cost are there

fore potentially attractive. Amongst all the chrom atographic processes, closed-loop SSR 

chrom atography seems to posses these characteristics. As a result, its im plem entation in 

the pharm aceutical industry for chiral separation is becoming more im portant nowadays 

(Grill, 1998; Grill and Miller, 1998; Quinones et a l, 2000).

The addition of a recycle valve transform s a preparative or process scale HPLC chro

m atography column into a closed-loop SSR chrom atography system. The functions of 

the recycle valve and the injection valve are to  recirculate the  unresolved region of the 

chrom atographic profile and to  inject fresh sample a t the appropriate point of the  profile, 

respectively. The capital cost of a closed-loop SSR system is m arginally higher than  th a t of 

the underlying HPLC system bu t it is substantially lower than  th a t of a SMB chrom atogra

phy system of comparable production capacity (Grill and Miller, 1998). Figure 5.1 shows a 

schematic diagram  of closed-loop SSR chromatography. Details of the  operating principles 

of this mode of operation can be found in the  work by Grill (1998). The followings outline
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Figure 5.1: Schematic diagram of a closed-loop SSR chrom atography

the sequence of time events occurs in each cycle accordingly:

1. Sample injection

(a) The injection loop is hi led with sample.

• The injection valve is placed in the load position (dotted-line path in the 

injection valve) and the injection pum p is switched on. The sample is drawn 

from the sample reservoir and pum ped into the injection loop. When the 

injection loop is hlled, the injection pump is switched off. Excess sample 

will go to waste through the waste port.

• During this initial hlling of the injection loop, the mobile phase pump draws 

mobile phase from the mobile phase reservoir. The effluent from the column 

and detector follows the dotted-line flow path  through the injection valve 

and goes to waste through the waste valve.

(b) The sample injection is accomplished simultaneously as follows:

• The injection valve is placed in the inject position (solid-line path in the 

injection valve).



Chapter 5: Optimal design and operation of chromatographic processes_________ 113

•  The recycle valve is opened and the waste valve is closed.

• The mobile phase circulates in a clockwise direction around the  system as 

depicted in Figure 5.1.

The sample in the injection loop is therefore led through the recycle valve, 

through the mobile phase pump and onto the column.

(c) Separation of components in the column

The injection valve is switched to load position (dotted-line path) and the efflu

ent from the column is directed to waste through waste 1 collection valve (all 

the valves of the collection valve manifold are closed except waste 1). This is 

done to prevent contam ination of the fu ture fractions. The mobile phase pump 

is switched on to draw fresh mobile phase from the mobile phase reservoir to 

make up the mobile phase lost through waste 1.

2. Fraction one collection

The fraction 1 collection valve is opened for component one collection and the  waste 

1 collection valve is closed. Fresh mobile phase is added to the  system to make up 

the mobile phase lost.

3. Recycling of fraction one

The fraction 1 collection valve is closed and the recycle valve is opened. Unresolved 

sample is recycled back to the  column for further purification.

4. Fraction two collection

The fraction 2 collection valve is opened for component two collection and the recycle 

valve is closed. Fresh mobile phase is added to  the system to make up the mobile 

phase lost.

5. Recycling or collection of fraction two

The fraction 2 collection valve is closed and the recycle valve is opened. This dilute 

fraction of component two can also be collected by opening waste 2 collection valve 

instead.

The outlined procedures (Step 1 to Step 5) are repeated Nc times until the end of 

the separation [Nc is the number of recycling cycles). All the  valve switching and on- 

off pum ping operations of a closed-loop SSR chrom atography are norm ally initiated  via
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suitable control software. Absolute time and relative tim e are the  m ethods used to control 

the  tim ing of these events. For the  absolute tim e m ethod, the  tim ing of each event in 

every cycle is set a priori. In contrast, the relative tim e m ethod depends on the  detection 

of a chrom atographic profile’s leading edge (reference point) to locate the tim ing events, 

i.e. all the  tim ing events are then set relative to this reference point. For the  relative time 

m ethod, the  mobile phase pump is turned off a t the end of each cycle to obtain extremely 

reproducible cycles (Grill, 1998).

Grill and Miller (1998) compared the production ra te  and specific solvent consumption 

of a conventional HPLC column, a SMB chrom atographic system and a closed-loop SSR 

chrom atographic column for the separation of a racemic pharm aceutical interm ediate. The 

results obtained showed th a t the production rates, purities and recovery yields for the 

closed-loop SSR chrom atographic column and SMB chrom atographic system  were of similar 

m agnitude. However, closed-loop SSR chrom atographic column consumed more mobile 

phase per gram of racem ate than  th a t of the SMB chrom atographic system. Both the 

described operations gave better system performance than  the  conventional HPLC system. 

It should be noted th a t these comparisons were not performed under optim al conditions 

and hence the results drawn cannot be conclusive. Strictly speaking, comparisons between 

different operations are only valid provided they are operated under the  optim al conditions 

for each operation. This establishes the need to  determ ine the  optim al operating conditions 

of the  described operations.

5.2 Formulation of optimisation problem

In this section, the objective function and constraints of the  optim isation problem will 

first be defined. Then, the degrees of freedom available when designing a chrom atographic 

separation will be discussed in Section 5.2.1.

Chrom atography is well known for its high resolution power. Therefore, the  purity  and 

recovery yield of the  desired product(s) are its main constraints. W ithin  these lim itations, 

it is reasonable to seek maximum performance of the process whilst taking into account 

the economic criteria. These include; i) raw m aterials cost, ii) utilities cost and iii) value 

of the  product(s).
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(i) Raw m aterial cost

The raw m aterials costs are not readily available. The raw m aterials involved are 

often crude samples which are interm ediate products in the production chain(s). 

Moreover, the  product throughput will essentially determ ine the  mean rate  of con

sum ption of the  raw m aterials for high purity  product purification

(ii) Utilities cost

The cost of solvent or mobile phase constitutes the m ain portion of the utilities cost. 

It is directly proportional to the product of operating tim e and fiow rate  of a chro

m atographic system (These operating variables are incorporated in the  calculation 

of production rate.).

(iii) Value of the product(s)

The value of product (s) is derived from the costs of raw m aterial and utilities as well 

as the m arket demand. By assuming th a t there is a constant dem and for the purified 

product, it is desirable to maximise its production rate.

As a result, the  optim isation problem in this case is to  maximise the production rate 

of the desired component %, subjects to purity and recovery yield constraints. This is 

expressed as:

max 0(Pr%) (5.1)

subject to

< 1 (5 2)

yrmm < y; < 1 (5 3)

where P ri is the production ra te  of component %, r  is the tim e horizon, i/ are the  time 

invariant param eters, u(t) is the  vector of control variables, and are the

minimum purity  and recovery yield specified for component f  respectively. Definitions of 

these system performance param eters are given in Appendix A .3.

The control variables (u(t)) include the valve switching action of the system, or rather 

the s ta rt and end times for product collection of component i etc. Examples of the  time 

invariant param eters are column length, column diam eter, particle radius and volumetric
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flow rate  of the system. These are also the  main degrees of freedom available when designing 

a chrom atographic process.

For single cycle elution chrom atographic separation, the  time horizon or to ta l separation

tim e is equal to the sum m ation of the injection tim e of feed sample {tinj) and the time

required for all the components to elute from the column [te)'-

~  tinj T  te (5.4)

For a closed-loop SSR chromatography, the tim e horizon is:

Nc N

T  =  ^ 2  [  t i n j  +  t r e e  +  ^ 2  (^ %  ~  )  ]  ( 5 - 5 }
1 i=l

where tinj and tree are the vectors of feed injection and recycling periods, tf and t f  are 

the vectors of s ta rt and end times of product collection for component %, respectively. The 

dimensions of these vectors are equal to  the number of cycles, Nc: whilst N  is the number 

of components.

A control vector param eterisation approach implemented within the gPRO M S  process 

modelling tool (Process System Enterprise Ltd., 2000) was employed to solve this optimi

sation problem. Details of this numerical solution methodology is summ arised in Appendix 

A.4.2.

5.2.1 D egrees o f freedom

The following sections will discuss the tim e invariant param eters, or degrees of freedom, 

available (particle size, column diameter, column length and flow rate) when designing a 

chromatographic process in more detail so as to establish the  need to incorporate these 

param eters in the  optim isation problem.

Particle size

Recent advances in particle technology have provided a wide selection of particle sizes for 

application to chrom atographic separations. All the sta tionary  phases designed for ana

lytical purposes are equally well suited for process scale operation (Dingenen and Kinkel, 

1994). However, owing to reasons such as cost, availability, mechanical and chemical sta

bility, capacity, enantio-selectivity etc., serious consideration is required to decide which
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particle size or type to be employed prior to  the  design and realisation of this mode of 

separation.

Particle size is an im portant factor in the  preparation of an efficient chrom atographic 

column. The column efficiency increases with decreasing particle size and perm eability 

since the  average distance th a t a solute molecule must travel between the packing particles 

to undergo a chrom atographic interaction is less in a bed of small particles than  with one 

w ith larger particles. As chrom atography is a partially diffusion controlled process, this 

distance should be minimised if possible bu t this is a t the  expense of lower permeability, 

i.e. higher operating pressure are required (Snyder and Kirkland, 1974). A compromise 

between column efficiency and pressure drop m ust therefore be found.

Column diameter

Column throughput is directly dependent on the sample capacity of the  chrom atographic 

system. The column capacity increases with increasing column diam eter provided th a t the 

column is homogeneously packed. This increase in column capacity occurs as the  amount of 

packing m aterial available for chromatographic interactions is increased accordingly with 

increasing column diameter. The current trend in chrom atographic separation favours 

columns of large diam eter and short length (AEA Technology Pic., 1998), in which the 

residence tim e of the desired product(s) is reduced with increasing column capacity. Hence 

increases in production ra te  can be achieved by changing the column diam eter or length.

For large diam eter columns, the interstitial velocity of the  mobile phase is moving faster 

near the column walls than  at the center of the  column. As a result, the  solute molecules 

near the column walls travel faster down the column compared to  those in the  column 

center. This eddy diffusion mechanism will cause wider zone broadening effect which will 

in tu rn  deteriorate the  achieved separation. As a result, a compromise between process 

throughput and zone broadening effect must be determined.

Column length

Column efficiency is directly proportional to the column length as be tte r resolution can 

be achieved with a longer column bu t a t the expense of longer retention tim es and higher 

operating pressure. For an existing plant, the column diam eter is normally fixed and 

only the column length can be altered. However, the expensive packing m aterial usually
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prohibits the  application of longer columns if possible, i.e. a shorter column is proffered to 

minimise the  cost of packing m aterial. As a result, the  trade-off between column efficiency 

and cost of packing m aterial must be determined in which an optim al column length, th a t 

offers the  required resolution with minimal amount of packing m aterial, m ust be found. 

Else, alternative operation modes should be exploited to  address these issues. (These issues 

will be addressed in more detail in Chapter 6.)

Flow rate

An improved process throughput can be achieved with increasing flow rate. Hence, it 

is favourable to operate the chromatographic system  at the  highest flow ra te  possible as 

long as the  upper limit of the pum ping facilities is not exceed. Depending on how well 

a chrom atographic column is packed, its column efficiency is a function of the volumetric 

flow rate, i.e. increasing the flow rate  will deteriorate the column resolution accordingly. A 

compromise between high throughput and high resolution m ust therefore be determined. 

The am ount of solvent required, and the pressure drop along the column, also increases 

w ith increasing flow rate. As a result, the determ ination of an optim um  flow ra te  is not a 

trivial problem and deserves serious consideration.

5.3 Case study: Optimal operation of a chromatographic

process

A case study will be considered in this section to illustrate how the optim isation problem 

form ulated in Section 5.2 and the numerical solution m ethodology discussed in Appendix

A.4.2, can be employed to determine the optimal system  performance of an affinity chro

m atography column for the separation of lysozyme and its impurity. The purification of 

lysozyme (second and the more retained component in the  binary m ixture) is a difficult 

separation problem due to the diffusive tailing of the  first component (impurity) and the 

large zone broadening effect of this component itself. A detailed description of this case 

study can be found from the work by Carlsson et al. (1994) and Sam satli and Shah (1997).

Table 3.9 in Section 3.2.2 gives the model param eters used to describe the  separation 

system. For the base case, there are no tim e invariant param eters (z/) as all the degrees 

of freedom (particle size, column diam eter, column length and flow rate) have already
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been fixed, however, their optim isation will be considered later (Section 5.4). The control 

variables (u(t)) are the valve switching action of the  divider, or the  s ta rt and end times 

of product collection. The m athem atical description of the  optim isation problems for i) 

optimal production ra te  of component one (impurity) and ii) optim al production ra te  of 

component two (lysozyme) are:

i) Optimal production rate  of component one 

m ax $ ( P r i )
T,W(()

subject to 

0.99 < P u i < l  

0.65 <  Fi <  1

ii) Optim al production rate  of component two 

max $ ( P r 2)
T,u{t)

subject to 

0.99 <  Pu2 < 1 

0.90 <  Y2 <  1

where Pr, Pu and Y  are the production rate, purity  and recovery yield, respectively, r  is 

the tim e horizon (to tal separation time) of the  process and 0  is the  objective function of 

the optim isation problem. Subscripts 1 and 2 correspond to component one (impurity) 

and component two (lysozyme), respectively. A minimum purity  constraint of 99 % is set 

for bo th  the components (Samsatli and Shah, 1997); The minimum recovery yield con

straints are 65 % and 90 % for component one (impurity) and component two (lysozyme), 

respectively.

The optim al system  performances of this case study  for optim al production of compo

nent one (impurity) and component two (lysozyme) separately, found using the  m ethod 

outlined earlier, are tabu lated  in Table 5.1. The obtained recovery yields are 68 % and 

93 % for component one (impurity) and component two (lysozyme), respectively whilst 

fulfilling the minimum purity  constraint of 99 %.
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System

performance

Optimal production 

of component 1 

(impurity)

Optim al production 

of component 2 

(lysozyme)

Units

Production rate 14.3 -lO"^^ 6.07 -10-^1 m ol/m in

Time horizon 133.6 142.8

Purity 99.3 99.0* %

Recovery yield 68.0 93.1 %

Table 5.1: Optimal system performance of base case scenario 

(*: on the lower bound)

A lower production ra te  is obtained for lysozyme compared to th a t of the  first com

ponent. As m entioned earlier, lysozyme is the more retained component in this case, 

and it is obvious th a t its longer elution tim e and larger zone broadening effect will con

tribu te  to  a lower ra te  of production. It is noted th a t the  production rates obtained for 

both the components are very low indeed. This is due to the dilute feed concentrations 

{Cinj,i = 5.00 • 10“  ̂ m ol • and Cinj,2 =  7.14 • 10“  ̂ m ol • m ~^  as in Table 3.9) and the 

diluting effect of elution chromatographic separation.

In order to  improve the system performance of this process, alternatives design config

urations and operating conditions should be investigated. In Section 5.4, the degrees of 

freedom, i.e. the tim e invariant param eters, available when designing a chromatographic 

process will be included in the optim isation problem, whilst a different operating mode 

(closed-loop steady sta te  recycling) will be considered in Section 5.5.

5.4 Optimal design and operation of a chromatographic pro

cess

In this section, the determ ination of an optim al design configuration and operation of the 

base case design in Section 5.3 will be conducted using the optim isation m ethod outlined in 

Section 5.2. Optim al production of im purity (component one) and lysozyme (component 

two) will be considered separately in Sections 5.4.1 and 5.4.2, respectively. The effect 

on the system performance of gradually removing the  degrees of freedom (time invariant 

param eters) available when designing a chrom atographic process will also be investigated.



Chapter 5: Optimal design and operation of chromatographic processes 121

Time invariant param eter Lower bound Upper bound Units

Column diam eter, D 1.00 1.65 cm

Column length, L 8.0 15.5 cm

Particle radius, Rp 5 50 pm

Volumetric fiow rate, Fy 0.72 1.08 m L /m in

Table 5.2: Bounds on degrees of freedom

Time interval Lower bound U pper bound

Sample injection 2.76 10

Collection period of component one 1.5 50

Mixed region 5 50

Collection period of component two 10 40

Elution time 90 150

Table 5.3: Bounds on tim e intervals

The case study illustrated in the previous section only considered optimising the  production 

rates (Pr) of the components by determining the control variables, u(t)  (optimal product 

collection periods or valve switching actions), and the tim e horizon, r  (optimal separation 

time), subjected to both  purity  (Pu) and recovery yield (Y) constraints. This case study 

will include these issues, bu t will also determine the optim al column design configurations 

or tim e invariant param eters (i/) simultaneously. The tim e invariant param eters, or the 

colum n’s design degrees of freedom, which will be determ ined by the optim isation problem 

are the column length (L), the  column diam eter (D) and the particle radius (Rp). The 

operating param eter th a t can be adjusted in this case is the  volumetric fiow rate {Fy). 

Table 5.2 shows the tim e invariant param eters or degrees of freedom considered in this 

optim isation problem with their upper and lower bounds, respectively.

For all the considered cases, the to tal separation tim e or tim e horizon (r) is taken 

to be between 110 and 300 dimensionless unit time. This separation tim e depends on 

the dimension of the  column, the operating fiow rate, the  am ount of sample injected etc. 

Bounds on the tim e intervals for sample injection, products collections, mixed separation 

region and elution tim e of the products are tabulated  in Table 5.3.
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5.4 .1  O ptim al produ ction  o f im p urity  (com p on en t one)

In this section, the  optim al column design configuration and operation of a chromato

graphic process for optim al production of component one (less retained component) will 

be determined. The ability to purify component one (im purity) with high resolution, as 

well as high production rate, is also of crucial importance. It is believed th a t the removal 

of the less retained component from a binary m ixture as early as possible will lead to an 

improved in production of the  more retained component (Guiochon et al.  ̂ 1994). The main 

objectives of this section are therefore i) to investigate the  effect of gradually removing the 

degrees of freedom or tim e invariant param eters on the  system performance and ii) to 

study the effect of variation in the recovery yield constraint on the production rate. The 

optim isation problems can be formulated as:

m ax ^ iP r i )  

subject to

0.99 <  P u i  <  1

0.90 <  Yi <  1 or 0.99 <  Yi <  1

A minimum purity  constraint of 99 % was chosen. Two minimum recovery yield con

straints of 90 % and 99 % were considered. The bounds of the degrees of freedom and 

tim e intervals are tabulated  in Tables 5.2 and 5.3, respectively. Initially, all the degrees of 

freedom (particle size, column diameter, column length and fiow rate) are optimised simul

taneously to maximise the production rate  of component one. These degrees of freedom 

were then gradually removed, or fixed, according to the values of the base case design in 

Table 3.9 (Section 3.2.2). The following section will discuss the  results obtained in more 

details.

Results and discussion

Table 5.4 shows the  optim al solutions found for the optim al production of component one 

(im purity). As m entioned earlier, there are two different recovery yield constraints chosen 

in this case, i.e. 99 % (cases A, B and D) and 90 % (cases C, E and F). T he degrees of 

freedom are gradually removed or fixed as we go down Table 5.4. (This is indicated by the 

f symbol.) By doing so, the effects of recovery yield constraints as well as column design 

param eters and operating conditions on the system performance, can be investigated.



9

-i

Constraints Objective function Tim e horizon Time invariant param eters Calculated param eters

Case P u i Ti P r i  -10~^^ T Ftp D L Fv u Tinj L /u

(%) (%) (m ol/m in) (/im) (cm) (cm) (m L/m in) (cm /m in) (min)

A 99 99 16.91 168 21 1.43 15.1 1.04 1.73 7.5 8.73

B 99 99 14.82 139 5Qt 1.43 15.5 1.05 1.76 7.50 8.81

C 99 92 26.03 146 50t 1.33 10.4 1.08 2.11 6.24 4.93

D 99 99 10.97 128 50t 1.00^ 15.5 0.72 2.48 5.92 6.25

E 99 90 12.75 152 50t l.OOt 15.5 0.72 2.48 5.17 6.25

F 99 90 17.14 194 50t l.OOt 10.4t 0.72 2.48 5.01 6.25

Table 5.4: Optim al solution for im purity (component one) 

(f: Fixed time invariant param eter)
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The increments in production rate  and recovery yield in Table 5.4 compared to the 

optim al solution of the base case design in Table 5.1 (Section 5.3) show th a t be tte r system 

performance can be achieved by including the tim e invariant param eters in the optim isation 

problem and optimising these param eters simultaneously. It can be seen th a t the  increment 

in the production rate  will decrease with decreasing degrees of freedom. This effect will be 

discussed in more detail in Section 5.6.1.

Different initial guesses of the degrees of freedom and tim e intervals will result in 

different optimal designs, e.g. in case A — 99 % and =  99 %), the values

of the production ra te  of component one (impurity) are 7.83, 9.05 and 16.91 m ol/m in  

according to different values of initial guesses. Hence, the task  to  locate the optimal design 

and operating conditions for a chromatographic system  is not trivial. Different initial 

guesses of the degrees freedom and time intervals should be investigated so as a global 

optim al solution can be found.

For a minimum purity constraint of 99 %, case A and case C give the best

design configuration and operating conditions whilst fulfilling the minimum recovery yield 

constraints (y:"^*") of 99 % and 90 %, respectively (refer to Table 5.4). The corresponding 

optim al rate  of production for these cases are 16.91 • 10~^^ and 26.03 • 10~^^ m ol/m in, 

respectively. This is consistent with the fact th a t a tigh t recovery yield constraint will lead 

to a lower ra te  of production as less purified product will be able to meet th is separation 

criteria. However, the increment in production rate  w ith a lower recovery yield constraint 

is at the expense of a loss in valuable product(s) and an increased in recycling cost (not 

considered in this study).

5.4 .2  O ptim al p rod u ction  o f lysozym e (com p on en t tw o)

As in Section 5.4.1, the  optimal design column configuration and operation of a chromato

graphic process will be determined in this case, however, the optim al production of the 

more retained component (lysozyme) will be considered instead. The effect of gradually 

removing the degrees of freedom available when designing a chrom atographic process will 

also be investigated as in Section 5.4.1. The optim isation problem can be expressed as:

m ax 0 (P r2 )
T , U , u { t )

subject to
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0.99 <  Pu2 < 1 

0.99 <  Y2 <  1

The upper and lower bounds of the time invariant param eters , u (particle size, column 

diam eter, column length and flow rate), and the  tim e interval for the optim isation problems 

are chosen as in Tables 5.2 and 5.3, respectively. The control variables (u(t)) are the valve 

switching actions or the  production collection periods, as discussed earlier. The minimum 

purity  and recovery yield constraints set are 99 %.

Results and Discussion

Table 5.5 shows the optimal column design param eters and operating conditions found 

when the main objective was to optimise the production rate  of the more retained compo

nent (lysozyme). As w ith the optimal production of component one (im purity) in Section 

5.4.1, the degrees of freedom available are gradually removed (indicated by the f symbol) 

as we go down Table 5.5. The optimal solution exists here is case I when the production 

rate  is 16.84 • 10“ ^̂  mol/min^ i.e. when all the degrees of freedom available are optimised 

simultaneously. The system performance decreases with decreasing degrees of freedom as 

expected. This will be discussed in more detail in Section 5.6.1. It has to be noted th a t 

the optim al solution gives a lower rate of production than  th a t of the  first component as 

this is a more difficult purification problem due to the  reasons discussed earlier (Guiochon 

et a l).

