
Objectives for our Discussion of Separations
Basics
1. Define, understand, and use key terms such as retention time, retention 

factor, selectivity, and resolution.
2. Predict changes in separation metrics upon a change in conditions (e.g., 

column length, particle size, flow rate, etc.).

Retention
1. (GC/LC) Predict the effect of a change in conditions on relative retention (e.g., 

change in stationary phase, mobile phase, flow rate, etc.).
2. (GC/LC) Use chemical and physical reasoning to explain the basis of retention, 

given a specific scenario (e.g., why is benzyl alcohol less retained than 
benzene in RPLC?).

Peak Broadening
1. (GC/LC) Predict the effect of a change in conditions  (e.g., mobile phase type, 

temperature, particle size, etc.) on peak properties (e.g., height, width, 
retention time).

2. (GC/LC)  Use chemical and physical reasoning to explain the basis of peak 
broadening, given a specific scenario (e.g., why is the peak for anthracene
broader than the peak for benzene under RPLC conditions?).



GC Retention



Rubinson and Rubinson, Principles of Instrumental Analysis



Skoog, Holler, et al. (2007). Principles of Instrumental Analysis, Thomson Brooks/Cole.



Hinshaw, J. V.; Ettre, L. S. Introduction to Open Tubular Gas Chromatography; Advanstar Communications: Cleveland, 1994.



Column Type

Column Diameter

S.P. Film 

Thickness
Why Why Why

Efficiency Best Good Poor

Separation speed Fast Moderate Slow

Analyte Capacity Poor Good Best

Preferred 

Application

High speed, 

high 

resolution 

separations

Low boiling 

point 

compounds

Anybody can 

do it

High boiling 

point 

compounds

Trace analysis

Low boiling 

point 

compounds

Thermally 

unstable 

compounds

Open Tube/Packed Bed

Wide  > 0.5 mm

Thick - 2-5 microns (open tube only)

Open Tube

Narrow ~ 0.1-0.3 mm

Thin ~ 0.2 microns

Open Tube

Narrow ~ 0.25-0.32 mm

Thick ~ 1-2 microns

STO, 2005



Hinshaw, J.  LCGC North Am.  24 (11), 2006



Hinshaw, J. V.; Ettre, L. S. Introduction to Open Tubular Gas Chromatography; Advanstar Communications: Cleveland, 1994.



Hinshaw, J. V.; Ettre, L. S. Introduction to Open Tubular Gas Chromatography; Advanstar Communications: Cleveland, 1994.



Hinshaw, J. V.; Ettre, L. S. Introduction to Open Tubular Gas Chromatography; Advanstar Communications: Cleveland, 1994.
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Littlewood, A. B. (1970). Gas Chromatography. New York, Academic Press.



LC Retention in Three Parts



LC Retention – Part I
Context for and Empirical Knowledge of RPLC



Complementarity of GC and LC



Column types (physical) and phases (chemistries)





History of RPLC
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Partition Model of RPLC
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Conventional Bonded Phases
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RPLC Retention
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carbon number
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Effect of Mobile Phase Modifier in RPLC
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Water is the weakest solvent in RPLC. Organic is stronger solvent.



LC Retention – Part II
Thermodynamics of RPLC



Rafferty, Siepmann, Schure, A-Chem, ca. 2007PWC 4101-06 Fig. 2.5 Pore structure of a stationary 
phase particle. 60-80 A pores 200-300 m2/g.



Rafferty, J. L.; Siepmann, J. I.; Schure, M. R. Anal. Chem. (Washington, DC, U. S.) 2008, 80, 
6214-6221.



Rafferty, J. L.; Siepmann, J. I.; Schure, M. R. Anal. Chem. (Washington, DC, U. S.) 2008, 80, 6214-6221.









Rafferty, J. L.; Zhang, L.; Siepmann, J. I.; Schure, M. R. Anal. Chem. (Washington, DC, U. S.) 2007, 79, 6551-6558.



