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The goal of this chapter is to provide practical strategies for large scale separations by gradient 
elution chromatography. A detailed model has been developed for gradient elution systems wnsid- 
ering interference effect, longitudinal diliusion, film mass transfer, intraparticle diffusion, mixing 
mechanism of the mobile phases, Langmuir-type adsorption and desorption kinetics. This detailed 
model can be solved by an efficient and robust numerical procedure. Hena, the optimizaton 
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1 Introduction 

This chapter is not intended to be a conventional review of gradient elution 
chromatography. Instead, the goal of this chapter is to provide practical strat- 
egies for large-scale separations using this methlod. Comprehensive reviews have 
provided its fundamentals and applications 11-43 for analytical purposes. In 
response to the increasing need for high purity bioproducts, advances in analyti- 
cal liquid chromatography are being exploited1 for biosepairations [5]. Many of 
these bioproducts are proteins or other macro-mol~xules. However, most cur- 
rent theories and application strategies in gradient elution chromatography 
were developed for analytical purposes of small cornlpound,~, and they might not 
be appropriate for large-scale separations of macro-molecules, which will be 
generally described in this section and in detail in the remaining sections of this 
chapter. 

Analyses are usually handled with small sample sizes and with dilute sample 
concentrations in the linear range of isotherms, with which the retention time 
and the band profiles of eluates are independent of thc composition of the 
sample. By the same token, the elution bands in ch~emical analysis are usually 
treated as symmetrical Gaussian bands, whose bandl width are always equal to 
46, where 6 is the standard deviation of the: Gaussian band [4]. Under the 
assumption of Gaussian elution bands, it is a common belief that an increase in 
column length always improves separation perfomlance. However, large-scale 
separations must be run with large sample sizes aind/or with elevated sample 
concentrations, which have been shown to result in sig~nificant tailing of the 
bands with the concomitant loss of separatioln efficiency [6].  Thus, the nonlin- 
earity of isotherms are often utilized in large-scale separations, in which the 
retention time and the band profiles of eluat~es, which are often asymmetrical, 
are dependent on the composition of the sample, which is called the interference 
effect 171. For such asymmetrical elution bands of signifi~cant tailing, the com- 
mon belief that an increase in column length always improves separation 
performance must be reexamined for large-scale separations. In an industrial 
scale operation, the greater length may mean an increased dispersion and thus 
affects the performance adversely. An effort to determine an "optimaln column 
length may be needed for large-scale separations. 

The majority of current gradient elution thea~ries emphasize the features 
regarding the chemical interaction between the stationary phase and the mobile 
phase [8-111. Transport and kinetic problems in gradient elution systems are 
often overlooked, but can be significant in large-scale separations, especially for 
macro-molecules [12,13]. Without considering the transport and kinetic effects, 
the band broadening and the band separatl~on are diffi~cult to elucidate [14]. 
Recently, the knowledge gained through studies in other fields of chemical 
engineering has been extended into the field of chromatographic separations. 
There is a large body of literature on bandl broadening due to the effects of 
transport and kinetics 115-221. However, it is a challenge: to develop a practical 
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and realistic optimization strategy for large-scale separations by gradient elu- 
tion chromatography considering the transport and the kinetic effects. 

Consideration of the transport and the kinetic mechanisms makes the 
mathematical modeling very wmplex. Analytical solutions are usually unavail- 
able for such a wmplex model [23]. As a result most scale-up processes of 
gradient elution chromatography have been carried out empirically [24]. The 
plate theory 125-273 and the lumped method 128, 291 have long been used to 
simplify the mathematical model. On the other hand, the simplifications which 
do allow analytical solutions often fail to reflect the reality of the system. For 
instance, the plate theory is limited to symmetrical Gaussian bands, and the 
lumped method is incapable of predicting the dynamic dependence of the 
chromatographic behavior on the input parameters, such as the flowrate, the 
particle size and the column length. Therefore, a detailed mathematical model 
conside.ring the interference effect, the transport and the kinetic mechanisms 
must be used in predicting optimization of large-scale gradient elution chroma- 
tography. Recently, an efficient and robust numerical procedure has been 
developed for the solution of the complex mathematical model [30]. In addition, 
band broadening phenomena may be caused by different mechanisms including 
transport, kinetics, thermodynamics and in-column reactions, and these are 
often difficult to distinguish from one another 131, 321. In other words, a de- 
tailed model with many adjustable parameters is usually able to fit most of the 
band profiles. Hence, the controlling mechanism must be determined before the 
detailed model is used. Otherwise, any further extrapolation and conclusions 
drawn from such a wmplex model without validating the controlling mechan- 
ism may be unrealistic. 

The existing gradient elution instrumentation and procedures were also 
developed for analytic purposes. The simple extension of analytical instrumenta- 
tion and procedures may not be sufficient for large-scale separations. For 
instance, when two or more mobile phases are mixed in gradient elution 
chromatography, air bubbles are often formed and then captured in the closed 
mixer, which may lead to distortion of gradient shape 1333. In the laboratory, 
various methods, including heating, helium and nitrogen gas purging, decom- 
pression, ultrasonification and using special degassing devices, are employed for 
removal of air from the mobile phases. These degassing methods are impractical 
in large-scale separations. An alternative instrument of gradient elution chroma- 
tography must be developed for industrial separations to prevent problems with 
air bubbles. Furthermore, the proportioning of mobile phases in gradient 
elution chromatography must be precisely controlled, otherwise the gradient 
shape may be distorted 11, 2,4]. However, a variety of other causes can also lead 
to the distortion of the gradient shape [l,  2, 41. These causes include the 
inaccurate flowrate of the pump, poor mixing of the mobile phases, and large 
hold-up volume of the mixer, as well as a large volume between the mixer and 
the column inlet. As a consequence, there is no question that highly precise and 
accurate gradient shapes are difficult to reproduce, particularly on various 
gradient devices [4,34]. The distortion of gradient shape can be more serious in 



large-scale separations because industrial operations a n  usually not easily 
controlled as precisely as laboratory analyses. Therefore, the distortion of 
gradient shape must be solved in large-scale separations. 

The retention relationship of the eluate concentrations and the eluent 
concentration describes how the eluent affects the retention of the eluates 
following the continual increase of the elution strength throughout the gradient 
period. Many conventional retention relationships developed for small molecu- 
les, such as the mass action law for small ions in ion exchange chromatography 
[35], have been extended to proteins. However, m n t  studies show the adsorp 
tion mechanism of proteins in ion exchange chromatography is not solely ion 
exchange [36-381. One example is the significant hydrophobic interaction of 
macro-molecules in ion exchange chromatography, which has not been an 
important consideration for small compounds [39, 40). Hence. Regnin has 
called the stoichiometric model as a non-mechanistic model and used the term 
electrochemical interaction chromatography (EIC) instead of ion exchange 
chromatography (IEC) for the adsorption of proteins in ion exchange systems 
[36]. Several empirical retention relationships of proteins have been developed 
[36, 39, 411. 