5.4.3 Summ ary

In this section, the optimal design and operation of a chrom atographic process for the 

purification of a binary m ixture of lysozyme and its im purity were determ ined separately 

using the dimensionless general ra te  model (Appendix C.2) coupled with a dynamic opti

m isation approach (Appendix A.4.2). The degrees of freedom available when designing a 

chrom atographic process were optimised simultaneously whilst evaluating the system per

formance of the chrom atographic column. Improved system performance can be achieved 

by implementing the determined optim al designs.
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Constraints Objective function Time horizon Time invariant param eters Calculated param eters

Case PU2 Y2 Pr2 10-11 T Rp D L Fv u Tinj L /u

(%) (%) (m ol/m in) (/im ) (cm) (cm) (m L/m in) (cm /m in) (min)

I 99 99 16.84 163 5 1.16 10.4 1.08 2.75 10.00 3.78

II 99 99 9.16 143 50t 1.00 15.1 0.75 2.60 10.00 5.81

III 99 99 4.93 200 50t i.oot 15.5 0.72 2.48 9.34 6.25

Table 5.5: Optimal solution for lysozyme (component two) 

(f: Fixed tim e invariant param eter)
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5.5 Optimal operation of a closed-Ioop SSR chromatography

In this section, optim al operation of closed-loop steady sta te  recycling (SSR) chromatog

raphy will be investigated as an alternative means of separation to  improve the system 

performance of the conventional chrom atographic column discussed in Section 5.3. A 

comparison of the system performance between the base case design and closed-loop SSR 

chrom atography will then be made in Section 5.6.2.

Traditional m ethods of development for closed-loop SSR chrom atography rely solely 

on experim ental work (Grill, 1998; Grill and Miller, 1998; Quinones et a i, 2000). The 

different tim ing intervals of this separation (sample injections, product collections and 

recycling periods as discussed in Section 5.1.1) are determ ined by educated guesses with 

perhaps some help from computer simulations. As opposed to the trad itional approach, the 

dynamic optim isation approach used in this study is form ulated in such a way th a t it can 

efficiently locate the different tim ing intervals in each cycle for this means of separation. 

Experim ental validation of the  tim ing events is still required, bu t w ith significant reduction 

in tim e and effort for actual process realisation.

The model param eters employed in this case are the same as those in the base case 

design (refer to Table 3.9 in Section 3.2.2), i.e. there are no tim e invariant param eters 

{u). The control variables, u(t), are the valve switching actions of the  divider. The timing 

events (feed injection, recycling and product collection periods) discussed in Section 5.1.1 

will also be determ ined by the dynamic optim isation problem form ulated in Section 5.2. 

Since closed-loop SSR chrom atography is a repetitive steady sta te  operation (periodic feed 

injection and production collection), the described tim ing events are similar in m agnitude 

in each cycle with identical elution profiles.

The following sections will considered: i) optim al production of im purity  (Section 5.5.1) 

and ii) optim al production of lysozyme (Section 5.5.2). For optim al production of lysozyme, 

two different objective functions will be optimised separately, i.e. optim al production rate 

and ii) optim al recovery yield. This is done to investigate the  effect of optimising different 

objective functions on the  overall system performance. The optim isation problems will 

be performed at different number of cycles, e.g. 2, 3, 4 and 5 cycles. Higher num ber of 

cycles are not considered as the  numerical solution algorithm  implem ented w ithin g PRO M S  

Process Modelling tool (Process System Enterprise Ltd., 2000) failed to cope with the  size 

of these large dynamic optim isation problems.
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iVc

Constraints 

P u i ,  Yi, 

% %

Optimal solutions 

P n  % 10-1^ T 

m ol/m in

2 99* 75 2.91 506

3 99* 75 4.37 759

4 99* 75 5.82 1012

5 99* 75 7.28 1266

Table 5.6: Optim al production rate  of component one by closed-loop SSR chrom atography

(*; on the lower bound)

Operation Optimal tim ing intervals

P r ^ f P r ^ ' \rOpt

Injection 2.76 2.76 2.76

Component one collection 23.53 39.77 39.83

Recycling 46.52 40.00 40.00

Component two collection 173.52 166.94 207.03

Recycling 6.82 5.00 7T#

Table 5.7: Optimal tim ing intervals in Nc cycle of closed-loop SSR chrom atography

5.5.1 O ptim al produ ction  o f im purity  (com p on en t one)

The determ ination of optimal production of im purity by closed-loop SSR chrom atography 

will be conducted in this section. The optim isation problem was form ulated to maximise 

the production ra te  of component one (P r i)  subjects to  both  the purity  {P ui) and recovery 

yield (Yî.) constraints as the following:

max $ ( P r i )

subject to

0.99 < P u i < l

0.65 <  Yi <  1

The minimum purity  and recovery yield constraints chosen in this case were 99 % and 

65 %, respectively. Table 5.6 tabulates the optimal production ra te  of component one as
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a function of the  num ber of cycles. The production rates increase w ith increasing number 

of cycles due to  the increased column efficiency obtained by recycling. Figure 5.2a is the 

sim ulated elution profiles of closed-loop SSR chrom atography for optim al component one 

production after 5 operating cycles. The corresponding optim al tim ing intervals in Nc 

cycle for this separation are given in the P r ^ ^  column in Table 5.7.

5.5 .2  O ptim al p rod u ction  o f lysozym e (com p on en t tw o)

As in Section 5.5.1, the  optim al production of lysozyme by closed-loop SSR chrom atography 

will be determ ined using the  m ethod outlined in Section 5.2, however,two different objective 

functions will be investigated for the formulation of the  optim isation problem in this study,

i.e. optim al production rate  (P r^^ )  and optimal recovery yield of component two

respectively. By doing so, the effect of these objective functions on the  system  performance 

(production rate) can be investigated.

Optimal production rate of lysozyme (component two)

In this section, the determ ination of optimal production ra te  of lysozyme by closed-loop 

SSR chrom atography will be performed. The objective function of this optim isation prob

lem is to maximise the production ra te  (P r2) of component two, which can be described 

by the following m athem atical expressions:

max $ ( P t '2}
T,u{t)

subject to

0.99 < P U 2 < 1  

0.90 < T2 < 1

The minimum purity and recovery yield constraints of 99 % and 90 % are chosen 

respectively. Table 5.8 gives the optimal production rates obtained as a function of number 

of cycles. As expected, the production rate  increases w ith  increasing numbers of cycles 

due to the increased in column efficiency arising from recycling operation. Figure 5.2b 

is the  simulated elution profiles of the closed-loop SSR chrom atography after 5 cycles of 

operation for optim al production rate  of lysozyme while th e  optim al tim ing intervals of 

this purification are tabulated  in the P r ^ ^  column in Table 5.7. (These tim ing intervals 

are repeated five times as 5 cycles operation are considered.)
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Figure 5.2: Simulated elution profiles of a closed-loop SSR chrom atography 

(a) optimal P r\]  (b) optimal P r 2 (c) optimal Y2 

(’— ’ =  Component one and ’----- ’ =  Com ponent two)

Nc

Constraints 

PU2, Y2, 

% %

Optim al solutions 

Pr2 X  10-1^  T 

m ol/m in

2 99* 93.75 0.70 530

3 99* 93.75 1.04 806

4 99* 93.75 1.46 1019

5 99* 93.75 1.83 1272

Table 5.8: Optim al production rate  of lysozyme by closed-loop SSR chrom atography

(*: on the lower bound)



Chapter 5: Optimal design and operation of chromatographic processes 131

No. cycle

Constraints

PU2,

%

Optimal solutions 

>2 , T

%

Calculated values 

Pr2 X  10-10, 

m ol/m in

2 99* 93.76 683 0.53

3 99* 93.76 934 O j#

4 99* 93.76 1201 1.16

5 99* 93.76 1489 1.47

Table 5.9: Optim al recovery yield of lysozyme by closed-loop SSR chrom atography

(*: on the lower bound)

It is observed th a t lower production rates are obtained in this case compared to those 

for optim al production rate  of component one (im purity) in the previous section. It is 

usually more difficult to purify the more retained component in a binary m ixture. In 

contrast, the following section will optimise the recovery yield of lysozyme instead.

Optimal recovery yield of lysozyme (component two)

This study determines the  optim al production of lysozyme by maximising the recovery yield 

of this component (l^)- This is done to investigate the  effect of aJlocating the recovery 

yield as the objective function on the system performance. A minimum purity  constraint 

of 99 % was chosen. The formulated optim isation problem is as follows:

max 0 (^2 )
r,u(i)

subject to

0.99 < P u 2 < l

Table 5.9 tabulates the optimal recovery yields and calculated production rates of 

lysozyme at different num ber of cycles. Even though the objective function in this study 

is to maximise the recovery yield instead of the production ra te  of lysozyme, the incre

m ent in recovery yield obtained in this case is negligible compared to th a t in the  previous 

section, i.e. 93.76 % (Table 5.9) and 93.75 % (Table 5.8), respectively. Moreover, this is 

accompanied by an average decrease of 20 % in production ra te  in each cycle.

Figure 5.2c shows the simulated elution profiles of the closed-loop SSR chrom atography 

for optimal recovery yield of lysozyme after 5 cycles of operation and the optim al tim ing
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System performance Units

Production rate 2.91 10-9 7.33 TO-io 5.90 TO-io m ol/m in

Time horizon 5063 5089 5933

Purity 99* 99* 99* %

Recovery yield 75.00 93.75 93.72 %

Table 5.10: Simulated results obtained after 20 cycles operation 

(*: on the lower bound)

intervals of Nc cycle for this separation are tabu lated  in the  final column in Table 5.7. The 

longer operating tim e observed in this case, compared to  th a t of the  optim al production 

ra te  of lysozyme (Figure 5.2b), explains the lower rate  of production for lysozyme {P r2) 

calculated in Table 5.9. In conclusion, the reformulation of the objective function does not 

lead to an improved system performance for this particular case. This might due to the 

fact th a t the considered closed-loop SSR chrom atographic system was already operated at 

its maximum resolution power.

5.5 .3  V alidation  o f th e  op tim al so lu tion s

As mentioned earlier, the  maximum number of cycles of closed-loop SSR chrom atography 

being optimised in this study is only five as the  numerical solution algorithm  implemented 

in the gPRO M S  package (Process System Enterprise Ltd., 2000) cannot handle problem 

sizes larger than  this. In order to validate the  applicability of the  tim ing intervals found in 

Sections 5.5.1 and 5.5.2 for cycles number greater than  five, the tabulated  tim ing intervals 

in Table 5.7 were employed to simulate 20 cycles operation of closed-loop SSR chromatog

raphy for optimal production of the  components separately. The sim ulation results are 

then summarised in Table 5.10.

As expected, improved production rates of bo th  components were achieved after 20 

cycles of operation whilst satisfying a minimum purity  constraint of 99 % compared to 

those of the base case design in Section 5.3. The sim ulated recovery yields are of the 

same m agnitude as the optimal solutions obtained for 5 cycles of operation. From these 

simulations, it can be concluded th a t steady s ta te  operation has already almost been 

achieved after 5 cycles operation and the tim ing intervals found from 5 cycles operation is
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valid to be employed for 20 cycles operation of closed-loop SSR chrom atography for this 

case.

5.6 Comparison of the system performance

In this section, a comparison of the system performance of the  base case design (Section 

5.3), the optimal designs (Sections 5.4) and the optimal operation of closed-loop SSR chro

m atography (Section 5.5) for both  the components will be m ade to enable valid conclusions 

to be drawn for the practical im plem entation of chrom atographic processes.

5.6.1 B ase case design versus op tim al designs

A comparison of the system performance between the base case design and the optimal 

designs will be made in this section. The effect of the  degrees of freedom available when 

designing a chromatographic process on the system performance, will also be investigated.

Figure 5.3 gives the simulated elution profiles obtained for (a) base case design, (b) 

optim al production of impurity, and (c) optimal production of lysozyme. The simulated 

elution profiles obtained from implementing the optimal design solutions (Figures 5.3b and 

5.3c) show less degree of overlapping between the components, i.e. an improved separation 

can be obtained by the im plem entation of the  determined optim al designs and therefore 

an increase production rate.

Table 5.11 tabulates the percentage increments in the production ra te  and recovery 

yield realised from implementation of the optimal designs. For lysozyme (component two) 

production, an increased oi 177 % in rate  of production is achieved. Since lysozyme is 

the  desire product, this outcome is very encouraging indeed. Although the increase in 

production rate  of component one is less profound in this case, its recovery yield has also 

been improved by the optimal design, i.e. %.

Effects of the degrees of freedom

The determ ination of optimal design and operation of chrom atographic process in Section 

5.4 exploited the full potential of the process by optimising the system  performance and 

the tim e invariant param eters simultaneously. In this section, the  effects of these time
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Percentage increment (%)

Production rate 18 177

Recovery yield 46 6

Table 5.11: Percentage increment of the system performance by optim al designs
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Figure 5.3: Comparison of various simulated elution profiles by different designs 

(a) base case design (b) optim al component one production and (c) optimal 

component two production (’— ’ =  component one and ’-----’ =  component two)
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invariant param eters or degrees of freedom available when designing a chrom atographic 

process on the system performance will be discussed.

Prom Table 5.4 in Section 5.4.1, the optim al solutions for im purity  suggest th a t a 

particle radius of roughly 20 p m  (case A) is adequate for its purification. On the other 

hand, an optimal particle radius of 5 p m  (case I) is required for the purification of lysozyme 

(Table 5.5 in Section 5.4.2). Purification of the more retained component (lysozyme) is 

often more difficult due to  the diffusive tailing of the less retained component. Hence, a 

more efficient column is required.

It has to be noted th a t the optimal designs (case A and case I) of a chrom atographic 

process for optim al production of both components do not approach the upper lim it of the 

column diam eter (1.65 cm). This shows th a t the autom atic assum ption to  use the largest 

column diam eter to maximise the process throughput (AEA Technology Pic., 1998), does 

not necessary lead to an optimal design.

For a fixed particle radius of 50 pm , the column lengths for cases B (optimal component 

one production) and II (optimal component two production) are longer than  those of cases 

A (Table 5.4) and I (Table 5.5) for im purity and lysozyme, respectively. This increase in 

column length is inevitable in order to compensate for the  decreased in column efficiency 

due to an increase in particle size. The lower production rates obtained suggest th a t the 

chrom atographic separation is operated under sub-optimal conditions.

It is not surprising to learn that, as the degrees of freedom are gradually removed, i.e. 

the particle radius, column diameter, and column length are fixed, the optim al rate  of 

production will decrease accordingly (refer to  Tables 5.4 and 5.5). As a result, the  applica

tion of this proposed approach at an earlier stage will certainly allow a wider exploitation 

of the  design param eters and operating variables, and hence lead to a b e tte r  design. An 

improved separation can still be achieved using the  proposed approach at the  later stage of 

a designing process when certain degrees of freedom of the  design param eters have already 

been fixed bu t a t the  expense of lower system performance (production ra te  in this case).

5.6 .2  B ase case design  versus c losed-loop  S S R  chrom atography

In this section, the  system performance of the  base case design and closed-loop SSR chro

m atography for optim al production of both the components will be compared. These
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System Opt. im purity Opt. lysozyme

performance Base design SSR Base design SSR

Production rate, m ol/m in 1.43 10-10 1.46 -10-10 6.07 -10-11 3.66 10-

Time horizon 133.6 253.2 142.8 254.5

Recovery yield, % 68.0 75.0 93.1 93.7

Purity, % 99.0* 99.0* 99.0* 99.0*

Table 5.12: Comparison of optimal system performance for base case design and closed-loop 

SSR chrom atography

(*: on the lower bound)

optim al solutions are tabulated  in Table 5.12. The tabu lated  values for closed-loop SSR 

chrom atography in Table 5.12 are the average values taken from 5 cycles operation. All the 

cases considered fulfill the  minimum purity requirement of 99 % as specified with highest 

achievable recovery yield.

As the off-specihcation product (s) is recycled back to the  column for further purification 

in closed-loop SSR chromatography, an improved separation in term s of the recovery yield 

can be obtained a t the  expense of longer operation time. This is especially true for the 

optim al production of im purity considered here. However, the increment in recovery yield 

of lysozyme is less significant. As the purification of the  more retained component is a 

demanding separation task, alternative designs should be exploited to  further increase the 

column efficiency. This cannot be achieved by simply recycling the unresolved fractions 

back to the column bu t involves the determ ination of an optim al design and operation 

procedure as illustrated  in Section 5.4 using the outlined m ethod in Section 5.2.

Negligible increment in the production ra te  of component one is obtained via the ap

plication of closed-loop SSR chromatography. However, a decrease of alm ost fO % in the 

production rate  of the second component is observed. This might be due to the increase in 

operation tim e of this separation mode which outweighs the increment in recovery yield. 

A compromise between recovery yield and production ra te  is therefore required when im

plementing a closed-loop SSR chromatography.
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5.7 Concluding remarks

This chapter dem onstrates the possibility of solving the  dynamic optim isation problem 

of a chrom atographic separation using the dimensionless general ra te  model discussed in 

A ppendix C. The optim isation problem is form ulated in such a way th a t the degrees of 

freedom available are optimised simultaneously to exploit the full potential of the system 

performance.

A comparison of the  system performance between i) the  optim al operation of the chro

m atographic process (base case design), ii) the optim al design and operation of the chro

m atographic process and iii) the optimal operation of closed-loop SSR chrom atography 

was made. The results obtained show th a t the  system performance of these separations 

decreases in the following order; optimal column designs and operation of chrom atographic 

process, optimal operation of closed-loop SSR chrom atography and optim al operation of 

chrom atographic process. These results illustrate th a t the  application of the described 

dynamic optim isation technique a t an early design stage will lead to a be tte r design and 

operation of chrom atographic processes.



Chapter 6

Optimal operating policies for 

closed-loop recycling HPLC processes

In Chapter 5, the optimal design and operation of an H PLC process was con

sidered. In this chapter, optimal operating policies o f H PLC  processes will be 

determined. Successful application of closed-loop recycling H PLC  processes has 

been reported, mainly in the pharmaceutical industry, but there is still limited 

knowledge about the dynamic behaviour of this process itself. Thus, it is not sur

prising that work on optimal operation of closed-loop recycling system s has not 

been presented in the open literature so far. This will form  the main framework 

of this chapter in which different operating policies fo r a closed-loop recycling 

HPLC system  are investigated using the equilibrium-dispersive model (Appendix

B .l )  coupled with a dynamic optimisation technique (Appendix A .4 .2). The op

erating policies include: conventional recycling, recycling with peak shaving, and 

recycling with peak shaving and multiple feed injection.

6.1 Introduction

Optim al design and operation of chromatographic processes is of great economic impor

tance due to the  widespread reliance of the pharm aceutical and biologically-based industries 

on this means of separation. In this chapter, the  possibility of improving column separa

tion performance by enhancing efficiency via recycling using different operating policies 

is investigated. The use of dynamic optim isation is dem onstrated to  locate the optimal

138
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operating conditions. The operating policies considered include: conventional recycling, 

recycling with peak shaving, and recycling with peak shaving and m ultiple feed injection.

First, the m otivations for recycling application are established in Section 6.1.1. P rin

ciples of the different operating policies will be given in Section 6.2. Formulation of the 

optim isation problem will then be presented (Section 6.3). A case study will be investigated 

to dem onstrate how an improvement in the column perform ance by using the recycling op

erating policies can be achieved in a cost effective m anner (Section 6.4). This is followed 

by some considerations for the practical im plem entation issues of the  operating policies 

considered (Section 6.5). Finally, some concluding rem arks will be drawn (Section 6.6).

6.1 .1  W h y recycling?

The efficiency of a chrom atographic separation is highly dependent on its column length. 

One conventional approach of enhancing this efficiency is simply by elongating the column 

length. However, this will normally increase the pressure drop across the system. Also, 

the chrom atographic columns used for industrial applications are often of fixed dimen

sions. Therefore, lengthening the column is usually not feasible in practice. Besides, the 

relatively expensive stationary  phase may also prohibit the actual realisation of very long 

columns. Despite all the merits in the development of chiral stationary  phases for enan- 

tiomers purification over the last few decades, the selectivity values of m ost solvent-chiral 

stationary  phase systems are still incapable of giving satisfactory resolution, especially for 

preparative and large scale chromatographic separations operated at overloaded conditions 

(Dingenen and Kinkel, 1994). An operating m ethod th a t can overcome these lim itations 

whilst achieving higher column performance is potentially  attractive. Closed-loop recy

cling chrom atographic separation is one way of realising th is and will be considered in this 

chapter.

Successful application of recycling chrom atographic separation has been reported, mainly 

in the pharm aceutical industry (Dingenen and Kinkel, 1994; Grill and Miller, 1998; Heuer 

et al., 1999; Quinones et a l, 2000). However, little  has been reported  in the  open litera

ture as to neither the  different operating policies available for recycling chrom atographic 

separation, nor to the evaluation of recycling chrom atography in comparison to other rival 

techniques. Three different operating policies will be studied here, more details of which 

will follow in the next section.
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Figure 6.1: Schematic diagram of closed-loop recycling chrom atography system

6.2 Principles of the operating policies considered

In this section, the operating principles of different operating policies considered in this 

chapter will be discussed, i.e. conventional recycling, recycling with peak shaving, and 

recycling with peak shaving and multiple feed injection.

6.2.1 C onventional c losed-loop  recycling  chrom atographic separation

Closed-loop recycling chromatography is the simplest recycling technique available. Figure

6.1 is a schematic diagram of a closed-loop recycling chrom atography system. The system 

consists of standard  HPLC components: a high pressure pum p, a six-port sample injection 

valve and a continuous-how UV detector. An additional four-port valve is included in the 

connecting line between the detector outlet and pump inlet. Hence, the chrom atographic 

system can be operated either in conventional elution mode or closed-loop recycling mode. 

Fraction collectors are available for the collection of purified products and waste.

During recycling, the feed to be separated is transported  several times through the 

column in order to achieve further purification. The switching of the four-port valve will 

term inate the recycling operation and the purified products may be collected in the appro

priate fraction collectors. Under such recycling, not only is the column efficiency enhanced.
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bu t a higher product purity  and recovery yield can be achieved. Additionally, no fresh sol

vent is required for the recycling period and this m ay contribute to  a further saving in 

operating costs (Seidel-Morgenstern and Guiochon, 1993; Heuer et a l,  1995). From a 

practical point of view, recycling is also relatively easy to implement. However, it is im

portan t to note th a t recycling cannot proceed beyond the point where the sample is spread 

over the  whole column. Further recycling would then  lead to a  reduction in resolution by 

the overlapping of successive cycles. Also, throughout operation, the  re-mixing effect in 

the pum p and tubing will contribute to  zone broadening and hence deteriorate the separa

tion. Other lim itations include: increased inlet-pressure (not included in the m athem atical 

model employed in this thesis), higher unit operation cost, longer operating tim e etc. As 

a result, careful consideration is required to determine the  optim al operating policy.