Environmental Organic Chemistry by RP Schwarzenbach, PM Gschwend, & DM Imboden, 2nd edition, Wiley-
Interscience, 2003.

http://www.wiley.com/WileyCDA/WileyTitle/productCd-0471125881,descCd-authorInfo.html


LC Retention – Part III
Practical RPLC



PWC 2006



Linear Solvent Strength Characterization
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log k’ = log k’w - Sf

ACN CH3OH THF

AP 2.40 ± 0.04 2.60 ± 0.01 2.76 ± 0.07

BP 3.25 ± 0.10 3.53 ± 0.01 4.11 ± 0.13

HP 4.18 ± 0.18 4.52 ± 0.02 5.70 ± 0.24

Calculated S ValuesACN

T = 30 C, F = 1.0 mL/min

The highly crosslinked C8 phase behaves as 
a typical reversed phase material



Effect of Volume Fraction of Methanol



Effect of Temperature

50 oC = 2-3 in k’

colder



Effect of pH on k’

k’

= COOH

=NH2



pH Effect on Monoprotic Acids

pH



pH Effect on Diprotic and Zwitter Ions

= zwitter ion

diprotic acid=



Effect of ion-pairing on RP retention



Effect  of Adding 3mM Octylsulfate on 
Catecholamines



Typical RP-Product Line

Several Pore Sizes

 60 Å, 120 Å, 200 Å, 300 Å

Several Particle Sizes

 3µm, 5µm, 10µm, 15µm, 20µm

Several Bonding Types

C1, CN, C4, Phenyl, C8, C18, C30

Several Bonding Chemistries

 end capped, non end capped, polar embeded, 

aqueous compatible

No Metal Impurities



Properties of RP-Packings

Hydrophobicity

surface area

bonding type

bonding chemistry

Silanophilic Activity

bonding chemistry

Shape Selectivity

bonding chemistry

Polar Selectivity

bonding chemistry

Metal Content

manufacturing of the silica
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Classical C18-packing

ProntoSIL 120-3-C18 H 

Comparison of Selectivities 
Acidic, basic and neutral compounds

Eluent: ACN/50mM Phosphate buffer pH 3.2 65:35 (v/v)
Flow: 1.0 ml/min
Temperature:       ambient
Injection: 5 µl
Detection: UV 254 nm
Sample: 1 Uracil, 2 Pyridine, 3 Phenol, 4 p-Butylbenzoic acid, 5 N,N-Dimethylaniline, 

6 Toluene



Peak Broadening in Separations in Four Parts
Stoll, CHE380



Objectives for our Discussion of Separations
Basics
1. Define, understand, and use key terms such as retention time, retention 

factor, selectivity, and resolution.
2. Predict changes in separation metrics upon a change in conditions (e.g., 

column length, particle size, flow rate, etc.).

Retention
1. (GC/LC) Predict the effect of a change in conditions on relative retention (e.g., 

change in stationary phase, mobile phase, flow rate, etc.).
2. (GC/LC) Use chemical and physical reasoning to explain the basis of retention, 

given a specific scenario (e.g., why is benzyl alcohol less retained than 
benzene in RPLC?).

Peak Broadening
1. (GC/LC) Predict the effect of a change in conditions  (e.g., mobile phase type, 

temperature, particle size, etc.) on peak properties (e.g., height, width, 
retention time).

2. (GC/LC)  Use chemical and physical reasoning to explain the basis of peak 
broadening, given a specific scenario (e.g., why is the peak for anthracene
broader than the peak for benzene under RPLC conditions?).



Part I – Diffusion, Convection, and 
the Physics of Flow through 
Chromatography Columns









Initial Condition



Initial Condition After Step 1



Initial Condition

After Step 2 After Step 3 After Step 4



1905



Berg, H., Random Walks in Biology. 1993, Princeton: Princeton University Press.