The chromatographic procedures can be more precisely controlled in the 
laboratory than in an industrial setting. Therefore, the consistency of the 
gradient shape may not be easily achieved in industry. Other input parameters 
of chromatographic separations, such as feed concentrations, eluent concentra- 
tion and pH value, can also vary from batch to batch in industrial operations. 
The tolerance of separation processes to the fluctuation of input parameters 
must also be considered in large-scale separations of gradient elution 
chromatography. 

2 General Description 

2.1 Overview 

Gradient elution chromatography is a powerful tool for chemical analysis due to 
its broad range of retentivity, high peak capacity and short operation cycle [42]. 
The advantages of gradient elution chromatography are achieved by increasing 
elution strength during the gradient period, in contrast to the unchanged elution 
strength in isocratic elution chromatography. The continual increase of elution 
strength throughout the gradient period, known as a solvent gradient, is usually 
achieved by the proportioning of multiple mobile phases with a gradient former. 
Temperature gradient, flowrate gradient and column-material gradient or col- 
umn switch (also called tandem columns) are alternatives to solvent gradient 
but will not be discussed in this chapter. In solvent gradient, the gradient former 
nroerams the comoosition change of the mobile-phase mixture. Either the 
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pumps or the valves, which must be programmable, are controlled by the 
gradient former in order to proportion the mobile phases (detailed in Sect. 3). 
The commonly used binary gradients are formed by two mobile phases, a weak 
component, called mobile-phase A in this chapter, and a strong one, called 
mobile-phase B. However, ternary or more complex gradients are also used 
particularly with the aim of eliminating the demixing effect of the mobile phases, 
which is caused by the incompatibility of the mobile phases [ I ,  43. A mixer is 
also needed to mix the mobile phases and can be either a dynamic mixer or 
a static mixer (detailed in Sect. 3). Furthermore, the change of the mobile-phase 
composition change with time is called gradient shape. Gradient shape can be 
simply classified as continuous gradient and stepwise gradient, shown in Fig. 1. 
The continuous gradient includes linear gradient, also known as linear solvent 
strength (LSS) gradient [4] (see Figs. 4a and 4b), and nonlinear gradient (see 
Fig. 5). The stepwise gradient is composed of multiple steps of isocratic elution. 
Displacement chromatography, which uses a step-up of the displacer solution to 
displace the pre-loaded sample compounds, can be classified as a stepwise 
gradient chromatography. However, a complex gradient, such as multi-stepwise 
linear gradient (also known as segmented linear gradient) [43] (see Fig. 6), can 
be composed of the various simple gradients as well as isocratic steps. Usually, 
the eluent concentration increases during the continuous gradient period; while 
it decreases in hydrophobic interaction chromatography [40] (see Fig. 4b). In 
this chapter, only the linear gradient and the stepwise gradient will be discussed 
and compared due to the inconvenient complexity of other gradient techniques. 
Before the gradient starts, the column is equilibrated with the starting mobile- 
phase. After the end of a previous gradient run, the column must be completely 
reequilibrated with its initial mobile-phase before the next injection, usually by 
switching to its initial mobile phase rather than by a reverse gradient [I]. 
Incomplete equilibrium with the initial mobile phase after the prior run will 

Fi 1. Classification of gradient shapes 
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cause earlier elution and poor separation of the sample compounds in the next 
run. The sample compounds are usually dissolved in thc initial mobile phase. 

gradient elution chromatography, the strongly retained eluates can be effectively 
stripped from the column by the continual increase of elution strength through- 
out the gradient, after the weakly retained eluates are well separated, as shown 
in Fig. 4. For this reason, the resulting bands are sharp, which means large peak 
capacity, and the separation cycle is short. Thus, gradient elution has great 
advantages versus isocratic elution in separating sample compounds which 
differ widely in retention on a chromatographic column, which is very common 

2.2 Advantages 

In isocratic elution chromatography, the strongly retainled sample compounds 
tend to tail and have late retention, shown in Fig. ;!. To make these late-eluting 
bands sharper and elute faster with stronger elution strength, the weakly 
retained eluates might be poorly separated, sholwn in Fig. 3. However, in 

J 
2 4 6 8 I0 12 

Dimensionless Time 

Fi 4a Linear gradient elution chromatogram calculated through the detailed model in the 
hydrophilic range of the retention relationship 

Fig. 2. Isocratic elution chromatogram calculated th r~~ugh the detailled model in the hydrophilic 
range of the retention relationship 

Dimensionkss Time 

Fig. 3. lsocratic elution chromatogram at higher elu~cnt concentratllon than in Fig. 2 calculated 
through the detailed model in the hydrophilic range d the retention relationship 

Fi. 4. Linear gradient elution chromatogram calculated through the detailed model in the 
hydrophobic range of the retention relationship 
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Fig. 5. Tryptic map of r-tissue plasminogen activator. 25 mi~n Linear gradient from 0 to 100% mobile 
phase (B); mobile phase (A): water/TFA, pH = 3, (B): acetonitrihc: water = 60:40/TFA, pH = 3; 
column: Supelco RPC, LCI8DB; detection: UV at 214 nm 

in separations. Moreover, the gradient devices Ihave twn  automated and com- 
mercially available. As a result, gradient elution chromatography has become 
a popular analytical technique in the laboratory. A case in point is the tryptic 
mapping of r-tissue plasminogen activator using gradient elution chromatogra- 
phy. Numerous peaks can be obtained in a single tryptic imapping chromato- 
gram, shown in Fig. 5. Consequently, gradient elution chromatography provides 
fast and highly resolved separations, which also implies high loading capacity. 

2.3 Disadvantages 

Gradient elution chromatography is not a simple technique. The difficulties of 
reproducing the results, optimizing the conditio~ns as !well a!; scaling-up gradient 
elution separations are well known [34]. These  difficulties occur because of both 
the theoretical and practical limitation of gradient elution. The theoretical 
calculation of gradient elution was limited by lack of the analytical solutions to 
the detailed model of gradient elution syste:ms, that consider interference, 
transport and kinetic effects. Hence, further simplification is necessary in order 
to derive analytical solutions. The major simplifications indude the assumption 
of Gaussian elution bands, linear chromatographic behavior with small sample 
sizes and dilute sample concentrations, simple reitentiom relationships, and 
neglect of the transport and kinetic effects for the comparison of the existing 
models on gradient elution chromatography. However, as mentioned in Sect. 1, 
these simplifications have not been validated Ibr large-scale separations, parti- 
cularly of proteins. Several workers considered the transport or kinetic effect, 
but used lumping techniques to simplify th~e model and obtain analytical 
solutions, and ignored the interference effect [28, 291. Likewise in gradient 
elution, isocratic elution also has the same theoretical limitation. However, it is 
much more difftcult to calculate effluent profiles for gradlient elution than for 
isocratic elution due to the complication of line-dependent mobile phase 

Fig. 6. Nonlinear gradient elution chromatogram calculated through the detailed model in 
hydrophilic range of the retention relationship the 

composition. Numerical methods are currently the only solutions to the detailed 
model of the gradient elution system. However, an efficient and robust nu- 
merical procedure must be developed for such a detailed model, otherwise, the 
computational time will be expensive [30]. As a consequence, most scale-up 
processes of gradient elution chromatography have been carried out empirically 
~241. 

