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separation methods B – syllabusseparation methods B – syllabus
I.I.I.I.

separation of macromolecules (SM)separation of macromolecules (SM)
:: definition of macromolecule and its descriptiondefinition of macromolecule and its description
separation of macromolecules (SM)separation of macromolecules (SM)
:: definition of macromolecule and its descriptiondefinition of macromolecule and its description: : definition of macromolecule and its descriptiondefinition of macromolecule and its description
: : separation using molecular sieves (SEC)separation using molecular sieves (SEC)
: : separation by fieldseparation by field--flow (FFF)flow (FFF)

: : definition of macromolecule and its descriptiondefinition of macromolecule and its description
: : separation using molecular sieves (SEC)separation using molecular sieves (SEC)
: : separation by fieldseparation by field--flow (FFF)flow (FFF)

gas chromatographygas chromatography
:: description of GC as continuous extractiondescription of GC as continuous extraction
gas chromatographygas chromatography
:: description of GC as continuous extractiondescription of GC as continuous extraction: : description of GC as continuous extractiondescription of GC as continuous extraction
: : special practical aspects of GCspecial practical aspects of GC

:::: injection, detectioninjection, detection

: : description of GC as continuous extractiondescription of GC as continuous extraction
: : special practical aspects of GCspecial practical aspects of GC

:::: injection, detectioninjection, detection

electromigration methods (EMM)electromigration methods (EMM)
:: separation by different migration in electromagnetic fieldseparation by different migration in electromagnetic field
electromigration methods (EMM)electromigration methods (EMM)
:: separation by different migration in electromagnetic fieldseparation by different migration in electromagnetic field: : separation by different migration in electromagnetic fieldseparation by different migration in electromagnetic field
: : capillary and slab techniquescapillary and slab techniques
: : combination with chromatographycombination with chromatography

: : separation by different migration in electromagnetic fieldseparation by different migration in electromagnetic field
: : capillary and slab techniquescapillary and slab techniques
: : combination with chromatographycombination with chromatography
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separation methods – overviewseparation methods – overview

separationseparation
principleprinciple

method 1) method 1) –– two phasestwo phases method 2) method 2) –– one phaseone phase

transport transport concentrationconcentrationpp
barrierbarrier differencedifference

volatilityvolatility distillationdistillation

solubilitysolubility zone refiningzone refining crystalisationcrystalisation

distribution distribution extraction, distributive extraction, distributive 
constantconstant chromatography (LL, GL)chromatography (LL, GL)
exchange exchange 
equilibriumequilibrium

ion exchange and affinity ion exchange and affinity 
chromatographychromatographyequilibriumequilibrium chromatographychromatography

surface activitysurface activity adsorption chromatography adsorption chromatography 
(LS, GS)(LS, GS)

foam foam 
fractionationfractionation( )( )

geometry of geometry of 
moleculesmolecules

molecular molecular 
sievesieve

electromigrationelectromigration electrophoresiselectrophoresis
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SM historySM history
1556155615561556

separation of macromoleculesseparation of macromoleculesseparation of macromoleculesseparation of macromolecules

1870187018701870

15561556

AgricolaAgricola :: separationseparation ofof goldgold usingusing gravitygravity inin aa flowflow ofof waterwater

15561556

AgricolaAgricola :: separationseparation ofof goldgold usingusing gravitygravity inin aa flowflow ofof waterwater

18701870

LordLord RayleighRayleigh :: basicbasic theorytheory onon lightlight scatteringscattering onon smallsmall particlesparticles

18701870

LordLord RayleighRayleigh :: basicbasic theorytheory onon lightlight scatteringscattering onon smallsmall particlesparticles

19401940

DebyeDebye andand ZimmZimm;; theorytheory onon lightlight scatteringscattering onon largelarge particlesparticles

19401940

DebyeDebye andand ZimmZimm;; theorytheory onon lightlight scatteringscattering onon largelarge particlesparticles

19551955

LindquistLindquist andand StorgardsStorgards :: gelgel filtrationfiltration onon starchstarch ( molecular( molecular sieving“)sieving“)

19551955

LindquistLindquist andand StorgardsStorgards :: gelgel filtrationfiltration onon starchstarch ( molecular( molecular sieving“)sieving“)

1959195919591959

LindquistLindquist andand StorgardsStorgards :: gelgel filtrationfiltration onon starchstarch („molecular(„molecular sieving )sieving )LindquistLindquist andand StorgardsStorgards :: gelgel filtrationfiltration onon starchstarch („molecular(„molecular sieving )sieving )

1961196119611961

PorathPorath andand FlodinFlodin :: gelgel filtrationfiltration onon crosscross--linkedlinked dextransdextrans (Sephadex)(Sephadex)
((GPCGPC))

PorathPorath andand FlodinFlodin :: gelgel filtrationfiltration onon crosscross--linkedlinked dextransdextrans (Sephadex)(Sephadex)
((GPCGPC))

19611961

HjerténHjertén :: useuse ofof syntheticsynthetic gelsgels asas stationarystationary phasesphases :: polyacrylamidepolyacrylamide

19611961

HjerténHjertén :: useuse ofof syntheticsynthetic gelsgels asas stationarystationary phasesphases :: polyacrylamidepolyacrylamide
4444



19621962

PedersenPedersen :: proteinprotein separationseparation onon smallsmall glassglass spheresspheres ((HDCHDC))

19621962

PedersenPedersen :: proteinprotein separationseparation onon smallsmall glassglass spheresspheres ((HDCHDC))

19641964

Hj téHj té ff t lt l ll t tit ti hh

19641964

Hj téHj té ff t lt l ll t tit ti hh

PedersenPedersen :: proteinprotein separationseparation onon smallsmall glassglass spheresspheres ((HDCHDC))PedersenPedersen :: proteinprotein separationseparation onon smallsmall glassglass spheresspheres ((HDCHDC))

HjerténHjertén :: useuse ofof naturalnatural gelsgels asas stationarystationary phasesphases :: agaroseagaroseHjerténHjertén :: useuse ofof naturalnatural gelsgels asas stationarystationary phasesphases :: agaroseagarose

1966196619661966

GiddingsGiddings :: descriptiondescription ofof FFFFFF methodmethod principlesprinciplesGiddingsGiddings :: descriptiondescription ofof FFFFFF methodmethod principlesprinciples

1969196919691969

DiMarzioDiMarzio andand GuttmanGuttman :: theorytheory ofof stericsteric exclusionexclusion forfor SECSECDiMarzioDiMarzio andand GuttmanGuttman :: theorytheory ofof stericsteric exclusionexclusion forfor SECSEC

197019701970197019701970

firstfirst commercialcommercial instrumentinstrument usingusing lightlight scatteringscattering forfor molmol.. massmass characterisationcharacterisation

19701970

firstfirst commercialcommercial instrumentinstrument usingusing lightlight scatteringscattering forfor molmol.. massmass characterisationcharacterisation

19741974

SmallSmall :: firstfirst HDCHDC experimentsexperiments onon nonnon--porousporous sorbentsorbent

19741974

SmallSmall :: firstfirst HDCHDC experimentsexperiments onon nonnon--porousporous sorbentsorbent

19781978

NoelNoel :: particleparticle separationseparation inin emptyempty capillarycapillary ((capillarycapillary HDCHDC))

19781978

NoelNoel :: particleparticle separationseparation inin emptyempty capillarycapillary ((capillarycapillary HDCHDC)) 5555



theoretical base of SMtheoretical base of SMtheoretical base of SMtheoretical base of SM

what is that macromolecule?what is that macromolecule?what is that macromolecule?what is that macromolecule?
molecule of Mmolecule of MWW >10 000>10 000molecule of Mmolecule of MWW >10 000>10 000WW

synthetic polymerssynthetic polymerssynthetic polymerssynthetic polymers
monomer oligomer (10monomer oligomer (10 100) pol mer100) pol mermonomer oligomer (10monomer oligomer (10 100) pol mer100) pol mer

homopolymershomopolymers (PE,(PE, PP,PP, PS,PS, PTFEPTFE......))homopolymershomopolymers (PE,(PE, PP,PP, PS,PS, PTFEPTFE......))

monomer, oligomer (10 monomer, oligomer (10 –– 100), polymer100), polymermonomer, oligomer (10 monomer, oligomer (10 –– 100), polymer100), polymer

[ ]MnM →p yp y ( ,( , ,, ,, ))
:: oneone repeatedrepeated unitunit (monomer)(monomer)

p yp y ( ,( , ,, ,, ))
:: oneone repeatedrepeated unitunit (monomer)(monomer)

linearlinear branchedbranchedlinearlinear branchedbranched

[ ]nMnM →

linearlinear branchedbranchedlinearlinear branchedbranched

[   ]n[   ]n

heteropolymersheteropolymers
:: moremore ofof differentdifferent unitsunits
heteropolymersheteropolymers
:: moremore ofof differentdifferent unitsunits:: moremore ofof differentdifferent unitsunits:: moremore ofof differentdifferent unitsunits
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biologicalbiological polymerspolymersbiologicalbiological polymerspolymers
MMWW ≈≈ 1010 000000 –– 11 000000 000000

:: proteinsproteins
tiditidi b db d 2121 t lt l ii idid (S(S M t)M t)

MMWW ≈≈ 1010 000000 –– 11 000000 000000

:: proteinsproteins
tiditidi b db d 2121 t lt l ii idid (S(S M t)M t)peptidicpeptidic bond,bond, 2121 naturalnatural aminoamino acidsacids (Se(Se--Met)Met)

complicatedcomplicated complexescomplexes ofof differentdifferent units,units, ee..gg.. haemhaem ++ globinglobin

:: glycanaglycana (polysaccharides(polysaccharides oligosaccharides)oligosaccharides)

peptidicpeptidic bond,bond, 2121 naturalnatural aminoamino acidsacids (Se(Se--Met)Met)
complicatedcomplicated complexescomplexes ofof differentdifferent units,units, ee..gg.. haemhaem ++ globinglobin

:: glycanaglycana (polysaccharides(polysaccharides oligosaccharides)oligosaccharides):: glycanaglycana (polysaccharides,(polysaccharides, oligosaccharides)oligosaccharides)
(starch,(starch, glycogen,glycogen, chitin,chitin, cellulose,cellulose, dextrans,dextrans, pullulans)pullulans)

:: nucleicnucleic acidsacids (polynucleotides(polynucleotides oligonucleotides)oligonucleotides)

:: glycanaglycana (polysaccharides,(polysaccharides, oligosaccharides)oligosaccharides)
(starch,(starch, glycogen,glycogen, chitin,chitin, cellulose,cellulose, dextrans,dextrans, pullulans)pullulans)

:: nucleicnucleic acidsacids (polynucleotides(polynucleotides oligonucleotides)oligonucleotides):: nucleicnucleic acidsacids (polynucleotides,(polynucleotides, oligonucleotides)oligonucleotides)
nucleotidenucleotide == phosphatephosphate ++ nucleosidenucleoside
nucleosidenucleoside == saccharidesaccharide ++ basebase