6.2 .2  C losed -loop  recycling  chrom atography w ith  peak  shaving

During conventional recycling operation, the sample is recycled back to  the column several 

times. Only at the end of the last cycle, are the  purified products collected. In contrast, 

when applying a peak shaving technique (Charton et a l, 1994; Heuer et a l, 1999), in 

each cycle, the  volume of the eluent th a t contains sufficiently purified fractions is collected 

and only the off-specihcation fractions are recycled. A higher recovery yield can thus be 

achieved. Figure 6.2 is a schematic comparison of the conventional recycling operation and 

th a t employing the peak shaving technique for a binary m ixture purihcation.

W hen applying peak shaving, the cutting times, as well as the  am ounts of on-specihcation 

product collected in each cycle, must be determined a priori. P roduct purity  is often used 

as a cutting  criteria. For a binary mixture, the peak shaving technique has four different 

modes as follows (Figure 6.3):

a. The whole feed is recycled as both  of the  components fail to  achieve the required 

purity  constraints.

b. Fractions of both  components th a t fulfill the purity  requirem ents are collected and 

only the mixed fraction is recycled.

c. Only the sufficiently purified fraction containing component 1 is collected and the 

rem ainder is recycled.
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Figure G.2: Schematic comparison of conventional recycling and recycling with peak shav

ing technique for a binary m ixture purification

d. Only the sufficiently purified fraction containing component 2 is collected and the 

remainder is recycled.

6.2.3 C losed-loop  recycling chrom atography w ith  peak shaving and m ul

tip le  feed in jection

The system setup of this mode of operation is similar to th a t of a closed-loop recycling 

chromatographic separation with a peak shaving technique with possible modifications in
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Figure 6.3: Schematic representation of different peak shaving modes 

(Shaded areas in tlie elution profiles mark the overlapping between the components)

the feed injection loop. Recent advances in the chrom atographic auxiliary equipments 

(pump, valve, autosampler, feed injection loop etc.), especially those in Simulated Moving 

Bed (SMB) chromatography, makes the realisation of m ultiple feed injection operation 

feasible.

During the application of the peak shaving technique, sufficiently purified components 

will be collected in each cycle, i.e. the overall mass being recycled back to the column for 

further purification is reduced. This reduction in mass with increasing num ber of cycles 

indicates that there may be extra column capacity which can then be utilised for further 

purification of the desired product(s). To fully utilise the to tal column capacity, possible 

im plem entation of a multiple feed injection operation should be investigated. The potential 

increase in the production rate  of this mode of operation also makes this operation very 

attractive.



Chapter 6: Optimal operating policies for closed-loop recycling H P LC  processes 144

This mode of operation has not been reported in the  open literature, even though it 

may have already been realised in real industrial practice for well established separation 

processes. Possible accumulation of contam inants in the system  as well as the inherent 

complex nature  of this process may, prohibit the widespread reliance of this operating pol

icy. Successful im plem entation of this operation, therefore, requires a prior  determ ination 

of the  exact tim e and period of possible feed injections which can be found utilising a de

tailed m athem atical model coupled with a dynamic optim isation technique. Formulation 

of the  optim isation problem will be discussed in Section 6.3.

6.3 Formulation of the optimisation problem

A feasible operating policy for closed-loop recycling requires a reliable determ ination of 

the cu tting  times between fraction collection and recycling as described previously. Given 

an appropriate m athem atical model of the system, the cutting  tim es can be found using 

a dynamic optim isation technique. The m athem atical model of the  column section used 

in this work was m ainly based on the equilibrium-dispersive model (Bellot and Condoret, 

1991; Guiochon et a l, 1994; Heuer et a l, 1995, Heuer et a l, 1996; Teoh et a l, 2001). 

Additional auxiliary units included: a divider, two fraction collectors, a pum p and tubing. 

The equilibrium-dispersive model is widely known in the open litera tu re  and has been 

verified experimentally by Heuer et a l (1999) and Teoh et a l  (2001). In this chapter, the 

remixing effects in the  pum p and tubing in the system are lum ped together and modelled 

as a continuous stirred tank. Full details of the  model are presented in Appendix B.

Chrom atography is well-suited for high value product(s) purification, in which high 

resolution and high selectivity are required. Frequently, the m atrix  cost for this type of 

separation, which is a function of both the small diam eter particles required to achieve a 

high theoretical p late  number, and the column length, is very high. This cost can be quite 

significant compared to other cost contributions such as operating or overheads, solvent 

consumption etc. Work has been performed to determ ine the  optim al design and operation 

of chrom atographic separation by either maximising the production ra te  or minimising the 

solvent consumption cost (Felinger and Guiochon, 1994; Felinger and Guiochon, 1996a,b), 

although maximum production rate  does not necessarily equate to  the  m ost economical 

operation (Felinger and Guiochon, 1994).
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Heuer et al. (1995 and 1999) verified experimentally th a t the num ber of theoretical 

plates can be increased by recycling, i.e. improved separation was achieved whilst keeping 

the volume of the  m atrix  constant. Simulation results also predicted th a t the  effective 

column length can be increased by recycling (Seidel-M orgenstern and Guiochon, 1993; 

Teoh et a/., 2001). Hence, the main purpose of this chapter is to determ ine the optimal 

operating policy for an HPLC column by exploring different operating policies described 

earlier in Section 6.2. By so doing, the  m atrix cost can be minimised (for a fixed column 

length) whilst achieving be tte r column performance. In this case, the optim isation problem 

is to  maximise the am ount of purified product(s) {Mi), subjected to  purity  and recovery 

yield constraints:

m ax $ (M j)  (6.1)
T,u{t)

subject to

f  < 1 (6.2)

yrmm <  <  1 (6,3)

where r  is the total tim e horizon and u(t) is the vector of control variables. For all the 

operating policies considered, the control variables are the  valve switching actions of the 

divider valves, or rather the start ( t |)  and end ( t|)  times of products collection. These are 

one-dimensional for conventional recycling and equal to the  num ber of cycles for recycling 

operation with peak shaving, and recycling operation with peak shaving and m ultiple feed

injection. An additional vector (/3) which describes the  m ultiple feed injection is also

considered for recycling operating with peak shaving and m ultiple injection. and

ym m  minimum purity and recovery yield specified for component i, respectively.

The definitions of these system performance param eters are given in Appendix A .3.

The determ ination of the  optimal operating policy is a dynam ic optim isation prob

lem due to  the inherent dynamic nature of chrom atographic processes. A control vector 

param eterisation approach implemented within the gPRO M S  process modelling tool (Pro

cess System Enterprise Ltd, UK, 2000) was employed to  solve the dynamic optim isation 

problem. Details of this solution approach is summ arised in A ppendix A.4.2 and can also 

be found elsewhere, e.g. Vassiliadis et al. (1994a,b).
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6.4 Case Study

A case study will be used to  illustrate the  possibility of improving the  performance of 

an HPLC unit by implementing the operating policies described in Section 6.2. The case 

study is based on a set of experimental conditions and param eters presented by Heuer et 

al. (1995) considering the separation of a binary m ixture of l-,3-,5-,Tri-tert-butyl-benzene 

(TTB) and 1-,3-,5-,Tri-hydroxybenzene (PHL). Optim al production of T T B  and PHL will 

be determ ined separately, as well as together, in this section for different operating policies 

described earlier using the optim isation problem form ulated in Section 6.3. The impacts 

of these operating policies on the system performance can then be investigated.

The system param eters used for simulation and optim isation purposes are summarised 

in Table 3.1 in Section 3.1.1. The purifications were performed a t different sample com

positions (1:3, 1:1 and 3:1 of TTB and PHL, respectively) and sample volumes (10 and 

50 /iL). All experiments were conducted under isocratic conditions using pure methanol 

as the mobile phase. A UV detector was used to measure the outlet concentration at a 

wavelength of 250 nm. The detector response was assumed to be linear in the range of 

experiments. Figure 3.1 (Section 3.1.1) shows the schematic diagram  of the closed-loop 

recycling chrom atographic unit investigated.

In this case study, the sample volumes and the compositions were varied so as to con

sider their individual effects on the elution profiles as well as how these changes in separa

tion conditions affect the purity, the recovery yield, the  production ra te  and the amount of 

the purified product(s) collected. The optim al operating conditions were found for different 

num ber of cycles for i) the case of conventional recycling; ii) when peak shaving technique 

employed and iii) when peak shaving and m ultiple feed injection considered. In 

all cases, the objective was to maximise the  production of the appropriate  component(s) 

(Eq. 6.1). Optim al production of TTB (first component), PHL (second component), and 

both  TTB  and PHL are sought subject to a minimum purity  constraint, of 99 %

for each component. A minimum recovery yield constraint is set such th a t the recovery 

for the N c+ lth . cycle is always greater than, or equal to, th a t obtained in the A^th cycle. 

A maximum of five cycles was considered. For this case study, larger cycle numbers result 

in a decrease in recovery yield due to the  deterioration of the  achieved separation by the 

successive peaks originating from two consecutive cycles. All the  optim isation results are 

tabulated  in Appendix G, only the  main results are highlighted in the  following sections.
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Figure 6.4: Simulated elution profiles of TTB and PHL at conventional elution 

(1:1 m ixture and 50 /aL sample volume)

In the following, conventional elution versus recycling will first be considered (Section 

6.4.1). Then, optimal TTB production, optimal PH L production and optim al TTB  and 

PHL production will be determined in Sections 6.4.2, 6.4.3 and 6.4.4, respectively. Finally, 

the effects of different operating policies will be compared in Section 6.4.5.

6.4.1 C onventional e lu tion  versus recycling

Figure 6.4 shows the simulated elution profiles for T T B  and PHL of a 1:1 m ixture and 50 

PlL sample volume at conventional elution mode (experim ental da ta  were obtained from 

the work by Heuer et al. (1995) and tabulated  in Table 3.1 in Section 3.1.1). The achieved 

purification was very low indeed as can be seen from the  overlapping peaks. The recovery 

yield of TTB in this case was 52 %. More im portantly, PHL purification fails to  m eet the 

purity  constraint. The highest purity of PHL obtained was only 88 %.

W hen recycling is considered for the same process, the increase in recovery yield was 

significant for all the conditions studied. For example: in the case of a 1:3 m ixture and a 

sample volume oi 10 /iL , the recovery yield increased from fO % (w ithout recycling) to  65 

% w ith ju st one recycle (shown later in Figure 6.5a). It is noted later th a t lower recovery 

yields are obtained for PHL purification as it is normally easier to  purify the  less retained 

component (TTB) due to the displacement effect caused by the second component (PHL), 

which compresses the elution profile of the less retained component and hence leads to 

b e tte r resolution.
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Figure G.5: Optimal recovery yield of TTB (first component) as a function of number 

of cycles using different operating policies at different sample compositions and sample 

volumes

(a & b) =  conventional recycling; (c & d) =  peak shaving; (e & f) =  multiple feed 

injection; (a, c & e) =  10 pL] (b, d & f) =  50 pL  (’+ ’=1:3, ’o’= l : l  and ’x ’= 3 :l  mixture)

6.4.2 O ptim al T T B  p rodu ction

Optimal TTB (first component) production is considered here. The optim isation results 

are presented for i) conventional recycling (Figures G.5a and G.5b); ii) recycling with peak 

shaving technique (Figures G.5c and G.5d) and iii) recycling with peak shaving and multiple 

feed injection (Figures G.5e and G.5f). All the results are presented as a function of the 

number of cycles a t different sample compositions and sample volumes.
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Conventional recycling

The recovery yield of TTB is independent of sample volume in the range of 10 to 50 p,L 

due to saturation of the  column capacity. Once the  maximum capacity has been reached, 

a further increase in the loading factor will not affect the  recovery yield (Guiochon et a l, 

1994) and the optim al recovery yield curves are therefore identical in Figures 6.5a and 

6.5b. For a given sample volume, the recovery yield was a function of sample composition 

(the 1:3 m ixture has the lowest yield and the 3:1 m ixture the highest).

For both the sample volumes considered, the  predicted optim um  num ber of cycles was 

4 for bo th  the 1:1 and the 3:1 m ixture, whilst for the  1:3 m ixture, the  optimum number of 

cycles was 3. In all cases, at the  fifth cycle, the  purification processes started  to deteriorate 

as the overlapping area between the components and the zone broadening effects both 

increased with the extent of recycling. Indeed, the separation of the  1:3 m ixture by the 

fifth cycle failed to meet the minimum purity specification of 99 %. The obtained optimal 

solutions for different separation conditions are given in Table G .l (Appendix G).

Recycling with peak shaving technique

Improved separation was obtained by implementing the peak shaving technique as ex

pected. For both  the sample volumes considered, the optimum num ber of cycles with peak 

shaving is 3 for the 1:3 mixture, 4 for the 1:1 m ixture and 5 for the  3:1 m ixture (Figures 

6.5c and 6.5d) (Cycle number greater than  5 has not been attem pted  in this work.). The 

optim isation results obtained are tabulated in Table G.2 in Appendix G. Sample volume 

did affect the  recovery yield in this case such tha t, for the 3:1 m ixture at the fifth cycle, the 

recovery yield increased from 95 % (10 pL) to 98 % (50 pL). The reason for this increase 

is th a t the  mass of the  recycled m ixture was reduced as the  on-specification product is 

collected a t each cycle w ith the application of peak shaving technique. Hence, the  column 

was not operated at its sa turated  capacity. Higher loading factors would therefore increase 

the recovery yield of the purification (Guiochon et a l, 1994).

For all the sample compositions investigated, the  recovery yields at both  the fourth 

and fifth cycles were of similar magnitude. This means th a t the purification process may 

be term inated at the  fourth cycle so as to reduce the  separation tim e and in order for an 

improved production ra te  to be realised. The product meets the  purity  requirem ent (99 %)
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a t the fifth cycle even for the minority component in the  m ixture (1:3 m ixture) when using 

peak shaving. It should be noted th a t this purity  cannot be achieved w ith conventional 

recycling (as shown in Figures 6.5a and 6.5b).

Recycling w ith peak shaving and multiple feed injection

As mentioned earlier, the  application of recycling with peak shaving and m ultiple feed in

jection can improve the production rate  of a chrom atographic process by fully utilising the 

column separational capacity. However, the realisation of this operating policy is strictly 

process-specific and is highly dependent on the separation conditions (sample volume and 

sample composition in this case). As m ultiple feed injection is a complex operating pol

icy, the  optimal solution of this problem can only be obtained via the  use of a dynamic 

optim isation approach and the underlying process dynamic and equilibria have to  be well 

understood.

For all the separation conditions considered, successful im plem entation of th is operating 

policy only occurs for cycle numbers 4 or greater. There is no free column capacity for 

m ultiple feed injection for cycle number less than  4 as the  column capacity is utilised to 

meet the separation criteria set, i.e. — 99 %. Table G.5 (Appendix G) gives the

optim isation results obtained accordingly.

The optimal recovery yield curves a t different sample compositions are given in Figures 

6.5e and 6.5f for 10 and 50 p L  sample volumes, respectively. The recovery yields obtained 

here are lower than  those of the recycling w ith peak shaving operation, e.g. for a pL  

sample volume a t four recycling cycles, the  recovery yields are 72 %, 85 % and 90 % with 

m ultiple feed injection compare to S3 %, 93 % and 93 % for peak shaving only for the 1:3, 

1:1 and 3:1 mixtures, accordingly. For the im plem entation of m ultiple feed injection, some 

sacrifices in the recovery yield are inevitable in order to  gain substantial increments in the 

am ount of purified product collected (refer to Table G.5 in A ppendix G). A comparison 

of the system performance and com putational load between these operating policies will 

be made in Section 6.4.5.

6.4 .3  O ptim al PH L produ ction

It is generally more difficult to purify the second component in a binary  m ixture due to  the 

diffusive tailing effect of the first component which will reduce the purity  and hence lower
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Figure G.6; Optimal recovery yield of PHL (second component) as a function of number 

of cycles using different operating policies at different sample compositions and sample 

volumes

(a & b) — conventional recycling; (c & d) =  peak shaving; (a & c) =  10 pL;

(b & d) =  50 pL  (’x ’= 3 ;l, ’o’= l : l  and ’ +  ’=1:3 mixture)

the recovery yield of the second component. It has been shown th a t the elution profiles of 

the second component become increasingly assymetrical with increasing number of cycles 

(Heuer et al. 1995; Teoh et a i, 2001). The objective in this case was therefore to maximise 

the amount of PHL produced from a binary m ixture of TTB and PHL with an increasing 

num ber of cycles for i) the case of conventional recycling; ii) recycling with peak shaving 

technique and hi) recycling with peak shaving and multiple feed injection. Such a study 

allows the potential for improvement of this difficult separation by the utilisation of the 

described operating policies to be investigated.
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Figure 6.6 shows the recovery yields of PHL as a function of cycle num ber for different 

sample compositions dX 10 and 50 pL  sample volumes, for i) conventional recycling (Figures 

6.6a and 6.6b) and ii) with peak shaving technique (Figures 6.6c and 6.6d), respectively. 

The optimal solutions of these operating policies at different separation conditions are 

given in Tables G.3 and G.4 (Appendix G), accordingly. It was found th a t, for a given 

sample volume, the recovery yield was a function of sample composition (the 3:1 m ixture 

has the lowest yield and the 1:3 m ixture the highest).

It is im portant to note th a t for this case, when the am ount of the second component is 

optimised, the required product purity is not achievable w ithout recycling. Indeed, from 

Figures 6.6a and 6.6b, it can be seen th a t 3 (or 4) cycles were needed to  reach the specified 

purity  of the product.

The recovery yields increased with the num ber of cycles as expected, i.e. the effec

tive column length is increased by recycling. However, it is im portan t to note th a t this 

improvement was a t the expense of zone broadening effects which increase concomitantly 

w ith increasing number of cycles. Due to this counter-effect, the degree of overlapping 

between the components actually goes through an optimum as was seen earlier when the 

first component (TTB) was considered. Hence, an optim al num ber of cycles exists.

Conventional recycling

The purified product (PHL) can only meet the  minimum purity  requirem ent (99 %) a t the 

third cycle for a 1:1 and a 1:3 m ixture, and only a t the  fourth cycle for a 3:1 m ixture. 

For a given sample volume, the recovery yield is almost independent of sample volume in 

the range oï 10 and 50 pL, i.e. the optim al recovery yield curves are essentially identical 

in Figures 6.6a and 6.6b. This is likely due to the  fact th a t the  satu ration  capacity of the 

column had been achieved. A further increase in the loading factor beyond this capacity 

will not affect the amount of purified product obtained (Guiochon et al., 1994). For both 

sample volumes considered, the predicted optimum num ber of cycles was 5 for bo th  the 

3:1 and the 1:1 m ixture, whilst for the 1:3 m ixture, the optim um  num ber of cycles was 4.

Recycling with peak shaving technique

As for the optim isation of TTB , better purification of PH L can be obtained upon appli

cation of the peak shaving technique. For a 1:3 m ixture oî 10 p L  sample volume, the
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purified product meets the purity requirement even at the  second cycle (Figure 6.6c). For 

both  sample volumes considered, the optimum num ber of cycle was 5 for the 3:1 m ixture 

and the 1:3 m ixture, whilst, for the 1:1 m ixture, the  optim um  num ber of cycle was 4 for 

the 10 p L  and 5 for 50 p L  sample volumes.

As with the results for the TTB system, sample volume does affect the  recovery yields 

in this case, such th a t for the 3:1 m ixture a t the fifth cycle, the recovery yield increased 

from 56 % (10 ph) to  58 % (50 pL) for the reasons discussed in the  previous section.

Recycling with peak shaving and multiple feed injection

As m entioned earlier, the im plem entation of m ultiple feed injection is not always possible. 

For optim al PHL production in this case, this only occurred a t 5 cycles for a 3:1 m ixture 

and a sample volume of 50 pL. The amount of PHL collected was 2.07 • 10“  ̂ g with 2 feed 

injections (refer to Table G.5 in Appendix G). No feasible solution can be located for other 

operating conditions here. Purification of PHL is difficult due to the  diffusive tailing effect 

of the  first component (TTB), i.e. higher column efficiency is required. Hence, it was not 

a surprise th a t there was no extra or free column capacity available even with increasing 

num ber of cycles as the adsorption sites are still being occupied.

6.4 .4  O ptim al T T B  and PH L  production

Finally, the  optim isation problem was re-defined to determine, simultaneously, the optimal 

production of TTB and PHL. By so doing, both  components to be separated are treated 

as m ajor components to be purified and both  m ust fulfill the purity  and recovery yield 

constraints set.

Similar trends was obtained here when compared to  those of purification of the indi

vidual components. Figure 6.7 shows the optim al recovery yield of bo th  TTB  and PHL at 

different sample compositions and sample volumes upon application of the  peak shaving 

technique. For all the cases considered in Figure 6.7, the  minimum purity  constraints of 

both  components are 99 %. Sacrifices in term s of recovery yield were required in order 

to fulfill bo th  the purity constraints bu t the  potential advantage of this separation is its 

ability to collect the  purified components a t the  required purities simultaneously. For ex

ample; at the  th ird  cycle, the recovery yield of a 1:1 m ixture w ith 50 p L  sample volume.
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Figure 6.7: Optimal total recovery yield of TTB and PHL as a function of number of 

cycles for recycling with peak shaving technique at different sample compositions and 

sample volumes

(’x ’= 3 :l, ’o’ =  l.T and m ixture)

for both TTB and PHL optimised simultaneously is 87 % and 13 % (refer to Table G.7) 

respectively. While this recovery yield is 88 % (Table G.2) and 22 % (Table G.4) for TTB 

and PHL, accordingly, when these components are optimised separately.

Significantly better purification was obtained for recycling with the peak shaving tech

nique as compared to the conventional recycling operation as expected. Optimisation 

results for these separations are tabulated  in Tables G.6 and G.7 for conventional recycling 

and peak shaving operation in Appendix G, respectively. The application of multiple feed 

injection was not been attem pted for this particular case.
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6 .4 .5  E ffects o f different operating  p o licies

To illustrate  and explain the effects of the different operating policies employed, compar

isons between conventional recycling and recycling w ith peak shaving, as well as recycling 

w ith peak shaving and multiple feed injection operation were made. Figures 6.8 and 6.9 

show the elution profiles and cutting times for a) conventional recycling; b) peak shaving 

and c) m ultiple feed injection operation after 4 cycles assuming similar experim ental con

ditions (1:1 m ixture and 50 /iL sample volume) as those in Figures 6.5b, 6.5d and 6.5f for 

optim al TTB  production.

Effects of peak shaving technique

From Figure 6.8 it can be seen th a t the peak shaving technique reduced both  the  over

lapping area between the successive peaks and the zone broadening effect (Figure 6.8b) 

com pared to the conventional recycling operation (Figure 6.8a). Also the area under the 

graph in Figure 6.8b is less than th a t of Figure 6.8a, i.e. less sample is recycled for further 

purification. This illustrates th a t there is extra column capacity with increasing num ber of 

cycles which could be utilised for multiple feed injection (which is dem onstrated in Figure 

6.8^k

Figure 6.9 compares the cutting times of the  different operating policies described 

earlier. Higher recovery yield (87 % to 90 %) and reduced cycle tim e (9783 s to 9275 s) 

upon application of the  peak shaving technique facilitates improved separation compared to  

th a t of the conventional recycling operation. It should be stressed th a t product collection 

may not necessarily occur a t each cycle for the peak shaving technique as this is greatly 

dependent on the purity  criteria.

