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Titration (Video)

Probe
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ALLGEMEINE METHODEN DER MASSANALYSE

X + T        XT
1. Direkte Titration:

Titrator wird zu Titrand bis zum Äquivalenzpunkt zugesetzt

n(X) = c(T) * V(T)

2. Rücktitration:
Titrator 1 wird in abgemessenen Überschuss zugesetzt
mit Titrator 2 wird bis zum Äquivalenzpunkt „zurücktitriert“

n(T1)

n(T2)

n(X)

n(X) = n(T1) - n(T2)

2. Substitutionsitration:
X wird mit YT versetzt
Y wird von X aus YT verdrängt
Y wird mit T titriert

X + YT          Y + XT

N(Y) = n(X)

Y + T            YT

YT

n(Y) = n(X)

n(Y) = n(X) = c(T) *  v(T)

n(X)
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Säure Ampholyt Base

H3O+ H2O OH-

NH4
+ NH2

-

H2SO4 SO4
2-

H3PO4 HPO4
2-

H2PO4
- HPO4

2- PO4
3-

Säure Ampholyt Base

NH3

HSO4
-

H2PO4
-
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Titration (Maßanalyse)

pH 7

Verbrauch

Äquivalenzpunkt

pH

Zugabe Maßlösung 
Base [ml]

Titrationskurve

14

Säure

Konzentration bekannt

Konzentration 
unbekannt

Säure + Base  Salz + H2O
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Spannungsreihe der Metalle:

Metall
n-fach 

positives 
Metallion

Normalpotenti
al [V] bei 25 °C

Li Li+ -3,01

K K+ -2,92

Ca Ca2+ -2,84

Na Na+ -2,71

Mg Mg2+ -2,38

Al Al3+ -2,34

Mn Mn2+ -1,05

Zn Zn2+ -0,76

Fe Fe2+ -0,44

Cd Cd2+ -0,40

Co Co2+ -0,28

Ni Ni2+ -0,23

Sn Sn2+ -0,14

Pb Pb2+ -0,13

H2 2H+ 0,000

Cu Cu2+ +0,34

Ag Ag+ +0,80

Hg Hg2+ +0,80

Au Au2+ +1,36

Pt Pt2+ +1,60

Sekundärzellen:

Elektrodenreaktion
Normalpotential [V] bei 25 °C

PbO2 + SO4
2- + 4H+ + 2e  PbSO4

+ 2H2O
+1,69

Pb + SO4
2- <—> PbSO4 + 2e -0,36

NiOOH + H2O + e <—> Ni(OH)2 + 
OH-

+0,45

Cd + 2OH- <—> Cd(OH)2 + 2e -0,81

2 Ag2O + H2O + e <—> 2Ag + 
2OH-

+0,35

Zn + 2OH- <—> Zn(OH)2 + 2e -1,25

Spannungsreihe der Nichtmetalle:

Nichtmetall
n-fach negatives 
Nichtmetallion

Normalpotential [V] bei 25 
°C

S (fest) S 2- -0,51

½O2 + HO + 2e 2OH- +0,40

J2 (fest) 2 J- +0,54

Cl2 (gas) 2 Cl- +1,36

F2 (gas) 2 F- +2,85



18.01.2017

18



18.01.2017

19



18.01.2017

20



18.01.2017

21



18.01.2017

22



18.01.2017

23



18.01.2017

24



18.01.2017

25

Maßanalyse
Redox‐Titrationen

Titerbestimmung: Iodometrie ‐ Bestimmung von Arsen

As2O3(s) + 6OH
‐ → 2AsO3

3‐(l) + 3H2O

Arsenoxid wird alkalisch zu Arsenit umgesetzt:

Titration von Arsenit AsO3
3‐ mit Iod zu Arsenat AsO4

3‐:

I2 + AsO3
3‐ + 2HCO3

‐⇌ 2 I‐ + AsO4
3‐ + 2CO2 + H2O

Zugabe von NaHCO3 (im leicht basischem wird Arsenit zu Arsensäure aufoxidiert

1. Zugabe von 1 bis 2 mL Stärkelösung als Indikator

2. Titration mit Iodlösung (½ I2) von farblos nach BLAU

Arsenige Säure Arsensäure



18.01.2017

26



18.01.2017

27



18.01.2017

28



18.01.2017

29



18.01.2017

30



18.01.2017

31



18.01.2017

32

[Ag+] = [Cl-] =     KL
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KOMPLEXOMETRIE

Struktur des [Ca(EDTA)]2- Komplexes
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Nomenklatur

In Formeln und Namen zuerst KATION dann ANION

In Formeln von Komplexen zuerst ZENTRALATOM dann die Liganden in der Reihenfolge
• anionische 

• neutrale

• kationische Liganden.

Im Namen von Komplexen ist die Reihenfolge
a. Anzahl der Liganden

b. Art der Liganden (alphabetisch) – o

c. Zentralatom

d. Oxidationszahl des ZA in Klammern

[Ag(NH3)2]+ Cl- Diamminsilber (I) chlorid

[CoCl2 (NH3)4]+ Cl- Tetraammindichloro-cobalt (III) chlorid

H2O…….aqua

NH3…….ammin

CO……..carbonyl

NO…..…nitrosyl

M + Ind -> MInd

M + EDTA -> MEDTA

MInd + EDTA -> MEDTA + Ind¯
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83

Quantitative Aspects of MIR and NIR Spectroscopy

LAMBERT‐BEER

cba
I

I
A  0log

Generally it is recommended to use peak areas instead of  peak maxima 
!!!

A = absorbance
a = absorptivity (cm2 mol‐1)
b = sample thickness (cm)
c = sample concentration (mol cm‐3)

84

Bouguer‐Lambert‐Beersche Gesetz

E : Extinktion
I˳ : Anfangsintensität
I : Durchgelassene Intensität
ε : Molare Extinktionskoeffizient
c : Stoffmengenkonzentration der 
Lösung in der Meßküvette
d : Schichtdicke der Meßküvette

 Bei Durchtritt von elekromagnetischer Strahlung durch eine 

Lösung wird dessen Intensität durch Absorption verringert.

 Bouguer (1698-1758) und Lambert (1728-1777): Absorption 

ist proportional zur Schichtdicke d der Meßküvette. (A= K1 ˙ 
d)

 Beer (1825-1863): Absorption ist proportional zur molaren 

Konzentration eines Lichtabsorbierenden Stoffes (molarer 

Absorptionskoeffizient).  (A= K2 ˙ c)

 Nach DIN 1349 werden die früher üblichen Begriff 

Extinktion E durch Absorption A ersetzt.

E= log I˳/I = ε (λ) ˙ c ˙ d 
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pH 10

Hydrolyse von Acetylsalicylsäure (ASS) zur Salicylsäure (SA)
Bestimmung mit UV Spektroskopie

(ASS)

276 nm 297 nm
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- NIRS Setup -

I
I0

A = ε * c* d =Lambert Beer´s law -log

Basics of Near–infrared Spectroscopy (NIRS)

NIR Strategy of Analysis

Sinupret

Optimization of the
reference method

HPLC
Content of the 

leading compound

3‘,4‘,5‘‐trimethoxyflavone

Content of  Flos Primulae veris

HPLC Content of the other
leading compounds

Optimization of the
reference method

®
Optimization of the

NIR‐parameters

NIR

Content of other 
plants in Sinupret ®

CH3

O

O

O

O

O

CH3

H

H
H

H

H

H

H

CH3
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O

O

O

O

O

CH3

H

H
H

H

H

H

H

CH3

CH3

3‘,4‘,5‘‐ Trimethoxyflavone
Leading Compound

0.14

0.16

0.18

0.20

0.22

0.24

0.26

0.28

0.30

0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30

True value (HPLC)
P
re
d
ic
te
d
 v
al
u
e 
(N
IR
S)

R2 0,9594
SEE    0,0057
SEP    0,0099
BIAS –0,0389

1st derivative
Normalisation

NIR Strategy of Analysis

Charge Area Primula Conc. LC NIR‐MW Water EtOH
(µV*sec) (g/100g) (ng/µl) (ng/µl) (%)  (%) 

91102064  28.10.91 70490 0,493 0,219 0,219 80,38 15,7

91112182  05.11.91 71740 0,500 0,222 0,210 80,83 15,2

91112191  08.11.91 61346 0,442 0,197 0,230 80,25 15,7

91112302  22.11.91 66799 0,472 0,210 0,186 81,33 14,5

91112311  28.11.91 81551 0,555 0,245 0,193 79,69 15,7

Wine Analysis using NIRS
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Factor plot of 141 spectra of different wines (Lagrein, 
Chianti, Cabernet Sauvignon). Conditions: Normalisiation, 
1st derivative; wavenumer range, 4500 ‐ 10000 cm‐1; 

thickness, 3 mm; scans, 10; temperature, 23°C.

12.5 15.0 17.5 20.0

12.5

15.0

17.5

20.0

Validation spectra f(x)=0.9692x+0.4539 r=0.994863
Calibration spectra f(x)=0.9839x+0.2672 r=0.991921

a

Validation spectra f(x)=0.6104x+3.0884  r=0.852905
Calibration spectra f(x)=0.8616x+1.0340 r=0.928229

4 6 8 10 12

tr
u

e
 v

a
lu

e
[K

M
W

]

predicted value [KMW]

carbohydrate content

b
6

8

10

tr
u

e 
v

al
u

e
 [

g
/l]

predicted value [g/l]

total acid content

2 3 4 5 6 7 5

predicted value [g/l]
ctr

u
e 

v
al

u
e

 [
g

/l]

tartaric acid content

3
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7 Validation spectra f(x)=0.6941x+1.6032  r=0.845581
Calibration spectra f(x)=0.8219x+0.9089 r=0.906583
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Validation spectra f(x)=0.4460x+2.7197 r=0.711211
Calibration spectra f(x)=0.7274x+1.2762 r=0.852891

malic acid content

3.0 3.2 3.4 3.6 3.8

e

pH
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3.2

3.3

3.4

3.5

3.6
Validation spectra f(x)=0.4802x+1.7244 r=0.732065
Calibration spectra f(x)=0.5398x+1.5406 r=0.852891
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pH

carbohydrates

total acid [g/l]

tartaric acid [g/l]

malic acid [g/l]

Lagrein

Chianti

Cabernet

Michael A. Popp, Guenther Bonn, Christian Huck, Wolfgang Guggenbichler, Method for classifying
wine and coffee. Patent No. WO 2002097431, Application Number WO 2002‐EP4988

Wine Analysis using NIRS

Coffee Analysis using NIRS
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Arabica

Robusta

Original Property / Predicted Property
All Spectra

True Property rosa MS
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Validation Spectra f(x)=0.5188x+0.0778  r=0.513025
Calibration Spectra f(x)=0.6886x+0.0528  r=0.829812
Validation Spectra
Calibration Spectra

Quality Control of Coffee via NIRS

Quantitative analysis of caffeine and 
theophylline

C.W. Huck, W. Guggenbichler, G.K. Bonn, Analysis of Caffeine, Theobromine and Theophylline in Coffee by
Near Infrared Reflectance Spectroscopy (NIRS) Compared to High Performance Liquid Chromatography
(HPLC) Coupled to Mass Spectrometry. Anal. Chim. Acta, 538 (2005) 195

20152008

2005

1972

1940

Evolution of infrared spectroscopy
The Electromagnetic Spectrum

Micro- Far Mid NIR
Visible

Ultra- Vacuum X-Ray

10 5000 2500 800 400 170 20 nm

10 200 4000 12500 25000 60000

6

5*10 5 cm -1

Overtones
of

Molecular
vibrations

Electronic transitions

rotation vibrations Inner shel l
electrons

wave IR IR violet UV



stretch
bend

v

Valence
electrons ionisation

Molecular bond
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ENERGY

LOW
PHOTON
ENERGY
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Miniaturization and Enrichment
Implementation of a highly efficient reflectron material

- Low USB power lamp (< 500 mA)
- Gold reflector – signal (SNR) 

improvement!