:: nucleicnucleic acidsacids (polynucleotides,(polynucleotides, oligonucleotides)oligonucleotides)
nucleotidenucleotide == phosphatephosphate ++ nucleosidenucleoside
nucleosidenucleoside == saccharidesaccharide ++ basebase

DNADNA –– saccharidesaccharide –– deoxyribosedeoxyribose
RNARNA –– saccharidesaccharide –– riboseribose
DNADNA –– saccharidesaccharide –– deoxyribosedeoxyribose
RNARNA –– saccharidesaccharide –– riboseribose

surfacesurface forcesforces (surface(surface charge,charge, ionicionic strengthstrength ofof surround)surround)surfacesurface forcesforces (surface(surface charge,charge, ionicionic strengthstrength ofof surround)surround)

primaryprimary ⇒⇒ secondary,secondary, tertiary,tertiary, ternaryternary structurestructure –– nativenative formformprimaryprimary ⇒⇒ secondary,secondary, tertiary,tertiary, ternaryternary structurestructure –– nativenative formform
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description of macromoleculedescription of macromoleculedescription of macromoleculedescription of macromolecule
macroscopic formsmacroscopic formsmacroscopic formsmacroscopic forms

rodrodrodrod

macroscopic formsmacroscopic formsmacroscopic formsmacroscopic forms

randomrandom coilcoilrandomrandom coilcoil
spherespherespheresphere

si e of macromolec lesi e of macromolec lesi e of macromolec lesi e of macromolec lesize of macromoleculesize of macromoleculesize of macromoleculesize of macromolecule
flexible moleculeflexible moleculeflexible moleculeflexible molecule contour lengthcontour length ((LL))contour lengthcontour length ((LL))

lnL ∗= nn –– number of bondsnumber of bondsnn –– number of bondsnumber of bondslnL ∗= ll –– monomer lengthmonomer lengthll –– monomer lengthmonomer length

endend--toto--end vector lengthend vector length ((rr,),)endend--toto--end vector lengthend vector length ((rr,),)
→→→→

A1

A2

l1

l2

l3 l5
A1

A2

l1

l2

l3 l5

∑=
i

ilr
rr

8888

l3

l4

l5l3

l4

l5



meanmean squaresquare endend--toto--endend distancedistance (r(r22))meanmean squaresquare endend--toto--endend distancedistance (r(r22))

∑∑ ⋅=
i j

ji rrr rr2

radiusradius ofof gyrationgyration (s(s22))radiusradius ofof gyrationgyration (s(s22))radiusradius ofof gyrationgyration (s(s ))radiusradius ofof gyrationgyration (s(s ))

importantimportant quantityquantity
forfor lightlight scatteringscattering measurementmeasurement

importantimportant quantityquantity
forfor lightlight scatteringscattering measurementmeasurement w2 s2

centre of gravity

w2 s2
centre of gravity

forfor lightlight scatteringscattering measurementmeasurementforfor lightlight scatteringscattering measurementmeasurement

w1

w2
s3

w3
w6

s4

s6

w1

w2
s3

w3
w6

s4

s6

ss distance of nit from centre of gra itdistance of nit from centre of gra itss distance of nit from centre of gra itdistance of nit from centre of gra it

w4 w5w4 w5

ss i
2

2 = ss –– distance of unit from centre of gravitydistance of unit from centre of gravityss –– distance of unit from centre of gravitydistance of unit from centre of gravity
n

s =

2r
ifif monomermonomer unitsunits areare identicalidenticalifif monomermonomer unitsunits areare identicalidentical

99996
2

r
s =



relative molecular massrelative molecular massrelative molecular massrelative molecular mass

SMSM separatesseparates mostlymostly accordingaccording toto sizesize == ff (molecular(molecular mass,mass, crosscross section,section, etcetc))SMSM separatesseparates mostlymostly accordingaccording toto sizesize == ff (molecular(molecular mass,mass, crosscross section,section, etcetc))

C)(1* 12M SISI definitiondefinitionSISI definitiondefinitionC)(
12

* 12mmM r =

forfor macromoleculesmacromolecules::forfor macromoleculesmacromolecules::
mixmix ofof moleculesmolecules ofof differentdifferent molecularmolecular mass,mass, differingdiffering inin numbernumber ofof unitsunits == distributiondistributionmixmix ofof moleculesmolecules ofof differentdifferent molecularmolecular mass,mass, differingdiffering inin numbernumber ofof unitsunits == distributiondistribution

numbernumber averageaverage MMrr
:: measuredmeasured byby osmometryosmometry
numbernumber averageaverage MMrr
:: measuredmeasured byby osmometryosmometry

M
∑
∑=

i

ii
n N

MN
M

weightweight averageaverage MMrrweightweight averageaverage MMrr

polydispersitypolydispersity
~~ distributiondistribution
polydispersitypolydispersity
~~ distributiondistribution

⇒⇒⇒⇒ 1≥=
n

w

M
MP

∑ iiMN 2 gg gg rr
:: measuredmeasured byby lightlight scatteringscattering

gg gg rr
:: measuredmeasured byby lightlight scatteringscattering∑

∑=
ii

ii
w MN

M

∑ MN 3
zz--averageaverage MMrr
:: measuredmeasured byby sedimentationsedimentation analysisanalysis

zz--averageaverage MMrr
:: measuredmeasured byby sedimentationsedimentation analysisanalysis
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exampleexample whatwhat willwill bebe thethe numbernumber average,average, weightweight averageaverage
molecularmolecular massmass andand polydispersitypolydispersity ofof polymerpolymer sample?sample?
whatwhat willwill bebe thethe numbernumber average,average, weightweight averageaverage
molecularmolecular massmass andand polydispersitypolydispersity ofof polymerpolymer sample?sample?molecularmolecular massmass andand polydispersitypolydispersity ofof polymerpolymer sample?sample?molecularmolecular massmass andand polydispersitypolydispersity ofof polymerpolymer sample?sample?

average massaverage massaverage massaverage mass∑
∑=
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ii
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basic modes of macromolecule separationbasic modes of macromolecule separationbasic modes of macromolecule separationbasic modes of macromolecule separation
ii l il i h t hh t h (SEC)(SEC)ii l il i h t hh t h (SEC)(SEC)sizesize exclusionexclusion chromatographychromatography (SEC)(SEC)

:: gelgel filtrationfiltration chromatographychromatography (GFC)(GFC)
:: gelgel permeationpermeation chromatographychromatography (GPC)(GPC)
:: gelgel filtrationfiltration (GF)(GF)

sizesize exclusionexclusion chromatographychromatography (SEC)(SEC)
:: gelgel filtrationfiltration chromatographychromatography (GFC)(GFC)
:: gelgel permeationpermeation chromatographychromatography (GPC)(GPC)
:: gelgel filtrationfiltration (GF)(GF):: gelgel filtrationfiltration (GF)(GF)

hydrodynamichydrodynamic chromatographychromatography (HC)(HC)

flowflow--fieldfield fractionationfractionation (FFF)(FFF)

:: gelgel filtrationfiltration (GF)(GF)

hydrodynamichydrodynamic chromatographychromatography (HC)(HC)

flowflow--fieldfield fractionationfractionation (FFF)(FFF)flowflow--fieldfield fractionationfractionation (FFF)(FFF)
:: sedimentationsedimentation (SFFF)(SFFF)
:: thermalthermal (TFFF)(TFFF)
:: electricelectric (EFFF)(EFFF)

flowflow--fieldfield fractionationfractionation (FFF)(FFF)
:: sedimentationsedimentation (SFFF)(SFFF)
:: thermalthermal (TFFF)(TFFF)
:: electricelectric (EFFF)(EFFF):: electricelectric (EFFF)(EFFF)
:: gravitygravity (FFFF)(FFFF)
:: electricelectric (EFFF)(EFFF)
:: gravitygravity (FFFF)(FFFF)

membranemembrane separationseparationmembranemembrane separationseparationpp
:: ultrafiltrationultrafiltration (hydrostatic(hydrostatic pressure)pressure)
:: reversedreversed osmosisosmosis (hydrostatic(hydrostatic pressure)pressure)
:: dialysisdialysis (concentration(concentration gradient)gradient)

pp
:: ultrafiltrationultrafiltration (hydrostatic(hydrostatic pressure)pressure)
:: reversedreversed osmosisosmosis (hydrostatic(hydrostatic pressure)pressure)
:: dialysisdialysis (concentration(concentration gradient)gradient)
:: electrodialysiselectrodialysis (gradient(gradient ofof electricelectric potentials)potentials)

separationseparation inin forceforce--fieldfield

:: electrodialysiselectrodialysis (gradient(gradient ofof electricelectric potentials)potentials)

separationseparation inin forceforce--fieldfield
:: ultracentrifugationultracentrifugation (density(density gradient)gradient)
:: massmass spectrometryspectrometry (el(electroectromagmagneticnetic field,field, TOFTOF withoutwithout field)field)
:: ultracentrifugationultracentrifugation (density(density gradient)gradient)
:: massmass spectrometryspectrometry (el(electroectromagmagneticnetic field,field, TOFTOF withoutwithout field)field)
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SEC, SEC, ssizeize eexclusionxclusion cchromatographyhromatographySEC, SEC, ssizeize eexclusionxclusion cchromatographyhromatography

gelgel permeationpermeation chromatographychromatography (GPC)(GPC)
gelgel filtrationfiltration chromatographychromatography (GFC)(GFC)
gelgel permeationpermeation chromatographychromatography (GPC)(GPC)
gelgel filtrationfiltration chromatographychromatography (GFC)(GFC)

principleprinciple:: analyteanalyte isis distributeddistributed betweenbetween MFMF outsideoutside ofof particlesparticles andand insideinside ofof particlesparticlesprincipleprinciple:: analyteanalyte isis distributeddistributed betweenbetween MFMF outsideoutside ofof particlesparticles andand insideinside ofof particlesparticles

gelgel filtrationfiltration chromatographychromatography (GFC)(GFC)gelgel filtrationfiltration chromatographychromatography (GFC)(GFC)

principleprinciple:: analyteanalyte isis distributeddistributed betweenbetween MFMF outsideoutside ofof particlesparticles andand insideinside ofof particlesparticles
:: sievingsieving effect,effect, stericsteric exclusionexclusion
:: diffusiondiffusion
:: pressurepressure ofof carriercarrier liquidliquid –– momotiontion ofof liquidliquid andand ititss flowflow profileprofile

principleprinciple:: analyteanalyte isis distributeddistributed betweenbetween MFMF outsideoutside ofof particlesparticles andand insideinside ofof particlesparticles
:: sievingsieving effect,effect, stericsteric exclusionexclusion
:: diffusiondiffusion
:: pressurepressure ofof carriercarrier liquidliquid –– momotiontion ofof liquidliquid andand ititss flowflow profileprofilepp qq qq pppp qq qq pp

partinouttot VVVV ++=
inDoutR VKVV ∗′+=

VVRR –– retention volumeretention volume
KK''DD –– distribution constantdistribution constant
VVRR –– retention volumeretention volume
KK''DD –– distribution constantdistribution constant

tottot –– total volumetotal volume
outout –– MF outside of particlesMF outside of particles
tottot –– total volumetotal volume
outout –– MF outside of particlesMF outside of particlespp
inin –– MF inside of particlesMF inside of particles
partpart –– volume of particle materialvolume of particle material

pp
inin –– MF inside of particlesMF inside of particles
partpart –– volume of particle materialvolume of particle material VtotVtot VoutVout VinVinVpartVpart
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)( outtotAVoutR VVKVV −∗′+= partinouttot VVVV +=− )(wherewherewherewhere