The practical limitation of gradient elution chromatography is attributed to 
instrumental errors of the gradient devices. The basic requirements of gradient 
instrumentation is that they ensure consistency between the programmed gradi- 
ent shape and the resulting gradient shape as it enters the inlet of the column. 
They require accurate and precise proportioning of mobile phases during the 
gradient run, and good mixing of the mobile phase mixture before it reaches the 
column [4]. However, in practice, a variety of causes for instrumental errors lead 
fo distortion of the gradient shape. These include air bubbles, incomplete mixing 
of mobile phases, hold-up volume of the mixer and inaccurate flowrate of the 
punips or valves over certain ranges of the gradient [44]. As previously men- 
tioned, the air bubbles are often formed and captured by the closed mixer during 
the mixing of mobile phases [33]. Complete degassing of mobile phases by 
heating, helium and nitrogen gas purging, decompression, ultrasonification or 
the use of special degassing devices, is necessary to prevent air bubbles. The 
widely used reciprocating pumps need an additional pulse damper, and have 
limited accuracy in the 0-10% and 90-100% ranges of the gradient [4]. The 
larger the hold-up volume of the mixer, the more even is the mobile-phase 
mixture leaving the mixer [l, 43. The hold-up volume between the mixer and the 
inlet of the column can also distort the gradient shape 143. In addition, baseline 
shift or instability is another general problem in gradient elution, especially 



Fig. 7. Segmented linear gradient elution chromatogram calculated through the detailed model in 
the hydrophilic range of the retention relationship 

when the mobile phases are incompatible. This prolblem will not distort the 
gradient shape, but will lead to the difficulty in quantifying the elution bands. 
The causes for baseline shift are complicated (C453. 'These instrumental errors 
result in difficulty in reproducing the gradient results, particularly on different 
gradient devices. These practical problems can be more serious in large-scale 
separations of gradient elution due to the rough conelitions of industrial opera- 
tions. The major goal of this chapter is to provide practicid strategies to solve 
both the theoretical and the practical problenls of gradient elution for large- 
scale separations. The results of gradient eludion must be reproducible for 
repetitive industrial processes. 

3 Equipment 

3.1 Analytical Devices 

The reproducibility of gradient elution results ~depen~ds greatly on the perform- 
ance of the instrumentation, as mentioned earlier. However, it is not easy to 
control precisely the composition of the mobile phase in gradient elution. In this 
context, several instrumental designs for gradient foxmatialn have been utilized 
[1,4,46-481. Several workers have succeeded in reviewing and comparing the 
gradient devices [l, 49-51]. Most gradient devices have: been commercially 
available and automated for laboratory analysis. These devices can be simply 

Large-Scale Gradient Elution Chromatography 13 

classified according to whether the mixing of mobile phases occurs at high 
pressure (see Fig. 8 for the major device of this type) or at low pressure (see 
Fig. 9 for the major device of this type). For high pressure mixing, the mixer is 
located downstream of the pumps and must be mechanically strong enough to 
undergo the high pressure generated by the pumps; while for low pressure 
mixing, the mixer is located upstream of the pump and consequently, mechan- 
ical strength requirements are less stringent. Furthermore, each mobile phase 
needs an individual pump for high pressure mixing, and only one pump is 
needed for low pressure mixing. For high pressure mixing, the proportioning of 
the mobile phases is carried out by controlling the flowrate of each pump, which 
must be programmable. Likewise, for low pressure mixing, programmable 
valves are used to perform the proportioning of the mobile phases. For both 
high and low pressure mixing, a controller, called the gradient former, is always 
needed to carry out the proportioning of mobile phases through pumps or 
valves. However, for a stepwise gradient, a single unprogrammable pump is 
sufficient, and the gradient former and the mixer are not necessary, although 
a flow-path switch is needed for changing the mobile phases. Four input 
parameters, which are gradient period, total flowrate, initial and final mobile- 
phase compositions, are usually fed into the gradient former for a linear gradient 
run. For a stepwise gradient run, the time and the mobile-phase composition of 
each step are the input parameters of the gradient former. Either a dynamic or 
a static mixer is also used for the mixing of the mobile phases. Both mixers are of 
the closed type. The dynamic mixer possesses active mechanical agitation, while 

Fig. 8. High-prcssure mixing gradient 
elution chromatographic instrumentation 
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Fig. 9. Low-pressure mixing gradient elu- 
tion chromatographic instrumentation 

the static mixer does not. In principle, a T-connecttion can be used as a static 
mixer. However, a big hold-up volume of the static: mixer is usually needed to 
dampen the turbulence arising from the mixing of th~e mobile phases. Figures 10 
and 11 show how the turbulence can be built up and eventually distorts the 
programmed gradient shape due to the incompatibility of the mobile phases that 
results when a T-connection is used as a static mixer. In this case, the more 

3.5 --- 
5 U N  LINEAR GRADIENT MIXING 

Fig. 10. Resulting gradient shape of 5 min linear gradient elution from water to acetonitrile with 
a T-connector as a static mixer at the flowrate of 1 ml ~nin- '  

5 MtN LINEAR GRADIENT YIXING 
FROV 0 TO lDOX (0) 
MOBILE FWASE (A): AcCNW0 (80:20) 

MOBU PHASE (0): AcCN (ACETUMTRILE) 

Fig. 11. Resulting gradient shape of 5 min linear gradient elution from a mixture of acetonitrik and 
water (80:m) to acetonitrile with a Tconnector as a static mixer at the flowrate of 1 ml min-' 

incompatible the mobile phases are, the more turbulence can be generated. 
However, the hold-up volume of the mixer also can distort the programmed 
gradient shape [ I ,  43. The larger the hold-up volume of the mixer, the more 
uniform is the mobile-phase mixture leaving the mixer [4], shown in Fig. 12. 
Figure 13 shows that for long gradient periods, the resulting gradient shape 
seems the same as the programmed except for a delay time, which is approxi- 
mately equivalent to the average residence time of the mixer. But, for fast 
separations or short gradient period, the gradient shape is totally distorted by 
the hold-up volume of the mixer, as also shown in Fig. 13. The extent of the 
distortion of the gradient shape is proportional to the hold-up volume of the 