Lutz et al. Anal. Chim. Acta in press

Teflon frit

Selective
stat.phase enriched

component

Büchi NIRFlex
Büchi NIRTab
Tablet Analyser Büchi NIRLab

NIR – Near Infra Red
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Ein Molekül von N Atomen besitzt 3N Freiheitsgrade
davon:

3 Translationsfreiheitsgrade
3 Rotationsfreiheitsgrade
3N-6 Vibrationsfreiheitsgrade
3N-5 Vibrationsfreiheitsgrade für lineare Moleküle

 Schwingungen bei einer charakteristischen Frequenz
 char = 1012 - 1014 Hz

Schwingungsmoden am Beispiel von CO2

Biegeschwingung

symmetrisch assymmetrisch

Streckschwingung
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 periodische Änderungen des elektrischen Dipolmoments mit der Frequenz char

 tritt in Wechselwirkung mit dem elektrischen Feld des Lichts

Schwingendes Molekül der Frequenz char

char=Licht 1012 - 1014 Hz  Infrarot

Das elektrische Dipolmoment schwingt mit dem Licht
 Energietransfer vom Licht auf das schwingende Molekül
 Resonante Absorption im Infrarot

Grundschwingung char

Oberschwingungen 2 x char

 im Nahinfraot 3 x char

Qualitatives Modell

Quantitatives Modell

Chemometrie
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No                       Comment
1       Methanol
2       Denaturated Ethanol
3       Ethanol p.a.
4       2-Propanol
5       n-Hexane
6       Toluene
7       Acetone
8       Acetic Acid
9       Ethyl Acetate

NIR in der Wareneingangskontrolle

Bsp. 
Lösungsmittel
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Tswett‘s Chromatographic System

Tswett

1903



18.01.2017

66



18.01.2017

67



18.01.2017

68



18.01.2017

69

Stationary Phases – Formats – Strategies  

HPLC - column

Disc - technology
Chip -
LC

µ-LC - capillary
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Monolithic stationary phases

micropores < 2 nm
mesopores > 2 nm and < 50 nm
macropores > 50 nm

cluster of porous polymer globules

Single piece of porous polymer located inside the confines of a column 

Advantages:

• No interparticular voids

• Reduced resistance to 
mass transfer due to 
convection

• Reduced flow 
resistance – high 
permeabilities

• Easy to prepare – no 
packing required

• No frits required

flow channel
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Types of monolithic stationary phases

Organic and inorganic monoliths complement one another
regarding applicability 

Field of application:

Separation of big molecules:
Proteomics, Genomics

Field of application:

Separation of small molecules:
Metabolomics

Organic
monoliths

styrene or (meth)acrylate
building blocks

Inorganic
monoliths

silane building blocks

Mono-modal pore distribution
of macropores

Bi-modal pore distribution of
flow-channels and mesopores

MONOLITHIC MS/BVPE CAPILLARIES

• highly crosslinked

• high crosslinking 
homogeneity

due to non-conjugated 
crosslinker

• minimised swelling

• high pressure stability

 Applicable to HPLC

capillary columns
different dimension

80 x 0.2 mm
80 x 0.533 mm

conventional HPLC
columns

90 x 3.0 mm

G.K. Bonn, S.H. Lubbad, L. Trojer, Monolithic organic copolymer for bioploymer chromatography, 2006, US Appl. Number: 11/419,461
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AIM: Combination of high flow characteristics with separation efficiency

Control the porous properties by:

• Polymerisation temperature
• Monomer to porogen content
• Micro- to macroporogen content
• Initiator content

Optimisation of monolithic MS/BVPE capillary columns

Swift protein 
separations

Efficiency towards 
small biomolecules

e.g. peptides, 
oligonucleotides

L. Trojer, S.H. Lubbad, C.P. Bisjak, J. Chromatogr. A, 1117 (2006) 56-66
L.Trojer, S.H. Lubbad, C.P. Bisjak, W. Wieder, J. Chromatogr. A, 1146 (2007) 216-224
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Important chromatography methods in proteomics

• Ion Exchange Chromatography
(IEC)

• Size Exclusion Chromatography
(SEC)

• Affinity Chromatography
(AC)

• Reversed Phase Chromatography
(RPC)
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Ion Exchange Chromatography

Carboxylic acidWeak cation

Sulfonic acidStrong cation

Tertiary amine

Secondary amine

Primary amineWeak anion

Quaternary AmineStrong anion

TypeFunctional groupType of Exchanger

Operating

N+ CH3

NH2

NH

N

SO3
-

COO-

Ion Exchange Chromatography

• Separation is based on charge differences
• Reversible interaction between oppositely charged 

solute and chromatographic medium
• Elution: increasing salt concentration or pH change
• Solute molecules are eluted in a concentrated form
• Ion exchange types:

– Anion Exchange Chromatography: negatively charged solute 
molecules compete with negatively charged mobile phase ions 
for the positively charged sites of the stationary phase

– Cation Exchange Chromatography: positively charged solute 
molecules compete with positively charged mobile phase ions for 
the negatively charged sites of the stationary phase.
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Size Exclusion Chromatography

• Solute molecules are separated by their size

• Stationary phase has pores of well defined size

• Retention is a function of solute penetration into 
the pores that is proportional to the 
hydrodynamic volume of the solute

• No selective interaction with the stationary 
phase

• Particularly useful for buffer exchange

Size Exclusion Chromatography
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Affinity Chromatography

• Solute molecules are separated on the basis of 
specific reversible binding to an affinity ligand 
attached to the stationary phase.

• Utilizes very specific stationary phases such as 
antibodies, lectins, etc.

• Desorption is performed by adding a competitive 
ligand to the elution buffer system, or changing 
ionic strength, pH or polarity.

• The availability of the affinity ligand defines its 
applicability.

• Very specific for the solute molecule.

Affinity Chromatography

Most time a spacer 
is necessary to bind the 
affinity ligand to the 
stationary phase
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Affinity ligands and applications

LIGAND 
• Avidin
• Aprotinin
• Biotin
• Concanavalin A
• Gelatin
• Glutathione
• Heparin
• Iminoacetic acid
• Lysine
• Protein A
• Phophorylethanolamine
• Protein G
• Protamine

APPLICATIONS
• Biotin derivatives
• Serine proteases
• Avidin
• Glycoproteins, Oligosaccharides
• Fibornectine enzymes
• Enzymes related to glutathione
• Blood coagulation factors
• Interferon, serum proteins
• Plasminogen, polysaccharides
• Human IgG
• C-reactive protein
• IgG immune complex
• IgM

Curtesy of Dr. R. Bishoff

158

Grundlagen der chromatographischen Trennung

Beschreibung der Trennleistung einer Säule

L
N

H…theoretische Bodenhöhe
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Peakverbreiterung -
Einflüsse

A….Eddy-Diffusion

B….Longitudinaldiffusion

Gleichgewichtseinstellung an der Phasengrenze 
stationäre/mobile Phase benötigt Zeit ⇒ da die mobile Phase 
aber in Bewegung ist, kann sich der Gleichgewichtszustand nicht 
vollständig einstellen ⇒ Zunahme der Höhe eines theoretischen 
Bodens (HETP)

C….Massentransfer

Chromatographische Parameter

• Van Deemter Gleichung:

beschreibt Zusammenhang zwischen Bodenhöhe und Fließgeschwindigkeit der 
mobilen Phase

H = A +     + C·u
u

B

flow rate [mm/s]

H
E

T
P 

[µ
m

]

A

Cu

B/u

H = A + B/u + Cu

Van Deemter Gleichung
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161

Grundlagen der chromatographischen Trennung
Van Deemter Theorie

Fließgeschwindigkeit: v = mL/min

lineare Fließgeschwindigkeit: u = mm/s

Chromatography goes a long way back

Tswett

Huber ScottHorvath

1903 Tswett
1930 Kuhn
1940 Martin
1967 Horvath

Huber
Halász 
Scott

Karger

Halász MartinKuhn Cremer Kirkland

Knox

Bayer
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…and has many faces

Engelhardt Unger

Tanaka

Lindner

Guichon Dondi

Regnier

Svec

Kovats

SchurigAlbert

Horvath, Csaba G.; Lipsky, Seymour R. Column design in high - pressure
liquid chromatography. Journal of Chromatographic Science (1969), 7(2),
109-16.

First Publications found with SciFinder for 
High Pressure Liquid Chromatography HPLC

Scott C D; Johnson W F; Walker V E. A sample injection valve for use in
high - pressure liquid chromatography. Analytical biochemistry (1969),
32(1), 182-4.

Felton, Herman. Performance of components of a high - pressure liquid
chromatography system. Journal of Chromatographic Science (1969),
7(1), 13-16.
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Different Aspects of Chromatography

Chromatography ‐ Yesterday Chromatography ‐ Today

HPLC-Instrumentation 

Stationary Phase: One of the two phases forming a chromatographic
system. It may be a solid, a gel or a liquid. If a liquid, it may be
distributed on a solid. This solid may or may not contribute to the
separation process. The liquid may also be chemically bonded to the
solid (bonded phase) or immobilized onto it (immobilized phase). The
expression chromatographic bed or sorbent may be used as a general
term to denote any of the different forms in which the stationary phase
is used. PAC 1993,65, 819 (Nomenclature for chromatography (IUPAC
Recommendations 1993)
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Column Sizes

Description  Dimensions  Approx. Flow rate

(velocity 1–10 mm/s)

Open tubular liq chromotgraphy  < 25 µm i.d.  < 25 nL/min25 nL/min 

Nanobore column HPLC  25 µm < i.d. < 100 µm  25–4000 nL/min 

Capillary column HPLC  100 µm < i.d. < 1 mm  0.4–200 µL/min 

Microbore column HPLC  1 mm < i.d. < 2.1 mm  50–1000 µL/min 

Narrow(small)‐bore column HPLC  2.1 mm < i.d. < 4 mm  0.3–3.0 mL/min 

Normal‐bore column HPLC  4 mm < i.d. < 5 mm  1.0–10.0 mL/min 

Semipreparative column HPLC  5 mm < i.d. < 10 mm  5.0–40 mL/min 

Waters ACQUITY UPLC 2004 

Design changed

Waters ALC 1976
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Van Deemter

Overview

Silica‐based (oxides)
Organic 

polymer‐based
others

e.g. carbon

Conventional
Columns

3 cm  25 cm in length
Ø 1mm  46 mm

Capillary
Columns

3 cm  25 cm in length
Ø 0.1 µm  250 µm

Discs

Characterisation by chemistry

Characterisation by size
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Organic polymer based stationary phases

Overview

monoliths

Silica based stationary phases

porous non‐porousporous particles

First RP HPLC Papers: 1976

First Ion Exchange Chromatography Papers: 1966

Silica Stationary Phases Changed in 
Surface Modification
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10 min

1980’s to present day
3.5 - 5µm spherical micro-porous
1500-4000 psi (110-280 bar)
80,000 - 115,000 plates/meter

Early 1970’s
10µm Irregular micro-porous
1000-2500 psi (70-180 bar)
40,000 plates/meter

10 min

Silica Stationary Phases Changed in Shape

Late 1960’s
40µm pellicular non-porous coated
100-500 psi (7-40 bar)
10,000 plates/meter

10 min

Surface Modified Silica

Selected Types of Bonded Ligands
Monomeric and Polymeric 

Bonding  C18-Silica

- Bonded phase shields polar silica surface, making it inaccessible for analyte 
molecules.

- Suppressing strong polar interactions with silica surface and substituting them 
with weak dispersive forces is a key factor of reversed-phase HPLC.

- Bonded phase types - C18, C8, C5, C1, Phenyl, CN, NH2, etc.

C-18 C8 PFPOxy-Phenyl C1
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(A) Size Exclusion Chromatography (SEC), (B) Ion Exchange Chromatography
(IEC), (C) Affinity Chromatography (AC), (D) Ion‐Pair Reversed‐Phase
Chromatography (IP‐RPC), (E) Slalom Chromatography (SC)

Other Separation Mechanisms

Silica vs Polymers
Silica

+ high pressure stable
+ easy surface modification
+ high surface areas possible

- instable > pH 8.5
- tailing of basic analytes due to 
non functionalised silanolic  
groups possible

+ high pH stability, both acidic and  
alkaline environment

+ easy surface modification
+ high surface areas possible
+ no free silanolic groups

- lower pressure stability in comparison
to silica

SEM photograph of NUCLEOSIL

Polymers

SEM photograph of PS
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J. J. Kirkland. Chromatographia, Vol. 8, No. 12, December 1975

1955–1969 Synthesis of permanently bonded phases for gas chromatography (GC), preparative GC.

1965–1973
Synthesis of porous layer beads (Zipax), manufacture of microparticulate silica beads in 
collaboration with R.K. Iler (Zorbax technology) development of monolayer bonded phases 
based on Zorbax 

1984–1992

Development of improved silica (Zorbax Rx, Type B silica) with improved chemical 
properties for chromatography of basic compounds). Development of steric-protected 
and bidentate silanes for improved bonded-phase stability at low and high pH 
(Collaboration with Joe Glajch).

J. J. Kirkland

Porous Layer Beads

silica
core

porous silica layer

Macro- and Meso-Porous Silica
Klaus Unger

spherical porous silicas in the
micron and submicron size range

Klaus Unger developed macroporous, controlled
porosity, 10 µm silica particles
Unger K K.; Kern R; Ninou, M C.; Krebs K F. High performance gel permeation
chromatography with a new type of silica packing material. Journal of

Chromatography (1974), 99 435-43.

Synthesis of tailored porous oxides, in particular of
silica, and alumosilicates with controlled pore structure
and morphology
Unger, K.; Schick-Kalb, J.; Straube, B. Porous silicon dioxide with variable and
reproducible pore space structure from poly(ethoxysiloxane). Colloid and
Polymer Science (1975), 253(8), 658-64.

Synthesis of ordered mesostructured silicas as
nanoparticles and agglomeration to hierarchically
ordered beads of controlled size and pore structure
Lefevre, B.; Galarneau, A.; Iapichella, J.; Petitto, C.; Renzo, F. Di; Fajula, F.;
Bayram-Hahn, Z.; Skudas, R.; Unger, K.. Synthesis of Large-Pore
Mesostructured Micelle-Templated Silicas as Discrete Spheres. Chemistry of
Materials (2005), 17(3), 601-607.
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Chemically Modified Stationary Phases

H. Engelhardt

Chemically Modified Stationary Phases
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Chemically Modified Stationary Phases

Surface Modification of Silica
Polymethylglutamate coated Silica

Bentrop, D.; Kohr, J.; Engelhardt, H.Chromatographia  (1991),  32(3-4),  171-8. 