KK‘‘AVAV –– elution constantelution constantKK‘‘AVAV –– elution constantelution constant

constKK =′′

floflo

.constKK DAV =

owow

pa
rt

ic
le

pa
rt

ic
le analyte molecule analyte molecule 

porepore

timetime

thermodynamic interpretationthermodynamic interpretationthermodynamic interpretationthermodynamic interpretationthermodynamic interpretationthermodynamic interpretationthermodynamic interpretationthermodynamic interpretation

⇒⇒⇒⇒( )KRTSTHG ln−=Δ−Δ=Δ 1<≈=
ΔΔ−Δ

−
R
S

RT
STH

eeK
ΔΔHH ~~ 00 ⇒⇒ processprocess isis entropicallyentropically controlledcontrolledΔΔHH ~~ 00 ⇒⇒ processprocess isis entropicallyentropically controlledcontrolled
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)(AcK in
D =′

)(Ac
K

out
D

cc analyte concentration inside of particlesanalyte concentration inside of particlescc analyte concentration inside of particlesanalyte concentration inside of particles log kMkV +∗=ccinin –– analyte concentration inside of particlesanalyte concentration inside of particles
ccoutout –– analyte concentration outside of particlesanalyte concentration outside of particles
ccinin –– analyte concentration inside of particlesanalyte concentration inside of particles
ccoutout –– analyte concentration outside of particlesanalyte concentration outside of particles

21 log kMkV WR +∗=
kk11, , kk2 2 –– numeric constantsnumeric constantskk11, , kk2 2 –– numeric constantsnumeric constants

drrrRKVV
r

DoutR )(),(
max

φ∗′+= ∫
R
∫

φφ –– total pore volume with diameter total pore volume with diameter rr to to r+drr+dr
RR diameter of retained particlediameter of retained particle
φφ –– total pore volume with diameter total pore volume with diameter rr to to r+drr+dr
RR diameter of retained particlediameter of retained particleRR –– diameter of retained particlediameter of retained particleRR –– diameter of retained particlediameter of retained particle

separationseparation is given byis given by ratio of diameterratio of diameter ofof porepore andand analyteanalyteseparationseparation is given byis given by ratio of diameterratio of diameter ofof porepore andand analyteanalyteseparationseparation is given byis given by ratio of diameterratio of diameter of of pore pore andand analyteanalyte

sieve modelsieve model is in many aspects is in many aspects not exactnot exact::
:: flow of liquid out an in pores is different (Fflow of liquid out an in pores is different (Foutout >> F>> Finin))

separationseparation is given byis given by ratio of diameterratio of diameter of of pore pore andand analyteanalyte

sieve modelsieve model is in many aspects is in many aspects not exactnot exact::
:: flow of liquid out an in pores is different (Fflow of liquid out an in pores is different (Foutout >> F>> Finin)):: flow of liquid out an in pores is different (Fflow of liquid out an in pores is different (Foutout  F Finin))
:: other interactions: other interactions: adsorption, Ladsorption, L--L distribution, electrostatic repulsion (L distribution, electrostatic repulsion (⇒⇒ K‘K‘DD > 1)> 1)
:: flow of liquid out an in pores is different (Fflow of liquid out an in pores is different (Foutout  F Finin))
:: other interactions: other interactions: adsorption, Ladsorption, L--L distribution, electrostatic repulsion (L distribution, electrostatic repulsion (⇒⇒ K‘K‘DD > 1)> 1)
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gel LCgel LCgel LCgel LCgel LCgel LC
SECSEC

gel LCgel LC
SECSEC

gel LCgel LCgel LCgel LC mechanical separation of mechanical separation of AA molecules in molecules in 
particles/pores of gel based on their different sizeparticles/pores of gel based on their different size
mechanical separation of mechanical separation of AA molecules in molecules in 
particles/pores of gel based on their different sizeparticles/pores of gel based on their different sizegggg

)(
)(

A
Ac

D
qSK =

particles/pores of gel based on their different sizeparticles/pores of gel based on their different size

not classic LC, not classic LC, nono chemical affinitychemical affinity

particles/pores of gel based on their different sizeparticles/pores of gel based on their different size

not classic LC, not classic LC, nono chemical affinitychemical affinity

)( AcD M
K
qSqS –– quazi SF, quazi SF, MM –– MFMFqSqS –– quazi SF, quazi SF, MM –– MFMFqq qqqq qq
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use of SECuse of SEC
groupgroup separationseparation
:: separationseparation ofof lowlow andand highhigh molecularmolecular groupsgroups
(desalting,(desalting, extractionextraction agentagent removal,removal, reactionreaction terminationtermination betweenbetween lowlow molecularmolecular massmass
li dli d dd bi l )bi l )

groupgroup separationseparation
:: separationseparation ofof lowlow andand highhigh molecularmolecular groupsgroups
(desalting,(desalting, extractionextraction agentagent removal,removal, reactionreaction terminationtermination betweenbetween lowlow molecularmolecular massmass
li dli d dd bi l )bi l )ligandligand andand biopolymer)biopolymer)ligandligand andand biopolymer)biopolymer)

fractionationfractionation // purificationpurificationfractionationfractionation // purificationpurification

determinationdetermination ofof MMdeterminationdetermination ofof MM

:: separationseparation ofof componentscomponents withwith significantsignificant MMrr differencedifference:: separationseparation ofof componentscomponents withwith significantsignificant MMrr differencedifference

determinationdetermination ofof MMrr
:: comparisoncomparison withwith standardsstandards (in(in lineline increasingincreasing MMWW))
:: polymerpolymer polydispersitypolydispersity andand distributiondistribution

determinationdetermination ofof MMrr
:: comparisoncomparison withwith standardsstandards (in(in lineline increasingincreasing MMWW))
:: polymerpolymer polydispersitypolydispersity andand distributiondistribution

analysisanalysis ofof ligandligand--biopolymerbiopolymer bindingbinding
:: emergingemerging complexcomplex hashas higherhigher MMrr thanthan componentscomponents
analysisanalysis ofof ligandligand--biopolymerbiopolymer bindingbinding
:: emergingemerging complexcomplex hashas higherhigher MMrr thanthan componentscomponents

(complex(complex insulininsulin--antibodyantibody byby diabetics)diabetics)(complex(complex insulininsulin--antibodyantibody byby diabetics)diabetics)

concentratingconcentrating samplessamples ofof biopolymersbiopolymers
:: drydry molecularmolecular sievessieves removeremove solventsolvent –– „dry„dry up“up“ andand concentrateconcentrate samplesample
concentratingconcentrating samplessamples ofof biopolymersbiopolymers
:: drydry molecularmolecular sievessieves removeremove solventsolvent –– „dry„dry up“up“ andand concentrateconcentrate samplesample
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proceeding SECproceeding SEC
columncolumn fillingfillingcolumncolumn fillingfilling
:: prepre--filledfilled columnscolumns
:: ownown fillingfilling –– SFSF swellingswelling (uniform,(uniform, withoutwithout bubbles)bubbles)
:: prepre--filledfilled columnscolumns
:: ownown fillingfilling –– SFSF swellingswelling (uniform,(uniform, withoutwithout bubbles)bubbles)

samplesample introductionintroduction
:: injectinginjecting 11 –– 55 %% ofof columncolumn volumevolume

samplesample introductionintroduction
:: injectinginjecting 11 –– 55 %% ofof columncolumn volumevolume:: injectinginjecting 11 55 %% ofof columncolumn volumevolume
:: eithereither onon columncolumn toptop oror throughthrough injectioninjection adaptoradaptor
:: injectinginjecting 11 55 %% ofof columncolumn volumevolume
:: eithereither onon columncolumn toptop oror throughthrough injectioninjection adaptoradaptor

elutionelution MFMF notnot directlydirectly influencesinfluences separationseparation

:: solventsolvent viscosityviscosity andand elutionelution MFMF ratioratio << 22
:: waterwater –– unchargeduncharged compoundscompounds separationseparation oror buffersbuffers

elutionelution MFMF notnot directlydirectly influencesinfluences separationseparation

:: solventsolvent viscosityviscosity andand elutionelution MFMF ratioratio << 22
:: waterwater –– unchargeduncharged compoundscompounds separationseparation oror buffersbuffers:: waterwater unchargeduncharged compoundscompounds separation,separation, oror buffersbuffers
pHpH andand II keepskeeps ionion interactionsinteractions minimalminimal

:: waterwater unchargeduncharged compoundscompounds separation,separation, oror buffersbuffers
pHpH andand II keepskeeps ionion interactionsinteractions minimalminimal

guardingguarding SFSF
00..0202 %% sodiumsodium azideazide
00 0505 %% trichlorobutanoltrichlorobutanol (Chloreton)(Chloreton)

guardingguarding SFSF
00..0202 %% sodiumsodium azideazide
00 0505 %% trichlorobutanoltrichlorobutanol (Chloreton)(Chloreton)00..0505 %% trichlorobutanoltrichlorobutanol (Chloreton)(Chloreton)
00..005005 %% ethylmercurythiosalicylateethylmercurythiosalicylate (Mertiolate)(Mertiolate)
00..002002 %% chlorhexidinechlorhexidine

00..0505 %% trichlorobutanoltrichlorobutanol (Chloreton)(Chloreton)
00..005005 %% ethylmercurythiosalicylateethylmercurythiosalicylate (Mertiolate)(Mertiolate)
00..002002 %% chlorhexidinechlorhexidine 18181818



overloadoverload matrix influencematrix influence limited
sample

solubility
limited
sample

solubility
wrong injectionwrong injectionidealideal

calibrationcalibration
logMWlogMW

ΔlogMWΔlogMWsetset ofof standardsstandards
44 –– 55 defineddefined nativenative proteinsproteins

setset ofof standardsstandards
44 –– 55 defineddefined nativenative proteinsproteins
withwith increasingincreasing MMWWwithwith increasingincreasing MMWW