Fig. 12. Distortion of gradient shape by the hold-up volume of mixer in 10 min linear gradient 
elution from 0 to 2 mol I- ' salt at the flowrate of 1 ml min- ' 
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Fig. 13. Distortion of linear gradient shape by the hold-up volume, 1.2 ml, at various gradient 
periods from 1.7 to 0.6moll- '  salt at the flowrate of 1 ml min-" 

mixer. Hence, the static mixer generally is sufficient only for very compatible 
mobile phases, and usually gives worst gradient resuhts, even though it is cheaper 
than the dynamic mixer. As a consequence, a dlynamic mixer which can provide 
perfect mixing with minimal hold-up volume will be the &:st choice for mixing if 
the cost consideration is not a problem. The hold-up volurne between the mixer 
and the inlet of the column also can distort the gradient shape [4]. However, 
mixing mechanisms have been overlooked in the existing models of gradient 
elution chromatography. We believe that neglect of the mixing mechanism in 
the gradient system is one of the major reasons; for th~e nonreproducibility of the 
gradient results and the difficulty in predicting and optimizing the gradient 
conditions 14,341. In addition to the mixing of the mobile phases, the inaccurate 
flowrate of the pumps also can distort the: gradient shape. This problem 
especially occurs at low flowrate, i.e., in the 0-10% and 90-100% ranges of the 
gradient using the popular reciprocating pumps, as; shown in Figs. 14 and 15 
[ I ,  41. In principle, Figs. 14 and 15 should be identical if thie flowrate is accurate 
in the 0-10% range of the gradient. In fact, they are different. Thus, these 
gradient ranges must be avoided or a positive displacement pump should 
replace the widely used reciprocating pumps. 

Apparently, the gradient device of high pressun: mixing is more expensive 
than that of low pressure mixing due to the high-pn:ssure mixer and additional 
pumps. However, it will usually prove to be worth the additional expense. 
Mobile phases usually contain some dissolved air from the atmosphere. When 
the mobile phases are mixed in the mixer, the mesultirig mixture are often 
supersaturated with dissolved air which is then released as bubbles. If air 
bubbles are released in the mixer, they are captured in the closed mixer and then 
pumped into the gradient system. Many problems including the distortion of the 
gradient shape arise from the formation of air bubbles. However, when the 
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F i  14. Chromalogram of 15 min linear gradient elution from 0 to 100% mobile phase (B) on 
a column of Zorbax Bio-series WCX-300 (80 x 6.2 mm) at the flowrate of I ml m i n  '; mobile phase 
(A): I0 mmol I - '  ammonium sulfate in 20 mmol I - '  phosphate buffer solution. pH 6, (B): 
100 mmol I- ' ammonium sulfate in 20 mmol I - '  phosphate buffer solution, pH 6 

TIME (MINUTE) 

Fig. 15. Chromatogram of 15 min linear gradient elution from 0 to 10% mobile phase (B) on 
a column of Zorbax Bio-series WCX-300 (80 x 6.2 mm) at the flowrate of I ml min- '; mobile phase 
(A): 10 mmol I- '  ammonium sulfate in 20 mmol I - '  phosphate buffer solution, pH 6, (B): I mol I -  ' 
ammonium sulfate in 20 mmol I-' phosphate buffer solution, pH 6 

mixing of the mobile phases occurs under high pressure, the solubility of the 
resulting mixture is higher, and fewer air bubbles might be released. Even 
though the high pressure mixing cannot completely solve the problems with air 
bubbles, this problem is usually more severe for low pressure mixing, whcrc 
extra effort in degassing is normally needed. This implies that the routine costs 
of gradient runs could be high regardless of the cheap initial instrument cost. 
The problem with air bubbles is particularly serious in reversed-phase 
chromatography because the mobile phases generally dissolve air to a widely 
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different extent. Air bubbles can be formed not only in the mixer but also 
everywhere down stream of it. According to Bernoulli's equation 1521, when the 
mobile phase passes from a wide cross-section through a narrow section, the 
increase in the velocity of the mobile phase will result in the decrease of the static 
pressure and the solubility of air. Then, air bubbles would be released due to the 
decrease of the air solubility. Therefore, the connector, especially when it is 
located in between the mixer and the inlet of the column, must have an internal 
cross-section area as uniform as possible. Complete degassing of mobile phases 
by heating, helium and nitrogen gas purging, decompression, ultrasonification 
or using special degassing devices, is necessary. Helium is widely used for 
degassing due to its low solubility in most liquids compared with air, and its use 
is treated as a routine operation cost. However, extensive degassing may 
vaporize the volatile mobile-phase components and change the mobile-phase 
cpmposition. For instance, in reversed-phase chromatography, the composition 
of organic solvent and trifluoracetic acid in an aqueous solution can be lower 
than expected after extensive degassing. 

3.2 Large-Scale Separation Devices 

Apparently, the existing gradient instrumentation for analytical purposes still 
has many problems with instrument error. The major problem is that the 
resulting gradient shape departs from that programmed. This problem can be 
more serious in large-scale separations due to the more controlled conditions 
required in industrial operations, if the analytical instrumentation and proced- 
ures are simply extended to large-scale separations. Moreover, the conventional 
ways of degassing in laboratory analysis are impractical in industrial operations. 
In industry, the gradient shape must be consistent for repetitive industrial 
separation processes, and the formation of air bubbles must be prevented. 
Therefore, an alternative design of gradient instrumentation must be developed 
for industrial operations. 

An alternative gradient system reported by Scott [53], shown in Fig. 16, has 
great advantages in industrial separations, but in contrast has some disadvan- 
tages in chemical analysis. This gradient system was reported before the cur- 
rently strong interest in preparative chromatography, and has not been widely 
adopted. The Bio-Rad Model 385 gradient former used this idea of instrumenta- 
tion except the use of gels for gradient formation [54]. This gradient system for 
high-performance columns is similar to a widely used gradient system for 
low-performance columns, shown in Fig. 17. 

For linear gradient, FB = FA x 0.5 (see Fig. 16), and 

where C denotes the concentration, F the flowrate, t time, V the liquid volume in 
the vessel, and subscripts A, B and 0 denote vessel A, vessel B and the initial 
value, respectively. From this equation, it follows that the initial and the final 
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F i  16. Gradient elution chromatographic 
instrumentation of Scott [53] 

O W  1 : 1 
( PERFORMANCE ) U 

Fig. 17. Low-performance gradient elution 
chromatographic instrumentation 

concentrations of gradient are CAo and CB, respectively, and the gradient period 
is (2VAoFA-'). 