The to ta l CPU tim e required to solve these dynamic optim isation problems on an 

IBM RS6000 were 3772 and I 4.8S8 CPUs for the conventional recycling and the peak 

shaving operation, respectively. The longer com putational tim e required by the  peak 

shaving technique reflects the  more complex dynamic optim isation problem.

Tables 6.1 and 6.2 show the increments in recovery yield (Yi) and production ra te  ( f  r j  

of TTB  and PHL (optimised separately) achieved w ith peak shaving for different sample 

compositions a t the optimal number of cycles for 10 and 50 fiL  sample volumes, respec

tively. From the previous discussion, it is clear th a t the  recovery yields and production
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Figure 6.9: Comparison of cutting times between different operating policies for a 1:1 

m ixture of TTB and PHL with 50 pL  sample volume at 4 recycling cycles
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Sample

volume

( p L )

M ixture

for

recycling

for peak 

shaving

Increment 

in (%)

Increment 

in P ri (%)

10 1:3 3 3 5.8 8.6

10 1:1 4 4 7.3 18.6

10 3:1 4 5 1.1 -8.6

50 1:3 3 3 8.8 17.1

50 1:1 4 4 4.0 9.7

50 3:1 4 5 4.7 -5.8

Table 6.1: Comparison of system performance of optim al TTB  production between con

ventional recycling and peak shaving operation

Sample

volume

w

M ixture

for

recycling

for peak 

shaving

Increment 

in y: (%)

Increment 

in Pri (%)

10 3:1 5 5 106.2 122.8

10 1:1 5 4 -0.6 84.11

10 1:3 4 5 9.4 -1.2

50 3:1 5 5 112.8 137.0

50 1:1 5 4 3.0 2T8

50 1:3 4 5 7.8 -1.5

Table 6.2: Comparison of system performance of optim al PHL production between con

ventional recycling and peak shaving operation

rates of bo th  the  components are improved by applying peak shaving. However, the in

crement for PHL production, especially for the  difficult separation (3:1 m ixture), is large. 

For example, the  increment in recovery yield and production ra te  for a 3:1  m ixture and a 

5 0  piL  sample volume are 1 1 3  % and 1 3 7  %, accordingly.

In peak shaving, only the mixed part of the sample is recycled. Hence, the overlapping 

between the peaks stemming from two consecutive cycles can be avoided or delayed as 

was seen from Figure 6.8b, and the production ra te  is therefore enhanced. However, for 

TTB  production of a 3:1  m ixture, the application of the  peak shaving technique actually
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Com ponent Sample M ixture for for Increment Increment Increment

volume PS MFI in Yi in Mi in T

(/iL) (%) (%) (%)

TTB 10 1:3 3 4 -13 2788 10

TTB 10 1:1 4 4 -9 2800 -2

TTB 10 3:1 5 5 1 6299 -2

TTB 50 1:3 3 5 -1 171 40

TTB 50 1:1 4 4 -11 1049 4

TTB 50 3:1 5 4 -7 325 -19

PHL 50 3:1 5 5 0 998 20

Table 6.3: Comparison of system performance for optim al TTB  and PHL production 

between peak shaving (PS) and peak shaving w ith m ultiple feed injection (MFI)

decreased the production rate  due to the difference in optim al num ber of cycles (total 

cycle tim e or operating time) for the different operating policies (Table 6.1). (Note th a t 

the objective in this case study is to maximise the amount of product purified and not the 

production rate.)

Effects of multiple feed injection

Figure 6.8c shows the elution profiles of both  TTB  and PHL when the multiple feed 

injection operation is employed. As a larger am ount of feed is being injected to  the column 

after the first cycle (refer to Figure 6.9c), higher and broader elution peaks are obtained, 

i. e. the simulated peak height is 7 times higher than  those of the  conventional recycling and 

recycling w ith peak shaving technique (Figures 6.8a and 6.8b, respectively). Asymmetrical 

peaks are observed in Figure 6.8c due to the  com petition for adsorption sites between 

the components (non-linear chromatography). As a result, a  larger amounts of purified 

product is collected in this case a t the expense of lower recovery yield in order to satisfy 

the purity  requirement.

Figure 6.9c shows the cutting  times of the  multiple feed injection operation. There 

are two feed injections for this particular case (V^nj ~  ^0 /iL and V ^ j = 600 /iL). The 

second feed injection takes place during the recycling period after TTB  collection in the
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first cycle. This results in the substantial increase in the am ount of purified product 

(TTB) collected. This improved in system performance is obtained due to the  free column 

capacity available by the application of the  peak shaving technique and m ultiple feed 

injection which enable higher loading for the  system. The to ta l CPU tim e required to 

solve this dynamic optim isation problem on an IBM RS6000 is 60734. CPUs. A higher 

com putational load required by the m ultiple feed injection operation is expected as it 

is a more complex dynamic optim isation problem (3772 and 14838 CPUs are required 

for sim ilar separation conditions for the  conventional recycling and recycling w ith peak 

shaving operation, respectively).

Table 6.3 compares the increment in recovery yield (k^), am ount of purified product 

collected (Mi),  and to tal tim e horizon (r) of TTB and PHL (optimised separately) between 

the peak shaving technique and the peak shaving w ith m ultiple feed injection operation 

a t different separation conditions. For a 3:1 m ixture w ith a sample volume of 10 pL,  the 

increm ent in the amount of purified TTB collected is outstanding, i.e. up to  6300 %. Also, 

the  decreased in tim e horizon suggests a further increase in the production rate  is possible.

As mentioned earlier, the  im plem entation of m ultiple feed injection is not always possi

ble. Therefore, it is not surprising th a t there is only one feasible solution for PHL produc

tion th a t leads to  a significant improvement in the system  perform ance as it is a inherently 

difficult separation. From the optim isation results, it can be concluded th a t with some 

sacrifices in the recovery yield, an increase in the am ount of purified product collected 

can be easily obtained (except the separation condition discussed above). A decrease in 

the tim e horizon will normally lead to an increase in the  production rate, however, it be

comes insignificant in these cases as the large increment in the  am ount of purified product 

collected will in tu rn  determine the m agnitude of the  production rate.

6.5 Practical implementation issues

In industrial practice, operating issues such as variations in the  feed stream  composition to 

the chrom atographic unit from the nominal, errors or tim e delays in the valve switching ac

tions, specific solvent consumption etc. will also affect the  system  performance. Therefore, 

a sensitivity study was carried out to investigate how changes in i) feed composition (Sec

tion 6.5.1) and ii) cutting time (Section 6.5.2) affect the product purity  and recovery yield.
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Conventional recycling Peak shaving

1:1 m ixture 7:8 m ixture 1:1 m ixture 7:8 m ixture

Purity, % 99.00 9&99 99.00 98.99

Yield, % 86.87 8&87 90.33 90.33

Total mass, g 5.65-10-^ 5.65 10-4 5.87-10-4 5.87--4

Table 6.4; Im pact of variations in sample composition for TTB  production 

(50 /iL  sample volume and 4 cycles)

Only conventional recycling and recycling w ith peak shaving operations are compared in 

these sections as only one feed injection is considered here (similar separation conditions). 

The specific solvent consumption required by all the  operating policies described will be 

also compared in Section 6.5.3.

6.5 .1  V ariation  in sam ple com p osition s

To examine the impact of changes in feed composition, a 7:8 m ixture instead of a 1:1 

m ixture was considered. The separation was simulated for bo th  the case of i) conventional 

recycling and ii) recycling with peak shaving based on the policies for optimal TTB pro

duction w ith 4 recycling cycles for the 1:1 m ixture. The product purity, the recovery yield 

and the  am ount of purified TTB collected are hardly affected by the  changes in the feed 

composition (see Table 6.4). This shows th a t small fluctuations in the feed composition, 

which is always the  case in industrial practice, does not affect the  separation performance 

significantly for this case study provided the changes are not too large.

6.5 .2  Errors in valve sw itch ing

In order to  investigate the effects of tim e delay or error in the valve switching action, the 

cutting  times for TTB collection for bo th  (a) conventional recycling operation and (b) 

recycling with peak shaving technique are increased or decreased accordingly for the 1:1 

m ixture and 50 laL sample volume. In other words, an increase in cutting  tim e means th a t 

the  valve is opened longer and more product is withdrawn. Figure 6.10 shows the purity 

and recovery yield as a function of the changes (±  10 %) in cutting  time.



Chapter 6: Optimal operating policies fo r closed-loop recycling H PLC processes 161

(a) Conventional recycling

-1 0

100

95

90

85

80

(b) Peak shaving technique

= Purity 
= Yield

------------ : ------------:— ^ 1  '

...... o ..................
................... ............................ O .................................

1 1 1

-1 0 - 5  0
% Changes in cutting time

10

Figure G.IO: Purity  and recovery yield as a function of changes in cutting time 

(sample volume = 50 /iL, sample composition =  1:1 mixture)

Both operations show similar trends with the changes in cutting  time, i.e. the decrease 

in purity is accompanied by an increase in recovery yield. Considering the case of the 

conventional recycling operation, the 10 % increase in all cutting  times only decreases the 

purity by 0.5 % whilst the increase in recovery yield is roughly 3 %. It must be stressed 

tha t the purity in this case is in fact below 99 % which is the minimum purity constraint. 

An increase in cutting times will therefore result in a decrease in purity. Hence, errors in 

the valve switching action may affect the purity of the desired product(s).

6.5.3 Specific solvent consum p tion

Even though results from the previous sections show th a t improved separation (in terms of 

the amount of purified product collected) can be achieved by employing different operating
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O perating
Policy

P U i

(%) (%)
M i

(g 10-“ )
Solvent required 

(mL)
SP

{ m L / g  • 10-4)

Conventional
elution

99 53 3.44 4.67 1.36

Conventional
recycling

99 87 5.65 16.31 2jW

Peak shaving 99 90 5.87 15.46

M ultiple feed 
injection

99 80 67.5 16.03 0.24

Table 6.5: Specific solvent consumption of optim al TTB  production

(1 :1  mixture; Vinj — 5 0  p L ]  Fy =  0 .1  m L / m i n )

Operating
Policy

P U i
(%)

Yi

(%)
M i  

(g 10 -“ )
Solvent required 

(mL)
SP

( m L / g  • 10-4)

Conventional
recycling

99 27 0.89 21.31 23.93

Peak shaving 99 58 1.89 19.14 10.11

M ultiple feed 
injection

99 58 20.7 23.09 1.12

Table 6.6: Specific solvent consumption of optim al PHL production 

{3 :1  mixture; Vinj = 5 0  p L ]  Fy — 0 .1  m L / m i n )

policies, economic evaluation is still required to m easure the m erit of these operating 

policies. Ideally, one would optimise the profit of a chrom atographic process subject to 

purification constraints, raw m aterial cost and operational or overhead cost. In this study, 

the price of raw m aterial and the overhead cost are not available. The raw m aterial is an 

interm ediate product from upstream  processes where the overhead cost varies from plant 

to plant. However, the  specific solvent consumption can still be employed as a measure 

of the overhead cost as the  solvent cost is often the  m ajor constituent in the  operational 

cost for industrial chrom atographic separation. The specific solvent consum ption will be 

calculated in this section so th a t the operational cost of different operating policies can be 

compared a t the optimal solutions. In these cases, the specific solvent consumption (SP) 

is defined as the volume of solvent required to  purify one unit of the  desired product (Eq. 

A .31 in Appendix A .3).
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Tables 6.5 and 6.6 show the calculated specific solvent consum ption of the  different 

operating policies (if applicable) for a sample volume of 50 p L  and a flow rate  of 0.1 

m L /m in  for optim al production of TTB (1:1 m ixture) and PHL (3:1 m ixture), respec

tively. Recycling with peak shaving operation requires less solvent usage compared to th a t 

of conventional recycling. This is due to the  increased am ount of purified product as well 

as the  reduced tim e horizon. For both  cases considered, the  calculated specific solvent 

consumption of the  m ultiple feed injection operation is the  lowest. This operating policy 

is capable of producing the largest amount of purified product w ith the lowest solvent 

consumption. It manages to  utilise fully the column capacity to  achieve the desired sepa

ration. However, its realisation is process specific and highly dependent on the separation 

conditions.

For optim al TTB  production, the specific solvent consumptions required by the different 

operating policies increased in the following order: m ultiple feed injection, conventional 

elution, peak shaving technique and conventional recycling. This contradicts the findings 

of Grill and Miller (1998) which suggest th a t the conventional elution operation will always 

have higher solvent consumption than  conventional recycling. However, the  lower recovery 

yield obtained by the conventional elution might actually required further purification 

steps to  recover the  valuable product. As a consequence, this might outweigh the potential 

saving in solvent cost. A compromise between the achieved recovery yield and solvent 

usage therefore needs to be determined.

For optim al PHL production, the  specific solvent consum ption required by the multiple 

feed injection operation is the lowest while th a t of the conventional recycling is the highest. 

The reasons are the same as those discussed earlier for optim al TTB  production. It has 

to be noted th a t purification of PHL using conventional elution mode is not possible as it 

fails to  meet the  purity  requirement for this case study.

6.6 Concluding remarks

Optim isation of a closed-loop recycling HPLC system had been performed based on the 

equilibrium-dispersive model given in Appendix B. Enhanced column efficiency in terms 

of improved recovery yield and product purity  can be achieved by recycling the feed back 

to the column whilst keeping the m atrix cost constant. However, an optim um  number
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of cycles exists and therefore careful consideration is required to  determ ine this optimum 

num ber since it is a function of the  overlapping area between the components, purified 

component(s) collected (first or second component), sample composition, sample volumes 

etc. The zone broadening and the diffusive tailing effects will in tu rn  determ ine the degree 

of overlapping between the components.

Application of peak shaving may further improve the  performance of recycling chro

matography. This technique is well-suited for difficult separation processes, i.e. second 

component or minority component purifications. The m ain benefit from peak shaving 

is th a t the overlapping between the  peaks stem ming from two consecutive cycles can be 

avoided or delayed and hence the purification process can be enhanced in a cost effective 

way. For the case of multiple feed injection, the period and tim ing events of the occur

rence of feed injections will also affect the overall system performance. Because of all these 

interacting effects, the determ ination of optimal num ber of cycles is not straight-forward. 

However, dynamic optim isation technique can be used to locate the optim al operating 

policy with reasonable solution times as dem onstrated through the case study considered.



Chapter 7

Conclusions and directions for future 

work

This chapter summarises the main findings o f this research regarding the opti

mal design and operation of high performance liquid chromatographic processes 

(Section 7.1). Some possible directions fo r future work are also outlined (Sec

tion 7.2).

7.1 Conclusions

The prim arily objective of this research is the use of dynamic m athem atical models to 

determ ine the optimal design and operation of high performance liquid chrom atographic 

(HPLC) processes. The ultim ate goal of detailed modelling of such a system  is to incorpo

rate  all the individual parts of the process and to optimise these parts, not on an individual 

basis, b u t simultaneously, in order to  obtain a global optim um  of the process. This is vital 

if a valid comparison between different operating policies available for chrom atographic 

separation, as well as the  evaluation of this means of separation against other rivalling 

purification techniques, is to  be made.

Experim ental and m athem atical verifications of the equilibrium-dispersive and general 

ra te  models have been conducted in Chapter 3 to  increase the accuracy and reliability of 

the simulations (Detailed models are given in Appendices B and C, respectively). The

165
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models have been found to accurately describe the dynamic behaviour of all the case stud

ies considered. This justifies the use of these models to describe the process dynamics 

and equilibria of chrom atographic processes. The m athem atical models, coupled with a 

dynamic optim isation technique (Appendix A.4.2), have been employed to  determine the 

best column design configuration and operating policies for several representative chro

m atographic processes. Generally, the equilibrium-dispersive model is adequate for the 

modelling of HPLC processes, i.e. for all the different operating policies considered in this 

study. However, the  more detailed general ra te  model is designated for the  determ ination 

of the optim al column design and operation of chrom atographic purifications at the ex

pense of longer com putational time. This model accounts for the  mass transfer resistance, 

axial dispersion and diffusional mechanisms which can be significant in large scale chro

m atographic processes. Some general conclusions will be drawn in Sections 7.1.1 and 7.1.2, 

respectively.

Recognising the im portance of the isotherm  model in describing the process equilibria 

of chrom atographic separation, a system atic procedure for isotherm  determ ination utilis

ing numerical param eter estim ation with minimal experimental effort, has been developed 

(C hapter 4). In contrast w ith classical approaches, this procedure requires significantly 

less tim e and effort for isotherm determ ination. The proposed m ethodology can deter

mine the isotherm  param eters involved and identify the m ost appropriate isotherm  model 

which can accom modate the displacement and competitive effects often found in non-linear 

chromatography.

7.1.1 O ptim al design  and operation  o f chrom atograph ic p rocesses

In contrast to the traditional optim isation attem pts of chrom atographic processes which 

relied on experim ental work or simplified models, the optim al column design and oper

ation of chrom atographic processes has been determined using the dimensionless general 

ra te  model (Appendix C.2) coupled with a dynamic optim isation technique in this work 

(Appendix A.4.2). For the  case study considered in C hapter 5, all the  degrees of freedom 

available are incorporated into the optim isation problem and optim ised simultaneously to 

exploit the  full potential of the system performance. It has been dem onstrated in this 

thesis th a t improved system performance can be achieved with this approach. It is also 

found th a t the application of this dynamic optim isation technique at a later stage of the
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design process will certainly remove some of the degrees of freedom involved, hence, lead 

to a lower system performance. Therefore, optim isation of a chrom atographic separation 

should be considered as early as possible in the  design process.

The approach presented in this work is not restricted to  merely conventional chro

m atographic purification and can adequately be applied to other types of chrom atographic 

separation, e.g. determ ination of optimal tim ing intervals for a closed-loop steady sta te  

recycling (SSR) chrom atography as considered in C hapter 5. This m ethod of development 

results in substantial cost savings as well as reduction in tim e and effort required. Improved 

recovery yield can be obtained with the im plem entation of a closed-loop SSR chromatog

raphy at the expense of longer operation times and lower production rates. Therefore, 

careful consideration is required whenever this mode of separation is to be adopted.

7 .1 .2  O ptim al operatin g  policies for c losed -loop  recyclin g  H PL C  pro

cesses

Different operating policies for closed-loop recycling HPLC processes have been investi

gated in Chapter 6 to minimise the m ajor purification cost element involved, i.e. the 

m atrix  cost, whilst at the same time enhancing the column performance. Careful consid

eration is required to determine the optimal solution for each operating policy as it is a 

function of the overlapping area between the components, purified component(s) collected, 

sample composition, sample volumes etc. For the case of recycling with peak shaving and 

m ultiple feed injection, the optimal solution also depends on the  period and tim ing events 

of the  occurrence of feed injections. As illustrated through the case study considered in 

C hapter 6, the optim al solution for different operating policies can be easily determined 

using the equilibrium-dispersive model (Appendix B .l) coupled w ith a dynamic optim isa

tion technique (Appendix A.4.2). The following summarises the  m ain characteristics and 

findings of the investigated operating policies.

Conventional recycling

It has been dem onstrated through computer simulation in this thesis th a t enhanced column 

efficiency in term s of recovery yield and product purity  can be achieved by recycling the 

feed back to the column for further purification. However, recycling can only proceed until
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the feed sample is spread over the whole column, i.e. an optim um  num ber of cycle exists. 

In th is case, the volume of the m atrix as well as the  column length are kept constant while 

increased resolution can be obtained. Saving in the m atrix  cost makes this operating policy 

potentially  attractive for high value product(s) purification w ith high purity  and recovery 

yield requirements.

Recycling with peak shaving operation

The increased amount of purified product collected and the  reduced tim e horizon upon 

the im plem entation of the peak shaving technique, compared to those of the conventional 

recycling, illustrated th a t a more cost effective purification process can be realised. This 

technique is well-suited for difficult separation processes, i.e. more retained component 

or m inority component purification. The main benefit from peak shaving is th a t the 

overlapping between the peaks stemming from two consecutive cycles can be avoided or 

delayed as the overall mass being recycled is reduced with increasing num ber of cycles due 

to product collection.

Recycling with peak shaving and multiple feed injection

There is free column capacity available for further purification by the application of the 

peak shaving technique as the on-specification products are collected in the appropriate 

fraction collectors respectively. This can lead to  the im plem entation of m ultiple feed injec

tion in which large increments in the  amount of purified products collected, together with 

a lower solvent consumption, can be obtained. Some sacrifices in term  of recovery yield 

are, however, inevitable as the column resolution decreases w ith increasing loading factor 

or num ber of feed injection as dem onstrated in the case study. However, the  realisation of 

this operating policy is not always possible. The underlying process dynam ic and equilibria 

needs to  be fully understood as this operating policy is highly process-specific.

7.2 Directions for future work

In this section, some lim itations of this work will be discussed and recommendations for 

future work are outlined.
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7.2.1 Experim ental work

Despite the  experimental work done for model verification and isotherm  determ ination in 

this thesis, there are still some aspects of experimental work th a t need to  be considered in 

the  future:

M odel verification

There is a lack of detailed experimental verification of the general ra te  model from the lit

erature. The large number of param eters involved in defining this model makes it difficult 

to identify and to quantify these param eters individually. As a consequence, these param 

eters are normally grouped together in dimensionless groups. However, the  availability of 

dynamic NM R microscopy imaging technology nowadays, enables a revisit of this problem. 

It can be employed to monitor the distribution of the  fluid dynamics at a sta tic  image 

space, and hence the local axial dispersion, fluid velocity and external porosity of the bed 

can be estim ated (Tallarek et ai, 1998).

Experimental verifications of the determined optimal solutions

Traditionally, experimental work is a m ajor part in modelling of chrom atographic processes. 

A lot of effort has been focus on the determ ination of an appropriate  isotherm  equilibria 

with its param eters as well as the required model param eters (Bellot and Condor et, 1993a; 

Bellot and Condor et, 1993b; Chart on et a i ,  1993; Jam es et a l, 1999). Also, the opti

mal design and operation of chrom atographic processes considered in the  open literature 

rely heavily on experim entation with some aid from com puter simulations. In contrast, 

th is thesis utilises detailed m athem atical modelling coupled w ith a dynam ic optim isation 

technique, to locate the  optimal design and operating conditions for chrom atographic pro

cesses. Different operating policies have also been investigated to further improve the 

system performance.

The theoretical studies in this work, indicate th a t the  optim al design and the so

phisticated operating policies applied to the HPLC process, can yield significant process 

improvement w ith substantial cost benefits. However, experim ental verification of these 

optimal solutions is still required. It is therefore necessary to dem onstrate the feasibility
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of actual im plem entation of these optim al design and operating policies in an industrial 

context.

Scale-up operation

Scale-up of chrom atographic processes is relatively simple. Normally, volumetric scale-up 

is performed by increasing the column diam eter up to 100-fold by keeping the bed height 

constant. Sofer and Hagel (1997) gave a rough guideline for scale-up of chromatographic 

purifications. This can be employed for the scale-up operation of the  processes considered 

in this work. Reproducibility is an im portant feature in chrom atographic separation and 

hence needs to be validated experimentally.