ISIS

ΔVΔV

VRVR 19191919



absolute calibrationabsolute calibration
basicbasic parameterparameter definingdefining selectivityselectivity –– hydrodynamichydrodynamic volumevolumebasicbasic parameterparameter definingdefining selectivityselectivity –– hydrodynamichydrodynamic volumevolume

formulaformula forfor limitinglimiting viscosityviscosity numbernumber ofof polymerpolymer [η][η] derivedderived fromfrom Einstein‘sEinstein‘s equationequationformulaformula forfor limitinglimiting viscosityviscosity numbernumber ofof polymerpolymer [η][η] derivedderived fromfrom Einstein‘sEinstein‘s equationequation

[ ] VkM[ ] Vk R∗−ηη 1*/

independentindependent onon macromoleculemacromolecule structurestructureindependentindependent onon macromoleculemacromolecule structurestructure

⇒⇒⇒⇒

[ ] [ ][ ]

[ ] RVkM ∗=∗η[ ]
M

R==
→ ρ

ηηη
ρ
lim

0

MarkMark--Houwink‘s equationHouwink‘s equationMarkMark--Houwink‘s equationHouwink‘s equation

⇒⇒⇒⇒

AA –– analyte, analyte, SS –– standardstandardAA –– analyte, analyte, SS –– standardstandard
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[η][η] –– by viscosimetry by viscosimetry [η][η] –– by viscosimetry by viscosimetry 20202020
[ ] )()log( RVfM =∗η
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selectivityselectivity inin relationrelation toto porepore sizesize distributiondistributionselectivityselectivity inin relationrelation toto porepore sizesize distributiondistribution

i i i di t ib tii i i di t ib ti

ΔlogMWΔlogMW ΔlogMWΔlogMW ΔlogMWΔlogMW

increasing pore size distributionincreasing pore size distribution

VRVRVRVRVRVR VRVRVRVRVRVR

II IIISIS ISIS ISIS

VRVRVRVRVRVR
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separation columnseparation column
:: classicalclassical tubulartubular columnscolumns
materialmaterial –– mostlymostly softsoft gelsgels
:: classicalclassical tubulartubular columnscolumns
materialmaterial –– mostlymostly softsoft gelsgels

:: inertinert gelgel matrixmatrix (towards(towards analyteanalyte andand elutionelution solutions)solutions)

:: longlong--termterm chemicalchemical stabilitystability (at(at differentdifferent pHpH andand temperature)temperature)

:: inertinert gelgel matrixmatrix (towards(towards analyteanalyte andand elutionelution solutions)solutions)

:: longlong--termterm chemicalchemical stabilitystability (at(at differentdifferent pHpH andand temperature)temperature)gg yy (( pp p )p )

:: mechanicalmechanical stabilitystability (resistance(resistance towardstowards highhigh pressure)pressure)

:: smallsmall amountamount ofof ionisedionised groupsgroups

gg yy (( pp p )p )

:: mechanicalmechanical stabilitystability (resistance(resistance towardstowards highhigh pressure)pressure)

:: smallsmall amountamount ofof ionisedionised groupsgroupsg pg p

:: suitablesuitable particleparticle sizesize ((55 –– 250250 μm)μm)
smallsmall particlesparticles –– highhigh resolution,resolution, lowlow raterate
largelarge particlesparticles fastfast separationseparation lowlow resolutionresolution

g pg p

:: suitablesuitable particleparticle sizesize ((55 –– 250250 μm)μm)
smallsmall particlesparticles –– highhigh resolution,resolution, lowlow raterate
largelarge particlesparticles fastfast separationseparation lowlow resolutionresolutionlargelarge particlesparticles –– fastfast separation,separation, lowlow resolutionresolutionlargelarge particlesparticles –– fastfast separation,separation, lowlow resolutionresolution

fractionationfractionation rangerange (FR)(FR)fractionationfractionation rangerange (FR)(FR)fractionationfractionation rangerange (FR)(FR)
MMrr range,range, inin whichwhich thethe compoundscompounds areare separatedseparated

eliminationelimination limitlimit (EL)(EL)

fractionationfractionation rangerange (FR)(FR)
MMrr range,range, inin whichwhich thethe compoundscompounds areare separatedseparated

eliminationelimination limitlimit (EL)(EL)( )( )
upperupper limitlimit ofof fractionationfractionation rangerange

( )( )
upperupper limitlimit ofof fractionationfractionation rangerange

22222222



column fillingscolumn fillingscolumn fillingscolumn fillings

agaroseagaroseagaroseagarose
polyacrylamidepolyacrylamidepolyacrylamidepolyacrylamide

largelarge pores,pores, acidicacidic charactercharacterlargelarge pores,pores, acidicacidic charactercharacter
elutionelution:: polarpolar andand nonnon--polarpolar solventssolvents

FRFR >> 200200 000000
S hS h

elutionelution:: polarpolar andand nonnon--polarpolar solventssolvents

FRFR >> 200200 000000
S hS h

lowlow amountamount ofof polarpolar groupsgroups;; lowlow resolutionresolution
elutionelution:: polarpolar andand mildmild nonnon--polarpolar solventssolvents
lowlow amountamount ofof polarpolar groupsgroups;; lowlow resolutionresolution
elutionelution:: polarpolar andand mildmild nonnon--polarpolar solventssolvents

SepharoseSepharoseSepharoseSepharose FRFR == 10001000 –– 33 000000 000000
Sephacryl,Sephacryl, BioBio--GelGel PP
FRFR == 10001000 –– 33 000000 000000
Sephacryl,Sephacryl, BioBio--GelGel PP

mixedmixed SFSF:: agaroseagarose--acrylamideacrylamidemixedmixed SFSF:: agaroseagarose--acrylamideacrylamidegg yy
chemicalchemical veryvery resistantresistant

FRFR == 10001000 –– 2323 000000 000000

gg yy
chemicalchemical veryvery resistantresistant

FRFR == 10001000 –– 2323 000000 000000

dextrandextrandextrandextran
styrenestyrene--DVBDVBstyrenestyrene--DVBDVB

BioBio--GelGel A,A, UltrogelUltrogelBioBio--GelGel A,A, UltrogelUltrogel

strongstrong adsorptionadsorption effectseffects
elutionelution:: polarpolar andand nonnon--polarpolar solventssolvents
strongstrong adsorptionadsorption effectseffects
elutionelution:: polarpolar andand nonnon--polarpolar solventssolvents

strongstrong hydrophobichydrophobic interactionsinteractions
elutionelution:: nonnon--polarpolar solventssolvents
strongstrong hydrophobichydrophobic interactionsinteractions
elutionelution:: nonnon--polarpolar solventssolvents

FRFR << 1010 000000
SephadexSephadex
FRFR << 1010 000000
SephadexSephadex

FRFR == 400400 –– 1414 000000
BioBio--Beads,Beads, StyragelStyragel
FRFR == 400400 –– 1414 000000
BioBio--Beads,Beads, StyragelStyragel
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methacrylatemethacrylatemethacrylatemethacrylate

hydroxymethylmetacrylatehydroxymethylmetacrylate ++ ethylendimethylmethacrylateethylendimethylmethacrylate
elutionelution:: polarpolar andand nonnon--polarpolar solventssolvents
hydroxymethylmetacrylatehydroxymethylmetacrylate ++ ethylendimethylmethacrylateethylendimethylmethacrylate
elutionelution:: polarpolar andand nonnon--polarpolar solventssolvents

SpheronSpheronSpheronSpheron glycomethacrylateglycomethacrylate
elutionelution:: polarpolar andand nonnon--polarpolar solventssolvents
glycomethacrylateglycomethacrylate
elutionelution:: polarpolar andand nonnon--polarpolar solventssolvents

vinylacetatevinylacetatevinylacetatevinylacetate
SeparonSeparonSeparonSeparon

MerckogelMerckogel OPOP--PVAPVAMerckogelMerckogel OPOP--PVAPVA

silicasilicasilicasilica

strongstrong hydrophilichydrophilic interactions,interactions, mildlymildly acidicacidic
elutionelution:: polarpolar solventssolvents
strongstrong hydrophilichydrophilic interactions,interactions, mildlymildly acidicacidic
elutionelution:: polarpolar solventssolvents

BioBio--Glass,Glass, Porasil,Porasil, SpherosilSpherosilBioBio--Glass,Glass, Porasil,Porasil, SpherosilSpherosil
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detectorsdetectors

d t i i l l d l di itd t i i l l d l di itd t i i l l d l di itd t i i l l d l di it
: detection of separated compounds : detection of separated compounds : detection of separated compounds : detection of separated compounds 
: determining molecular mass and polydispersity : determining molecular mass and polydispersity : determining molecular mass and polydispersity : determining molecular mass and polydispersity 

absorption photometric detector absorption photometric detector absorption photometric detector absorption photometric detector 

: polymers mostly do not contain own chromophores : polymers mostly do not contain own chromophores ⇒⇒ indirect detectionindirect detection: polymers mostly do not contain own chromophores : polymers mostly do not contain own chromophores ⇒⇒ indirect detectionindirect detection

refractometric detectorrefractometric detectorrefractometric detectorrefractometric detector : universal: universal: universal: universal

fluorimetric (fluorescence) detectorfluorimetric (fluorescence) detectorfluorimetric (fluorescence) detectorfluorimetric (fluorescence) detector

: own fluorophores (within proteins Trp, Tyr, Phe), or derivatisation: own fluorophores (within proteins Trp, Tyr, Phe), or derivatisation: own fluorophores (within proteins Trp, Tyr, Phe), or derivatisation: own fluorophores (within proteins Trp, Tyr, Phe), or derivatisation
25252525



viscosimetric detectorviscosimetric detectorviscosimetric detectorviscosimetric detector

MMvv ∈∈ (M(Mnn,, MMww),), MMvv ≈≈ MMwwMMvv ∈∈ (M(Mnn,, MMww),), MMvv ≈≈ MMww

[ ] ηη 1*/

M kM k H i k‘ iH i k‘ iM kM k H i k‘ iH i k‘ i

[ ]
ρ
ηηη

ρ

α 1*/
lim

0

−
==

→
KM

[η][η] –– limitinglimiting viscosityviscosity numbernumber [m[m33/kg]/kg]
** l tl t i iti it

[η][η] –– limitinglimiting viscosityviscosity numbernumber [m[m33/kg]/kg]
** l tl t i iti it

MarkMark--Houwink‘s equationHouwink‘s equationMarkMark--Houwink‘s equationHouwink‘s equation

η*η* –– solventsolvent viscosityviscosity
K,K, αα –– MarkMark--Houwink‘sHouwink‘s constantsconstants (for(for globularglobular macromoleculesmacromolecules αα == 00))
η*η* –– solventsolvent viscosityviscosity
K,K, αα –– MarkMark--Houwink‘sHouwink‘s constantsconstants (for(for globularglobular macromoleculesmacromolecules αα == 00))

osmometric detectorosmometric detectorosmometric detectorosmometric detector

vapourvapour pressurepressure osmometryosmometry (VPO)(VPO)vapourvapour pressurepressure osmometryosmometry (VPO)(VPO)