Its advantages in large-scale separations are: 

- Mixing of mobile phases is carried out in an open vessel, which does not 
capture air bubbles. Hence, extensive degassing is not necessary. 
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-The mixing of mobile phases occurs in a vessel which originally contains 
mobile phase A. An additional mixer, especially one with high mechanical 
strength, is not needed. 

- If the mixing in vessel A is efficient, the gradient shape will not be distorted by 
the hold-up volume of vessel A. 

- The flowrates from two vessels remain unchanged. The proportioning control- 
ler and programmable valves are not needed. The pumps do not need to be 
programmable. There will be no problems with inaccurate flowrate in the 
0-10% and 90-100% ranges of the gradient. 

-The purpp between two vessels does not need to be a high pressure pump. 
A multi-channel pump instead of two pumps can be used for this gradient 
system, shown in Fig. 18. 

Since IFB = FA x 0.5 for a linear gradient, vessel A needs to be refilled after 
every gradient run. It is inconvenient for chemical analysis but does not pose 
a problem for standard industrial procedure. The gradient period needs to be 
calculated from VAo and FA, which is impractical for analysis but is also 
acceptable: for repetitive industrial processes. It has been found experimentally 
that this gradient system, compared to the conventional gradient systems does 
not exhibit the distortion of gradient shape due to inaccurate flowrate of the 
pumps, or incomplete mixing of the mobile phases and hold-up volume of the 
mixer [55:I, as shown in Fig. 19. The consistency between the resulting gradient 
shape and the programmed shape through this gradient system has also been 
experimentally demonstrated to be good [55] and is shown in Fig. 19. In 
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Fi. 19. Chromatograms of 2 min 
gradient elution from 1.7 to 0.6 
mol I -  ' ammonium sulfate using 
the ,gradient elution instrumenta- 
tion of Scott [53]. (A) experimental, 
(B) tlheoretical through the detailed 
mod,el; column length: 8 cm; 
v = 0.138cms-' 

Fi. 1% Gradient elution chromato- 
graphic instrumentation of Scott 1533 
with a multichannel pump 

particular, the problem of air bubbles does not arise [55]. Consequently, this 
gradient system does not pose the practical problems with the instrumental 
errors which the conventional gradient systems have, is cost effective, and gives 
reproducible and consistent results. On the other hand, this gradient system is 
inconvenient for laboratory analysis. 

4 Key  Mechanisms 

4.1 Retention Relationships 

There are two major mechanisms which affect the retention of the eluates. The 
first one is the adsorption isotherm, which describes the relationship between 
the stationary concentration and the mobile phase concentrations. For multiple 
components, the multicomponent isotherm also describes the interference effect. 
The second one is the retention relationship of the eluate concentrations and the 
eluent concentration, which describes how the eluent affects the retention of the 
eluates. 
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Fig. 20. Retention relationships between 
b and Cm at pH 6 on a column of Zorbax 
Bio-series WCX-300 (80 x 6.2 mm) 

However, many conventional retention relationships developed for small 
molecules, such as the mass action law for small ions in ion exchange chroma- 
tography, have been inappropriately extended to proteins. First of all, the mass 
action law cannot account for the hydropha~bic interaction of proteins in ion 
exchange chromatography. Second, the Langmuir adsorption equation is equiv- 
alent to the mass action law when the characteristic valence in mass action law is 
equal to one. But, the characteristic valences of proteins are usually not one 
1631. Third, the characteristic valences of proteins vary during the process [63], 
however, they are assumed as constants in most models which employ the mass 
action law. Fourth, the mass action law canniot explain slow desorption due to 
the low possibility of simultaneous dissociation of all of the multiple binding 
sites of proteins 1641. 

Four proteins were chosen as the eluates im a recent study of gradient elution 
chromatography [55]: a-chymotrypsinogen ,4 from bovine pancreas (CHY-A), 
lysozyme from chicken egg white (LYS), ribonuclease A from bovine pancreas 
(RIB-A) and cytochrome C from horse heart (CYT-C). ALmmonium sulfate was 
chosen as the eluent. A cation exchange system was chosen for these proteins 
due to their high pl values. The retention relationships of these proteins and 
ammonium sulfate [SS] were plotted in Fig. 20, which fit the empirical correla- 
tion developed by Melander and Horvath [30]. The multicomponent Langmuir 

adsorption equation was also used in the study ofgradient elution chromatogra- 
phy WI. 

4.2 Mass Transport 

Even though the mixing of mobile phases can distort the gradient shape 143, no 
current model in gradient elution chromatography considers the mixing mech- 
anism. However, a dynamic mixer can be modeled as a CSTR with an internal 
volume Vm (ml) 1553. The programmed gradient shape entering the mixer and 
the resulting gradient shape from this mixer were plotted in Figs. 12 and 13. 
Figure 12 shows that the distortion of the gradient shape is increased with the 
hold-up volume of the mixer. For a long gradient period, the resulting gradient 
shape looks the same as the programmed gradient shape except for a delay time, 
which is approximately equivalent to the average residence time of the mixer, as 
shown in Fig. 13. However, for a fast separation or a short gradient period, the 
gradient shape is totally distorted by the hold-up volume of the mixer, as also 
shown in Fig. 13. Figure 21 illustrates the deviation of the predicted chromato- 
gram without mixing from that with mixing. Hence, we believe that the neglect 
of the mixing mechanism in the gradient system is one of the major reasons for 
the nonreproducibility of the gradient results and the difficulty of predicting the 
result and optimizing the gradient conditions 1551. 

Fig. 21. Comparison of chromatog- 
rams of 2 min linear gradicnt elution 
from 1.7 to 0.6 mol I -  ' ammonium sul- 
fate considering the mixing mechanism 
(A), and without considering the mixing 
mechanism (B); column length: 8 cm: 
v =0.138cms-I 
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Axial dispersion, film mass transfer and intralparticlle diffusion are considered 
as the key mass transfer mechanisms. The eluates are carried by the convective 
flow of the mobile phase. Along with the convective flow, thc injection band can 
be broadened by axial dispersion. Axial dispersion is ca.used by Brownian 
diffusion, eddy diffusion, the boundary layer elRect, channeling (ifthe column 
was packed improperly), and the wall effect 127). Then,  the eluates need to 
penetrate through a boundary film on the outer surface a~f the particles. For 
most chromatographic particles, the eluates move from the entrance of the pores 
to the intraparticle surface solely by the intraparticle diffusion. However, for 
perfusable materials [65], convective flow also occurs within the pores. For 
macromolecules such as proteins, the hindered diffusion regarding the relative 
ratio of the molecular size of the eluates to the pore size must be considered for 
the intraparticle diffusion [66]. The mass transfer coeflticient can be estimated by 
empirical correlations as follows. 