Separation of cellulase



18.01.2017

92

Separation of 
aromatic compounds

Engelhardt, H.; Löw, H.; Eberhardt, W.; Mauss, M. 
Chromatographia  (1989),  27(11-12),  535-43.

Polymer Encapsulated Stationary Phases

Problems with TiO2 and ZrO2
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Development of new stationary phases for HPLC 
with special focus on carotinoids e.g. C-30 
Characterisation of stationary phases by Solid State NMR 
Hyphenation of HPLC and GC to NMR

Set-up of the capHPLC–NMR (600 MHz) system

Silica Modification and  Hyphenation Techniques

P. Hentschel et al.,Journal of Chromatography A, Vol. 1112, 1-2 (2006), 285-292

K. Albert

Enantionmers Separation

The development of novel
synthetic selectors (receptors)
useful for enantioselective
separation techniques lies at
the interface of organic,
analytical and biological
chemistry

W Lindner

N

N
H

H
O

O

N

N

R

H

S
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(S)

223 min

8 min

O N
H

COOH

O

NO 2

O 2N

 = 34.2

Chromatographic conditions: Dim.: 100 x 4 mm ID 
MeOH / H2O = 80 / 20 (v/v), 1 M NH4OAc total,
pHa = 6.0; 0.7 ml / min, 254 nm; 25°C. 
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macroscopic microscale nanoscale function

monoliths
(rods)

(disks)

5 µm 5 nmparticles
(powder)
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chiral cation
exchanger

chiral anion
exchanger

Materials for Highly Selective Molecular Recognition

Capillary Separation Technologies

Capillary column
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poly(1-co-HEMA-co-EDMA)
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COOHH

OHO
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Monomers: 40 wt%
Porogens: 60 wt%
AIBN
(UV or thermal 
polymerization)

• nano-HPLC
• CEC
• µ-chip

• In-situ prepared organic polym.

• monolithic capillary columns

• single-step preparation

• macroporous, no frits

• flexible tailoring of

- chemistry 

- morphology 

- porosity

Trends in Anal. Chem.:

• Miniaturization

• Nano-flow

• Minimal sample consumption

• MS compatibility

µ-Chip

70 µm

M. Lämmerhofer et al.
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Chiral Separation

Enantiomer separation conditions: acetonitrile–water (75:25, v/v); flow-rate 0.4 μl/min. 

B. Gross, J. Chromatogr. A 791 (1997) 65 –69, Enantiomer 
separation of [60]fullerene derivatives by micro-column high-
performance liquid chromatography using (R)-(−)-2-(2,4,5,7-
tetranitro-9-fluorenylideneaminooxy) propionic acid as chiral 
stationary phase.

V. Schurig

• Gas-chromatographic Enantiomer Separation
• Analysis of Chiral Insect Pheromones and   Flavours 
• Chiral Electrochromatography 
• Monoliths in Electrochromatography
• Unified Enantioselective Chromatography 
• Enantiomerization 
• Stopped Flow Gas Chromatography 
• Enantioselective Coalescence Phenomena 
• Chiral Environmental Organochlorines 
• Enantioselective Antibodies 
• Enantioselective Sensors 
• Chiral Immunosensor 
• Exochirality 

UHPLC
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Ultra High Performance Liquid Chromatography

Van Deemter Plott

Conventional HPLC material, 5 µm UHPLC material, 1.7 µm

Particle Sizes

Silica particles Bridged Ethyl Hybrid Particles (BEH) 
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p

1     

d particle size

p
N d



Resolution Rs is proportional to square root of N

Plate count N is inverse proportional to particle size

NRs 

Why Ultra High Performance Liquid 
Chromatography (UHPLC)?

Backpressure increases when particle size decreases
1

    back
p

p
d



Small particles have higher backpressure 

1
p

Rs dResolution Rs is inverse proportional to square root dp

UHPLC Systems and columns have to be robust to withstand 
pressure between 800 and 1200 bar

Acquity UPLC (Waters)® Agilent® 1290
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Bridged Ethyl
In Silica Matrix

Anal. Chem. 2003, 75, 6781-6788

U.S. Patent No. 6,686,035 B2

Tetraethoxysilane
(TEOS)

Bis(triethoxysilyl)ethane
(BTEE)

+
4

Polyethoxysilane
(BPEOS)

Si
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Bridged Ethyl Hybrid Particles
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C
CC
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C

C

Bridged Ethanes in Hybrid 
Matrix  
Improved Strength
Improved Efficiencies
Improved Peak Shape 
Wider pH Range
Used in ACQUITY 
UPLC™ Columns
(1.7µm particle size)

Bridged Ethyl Hybrid Particles (BEH)
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BEH Technology™  Particle Attributes 

Reduced
Silanols

Hydrophobic
Group

Bridging 
Group

Hybrid Particle Attribute RP-HPLC Consequence

Surface hybrid groups reduce surface 
silanol concentration

Reduced USP peak tailing factors for 
bases

Internal bridging groups provide high 
interconnectivity

Increased chemical & mechanical 
stability

Internal hybrid groups provide 
hydrophobicity

Increased high pH stability of 
column

Silica and Hybrid Materials
Hybrid Material Silica Material
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Available Column materials

Hybrid Material Silica Material

Seperations of Small Molecules

1. Quercetin
2. Kaempferol
3. Isorhamnetin
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Apolipoproteins

Application in Proteomics - Apolipoproteins 

3 min.

55 min.

HPLC

UPLC

55 min.

Overview

particles

Silica based stationary phases

porous non‐porousnon‐porousparticles
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Micropellicular Stationary Phases

Cs. Horváth
1930-2004

"The significance of 
rapid HPLC is expected 
to have great potential 
in obtaining quick 
analytical information" 
Cs. Horváth, 1988

0 2 4 6 8 10 min

U
V

, 2
10

 n
m

reversed-phase 
HPLC of a digest of 
human
growth hormone

Micropellicular particle

Unger, Jilge, Kinkel, Hearn, J. Chromatogr. 359 (1986) 61
Kalghatgi and Horváth, J. Chromatogr. 443 (1988) 343)

Micropellicular Sorbents for Rapid Reversed-Phase 
Chromatography of Proteins and Peptides.

Kalghatgi, Krishna; Horvath, Csaba.  Rapid peptide mapping by high-performance liquid chromatography.
Journal of Chromatography  (1988),  443  343-54.

Molnar I; Horvath C, Separation of amino acids and peptides on non-polar stationary phases by high-performance liquid 
chromatography. Journal of chromatography  (1977),  142 623-40.

El Rassi, Z; Horvath, C,  Hydrophobic interaction chromatography of t-RNA's and proteins. Journal of Liquid 
Chromatography  (1986),  9(15),  3245-68.

Separation of β-
Lactoglobulin B and A

Separation of protein 
mixture

Separation of tryptic digest of 
methionyl human  growth hormone

seconds seconds seconds
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Affinity Chromatography Based on Micropellicular Silica

Rapid metal interaction 
chromatography of proteins 
on Co+2/IDA columns

Bonn, G. K.; Kalghatgi, K.; Horne, W. C.; Horvath, C..  Rapid metal-interaction chromatography of proteins and peptides 
on micropellicular sorbents. Chromatographia (1990), 30(9-10),  484-8. 

El Rassi, Ziad; Truei, Yunghuoy; Maa, Yih Fen; Horvath, Csaba. High-performance liquid chromatography with 
concanavalin A immobilized by metal interactions on the stationary phase. Analytical Biochemistry  (1988), 169(1), 172-80.

Corradini, D; El Rassi, Z; Horvath, C; Guerra, G; Horne, W, Combined lectin- affinity and metal-interaction chromatography 
for the separation of glycophorins by high-performance liquid chromatography. J. Chromatography (1988), 458 1-11.

Non-Porous Silica
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separation of amino acids

Separation of PTH-amino acids
Column:     33 x 4.6 mm; Kovasil MS-C14
Eluents: A: Water + 0.1% HFBA

B: 90% acetonitrile-10% water + 0.8% 
HFBA

Gradient: 0-3.55 min to 12% B; 3.55-6.55 min to 
20% B; 6.55-6.65 min to 100% B; 6.65-7.00 min 
100% B.
Flow rate: 1.0 ml/min
Detection: 254 nm
Temperature:25°C

KOVASIL MS 1.5 µm
Transmission 
Electron Microscopy

B. Boros, K. Kovasc and R. Ohmacht. Fast separation of amino acid phenylthiohydantion derivatives 
by HPLC on a non-porous stationary phase. 51, 2000, S202-204.
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A. millefolium A. pratensis

A. collina
Column:
Kovasil MS C18, 33x4.6 mm I.D.
Eluent:
A: 2% CH3CN + 98% H2O
B: 95% CH3CN + 5% H2O
Flow rate:1.0 ml/min
Temperature: ambient
ESI-MS
Probe temp: 250ºC, Probe: 3.5kV
AQA max: 100V, +ve 10V, +ve 70V, +ve 100V

Non-porous Silica

Robert Ohmacht, Pecs University

Overview

particles monoliths

Silica based stationary phases

porous non‐porous monolithsparticles
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Particle packed columns and monolithic columns in high performance liquid chromatography-comparison
and critical appraisal, K. K. Unger et al., J. Chromatgr. A. 1184 (2008), 393-415

Development of monolithic silica columns consisting of continuous silica
skeletons and throughpores of µm size.

Monolithic Silica Columns

Merck Chromolith HPLC Columns, Merck KGaA (Darmstadt, Germany)

SILICA MONOLITHS
Different chemistries (C-18, C-8, NP,…)
Different dimensions (0.05, 0.1, 0.2, 2, 3, 4.6 mm)
Different applications (bioanalytics, pharma-, food-
environmental analytics,…)

Monolithic Silica Columns
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Organic polymer based stationary phases

Overview

particles monolithsporous non‐porousparticlesporous

PS/DVB Particles 
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Porous polymer
C. M. Cheng, F. J. Micale, J. W. Vanderhoff, M. S. El-Aasser, Synthesis and characterization of monodisperse porous
polymer particles. Journal of polymer science Part A 30, 235-244, 1992.

Marina Galia, Frantisek Svec, Jean M. J. Frechet , Monodisperse polymer beads as packing material for high-performance
liquid chromatography: effect of divinylbenzene content on the porous and chromatographic properties of poly(styrene-co-
divinylbenzene) beads prepared in presence of linear polystyrene as a porogen.
Journal of Polymer Science, Part A: Polymer Chemistry 32, (11), 2169-75 1994

Xu, Mingcheng; Peterson, Dominic S.; Rohr, Thomas; Svec, Frantisek; Frechet, Jean M. J. Polar polymeric stationary
phases for normal- phase HPLC based on monodisperse macroporous poly(2,3-dihydroxypropyl methacrylate-co-
ethylene dimethacrylate) beads. Analytical Chemistry (2003), 75(4), 1011-1021.

Separation of aniline derivatives
using column packed with 3-µm
70% diol stationary phase obtained
from poly(glycidylmethacrylate-co-
ethylene dimethacrylate) beads.
Chromatographic conditions:
column 150 4.6 mm; mobile phase,
linear gradient of 15-40% THF in
hexane in 40 min; flowrate 1
mL/min; UV detection at 254 nm.

Perfusion Chromatography 

A rapid separation of 
standard proteins on 
Poros Packing material

Perfusion chromatography
is a technique based on
fluid dynamics for reducing
stagnant mobile phase
mass transfer in liquid
chromatography. This is
achieved by using supports
with large pores that allow
mobile phase to flow
through particles.

F. Regnier
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Organic polymer based stationary phases

Overview

particles monolithsporous non‐porousparticles non‐porous

PS/DVB Particles

Maa, Yih Fen; Horvath, Csaba.  Rapid analysis of proteins and peptides by reversed-phase chromato-
graphy and polymeric micropellicular sorbents. Journal of Chromatography  (1988),  445(1),  71-86.
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Synthesis of Polystyrol‐Divinylbenzol Particles

In situ polymerization of PS/DVB

G. Bonn, C. Huber. P. Oefner, Nucleic Acid Separation on alkylated non porous 
polymer beads, U.S. Patent No. 5,585,236

Styrol

Dioxan/Decanol

AIBN
70°C
24 h

+

Divinylbenzol

Polystyrol-Divinylbenzol

Non porous PS/DVB

Transgenomic Wave‐System ‐Mutation Analysis

Transgenomic Wave HPLC-System

Bonn, Gunther; Huber, Christian; Oefner, Peter. Separation of nucleic acid fragments with alkylated 
nonporous polymer beads. PCT Int. Appl. (1994), 30 pp. 



18.01.2017

110

Mutation Detection by Denaturing HPLC using Packed 
Columns and Monolithic Capillaries

Packed Column Monolithic Capillary

column: 50 x 4.6 mm I.D. 50 x 0.2 mm I.D.
flow rate: 1 ml/min 3.0 µl/min
injection vol.: 5 µl 500 nl
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53 x 4 mm I.D., 2.3 µm PS-DVB-C18 particles, 38-54% acetonitrile in 0.2 % 
trifluoroacetic acid in 15 min, 560 µl/min, 80 °C.

