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Hesse and Hagel 
„Eine vollstäindige Racemattrennung durch 
Elutions-Chromatographie an Cellulosetriacetat“
Chromatographia, 277-280, 1973 

Personal experience

Cellulose Triacetate (CTA) Enantiomers of Tröger‘s base (TB)

Unusual shapes in series of overoaded peaks (mobile phase: benzene)

Kinkel, Reichert and Knöll,
“Präparative chromatographische Enantiomerentrennung”
GIT Verlag (Glas- und Instrumenten-Technik),
Supplement 3/89 – Chromatographie, 1989, 104, Wiley

Structures of (-)-Tröger’s base, (+)-Tröger’s base

(Merck-Workshop „Preparative Chromatography“, Darmstadt, 1991) 

Why?
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Single component adsorption equilibria
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The Adsorption of Gases and Vapors
Princetown University Press, 1945
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J. Am. Chem. Soc., 1960, 3973
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Column balance: Conserving total mass

Guiochon et al., Fundamentals of Preparative and Nonlinear Chromatography, Academic Press, 2006

Mass balance (convection dominated): ࢉࣔ						
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If phases are permanently equilibrated: ࢚ࣔࢉࣔ								 ૚ ൅ ૚ െ ࢿ
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“larger concentrations
move faster”

Rhee, Aris and Amundson, On the Theory of Multi‐Component Chromatography
Philosophical Transactions of The Royal Society,  A, 267, 1970, 419‐455;  A, 269, 1971, 187–215
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Type I isotherm
(Langmuir type)
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Adsorption vs. Desorption

Type I (Langmuir isotherms)
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 self-sharpening
„favorable“ for adsorption

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019

Overtaking
not possible



(IC)

Type III 
(„Anti-Langmuir“ isotherms) 
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c Feed

(BC)

cInit
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 “larger concentrations move slower”

(BC)

B) c Feed < cInit : Desorption  ShocksA) c Feed > cInit : Adsorption Waves
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Shock Wave

Shock

Wave
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Chords vs. Tangents: „Rubber band rule“

Perry's Chemical Engineers' Handbook, 1984

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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Breakthrough curves for different feed concentrations
(Case: Langmuir type of isotherms)
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Characteristics / Distance-Time-Diagram (Type I)

Shocks (Adsorption) Waves (Desorption)

ோݐ ൌ ଴ݐ 1 ൅ ଵିఌ
ఌ

௤ಷ೐೐೏ି௤಺೙೔೟

௖ಷ೐೐೏ି௖಺೙೔೟
ோݐ ,ܮ ܿ∗ ൌ ଴ݐ 1 ൅ ଵିఌ

ఌ
ௗ௤
ௗ௖
ቚ
௖∗

Distance‐Time‐Diagram
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Front
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Series of single component breakthrough curves
(different cFeed, same feed volume) 

2-Phenyl-Ethanol /  Octadecyl Silica
Methanol : Water = 1: 1 / ambient temperature

Waves, superimposed
Shocks move with cFeed

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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Influence of kinetics (e.g. back-mixing)

First statistical moments:
- thermodynamically controlled
- no effect of

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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Equilibrium dispersion model
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Dynamic methods

 time dependent information recorded

- „Perturbation Method“
- elution by characteristic point (evaluation of waves)
- peak fitting („Inverse Method“)
- „Frontal Analysis (FA)“
- …

Measuring adsorption isotherms

1212

Seidel-Morgenstern, J. Chromat. A, 2004, 255

Static methods

 no time dependences

- gravimetric
- shaking experiments
- adsorption/desorption cycles
- …

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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Connection between breakthrough curves and equilibrium data

ሺܿ௜ி௘௘ௗെܿ௜ூ௡௜௧ሻܸߝ ൅ ሺ1 െ ሻࢊࢋࢋࡲࢉሺࢊࢋࢋࡲ࢏ࢗሻܸሺߝ െ ௜ூ௡௜௧ሻݍ ൌ ሶܸ ׬ ሺஶ଴ ܿ௜ி௘௘ௗ െ ܿ௜ሺݐሻሻ݀ݐ ൌ ሶܸ *		Area

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019

cFeed

cInit

cFeed

cInit

 Each front provides (only) one isotherm point

 Variations via other cInit and/or cFeed - preloaded column
- incomplete desorption 



Other types of single component adsorption equilibria
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Corresponding breakthrough curves?
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Andreas Seidel-Morgenstern, Leipzig, 14.5.2019