7.2.2 Greater detail in m odelling

In order to make the m athem atical model more general and versatile, the following aspects 

should also be considered:

Heat balance relationship

As the chrom atographic separations discussed in this work are either isotherm al or tem 

perature controlled processes, there is no need for heat balance consideration. However, for 

non-linear chrom atography with high feed concentrations and when the heat of adsorption 

is high enough, heat balance relationships are required to  describe completely the separa

tion system. Heat balance equations should be included in the  future to increase the model 

accuracy.

Pressure drop

For process scale operation, the pressure drop in the  system  can be significant, i.e. higher 

pressure drop is expected due to  higher operating fiow rate. In order to  account for the 

requirem ent of the  pum ping facility as well as the  operational cost of the  plant, this should 

also be captured in the  m athem atical model.
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Economic evaluation of the system

This work focus on m athem atical modelling of the  physical aspect of chromatographic 

processes. The economic performance of this process should be included in the  formulation 

of the optim isation problem, i.e. in the  objective function. The economic merit of this 

separation can then be optimised and hence a valid comparison of this process and other 

rivalling processes can be made. Depending on the purposes of the  separation, these 

economic criteria include solvent consumption cost, capital cost, m atrix  cost, value of the 

desired product(s), overhead cost to run a plant, labour cost etc.

7.2.3 Search for better optim al solutions

It should be stressed th a t all the solutions presented in this thesis have been obtained using 

a local optim isation technique. Even though different initial guesses have been applied 

to ensure th a t a global optimum has been achieved, it is, however, not guaranteed tha t 

even b e tte r  solutions (global optimum) do not exist. O ther optim isation techniques such 

as genetic algorithms, da ta  mining etc. should be applied in the future to validate the 

findings of this work.
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Nomenclature

A van Deem ter’s coefficient cm
A ’ Knox’s coefficient
a Isotherm coefficient
B van Deem ter’s coefficient cm?/s
B’ Knox’s coefficient
b Isotherm coefficient L /g, m ?/m ol
Bi Biot number

Injection profile g ■ s j L,  mol • sjm^
C  Solute concentration g/L , m ol/m?
c Dimensionless solute concentration
Cg van Deem ter’s coefficient s
C'g Knox’s coefficient
D Column diam eter cm
Dap Apparent dispersion coefficient cm?/ s
Dax Axial dispersion coefficient cm? j s
De f f  Effective diffusion coefficient m'^/s
D f  Diffusion coefficient cm? j s
D°° Brownian diffisivity cm? j  s
Dkadp Dimensionless adsorption ra te  coefficient
Dkdep Dimensionless desorption rate  coefficient
dp Particle diam eter /im
E Beer-Lambert Law’s coefficient L /g
F Phase ratio
f Detector calibration factor V  • L jg
Fy Volumetric flow rate  m? js^ m L/m in
hp Reduced plate height
Hp Theoretical plate height cm
J Wilson and Geankoplis correlation
k ’ Retention factor
kadp Adsorption rate  coefficient m? j  mol ■ s
K d D istribution coefficient
kdep Desorption rate  coefficient 1/s
Ke Stearic exclusion param eter
Kpm Mass transfer ra te  coefficient m /s
^sp,i Volumic effective mass transfer coefficient 1/s
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Nomenclature

L

L f
M
MV
MW
N
N a

Ne
Nfc
Nr
Np
Nr
N s

N's
N ,

P
Pe
Pr
Pu
Q

Qs
R
r
Re
Rp
S

Op
Sc
SP
T
t
tR
to
U

u(t)
UV
V 
Ve 
Va 
V r
Wb
Wh
Y
y
z

Column length 
Loading factor
Amount of purified product or solutes
Molecular volume
Molecular weight
Number of component
Avogadro number
Number of cycle
Number of fraction collector
Number of control interval
Number of theoretical plates
Number of transfer operation
Number of stages in M artin  and Synge model
Number of stages in Craig model
Mass flux
Vector of the estim ated model param eter 
Peclet number 
Production rate  
Purity
Solute concentration in the stationary  phase
Column saturation capacity
Radial position
Dimensionless radial position
Reynolds number
Particle radius
Column geometric cross sectional area 
Specific gravity
Surface area of the packing particles
Schmidt number
Specific solvent consumption
Tem perature
Time
Retention time
Holdup time or dead time of the column
Interstitial or linear velocity
Control variables
UV absorbance
Volume
Column volume 
Void volume 
Retention volume 
Base width of a elution peak 
Peak w idth at half height 
Recovery yield 
Model output variable 
Axial position
Dimensionless axial position

cm

g, mol 
cm ^/m ol  
g /m ol

molecule/mol

c m ^ • g / L  ■ s

m ol/m in, g /s

g /L , m o l/m ^  
g /L , m o l/m ^

/im 
cm? 
cm? j  g 
m ?jg

m L /g
K
s
s
s
cm /s

cm^, /iL , mL 
mL 
mL 
mL
s
s

cm
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Greek symbols

a  Selectivity or separation factor
(3 Fraction of solutes
P Vector describing m ultiple feed injection
X Tortuisity
A Small element
â Small deviation
T) Dimensionless group
7  Restricted diffusion factor
Av Coefficient describing the opening position of the  divider
A Maximum adsorption capacity m ol/m ^
A Geometric factor
/i Viscosity cPoise
z/ Time invariant param eter
p Density g/cm ^
g Param eter of the control variable
$  Objective function
'ip Solvent association factor
cr Standard deviation of the elution peak s
(T̂  Variance of the  elution peak 5^
T Dimensionless tim e or time horizon
V Reduced velocity
Eb Bed voidage
£p Particle porosity
et Porosity
^ Dimensionless group
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Subscripts

d Displacer
e Elution
fir Fluoranthene
flu Fluorene
i Component i
in Inlet
inj Injection
j Component j
k Divider outlet k
1 Number of step changes in sample concentration
M Mobile phase
nap N aphthalene
nit Nitrobenzene
0 Praetor collector a
opt Optimum
out O utlet
PHL l-,3-,5-,Tri-hydroxybenzene
rec Recycling
S Stationary phase
T Total
TTB l-,3-,5-,Tri-tert-butyl-benzene
X Component x
y Component y

Superscripts

div Divider
e End
exp Experim ental value
fc Fraction collector
m Mobile phase
max Maximum value
min Minimum value
mod Simulated or model value
ms Interface between mobile and stationary phases
opt Optimal
P Stagnant mobile phase inside macropore for heterogeneous particles
PP Pum p
ps Particle solid or stationary  phase
s Start
sp Stagnant mobile phase inside micropore for homogeneous particles
0 Initial or feed value
1 Independent sites
2 Com petitive or non-cooperative sites
+ In equilibrium



Appendix A

Derivation of the rate models and 

their numerical solution techniques

In this appendix, the rate model described in Section 2.2.2 is derived from first 

principles using the law of mass conservation with appropriate assumptions 

(Appendix A . l ) .  The fundamental principles used to characterise the column 

efficiency are discussed in Appendix A .2. The definitions of the main parame

ters employed to evaluate the system performance of a chromatographic process, 

are also given in Appendix A .3. The numerical solution techniques employed 

for  the simulation and optimisation in this work are then brieftly outlined in 

Appendix A .4 .

A .l Derivation of the rate model from first principles

The mass balance equations can be w ritten by m aking the  following assumptions:

• The column is assumed to  be radially homogeneous.

• The compressibility of the mobile phase is negligible, i.e. constant density along the 

column and the mobile phase velocity is independent of pressure changes.

• The axial dispersion coefficient {Dax) is considered constant along the  column. The 

axial dispersion of the  band due to molecular diffusion and eddy diffusion are ac

counted for by this coefficient.

• The partial molar volumes of the  sample components are the  same in both  phases.
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AZ

Z+AZ

C"‘ ,u

Figure A .l: DifFerential mass balance in a column slice

• There are no therm al effects and the influence of heat of adsorption on the band 

profile is neglected.

• The mobile phase is not adsorbed on the stationary phase.

• All the column properties and the concentration of individual components are con

stan t in a given cross section.

Hence, the mass balance equations have two independent variables, time, t, and column 

axial position, Z. Figure A .l is a schematic representation of the differential mass balance 

in a chrom atography column slice.

A differential mass balance in the bulk mobile phase states th a t the difference between 

the am ount of the component i which enters a slice of column of thickness A Z  during the 

time A t ,  and the amount of the same component which exits th a t slice a t the same time, 

is equal to the amount accumulated in the slice.

The flux, Nz,i  of component i which enters the slice is:

N z , \ z  = e r S iu C ’’̂  -  D , , , ^ ) \ z , t (A .l)

where £t  is the total porosity of the column packing, S  is the column geometric cross 

sectional area, u is the local average mobile phase velocity, is the locate solute con

centration in the mobile phase, Dax,i is the axial dispersion coefficient of component i in
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the  mobile phase and Z  is the distance along the column. The first term  between the 

parentheses in Eq. A .l is the convection term  and the second is the axial dispersion term.

Flux of solute exiting from the slice, A^z,%|z+Az, is;

d C ^
^Z ,i\z+ A Z  = £TS{uCf^ -  Dax,i- Q ^ -)\z+AZ,t (A.2)

And the  ra te  of accumulation in the slice of volume S A Z  is:

S A Z { e T ^ ^ - h { l - £ T ) ^ ) \ z , t  (A3)

where qî is the solute concentration in the stationary  phase and Z  is the average value of 

Z  for the  slice. The first and second term s between the parentheses in Eq. A .3 correspond 

to accum ulation of solutes concentration in the  mobile and stationary  phases, respectively.

Hence, the  mass balance for component i in the mobile phase is:

+  =  e r S [ u C r  -

-  £t S[uCI  ̂ -  Dax,i-ô^]\z+AZ,t

i- ~  dqj . _  Dgx.i QZ \ Z - \ - A Z , t  Dgx,i QZ \z,t
d t  £ t  ~  A Z

ucr\z+Az,t-ucr\z,t
A Z

(A.4)

As u and Dax,i are constant along the  column and A Z  -4 0, the  above mass balance 

equation can be simplified to:

1 _ V dC^where F  is the phase ratio in which F  =  describes the  accum ulation of so

lutes in the  mobile phase, F ^  corresponds to the accum ulation of solutes in the  stationary
dCV''

phase and and Dax,i qz  ̂ are the convection and diffusion term s, respectively.

A . 1.1 S im plified  rate m odels

By m aking different assumptions, the derived model can be simplified as outlined in the 

following sections:
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Ideal model

The ideal model assumes th a t the column efficiency is infinite, there is no axial dispersion 

and both  the mobile and stationary  phases are constantly at equilibrium (Guiochon et a/., 

1994). Hence, eq. A .5 is reduced to:

This model neglects the influences of the  mass transfer and axial dispersion on the band 

profiles. It focuses on the influence of the non-linear therm odynam ics of phase equilibria 

on the  individual band profiles. This model has been used by the following authors: 

Ghodbance and Guiochon (1988), Golshan-Shirazi and Guiochon (1989 a,b). Gallant et 

a/., 1996) etc.

Equilibrium-dispersive model

W hen the mass transfer are fast but not infinitely fast, the system of mass balance equations 

can be replaced by the following equations by assuming th a t all contributions due to non

equilibrium can be lumped into an apparent axial dispersion term  {Dap,i) (Guiochon et ai, 

1994):

The equilibrium-dispersive model is widely employed in the literature  for the modelling 

of chrom atographic processes, e.g. Bellot and Condoret (1993a), G harton et al. (1993), 

Seidel-Morgenstern and Guiochon (1993), Charton et al. (1994), Heuer et al. (1995), Heuer 

et al. (1999), Quinones et al. (2000) etc. This model will be discussed in more detailed in 

Appendix B .l.

General rate model

The general rate  model consists of two partial differential equations for each component 

which express its mass balance, the first one for the mobile phase flowing between the 

packing particles (Eq. A.8) and the other for the fluid contains inside the particles (Eq.
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A .9). This model is normally expressed in dimensionless form (Bellot and Condoret, 1991; 

Guiochon et al.  ̂ 1994; Gu, 1995).

(a .s)

^ [ ( 1  -

where, and are the solute concentration of component i in the mobile, pore and

solid particle phases, respectively. Pe^, and pi are the  dimensionless groups used to 

characterise the kinetic of the system, £p is the particle porosity and r, z and r  are the 

dimensionless radial position, axial position and time, respectively. More details of this 

model will be given in Appendix C.

A . 1.2 In itia l cond itions

The initial condition defines the exact solution needed for a system  of partial differential 

algebraic equations. It describes the initial sta te  of the column when the process begins, 

i.e. a,t t = 0. The initial concentration for a non-preload column is equal to  zero ai t = 0. 

Its m athem atical form is expressed as;

c r ( z ,   ̂ =  0) =  0 f o r  0 < Z  < L  (A .10)

A . 1.3 B oundary conditions

According to different injection modes and different ways of desorbing the solutes from the 

column, the boundary conditions for the  column are as follows:

a. A t the column inlet (Z =  0);

• Elution chromatography

= (Injection) (^.11)
I 0  te < t {Elution)

where Cg(^) is the  injection profile {Ce  = • tinj), Cinj,i is the  sample

concentration for component %, tinj and te are the  injection period and elution 

time, respectively.
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• Displacement chrom atography

The boundary condition(s) for the displaced component(s) is similar to th a t for 

elution chrom atography in Eq. A. 11:

(A.12)
CE{t) 0 < t  < [tinj 4- St) {In jection)

0 {tinj + St) < t  < te  {Displacement)

The boundary condition for the  displacer is:

C 4 t , Z  = 0 ) = {  °  +  (a.13)
I {tinj +  < t < te {Displacement)

St is a short period of elapsed time after the end of the injection time and before 

the displacer is pum ped into the column in order to avoid mixing between the 

sample and the displacer.

• Frontal chrom atography

CY"{t, Z  =  0) =  Cinjj ^ < t < t e  (A .14)

The sample is continuously fed into the  column, i.e. the concentration of com

ponent i a t the column inlet is equal to  the sample concentration for the whole 

separation period.

b. At the column outlet (Z =  L):

The famous Danckwert’s boundary condition is norm ally employed here for all the 

different desorbing modes mentioned above (Bellot and Condoret, 1991; Guiochon et 

al,  1994):

dcr(tz = L)^^
d Z   ̂ ’

A.2 Column efficiency

The column efficiency of a chromatographic separation is characterised by the height equiv

alent to a theoretical p late (H ETP), here denoted by Hp, which is similar to the  concept 

used in distillation:

Hp = —  (A. 16)
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where is the  variance of the elution peak and Z  is the  distance travelled by the peak. 

H E T P is defined as a “unit of the column length sufficient to  bring the solutes in the mobile 

and sta tionary  phases into equilibrium throughout the  un it”. By setting Z  = where L is 

the column length, the above equation can be converted from unit length to unit volume 

as:

^  "  ~(ŸZÿ  (^•1'^)

where Vr  is the retantion volume of the chrom atographic system. The num ber of the

oretical plates, Np^ is usually used to define the column performance, as the  separation 

capability generally increases with Np. However, Np alone does not indicate the  separation 

capability of the  column, it merely indicates the  solutes band w idth relative to the distance 

travelled by the carrier front:

Np = —  =  (— )^ (A .18)
lip (J

The peak w idth is prim arily affected by the zone broadening in the  column. There are 

several factors contributing to the zone broadening effects in a chrom atographic column: 

i) eddy diffusion; ii) molecular diffusion and iii) mass transfer resistance. There are two 

well known relationships normally employed to  define Hp in the  literature.

• van Deemter, Zuiderweg and Klinkenberg equation (Sofer and Hagel, 1997):

Hp = A-\-------1- CgU (A.19)

I 2 [ 0 - 6 D / , m  +  -  1 )]

-  ^ ^ 4 +  -  +  W D ,,s

A  is related to  eddy dispersion, B  to molecular diffusion and Cg to mass transfer 

resistance. A is a geometric factor of the order of unity  for spherical particles, dp is

the particle size, T^/,m  and are the diffusion coefficients of the solutes in the

mobile and stationary  (intra-particle) phases, u is the  mobile phase velocity and Vq 

is the void volume. The above equation can be w ritten  in the reduced form as:

2[0.6 + 7 ( ^ - 1 ) ]
V  3 O 7

hp = 2 \  + — ------ ^ ------   -f (A.20)
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Here the reduced plate height, hp, the reduced velocity, v, and the restricted diffusion 

factor, 7 , are given by:

hp = ^  (A.21)
dp

V = ^  (A.22)

7  =  ^  (A.23)
Df^M

• Em pirical Knox equation (Sofer and Hagel, 1997):

h = A 'v s  +  ^  +  C 't) (A.24)

The eddy diffusion and longitudinal diffusion are combined in the A ’ term .

The van Deemter, Zuiderweg and Klinkenberg equation is the preferred relation due to 

its physical relevance to the  actual separation process. However, so far in the  literature it 

has not been dem onstrated th a t it is any better th an  th a t of the Empirical Knox equation.

A .3 Definitions of system  performance parameters

The definitions of the  main param eters th a t normally employed to characterise a chro

m atographic process are discussed in this section:

1. Sample size (Minj^j) and loading factor

The sample size or amount of feed injected at the  beginning of each cycle is the 

product of the feed concentration, (7°, and the volume of feed injected, Vinj, or 

the product of the  feed concentration, the  duration of the  injection, tinj, and the 

volumetric flow rate, Fy.

Minj,i = Ci • Vinj =  Ci • tinj ' Fy (A.25)

The am ount of component i injected will form a dense monolayer on the  stationary 

phase as the  stationary phase usually has a finite sa turation  capacity for different 

solutes of interest. This assum ption is then  employed to  describe the  loading factor 

(dimensionless sample size) of this component accordingly:
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where qŝ i is the column saturation capacity of component i.

2. Am ount of purified product collected (M^)

The amount of purified product collected is defined as the product of volumetric 

flow rate and the concentration of component i collected over the product collection 

period.

n
Mi = F y J  Ci dt (A.27)

n

in which t f  and t f  are the s ta rt and end times of product collection.

3. Production rate  (P n )

The production rate  is the amount of feed tu rn  into product, i.e. purified a t the 

required degree of purity, per unit time.

P n  = ^  (A.28)
~

4. P urity  {Pui)

The purity  of a component Pui, is the concentration of this component in the col

lected fraction (solvent excluded). It is given by:

n

Pui = (A.29)
TV

i = l t f

5. Recovery yield (1^)

The recovery yield is the  ratio of the amount of desired component collected at the

required purity  to  the amount of this component in the  feed.

n
^  — ^0  J. (A.30)

' Hnj
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6. Specific solvent consumption {SPi)

The specific solvent consumption is defined as the  volume of solvent required to purify 

one un it of the  desired product.

=  (A.31)

where r  is the tim e horizon for the separation process.

A.4 Numerical solution techniques

The m athem atical models of chrom atographic processes derived in Appendix A .l consist 

of a system  of partial differential algebraic equations (PDAEs), which can only be solved 

numerically (Details of these models can be found in Appendices B and C). In this sec

tion, the solution techniques for simulation, optim isation and param eter estim ation which 

are used in this work are discussed. The gPRO M S  (general Process Modelling System) 

software (Process Systems Enterprise Ltd., 2000), which implements these techniques and 

also provides a convenient way of describing the complex models of interest to this thesis, 

is used throughout this study.

A .4 .1  D yn am ic sim ulation

gPRO M S  employs a M ethod of Lines approach (Schiesser, 1991) for the solution of the 

PDAE system  describing a chrom atographic separation. Thus, a spatial discretisation 

m ethod is first applied to convert the PDAEs to a system  of differential algebraic equations 

(DAEs), in which the variables are functions of tim e only. This system of DAEs can then 

be solved using an appropriate integration technique. gPRO M S  employs a class of implicit 

m ethods based on the  backward differentiation formulae (Gear, 1971). The time step and 

order of integration are varied autom atically during the integration to  ensure th a t the 

longest possible tim e steps are taken while satisfying the error tolerances imposed by the 

user.

There are several spatial discretisation approaches, such as finite difference methods 

{e.g. forward, backward and centred finite differences) and weight residual methods {e.g. 

orthogonal collocation) and finite elements m ethods {e.g. orthogonal collocation on finite 

elements) th a t can be used in this context. A review is given by Oh (1995). A comparison
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Figure A.2: Grid numbering system of a th ird  order OCFEM

of various spatial discretisation techniques for solving a chrom atographic column model is 

m ade in Appendix A.4.4.

A thrid-order orthogonal collocation on finite elements m ethod (OCFEM ) is used 

throughout this work to discretise the system of PDAEs as it involves fewer equations 

and lower com putational times than  those of the  finite difference m ethods. W ith  this 

m ethod, the entire spatial domain is discretised into elements. The spatial variation of the 

variables over each element is assumed to fit a polynomial {e.g. Lagrangian polynomial) 

in the  spatial independent variable, Z. The model equations are enforced at a num ber of 

’collocation’ points inside each element (as shown in Figure A.2); The normalised positions 

of these points within each element are chosen to be the root of an orthogonal polynomial. 

Continuity of both  the  model variables and their first order spatial derivatives is enforced 

a t the  element boundaries. E ither the  boundary conditions or the  model equations are 

enforced a t the  spatial domain boundaries (Pantelides, 1999).

A .4 .2 D yn am ic op tim isation

In this work, a control vector param eterisation (CVP) approach implemented with the 

gPRO M S  process modelling tool (Process System Enterprise Ltd., 2000) is employed to 

solve the dynamic optim isation problem (Details of this approach can be found in the 

work by Vassiliadis et al. (1994a,b).). Integration of the  DAE system  is required in each
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Figure A 3: Control variable profile

iteration to evaluate the objective function and contraints. It involves the discretisation of 

the t ime horizon, r , into Ni  control intervals, each of which may be of a different length, 

Ati\

Ni
r  = Y .

t = l
(A.32)

where N j  is the number of control interval. At{ may be allowed to vary in the optimisation, 

in which maximum and minimum lengths are specihed:

(A.33)

The control variable, u(t), will normally take a simple polynomial form {e.g. constant, 

linear or quadratic) over each time interval as shown in Figure A.3. Continuity restric

tions are imposed on a control variable at the element boundaries and hence the number 

of independent param eters to describe its form are reduced. Using the param eters of the 

control variable (p) and the discrete tim e intervals (A<%), the infinite dimensional dynamic 

optim isation problem is converted into a finite dimensional non-linear programming (NLP) 

problem which may be solved with a sequential quadratic program ming technique. Inte

gration of the model equations is then performed using the choice for the decision variables 

determined by the NLP algorithm.
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Figure A.4: Com putational scheme for dynamic optim isation using CVP

An algorithm  for the CVP approach is shown schematically in Figure A.4. Initial 

guesses of the  param eter of control variables (p), time invariant param eter (z/), time interval 

(A t) and tim e horizon (r) are provided to the system  of NLP algorithm  which will then 

be solved using differential algebraic equation (DAE) solver. Evaluation of the objective 

function and contraints will be performed. This is an iterative procedure which will be 

repeated several times until an optim al solution has been found within the specification of 

the optim isation problem.

