
Lecture 3: General 

Chromatography Theory



Behavior of Solutes in Columns: Parameters Defined 



Behavior of Solutes in Columns: Parameters Defined 

Reflects the distribution of a solute between the mobile and 

stationary phases. 



•A-Injection Point

•B - Unretained Solute Peak

•C,D - Solute Peaks (Analyte)

•Vr - Retention Volume-the volume of mobile phrase necessary to 

convey a solute band from the point of injection, through the column, 

to the detector.

• tr - retention time of analyte to move from injection to detector

• Vm – retention volume of the unretained solute

• tm – retention time of unretained solute

• Vr’ - adjusted retention volume

• tr’ - adjusted retention time
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Notice the retention time an analyte spends in the 

system is composed of two components: tr’ and tm

tm - is the time it takes a solute to pass through the space 

occupied by the mobile phase (dead space, column void 

volume).  

tm is the same for all analytes in a given system – the 

solutes migrate with the same velocity of the mobile phase. 

tm represents no separation process.

The adjusted retention time, tr’- represents the time the 

analyte spends retained by the stationary phase. 

tr’ represents the separation process or interaction of 

analyte with stationary phase.



Column Efficiency 

One goal of chromatography is to achieve sharp 

symmetrical peaks, thus optimizing analyte 

separation and improving detection.  The 

sharpness of the peak represents the efficiency 

of the chromatographic column (actually the 

entire system).  Two general approaches have 

been developed to measure column efficiency – 

plate theory and rate theory.



Column Efficiency 

Two general approaches have been developed 

to measure column efficiency. 

Plate theory 

Proposed by Martin and Synge in 1941 

Rate theory

Proposed by van Deemter in 1956



Rate Theory 

Rate theory can be used to predict effects on column 

performance, i.e.

•Phase properties

•Phase thickness

•Solute diffusivities

•Support size

•Support porosity

•Partition coefficients

•Phase velocity

•Flow rates



Rate Theory 

•Focuses on the contributions of various kinetic 

factors to zone or band broadening.

•Column Dispensivity, H, is assumed to be the 

sum of the individual contributions of the kinetic 

factors.

Van Deemter set up the equation as:

H = A + B/u + Cu (van Deemter equation)



Rate Theory 

H = A + B/u + Cu (van Deemter equation)

•u – average linear mobile phase velocity

•A – represents the contribution to zone 

broadening by eddy diffusion

•B – represents the contribution of longitudinal 

diffusion

•C – represents the contribution of resistance to 

mass transfer in both the stationary and mobile 

phases.



Rate Theory 

H = A + B/u + Cu (van Deemter equation)



Rate Theory 

•Eddy Diffusion – (A term) – results from the 

inhomogeneity of flow velocities and path lengths 

around the packing particles (individual flow paths 

for packed columns are of different lengths).

•Small uniformly packed particles in columns are 

the most efficient and A is very small.

•A is zero for open tubular columns.

A = 2dp      ( – correction factor for the irregularity of the packing 

  and particle shape)



Rate Theory 
Eddy Diffusion



Rate Theory 
Eddy Diffusion

H

 (flow rate)

H A 



Rate Theory 
Eddy Diffusion



Rate Theory 

H = A + B/u + Cu (van Deemter equation)

•u – average linear mobile phase velocity

•A – represents the contribution to zone 

broadening by eddy diffusion

•B – represents the contribution of longitudinal 

diffusion

•C – represents the contribution of resistance to 

mass transfer in both the stationary and mobile 

phases.



Rate Theory 

•Longitudinal (Molecular) Diffusion – (B term) – arises 

from the random molecular motion of analyte molecules 

in the mobile phase.  Longitudinal diffusion along the 

axis of the column results in zone broadening.  

•ß = 2 Dm.

•Obstructive factor,  – is unity for coated capillary 

columns.  Longitudinal diffusion is hindered by packing.

•Dm – solute diffusion coefficient in the mobile phase.



Rate Theory 

•Longitudinal (molecular) Diffusion – (B term)



Rate Theory 

•Diffusion rate depends on temperature and pressure of 

the mobile phase.

•Dm decreases with decreasing temperature and 

increasing pressure.

•LC has a much lower β than GC since diffusion rates 

are much larger in gases.

•So gases of higher MW’s are favored as mobile phases 

since diffusion is lower.

•As mobile phase velocity increases β becomes less.



Rate Theory 

•Longitudinal (molecular) Diffusion – (B term)



Rate Theory 
Eddy Diffusion



Rate Theory 

H = A + B/u + Cu (van Deemter equation)

•u – average linear mobile phase velocity

•A – represents the contribution to zone 

broadening by eddy diffusion

•B – represents the contribution of longitudinal 

diffusion

•C – represents the contribution of resistance to 

mass transfer in both the stationary and mobile 

phases.



Rate Theory 

Mass Transfer – (C term) – most important term in GC, 

LC, and SFC.

•For a stationary phase – Cs is small for solid phases 

(since transfer of analyte on and off a surface is rapid), 

but is a factor for liquid stationary phases.  

•C for liquids depends on thickness of the film, the 

diffusion coefficient of the analyte in the stationary phase 

and geometric nature of the packing.



Rate Theory 

•For a mobile phase – Cm – depends on the capacity 

factor of the analyte and the particle diameter of the 

stationary phase (packed) or internal diameter of the 

column (open tubular).  Efficiency increases as particle 

size or column diameter decreases.