(quadratic isothermmodel)
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Statistical  thermodynamics

 special case: BET equation

Hill, Introduction to Statistical Thermodynamics, Addison-Wesley, Reading, 1960



More complex single component behaviour
Type IV Isotherm with two inflection points (quadratic isotherm model)
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Zhang, Shan and Seidel-Morgenstern, J. Chromat. A, 2006, 2016-225

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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Method of characteristics and “Rubber band rule”
Time‐Distance‐DiagramIsotherm with two inflection points

Adsorption: single shock
Desorption: wave shockwave

t < 4 min, profile still in column

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019

Ref

C Feed (Ref)

L=25 cm

tinj
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Zhang, Shan and Seidel-Morgenstern
J. Chromat. A, 2006, 2016-225

More complex situation 

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019

Adsorption: shock small wave shock
Desorption: small wave shockwave

Ref
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Influence of mass transfer
(again equilibrium dispersion model)

Zhang, Shan and Seidel-Morgenstern, J. Chromat. A, 2006, 2016-225

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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Zeit

D
et

ek
to

r-S
ig

na
l (

m
AU

) 

0

200

400

600

800

1000

Konzentration (g/l)

Be
la

du
ng

 (g
/l)

0

2

4

6

8

10

12

0 0.5 1 1.5 2 2.5 3

( + )

( - )

Konzentrat ion (g/l)

q 
/ c

  

0

2

4

6

8

0 0.5 1 1.5 2 2.5 3

( +  )

( - )

TB-(+)

TB-(+)

TB-(-)

TB-
(+)

TB-(-)

dispersed

sharpened

Seidel-Morgenstern, Jacobson and Guiochon
J. Chromat., 1993. 19-28

Inflection point

19Andreas Seidel-Morgenstern, Leipzig, 14.5.2019

Langmuir isotherm, 2 parameters

Quadratic isotherm, 3 parameters



Langmuir isotherm
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 What about mixtures? Competitive isotherms needed.

Seidel-Morgenstern and Guiochon,  J. Chromat., 1993, 37-47

Equilibrium dispersion model:

20Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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c1 c2

c1

c2

c2

c1

Competitive adsorption isotherms

i i Nq q ሺc ,c , ...,c ,T const .ሻ i ,N  1 2 1

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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Classical competitive Langmuir model
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       1 1 2 2 1 1 1 2

1 2
1 1

i i i i
i s ,i

b c H cq q i ,
b c b c b c b c

Ideal Adsorbed Solution Theory (IAST)

- very general
- based on arbitrary single component isotherm models
- thermodynamically consistent

1 2
1 2

11 1 12 2 21 1 22 2

1 2
1 1
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i i i i
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1 12 2 11 1

1 1 2 2
1 1 2 2 12 1 2 11 1 22 2

2
1sat

b b c b cq q c
b c b c b c c b c b c

Examples of competitive adsorption isotherm models

Multi-Bi-Langmuir model

Statistical thermodynamics   

Myers and Prausnitz,  AIChE Journal, 1965, 121

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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Gibbs’ fundamental equation for adsorbed phase

Ideal Adsorbed Solution Theory   

Chemical potentials

or

d RT d lnc ads

Differential Gibbs’ adsorption isotherm

dc
c
qTRdA  

dq q d    0ads ads

Equilibrium at constant temperature

A d q d    0 ads

dG A d S dT dq      ads ads ads

dndTSdPVdG  

*cሺmodሻ * *A qሺ ሻሺ c ሻ ሺ c ሻ d
RT

  


  0

Integrated Gibbs’s adsorption isotherm generates Spreading Pressure 

i i Nq q ሺc ,c , ...,c ,T const .ሻ i ,N  1 2 1

Josiah Willard Gibbs
(1839-1903)

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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Closure condition

Solid phase concentration, loading of i

Total concentration in the solid phase

Ideal Adsorbed Solution Theory
Identical reduced component specific spreading pressures

Ideal phases

Sub-set II

Required loadings qi follow explicitly

Sub-set I

- Implicit nonlinear problem
- unknowns: π, ci

0 and zi
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Myers and Prausnitz, AIChE J., 1965, 121
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Seidel-Morgenstern and Guiochon, Chem. Eng. Sci., 1993, 2787-2797

 Problem: time consuming numerical solution required

 validates both isotherm (IAS) and simple column model (equilibrium dispersion)