The correlation of Chung and Wen [67] can be used 1.0 estimate P e ,  the 
Peclet number of axial dispersion: 

where the Reynolds number Re = 2R,~~vpq-",  E,  ir; the bed void fraction, v 
is the interstitial velocity (cm s-'), r is the density of the mobile phase (g ml-'), 
R, is the particle radius (cm), and q is the viscosity of the mobile phase 
(gcm-' s-'). 

The correlation of Wakao, et al. 1683, can be used to estimate k, the film 
mass transfer coefficient, for the film mass transfer (c:m S-'): 

where R, is the particle radius (cm), D is the Brownian diffulsivity (cm2 s-I), and 
the Schmidt number Sc = qp-'D-'. 

The correlation of Yau et al. 1661, is used to estimate D,, the intraparticle 
diffusivity, for the intraparticle hindered diffusion: 

where A = d x d; ', d is the molecular diameter (cm) and d, is the pore diameter 
(cm). The parameter d is calculated from the followiing equation 1691: 

d = (5) 

where Mr is the molecular weight, and Vs is the specific volume (ml g-'). 
Recent research [55] has indicated that the distribution of pore size versus 

intraparticle surface area is broad, as shown in Fig. 212. However, the manufac- 
turers claim the pore size of their products to be narrow, based on the distribu- 
tion of pore size versus pore volume, shown in Fig. 23. The pore size distribution 
is important when the hindered diffusion is significant. As long as the macro- 
molecular eluates can penetrate the smaller pores, slow diflusion in these small 
pores must be a major cause of the broadening of the elution bands regardless of 
the existence of the larger pores. Therefore, the existence of Ithe small pores must 
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F- 70 I ' 0 

Fig.22. Distribution of pore size vs. cumulative adsorption pore area or Zorbax Bio-series 
WCX-300 

Fig. 23. Distribution of pore size vs. adsorption pore volume of Zorbax Bio-series WCX-300 

be avoided for chromatographic materials (including perfusable materials, 
which contain macro-pores [65]). The pore volume distribution can be precisely 
measured by the method of nitrogen gas adsorption [70] for the estimation of 
the intraparticle porosity, E,. 

4.3 Adsorption and Desorption Kinetics 

The adsorption of the eluates is often fast compared with the mass transfer rate, 
but can be slow enough to broaden the injection band. A case in point is the 
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affinity chromatography in which the eluates may need numerous collisions 
before they adsorb on the surface due to specific orientation requirements of the 
collision [71]. Slow desorption occurs more often than the slow adsorption 
[71]. Slow desorption can be caused by the mudtiple binding sites of proteins; it 
is not easy for the macromolecules to dissociate simultaneously at all binding 
sites during desorption [64]. Some cases of slow ~desorption have been dis- 
covered in high affinity chromatographic systems [:13]. Slow adsorption and 
desorption can broaden elution bands and redua: separation performance. 
When the adsorption or the desorption of the eluates is slow, adsorption and 
desorption kinetics must also be studied in addition to the adsorption equilib- 
rium, and the adsorption and the desorption rate constants also must be 
experimentally measured. There is no empirical correlation available for the 
measurement of adsorption and desorption rate con~stants;. Slow adsorption or 
desorption can be examined easily using frontal technique with a mini- or 
micro-column at increasing flowrate [55]. When the flowrate is increasing, 
a minimal breakthrough time results, this is equivalent to the inclusion volume if 
slow kinetics is the rate limiting step, and is equdvalen~t to the exclusion volume if 
the mass transfer is the rate limiting step. A mini- or micro-column is used in this 
experiment to allow for the high pressure drop expected at an elevated flowrate. 

5 Optimization 

A detailed mathematical model of gradient elution chromatography considering 
interference effect, longitudinal diffusion, film mass transfer, intraparticle diffu- 
sion, mixing mechanism of the mobile phases, Langmuir-type adsorption and 
desorption kinetics has been developed [30]. It has beer1 applied to simulate 
large scale gradient elution chromatography. An empirical retention correlation 
of b and Cm, Iog(b) = a - flIog(Cm) + yCm, wheoe b is the equilibrium con- 
stant in the Langmuir adsorption equation, for proteins in an ion-exchange 
system was used [39]. The hydrophobic interiaction range of eluent concentra- 
tion is chosen due to the higher relative affinities of the proteins in this range 
than in the hydrophilic interaction range (see Fig. 20). All the input parameters 
have been either experimentally measured or estimated through empirical 
correlations 1551. This model can predict band positions with a relative error of 
less than 5% at various initial and final eluenlt conoentrations (see Figs. 24 and 
25), flowrates (see Figs. 24,26 and 27), gradient periods (sec Figs. 24, and 28-30), 
and column lengths (see Fig. 31), in linear gradient elution chromatography 
1551. Stepwise gradient elution chromatography has also been studied with 
various stepwise periods and stepwise eluent concmtrations (see Figs. 32-36), 
and compared with linear gradient elution chromatography experimentally and 
theoretically using the detailed model 1553. Hiowever, the required long compu- 
tation time could be the bottle-neck in ussing this detailed model. Hence, 
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Fig. 24. Chromatograms of 2 min linear 
gradient elution from 1.7 to 0.6 mol I-' 
ammonium sulfate. (A) experimental, (B) 
theoretical through the detailed model; 
column length: 8 cm; v = 0.138 cm s -  ' 

Fig. 25. Chromatograms of 2 min linear 
gradient elution from 1.6 to 0.4 mol I - ' 
ammonium sulfate. (A) experimental, (B) 
theoretical through the detailed model; 
column length: 8 cm; v = 0.138 m s - I  
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Fig. 26. Chromatograms of 4 min linear 
gradient elution from 1.7 to 0.6 mol I - '  
ammonium sulfate. (A) experimental, (B) 
theoretical through the detailed model; 
column length: 8 cm; v = 0.069 cm S-' 

Fig. 27. Chromatograms of 1 min linear 
gradient elution from 1.7 to 0.6 mol I -  ' am- 
monium sulfate. (A) experimental, (8) theor- 
etical through the detailed model; column 
length: 8 cm; v = 0.276 cm s-  ' 

" t i  4 6 8 1 0  
TIME (MINUTE) 
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Fig. 28. Chromatograms of 10 rnin lin- 
ear gradient elution from 1.7 to 
0.6 mol I - ' ammonium sulfate. (A) ex- 
perimental, (B) theoretical through the ' detailed m o d e  column length: 8 cm; 
v = 0.138cms-' 

TIME (MINUTE) 