:: usesuses Raoult‘sRaoult‘s lawlaw

f tf t ll ll titi t tt t i t li t l 2525 130130 °°CC

:: usesuses Raoult‘sRaoult‘s lawlaw

f tf t ll ll titi t tt t i t li t l 2525 130130 °°CC

vapourvapour pressurepressure osmometryosmometry (VPO)(VPO)vapourvapour pressurepressure osmometryosmometry (VPO)(VPO)

:: fast,fast, lowlow samplesample consumption,consumption, temperaturetemperature intervalinterval 2525 –– 130130 °°CC

:: MMrr == 4040 –– 3535 000000,, nono volatilevolatile compoundscompounds

:: fast,fast, lowlow samplesample consumption,consumption, temperaturetemperature intervalinterval 2525 –– 130130 °°CC

:: MMrr == 4040 –– 3535 000000,, nono volatilevolatile compoundscompounds
26262626



R1R1 R2R2

TT == constconst saturatedsaturated vapoursvapours ofof solventsolventTT == constconst saturatedsaturated vapoursvapours ofof solventsolvent

RT1RT1 RT2RT2

GG
TT == constconst..,, saturatedsaturated vapoursvapours ofof solventsolvent

11)) RRTT11 andand RRTT22 –– dropletdroplet ofof solvent,solvent, ΔTΔT11,,22 == 00,, UU == 00

TT == constconst..,, saturatedsaturated vapoursvapours ofof solventsolvent

11)) RRTT11 andand RRTT22 –– dropletdroplet ofof solvent,solvent, ΔTΔT11,,22 == 00,, UU == 00

dimmerdimmer
sourcesource

22)) RRTT11 –– dropletdroplet ofof solvent,solvent, RRTT22 –– dropletdroplet ofof samplesample (solvent(solvent ++ analyte)analyte)22)) RRTT11 –– dropletdroplet ofof solvent,solvent, RRTT22 –– dropletdroplet ofof samplesample (solvent(solvent ++ analyte)analyte)

addingadding dropletdroplet ofof samplesample ↓↓ solventsolvent vapourvapour tensiontension ⇒⇒ condensationcondensation ofof solventsolvent vapoursvapours
↑↑

addingadding dropletdroplet ofof samplesample ↓↓ solventsolvent vapourvapour tensiontension ⇒⇒ condensationcondensation ofof solventsolvent vapoursvapours
↑↑intointo thethe dropletdroplet ⇒⇒ releaserelease ofof condensationcondensation heatheat ⇒⇒ ↑↑ temperaturetemperature ofof samplesample droplet,droplet, thusthus

alsoalso ofof thermistor,thermistor, alsoalso ofof solutionsolution tensiontension pressurepressure ⇒⇒ WheatstoneWheatstone bridgebridge unweighingunweighing

l tl t d tid ti tt hh ll ii ii ilib iilib i ithith

intointo thethe dropletdroplet ⇒⇒ releaserelease ofof condensationcondensation heatheat ⇒⇒ ↑↑ temperaturetemperature ofof samplesample droplet,droplet, thusthus
alsoalso ofof thermistor,thermistor, alsoalso ofof solutionsolution tensiontension pressurepressure ⇒⇒ WheatstoneWheatstone bridgebridge unweighingunweighing

l tl t d tid ti tt hh ll ii ii ilib iilib i ithithsolventsolvent vapourvapour condensationcondensation stopsstops whenwhen samplesample vapourvapour pressurepressure isis inin equilibriumequilibrium withwith
purepure solventsolvent vapourvapour pressurepressure duedue toto higherhigher temperaturetemperature

measuredmeasured voltagevoltage proportionalproportional toto thethe differencedifference ofof temperaturestemperatures ofof bothboth thermistorsthermistors isis

solventsolvent vapourvapour condensationcondensation stopsstops whenwhen samplesample vapourvapour pressurepressure isis inin equilibriumequilibrium withwith
purepure solventsolvent vapourvapour pressurepressure duedue toto higherhigher temperaturetemperature

measuredmeasured voltagevoltage proportionalproportional toto thethe differencedifference ofof temperaturestemperatures ofof bothboth thermistorsthermistors isismeasuredmeasured voltage,voltage, proportionalproportional toto thethe differencedifference ofof temperaturestemperatures ofof bothboth thermistors,thermistors, isis
proportionalproportional toto molarmolar concentrationconcentration ofof compoundcompound inin samplesample

thermalthermal losseslosses ⇒⇒ calibrationcalibration onon standardstandard ofof knownknown MM valuevalue

measuredmeasured voltage,voltage, proportionalproportional toto thethe differencedifference ofof temperaturestemperatures ofof bothboth thermistors,thermistors, isis
proportionalproportional toto molarmolar concentrationconcentration ofof compoundcompound inin samplesample

thermalthermal losseslosses ⇒⇒ calibrationcalibration onon standardstandard ofof knownknown MM valuevaluethermalthermal losseslosses ⇒⇒ calibrationcalibration onon standardstandard ofof knownknown MMrr valuevaluethermalthermal losseslosses ⇒⇒ calibrationcalibration onon standardstandard ofof knownknown MMrr valuevalue
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light scattering detectorlight scattering detectorlight scattering detectorlight scattering detector
staticstatic lightlight scatteringscatteringstaticstatic lightlight scatteringscatteringstaticstatic lightlight scatteringscattering
scatteringscattering ofof lightlight beambeam onon particlesparticles ofof suspensionsuspension oror colloidcolloid solutionsolution

interactioninteraction ofof lightlight beambeam electricelectric vectorvector withwith electronelectron shellshell ⇒⇒ periodicperiodic oscillationsoscillations

staticstatic lightlight scatteringscattering
scatteringscattering ofof lightlight beambeam onon particlesparticles ofof suspensionsuspension oror colloidcolloid solutionsolution

interactioninteraction ofof lightlight beambeam electricelectric vectorvector withwith electronelectron shellshell ⇒⇒ periodicperiodic oscillationsoscillationsinteractioninteraction ofof lightlight beambeam electricelectric vectorvector withwith electronelectron shellshell ⇒⇒ periodicperiodic oscillationsoscillations

intensity,intensity, polarisationpolarisation andand angularangular distributiondistribution ofof scatteredscattered lightlight
dependsdepends onon sizesize andand shapeshape ofof scatteringscattering particlesparticles

interactioninteraction ofof lightlight beambeam electricelectric vectorvector withwith electronelectron shellshell ⇒⇒ periodicperiodic oscillationsoscillations

intensity,intensity, polarisationpolarisation andand angularangular distributiondistribution ofof scatteredscattered lightlight
dependsdepends onon sizesize andand shapeshape ofof scatteringscattering particlesparticlesdependsdepends onon sizesize andand shapeshape ofof scatteringscattering particlesparticles

dynamicdynamic lightlight scatteringscattering

dependsdepends onon sizesize andand shapeshape ofof scatteringscattering particlesparticles

dynamicdynamic lightlight scatteringscatteringdynamicdynamic lightlight scatteringscattering
studiesstudies timetime fluctuationsfluctuations ofof scatteredscattered lightlight onon movingmoving particlesparticles
:: informationinformation onon diffusiondiffusion coefficientcoefficient

dynamicdynamic lightlight scatteringscattering
studiesstudies timetime fluctuationsfluctuations ofof scatteredscattered lightlight onon movingmoving particlesparticles
:: informationinformation onon diffusiondiffusion coefficientcoefficient

scattered
light

scattered
light

laserlaser

solutionsolution
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light scattering on small particleslight scattering on small particleslight scattering on small particleslight scattering on small particles

macromoleculesmacromolecules
particleparticle diameterdiameter (d)(d) << λ/λ/2020 (Rayleigh(Rayleigh scattering)scattering)
macromoleculesmacromolecules
particleparticle diameterdiameter (d)(d) << λ/λ/2020 (Rayleigh(Rayleigh scattering)scattering)

cc –– concentrationconcentration
NN –– numbernumber ofof particlesparticles;; scatteringscattering centrescentres
nn00 –– refractiverefractive indexindex ofof solventsolvent

cc –– concentrationconcentration
NN –– numbernumber ofof particlesparticles;; scatteringscattering centrescentres
nn00 –– refractiverefractive indexindex ofof solventsolventN

ncnc
∗

∗∂∂
=

π
α μ

2
)/( 0

⇒⇒ particlesparticles –– secondarysecondary sourcesource ofof scatteredscattered lightlight ofof thethe samesame wavelengthwavelength⇒⇒ particlesparticles –– secondarysecondary sourcesource ofof scatteredscattered lightlight ofof thethe samesame wavelengthwavelength

(∂n/∂c)(∂n/∂c)μμ –– particleparticle refractiverefractive indexindex changeschanges atat constantconstant μμ(∂n/∂c)(∂n/∂c)μμ –– particleparticle refractiverefractive indexindex changeschanges atat constantconstant μμN∗π2

( )θ
λ

απ 2
24

0

22

0

cos18
+∗∗

∗
∗∗

= N
r

V
I
is

intensityintensity ratioratio ofof scatteredscattered ((iiss)) andand originaloriginal lightlight II00 (non(non--polarised)polarised)intensityintensity ratioratio ofof scatteredscattered ((iiss)) andand originaloriginal lightlight II00 (non(non--polarised)polarised)

00

VV –– unitunit volumevolume
λλ00 –– wavelengthwavelength
rr –– distancedistance fromfrom particleparticle

VV –– unitunit volumevolume
λλ00 –– wavelengthwavelength
rr –– distancedistance fromfrom particleparticle
θθ –– angleangle measuredmeasured fromfrom mainmain lightlight beambeamθθ –– angleangle measuredmeasured fromfrom mainmain lightlight beambeam
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numbernumber ofof scatteringscattering centrescentres NN inin casecase ofof identicalidentical macromoleculesmacromolecules
(monodisperse(monodisperse sample)sample)

numbernumber ofof scatteringscattering centrescentres NN inin casecase ofof identicalidentical macromoleculesmacromolecules
(monodisperse(monodisperse sample)sample)

NNAA –– Avogadro‘sAvogadro‘s numbernumber
MM –– molecularmolecular massmass
NNAA –– Avogadro‘sAvogadro‘s numbernumber
MM –– molecularmolecular massmassM

NcN A∗
= MM molecularmolecular massmassMM molecularmolecular massmass
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Rayleigh‘sRayleigh‘s radiusradiusRayleigh‘sRayleigh‘s radiusradius summingsumming constantsconstants intointo one,one, KKsummingsumming constantsconstants intointo one,one, KK
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interinter--molecularmolecular interactionsinteractions andand nonnon--zerozero concentrationsconcentrations takentaken inin accountaccount (Debye)(Debye)::interinter--molecularmolecular interactionsinteractions andand nonnon--zerozero concentrationsconcentrations takentaken inin accountaccount (Debye)(Debye)::