Part II – Peak Broadening in Gas 
Chromatography





The Equation for H in Open Tubular Chromatography 
(LC or GC, no particles)
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um = L/tm – mobile phase velocity (cm/s)
Dm = diffusion coefficient of the analyte in the mobile phase
R = radius of the open tubular column
df = thickness of the stationary phase film
Ds = diffusion coefficient of the analyte in the stationary phase



Analyte molecules

Effect of convective (laminar) flow on analyte 
bandwidth in an open tube

+ convective flow

= axial dispersion (not diffusion) (very 
bad news)

Analyte bandwidth



…but, radial diffusion saves the day

very bad

+ radial diffusion

Not so bad
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longitudinal diffusion adds to the problem

+ longitudinal 
diffusion

Not so bad

Worse
. .
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And finally…slow diffusion out of the stationary 
phase…
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u

Htotal.

How Does H Depend on u??



To Make H Small… Practical Consequence/Problem

Haxial

Hl.d.

Hs.p.

For Open Tubular Columns



Suppose you have are running an open tubular GC column using helium as the mobile 
phase, and you switch to nitrogen because you’ve run out of helium.  Draw two van 
Deemter curves for these two situations on one graph.  Now, assume you are working at 
a mobile phase velocity that is 2*um,opt for the helium curve.  Draw a chromatogram that 
shows two peaks separated in the helium case with a resolution of 1.5.  Now, on the 
same graph, draw a chromatogram for the nitrogen case.  For each of these, be as 
quantitative as you can with the information provided.





Part III – Peak Broadening in Liquid 
Chromatography



To Make H Small… Practical Consequence/Problem

Haxial

Hl.d.

Hs.p.

For Open Tubular Columns



A-term Broadening in a Packed Bed – the ‘Multi-
Path’ Term

Analyte molecules

Analyte bandwidth Flow

pA dH 



Not great

Longitudinal diffusion is another problem…

A bit worse…

+ longitudinal diffusion
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And finally…slow diffusion out of the stationary 
zone…

Flow
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How to Make H Small??

To Make H Small… Practical Consequence/Problem

HA

HB

HC



An important fundamental observation:  Peaks that are more retained by a 
column come out of the column with a larger peak width.

An important fundamental question:  What is the physical basis for this?



1.  Suppose you have a RPLC column packed with 5 mm particles.  You make the 
measurements needed to construct the van Deemter curve shown below.  How will the 
curve change if you do the same experiment with a column packed with 2.5 mm 
particles?  
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Part IV – Optimization of 
Separations



Column Type

Column Diameter

S.P. Film 

Thickness
Why Why Why

Efficiency Best Good Poor

Separation speed Fast Moderate Slow

Analyte Capacity Poor Good Best

Preferred 

Application

High speed, 

high 

resolution 

separations

Low boiling 

point 

compounds

Anybody can 

do it

High boiling 

point 

compounds

Trace analysis

Low boiling 

point 

compounds

Thermally 

unstable 

compounds

Open Tube/Packed Bed

Wide  > 0.5 mm

Thick - 2-5 microns (open tube only)

Open Tube

Narrow ~ 0.1-0.3 mm

Thin ~ 0.2 microns

Open Tube

Narrow ~ 0.25-0.32 mm

Thick ~ 1-2 microns

STO, 2005
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The Beauty of Snyder’s Model

N. S. Wilson, J. W. Dolan., L. R. Snyder, P. W. Carr, L.C. Sander J. Chromatogr. A 2004 961, 217-236.

• Quantitative comparison of selectivity for two columns by a single 
parameter:
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(1) 4-nitrophenol; 
(2) 5-phenylpentanol; 
(3) anisole; 
(4) toluene; 

Experimental conditions:
50% acetonitrile/pH 2.8 buffer; 
35 ◦C; 1.0 ml/min

(5)    cis-chalcone;
(6)    trans-chalcone; 
(7)    mefenamic acid. 

Y. Zhang, Pittcon 2008
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Selectivity Comparison of Three EPG Phases

Experimental conditions:
50% acetonitrile/pH 2.8 buffer; 
35 ◦C; 1.0 ml/min

1) Amitriptyline;
2) N,N-dimethylaccetamide; 
3) Acetophenone; 
4) Toluene;
5) 5-phenylpentanol;

6) Trans-chalcone;
7) 4-n-butylbenzoic acid;
8) Cis-chalcone;
9) Mefenamic acid
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