In contrast to this approach, other optim isation techniques discretise the  set of DAEs, 

objective function and constraints over the whole tim e domain, resulting in a set of non

linear equations. The size of this NLP problem is significant larger as compared to the 

CVP approach but, a t the same time, no integration of the  DAEs is required (Oh, 1995).

A .4.3 Param eter estim ation

A param eter estim ation problem is actually an optim isation problem. It involves the 

m inimisation of the  objective function (0 ), i.e. the  difference between the  experimental 

da ta  (y) and predicted output computed from the  estim ated param eters of the

models.

m in  $  (II y  -  ym od (A.34)
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A common approach for solving this problem relies on the  least square estim ation 

m ethods as follows (Hangos and Cameron, 1999):

II y -  y"*"" 11= [ E E  (a.35)
z=0 j = l

where i and j  correspond to the  num ber of da ta  point m easured and num ber of da ta  set 

employed, respectively.

For dynamic models, it has to be noted that:

• The process variables (outputs), y(t), are tim e dependent.

• The tim e invariant param eters [v) contain present and past values of the inputs and 

outputs of the system up to a finite length in time.

• The com puted model outputs, y^'^^{t,p), are a function of tim e and model param 

eters. The dimension of the estim ated model param eter vector (p) is equal to the 

num ber of equation.

Hence, the  param eter estim ation problem becomes:

m in  0  (II y ( ^ ) II)  ̂ =  0, . . , r  (A.36)

W ith  Eq. A .36 as the objective function, the CVP approach is then  used to solved this 

dynamic optim isation problem as in Figure A.4. However, instead of the listed variables 

in Figure A.4, an initial guess of estim ated param eters, p, need to be supplied to the  DAE 

solver.

A .4.4 Com parison betw een numerical solution  m ethods

The CPU times required by different numerical solution m ethods available to solve the 

system of partial differential algebraic equations in chrom atographic modelling are inves

tigated here using the gPROM S  package (Process System Enterprise Ltd., 2000). The 

numerical m ethods considered are:

• center finite difference (CFDM)

• forward finite difference (FFDM)

• backward finite difference (BFDM)
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•  orthogonal collocation finite element m ethod (OCFEM )

As an example, the simulation of TTB  and PHL purification on a reversed-phase chro

m atography will be used to  dem onstrate the effect of these numerical solution techniques. 

The equilibrium-dispersive model (Appendix B) is employed to  predict the elution profiles 

for the b inary  m ixture. The simulations are performed using identical experim ental con

ditions and model param eters bu t with different numerical solution m ethods. Table A .l 

summarises the  experimental conditions for the  simulations. The model param eters are 

tabu la ted  in Table 3.1 in Section 3.1.1.

Param eters Values Unit

C ^t b 13 g/L

^PHL 13 g/L

Fy 1.667 • 10-G L /s

tinj 30 s

^inj 50 /iL

Table A .l: Experim ental conditions used for simulations

The order and number of points used for each numerical discretisation m ethod are 

chosen in such a way th a t their results will achieve the  same order of num erical accuracy,

i.e. the sim ulated elution profiles are in good agreement w ith those obtained from the 

literature (Heuer et a l,  1995). Stability is a very im portan t criterion and the numerical 

solution m ethods should not produce any oscillation. As expected, the accuracy increases 

with increasing num ber of points a t the expense of longer com putational time. Table A.2 

shows the  CPU times required by different numerical solution m ethods running on an IBM 

RISC System 6000 (43P-140) workstation. The com putational tim e required by OCFEM  

is about 50 % less than  those required by finite difference m ethods to achieve the same 

accuracy. The forward finite difference m ethod (FFDM ) fails to  work as the  algorithm  is 

w ritten in such a way th a t the calculation is unstable w ith oscillations for this particular 

case.

According to Ma and Guiochon (1991) and Guiochon et al. (1994), the  orthogonal 

collocation finite element m ethod (OCFEM) is able to give more accurate solutions com

pared to the solutions obtained from the finite difference m ethods (EDM). Unfortunately, 

this advantage of be tter accuracy is compensated by higher com putational tim e. However,
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Numerical methods Order Points CPU times, s

CFDM 2 350 19.1

BFDM 2 550 38.2

BFDM 2 600 40.2

OCFEM 3 70 13.5

OCFEM 3 80 14.9

Table A.2; CPU time required for different numerical solution m ethods

from Table A.2, this is not an issue here. In fact, the com putational tim e required by the 

orthogonal collocation finite element m ethod is much shorter than  those of the finite dif

ference m ethods. This might be due to the fact th a t gPRO M S  package employs be tte r and 

more efficient algorithms to discretise the time and the space domains (Process System 

Enterprise Ltd., 2000). In conclusion, the orthogonal collocation finite element m ethod 

wcLS found to be the best numerical solution m ethod available in this case with minimum 

com putational effort and best numerical accuracy.

It should be noted th a t oscillation is an inherent characteristic of orthogonal collocation 

m ethod. Although the oscillation obtained in this case is negligible, it m ight create some 

problems later on when the model is employed for optim isation or param eter estim ation 

purposes. In these cases, robustness and stability are the key cr itérions. This oscillation can 

be eliminated or reduced by simply increasing the order or num ber of elements of orthogonal 

collocation finite element m ethod. As expected, the com putational tim e will increase 

accordingly with this increased in the order or number of elements used. A compromise 

between robustness and stability of the model w ith the com putational tim e m ust therefore 

be found.
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Equilibrium-dispersive model

In this appendix, the equilibrium-dispersive model derived in Appendix A . l  and 

its auxiliary units used for the dynamic simulation and optimisation in Chap

ters 4 and 6 will be discussed. These include an equilibrium-dispersive model 

(column section), a continuous stirred tank to account for the re-mixing effect 

‘in the pump and tubings, a divider and two fraction collectors. F'igure B .l  is a 

schematic representation of a recycling chromatography system ‘with its aux'il- 

iary 'units and the variables associated ‘with it. The assumptions made and the 

appropriate model eq‘uations will be given in the following sections.

Column

.PP

Pump

d o
w

div div
o u l( i , l ) ’ ^ v (ou t,l)

C.(Z=L)
Divider

^div c
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M i . 3

PHL

Waste

Figure B .l: Schematic diagram of a chromatographic system with its auxiliary units
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B .l Column section described by the equilibrium-dispersive 

model

The equilibrium-dispersive model had been derived from the  first principles using the law 

of mass conservation in Appendix A. This model will be discussed in more details in this 

section in which all the assum ptions made, model equations, boundary conditions and 

initial conditions involved will be listed.

The equilibrium-dispersive model is the most widely employed m athem atical model of 

chrom atography in the  literature (K atti et al., 1990; Bellot and Condor et, 1991; Gui o chon 

et a i ,  1994; Heuer et a i ,  1996; Sofer and Hagel, 1997). It can predict the self-sharpening 

and dispersive phenomena caused by therm odynam ic and kinetic effects th a t occur in 

chrom atographic separation. It is based on the following assumptions:

• The concentration in the mobile and stationary  phases are considered to  be in equilib

rium  in the whole column. This assum ption is valid as long as the column efficiency 

is greater than  several hundreds theoretical plates.

• The contributions of axial dispersion and possible additional mass resistance tha t 

cause zone broadening can be described by an apparent dispersion coefficient, Dap,i-

• There are no radial concentration gradients and no tem perature gradients in the 

column.

B .1.1 M odel equations

As in Eq. A .3, the differential mass balance for component i can be described by the 

following m athem atical form:

tm
' + i = l , N  (B .l)

Isotherm  is normally used to  describe the relationship between the solute concentration in 

the stationary  and mobile phases as:

g. =  ? i ( < T , c r , ..... , c r , c j } ) ,  i = l , N  (B.2)

where ç* and CJ" are the solute concentration in the sta tionary  and mobile phcises of 

component i, respectively. Some examples of the isotherm  models are given in Section 1.3.
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The phase ratio, F, is defined as the ratio of the volume of the  solid and the  liquid phases

in the column. It is normally expressed as a function of to ta l porosity, e t ’-

F  =  }— S L  (B.3)
Et

The to ta l column porosity, e t -, is defined as the ratio  between the void volume, and

the  column volume, V c-

(B.4)
^ c

The apparent dispersion coefficient, Dap^i  ̂ can be estim ated from the num ber of theoretical 

plates of the  column, Np^i, as the  following:

The plate  number, Np^i, can be determined from either a) an experim ental elution profile 

or b) using a modified van Deemter equation:

a) Experim ental elution profile (Snyder and Kirkland, 1974):

N‘f  = 5 M { ^ Ÿ  (B.6)
Wh,i

where is the  experimental number of theoretical plates, tR^i, is the  retention

tim e for component i and is the peak w idth of component i a t half height (refer 

to Figure 1.1).

b) Modified van Deemter equation (Heuer et al., 1995):

= A i + Cs,(U (B.7)

where is the model theoretical p late height for component i. and Q,* are the 

van Deemter coefficients for component z, which can be obtained through param eter 

estim ation. The num ber of theoretical plates for component z, can then be

calculated from:

^  (B.8)
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The column efficiency can be characterised by the reduced plate height, hp î  ̂ according to 

the  following relationship:

h^,i =  ^  (B.9)

As a rule of thum b, the reduced plate height, hp î  ̂ for component i should be 2 <  hp î < 4 

for an efficient column (Synder and Kirkland, 1974; Teoh et a/., 2001).

The interstitial velocity of the mobile phase, u, can be expressed in term s of the column 

length, L, and the retention tim e of a non-retained component, to:

u = — (B.IO)
to

Boundary conditions

Two types of separation conditions; a) ideal separation and b) rigorous separation condi

tions are outlined in this section. However, the rigorous separation condition will be used 

throughtout this thesis to capture the extra-column zone broadening effect in recycling 

chromatography. The boundary conditions at the column inlet during sample injection, 

recycling operation and conventional elution are summarised as:

a) Ideal separation condition

For ideal separation conditions, it is assumed th a t there are no re-mixing and extra

column zone broadening effects in the chrom atography system. During the feed injec

tion period, the solute concentration of component i a t the column inlet Z  =

0)) is equal to th a t of the feed sample (C'e(^))- As the  off-specification products are 

recycled back to the column during recycling operation, the solute concentration of 

component i a t the  column inlet is the same as th a t of the solute concentration of 

component i leaving the column outlet { C ^ { t ,Z  = L)).  During product collection 

or conventional elution period, pure mobile phase is pum ped into the  column. The 

m athem atical description of this boundary condition is:

C ^ { t ,  Z  = {)) = <

CE{t) t  < tinj {In jection)

Cjj^{t, Z  = L) tinj < t < t e  {Recycling)  (B .ll)

0 te < t  {Elution)
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where tinj is the  injection tim e and te is the  elution time. The injection profile, Cjs(t) 

is usually rectangular in shape and is given as:

C E i f )  —  C i n j , i  ' t i n j  (B .1 2 )

b) R ig o ro u s  s e p a ra t io n  c o n d it io n

In contrast to the ideal separation condition, the re-mixing and extra-column zone 

broadening effects in the  tubes and pum p in recycling chrom atographic operation may 

be described by a continuous stirred tank. It is based on the following assumptions:

• Plug-how behaviour in the connecting tubes

— This assum ption is valid as long as the system  is operated in the laminar 

flow region. This is generally true for chrom atographic separations.

• Perfect mixing in the pum p

• No pressure and tem perature gradients

• Constant liquid density

The transport delay of the system can be taken into account by a simple time cor

rection relating the flow rate  and the volume of the  connecting tubes. However, this 

transport delay is of no im portance for the order of the system arrangem ent studied 

in this thesis and is therefore ignored (Heuer et a/., 1995).

The solute concentration at the pump outlet, C^!^^i{t), can be obtained from the 

mass balance of the  continuous stirred tank  model:

dC^P (t)
=  i = l , N  (B.13)

where is the volume of the pum p and is the volumetric flow rate from

the divider outlet 5, the  solute concentration for component

i at the pum p outlet and inlet, respectively.

The solute concentration of component i a t the  column inlet Z  =  0)), is the

same as the initial sample concentration (C g(t)) during the injection period. During 

the recycling period, the solute concentration at the  column inlet Z  =  0)),
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is equal to the pump outlet concentration At the end of recycling, fresh

solvent enters the pump. Hence the boundary condition at the  column inlet for this 

rigorous separation condition is:

CE(t) t  < tinj ( In jection)

z  =  L )  t inj  < t < t e  (Recycling)  (B.14)

0 te < t  (E lution)

The famous Danckwert’s boundary condition can be used here as the  second boundary 

condition a t the column outlet (Heuer et al., 1995):

Initial conditions

The initial conditions for a non pre-loaded column t = 0 are given as:

C ^ ( t  =  0,a;) =  0 (B.16)

qi(t =  0 ,x ) =  0 (B.17)

For rigorous separation condition, the solute concentration from the pum p outlet,

C^u^i(t =  0), is equal to zero. This is an additional initial condition for the  system:

=  0) =  0 i = l , N  (B.18)

B.2 Divider

The divider is used to model the valve switching action of the  system for elution, recycling 

and product collection operations. It is based on the following assum ptions:

• No tem perature and composition gradients.

• No pressure drop through the divider.

• No accumulation in the divider.
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The volumetric flow rate  of component i through the  divider outlet is given by;

where Fy and is the volumetric flow rate  a t the  inlet and outlet k of the divider,

respectively, n is the  coefficient describing the opening position of the  divider. N fc  is the 

num ber of fraction collectors.

Based of the  assumptions made above and the conservation of intensive properties, the 

solute concentration of component i a t the divider outlet k

f j d i v

=  » =  fc =  l,iV /e (B.20)
rik

where is the solute concentration of component i a t the  divider inlet.

B.3 Fraction collectors

The fraction collectors are used to  collect the desired components. The am ount of compo

nent i collected at fraction collector o, is given by the following relationship:

T

M,,o = F f ’' ' !  dt i = l , N ,  o =  l , N f c  (B.21)
0

where and are the solute concentration and volumetric flow ra te  a t the corre

sponding fraction collector inlet.

For a non-preload fraction collector, the collector is empty a t the  s ta rt, hence the 

following initial condition applied:

=  0) =  0 (B.22)
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General rate model

This appendix lists the assumptions made for the general rate model discussed 

■in Appendix A. I .  Both dimension (Appendix C .l)  and dirnensionless (Appendix 

C.2) forms of the model are discussed. The model equations together with the 

appropriate 'imitial and boundary conditions are used to determine the optimal 

column design configurution and operation of HPLC processes in Chapter 5.

View into the column

Inlet

Solid
phase

Adsorbed
phase

Outlet

Bulk liquid 
phase

Pore liquid 
phase

Liquid
film

Figure C .l; Geometry of a column cross sectional area

The general rate model considers three phases of separation. These include: the mobile 

phase flowing in the space between the particles (bulk liquid phase), the stagnant film of

207
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mobile phase immobilised in the macropores (pore liquid phase) and the microporous sta 

tionary phase (adsorbed phase) where adsorption takes place as shown in Figure C .l. This 

model accounts for diffusional and mass transfer effects which are im portant in prepara

tive and large scale chromatography. The following assum ptions have been made for the 

general non-linear ra te  model:

• The compressibility of the fluid is neglected. Since the solvent is in excess, the  molar 

volume and the density of the m ixture are constant along the column. Isothermal 

operation is assumed.

• The column is a homogeneous packed bed consisting of spherical porous particles 

w ith constant bed porosity. Hence there is no radial concentration gradient.

• Local equilibrium exists for each component between the pore surface and the stag

nant liquid phase in the macropores in the particle phase.

• Constant diffusional and mass transfer param eters are assumed.

• The mobile phase is not adsorbed.

C .l Dimensional general rate model

The following sections discuss the model equations for the  dimensional form for both 

heterogeneous (Appendix C.1.1) and homogeneous (Appendix C.1.2) particles, summarised 

from the works by Bellot and Condoret (1991), Gu et al. (1991), Guiochon et al. (1994), 

Samsatli and Shah (1997) and Subram anian (1998). The initial (Appendix C.1.3) and 

boundary (Appendix C .l.4) conditions are also presented.

C .1.1 H eterogen eou s particles

Figure C.2 is a schematic representation of a heterogeneous particle. The continuity equa

tion in the flowing mobile phase is:

where is the solute concentration in the mobile phase, qi is the  solute concentration in 

the stationary  phase, ej, is the bed voidage, u is the  in terstitial mobile phase velocity and
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Figure C.2: Schematic representation of a heterogeneous particle

Dax,i is the axial dispersion coefficient. This continuity equation describes the following 

phenomena:

• accumulation in the stationary phase

accumulation in the mobile phase dt

convective transport in the mobile phase { u - ^

• transport by axial dispersion in the mobile phase {Dax,i )

The variables qi is the average concentration of species i in the particles (both in the 

pores and adsorbed onto the surface) and is defined through the ra te  of mass transfer from 

the mobile phase to the pore liquid phase, given by the film theory (Bellot and Condoret, 

1991):

V i = l  N , Z e H \ L ]
(C.2)

where C f  is the solute concentration of the stagnant mobile phase in the particles, Kpm^ is 

the mass transfer coefficient of the mobile phase towards the particle outer area, Rp is the 

particle radius, £p is the particle porosity and D^j- is pseudo diffusivity of the component i 

in the macropores (this is usually lower than the molecular diffusion in the mobile phase).
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The external diffusion is described by:

—^ \R=Rp)

W hilst the  diffusion in the internal stagnant film is accounted by:

Rj,  ̂ dR
The in terstitial velocity, u, depends on the eluent flow rate, and the  column diam

eter, D\

The m aterial balance for component i in the  macropores is given by:

Vi = Z € [0, L], 6 (0, Rp)

where is the  solute concentration adsorbed on the  stationary  phase (refer to Figure 

C.2). Eq. C.4 is relevant mainly because the diffusion in the macropores, coupled or not 

w ith external mass transfer resistances, is usually a significant lim iting step for the overall 

mass transfer rate. This mass balance accounts for:

dC^• accum ulation in the macropores ( )

•  accum ulation in the microporous stationary  phase ( (1 — £p)—̂  )

• radial diffusion inside the porous particle ( )

Lee et al. (1989) added a stearic exclusion param eter for each component z, Ksi  to 

study the mass transfer effects in isocratic non-linear elution chrom atography (Bellot and 

Condoret, 1991):

K e i [ £ p ^  +  (1 -  6 p )^ § -] =

Vz =  1....TV, Z  £ [0, T], R  £ (0, Rp)

Equilibrium relationship

The mass transfer ra te  equation between the stagnant film and the stationary  phase has 

been expressed by Lin et al. (1990) using the concept of the linear driving force approxi

m ation (LDFA) which assumes a mass transfer ra te  directly related to  the  deviation from 

the equilibrium concentration (Bellot and Condoret, 1991):

dt
=  K s p , i [ f ( C f ) - C r ]  \/i =  l . . . . N , Z  e [ 0 , L ] , R e [ 0 , R p ]  ( C . 6 )
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where Kgp^i is the volumic effective mass transfer coefficient and /  is the function de

scribing the adsorption equilibrium. The usual hypothesis of an instantaneous adsorption 

equilibrium between the internal area of the macropores and the stagnant mobile phase 

immobilised in the  particle is considered, and implies th a t an equilibrium relationship ex

ists between solute concentration in the stationary  phase and in the  stagnant film, in the 

form of:

c r  =  / (C f )  (C.7)

Gu e t  al. (1991) included a second order kinetics in their model to account for slow 

adsorption and desorption:

^ f i p s  N
=  fcadp,i(A.- -  ^  C f  )C f -  k^ep,iCr Vi =  Z  € [0, L], e  [0, Rp] (C.8)

^  j = l

where kadp,i and kdep,i are the rate  constants of adsorption and desorption mechanisms and 

h i  is the adsorption saturation capacity for component i.

The equilibrium relationship of the solute concentration inside the  m acropores and pore 

surface (stationary  phase) can also be described by the Langmuir isotherm  (Eq. 1.7):

C f  =  (C.9)
1 + E 6 ; C J

where and bj  are the Langmuir isotherm coefficients.

C .1.2  H om ogen eou s particles

In ion-exchange chromatography, each particle is considered as a pseudo-homogeneous 

m atrix, where adsorption occurs a t the  outer area, and is followed by the diffusion of the 

adsorbed components through the m atrix via the micropores. A schem atic representation 

of a homogeneous particle is shown in Figure C.3. In this case, the  continuity equation in 

the particle is w ritten  as (Bellot and Condoret, 1991):

1 A
- â b  =  Z G [0,L], R e  (0. Rp) (C.IO)

where —̂  is the  accumulation term  in the adsorbed layer and - g ^ ) ]  ac

counts for the  effective diffusion mechanism in the adsorbed layer. is the  concentration 

of component i  adsorbed on the outer layer of stationary  phase (calculated per unit volume
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Figure C.3: Schematic representation of a homogeneous particle

of particle skeleton, homogeneous particles), and is the effective diffusion coefficient

of component i in the stationary phase, considered as pseudo-homogeneous. This diffu

sivity is normally concentration dependent and therefore constant within the particle, but 

in the case of large concentration steps, this effective diffusivity should be considered a 

function of sorbate concentration.

The continuity equation in the mobile phase is similar to th a t of the heterogeneous 

particles (Eq. C .l), except for the value of the bed voidage (e^) is replaced by the total 

column porosity, e r  (e r  =  6^( 1 — Eb) +  Eb) as below:

-f +  u (C .ll)
Et  d t  dt

The following expression accounts for the mass transfer rate  from the mobile phase 

t owards the adsorbed layer on the particle:
)SP

t  =   N , z e l o , L ] (C.12)

In this case, the equilibrium relationship links the concentration of the components 

adsorbed at the outer surface at R  =  Rp) with the concentration in the mobile phase, 

close to the interface

c f  =  / ( C D  (C.13)

W hen considering an intraparticle lim iting diffusion, it may be w ritten that:

dt Rr
- ( / (C ™ )-  <h ) V» =  1  N,  z  e  [0, L] (C.14)
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where  ̂ is the mass transfer coefhcient between th e  flowing mobile phase and the 

stationary  phase.

The external transfer is rarely a lim iting step (Bellot and Condoret, 1991; Gu et al,

1991). However, a combination of the internal diffusion and the external mass transfer can 

be added to the 

axial dispersion.

be added to the term  — or even add to these two phenom ena the  influence of the

C .1.3  In itia l cond itions

For a non-preload column a t tim e t = 0, the  column is free of any solute in all the  phases. 

Hence, the initial solutes concentration of all the considered phases are equal to zero;

c r  0 Vî.=  1......iV, Z  G (0, L)  (C.15)

Qi 0 y i  = 1 Af, Z  G [0, L] (C.16)

C f  \t=o= 0 Vî =  1 Af, Z  G [0, L], i î  G (0, iîp) {Heterogeneous) (C.17)

|(=o== 0 Vî =  1......N , Z  G (0, L), i? G (0, Rp) {Homogeneous)  (C.18)

C f  1^=0= 0 V% =  1......Af, Z  G [0, L], R  G [0, Rp] (C.19)

C .1.4  B oundary conditions

At the column outlet (Z =  L) for t  >  0:

I Z = L' ' - = L = 0  (C.20)
d Z

This condition implies a ’closed’ system at the column outlet.