F i  29. Chromatograms of 4 min linear 
gradient elution from 1.7 to 0.6 mol 1- ' 
ammonium sulfate. (A) experimental, (B) 
theoretical through the detailed model; 
column length: 8 an; v = 0.138cms-' 
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Fig. 30. Chromatograms of 1 min linear 
gradient elution from 1.7 to 0.6 mol I- '  
ammonium sulfate. (A) experimental, (B) 
theoretical through the detailed model; 
column length: 8 cm; v = 0.138 cm s - '  

Fig. 31. Comparison of chromatog- 
rams of 2 min linear gradient 
elution from 1.7 to 0.6 mol I -  ' am- 
monium sulfate at various column 

TINE (MINUTE) 

Fig. 32. Chromatograms of multi- 
stepwise: gradient elution of 1 min 
2 mol I-', 2 min 1.3 mol I-', then 
0.6 mol I ' ammonium sulfate sequen- 
tially. (Ah) experimental. (B) theoretical 
through the detailed model; column 
kngth: IIcm; v = 0.138cms-' 

kngths calculated through the de- Fii 33. Chromatogram dmulti-stepwise gradient elution of 1.5 min 2 mol I-'. 1.5 min 1.4 mol I-', 
($1 (B) 24cm; then 0.6 mol I- '  ammonium sulfate sequentially on a column of Zorbax Bio-series WCX-MO 

v = 0.138 cms- (80 x 6.2 mm) at pH 6 and the flowrate of 1 ml min- ' 



Fig. 34. Chromatograms of multi-stepwise 
gradient elution of0.5 rnin 2 mol I-', 1.1 min 
1.6 mol I-', 1.4 min 1.1 mol I-', then 
0.5 mol I- ammonium sulfate sequentially 
using the gradient elution instrumentation 
of Scott considering the fluctuation of the 
second-step eluent concentration through 
the detailed model; column length: 8 cm; 
v = O . l 3 8 c m ~ - ~ .  (A) minus the maximal 
fluctuation, 0.1 mot I-', (B) normal, (C) plus 

MmNSK)ISLESS TIME the maximal fluctuation 
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5 1.2, I Fie 36. Chromatoerams of multi-steowise 

DIMENSONLESS TIME 

&dient elution 0165 min 2 mol I -  I .  I .i min 
1.8 mol I-', 1.4 min 1.1 moll- ' ,  then 
0.5 mol I -  ammonium sulfate sequentially 
using the gradient elution instrumentation 
of Scott considering the fluctuation of the 
second-step eluent concentration through 
the detailed model; column length: 8 cm; 
v = 0.138cms-I. (A) minus the maximal 
fluctuation, 0.1 moll- I, (B) normal, (C) plus 
the maximal fluctuation 

a practical strategy for optimization has been developed using this detailed 
0 a model, as illustrated in Fig. 37. 
0 6  After the cation exchange column, the pH value of the mobile phase and the 
0 4  hydrophobic interaction range of the eluent concentration have been chosen, the 

final eluent concentration of the linear gradient can be determined from the 
eluent concentration at which the weakest eluate has the minimum b. Then the 
shortest acceptable gradient period (see Fig. 38) is chosen as the first guess to 
calculate the ideal retention time of eluates at various initial eluent concentra- 
tions of the linear gradient (see Fig. 39) through the concentration wave 
equation [32]: 

(dzdr-')i = (1 + [(I - E~)E,E~-  '1 + [(I - eb)(l - E , ) ~ ' ( C ~ ~ ) E ~ -  '1) - ' 
F& J6. Chromatograms of multi-stepwise 
gradient elution of03  min 2 m0l I- ' ,  1.1 min 

(6) 

1.7 mol 1- 1, 1.4 min 1.1 mol I- I ,  then where f'(Cbi) = dCaiCbi(l + xbjCbj)- ']d(Cbi)- I, C, is the eluate concentration, 
0.5 mot I-' ammonium sulfate sequentially a is a constant in the Langmuir adsorption equation, z is the dimensionless axial 
using the gradient elution in~ t r~In~nta t ion  
of srtt mnudsnng the Ructuation of the coordinate, r is the dimensionless time, E, is the bed void fraction. and E, is the 

. . m n d - s t e p  ~1-t conantration through particle porosity. Then, the ideal distances of adjacent eluate peaks can be 

. . 
0 2 .  

the detailed model; column length: 8cm; obtained (see Fig. 40). A good separation needs the peak distances to be larger 
= 0.138 cm S- I .  (A) minus the maximal 

fluctuation, o,l mol (., no,.,,,d, (o plus than the dilution ratio of the feed impulse by the pore liquid (see Fig. 41). as 
DIMENSIONLESS TIME the maximal fluctuation ( 1  - E ~ ) E ~ E ~  - + rim,,. 
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tSOTHERM YASUREYNT AT 
VARIOUS SALT CONCEWTAATKmS 

FINAL SALT WNCEHTRITION 
OF GRADIENT ELUTIQN 

Fig. 37. Fllow-sheet illustration of o p  
timdzation strategy of linear gradient 
elution ch~romatography 
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F i  39. Retention time vs initial salt concentration of linear gradient elution chromatography 
calculated through the ideal model 

2 

RIB-A. ........,,... CYT-C 

15 ' -  
e 

0 
0 

0 
0 

//' ....- 
16 

-- ..._.....----- 
a 8.8 112 1.'4 116 ~ : a  2 

Fig.40. Distance of adjacent peaks vs initial salt concentration of linear gradient elution 
chromatography calculated through the ideal model 

A first guess for the initial eluent concentration is then chosen, so that the 
ideal peak distances are larger than the dilution ratio and the strongest eluate 
has the shortest ideal retention time. The second and the third guesses of the 
initial eluent concentration will be the first one plus and minus a selected small 
value, respectively. If the separation result with the second guess is better than 
with the first guess from the calculation through the detailed model, then the 
fourth guess will be the second guess plus that certain value, and vice versa. The 

Fig. Retention tim vs gradient period of fladia,t elutic,n chro,,,atoypphy akulated iteration goes on until the separation result satisfies the criteria of separation 
through the ideal model resolution. After the optimal initial eluent concentration is determined through 
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Fi. 41. D~ilution of feed impulse by pore liquid of porous chromatographic material 

the detailed model, the optimal gradient period also can be determined through 
the same iteration approach as for the optimal initial eluent concentration using 
the detailed model. 

5.1 Eluent Concentrations 

In this case, 1.7 M and 0.6 M ammonium sulfate are the optimal initial and final 
eluent concentrations, respectively, as shown in Fig. 24. The separation perfor- 
mance according to the optimal eluent concentrations is compared with that of 
1.6 M as the initial eluent concentration and 0.4 M as the final eluent concentra- 
tion of ii 2 min linear gradient, shown in Fig. 25. 