321 2 +∗+∗+
∗ AAcK ...32 2

32 +∗+∗+= cAcA
MRθ

AA22,, AA33…… –– virialvirial coefficientscoefficients;; mostlymostly AA33 andand higherhigher areare omittedomittedAA22,, AA33…… –– virialvirial coefficientscoefficients;; mostlymostly AA33 andand higherhigher areare omittedomitted

AA22 –– physphys..--chemchem.. measuremeasure ofof thermodynamicthermodynamic solventsolvent qualityquality forfor givengiven macromoleculesmacromolecules
goodgood solventsolvent AA22 >> 00 :: macromoleculemacromolecule expandsexpands
badbad solventsolvent AA22 << 00 :: macromoleculemacromolecule shrinksshrinks

AA22 –– physphys..--chemchem.. measuremeasure ofof thermodynamicthermodynamic solventsolvent qualityquality forfor givengiven macromoleculesmacromolecules
goodgood solventsolvent AA22 >> 00 :: macromoleculemacromolecule expandsexpands
badbad solventsolvent AA22 << 00 :: macromoleculemacromolecule shrinksshrinks
θθ--solventsolvent AA22 == 00 :: macromoleculemacromolecule preservespreserves itsits volumevolumeθθ--solventsolvent AA22 == 00 :: macromoleculemacromolecule preservespreserves itsits volumevolume
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light scattering on large particleslight scattering on large particleslight scattering on large particleslight scattering on large particles

macromoleculesmacromolecules
particleparticle diameterdiameter (d)(d) >> λ/λ/2020 (Debye(Debye scattering)scattering)
macromoleculesmacromolecules
particleparticle diameterdiameter (d)(d) >> λ/λ/2020 (Debye(Debye scattering)scattering)

ll ti lti l hh hifthift ff li htli ht tt itt i ff diff tdiff t tt ff l ll lll ti lti l hh hifthift ff li htli ht tt itt i ff diff tdiff t tt ff l ll l:: largelarge particlesparticles ⇒⇒ phasephase shiftshift ofof lightlight scatteringscattering fromfrom differentdifferent partsparts ofof moleculesmolecules
:: phasephase differencedifference isis dependentdependent onon angleangle θθ;; forfor θθ == 00 isis thethe differencedifference 00
:: beambeam interferenceinterference ⇒⇒ angularangular distributiondistribution ofof scatteredscattered lightlight intensityintensity P(θ)P(θ)

:: largelarge particlesparticles ⇒⇒ phasephase shiftshift ofof lightlight scatteringscattering fromfrom differentdifferent partsparts ofof moleculesmolecules
:: phasephase differencedifference isis dependentdependent onon angleangle θθ;; forfor θθ == 00 isis thethe differencedifference 00
:: beambeam interferenceinterference ⇒⇒ angularangular distributiondistribution ofof scatteredscattered lightlight intensityintensity P(θ)P(θ)

⇒⇒⇒⇒ Zimm‘sZimm‘s equationequationZimm‘sZimm‘s equationequation
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useuse ofof P(θ)P(θ) parameterparameter toto expressexpress scatteringscatteringuseuse ofof P(θ)P(θ) parameterparameter toto expressexpress scatteringscattering
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experimentalexperimental basesbases forfor calculationcalculation ofof gyrationgyration radiusradiusexperimentalexperimental basesbases forfor calculationcalculation ofof gyrationgyration radiusradius32323232
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multiple angle laser light scatteringmultiple angle laser light scatteringmultiple angle laser light scatteringmultiple angle laser light scattering

(MALLS)(MALLS)(MALLS)(MALLS)

Zimm‘s graphZimm‘s graphZimm‘s graphZimm‘s graph

(MALLS)(MALLS)(MALLS)(MALLS)

K*c
Rθ

K*c
Rθ

MMW W –– double extrapolation to double extrapolation to yy--axisaxisMMW W –– double extrapolation to double extrapolation to yy--axisaxis
θ3θ3

cK ∗ θ
θ2θ2

θ1θ1

)
2

(sin2 cKf
R

cK
S ∗+=

∗ θ

θ

KKss –– arbitraryarbitrary constantconstant;;
graphicallygraphically separatesseparates diagramdiagram lineslines
KKss –– arbitraryarbitrary constantconstant;;
graphicallygraphically separatesseparates diagramdiagram lineslines

1/M1/M

θ1θ1

c1 < c2 < c3c1 < c2 < c3

differentdifferent concentrationsconcentrations cc ofof samplesample
laserlaser –– λλ00 sourcesource ofof II00 intensityintensity
differentdifferent concentrationsconcentrations cc ofof samplesample
laserlaser –– λλ00 sourcesource ofof II00 intensityintensity

θ
2sin2 )( + 2000*cθ
2sin2 )( + 2000*c

1 2 31 2 3

laserlaser λλ00 sourcesource ofof II00 intensityintensity
refractometerrefractometer (also(also asas cconcentrationoncentration detectordetector)) –– nn00 andand (∂n/∂c)(∂n/∂c)μμ (see(see constantconstant KK))
iiSS –– scatteredscattered lightlight intensityintensity inin differentdifferent anglesangles θθ inin knownknown distancedistance rr fromfrom cuvettecuvette

laserlaser λλ00 sourcesource ofof II00 intensityintensity
refractometerrefractometer (also(also asas cconcentrationoncentration detectordetector)) –– nn00 andand (∂n/∂c)(∂n/∂c)μμ (see(see constantconstant KK))
iiSS –– scatteredscattered lightlight intensityintensity inin differentdifferent anglesangles θθ inin knownknown distancedistance rr fromfrom cuvettecuvette

θθ→→ 00 (c(c == constconst..)) blueblue lines,lines, fromfrom blueblue slopeslope wewe extractextract gyrationgyration radiusradius 〈〈ss22〉〉

cc →→ 00,, slopeslope ~~ AA22,, interceptioninterception 11/M/MWW redred lineline

θθ→→ 00 (c(c == constconst..)) blueblue lines,lines, fromfrom blueblue slopeslope wewe extractextract gyrationgyration radiusradius 〈〈ss22〉〉

cc →→ 00,, slopeslope ~~ AA22,, interceptioninterception 11/M/MWW redred lineline 33333333



low angle laser light scatteringlow angle laser light scatteringlow angle laser light scatteringlow angle laser light scattering

(LALLS)(LALLS)(LALLS)(LALLS)(LALLS)(LALLS)(LALLS)(LALLS)

atat smallsmall anglesangles θθ (<(< 77 °°)) sinsin22(θ/(θ/22)) ~~ 00 ⇒⇒ P(θ)P(θ) →→ 11atat smallsmall anglesangles θθ (<(< 77 °°)) sinsin22(θ/(θ/22)) ~~ 00 ⇒⇒ P(θ)P(θ) →→ 11

thenthenthenthen cA
MR

cK
221

+=
∗

θ

forfor MMWW >> 101077 oror withinwithin associatedassociated systemssystems thisthis approximationapproximation failsfailsforfor MMWW >> 101077 oror withinwithin associatedassociated systemssystems thisthis approximationapproximation failsfails

θ

laserlaser
opticsoptics

instrumentationinstrumentationinstrumentationinstrumentation

advantageadvantage::advantageadvantage::pp

adjustable
angle

adjustable
angle

:: absoluteabsolute technique,technique, nono calibrationcalibration neededneeded MMWW,, AA22
forfor 〈〈ss22〉〉 –– standardsstandards necessarynecessary

:: fastfast
tibltibl ithith titi t h it h i (GPC(GPC FFF)FFF)

:: absoluteabsolute technique,technique, nono calibrationcalibration neededneeded MMWW,, AA22
forfor 〈〈ss22〉〉 –– standardsstandards necessarynecessary

:: fastfast
tibltibl ithith titi t h it h i (GPC(GPC FFF)FFF)cuvettecuvette

photosensorphotosensor

gg
:: connectibleconnectible withwith separationseparation techniquetechnique (GPC,(GPC, FFF)FFF)

disadvantagesdisadvantages::
d td t d did di hi hhi h l til ti itit

:: connectibleconnectible withwith separationseparation techniquetechnique (GPC,(GPC, FFF)FFF)

disadvantagesdisadvantages::
d td t d did di hi hhi h l til ti itit

shadeshade

pp :: dustdust –– demandingdemanding highhigh solutionsolution puritypurity:: dustdust –– demandingdemanding highhigh solutionsolution puritypurity

34343434



HC, hydrodynamic chromatographyHC, hydrodynamic chromatographyHC, hydrodynamic chromatographyHC, hydrodynamic chromatography

principleprinciple:: combinationcombination ofof stericsteric exclusionexclusion withwith surfacesurface (colloid)(colloid) interactioninteraction samplesample--filling,filling,
eventuallyeventually solutesolute retardationretardation behindbehind streamlinesstreamlines ofof laminarlaminar flowflow withwith profileprofile ((wallwall effecteffect))
principleprinciple:: combinationcombination ofof stericsteric exclusionexclusion withwith surfacesurface (colloid)(colloid) interactioninteraction samplesample--filling,filling,
eventuallyeventually solutesolute retardationretardation behindbehind streamlinesstreamlines ofof laminarlaminar flowflow withwith profileprofile ((wallwall effecteffect))yy pp (( ))yy pp (( ))

nonnon--porous materialporous material

R0R0
RpRp

→→→→

samplesample movesmoves
withwith MFMF flowflow
samplesample movesmoves
withwith MFMF flowflow

gravitygravity centrecentre ofof largelarge macromoleculemacromolecule cannotcannot reachreach thethe channelchannel wallwall ((RRpp)) ⇒⇒ cannotcannot
movemove inin slowerslower flowflow nearnear toto itit ((wallwall effecteffect;; givengiven byby laminarlaminar flowflow profileprofile RR ))
gravitygravity centrecentre ofof largelarge macromoleculemacromolecule cannotcannot reachreach thethe channelchannel wallwall ((RRpp)) ⇒⇒ cannotcannot
movemove inin slowerslower flowflow nearnear toto itit ((wallwall effecteffect;; givengiven byby laminarlaminar flowflow profileprofile RR ))movemove inin slowerslower flowflow nearnear toto itit ((wallwall effecteffect;; givengiven byby laminarlaminar flowflow profileprofile RR00))

⇒⇒ heavierheavier (larger)(larger) moleculesmolecules runrun throughthrough channelchannel fasterfaster thanthan smallersmaller onesones

movemove inin slowerslower flowflow nearnear toto itit ((wallwall effecteffect;; givengiven byby laminarlaminar flowflow profileprofile RR00))

⇒⇒ heavierheavier (larger)(larger) moleculesmolecules runrun throughthrough channelchannel fasterfaster thanthan smallersmaller onesones

otherother influencesinfluences::
:: electricelectric doubledouble--layerlayer

dd WW ll i t tii t ti

otherother influencesinfluences::
:: electricelectric doubledouble--layerlayer

dd WW ll i t tii t ti

částicečástice

povrch kaná
povrch kaná

:: vanvan derder WWalsals interactionsinteractions

⇒⇒ samplesample movesmoves inin channelchannel hydrodynamicallyhydrodynamically oror electricallyelectrically