At the column entrance, there are three possible boundary conditions depending on 

the applied desorbing modes (refer to Section 1.2.3):

a) Elution

For i — 1 N  at Z  = 0:

ucr = ncr''> + Da,,,(^) U=o 0<t<tin^
(7 ™ ’“ =  0  t in j  < t < t e

where tinj and te are the sample injection and elution tim es accordingly.
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b) D isp la c e m e n t

For i = 1, N-1 ât Z  = 0:

uCj  ̂ ’ +  Dax,i{-Q^ ) \z=0 0 <   ̂ <  {tinj +  ^t)
acr^ , , ,

D a x j  |z = 0  ( t i n j  "b ^ t )  ^  t  tg

where component N  is the displacer. 6t is a short period of elapsed tim e after the 

end of the  injection tim e and before the displacer is pum ped into the column in order 

to avoid mixing between the sample and displacer. W hen the entrance phenomena 

due to axial dispersion are negligible or when the column is sufficiently long, it may 

simplified by;

C f ( Z  =  0+) =  C ’" ’°(Z  =  0) (C.23)

For the displacer (* =  N )  a t Z=0:

C X  = 0 0 < t  < {tinj + St)

u C f  =  Iz=0 {tinj + St) < t  < te
(C.24)

c) F ro n ta l

All components (i =  1, N) are continuously fed into the column, hence, a t Z —0:

t lC f  =  u C X  +  £ > a x , . ( - ^ )  lz=0  0 <  J <  «e (C.25)

To enforce the continuity of concentration gradient a t the  centre of the  particle, the 

following relationship holds for i = 1 N  a t R  = 0 and t >  0:

• Heterogeneous particle

- ^ l f e o = 0  (C.26)

• Homogeneous particle

d R
| f i=o=0 (C.27)

And the rate  balance at the interface between the mobile phase and pore phase is 

(Bellot and Condoret, 1991):

(0.2S)
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C .1.5  Sum m ary

In this section, the dimensional general rate  model and its equilibria relationships have been 

summ arised for both  heterogeneous and homogeneous particles separation from the works 

by Bellot and Condoret (1991), Gu et al. (1991), Guiochon et al. (1994), Samsatli and 

Shah (1997) and Subramanian (1998). The corresponding initial and boundary conditions 

of these system are also outlined.

C.2 Dirnensionless general rate model

Due to the large number of param eters and variables involved in the dimensional general 

ra te  model described in Appendix C .l, a system atic approach to identify these param eters 

and variables is required. The appropriate param eters and variables may be grouped to

gether in dimensionless groups which can then  be employed to simplify the model equations 

accordingly as it is normally difficult to  quantify these param eters individually. The di

mensionless model equations (Appendix C.2.1), coupled with the  appropriate dimensionless 

equilibrium relationship (Appendix C.2.2) and the corresponding initial (Appendix C.2.3) 

and boundary (Appendix C.2.4) conditions required to model the  system  completely are 

discussed in the following sections (These are summ arised from the works by Gu et al., 

1991; M a et ai, 1996; Gu et a l,  1999).

C .2.1 M odel equations

In order to transform  the model equations discussed in the  previous section into the cor

responding dimensionless forms, the  following relationships apply:

f<m

« r  =  - ^  (C.29)

C?
= - ^  {Heterogeneous) (C.30)

c^p
{Homogeneous) (C.31)

pPS
4 '  =  (C.32)

z =  — (C.33)
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r = A  (C.34)

T =  Y  (C-35)

where C f  is the sample concentration of component i used for non-dimensionalisation

The dimensionless groups employed to simplify the model equations in this work in

cluded:

Bii = (heterogeneous)

= (homogeneous)
(C.36)

Pei =  (C.37)
Dax,i

' (heterogeneous) 

= -  (homogeneous)

Lb) (heterogeneous) 

— (homorogeneous)

(C.38)

(C.39)

The dimensionless differential mass balance in the bulk liquid phase as in Eqs. C .l and 

C .l l  is then:

1 acT" gc:m
Pei dz^ ~dz ^  "âr~ ^  lr=i) “  ^ ~  ^ ............^ ^  (0,1) (C-40)

The dimensionless differential mass balance in the pore phase for a heterogeneous par

ticle is (refer to Eq. C.4 for its corresponding dimensional form):

B 1 B Bf^
^ [ ( 1  == 0 V% =  1......N , z  G [0, l ] , r  G (0 ,1)(C.41)

The continuity equation in the  homogeneous particle (Eq. C.IO) is transform ed to its 

dimensionless form as:

^  =  Vi =  l  J V , z 6 [ 0 , l ] , r 6 ( 0 , l )  (C.42)
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Physical correlations

The axial dispersion coefficient, Dax,i can be determ ined experim entally using inert par

ticles of the same size or estim ated from an appropriate correlation. The correlation pre

sented by Chung and Wen (1968) was found to be reasonable for m ost systems considered 

in this thesis:

P e i  =  — ^ ( 0 . 2  +  0.011fle°'^®) (C .43)
2£bHp

The Reynolds number, Re, is defined as;

R e  =  (C .44)
At

This correlation is valid in the lam inar flow region. This is norm ally true for most chro

m atography separation (Ma et a i,  1996).

The film mass transfer coefficient, Kpm,i, depends on the Reynolds number; for chro

m atographic processes. Re is typically less than  0.1. Thus, the  correlation developed for 

low Re values by Wilson and Geankoplis (1966) is appropriate for Kprn^i estimation.

j  ^  ^ E e ! } ± ) S cJ  =  — / î e - d )  (C .45)
UE\) 6b

The Schmidt number, Sci, is defined as:

where is the Brownian diffusivity of component i. The pseudo diffusivity in the 

macropores, is given by:

D f-
D ”u  =  (C .47)

where is the molecular diffusion coefficient of component i in the  flowing mobile phase 

and X is the  tortu isity  factor of the  macropores. The experim ental values of this tortuisity  

factor fall w ithin the  range of - 7 (Bellot and Condoret, 1991). It accounts for the  random 

orientation of the pores and the  variation in the pore diameter. Brownian diffusivity, 

can also be used to estim ate this pseudo diffusivity for small ions (Mackie and Meares, 

1955):

6
(C.48)
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C .2.2 D im en sion less equilibrium  relationsh ip

The dimensionless form of a competitive Langmuir isotherm  is:

f    (C.49)
1 + E

f=l

The adsorption {kadp,i) and desorption {kdep,i) ra te  constants can be transform ed into 

their dimensionless form by the following equations:

(C.50)

Dkdep,i =  (C.51)

Hence, the dimensionless form of Eq. C.8 is:

A • ^
= Dkadp,i<^{-^ — ^ 2  ~  ^^depd^2  ~  , z E [0,1], r  E [0,1] (C.52)

C .2 .3 In itia l cond itions

As in Appendix C.1.3, the dimensionless initial conditions for a non-preload column when 

r  =  0 are:

c f  1^=0= 0 Vf =  1....Af, z E (0,1) (C.53)

|.r=o= 0 Vf =  1 N , z  E [0,1], r  E (0,1) {heterogeneous) (C.54)

c f  |r=o= 0 Vf =  1....N , z  E (0, l ) , r  E (0,1) (homogeneous)  (C.55)

f  |r= o -  0 Vf =  1....AT, z E [0,1], r  E [0,1] (C.56)

C .2.4 B ound ary conditions

In this section, the  dimensionless boundary conditions of the  system  will be described (refer 

to Appendix C.1.4 for the dimensional boundary conditions). At the  column outlet (z =

1) for r  >  0:

d c ^
|z= i=  0 (C.57)



Appendix C: General rate model 219

O peration Mode Period Component

Displacement 0 <  T <  {Tinj +  Sr) i =  1, N-1 1

Displacement 0 <  r  <  {Tinj  +  St ) i -  N 0

Displacement {Tinj + S t ) < T  < T e i =  1, N-1 0

Displacement { n n j  -\-St ) < T  < T e i =  N 1

Elution 0 <  r  <  Tinj i =  1, N 1

Elution 'Tinj ^  "T ^  Te i =  1, N 0

Frontal 0 <  T <  Te i =  1, N 1

Table C .l: Values of for different operation mode

Depending on the desorption mode (Section 1.3), there are three different boundary 

conditions which can be employed to describe the boundary condition at the  column inlet 

(z =  0) for r  >  0:

^  (C.58)

where Cinj^iir) is the injection concentration of component i. has different values

according to  the mode of operation as tabulated  in Table C .l. In displacement chromatog

raphy, N  is the displacer.

To enforce the continuity of concentration gradient a t  the centre of the  particle, the 

following relationship holds for z =  i  TV at r  =  0 and r  >  0:

a) Heterogeneous particle

dc2
|r=o— 0 (C.59)

b) Homogeneous particle

|r=o= 0 (C.60)

And the  ra te  balance at the interface between the mobile phase and pore phase is:

= B k ( c T  -  i  |r= i) (C.61)
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C .2 .5 Sum m ary

The dimensionless groups used to transform  the model equations discussed in Section C .l 

have been outlined. These dimensionless groups are then  used to  define the  dimensionless 

general rate  model as in the works of Gu et al. (1991), M a et a/., (1996) and Gu et al. 

(1999). The approapriate dimensionless equilibrium relationships and the corresponding 

initial and boundary conditions are also summarised.



Appendix D

Determination of diffusion coefficient 

and optimum linear velocity

In this appendix, physical data and detailed calculations fo r  the determination 

of diffusion coefficient (Appendix D .l)  and optimum linear velocity (Appendix

D.2) will be presented based on the discussion in Section 3.1.3. These calcu

lations are performed i) to ensure that the separation of an aromatic standard 

using a reversed-phase HPLC column in Section 3.1.3 is operated within the op

timum range of linear velocity utilising the best separation power of the system, 

and ii) to validate the estimated model parameters.

D .l Determination of diffusion coefficient

Physical da ta  required for the determ ination of the diffusion coefficient can be found from 

Perry Chemical Engineers’ Handbook (1997). Tables D .l and D.2 show the physical data  

for the mobile phase and the arom atic standard  considered.

Component Solvent M W 5', Viscosity, Solvent association

composition (g/mol) (cm^lg) (cPoise) factor, Ip

Acetonitrile 0.9 41.65 0.783 0.350 2.00

W ater 0.1 18.00 1.000 1.000 2.50

Mobile phase 1.0 39.29 0.805 0.415 2.05

Table D .l; Physical d a ta  for mobile phase (90 % acetonitrile and 10 % water)

221
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Component M W

(g/mol) (cm ^/p)

M V

{cm^jmol)

Sample

composition

M K

{cm? j  mol)

Nitrobenzene 123.10 1.205 148.34 0.25 37.08

Naphthalene 128.16 1.145 146.74 0.25 36.69

Fluorene 166.21 1.203 199.95 0.25 49.99

Fluoranthene 202.24 1.277 258.26 0.25 64.57

Table D.2; Physical da ta  for arom atic standard

The component molecular volume, is equal to  the product of the molecular weight 

( MWi )  and the specific gravity {Sg^i) of component i:

MVi =  MWi  • (D .l)

Hence, the  sum m ation of all the component molecular volumes in the  arom atic standard,
N

( X) AlVi) gives us the sample molecular volume, which is 188 cmr /m o l  for this particular 

case.

Using the Wilke and Chung correlation (Snyder and K irkland, 1974; Perry et a l,  1997) 

with the appropriate physical data, the diffusion coefficient, 0 ^  {cm? j s )  can be calculated 

from Eq. 3.7 as:

D f  =
7.4 • 10-^" . Tyf-ip • M W

/iMUO-6

7.4 .10-^0 • 293V2.05 • 39.29
0.415 • lG-O-2 .1880-6 

=  2 • 10“ 6 cm ‘̂ s~^

From the above calculation, the diffusion coefficient, is 2 lO"^ av?s~^.  This calculated 

value coincides with th a t found in the literature, i.e. the molecular diffusion coefficient of 

a solute should fall between 1 • 1 0 “  ̂ <  D y  <  2 • cm^s~^  (Snyder and Kirkland, 1974).

D.2 Determination of optimum linear velocity

As in Eq. A.22, the linear velocity (u) is related to  the  reduced velocity (u) by the  following 

equation:
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udn

where dp is the particle diam eter which is 0.0005 cm in this particular case. The ideal flow 

rate  occurs when the reduced velocity, Vopt  ̂ is 3 (Synder and K irkland, 1974). Hence, the 

optimum linear velocity, Uopt  ̂ is:

'^opt l-’optDm

3 • 2 • IQ-s 
5-10-^

0.12

0.0728

cm
cm.
s
m

m in

From the above calculation, the optimum linear velocity is therefore equal to 0 .07  

m /m in .  This is in good agreement with the value obtained from Figure 3.6.
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Sensitivity analysis

In this appendix, a sensitivity analysis is performed to investigate the relative 

importance of the model parameters on the simulation output, in particular, 

peak height and peak position. This is performed to establish the dependence of 

model accuracy on isotherm parameter, and hence the need for an efficient and 

systematic approach for isotherm determination proposed in Chapter 4-

E .l Introduction

The equilibrium-dispersive model (Appendix B .l) will be employed in this appendix to 

investigate the relative im portance of the model param eters on the sim ulation output, i.e. 

peak positions and peak heights. These model param eters are separated into four groups 

as follows:

1. The coefficient of modified van Deemter equation (Eq. 3.2), A

• Only A  is considered as the value of Cg is negligible compared to  A  and can be 

ignored in this case.

2. The Langmuir isotherm ’s coefficient (Eq. 1.7), o,, for component i

3. The Langmuir isotherm ’s coefficient, hi (Eq. 1.7), for component i

4. The Beer-Lambert Law’s coefficient (Eq. 3.1), Ei, for component i

224
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A case study will be considered to illustrate the effects of these param eters on the 

simulation output (Appendix E.2). The computed param eters will be given in Appendix

E.2. The results for all the  sensitivity analysis performed will be discussed (Appendix E.3). 

Finally, some concluding remarks will be drawn in A ppendix E.4.

E.2 Case study

The model param eters obtained from param eter estim ation A in Section 3.1.3 for the sep

aration of an arom atic standard  are employed for the  sensitivity analysis. The arom atic 

m ixture consists of nitrobenzene, naphthalene, fluorene and fluoranthene respectively with 

increasing affinity for the stationary  phase, i.e. nitrobenzene is the  least retained compo

nent and fluoranthene is the most retained component in this particular case. The original 

model param eters are tabulated  in Table 3.6.

The sensitivity analysis is conducted at three different flow rates, i.e. 1, 1.2 and

1.5 m L /m in  for the coefficient of the van Deemter equation. For the  other groups, only 

a flow rate of 1 m L /m in  will be considered. For the  sensitivity analysis, the effect of 

small increments or decrements in these param eters of the  equilibrium-dispersive model 

are compared to the  simulated elution profiles of the  base case (with param eters in Table 

3.6) whilst keeping all the other param eters constant. For example, the coefficient of the 

modified van Deemter equation is increased hy 10 % whilst the  other param eters from the 

other groups are kept constant.

The coefficient of the modified van Deemter equation has been increased up to  70 % 

as shown in Table E .l. It has been experimentally verified th a t the  reversed-phase HPLC 

column used for the separation of the arom atic standard  in Section 3.1.3 has high column 

efficiency. Hence, the reduced plate height of component i, hp^i is 2 <  hp î < 4. This 

corresponds to the computed values in Table E .l.

The computed values of the Langmuir isotherm ’s coefficients (o, and b /  and the Beer- 

Lam bert Law’s coefficient ( B /  are tabulated  in Tables E.2 and E.3, respectively. These 

values are chosen arbitrarily  to account for the  errors in experim entation or numerical 

param eter estimation during isotherm determination.

A th ird  OCFEM  with SO points is employed to  solve the  equilibrium-dispersive model 

in this case. Details of this numerical solution technique is discussed in Appendix A .4.1.
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Increment, % A

10 1.1- 10-5

30 1.3- 10-5

50 1.5- 10-5

70 1.7- 10-5

Table E .l: Com puted variations in modified van Deemter coefficient

Changes, % ^nit (^nap (^flu O/fir ^nit 6nap bfiu 6 fir

+70 2.19 3.91 3 23 4.45 246404 45900 14385 8075

+50 1.93 3.45 2 j ^ 3.93 217416 40500 12693 7125

+30 1.67 2.99 2.47 3.40 188427 35100 11000 6175

+ 10 1.41 2.53 2.09 2.88 159438 29700 9308 5225

-10 1.16 2.07 1.71 2.36 130449 24300 7615 4275

-30 0.90 1.61 1.33 1.83 101460 18900 5923 3325

-50 0.64 1.15 0.95 1.31 72472 13500 4654 2375

-70 0.39 0.69 0.57 0.79 43483 8100 2538 1425

Table E.2: Com puted variations in Langmuir iso therm ’s coefficients

Changes, % ^nit ^nap ^ f lu Eflr

+70 17000 10030 44200 42840

+50 15000 8850 39000 37800

+30 13000 7670 33800 32760

+10 11000 6490 28600 27720

-10 9000 5310 23400 22680

-30 7000 4130 18200 17640

-50 5000 2950 13000 12600

-70 3000 1770 7800 7560

Table E.3: Com puted variations in B eer-Lam bert’s coefficient
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E.3 Results and discussions

A comparison between the peak positions and peak heights obtained from the  simulation 

output using the deviated param eters in Tables E .l, E.2 and E.3 and those obtained using 

the param eters in Table 3.6 (base case) will be m ade in this section. The following sections 

discuss the  relative im portance of these param eters.

Modified van Deem ter’s coefiicient (A)

Figures E .l, E.2 and E.3 are the plots of sensitivity analysis of the modified van Deem ter’s 

coefficient (A) at different flow rates of 1, 1.2 and 1.5 m L /m in  respectively. Only small 

deviations in term s of peak heights and peak positions are observed between the  simulations 

with the deviated param eters (Table E .l) and th a t from the base case as A  is increased 

from 10 % to 70 %. As the reversed-phase HPLC column used in this arom atic puriflcation 

is a very efficient column, the increment in A  does not produce any signiflcant impact on 

the considered studies.

Langmuir isotherm ’s coefficient (u%)

The elution profiles from the simulations w ith the deviated param eters in Table E.2 and 

th a t from the base case are plotted in Figures E.4 and E.5. The effects of gradual increment 

and decrement of are investigated in these figures, respectively. An increment in the 

ai value causes the  simulated peak positions to shift to  the right along the tim e axis, i.e. 

the model predicts longer retention times for the  arom atic components. In contrast, the 

simulated peak positions shift toward the left along the  tim e axis with decreasing values 

of (2 ,̂ i.e. shorter retention tim e of the components are expected. The peak heights of the 

components are insensitive to these variations in o .̂

Guiochon et al. (1994) stated  tha t, at infinite dilution, the following relationship 

applies:

k'i = F  • ai (E .l)

where k'i and F  are the  retention factor of component i and the phase ratio, respectively. By 

keeping the phase ratio constant in this sensitivity analysis, i.e. the separation condition
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Figure E .l; Effect of changes in the modified A a t 1 m L /m in  

[black =  base case; blue =  10 %; red ^  30 %; green =  50 %; pink =  70 %)
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Figure E.2: Effect of changes in the modified A a t 1.2 m L /m in  

(black base case; blue — 10 %; red =  30 %; green =  50 %; pink =  70 %)
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Figure E.3: Effect of changes in the modified A at 1.5 m L /m in

(black = base case; blue = 10 %; red =  30 %; green = 50 %; pink =  70 %)
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is kept constant, an increment or decrement in will result in an increase or decrease in 

the retention factor respectively which explains the  findings in Figures E.4 and E.5.

Langmuir isotherm ’s coefficient (6%)

Figures E.6 and E.7 show the effects of gradual increment and decrement of 6% from 10 % 

to 70 % accordingly. From these figures, it can be concluded th a t the retention tim e of 

nitrobenzene (first component) to elute from the chrom atography column is hardly affected 

by the variations in hi as it is the least retained component in the  arom atic m ixture. (It 

is actually the  non-retained component in this case.) Its retention tim e is therefore only 

depend on the void volume of the column which is constant.

The peak positions of all the other components, however, shift to the  left along the  time 

axis with increasing values of hi, i.e. a decrease in retention tim e is observed. In contrast, 

gradual decrement in hi results in longer retention times for the  components as the  peak 

positions shift to the  right along the time axis. Small deviation in the  peak heights is 

observed for the investigated components.

The column saturation capacity, of component i is given by the ratio  of u% and 

hi of the Langmuir isotherm ’ coefficients (Guiochon et a i ,  1994; Sofer and Hagel, 1997). 

From Eq. E .l, the coefficient hi can then be related to  the  retention factor of component 

i as:

It can be seen from the above equation tha t the retention factor (A:̂ ) of component i is 

inversely proportional to 6%. This explains the results of the  sensitivity analysis in Figures

E.6 and E.7.

Beer Lambert Law’s coefficient (Ei)

As the  Beer-Lambert Law describes the relationship between the UV absorbance and the 

concentration of component i at the column outlet, any changes in its m agnitude will be 

directly reflected on the simulated elution profiles. As a result, the  sim ulated peak heights 

increase with increasing values of in Figure E.8. On the  other hand, the  sim ulated peak 

heights decrease in m agnitude w ith decreasing Ei in Figure E.9. The peak position of the 

components is not affect by these variations in Ei as expected.
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Figure E.4; Increment effect in the modified a{ at 1 m L /m in  

(black =  base case; blue =  10 %; red =  30 %; green =  50 %; pink — 70 %)
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Figure E.5: Decrement effect in the modified a{ a t 1 m L /m in  

(black ^  base case; blue =  10 %; red =  30 %; green =  50 %; pink — 70 %)
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Figure E.6; Increment effect in the modified b{ at 1 m L /m in

(black =  base case; blue =  10%; red =  30 %; green = 50 %; pink =  70 %)
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Figure E.7: Decrement effect in the modified b{ a t 1 m L /m in  

(black base case; blue -  10 %; red =  30 %; green =  50 %; pink — 70 %)
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Figure E.8: Increment effect in the modified Ei a t 1 m L /m in  

(black =  base case; blue = 10 %; red =  30 %; green =  50 %; pink =  70 %)
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Figure E.9: Decrement effect in the modified Ei at 1 m L /m in

(black =  base case; blue = 10 %; red = 30 %; green =  50 %; pink —70 9Q
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E.4 Conclusions

From this sensitivity analysis, it can be concluded th a t any variation in the modified van 

Deem ter’s coefficient do not seem to have any significant im pact on the model output 

provided an efficient column is used. The column outlet concentration is determ ined to 

be directly proportional to the UV absorbance. Any changes in the  Beer-Lam bert Law’s 

coefficients will directly reflect on the simulation results.

The sensitivity analysis indicates th a t the Langmuir isotherm  coefficients play an im

portan t part in defining the simulated peak heights and positions accurately. Hence, the 

ability to determine the isotherm param eters accurately w ith minimum tim e and effort is 

potentially attractive and deserves more attention. As a result, a system atic approach for 

isotherm  determ ination is proposed in Chapter 4.