5.2 Gradient Period 

A shorter gradient period of a linear gradient, such as 1 min, can save operation 
time but lowers the separation performance, as shown in Fig. 28. A longer 
gradient period, such as 4 or 10 min, can improve the separation performance, 
but is not time effective, and the bands are broader than in a shorter gradient 
period, as shown in Figs. 29 and 30. An optimal gradient period, 2 min in this 
case, can be determined, as shown in Fig. 24. 

For the same elution volume of the eluent solution, the flowrate is inversely 
proportional to the gradient period. Therefore, increasing flowrate will reduce 

the separation performance, as shown in Figs. 2426 and 27, although it can save 
operation time. Increasing tlowrate will also result in a high pressure drop 
within the gradient system. There is usually a pressure limit for most chromato- 
graphic devices. 

5.4 Column Length 

Increasing the column length has long been used as a universal method for 
improving the separation efficiency [72]. This practice is based on the increase 
in the distance between the eluate bands due to an increase in column length. 
However, increasing column length also often broadens the bands. If the 
increase of the band distance is larger than the inlcrease of the band widths when 
the column length is increased, the separation performance will be improved. 
Otherwise, the separation performance can be nduced, as illustrated in Fig. 42 
1551- 

Longitudinal dispersion, slow film mass transfer, intraparticle diffusion, and 
adsorption and desorption kinetics, can broaden, band profiles [12, 13,321, and 
the width of the broadened part of the band ,is proportional to the time of 
passage through the column, which is called proportional-pattern behavior 
132, 733. The nonlinear response of the stationary phase at the trailing edge of 
the band can also broaden it [32]. Thus, the bland can be broadened by the 
increase of the column length, because the time of passage through the column is 
increased with the column length based on the proportional-pattern behavior. 

Fig. 4 2  Illustration of the column kngh effect on the separation performance 
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On the other hand, the nonlinear response of the stationary phase on the band 
front is to make it steeper, the so-called self-sharpening effect, and the width of 
the band front tends towards a constant value as the band moves through the 
column, called the constant-pattern behavior [3:2]. Apparently, the constant- 
pattern behavior improves and the proportional-pattern khavior damages the 
separation performance. The conflict between the constant-pattern and the 
proportional-pattern behaviors can result in a rnixed outcome of chromato- 
graphic separations, instead of other solely constamt-pattern behavior or solely 
proportional-pattern behavior. Thus, increasing d u m n  length is expected to 
improve or damage the separation performance according to constant-pattern 
or proportional-pattern behavior, respectivedy. Then, an optimal column length 
may exist in a system exhibiting both behaviors, as shown in Fig. 43 [55]. 

The plate theory indicates that the plate number or the separation efficiency 
is proportional to the column length 127,741. In displaa:ment chromatography, 
Golshan-Shirazi et al. 1753, showed that if the sample is smaller than the 
optimum loading factor, the isotachic train will bc formed before the end of the 
column and increasing the column length will re!rult in no change in the band 
profiles, which is consistent with constant-pattern behavior. However, the plate 
theory is limited to symmetric Gaussian bands an~d linear chromatography. For 
asymmetric bands, an optimal column length maLy exkt 1553. 

Furthermore, the dilution of the injection band by Ithe pore liquid also can 
broaden the band, as shown in Fig. 41 [5:S]. However, this phenomenon has 
long been overlooked. A longer column co~ntains more pore liquid, which also 
can make the injection band more diluted and broader. 

Fi 43. Comparison of chromatograms of 2 min linear gradient elution from 1.7 to 0.6 mol I - '  
ammonium sulfate at various column lengths calculattxl through the (detailed model. (A) 4 x 3- ' cm, 
(B)4cm,(C)24cm;v= 1 . 3 8 ~ 1 ~ - '  

/ 5.5 Gradient Shape 

In comparing linear gradients with stepwise gradients, there is no unique answer 
to which is better. The ratio of the maximal loading capacity to the operation 
period can be a standard for the separation performance. However, the stepwise 
gradient is more cost effective due to its smaller instrument requirements. But, to 
separate relatively close eluates, the linear gradient usually can achieve better 
separation relative to the stepwise gradient due to the continual increase of the 
elution strength throughout the gradient period. Likewise, a similar comparison 
can be made between linear gradient and isocratic runs. On the other hand, to 
separate dissimilar eluates, a stepwise gradient could be economical and efficient 
enough. Furthermore, although nonlinear gradients and segmented linear 
gradients have the advantage of higher separation efficiency they also have the 
disadvantage of inconvenient complexity. 

5.6 Process Tolerance to the Fluctuation of Input Parameters 

In industrial operations of chromatographic processes, it is not easy to control 
the input conditions as precisely as in the laboratory. The particle size of the 
column material may vary from batch to batch. Pure or reagent grade reagents 
may not be used in large-scale production. The column capacity may degrade 
over time [76]. Lot-to-lot consistencies may not be good. Some of the input 
parameters are uncontrollable such as the concentrations of the bioconversion- 
generated feeds. Variation of bioconversion potency by 10%-30% among 
batches is not unusual. The concentrations of some bioconversion-generated 
trace compounds can vary by hundreds of percentage points. A good separation 
process must consider not only the separation efficiency but also the process 
tolerance to the fluctuation of input conditions. 

Sometimes, the process tolerance to the fluctuation of input conditions is 
contradictory to separation efficiency. From the stoichiometric model of rever- 
sed phase chromatography, log(kl) (k' denotes the capacity factor) is propor- 
tional to log(Cm) (Cm denotes the eluent concentration) with a proportional 
coefficient Z' 1581. The Z' values of proteins can be in the order of hundreds. 
This implies that a 1 % deviation of eluent concentration can result in the change 
of retention time of the eluates up to 1000%. Therefore, this process has a very 
good separation efficiency due to the large Z' value, but the process stability has 
a very poor tolerance to fluctuation of Cm. 

The optimization strategy has been developed by considering both the 
separation efficiency and the process tolerance to the fluctuation of input 
conditions, as shown in Fig. 44 [55]. A case in point is the fluctuation of the 
eluent and the eluate concentrations in stepwise gradient elution chromatogra- 
phy, as illustrated in Figs. 34-36. The worst or largest fluctuation of the input 
parameters must be defined first, 0.1 M for the second-step eluent concentration 
in this case; then the optimization strategy can be developed to ensure the 
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I mu.. ur *- Fie. 44. Flow-sheet illustration of optimiza- 
tion strategy of separation efficiency and tokr- 
a n a  to the fluctuation of input parameters 

separation performance under the worst operation conditions. The optimal 
eluent concentration of the second step in this is 1.6 M, as shown in Fig. 34. 
However, this optimal eluent concentrations has been adjusted to 1.7 M after 
considering the process tolerance to the fluctuation of the input parameters, as 
shown in Fig. 35. 
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