H = A + B/u + Cu = A + B/u + (Cs + Cm) u



Rate Theory 

H = A + B/u + Cu = A + B/u + (Cs + Cm) u



Rate Theory 

H = A + B/u + Cu = A + B/u + (Cs + Cm) u



Rate Theory – goal is to find Hmin from van Deemter plot 



van Deemter plots - examples 



Resolution

A chromatographic separation is optimized by varying the 

experimental conditions.

Knowing how well a column retains a solute is not enough – 

also need to deal with multiple eluents.

Need to measure Resolution, Rs. – or how well two neighboring 

peaks are separated from each other.



Resolution

•For symmetrical peaks – a good working equation:

   Rs – resolution
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Resolution

   



Resolution

The Fundamental Resolution Equation

α = Selectivity (influenced by mobile and stationary phase)

 = k2/k1

N = Column Efficiency (influenced by length and particle size)

k = Capacity Factor (retention)  (influenced by stationary and 

mobile phase). = (k1+k2)/2 (average)

Best for LC.



Resolution

There are other forms of the resolution equation, however, 

these make certain assumptions.

When the k of both compounds is almost the same, one can 

use just the “k” value. The same is possible for N. If the 

difference in k is very small, also the alpha will be small and the 

resolution equation could be simplified.

If the difference in k between the 2 compounds increases, the 

alpha also increases rapidly and. The “alpha-term” approaches 

“1”, meaning R value will not increase at higher alpha’s, which is 

not correct.

So best to use generalized equation.



Resolution

The Fundamental Resolution Equation

The first part relates to the kinetic effects that lead to band 

broadening … (N)1/2  or H/u.

Always want to minimize H

 Getting the best performance from system

H depends on: column parameters, mobile phase, flow rate – described by van 

Deemter eq.



Resolution

The Fundamental Resolution Equation

The second and third terms are related to the thermodynamics of 

the separation.

Second term which contains k, depends on the properties of both 

the solute and the column.

Third term which contains, , the selectivity term, depends on the 

properties of the mobile and stationary phases.



Resolution

The Fundamental Resolution Equation

The parameters N (or H), k, , can be adjusted.



Resolution

The Fundamental Resolution Equation

 and k can be varied by varying the temperature or composition of 

the mobile phase. Or a different column packing can be used.

N can be changed by altering the length of the column.

H can be changed by altering the flow of the mobile phase, the 

particle size of the packing, the viscosity of the mobile phase, and 

thickness of the liquid stationary phase.



Resolution



Resolution

The Fundamental Resolution Equation

Ideally, we want sufficient resolution 

(Rs of 1.5 or greater for analyte/solute of interest peaks)

We also want the separation performed in a minimum 
amount of time.



Resolution

The Fundamental Resolution Equation

Other parameters may also be of importance:
– sufficient quantity if performing “prep” scale separation

– sufficient sensitivity for detection (covered more with 
instrumentation and quantitation)

– ability to identify unknowns (e.g. with MS detection)



Resolution Optimization

Flow rate at minimum H vs. higher flow rates (van 
Deemter Equation)

 

Low flow rates not always desired because of time 
required to complete run and sometimes 
smaller S/N.

Maximum flow rate often based on 
column/instrument damage.



Resolution Optimization

Trade-offs in reducing H

– In packed columns, going to small particle sizes results in 
greater back-pressure at higher flow rates.

– In GC, small column and film diameters means less capacity 
and can require longer analysis times.

Trade-offs in lengthening column (N = L/H)

– Longer experimental times due to more column length and 
can lead to peak broadening at later eluting peaks.



Resolution Optimization

Trade-offs in lengthening column (N = L/H)
•Increasing column length is not usually the most desired way to improve 

resolution (because required time increases and signal to noise ratio 

decreases).

•Alternatively, k values can be increased (use lower T in GC or weaker 

solvents in HPLC); or  α values can be increased (use different solvents in 

HPLC or column with better selectivity) but effect on RS is more 

complicated.



Resolution Optimization

How to improve resolution
– Increase N (increase column length, use more efficient 

column)
– Increase  (use more selective column or mobile phase)

– Increase k values (increase retention)

Which way works best?
– Increase in k is easiest (but best if k is initially small)
– Increase in  is best, but often hardest

– Often, changes in k lead to small, but unpredictable, changes 
in α also



Resolution Optimization

Initial Separation Smaller H (narrower 
peaks)

Larger k -  separation 
increases more than 
width

Increased alpha (more 
retention of 2nd compound)



Resolution

Peak capacity and resolution equations work for packed 

columns but not so well for capillary columns, since assume that 

the peak width is proportional to retention volume measured 

from point of injection.

The peaks produced on a capillary column are narrower than 

predicted by theory.

For this reason packed columns come close to pure plate 

theory.



Resolution



Resolution



Resolution

Figure 2. GC-MS analysis for a mixture of fentanyl, 22 fentanyl analogues and U-47700 on 

Shimadzu Rxi-5SilMS column. 
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Resolution

Figure 3. GC-FID analysis for a mixture of fentanyl, 22 fentanyl analogues and U-

47700 on SLB-ILPAH column. 



Parameters



Parameters



Assignment

• Read Chapter 2: Principles and Practice of Modern 

Chromatographic Methods, Peter E. Jackson, 

Academic Press.
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