Appendix F

Results for isotherm determination

The experimental results for the separation of an aromatic mixture discussed in 

Chapter f  are given (Appendix F .l) .  The estimated parameters are validated in 

Appendix F.2 using the basic theory of chemistry. Determination of the same 

isotherm parameters via the static method has been performed in Appendix F.3 

for  comparison.

F .l Experimental data and calculation of column efficiency

In this section, the experimental results obtained for isotherm  determ ination in C hapter 4 

for the  separation of naphthalene and fluorene using a reversed-phase HPLC column will 

be given. The experimental details of the separation of this arom atic standard  is discussed 

in Section 4.4.1. For each separation condition considered here, there are two repeated 

runs to ensure reproductivity of the  purification process.

The retention tim e (tn) and half w idth (id/j,) of component i can be m easured from 

the experimental elution profile. Figure F .l  is an example of the experimental elution 

profile of naphthalene for a flow rate  of 0.8 m l/m in  and 10 p L  sample volume. The 

num ber ( N p ^ )  a-nd height (H p ^ )  of theoretical plates, as well as the  reduced plate height 

{hp^i), can then be calculated using Eqs. B.6, B.8 and B.9 respectively w ith the m easured 

retention tim e and half w idth obtained from the chrom atogram. Tables F .l ,  F.2, F.3 and

F.4 tabu late  the calculated values of these param eters at different flow rates and sample 

volumes, respectively.
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Retention time = 3 .255 min
0.3

0.25

JD
|0 .1 5
.a Half width = 0.182 min

0.05

Time, min

Figure F .l: Typical experimental elution profile of naphthalene 

(Fy = 0.8 m L/m in; Vinj =10 pL)

Component ^inj )
/iL

tR,
min

Wh,
min

j^éxp  
PA ’

/  column
< 7 ,

/m

jj-exp

X  lO-^m
hp î

Naphthalene 10 3.255 0.182 1766.62 11177.44 8.49 5.66
10 3.260 0.182 1772.28 11815.17 8.46 5.64
20 3.260 0.182 1772.28 11815.17 8.46 5.64
20 3.260 0.182 1772.28 11815.17 8.46 5.64
30 3.255 0T88 1669.80 11132.02 8.98 5.99
30 3.245 0.188 1659.13 11060.87 9.04 6.03

Fluorene 10 3.573 0.198 1805.41 12036.10 8.31 5.54
10 3.573 0.203 1713.99 11426.60 8.75 5jW
20 3.573 0.208 1629.49 10863.29 9.21 6.14
20 3.589 0.208 1643.77 10958.48 9.13 6.08
30 3.589 0jW8 1643.77 10958.48 9.13 6TW
30 3.604 0.214 1578.20 10521.33 9.50 6.34

Table F .l:  Experim ental da ta  for naphthalene & fluorene (Flow rate  =  0.8 m L/m in)

Component '^inj ) 
pL

tR,
min

Wh.
min /  column /m X  lO-^m

hp î

Naphthalene 50 2.402 0.133 1798.16 11987.75 8.34 5.56
50 2.404 0.133 1801.29 12008.62 8.33 5.55
10 2.371 0.131 1807.64 12050.93 8.30 5.53
10 2.385 0.138 1667.38 11115.85 9.00 6.00

Fluorene 10 2.694 0.146 1890.30 12602.00 7.94 5.29
10 2T08 0.148 1857.20 12381.35 8T# 5 j#

Table F.2: Experim ental da ta  for naphthalene & fluorene (Flow rate  =1 m L/m in)
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Component ^ i n j  t
yuL

tR,
min min /  column /m X  10-^m

h p , i

N aphthalene 10 2.179 0.113 207&68 13857.84 7.22 4.81
10 2.171 0.117 1917.98 12786.50 7.82 5.21
20 2.179 0.117 1932.74 12884.94 7.76 5.17
20 2.179 0.117 1932.74 12884.94 7.76 5.17
30 2.179 0.117 1932.74 12884.94 7.76 5.17
30 2T83 0.121 1808.84 12058.90 8.29 5.53

Fluorene 10 2.421 0.125 2077.87 13852.47 7.22 4.81
10 2.413 0.129 1932.51 12883.38 7.76 5.17
20 2.425 0.133 1832.64 12217.61 8T8 5.46
20 2.417 0.133 1820.07 12133.82 8^W 5.49
30 2.417 0.138 1711.35 11409.01 8.77 5.84
30 2.429 0.133 1838.95 12259.66 8T6 5.44

de F.3: Experim ental da ta  for naphthalene & fluorene (Flow rate  =  1.2 m L /m

Component ^ i n j  ) 
jiL

tR,
min min

K 7 >
/colum n

^ 7 '
/m

Tjexp
P ,i  1

X  lO-^m
h p , i

Naphathalene 10 1.748 0.090 2109.26 14061.75 7.11 4.74
10 1.746 0.094 1921.19 12807.96 7.81 5.21
20 1.744 0.094 1916.62 12777.46 7.83 5.22
20 1.744 0.094 1916.62 12777.46 7.83 5.22
30 1.748 0.094 1925.80 12838.64 7.79 5.19
30 1.746 0.096 1838.70 12257.99 8.16 5.44

Fluorene 10 1.927 0.102 1974.37 13162.45 7.60 5.06
10 1.927 0.102 1974.37 16162.45 7.60 5.06
20 1.931 0.104 1904.15 12694.34 7.88 5.25
20 1.933 0.104 1908.26 12721.70 7.86 5.24
30 1.927 0.106 1822.43 12149.55 8.23 5.49
30 1.931 0.106 1830.33 12202.19 8.20 5.46

Table F.4; Experim ental da ta  for naphthalene & fluorene (Flow ra te  =  1.5 m L /m in)

Length = 0.78 nm

Length of the bond = 0.13 nm

Width = 0.35 nm

Figure F.2: Schematic diagram of a fluorene molecule
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F.2 Validation of the estim ated parameters

In this section, the estim ated param eters obtained in Table 4.1 (Section 4.4.3) are validated 

using the basic theory of chemistry. Figure F.2 shows a schematic diagram  of a fluorene

molecule. The approxim ate size of a fluorene molecule is:

size flu = 0.78-0.35 nm ^
 ̂ (F .l)

=  0.27 nvn?

Given th a t the molecular weight of fluorene, M W fiu ,  and the  Avogadro number, N a , 

are 168 and 6 • 10^^ , respectively, the required surface area of adsorption for

a molecule of fluorene can be calculated as follows:

c  _  s i ze f iu  -Na
O p , f l u  -  M W f i , ,

  0 .27-10~^^ ■ 6 10^^ mol ecu l e  m o le  0 '\
“  168 ^  m o le  ' g  ̂ ^

964 ÿ .

The surface area of the  silica particles (Jupiter 15 //m Cis  particles), Sp, is 170 ^  

(Phenomenex Ltd.). The to ta l bed porosity, ep, is 0.67  (Eq. B.4: e t  =  ^ ) .  Analogous 

to flow in a pipe, the  to tal surface area of the  silica particles available for adsorption, Sp^r 

with column porosity of e t ,  is:

Sp ,T  = S p { l - E T )

= 170(1 -  0.67) (F-3)

= 56 f

Assuming monolayer adsorption as for the  Langmuir isotherm , the uptake or adsorption 

of fluorene molecules to the  silica particle is:

% uptake  =  • 100 %

=  ^  • 100% (F.4)

=  6 %

From the  param eter estimation (Table 4.1 in Section 4.4.3), the  Langmuir isotherm for 

fluorene is:
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At the linear region of the isotherm, when C is very small, e.g. S.SJ^e-f g /L  and the

corresponding q is 3.65e-5 g /L  (according to Eq. F.5), the  uptake or adsorption of fluorene

molecules to the silica particle is:

% uptake  =  IH fE f  • 100% gj

9 %

These flgures are of similar magnitudes (answers from Eqs. F.4 and F.6). Given all the 

assum ptions made and experimental inaccuracies, the  isotherm  coefficients obtained from 

the numerical param eter estimation are therefore assumed to  be correct.

F.3 Isotherm determination using static m ethod

A traditional static  m ethod (Section 4.2.1) has also been performed to  determ ine the same 

isotherm  param eters as a comparison to the results obtained via the proposed system atic 

procedure in Section 4.4. In this case, a spectrophotom eter is employed to m onitor the 

solute concentration of fluorene in 90 % acetonitrile and 10 % water a t a UV wavelength 

of 265 nm. The experiment procedures are outlined as below:

1. 1 g 0Ï Jupiter 15 p m  C\s silica particles (stationary phase) is added to 10 mL  of 0.1 

g /L  fluorene.

2. After 5 minute  interval, the solid-liquid suspension is centrifuged and 2 m L  of liquid 

is withdrawn. The solute concentration in this liquid fraction is then  m easured using 

a spectrophotom eter.

3. 2 mL  of 1 g /L  of fluorene is added to the suspension again to top up the  volume to 

10 mL.

4. Step 2 is repeated several times until the sa turation  capacity of the  sta tionary  phase 

is reached.

Two separate runs of the described experiments have been carried out and the results

are tabulated in Table F.5. C/iu is the prepared sample concentration, and are

the fluorene concentration in equilibrium with each other in the solution and adsorbed on
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Run 1 Run 2

Cflu % ^ f lu ^ f lu

0.100 0.11 0.000 0.100 0.12 -0.020

0.288 0.31 0.000 0.296 0.30 -0.004

0.448 0.42 0.028 0.440 0.50 -0.060

0.536 0.64 -0.104 0.600 0.52 0.080

0.712 1.80 -1.088 0.616 0.68 -0.064

Table F.5: M easurement da ta  for isotherm  determ ination

the stationary  phase, respectively. As 2 m L  of 1 g /L  of fresh solution is added to the 

suspension every tim e (Step 3), the sample concentration, is:

C /,„  =  0 .2 (1 )+ 0 .8 C ;,„  (F.7)

The to tal liquid volume of the suspension is 10 mL  (Step 1). The fluorene concentration 

adsorbed on the stationary  phase is therefore given by:

0*fiu — ^ f i u  — C f i u  (F-8)

For a fluorene concentration, Cfiuj of 0.1 g/l, the m easured UV absorbance at 265 

nm  is 6 .27  according to the Beer-Lambert Law {UVfiu = Efiy, • Cfiu) as the obtained 

Beer-Lam bert Law’s coefficient for fluorene is 62.7 l/g (Section 4.4.2).

The amount of fluorene adsorbed on the sta tionary  phase which is in equilibrium with 

th a t in the solution can then be calculated using th e  Langmuir isotherm  (Eq. F.5).

This is equal to  7.28 • 10“  ̂ g/L. Hence, the  corresponding am ount of fluorene in the 

solution (Cjiy) is therefore equal to 9.993 • 10“  ̂ g /L  (calculated using Eq. F.8). As a 

result, the  UV absorbance of is 6 .265. This difference is too small to be detected by 

the spectrophotom eter and explain the reason why the results obtained in Table F.5 are 

not physically sensible.
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Optimisation results

In this appendix, the results obtained in Chapter 6 for optimal T T B  and PHL  

productions (optimise separately and together) utilising different operating poli

cies at different number of cycles (up to 5 cycles) will be tabulated. These 

operating policies include: conventional recycling, recycling with peak shaving 

technique, and recycling with peak shaving and multiple feed injection. The 

operating policies are described in details in Chapter 6.

The optim isation problems are solved for different sample volumes (10 and 50 fiL) and 

sample compositions (1:3, 1:1 and 3:1 respectively) in which the objective is to maximise 

the am ount of purified product(s) collected. A minimum purity  requirem ent of 99 % is 

considered. A minimum recovery yield constraint is set such th a t the  recovery for the 

Nc +  1th cycle is always greater than, or equal to, th a t obtained in the  TV t̂h cycle. The 

production rates given are simply calculated by dividing the  am ount of purified product 

collected over the to tal tim e horizon.

The results for optim al TTB production will first be tabu lated  for i) conventional 

recycling (Table G .l) and ii) recycling with peak shaving technique (Table G.2). This is 

followed by the results for optimal PHL production in Tables G.3 (conventional recycling) 

and G.4 (recycling with peak shaving technique), respectively. The optim al solutions 

for either TTB  or PHL production using recycling w ith peak shaving and m ultiple feed 

injection are summarised in Table G.5. Finally, the results for optim al TTB  and PHL 

production (optimised simultaneously) are given in Tables G.6 and G.7 for conventional 

recycling and recycling with peak shaving technique, respectively.
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Vinj (/^L) M ixture No. cycle P u t t b  {%) Yt t b  (%) M t t b  • 10  ̂ (g) r  (s) P t t t b  ‘ 10  ̂ (g/s)
10 1:3 1 99 41 0.27 3176 8.3
10 1:3 2 99 67 0.44 5294 8.2
10 1:3 3 99 78 0.51 8221 6.2
10 1:3 4 99 71 0.46 9799 4.7
10 1:3 5 98* 1 0.03 12391 0.3
10 1:1 1 99 53 0.69 3187 2L8
10 1:1 2 99 75 0.98 5294 18.6
10 1:1 3 99 85 1.11 7847 14.1
10 1:1 4 99 87 1.12 10063 11.2
10 1:1 5 99 48 0.63 11927 5.2
10 3:1 1 99 66 1.28 3200 40.1
10 3:1 2 99 83 1.61 5230 30.8
10 3:1 3 99 90 1.76 8106 21.7
10 3:1 4 99 94 182 10374 17.6
10 3:1 5 99 82 1.60 12550 12.7
50 1:3 1 99 38 1.24 3258 38.0
50 1:3 2 99 65 2.11 5512 38 j
50 1:3 3 99 75 2.44 8330 29.3
50 1:3 4 99 71 2.32 10617 21.8
50 1:3 5 98* 9 0.29 12610 2 j^
50 1:1 1 99 53 3.44 2800 123.0
50 1:1 2 99 75 4.88 5827 83.7
50 1:1 3 99 82 5.33 8449 63.0
50 1:1 4 99 87 5.65 9783 57.7
50 1:1 5 99 47 3.06 12712 24.1
50 3:1 1 99 68 6.64 3185 SW&O
50 3:1 2 99 84 8.16 5498 148.0
50 3:1 3 99 91 8.89 8191 109.0
50 3:1 4 99 93 9.08 10480 86J
50 3:1 5 99 82 7.94 11853 67.3

g

Table G.l: Optimal TTB production for conventional recycling
(* not satisfying purity constraint)



Vinj (mL) M ixture No. cycle P u t t b  (%) Yt t b  (%) M t t b  ' 10  ̂ (g) r  (s) P t t t b  • 10  ̂ (g/s)
10 1:3 1 99 41 0.27 3176 8.3
10 1:3 2 99 69 0.45 5418 8.3
10 1:3 3 99 83 0.54 8009 6.7
10 1:3 4 99 83 0.54 9138 5.9
10 1:3 5 99 83 0.54 10844 4.96
10 1:1 1 99 53 0.69 3187 21.8
10 1:1 2 99 77 1.00 5580 17.9
10 1:1 3 99 88 1.14 7776 14.6
10 1:1 4 99 93 1.21 9104 13.3
10 1:1 5 99 93 1.20 10505 11.5
10 3:1 1 99 66 1.28 3200 40.1
10 3:1 2 99 85 1.66 5195 31.9
10 3:1 3 99 92 1.80 8066 22 3
10 3:1 4 99 93 1.82 9377 19.4
10 3:1 5 99 95 1.84 11393 16.2
50 1:3 1 99 38 1.24 3258 3&0
50 1:3 2 99 67 2.18 5643 3&6
50 1:3 3 99 82 2.65 7742 34.3
50 1:3 4 99 81 2.63 9913 26.5
50 1:3 5 99 80 2.62 11967 21.9
50 1:1 1 99 53 3.44 2800 123.0
50 1:1 2 99 78 5.06 5606 90.3
50 1:1 3 99 88 5.75 7526 76.4
50 1:1 4 99 90 5.87 9275 6&3
50 1:1 5 99 88 5.72 11251 50.9
50 3:1 1 99 68 6.64 3185 20&0
50 3:1 2 99 86 8.38 5487 153.0
50 3:1 3 99 93 9.09 7570 120.0
50 3:1 4 99 96 9.39 9703 9&8
50 3:1 5 99 98 9.53 11644 81.9

:3

Cl

o 's

Table G.2: Optimal TTB production for recycling with peak shaving
(* not satisfying purity constraint)



y înj (/^L) M ixture No. cycle PUPHL (%) YpHL (%) MpHL  • 10 (g) T ( ^ PrpHL  • IQ-y (g/s)
10 3:1 1 72* 15 0.10 3167 3.1
10 3:1 2 90* 15 0.10 5199 1.9
10 3:1 3 97* 12 0.80 8095 9.9
10 3:1 4 99 13 0.08 10421 0.8
10 3:1 5 99 27 0.18 12491 1.4
10 1:1 1 88* 37 0.48 3137 15.2
10 1:1 2 96* 27 0.35 5249 6.7
10 1:1 3 99 11 0.14 7856 1.8
10 1:1 4 99 55 0.72 10163 7.1
10 1:1 5 99 63 0.82 11828 6.9
10 1:3 1 95* 63 1.22 3115 3&2
10 1:3 2 98* 21 0.41 5267 7.9
10 1:3 3 99 68 1.33 7520 17.6
10 1:3 4 99 87 1.70 9822 17.3
10 1:3 5 99 85 1.65 12155 13.8
50 3:1 1 70* 63 2.06 2965 69.6
50 3:1 2 90* 24 0.76 5764 13.2
50 3:1 3 97* 15 0.49 8289 5.9
50 3:1 4 99 16 0.51 10475 4.8
50 3:1 5 99 27 0.89 12787 6.9
50 1:1 1 88* 23 1.49 2696 55.2
50 1:1 2 96* 21 1.37 5769 23.7
50 1:1 3 99 10 0.67 8518 7.9
50 1:1 4 99 53 3.42 9903 34.5
50 1:1 5 99 62 4.02 12491 3 ^ 2
50 1:3 1 95* 41 4.00 3154 127.0
50 1:3 2 98* 48 4.70 5349 87\9
50 1:3 3 99 61 5 ^ # 8259 72.4
50 1:3 4 99 86 8 ^ 8 10203 82.1
50 1:3 5 99 86 8.39 12385 67\8 ÎSS

Table G.3: Optimal PHL production for conventional recycling
(* not satisfying purity constraint)



Vinj (a^L) M ixture No. cycle PUPHL {%) YpHL  (%) M p H L  • 10 (g) T  (s) P r p H L  • 10“  ̂ (g/s)
10 3:1 1 72* 15 0.10 3167 3.1
10 3:1 2 90* 31 0.20 5116 4.0
10 3:1 3 97* 30 0.20 7500 2.6
10 3:1 4 99 24 0.16 9474 1.7
10 3:1 5 99 56 0.36 11556 3.2
10 1:1 1 88* 37 0.48 3137 15.2
10 1:1 2 97* 19 0.24 5584 4.3
10 1:1 3 99 20 0.26 7828 3.3
10 1:1 4 99 63 0.81 9146 8.9
10 1:1 5 99 63 O j# 10521 7.8
10 1:3 1 95* 63 1.22 3115 3&2
10 1:3 2 99 15 0.29 5468 5.4
10 1:3 3 99 79 1.55 7589 20.4
10 1:3 4 99 90 1.76 9052 19.4
10 1:3 5 99 96 I j # 10974 17.1
50 3:1 1 70* 63 2.06 2965 69.6
50 3:1 2 92* 13 0.42 5525 7.6
50 3:1 3 98* 9 0.30 7732 3.9
50 3:1 4 99 30 0.98 9624 10.1
50 3:1 5 99 58 1.89 11485 16.4
50 1:1 1 88* 23 1.49 2696 55.2
50 1:1 2 97* 14 0.90 5637 16.0
50 1:1 3 99 22 1.42 7450 19.0
50 1:1 4 99 64 4.14 9297 44.6
50 1:1 5 99 65 4.22 11282 37.4
50 1:3 1 95* 41 4.00 3154 127.0
50 1:3 2 98* 64 6.20 5338 116.0
50 1:3 3 99 74 7.24 7482 96^
50 1:3 4 99 92 8.92 9382 95.1
50 1:3 5 99 93 9.09 11241 8&9

I

a
S '.o3

Co

Table G.4: Optimal PHL production for recycling with peak shaving
(* not satisfying purity constraint)



Component M ixture
(pL)

No. cycle PU i

(%) (%)

M i  •10-4 

(g)
T

(s)
P n  • 10-y 

(g/s)
No. Injection ^inj

(mL)
TTB 1 3 10 4 99 72 15.5 8819 176 2 0 ^ 2
TTB 1 1 10 4 99 85 35.1 8929 393 2 0.31
TTB 1 1 10 5 99 93 2 4 j 11076 219 2 0.19
TTB 3 1 10 4 99 90 91.5 9148 1000 2 0.51
TTB 3 1 10 5 99 95 118 11190 1055 2 0.63
TTB 1 1 50 4 99 80 67.5 9618 701 2 0.60
TTB 1 1 50 5 99 88 56.0 11381 492 2 0.44
TTB 3 1 50 4 99 91 40.5 9450 429 2 0.17
PHL 3 1 50 5 99 58 20.7 13852 149 2 0.50

Table G .5; Optimal TTB or PHL production with m ultiple feed injection 
is the initial sample volume injected)

g

§



^ in j CpL) M ixture No. cycle P u t t b  (%) Y t t t b  (%) P U P H L  (%) Y p H L  (%) M r • 10-4 (g) T (s)
10 1:3 1 99 40 96* 17 0.61 3314
10 1:3 2 99 65 99 4 0.51 5451
10 1:3 3 99 65 99 53 1.47 7765
10 1:3 4 99 71 99 75 1.95 9172
10 1:3 5 90* 84 98* 71 2.00 11192
10 1:1 1 99 53 88* 17 0.95 3323
10 1:1 2 99 75 96* 27 1.35 5249
10 1:1 3 99 85 99 11 1.26 7777
10 1:1 4 99 80 99 46 1.65 9114
10 1:1 5 99 44 91* 81 17.38 11314
10 3:1 1 99 64 72* 10 1.34 3381
10 3:1 2 99 83 91* 11 1.70 5226
10 3:1 3 99 88 97* 10 1.79 7763
10 3:1 4 99 90 99 17 1.88 9901
10 3:1 5 98* 90 88* 82 2 ^ 8 11401
50 1:3 1 99 38 95* 41 5.46 3244
50 1:3 2 99 63 98* 48 6.82 5299
50 1:3 3 99 70 99 60 8.20 7748
50 1:3 4 99 70 99 72 9.42 9169
50 1:3 5 99 53 84* 92 10.91 11772
50 1:1 1 99 53 88* 24 5.28 2580
50 1:1 2 99 75 96* 21 6 32 5731
50 1:1 3 99 85 99 10 6.21 7722
50 1:1 4 99 84 98* 40 8T8 9187
50 1:1 5 99 47 90* 82 9.02 11290
50 3:1 1 99 68 72* 47 8jW 3258
50 3:1 2 99 84 90* 10 8 jd 5482
50 3:1 3 99 91 97* 15 9.47 7887
50 3:1 4 99 90 99 7 9.04 9839
50 3:1 5 99 73 83* 73 10.07 11211

§C6s

§

Table G.6: Optimal TTB and PHL production for conventional recycling
(* not satisfying purity constraint)