25Andreas Seidel-Morgenstern, Leipzig, 14.5.2019

Case study „TB and CTA“ (3): Model validation for mixtures



Quadratic isotherm equation

Explicit competitive isotherm model

Rapid analytical solution of IAST 
for quadratic single component isotherm model
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Ilić, Flockerzi and Seidel-Morgenstern, J. of Chromat. A, 2010, 2132

 unique root z1 in [0,1], explicit analytical expression

Incorporation of closure condition:  cubic equation 

i
i

i

cz z , c
z

  0
2 11

 allows rapid calculation, frequently applicable

26Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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Frontal Analysis (FA) with binary mixtures
(“point-wise” determination of loadings)

ሺܿ௜ி௘௘ௗെܿ௜ூ௡௜௧ሻܸߝ ൅ ሺ1 െ ௜ூ௡௜௧ሻݍെࢊࢋࢋࡲ࢏ࢗሻܸሺߝ ൌ ሶܸ නሺ
ஶ

଴

ܿ௜ி௘௘ௗ െ ܿ௜ሺݐሻሻ݀ݐ							݅ ൌ 1,2

component 1 component 2

Initially 
empty bed

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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FA: Preloading and incomplete regeneration (binary system)

ሺܿ௜ி௘௘ௗെܿ௜ூ௡௜௧ሻܸߝ ൅ ሺ1 െ ௜ூ௡௜௧ሻݍ௜ி௘௘ௗെݍሻܸሺߝ ൌ ሶܸ ׬ ሺஶ଴ ܿ௜ி௘௘ௗ െ ܿ௜ሺݐሻሻ݀ݐ iൌ1,2

component 1 component 2

Preloaded

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019

Incomplete 
regeneration

0 0



29

Measured breakthrough curves for binary systems
Phenol (1) and p-Nitrophenol (2)
Activated carbon / Water
Lu, Chang, Chern
Journal of the Taiwan Institute of Chemical Engineers
45, 2014, 1608–1617

Acetylene (1) and Ethylene (2) 
SIFSIX-2-Cu-I (MOF) / Helium
3P INSTRUMENTS GmbH & Co. KG
Chem. Ing. Techn., 90, 2018, 1640-1641

 single transition: two fronts and one intermediate state

Feed

Init

Inter

Decylbenzene (1) and undecylbenzene (2)
Porous graphitic carbon / Acetonitrile

 adsorption desorption cycle

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019

Init

Inter

Feed

Rubiera-Landa, Dissertation, Magdeburg, 2017

plateaus difficult to identify
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Seidel-Morgenstern,  J. Chromat. A., 2004, 255

FA: Extension to ternary mixtures (and beyond)
N=3: three fronts and two intermediate states (in general: N, N‐1)

N infinite
vs.

N=500

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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Equilibrium theory for binary mixtures
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Rhee, Aris and Amundson   / …  /  Guiochon et al. 



32

Equilibrium theory: Langmuir isotherms:
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3 unknowns B: e.g. for adsorption front
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Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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Illustration of hodograph plots

Ma  and Guiochon, J. Chromat. A., 1992, 13‐25 

2-Phenyl-Ethanol /  3-Phenyl-Propanol / Octadecyl Silica /  Methanol:Water=1:1  

2 slopes
Ma  and Guiochon, J. Chromat. A., 1992, 13‐25 

Hodograph plots for reduced rates

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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Stair case breakthrough curves and corresponding hodograph plot
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time
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Andreas Seidel-Morgenstern, Leipzig, 14.5.2019

Binary system
2 steps “up” and “down”
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Graphical solution for binary breakthrough
(connection between isotherms, two retention times and one plateau concentration)

If isotherms provided: 

 3 unknowns

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019

0 0.2 0.4 0.6 0.8 1
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3ሻ	ݐோ,ଵ,௔ௗ௦ ሺ݂݉݋ݎ	Shock	1ሻ	

2ሻ	ܿଵ
ூ௡௧௘௥,௔ௗ௦ሺalso	Shock	2ሻ

1ሻ	ݐோ,ଶ,௔ௗ௦					ሺ݂݉݋ݎ	݇ܿ݋݄ܵ	2ሻ
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Conclusions and Acknowledgement

- Knowledge regarding adsorption isotherms is essential
to characterize adsorbents and to design adsorption processes

- To determine isotherms it is attractive to exploit dynamic experiments (e.g. FA)  

- The determination of competitive adsorption isotherms is a difficult task

Andreas Seidel-Morgenstern, Leipzig, 14.5.2019
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