Huber, Kleindienst, Bonn, Chromatographia 44 (1997) 438
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Anion‐Exchange Polymer

The IonPac AS4A-SC® packing is a structure
composed of a highly crosslinked core and a
MicroBead™ anion-exchange layer attached
to the surface. The substrate for the IonPac
AS4A-SC column is a 13-μm diameter
microporous resin bead, consisting of
ethylvinylbenzene crosslinked with 55%
divinylbenzene.The anion exchange layer is
functionalized with very hydrophilic
quaternary ammonium groups.

Determination of inorganic anions in drinking 
water sample on an IonPac AS4A-SC column

Organic polymer based stationary phases

Overview

particles monolithsporous non‐porousparticles monoliths
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Historical Abstract
• 1950s, Robert Synge was the first to postulate polymer structures, 

which were similar to what is defined as monolith today

• 1967, Kubin et al., polymerization in a glas column,
poly(2‐hydroxy‐ethyl methacrylate‐co‐ethylene dimethacrylate) 
 low permeability and poor efficiency

• 1970, foam filled columns for GC and HPLC (open pore polyurethane) 
 insufficient mechanical stability, strong swelling

• 1980, Hjerten et al., introduced the concept of compressed gels 
(continuous beds) ‐ copolymerisation of acrylic acid and N,N’‐methylene 
bisacrylamide (efficient separation of proteins) “stationary phases with 
reduced discontinuity” (for single piece polymer)

• mid‐1980, Tennikova et al., short monolithic separation beds 
(copolymerisation of glycidyl methacrylate as monomer and high 
amounts of ethylene dimethacrylate as crosslinker) ‐ arranged in a pile 
or sliced into disks

Historical Abstract
• Svec et al., extended the process to conventional HPLC column 

housings (8 mm I.D.), rigid macroporous polymers with cylindrical 

shape „continuous polymer rods“

• Since 1992, a vast variety of rigid organic monolithic stationary

phases with different chemistry, functionality and column geometry

has been reported for HPLC

• 1993, Kennedy et al. The term monolith, which probably is the most

common expression for the new class of macro‐porous polymers,

was first introduced to describe a single piece of derivatised

cellulose sponge for the fractionation of proteins, but rapidly found

general acceptance.
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Monolithic Structure

Schematic representation of the structure and the morphology of a typical 
monolithic polymer, prepared in a column housing as an unstirred mold.

Organic Monoliths
Styrene monoliths have been prepared by
thermally (AIBN or benzoyl peroxide) initiated
copolymerisation of styrene and divinylbenzene
to result mechanically stable, hydrophobic
column supports for RPC as well as IP‐RP‐HPLC
and CEC application

Methacrylate monoliths have been fabricated by
free radical polymerisation of a number of
methacrylate monomers and crosslinkers, whose
combination allowed the creation of monolithic
columns with different chemical properties (RP,
HIC, HILIC) and functionalities (ion‐exchange,
IMAC, bioreactors).
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Organic Monoliths
Acrylate monoliths have been prepared by free
radical polymerisation of various acrylate
monomers and crosslinkers. The application of
acrylate polymer columns, seem to be more
focussed on CEC than HPLC.

Acrylamide monoliths as well as
methacrylamide monoliths have been
introduced as hydrophilic column support
materials for CEC of small molecules, NPC
supports for the analysis of low‐molecular‐
weight compounds and as HIC supports for
proteins.

O O

O O
O

OO

O

Porosity

• Free space inside the polymer microglobules that precipitate at

early stages of polymerisation as (monomer) swollen globules.

• Free space inside the polymer clusters, arising after chemical linkage

of microglobules in solution.

• Space between the polymer clusters that build the scaffold by

chemical linkage at late stages of polymerisation.

The overall porosity of the monolithic polymer can be influenced and controlled by the
nature and composition of the porogenic solvent as well as the amount of crosslinker.



18.01.2017

115

Organic Monolithic Materials

micropores < 2 nm
mesopores > 2 nm and < 50 nm
macropores > 50 nm

cluster of porous polymer globules

Single piece of porous polymer located inside the confines of a column 
Advantages 
 Reduced resistance to 

mass transfer due to 
convection

 Reduced flow resistance –
high permeabilities

 Easy to prepare – no 
packing required

 High reproducibility, high 
pH stability

 No frits required

 No interparticular voids

typical flow‐channel

 Pressure as the practical 
limit of the performance of 

HPLC

Consequence: Possible Solution:

Improvement of the HPLC 
hardware in terms of pressure 

upper limits

Development of novel HPLC 
stationary phase designs (e.g. 

monoliths)

impossiblepossible

p = 300 bar

Increase the permeability by 
decreasing the solvent viscosity 

(e.g. high temperature)



18.01.2017

116

Why monolithic stationary phases?
Advantages in the Field of Bioanalysis

microporous particles
60 Å < pore diameter < 300 Å

non-porous particles

macroporous particles
500 Å < pore diameter < 4000 Å

Non restricted pore diffusion of high
molecular weight compounds

Increase in average pore size

micropellicular particles
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Types of Monolithic Stationary Phases

Organic and inorganic monoliths complement one another
regarding applicability 

Field of application:

Separation of big molecules:
Proteomics, Genomics

Field of application:

Separation of small molecules:
Metabolomics

Organic
monoliths

styrene or (meth)acrylate
building blocks

Inorganic
monoliths

silane building blocks

Mono-modal pore distribution
of macropores

Bi-modal pore distribution of
flow-channels and mesopores
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Compressed Gels – Continuous Beds

• Hjérten introduced the concept of compressed gels in

the late 1980s, which have also been referred to as

continuous beds

• made significant contributions to a variety of areas in

separation science such as electrophoresis, LC, and

CEC.

• Co‐polymerisation of acrylic acid and N,N’‐methylene bisacrylamide resulted in

highly swollen gels. Despite the high degree of compression, the gels exhibited

good permeability and enabled efficient separation of proteins.

Stellan Hjertén

Acrylate-Based Monoliths
• a pioneer in the discovery and development of porous

polymeric materials and monoliths in particular.

• design of monolithic materials that are structurally

and chemically optimized for various applications:

LC, LC‐MS, CEC, CE, microfluidic chip technology

• polymerization techniques: thermally and photochemically initiated

free radical co‐polymerizations, y‐radiation initiated polymerizations of

different organic precursors (methacrylates, styrenes,…)

• thin layers of porous polymer for thin layer separation followed by

MALDI TOF MS analysis

Svec, F. and Fréchet, J.M.J. Continuous rods of macroporous polymer as high‐performance liquid
chromatography separation media. Anal. Chem. 54, 820‐822, 1992.

Sáfrány A., Beiler B., László K., Svec F., Control of pore formation in macroporous polymers synthesized 
by single‐step g‐radiation‐initiated polymerization and cross‐linking. Polymer 46, 2862‐2871, 2005. 

Frantisek Svec
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Macroporous Monoliths

Effect of gradient on separation of a protein 
mixture using monolithic column  at 100 µL/min.

Examples of monomers used for the 
preparation of rigid porous polymer 

monolithic columns

Comparison of Monolithic and Granular Packings
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PS-DVB monolith, 60  0.20 mm i.d. or PS-DVB-C18, 2.1 µm, 70  0.20 mm i.d.; 3-9%
acetonitrile in 3.5 min, 9-11% in 3.5 min, 11-11.8% (13%) in 4 min in 0.1 M triethyl-
ammonium acetate; 3.3 µL/min; 50 °C; p(dA)12-18, p(dT)12-30, 40-100 fmol each.

Huber et al., Anal. Chem. 71 (1999) 3730
Premstaller et al., Anal. Chem. 72 (2000) 4386.

approx. 40% improvement in column efficiency
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Efficiency with Granular and Monolithic Columns

60 x 0.2 mm, isocratic elution with 
7.6% / 9% acetonitrile in 0.1 M 
triethylamminium acetate, pH 7, 
50 ºC, sample, (dT)16.

simplified van Deemter equation:

H = A + B/u +Cu

A B C

granular 15.7 3.6 13.5

monolithic 3.0 0.9 6.1

Oberacher et al., 
J. Chromatogr. A 1030 (2004) 201

(dT)16
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High-Resolution Bioplymer Separations

Premstaller et al., Anal. Chem. 72 (2000) 4386
Premstaller et al., Anal. Chem. 73 (2001) 2390
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37 DNA fragments
0.1 M TEAA, ACN gradient

IP-RP-HPLCof

98 oligonucleotides
0.1 M TEAA, ACN gradient

RP-HPLC of

85 peptides
0.05%TFA, ACN gradient

RP-HPLC of

16 proteins
0.2%TFA,
ACN gradient
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LC-MS Analysis of -Casein Phosphopeptides 
at High and Low pH

2.7

0
0

15 20 min105

T6
T1-2

TEA-
HOAc
pH 9.2

1.8

0
0

15 20 min105

T6
HFBA
pH 2.4

T1-2:RELEELNVPGEIVESLSSSEESITR, T6:FQSEEQQQTEDELQDK

T6: detectable in positive and negative mode ESI-MS
T1-2: 100 fmol undetectable in positive-, 10 fmol detectable in negative 

ESI-MS

60 x 0.2 mm PS-DVB monolith, 25-min gradient of 0-37.5% acetonitrile in 0.05%
heptafluorobutyric acid or 1% triethylamine-acetic acid, pH 9.2, 2 µL/min; positive or
negative ESI-MS, 100 fmol -Casein digest.

Tholey, et al., Anal. Chem., 77 (2005) 4618-4625

Detection of Nitrated Peptides by LC-MS(MS)
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HPLC-ESI-MS

HPLC-ESI-MSMS (a) Full scan MS, 500-2000 m/z
(b) Data dependent scan with 
dynamic exclusion, 1. full scan, 2. 
product ion scan of most intense 
precursor ion.

PS/DVB monolith, 60 x 0.20 mm i.d.; 
gradient, 0-40 %B acetonitrile in 0.05% 
aqueous trifluoroacetic acid in 20 min, 2 
µl/min; 50 °C;; sample: tryptic digest of 
nitrated bovine serum albumin, 7.5 
pmol.Walcher et al., J. Proteome Res. 2 (2003) 534

Nitration sites in serumalbumin
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LC-MS Analysis of Plant Proteins

PS-DVB-monolith, 60 x 0.20 mm i.d.; 5-25% acetonitrile in 0.05% trifluoroacetic acid 
in 10 min, 25-75 % in 80 min, 2.0 µL/min, 70 °C; 48 ng thylakoid proteins from pea.

Huber et al., Proteomics, 4 (2004) 3909, J. Biol. Chem., 276 (2001) 45755

0 10 20 30 40 50 60 min

700 900 1100 1300 m/z 700 900 1100 1300 m/z

76 proteins detected

47 proteins annotated (63%)

12 s

Mr=53039
PsbQ

Mr=24971
Lhcb1.3

Long and high‐efficiency poly(styrene‐divinyl‐ benzene)
(PS‐DVB), 4.2m 10‐µm‐i.d. porous layer open tubular
(PLOT) capillary columns

Gradient nanoLC/ESI‐MS of a
mixture of BSA tryptic digest
and a‐casein Lys‐C digest.
Flow‐rate: ~20 nL/min.

• Low detection 
levels (attomole to   
sub-attomole)

• peak capacity of 400
• high-resolution LC/MS 
at the ultratrace level.