:: vanvan derder WWalsals interactionsinteractions

⇒⇒ samplesample movesmoves inin channelchannel hydrodynamicallyhydrodynamically oror electricallyelectrically

álu
álu
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titi d i tid i tititi d i tid i ti 1tseparationseparation descriptiondescriptionseparationseparation descriptiondescription
21

1

iiM

i
i CBt

t
λλ

τ
−+

==

ττ –– polymerpolymer retentionretention factorfactorττ –– polymerpolymer retentionretention factorfactor
ttii aa ttMM –– retentionretention timetime ofof polymerpolymer andand unretainedunretained componentcomponent
λλ –– ratioratio betweenbetween macromoleculemacromolecule radiusradius andand flowflow channelchannel halfhalf--heightheight
BB aandnd CC –– constantsconstants dependentdependent onon channelchannel symmetry,symmetry, CC alsoalso onon retentionretention modelmodel

ttii aa ttMM –– retentionretention timetime ofof polymerpolymer andand unretainedunretained componentcomponent
λλ –– ratioratio betweenbetween macromoleculemacromolecule radiusradius andand flowflow channelchannel halfhalf--heightheight
BB aandnd CC –– constantsconstants dependentdependent onon channelchannel symmetry,symmetry, CC alsoalso onon retentionretention modelmodel

λλ

calibrationcalibrationcalibrationcalibration

λλ ff ( )( ) dd thth MMλλ ff ( )( ) dd thth MM ττλλ == ff (τ)(τ) andand thusthus onon MMWW
inin casecase ofof tubulartubular micromicro--capillarycapillary useuse andand CC →→ 22..33
λλ == ff (τ)(τ) andand thusthus onon MMWW
inin casecase ofof tubulartubular micromicro--capillarycapillary useuse andand CC →→ 22..33
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porous materialporous materialporous materialporous material

porespores ofof fillingfilling :: 5050 –– 5050 000000 nmnm
samplesample :: largerlarger moleculesmolecules
porespores ofof fillingfilling :: 5050 –– 5050 000000 nmnm
samplesample :: largerlarger moleculesmolecules

capillary fractionationcapillary fractionationcapillary fractionationcapillary fractionation

(CHDF,(CHDF, capillarycapillary hydrodynamichydrodynamic fractionationfractionation))(CHDF,(CHDF, capillarycapillary hydrodynamichydrodynamic fractionationfractionation))

otherother influencesinfluences inin accountaccount::
:: colloidalcolloidal forcesforces
:: nonnon--linearlinear inertialinertial forcesforces dependingdepending ofof flowflow--raterate gradientgradient andand positionposition

otherother influencesinfluences inin accountaccount::
:: colloidalcolloidal forcesforces
:: nonnon--linearlinear inertialinertial forcesforces dependingdepending ofof flowflow--raterate gradientgradient andand positionposition:: nonnon--linearlinear inertialinertial forcesforces dependingdepending ofof flowflow--raterate gradientgradient andand positionposition
((liftlift forcesforces;; tubulartubular pinchpinch effecteffect))

:: nonnon--linearlinear inertialinertial forcesforces dependingdepending ofof flowflow--raterate gradientgradient andand positionposition
((liftlift forcesforces;; tubulartubular pinchpinch effecteffect))

pumppump exchangeableexchangeablepumppump exchangeable
resistance capillary
exchangeable
resistance capillary

wastewaste

detectordetector

wastewaste

injectioninjection

detectordetector

HDC capillaryHDC capillary
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FFF, flowFFF, flow--field fractionationfield fractionationFFF, flowFFF, flow--field fractionationfield fractionation

principleprinciple::
physicalphysical fieldfield inflictsinflicts somesome propertyproperty ofof analyteanalyte andand createscreates concentrationconcentration gradientgradient ∂c/∂x∂c/∂x
principleprinciple::
physicalphysical fieldfield inflictsinflicts somesome propertyproperty ofof analyteanalyte andand createscreates concentrationconcentration gradientgradient ∂c/∂x∂c/∂xphysicalphysical fieldfield inflictsinflicts somesome propertyproperty ofof analyteanalyte andand createscreates concentrationconcentration gradientgradient ∂c/∂x∂c/∂x
⇒⇒ concentrationconcentration profileprofile c(x)c(x) acrossacross channelchannel isis specificspecific forfor givengiven analyteanalyte
physicalphysical fieldfield inflictsinflicts somesome propertyproperty ofof analyteanalyte andand createscreates concentrationconcentration gradientgradient ∂c/∂x∂c/∂x
⇒⇒ concentrationconcentration profileprofile c(x)c(x) acrossacross channelchannel isis specificspecific forfor givengiven analyteanalyte

xx cDcWJ ∇∗−∗=

flowflow

fieldfieldinletinlet
JJ –– flowflow ofof analyteanalyte
WW –– transporttransport raterate ofof analyteanalyte

vv portionportion givengiven byby liquidliquid flowflow

JJ –– flowflow ofof analyteanalyte
WW –– transporttransport raterate ofof analyteanalyte

vv portionportion givengiven byby liquidliquid flowflow

zz
yy outletoutlet

separation channelseparation channel
vv –– portionportion givengiven byby liquidliquid flowflow
UU –– portionportion givengiven byby fieldfield

cc –– concentrationconcentration ofof analyteanalyte
DD –– diffusiondiffusion coefficientcoefficient ((22ndnd Fick‘sFick‘s law)law)

vv –– portionportion givengiven byby liquidliquid flowflow
UU –– portionportion givengiven byby fieldfield

cc –– concentrationconcentration ofof analyteanalyte
DD –– diffusiondiffusion coefficientcoefficient ((22ndnd Fick‘sFick‘s law)law)

UvW +=

DD –– diffusiondiffusion coefficientcoefficient ((22 Fick sFick s law)law)DD –– diffusiondiffusion coefficientcoefficient ((22 Fick sFick s law)law)

cc isis notnot constantconstant inin axisaxis ofof fieldfield applicationapplication (x)(x)cc isis notnot constantconstant inin axisaxis ofof fieldfield applicationapplication (x)(x)
fieldfield

cchannel hrig
hannel hrig

flowflow layer
thickness (l)

layer
thickness (l)

x
cDxcWJ xx ∂
∂

∗−∗= )(
ght (w

)
ght (w

)
thickness (l)thickness (l)

38383838
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nn –– eithereither 00 oror 11
00 –– constantconstant flowflow

nn –– eithereither 00 oror 11
00 –– constantconstant flowflow

n
xxx axUWv −==⇒= 0

⎞⎛
x 00 –– constantconstant flowflow

11 –– dependsdepends onon positionposition inin channelchannel
00 –– constantconstant flowflow
11 –– dependsdepends onon positionposition inin channelchannel∫

∗
⎟
⎠
⎞

⎜
⎝
⎛

x
x dx

D
U

0 ec=c(x) 0

brownianbrownian elutionelution modemodebrownianbrownian elutionelution modemode

parametersparameters influencinginfluencing separationseparation::
:: analyteanalyte propertiesproperties
(field(field analyteanalyte interactioninteraction parameterparameter diffusiondiffusion coefficient)coefficient)

parametersparameters influencinginfluencing separationseparation::
:: analyteanalyte propertiesproperties
(field(field analyteanalyte interactioninteraction parameterparameter diffusiondiffusion coefficient)coefficient)

0=n tDtU x ∗≈∗ 2
(field(field--analyteanalyte interactioninteraction parameter,parameter, diffusiondiffusion coefficient)coefficient)
:: strengthstrength ofof appliedapplied fieldfield
(field(field--analyteanalyte interactioninteraction parameter,parameter, diffusiondiffusion coefficient)coefficient)
:: strengthstrength ofof appliedapplied fieldfield

fieldfield--analyteanalyte interactioninteraction parameterparameterfieldfield--analyteanalyte interactioninteraction parameterparameterx
U x ∗ fieldfield analyteanalyte interactioninteraction parameterparameter

:: effectiveeffective massmass mmefef

fieldfield analyteanalyte interactioninteraction parameterparameter
:: effectiveeffective massmass mmefef

)(* liqpartpartVm ρρ −=

x
D

0 ec=c(x)
∗−

∗

kk –– BoltzmannBoltzmann constantconstant
TT –– absoluteabsolute temperaturetemperature
kk –– BoltzmannBoltzmann constantconstant
TT –– absoluteabsolute temperaturetemperature

)( liqpartpart ρρ

wF
TkR

*
*6

=
FF == g*mg*mefef;; gg –– gravitygravity accelerationacceleration
ww –– heightheight ofof separationseparation channelchannel
FF == g*mg*mefef;; gg –– gravitygravity accelerationacceleration
ww –– heightheight ofof separationseparation channelchannelretention ratioretention ratio

is function of is function of λλ
retention ratioretention ratio
is function of is function of λλ 39393939



stericsteric elutionelution modemodestericsteric elutionelution modemode

particlesparticles createcreate aa layerlayer nearnear toto channelchannel wallwall
concentrationconcentration ofof analyteanalyte extraextra murismuris == 00
particlesparticles createcreate aa layerlayer nearnear toto channelchannel wallwall
concentrationconcentration ofof analyteanalyte extraextra murismuris == 000=n tDtU x ∗>>∗ 2

rrpp –– particleparticle radiusradiusrrpp –– particleparticle radiusradius
w
r

R p6
=

focustionfocustion elutionelution modemodefocustionfocustion elutionelution modemode

particlesparticles createcreate aa layerlayer nearnear toto channelchannel wallwall
concentrationconcentration ofof analyteanalyte extraextra murismuris == 00
particlesparticles createcreate aa layerlayer nearnear toto channelchannel wallwall
concentrationconcentration ofof analyteanalyte extraextra murismuris == 001=n )( sxaU x −−=

ss –– position,position, wherewhere resultingresulting forceforce inflictinginflicting
analyteanalyte isis == 00;; positionposition ofof zonezone centrecentre fromfrom
channelchannel wallwall

ss –– position,position, wherewhere resultingresulting forceforce inflictinginflicting
analyteanalyte isis == 00;; positionposition ofof zonezone centrecentre fromfrom
channelchannel wallwall

)(
2

sx
D
a

0 ec=c(x)
−∗−

∗
channelchannel wallwallchannelchannel wallwall

importanceimportance ofof hydrodynamichydrodynamic forceforce::
itsits influencinginfluencing:: liquidliquid flowflow profileprofile

h lh l filfil

importanceimportance ofof hydrodynamichydrodynamic forceforce::
itsits influencinginfluencing:: liquidliquid flowflow profileprofile

h lh l filfil

sR 6
=

channelchannel profileprofilechannelchannel profileprofile
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use of FFFuse of FFF