Open Tubular Monolithic Capillary Columns

Barry L. Karger
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MS/BVPE

p-methylstyrene
1,2-bis(p-vinylbenzylchloride)

MS/BVBDMS

Si

n

m

PA/PDA

p-methylstyrene
bis(p-vinylbenzyl)dimethylsilane

phenyl acrylate
1,4-phenylene diacrylate

COPOLYMERISATION OF

STYRENE RELATED
STRUCTURE

INCLUDE SILANE
CHEMISTRY

AROMATIC ACRY-
LATE SYSTEM

O O

O O
O

OO

O

Novel Monolithic Materials

MONOLITHIC MS/BVPE

 highly crosslinked
 high crosslinking 

homogeneity
due to non-conjugated 
crosslinker

 minimised swelling
 high pressure stability

 Applicable to HPLC

capillary columns
different dimension

80 x 0.2 mm
80 x 0.533 mm

conventional HPLC
columns

90 x 3.0 mm



18.01.2017

123

Monomer
(monofunctional)

Crosslinker
(bifunctional)

Inert diluents (porogens)

Initiator

Bulk polymerisation (in situ)

MONOLITH
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is
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n
p
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s

Monomer to crosslinker ratio
Total monomers to porogen 
ratio
Nature of porogens
Nature of initiator
Amount of initiator
Polymerisation temperature

+

+

Control of 
the porous 
properties

General Manufacturing Process of Monoliths

AIM: Combination of high flow characteristics with separation efficiency

Control the porous properties by:

• Polymerisation temperature
• Monomer to porogen content
• Micro- to macroporogen content
• Initiator content

Optimisation of Monolithic MS/BVPE Capillary Columns

Swift protein 
separations

Efficiency towards 
small biomolecules

e.g. peptides, 
oligonucleotides
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Shift in mesopore range

 Highly permeable support with mesopores

Usual polymerisation
parameters

Polymerisation time as novel
polymerisation parameter

Flow channels get too narrow

 Zero permeable support

L. Trojer, G.K. Bonn Monolithic organic copolymer, 2007, US Appl. Number: 11/551,181

t = 12 ht = 12 ht = 12 h
t = 6 h
t = 12 h
t = 6 h
t = 2 h

t = 12 h
t = 6 h
t = 2 h
t = 1.5 h

t = 12 h
t = 6 h
t = 2 h
t = 1.5 h
t = 1 h

t = 12 h
t = 6 h
t = 2 h
t = 1.5 h
t = 1 h
t = 0.45 h

t = 12 h
t = 6 h
t = 2 h
t = 1.5 h
t = 1 h
t = 0.45 h

Increase in fraction of mesopores

Fraction of flow channels still high

Influence of Porosity 

Impact on the Separation Efficiency of Monolithic MS/BVPE
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Achievable also with commercial monolithic organic capillary columns

Monolithic Separation
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Extended Applicability of the shortly Polymerised Monoliths

 Separation of biopolymers as well as small molecules of various 
polarity can be separated on the same monolithic capillary column
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PEPTIDES PROTEINS

1) Separation efficiency in comparison

Comparison to a Commercial Monolithic Styrene Support

OLIGOS

 Chromatographic performance comparable to 
commercial „state of the art“ styrene monoliths

b0.5: 1.6 – 3.2 s
R: 1.2 – 15.3

b0.5: 1.6 – 3.2 s
R: 1.2 – 16.4

b0.5: 1.4 – 2.5 s
R: 19.0 – 28.3

b0.5: 1.6 – 2.9 s
R: 12.1 – 26.7

b0.5: 2.0 – 2.4 s
R: 1.7 – 2.4

b0.5: 2.4 – 2.8 s
R: 1.6 – 2.2
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2) Permeability in comparison

 Separation efficiency comparable to commercially available
supports, but high permeability enables high speed separations

Comparison to a Commercial Monolithic Styrene Support

252

Monolithic MS/BVPE Capillary Column with Extended Dimension:
FABRICATION OF 0.533 mm I.D. COLUMNS

200 µm I.D.

533 µm I.D.

Downscale factor of ~ 7 by reducing
from 533 to 200 µm I.D.

flow-rate of 533 capillary in
the range of 50-100 µl/min
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Examples of Separation Efficiency of 0.533 mm I.D. Columns 

analyte
tR            

[min]
b0.5          

[min]
b0.5          

[sec]
R 

benzene 2,472 0,07667 4,600 5,752
toluene 3,253 0,07500 4,500 4,932
ethylbenzene 3,908 0,07333 4,400 5,003
propylbenzene 4,535 0,06667 4,000 4,980
butylbenzene 5,122 0,06500 3,900 4,382
pentylbenzene 5,632 0,06500 3,900 4,322
hexylbenzene 6,135 0,06500 3,900

Gradient separations of alkylbenzenes

Chromatographic conditions:

Column:       MS/BVPE, 75 x 0.533 mm I.D.,
Solvents:      A: water, B: ACN,
Gradient:      40 % -100 % B in 5 min and

100 % B for 1 min,
Flow rate: 50 µl/min,
Pressure:       120 bar (@ 40 % B),
Temperature: RT, 
Detection:      UV 210 nm, 
Injection.:      500 nl, 12.5 ng each alkylbenzene

Column prepared by a total
Polymerisation time of

90 min at 65 °C

Alkylbenzene sample dissolved
in 60 % ACN

254

Isocratic separations of alkylbenzenes

Chromatographic conditions:

Column:       MS/BVPE, 75 x 0.533 mm I.D.,
Solvents:      A: water, B: ACN,
Conditions:   isocratic at 65 % B,
Flow rate: 50 µl/min,
Pressure:       95 bar (@ 65  % B),
Temperature: RT, 
Detection:      UV 210 nm, 
Injection.:      500 nl, 12.5 ng each alkylbenzene

Column prepared by a 
total

polymerisation 
time of

90 min at 65 °C

analyte
tR            

[min]
b0.5          

[min]
b0.5          

[sec]
N/meter

H         
[µm]

benzene 1,245 0,05333 3,200 37741 26,50
toluene 1,660 0,07167 4,300 37150 26,92
ethylbenzene 2,182 0,09167 5,500 39235 25,49
propylbenzene 3,048 0,12833 7,700 39065 25,60
butylbenzene 4,448 0,17667 10,600 43896 22,78
pentylbenzene 6,548 0,27500 16,500 39262 25,47
hexylbenzene 10,120 0,44167 26,500 36357 27,51

Alkylbenzene sample dissolved
in 60 % ACN

Examples of Separation Efficiency of 0.533 mm I.D. Columns 
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Gradient separations of parabens

Chromatographic conditions:

Column:       MS/BVPE, 75 x 0.533 mm I.D.,
Solvents:      A: 0.1 % TFA, B: ACN/0.1 % TFA,
Gradient:      20 % -90 % B in 5 min and

90 % B for 1 min,
Flow rate: 50 µl/min,
Pressure:       130 bar (@ 20 % B),
Temperature: RT, 
Detection:      UV 210 nm, 
Injection.:      500 nl, 7.5 - 18 ng each paraben

Column prepared by a total
Polymerisation time of

90 min at 65 °C

analyte
tR            

[min]
b0.5          

[min]
b0.5          

[sec]
R 

methylparaben 1,697 0,05000 3,000 6,396
ethylparaben 2,260 0,04833 2,900 6,726
propylparaben 2,842 0,04833 2,900 6,202
butylparaben 3,388 0,05000 3,000

Paraben sample dissolved
in 60 % MeOH

Examples of Separation Efficiency of 0.533 mm I.D. Columns 

256

Isocratic separations of parabens

Chromatographic conditions:

Column:       MS/BVPE, 75 x 0.533 mm I.D.,
Solvents:      A: 0.1 % TFA, B: ACN/0.1 % TFA,
Conditions:   isocratic at 35 % B,
Flow rate: 50 µl/min,
Pressure:       130 bar (@ 35  % B),
Temperature: RT, 
Detection:      UV 210 nm, 
Injection.:      500 nl, 7.5 - 18 ng each paraben

Column prepared by a 
total

polymerisation 
time of

90 min at 65 °C

Paraben sample dissolved
in 60 % MeOH

analyte
tR            

[min]
b0.5          

[min]
b0.5          

[sec]
N/meter

H         
[µm]

methylparaben 0,837 0,04012 2,407 30140 33,18
ethylparaben 1,168 0,05167 3,100 35386 28,26
propylparaben 1,942 0,09110 5,466 31469 31,78
butylparaben 3,703 0,17880 10,728 29702 33,67

Examples of Separation Efficiency of 0.533 mm I.D. Columns 
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Separation – BVPE - Monoliths

0 1 2 3 4 5

0

5

10

15

20

s
ig

n
a

l 
[m

V
, 

2
1

0
n

m
]

time [min]

et
hy

lb
en

ze
ne

pr
op

yl
be

nz
en

e

bu
ty

lb
en

ze
ne

pe
nt

yl
be

nz
e

he
xy

lb
en

ze
ne

0 1 2 3 4 5

0

5

10

15

20

25

30

si
g

n
a

l [
m

V
, 

2
1

0
n

m
]

time [min]

pr
op

io
ph

en
on

e

bu
ty

ro
ph

en
on

e

v a
le

ro
ph

en
on

e

he
xa

no
ph

en
on

e

he
pt

an
op

he
no

ne

oc
ta

no
ph

en
on

e

ph
en

ol

4-
ni

tr
o 

ph
en

ol

2-
ch

lo
r 

ph
en

ol

2,
4-

di
ni

tr
o 

ph
en

ol

2-
ni

tr
o 

ph
en

ol

0 1 2 3 4

0

1

2

3

4

si
g

n
a

l [
m

V
, 

2
1

0
n

m
]

time [min]

Pi
nd

ol
ol

M
eo

pr
ol

ol

A
lp

re
no

lo
l

P
ro

pr
an

ol
ol

0 1 2 3 4 5

0

2

4

6

8

si
g

n
a

l [
m

V
, 

2
1

0
n

m
]

time [min]

ri
bo

nu
c l

ea
se

 A

cy
to

ch
ro

m
e 

C


-l

a c
ta

l b
um

in

 -
la

ct
o g

lo
b u

li n
 A

o v
al

b u
m

in

ly
s o

cy
m

e

B
SA

Alkyl benzenes Phenols and Phenons

b-blocker Proteins

High-Resolution Separation of dsDNA Fragments 

solvent A: 0.1 M TEAA, pH 7, solvent B:
0.1 M TEAA in 40 % ACN, pH 7, 0-20 % B
in 1 min and 20-40 % B in 7, 80x0.2 mm
I.D., 8 µl/min, 60 °C, UV 254, sample:
p(dT)12-18, ~ 18 fmol each

peak width at half peak height:

1.6 – 1.8 sec.
while still having 
high resolution: 

2.6-2.1
oligothymidylic 

acids

solvent A: 0.1 M
TEAA, pH 7,
solvent B: 0.1 M
TEAA in 40 %
ACN, pH 7, 17-
25 % B in 5 min
and 25-35 % B in
11 min, 80x0.2
mm I.D., 7.5
µl/min, 50 °C,
UV 254, sample:
pBR322
/HaeIII, ~25 ng
total

solvent A: 0.1 M
TEAA, pH 7,
solvent B: 0.1 M
TEAA in 40 %
ACN, pH 7, 0-20
% B in 1 min and
20-60 % B in 10
min, 80x0.2 mm
I.D., 7 µl/min, 50
°C, UV 254,
sample: pBR322
/HaeIII, ~25 ng
total

dsDNA-restriction fragments
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Novel Monolithic Capillary Columns 

Run-to-Run and Long-term Stability

 Stable for at least 100 injections, high run-to-run reproducibility

PROTEINS

OLIGONUCLEOTIDES

Peak 
number

Protein
t R       

[min]

b 0.5      

[s]
R

t R       

[min]

b 0.5      

[s]
R

1 ribonuclease A 1.85 3.80 6.90 1.87 4.10 6.30
2 insulin 2.48 3.20
3 cytochrome c 2.59 3.80 8.18 2.61 4.20 7.23
4 lysozyme 3.05 3.30
5 -lactalbumin 3.45 3.60 5.15 3.42 3.70 5.56
6 BSA 3.67 4.90
7 -lactoglobulin B 3.99 3.80 6.28 4.02 3.90 6.06
8 ovalbumin 4.79 5.20 -- 4.81 5.30 --

Run # 1 Run # 100

analyte
tR

[min]
b0.5

[s] R

separation within

d(pT)12

d(pT)13

d(pT)14

d(pT)15

d(pT)16

d(pT)17

d(pT)18

6.562

6.677
6.790

6.903

7.010

7.127

7.237
0.675

1.590

1.662
1.680

1.698

1.728
1.872

1.890

2.370

2.266
2.242

2.093

2.178
1.960

analyte
tR

[min]
b0.5

[s] R

separation within

d(pT)12

d(pT)13

d(pT)14

d(pT)15

d(pT)16

d(pT)17

d(pT)18

6.462

6.553
6.648

6.747

6.848

6.953

7.057
0.595

1.410

1.488
1.518

1.632

1.692
1.800

1.920

2.104

2.118
2.106

2.036

2.015
1.874

analyte
tR

[min]
b0.5

[s] R

separation within

d(pT)12

d(pT)13

d(pT)14

d(pT)15

d(pT)16

d(pT)17

d(pT)18

6.685

6.795
6.903

7.008

7.113

7.217

7.332
0.647

1.488

1.722
1.698

1.662

1.650
1.908

1.986

2.297

2.116
2.094

2.125

1.959
1.979 In

je
ct

io
n

1
In

je
ct

io
n

35
In

je
ct

io
n 

70

RSD:
< 2 % for tR

< 7 % for b0.5

< 8 % for R
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Batch-to-Batch Reproducibility
Analyte

t R   [min] b 0.5   [s] R t R   [min] b 0.5   [s] R t R   [min] b 0.5   [s] R t R b 0.5 R

ribonuclease A 2.99 5.73 4.37 3.02 5.53 4.61 2.96 5.83 4.65 1.14 2.68 3.38
cytochrome c 3.67 5.30 5.53 3.72 5.07 5.78 3.69 5.30 5.78 0.60 2.58 2.68

-lactalbumin 4.48 5.07 3.36 4.52 4.80 3.52 4.54 5.07 3.42 0.64 3.09 2.27

-lactoglobulin B 5.01 5.90 4.14 5.04 5.57 4.34 5.07 5.97 4.08 0.67 3.69 3.23
ovalbumin 5.77 7.13 -- 5.81 7.03 -- 5.83 7.17 -- 0.55 0.98 --

d(pT)12 2.35 5.11 2.01 2.30 5.30 1.90 2.33 5.60 1.92 1.05 4.72 2.94

d(pT)13 2.64 5.13 1.82 2.59 5.50 1.83 2.63 5.50 1.88 0.98 3.94 1.81

d(pT)14 2.90 5.07 1.82 2.87 5.00 1.84 2.92 5.33 1.83 0.96 3.44 0.65

d(pT)15 3.16 4.83 1.69 3.12 4.67 1.62 3.17 5.00 1.63 1.10 3.45 2.32

d(pT)16 3.39 4.67 1.67 3.33 4.60 1.62 3.41 4.87 1.59 1.26 2.95 2.60

d(pT)17 3.61 4.53 1.49 3.54 4.50 1.47 3.63 4.87 1.48 1.36 4.38 1.05

d(pT)18 3.80 4.53 -- 3.72 4.40 -- 3.83 4.70 -- 1.44 3.31 --

Proteins

Oligonucleotides

Capillary 1 Capillary 2 Capillary 3 Standard deviation [%]

RSD:
< 2 % for tR

< 5 % for b0.5

< 4 % for R

High reproducibility of 
monolith fabrication is given 

Reproducibility of the Crosslinker Synthesis

PROTEINS

OLIGOS

RSD:
< 1 % for tR

< 4 % for b0.5

< 8 % for R
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Summary

Reproducibility in all cases in the same order of magnitude than the 
precision of a typical µ-HPLC system 

CROSSLINKER
REPRODUCIBILITY

Synthesis and purification of 
the crosslinker

RSD:
< 2 % for tR

< 7 % for b0.5

< 8 % for R

RUN-TO-RUN
REPRODUCIBILITY

Longterm stability, 
stability of the support 

under permanent 
pressure conditions

BATCH-TO-BATCH
REPRODUCIBILITY

Fabrication of the 
monolithic capillaries: 

comprises: preparation of 
the polymerisation 

mixtures, filling into the 
capillaries and 
polymerisation 

RSD:
< 2 % for tR

< 5 % for b0.5

< 4 % for R

RSD:
< 1 % for tR

< 4 % for b0.5

< 8 % for R

NOVEL MONOLITHIC MATERIALS

PA/PDA

phenyl acrylate
1,4-phenylene diacrylate

Si

n

m

MS/BVPE MS/BVBDMS

p-methylstyrene
1,2-bis(p-vinylbenzylchloride)

p-methylstyrene
bis(p-vinylbenzyl)dimethylsilane

COPOLYMERISATION OF

STYRENE RELATED
STRUCTURE

INCLUDE SILANE
CHEMISTRY

AROMATIC ACRY-
LATE SYSTEM

O O

O O
O

OO

O
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MONOLITHIC PA/PDA
OH OH

OH

O O

O O
O

OO

O

AROMATIC EDUCTS

MONOLITHIC
AROMATIC
ACRYLATE

COPOLYMER
AROMATIC ACRYLATE

PRECURSORS 

O

O

O

O

O

O

+

Cl

O

Et3N in THF
RT

Porogens, AIBN
DT

G.K. Bonn, S. Lubbad, C.P. Bisjak, Monolithic Organic Copolymer, 2007, US-Patent pending

Retention behaviour (tR) of PROTEINS
comparable on all Monoliths, but peak
sharpness and thus chromatographic
efficiency is improved upon increasing the
monomer/porogen ratio.

tR and chromatographic efficiency of
OLIGONUCLEOTIDES is much more
affected by porosity changes.

PROTEINS

OLIGONUCLEOTIDES

Generally, the higher eP (volume fraction of
pores), the better the chromatographic
efficiency for both, large and small
biomolecules.

OLIGONUCLEOTIDES (small analytes) more
sensitive to porosity changes than
PROTEINS (large analytes).

Effect of Monomer Content on Biopolymer Separation
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Effect of Microporogen Nature on Biopolymer Separation

t R [min] b 0.5 [min] R

d(pT)12 3.10 0.09 2.60

d(pT)13 3.48 0.09 2.49

d(pT)14 3.84 0.09 2.33

d(pT)15 4.17 0.08 2.05

d(pT)16 4.47 0.09 1.90

d(pT)17 4.76 0.09 1.77

d(pT)18 5.03 0.09 -

t R [min] b 0.5 [min] R

d(pT)12 4.34 0.07 2.90

d(pT)13 4.67 0.07 2.64

d(pT)14 4.97 0.07 2.54

d(pT)15 5.25 0.06 2.24

d(pT)16 5.49 0.06 2.15

d(pT)17 5.72 0.06 1.96

d(pT)18 5.93 0.06 -

t R [min] b 0.5 [min] R

d(pT)12 4.43 0.06 3.08

d(pT)13 4.75 0.06 2.78

d(pT)14 5.03 0.06 2.71

d(pT)15 5.29 0.05 2.54

d(pT)16 5.53 0.06 2.30

d(pT)17 5.75 0.06 2.14

d(pT)18 5.95 0.05 -

THF

CH2Cl2

Compound
Toluene

Regarding the separation of
OLIGONUCLEOTIDES, tR,
b0.5 and hence R are strongly
influenced by the nature of
the microporogen that is used
for monolith synthesis.

Changing the MICRO-
POROGEN NATURE enables
the fabrication of monoliths
possessing different porous
properties without changing
the composition of the
polymerisation mixture.

NOVEL MONOLITHIC MATERIALS

Si

n

m

MS/BVBDMS

p-methylstyrene
bis(p-vinylbenzyl)dimethylsilane

MS/BVPE PA/PDA

p-methylstyrene
1,2-bis(p-vinylbenzylchloride)

phenyl acrylate
1,4-phenylene diacrylate

COPOLYMERISATION OF

STYRENE RELATED
STRUCTURE

INCLUDE SILANE
CHEMISTRY

AROMATIC ACRY-
LATE SYSTEM

O O

O O
O

OO

O
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Easy access to different functionalities and 
monolithic materials with different properties

Si ClCl

R2

R1

+
Mg, THF

Cl

MONOLITHIC MS/BVBDMS

Silane Crosslinker

R1: R2:
CH3 CH3

CH3 Phenyl

CH3 H

CH3 C8

CH3 C18

Copolymerisation
with p-methylstyrene

Si

n

m

p-methylstyrene
bis(p-vinylbenzyl)
dimethylsilane

Optimised mixture: 38% (w/w) total monomer content; 13.5% (w/w) microporogen content 

Effect Regarding Chromatographic Performance 
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Separation Examples on Optimised MS/BVBDMS 

PROTEINS PEPTIDES OLIGOS

 High efficiency towards a wide variety of biomolecules 

3.2 s < b0.5 < 5.2 s
2.3 < R < 10.0

Chromatographic parameters:

2.8 s < b0.5 < 4.8 s
1.8 < R < 14.0

2.3 s < b0.5 < 3.8 s
1.7 < R < 1.8

(a) ProSwift WAX-1S (5000x), 
(b) ProSwift SAX-1S (4000x),
(c) ProSwift WCX-1S (4000x), 
(d) ProSwift SCX-1S (5000x)

Ion Exchange Monolithic Columns from Dionex for 
Biomolecule Analysis

SEM Pictures
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Ion Exchange Monolithic Columns from Dionex for 
Biomolecule Analysis
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Effect regarding chromatographic performance 

Experimental and theoretical 
studies of chromatographic 
processes.

Thermodynamics and Kinetics of LC

Georges Guiochon
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Studying the different aspects of thermodynamics and kinetics of LC:

• measure single‐component and competitive equilibrium isotherms

• study of the surface heterogeneity of adsorbents

• analysis of different parameters of the mass transfer kinetics and

investigate the mechanisms involved, e.g., pore and surface diffusion

• study of elution band profiles of compounds from their equilibrium

isotherms and mass transfer kinetics

• Measurement of the axial and radial

temperature profiles of a chromato‐

graphic column; influence of thermal

insulation on column efficiency

Thermodynamics and Kinetics of LC

Conclusion - Monoliths
 Novel monolithic materials present reliable separation platforms for

HPLC, since they offer high mechanical stability and minimised

swelling properties.

 Careful development of the support porosity results capillary columns

with enhanced hydrodynamic properties and separation efficiency

 Introduction of polymerisation time as novel polymerisation

parameter offers a simple and effective tool to control mesoporosity

of organic monoliths

 Adjusting meso‐ and macroporosity among each other widens up the

field of applicability of organic monoliths

 Organic monoliths are excellent for SPE and bioreactor material

 Proteomic, Genomic as well as Metabolomic studies
on one monolithic HPLC column!
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Overview

Silica‐based (oxides)
Organic 

polymer‐based
others

e.g. carbon

Characterisation by chemistry

others
e.g. carbon

Porous Graphitic Carbon

Schematic representation of polar analyte retention in which (a) positive
charge and (b) negative charges approach the graphite surface, resulting in a
charge-induced dipole at the graphite surface

M.T. Gilbert, J.H. Knox and B. Kaur. Porous glassy carbon, a new columns packing material for gas 
chromatography and high-performance liquid chromatography, Chromatographia 16(1982), 138-146 
Pereira L, Porous Graphitic Carbon as a Stationary Phase in HPLC: Theory and Applications Journal of Liquid 
Chromatography & Related Technologies 31 (2008) 1687–1731.

Separation of oligomers 
of k-carrageenan

Surface Comparison Between C18 Bonded Silica and Hypercarb Porous Graphitic Carbon
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Special Polymerization Techniques
Ring opening metathesis polymerisation (ROMP) of norbon‐2‐ene and 1,4,4a,5,8,8a‐

hexahydro‐1,4,5,8‐exo,endo‐dimethanonaphtalene initiated by a Grubbs type catalyst.

B. Mayr, G. Holzl, K. Eder, M.R. Buchmeiser, C.G. Huber. Anal. Chem. (2002), 74, 6080–6087.

Monomers Initiator

oligodeoxynucleotides double‐stranded DNA fragments proteins

Metal-Oxides
Titania, Zirconia, Alumina Advantages

Disadvantages

J. Nawrocki, C. Dunlapb, A. McCormickc and P. W. Carrd, 
Journal of Chromatography A Vol. 1028, Issue 1 (2004), 1-30
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1. Umkehrphasen-HPLC von Phenolen

1. Theoretische Grundlagen

Von Umkehrphasen-Chromatographie spricht man immer dann, wenn die stationäre

Phase weniger polar ist als die mobile Phase. Die am häufigsten verwendete stationäre

Phase sind chemisch gebundene Octadecylketten auf Kieselgel (C18-Säule). Im

Praktikumsbeispiel werden Octylketten an Kieselgelketten gebunden (C8-Säule)

verwendet.

Mit Octadeclyketten bzw. mit Octylketten derivatisiertes Kieselgel 
als stationäre Phasen in HPLC Säulen.

M. Fischnaller, O. Lutz

Chlor- und Nitrophenole entstehen als Neben- oder Endprodukte bei der Synthese 

von organischen Verbindungen als Schadstoffe und müssen insbesondere in Wässern 

bestimmt werden. Als analytische Trennmethoden eignen sich die Gaschromatographie 

oder die Flüssigkeitschromatographie an Umkehrphasen mit UV-Detektion.

1. Umkehrphasen-HPLC von Phenolen

Phenol, 4-Nitrophenol, 2-Chlorphenol, 2-Nitrophenol, 2,4-Dimethylphenol

M. Fischnaller, O. Lutz
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1. Umkehrphasen-HPLC von Phenolen

Das folgende Chromatogramm zeigt die Trennung phenolischer Verbindungen

mittels Umkehrphasenchromatographie.

Lernziele

Ermittlung der Trennleistung einer HPLC-Säule anhand einer Standardmischung,
Berechnung chromatographischer Kenngrößen aus dem Chromatogramm,
Identifizierung chromatographisch getrennter Peaks anhand der Kapazitätsfaktoren.
Herstellung von Kalibrierstandards, Erstellung einer Kalibriergrade, quantitative
Analyse der Probelösung nach der Methode des externen Standards, Auswertung
und Statistik.

M. Fischnaller, O. Lutz

1. Umkehrphasen-HPLC von Phenolen

Aufgaben und Arbeitsvorschrift

Messung bzw. Berechnung der Retentionszeiten tr, der Retentionsfaktoren
(Kapazitätsfaktoren) k‘, der Halbwertsbreiten b1/2 und der Zahl der theoretischen
Böden N der einzelnen Substanzen aus dem Chromatogramm (isokratisch!). Die
Säulentotzeit wird durch Injektion von Thioharnstoff bei einer
Laufmittelzusammensetzung von 90% B bei einem Fluss von 1 mL/min gemessen (drei
Injektionen (Detektion bei 250 nm). In drei Versuchen wird eine
Laufmittelzusammensetzung ermittelt, sodass die fünf Standardsubstanzen mit k-Werten
zwischen 1 und 5 eluieren. 2 µl des Standardgemisches werden injiziert. Die
Retentionszeiten bzw. Retentionsfaktoren werden in einer Tabelle zusammengefasst. Bei
optimierter Laufmittelzusammensetzung wird das Gemisch dreimal unter gleichen
Bedingungen getrennt und analysiert.
Zur qualitativen Analyse werden die Einzelsubstanzen analysiert und deren
Kapazitätsfaktoren berechnet. In gleicher Weise wird die zu analysierende Probe
untersucht und die enthaltenen Phenole anhand ihrer Retentionsfaktoren (k) identifiziert.
Zur quantitativen Analyse werden aus den Stammlösungen Kalibrierlösungen 
hergestellt, die alle fünf  Phenole enthalten (mit Eluent auffüllen). Die Kalibriergerade 
wird aus jeweils drei Injektionen ermittelt und es wird eine Regressionsgerade berechnet. 
Aus drei Injektionen der Probelösung wird die Konzentration der Phenole ermittelt

M. Fischnaller, O. Lutz



18.01.2017

144

Dünnschichtchromatographie

Motivation:

•geringer apparativer Aufwand (billig)

•geringer Zeitaufwand

•hohe Trennleistung

•niedrige Nachweisgrenzen

•hohe Selektivität des Nachweises

Charakteristische Merkmale:

Trennstrecke besteht aus dünner Schicht stationärer Phase, die sich auf 

einer geeigneten inerten Unterlage (Glas, Alu-, Plastikfolie) befindet. Die 

Trennung erfolgt näherungsweise in zweiter Dimension.

Dünnschichtchromatographie (DC) 
Thin-Layer Chromatography (TLC)
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Chromatographisches Arbeiten erfordert folgende Schritte:

• Aufbringen der Probe

• Entwickeln des Chromatogramms (mobile Phase wandert)

• Nachweis der getrennten Substanzen (Detektion)

Jedes chromatographisches System besteht aus:

• der mobilen Phase

• der stationären Phase

• dem zu trennenden Substanzgemisch

Dünnschichtchromatographie (DC) 
Thin-Layer Chromatography (TLC)

• Bezüglich Trennmechanismen: 
am häufigsten Adsorption, Verteilung (ev. auch Ionenaustausch)

• Anwendungsmöglichkeiten: analytisch, mikropräparativ (100 mg 
Maßstab)

• für Trennung größerer Stoffmengen nur wenig geeignet

Dünnschichtchromatographie (DC) 
Thin-Layer Chromatography (TLC)
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Vorteile der DC gegenüber klassischen Methoden zur 

Stofftrennung (Fällen, Kristallisieren, Destillieren, Sublimieren, 

Extrahieren):

•höhere Trennschärfe

•größere Empfindlichkeit

•geringerer Zeitaufwand

•manchmal einfachere Durchführbarkeit

Verhalten von Substanzen in einem gegebenen chromatographischen 

System  spezifische Substanzeigenschaft (Wechselwirkung Analyt-

stationäre- und mobile Phase); geeignet zur Charakterisierung und 

Identifizierung von Substanzen (bzw. Identitätsprüfung)

Dünnschichtchromatographie (DC) 
Thin-Layer Chromatography (TLC)

• Kieselgel
• Aluminiumoxid (basisch, neutral, sauer)
• Kieselgur
• Polyamid  (Nylon, Perlon) 
• Cellulose
• Acetylierte Cellulose 
• Dextrangele
• Stärke

Bezeichnung
G:  mit CaSO4   (~13%) 
H:  ohne Bindemittel
F:  mit Fluoreszenzindikator
P:  für präparative Chromatographie
R:  besonders gereinigt (z.B. für quant. in situ 

Auswertung)
Zahlenangaben:  mittlerer Porendurchmesser in Å 

(z.B.  Typ 60  .....  60 Å)

Dünnschichtchromatographie (DC) 
Thin-Layer Chromatography (TLC)

Sorbentien in der Dünnschichtchromatographie
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Dünnschichtchromatographie (DC) 
Thin-Layer Chromatography (TLC)

Adsorptionskraft des Sorbensmaterials  Aktivität

hängt ab von:

• Teilchengröße (kleine Teilchen  große spezifische 

Oberfläche (z.B. Kieselgel 60: 500 m2/g); in DC ca. 0.5-25 

µm

• Zahl und Durchmesser der Kanäle (Poren), die bei der 

Herstellung entstehen

• Wassergehalt des Sorbens

• Herstellung der Schichten: heute prakt. nur mehr 

industriell

Sorbentien in der Dünnschichtchromatographie

Fließmittel-Auswahl

Lösungsmittel mit definierter Reinheit und definiertem Wassergehalt 

verwenden (p.A.-Qualität)

Methodenentwicklung

• Struktur der Probenmoleküle bekannt → Abschätzung der Polarität

→ Abschätzung der erforderlichen Elutionskraft

• Reihung der Lösungsmittel nach steigender Elutionskraft in 

Verbindung

mit einem bestimmten Sorbens, → elutrope Reihe

• unbekannte Eigenschaften der Analysensubstanz →Auswahl des 

Fließmittels durch „Versuch und Irrtum“

Dünnschichtchromatographie (DC) 
Thin-Layer Chromatography (TLC)

Mobile Phase (Fließmittel oder Laufmittel)



18.01.2017

148

Dünnschichtchromatographie (DC) 
Thin-Layer Chromatography (TLC)

Elutrope Reihe

Dünnschichtchromatographie (DC) 
Thin-Layer Chromatography (TLC)

Etwa 5 - 20 µg Substanz in einem Lösungsmittel, das die Substanz 

gut löst: z.B. Aceton, Methanol, Ethanol, Dichlormethan

0.1 - 5%ige Lösungen, 2 - 20 µl mit Mikropipetten, Mikroliterspritzen 

Belastbarkeit: 10-5  g/g Sorbens

• Entwicklung des Chromatogramms erst nach völligem Abdunsten

des zum Auftragen verwendeten Lösungsmittels

• punktförmiges Auftragen: v.a. in analytischer DC

• strichförmiges (bandförmiges) Auftragen: v.a. in präparativer DC

• Fleckenform und -größe beeinflussen Ergebnis der Trennung

Auftragen der Substanzen
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Dünnschichtchromatographie (DC) 
Thin-Layer Chromatography (TLC)

Detektion

Detektion durch:

• Fluoreszenzmarker 

• UV-Licht (setzt voraus, dass Verbindungen UV-

aktiv sind d.h. konjugierte Doppelbindungen 

C=C, Aromaten,…)

• Derivatisierung (wenn Substanzen nicht UV-

aktiv oder färbig sind) z.B. Ninhydrin

• Anfärbereagenzien (Aufsprühen, Bedampfen, 

Eintauchen,…)

Charakterisierung des 
Migrationsverhaltens

•RF-Wert

•RX-Wert (RSt-Wert)

RF-Wert immer zwischen 0 und 1 

RX-Wert auch > 1 möglich

hRF-Wert = RF-Wert x 100

Dünnschichtchromatographie (DC) 
Thin-Layer Chromatography (TLC)

Analyt

Standard

Fließmittelfront

Startlinie

sx sRef

sf

RF =
sx

sf

RSt =
sx

sRef
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Schichtdicke 0,19 mm 

Fleckdurchmesser 0,3 - 0.5 mm

Teilchen 5 µm

Trennstufenzahl ca. 3 x DC

Trennstrecke 1 – 3 cm

Entwicklungszeit 2 – 3 min

Nachweisgrenze 0,5 – 5 ng (DC: 5 – 50 

ng)

Dünnschichtchromatographie (DC) 
Thin-Layer Chromatography (TLC)

Hochleistungs-Dünnschichtchromatographie
High Performance Thin Layer Chromatography (HPTLC)

 kleinere Korngröße, engere Korngrößenverteilung, homogenere 
Schichtdicke, Automatisierbarkeit!
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Nernst distribution coefficient

Konzentration des Analyten in der stationären 
Phase

Konzentration des Analyten in der mobilen Phase
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Je länger ein Stoff in der stationären Phase verbleibt, desto größer wird der

Kapazitätsfaktor und damit auch die Retentionszeit des Analyten. Der

Kapazitätsfaktor gibt an, um wieviel länger sich Moleküle an der stationären

Phase im Vergleich zur mobilen aufhalten. Mit Bruttoretentionszeit (tR) und

Totzeit (t0) gilt:

Ein hoher Kapazitätsfaktor beschreibt ein hohes Retentionsverhalten! 

Kapazitätsfaktor 
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Oasis Material (Waters)

Example

Oasis Material (Waters)
Alternative to C18
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IMAC
Immobilized metal-ion chromatography

Example

for specific binding of phosphopeptides!

Immobilized metal ion/Metal Chelate affinity chromatography is separation
technique that is based on coordinate covalent binding between proteins and
metal ions. Proteins have a wide variety of amino acids composition which, in
effect, generates a range of different affinities towards metal ions. However, not
many naturally occurring proteins have affinity for metal ions, so the technique is
mainly used to purify recombinant proteins. For example proteins can be
engineered to contain a poly-histidine tail (histidine can generally act as a ligand
towards divalent metal cations). If the stationary phase is immobilized with
divalent metal cations, a mixture of proteins can be separated based on their
ability to interact with the metal ions. Those proteins containing a higher number
of histidine residues would be able to bind to the column more tightly than those
with fewer histidine residues.

Several different types of immobilized metal ion column have been developed
to separate various proteins (e.g. Fe, Co, Cd, Ni, or Zn). Protein separation in
IMAC generally depends on the strength of the metal ion-protein bond. Thus,
choosing the type of immobilized ion is crucial to the success protein separation.
By far the most widely-used technique is to use an immobilized nickel column,
and to engineer poly-histidine tags of six or more residues onto the recombinant
proteins of interest. One thing to keep in mind is that the binding between metal
ion and protein must be reversible, allowing elution of bounded protein at later
steps. Three different elution strategies can be applied to IMAC competitive
elution, stripping elution and pH Adjustment.
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MACHEREY-NAGEL´s concept

Protino Ni-IDA/TED

Protino Ni-IDA/TED – purification of His-tag proteins

Protino Ni-TED

Protino Ni-IDA

MOAC
Metal Oxide Affinity Chromatography

O O
P

O OR

TiO2 TiO2

Mechanism: Bridging Bidentate

for specific binding of phosphopeptides!

Example
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DHB as “excluder“ or “displacer“
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Karl Mechtler et. al

poly(divinylbenzene)

TiO2 < 100 nm 

ZrO2 < 100 nm 

Preparation of - Hollow MonolithTM

O O
P

O OR

TiO2 TiO2

Mechanism: Bridging Bidentate

Hollow MonolithTM

Example
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Enrichment of Phosphopeptides

... embedded
TiO2/ZrO2

... Phosphorylated Peptides

Enrichment of in vitro phosphorylated ERK1 digest

MALDI MS spectra:

1.) before enrichment (A) 

2.) after enrichment with 
poly(DVB)-TiO2/ZrO2 tips (B) 

Signals at m/z 2252.25 and 
m/z 2332.23 correspond to 
phosphorylated peptides

Collaboration with  Prof. Lukas 
Huber, Biocenter - Innsbruck
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Mono-phosphorylated peptide 
(m/z 2252.25) identified as 
RIADPEHDHTGFLTEpYVATRW 
(SwissProt as database)

MS/MS analysis of enriched 
phosphopeptides from ERK1 digest

Identification of in vitro phosphorylated ERK1
MS/MS Analysis

Activating: ACN/0.1% TFA twice 

Equilibrating: 1) H2O/0.1% TFA two 
times.   2)50% ACN/0.1% TFA containing 
DHB (20 mg/mL)

Loading: 50% ACN/0.1% TFA containing 
DHB (20 mg/mL)

Washing:  50% ACN/0.1% TFA 
containing DHB (20 mg/mL) ,x5
Additionally, two washing steps with 
80% ACN/0.1% TFA and one                   
washing step with deionized water 
were performed.

Eluting: 20% ACN/ 50 mM H3PO4,  ca 1% 
NH4OH (pH 10.5) 

matrix composition:
10 mg/ml DHB
80% ACN
0.2% H3PO4
1 % TFA

0

1

2

3

4

5

4x10
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te

n
s.

 [a
.u

.]

2567.319

1709.807

1502.872

2963.477

2647.348
1993.086

2077.040
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4x10
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.]

Sample before enrichment

Sample after Ti/Zr-Tip
enrichment.
8 P-peptides detected

2586.314

ZipTip-MC tips,
4 P-peptides detected

2647.115
1

2

3

4

5

In
te

n
s.

 [a
.u

.]

1400 1600 1800 2000 2200 2400 2600 2800

m/z

1501.669

1992.682

2587.218

x104

0

8 phosphopeptides in p57 protein could be detected  after Ti/Zr-
Tip enrichment, only 4 with ZipTip MC IMAC
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1‐ 21                 2567 GSYPYDVPDYASLEFTVLRPR           phosphorylated
1‐ 21                 2646  GSYPYDVPDYASLEFTVLRPR      2xphosphorylated

Collaboration with  Biocenter Innsbruck

P57 peptides detected after phosphopeptides enrichment
#1_2183_ xxxxxx_HAp57wt +src _TiZr

Start - End     Observed    Mr(expt)   Mr(calc)     Delta   Miss Sequence
32 - 44     1485.7451  1484.7378  1484.7260     0.0119     0  R.SLFGPVDHEELSR.E 
50 - 60     1272.6811  1271.6738  1271.6106     0.0633     0  R.LAELNAEDQNR.W 
50 - 72     2883.3306  2882.3234  2882.2929     0.0304     1  R.LAELNAEDQNRWDYDFQQDMPLR.G Oxidation (M) 
50 - 72     2963.3517  2962.3444  2962.2593     0.0852    1  R.LAELNAEDQNRWDYDFQQDMPLR.G Oxidation (M); Phospho (Y) 
61 - 72     1709.6695  1708.6622  1708.6593     0.0029     0  R.WDYDFQQDMPLR.G Oxidation (M); Phospho (Y) 
61 - 76     2076.8559  2075.8486  2075.8561    -0.0075     1  R.WDYDFQQDMPLRGPGR.L Oxidation (M); Phospho (Y) 
77 - 92     1912.9939  1911.9867  1911.9003     0.0864     0  R.LQWTEVDSDSVPAFYR.E 
77 - 92     1992.9086  1991.9013  1991.8666     0.0347     0  R.LQWTEVDSDSVPAFYR.E Phospho (Y) 

266 - 278    1502.7793  1501.7721  1501.7582     0.0139     1  K.KLSGPLISDFFAK.R Phospho (ST) 
287 - 312    2587.1004  2586.0931  2586.1422    -0.0490     0  K.SSGDVPAPCPSPSAAPGVGSVEQTPR.K Phospho (ST) 

Automation of Sample Preparation

• Specific enrichment
• Purification
• Desalting

1. sample loading

laser

2. sample spotting

3. sample analysis 4. data processing

A collaboration with PhyNexus Inc., San Jose, CA, USA 
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α-casein
Phospho TiZr
TiO2/ZrO2
PhyNexus

ZipTip
MC-Fe3+

Millipore

MonoTip
TiO2

GL Sciences

TopTip
TiO2

Glygen

TopTip
ZrO2

Glygen

total number of
phosphopeptides 20 7 11 11 9

ß-casein
Phospho TiZr
TiO2/ZrO2
PhyNexus

ZipTip
MC-Fe3+

Millipore

MonoTip
TiO2

GL Sciences

TopTip
TiO2

Glygen

TopTip
ZrO2

Glygen

total number of
phosphopeptides 5 4 5 2 1

Comparative study with commercial products

+

+

[60]fullerenoacetyl
chloride
[811,96]

[60]epoxy fullerene
[736,64]

aminopropyl
Silica fullerene bonded Silica

aminopropyl
Silica

CH C

O

Cl

O

SiHO

SiOH2N Si

OH

OH

SiHO

SiHO

SiON
H

CH C

O

Si

OH

OH

SiOH2N Si

OH

OH

SiHO

SiOH2N Si

OH

OH

SiHO

N
H

OH

SiHO

SiHO

SiOSi

OH

OH

Synthesis of C60-Silica

Fullerene C60-amino silica

fullerene bonded Silica

Example
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peptides with multiple phosphorylations – MS

monophosphorylated 
peptides

 Single negatively charged group
 higher charge states in positive 

ionization mode
 Single loss of phosphoric acid

peptides with multiple

phosphorylated amino acids

 multiple negatively charged 
moieties

 low charge states preferred

 multiple losses of phosphoric 
acid occur

P
O
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O
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N
O

N
O

N
O

N
O
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O
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O

N
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O
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O
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O
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P
O
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O

O

P
O

OH

O

O

N
O

N
O

N
O

N
O

N
O

N
O

N
O

N
O

N
O

N
O

Enrichment and Separation of Mono- from Multi-
phosphorylated Peptides Utilizing C60-fullerene silica

peptides bind to 
C60-fullerene silica

11

22

Elution of multi-
phosphorylated 
peptides with 0.1 M 
NH4OH

33
Elution of mono-
phosphorylated 
peptides with 20% 
ACN and 1% TFA

44

Elution of non-
phosphorylated 

peptides with 80% 
ACN and 1 % TFA



18.01.2017

172

Figure 1: Batch experiment, 

(A) fractionation of multi-

phosphorylated peptide by 

elution with 0.1 M NH4OH 

and (B) fractionation of mono-

phosphorylated peptide by 

elution 1% TFA in 20% ACN

Enrichment and Separation of Mono- from Multi-
phosphorylated Peptides Utilizing C60-fullerene silica

Elution with 0.1 M NH4OH

Elution with 1% TFA in 20% ACN

Elution with 1% TFA in 80% ACN

Enrichment and Separation of Mono- from Multi-
phosphorylated Peptides Utilizing C60-fullerene silica

α-casein tryptic digest 
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Desalting of Proteins – Why?

Spin Columns

C18-reversed phase

dialysis

Extraction Tips

Spin Columns

ZipTips (Millipore)

N
H

OH

SiHO

SiHO

SiOSi

OH

OH

Fullerene C60-Silica 
for Desalting Biological Samples

Proteines

MALDI-MS spectra of the peptides and proteins which were eluted from 
Kovasil 300 Å C60-Silica 

breakthrough breakthrough

sample sample

elution elution

Peptides

immobilization washing elution

before

supernatant

elution

before

supernatant

elution



18.01.2017

174

C60-amino-
silica

Vallant Rainer M; Szabo Zoltan; Bachmann Stefan; Bakry Rania; Najam-ul-Haq Muhammad; Rainer Matthias; Heigl 
Nico; Petter Christine; Huck Christian W; Bonn Gunther K.  Analytical chemistry  (2007),  79(21),  8144-53. 

Fullerene C60-amino silica for Desalting

C60-Amino Silica vs. ZipTip® C18 (Millipore)

ZipTips C18
supernatant

ZipTips C18
elution

11
40

.5
2

1.0

2.0

3.0

4.0

0.0

0.2

0.4

0.6

0.8
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0.0
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n
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. [

a.
u

.]

m/z

Phosphopeptide in supernatant
No immobilization on commercial 
ZipTip ® (Millipore)

Phosphopeptide removed after washing
No immobilization of phosphopeptide

C60-Amino Silica
supernatant

C60-Amino Silica
elution

1.0

2.0

3.0

4.0

5.0

11
40

.4
9
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0.05

0.10

0.15

0.20

0.25

1110 1120 1130 1140 1150 1160 1170 1180

0.0

No Phosphopeptide in supernatant
Quantitative binding of phosphopeptide
on C60-Amino Silica

Phosphopeptide eluted from 
C60-Amino Silica

Desalting of hydrophilic Phosphopeptides
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Aufgabe 1

Analyt: Disaccharide

Welche Festphase? Warum?

Aufgabe 2

Analyt: Proteine

Welche Festphase? Warum?
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Aufgabe 3

Analyt: Pestizide

Welche Festphase? Warum?
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Chromatographische Parameter

• Van Deemter Gleichung:

beschreibt Zusammenhang zwischen Bodenhöhe und Fließgeschwindigkeit der 
mobilen Phase

H = A +     + C·u
u

B

flow rate [mm/s]

H
E

T
P 

[µ
m

]

A

Cu

B/u

H = A + B/u + Cu

Van Deemter Gleichung



18.01.2017

178



18.01.2017

179

Daten für typische Gaschromatographiesäulen 
(Quelle Wortmann und De Giacomo – ETH Zürich)

Aufbau eines Gaschromatographen
(Quelle: hiq.linde-gas.com)



18.01.2017

180

Einfluss der Temperatur auf die GCGC mit Temperaturprogramm 
Trennung von Gemischen mit großem Siedepunktsbereich 

(Quelle Wortmann und De Giacomo – ETH Zürich)

Quelle: http://teaching.shu.ac.uk/hwb/chemistry/tutorials/chrom/gaschrm.htm
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Wärmeleitfähigkeitsdetektor 
(Quelle Wikipedia)

Elektroneneinfangdetektor 
(Quelle Wikipedia)
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Charakteristische Kenngrößen in einem Chromatogramm 
(Quelle Wortmann, De Quiacomo ETH Zürich)

Typische Peakformen in der Chromatographie, Quelle Wortmann, De 
(Quiacomo ETH Zürich)
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Typischer Verlauf der Van-Deemter-Kurve für eine Kapillarsäule 
(Quelle http://www.chemgapedia.de)

Gelelektrophorese
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Structure of the Repeating Unit of 
Agarose, 3,6-anhydro-L-galactose

Basic disaccharide 
repeating units of 
agarose,

G: 1,3-β-d-galactose 

and 

A: 1,4-α-l-3,6-
anhydrogalactose

Gel Structure of Agarose
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Crosslinking Acrylamide Chains

Improvements in 2D-PAGE

-+

- IPG (Immobilised Ph Gradient)  strips for the first  dimension
pH-forming chemical groups are grafted onto the 
polyacrylamide matrix, creating a mechanically stable  pH gradient

+ +  mechanical stability
+ +  reproducibility
+ +  loadable amounts
+ +  „zoom“ pI ranges

pH 3.0                                        10.0

1st dimension
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Protein sample can be applied at sample application well following 
the rehydration step if the protein sample was not included in the 
rehydration solution. 

Place assembled strip holder on electrophoresis platform 
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Equilibration step 1 : 
• SDS
• Buffer pH 6.8
• DTT (reduce –S-S-)
• Iodoacetamide 
(alkylate –S-S-)

After IEF : equilibration and 2nd dimension

+ -

6.5 103.0 5.5 8.5

pI

100

75

50

37

20
10

150

kDa

Size

horizontal gel electrophoresis
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Electrophoresis Equipment

Vertical gel 

Electrophoresis Equipment

Combs are used to put wells in the cast gel for 
sample loading.

– Regular comb: wells separated by an “ear” of gel

– Houndstooth comb: wells immediately adjacent
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+-

Electrolyte solution

Power 
supply

C A

Detector

Capillary

Electrodes

Data handling 
and instrument 
control device 

SEPARATION MODES IN CE

R

Qeff
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+ + + + + +
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additives
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-

+
-

analyte
E

cations

fused-silica capillary wall

[H3O+]

[H3O+]

Influence of the composition 
of BGE on electrophoretic 
mobility and EOF

+

+

-

-

- -

--
EOF

+-

Electrolyte solution

Power 
supply

C A

Detector

Capillary

Electrodes

Data handling 
and instrument 
control device 
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N+ CH2(CH2)3CH3

H3C(H2C)3H2C

H3C(H2C)3H2C

H3C(H2C)3H2C

CH3SO3
-

N

N+

CH3

CH2CH2CH2CH3

BF4
-
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Secondary Equilibrium in Solution
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 DAD1 A, Sig=214,20 Ref=off (ASSEGN~1\FLAVON~1\MIX_FL~1\FLAV005.D) 
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pH 9.5

1. trans-piceide, 2. trans-resveratrol, 
3. rutin, 4. naringenin, 5. chlorogenic 
acid, 6. kaempferol, 7. ferulic acid, 8. 
myricetin, 9. cumaric acid, 10. 
quercitin, 11. caffeic acid.

CZE of phenolic 
compounds

BGE, 50 mM borate buffer ; applied 
voltage 25.0 kV; cathodic detection at 
214 nm; temperature of the capillary 
cartridge, 25°C.
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CZE stilbenes in sample of skin berries of grape Malvasia

BGE, 50 mM borate buffer, pH=9.5, 5% (v/v) CH3CH2OH

IMC – Chromatography & Capillary Electrophoresis Unit 
URL: www.imc.cnr.it/ChromatographyCorradiniUnit.html
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Detector

Pump

+-
Power 
supply

 

Detector

Complementarity between CZE 
and RP-HPLC in phytoanalysis

ferulic acid

rutinchlorogenic acid
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RP-HPLC
Gradient elution of 
phenolic compounds: 

influence of organic 
modifier

CH3CN

CH3OH
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1. Chlorogenic acid,     
2. Caffeic acid,              
3. Ferulic acid,              
4. Rutin,                         
5. Myricetin,                  
6. Quercetin,                   
7. Kaempferol
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Minutes

0,0 2,5 5,0 7,5 10,0 12,5 15,0 17,5 20,0 22,5 25,0 27,5 30,0 32,5 35,0

m
A

U

0
1

00
2

00
30

0
4

00
50

0
60

0

m
A

U

0

100

200

300

400

500

600
Detector B-350 nm
mix composti fenolici 
89

RP-HPLC
Gradient elution of 
phenolic compounds: 

influence of organic 
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1. Chlorogenic acid,     
2. Caffeic acid,              
3. Ferulic acid,              
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5. Myricetin,                  
6. Quercetin,                   
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Minutes

0,0 2,5 5,0 7,5 10,0 12,5 15,0 17,5 20,0 22,5 25,0 27,5 30,0 32,5 35,0

m
A

U

0
1

00
20

0
3

00
40

0
5

00
60

0

m
A

U

0

100

200

300

400

500

600
Detector B-350 nm
mix  7composti fenolici
100

1
2 3 4 5 6

7
2-propanol

RP-HPLC
Gradient elution of 
phenolic compounds: 

influence of organic 
modifier

Minutes

0,0 2,5 5,0 7,5 10,0 12,5 15,0 17,5 20,0 22,5 25,0 27,5 30,0 32,5 35,0

m
A

U

0
1

00
20

0
3

00
40

0
5

00
60

0

m
A

U

0

100

200

300

400

500

600
Detector B-350 nm
mix 7 composti fenolici
91

Minutes

0,0 2,5 5,0 7,5 10,0 12,5 15,0 17,5 20,0 22,5 25,0 27,5 30,0 32,5 35,0

m
A

U

0
1

00
2

00
30

0
4

00
50

0
60

0

m
A

U

0

100

200

300

400

500

600
Detector B-350 nm
mix 7, composti fenolici
94

1. Chlorogenic acid,     
2. Caffeic acid,              
3. Ferulic acid,              
4. Rutin,                         
5. Myricetin,                  
6. Quercetin,                   
7. Kaempferol
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