:: nono SFSF (one(one--phasephase chromatography)chromatography) ⇒⇒ nono interactionsinteractions withwith activeactive surfacesurface

:: MFMF isis carriercarrier liquid,liquid, influencesinfluences separationseparation indirectlyindirectly onlyonly

:: nono SFSF (one(one--phasephase chromatography)chromatography) ⇒⇒ nono interactionsinteractions withwith activeactive surfacesurface

:: MFMF isis carriercarrier liquid,liquid, influencesinfluences separationseparation indirectlyindirectly onlyonly

:: variablesvariables influencinginfluencing separationseparation maymay bebe changedchanged continuouslycontinuously inin widewide rangerange:: variablesvariables influencinginfluencing separationseparation maymay bebe changedchanged continuouslycontinuously inin widewide rangerange

separationseparation ofof macromoleculesmacromolecules andand particlesparticles 101033 –– 10101515 DaDaseparationseparation ofof macromoleculesmacromolecules andand particlesparticles 101033 –– 10101515 DaDa

proceeding FFFproceeding FFFp gp g

outletoutlet inletinlet
valvevalve

corpuscorpus

wallwall

preparative modepreparative mode

channelchannel

41414141



instrumentationinstrumentation

i j ii j iinjectioninjection

instrumentationinstrumentation

separation
channel

separation
channel

injectioninjectioninjection
pump

injection
pump

MFMF

degas.degas.

pumppump

detectordetector
control unitcontrol unitfilterfilter

wastewaste

PCPC

42424242



pumpspumps

:: widewide rangerange ofof adjustableadjustable flowflow--ratesrates
:: nono needneed forfor highhigh pressure,pressure, butbut forfor pulselesspulseless flowflow !!!!!!
:: withwith constantconstant pressurepressure andand flowflow (reciprocal,(reciprocal, peristaltic)peristaltic)

:: widewide rangerange ofof adjustableadjustable flowflow--ratesrates
:: nono needneed forfor highhigh pressure,pressure, butbut forfor pulselesspulseless flowflow !!!!!!
:: withwith constantconstant pressurepressure andand flowflow (reciprocal,(reciprocal, peristaltic)peristaltic)

injection deviceinjection device

pp ( p ,( p , p )p )pp ( p ,( p , p )p )

similarsimilar toto LCLCsimilarsimilar toto LCLC

:: septumseptum
:: multimulti--wayway valvevalve
:: linearlinear injectorsinjectors (infusion)(infusion)

:: septumseptum
:: multimulti--wayway valvevalve
:: linearlinear injectorsinjectors (infusion)(infusion)

detectorsdetectors

similarsimilar toto SECSEC

:: refractometerrefractometer

similarsimilar toto SECSEC

:: refractometerrefractometer:: refractometerrefractometer
:: photometerphotometer –– absorption,absorption, fluorescence,fluorescence, opticaloptical rotation,rotation, scatteringscattering
:: otherother –– viscosimeter,viscosimeter, densitometer,densitometer, osmometerosmometer......

:: refractometerrefractometer
:: photometerphotometer –– absorption,absorption, fluorescence,fluorescence, opticaloptical rotation,rotation, scatteringscattering
:: otherother –– viscosimeter,viscosimeter, densitometer,densitometer, osmometerosmometer...... 43434343



SdFFFSdFFF, , ssedimentationedimentation fflowlow--field field ffractionationractionationSdFFFSdFFF, , ssedimentationedimentation fflowlow--field field ffractionationractionation

:: thethe oldestoldest techniquetechnique:: thethe oldestoldest techniquetechniqueqq
:: effectiveeffective forceforce == naturalnatural gravitygravity oror centrifugalcentrifugal forceforce
:: rotationrotation 2000020000 rr..pp..mm.. (injection(injection inin steadysteady state)state)

qq
:: effectiveeffective forceforce == naturalnatural gravitygravity oror centrifugalcentrifugal forceforce
:: rotationrotation 2000020000 rr..pp..mm.. (injection(injection inin steadysteady state)state)

qwGdRT p Δ= ****6 3πλ

inletinlet

outletoutletGG –– gravitygravity (g)(g) oror centrifugalcentrifugal accelerationacceleration
ΔqΔq –– densitydensity differencedifference betweenbetween particlesparticles andand solventsolvent
ddpp –– particleparticle diameterdiameter

GG –– gravitygravity (g)(g) oror centrifugalcentrifugal accelerationacceleration
ΔqΔq –– densitydensity differencedifference betweenbetween particlesparticles andand solventsolvent
ddpp –– particleparticle diameterdiameter

zone 2zone 2

ddpp particleparticle diameterdiameterddpp particleparticle diameterdiameter

GFFFGFFF :: >> 11 μmμm
SdFFFSdFFF (G(G == 101055 ** g)g) :: 101066 DaDa oror >> 1010 nmnm
GFFFGFFF :: >> 11 μmμm
SdFFFSdFFF (G(G == 101055 ** g)g) :: 101066 DaDa oror >> 1010 nmnm

zone 1zone 1
SdFFFSdFFF (G(G 1010 g)g) :: 1010 DaDa oror 1010 nmnm

DNA,DNA, proteoglycans,proteoglycans, riverriver waterwater colloids,colloids, virusesviruses
andand silicagelsilicagel SFSF forfor HPLCHPLC

SdFFFSdFFF (G(G 1010 g)g) :: 1010 DaDa oror 1010 nmnm

DNA,DNA, proteoglycans,proteoglycans, riverriver waterwater colloids,colloids, virusesviruses
andand silicagelsilicagel SFSF forfor HPLCHPLCgggg
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ThFFFThFFF, thermal , thermal fflowlow--field field ffractionationractionationThFFFThFFF, thermal , thermal fflowlow--field field ffractionationractionation

separationseparation channelchannel –– twotwo metallicmetallic (cupric)(cupric) blocksblocks

thethe upperupper oneone isis electricallyelectrically heated,heated, thethe lowerlower oneone isis waterwater cooledcooled
⇒⇒ gradientgradient 2020 –– 10001000 °°C/cmC/cm

separationseparation channelchannel –– twotwo metallicmetallic (cupric)(cupric) blocksblocks

thethe upperupper oneone isis electricallyelectrically heated,heated, thethe lowerlower oneone isis waterwater cooledcooled
⇒⇒ gradientgradient 2020 –– 10001000 °°C/cmC/cm⇒⇒ gradientgradient 2020 10001000 C/cmC/cm

:: distancedistance teflonteflon foilfoil:: 5050 –– 250250 μmμm

temperaturetemperature gradientgradient causescauses slowerslower flowflow atat coldercolder wallwall (non(non--isoviscoseisoviscose liquid)liquid)

⇒⇒ gradientgradient 2020 10001000 C/cmC/cm
:: distancedistance teflonteflon foilfoil:: 5050 –– 250250 μmμm

temperaturetemperature gradientgradient causescauses slowerslower flowflow atat coldercolder wallwall (non(non--isoviscoseisoviscose liquid)liquid)

1

**
−

⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

=
T

T
w αλ

DDTT == thermalthermal diffusiondiffusion coefficientcoefficient
αα thermalthermal diffusiondiffusion factorfactor == DD *T*T // DD
DDTT == thermalthermal diffusiondiffusion coefficientcoefficient
αα thermalthermal diffusiondiffusion factorfactor == DD *T*T // DD

⎠⎝ ∂xT

αα –– thermalthermal diffusiondiffusion factorfactor == DDTT*T*T // DDαα –– thermalthermal diffusiondiffusion factorfactor == DDTT*T*T // DD

TFFFTFFF tt d ibd ib th lth l diff idiff iTFFFTFFF tt d ibd ib th lth l diff idiff iTFFFTFFF :: toto describedescribe thermalthermal diffusiondiffusionTFFFTFFF :: toto describedescribe thermalthermal diffusiondiffusion
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EFFFEFFF eelectriclectric fflowlow fieldfield ffractionationractionationEFFFEFFF eelectriclectric fflowlow fieldfield ffractionationractionationEFFF, EFFF, eelectriclectric fflowlow--field field ffractionationractionationEFFF, EFFF, eelectriclectric fflowlow--field field ffractionationractionation

wallswalls –– semipermeablesemipermeable cellulosecellulose membranesmembranes

highhigh voltagevoltage gradientgradient;; lowlow absoluteabsolute voltagevoltage –– lowlow currentcurrent ⇒⇒ lowlow heatingheating

wallswalls –– semipermeablesemipermeable cellulosecellulose membranesmembranes

highhigh voltagevoltage gradientgradient;; lowlow absoluteabsolute voltagevoltage –– lowlow currentcurrent ⇒⇒ lowlow heatingheatinghighhigh voltagevoltage gradientgradient;; lowlow absoluteabsolute voltagevoltage lowlow currentcurrent ⇒⇒ lowlow heatingheatinghighhigh voltagevoltage gradientgradient;; lowlow absoluteabsolute voltagevoltage lowlow currentcurrent ⇒⇒ lowlow heatingheating

wED **μλ =

μμ –– electrophoreticelectrophoretic mobilitymobilityμμ –– electrophoreticelectrophoretic mobilitymobility

wED eμλ

μμee electrophoreticelectrophoretic mobilitymobility
EE –– electricelectric fieldfield intensityintensity
μμee electrophoreticelectrophoretic mobilitymobility
EE –– electricelectric fieldfield intensityintensity

EFFFEFFF : proteins with different isoelectric point: proteins with different isoelectric pointEFFFEFFF : proteins with different isoelectric point: proteins with different isoelectric point
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FFFF, FFFF, fflowlow--field field fflow low ffractionationractionationFFFF, FFFF, fflowlow--field field fflow low ffractionationractionation,,,,

ff ff ff ffff ff ff ffexternalexternal fieldfield –– solventsolvent flowflow orthogonalorthogonal toto flowflow ofof basicbasic mediamedia

tubetube ofof semipermeablesemipermeable materialmaterial ⇒⇒ solventsolvent intrusion,intrusion, notnot ofof analyteanalyte

externalexternal fieldfield –– solventsolvent flowflow orthogonalorthogonal toto flowflow ofof basicbasic mediamedia

tubetube ofof semipermeablesemipermeable materialmaterial ⇒⇒ solventsolvent intrusion,intrusion, notnot ofof analyteanalyte

dwVNVRT c *****3* 2
0 ηπλ =

VV00 –– channelchannel volumevolumeVV00 –– channelchannel volumevolume

dwVNV c30 ηπ

ηη –– viscosityviscosity
VVcc –– volumetricvolumetric orthogonalorthogonal flowflow
dd –– effectiveeffective StokesStokes diameterdiameter

ηη –– viscosityviscosity
VVcc –– volumetricvolumetric orthogonalorthogonal flowflow
dd –– effectiveeffective StokesStokes diameterdiameter

FFFFFFFF :: >> 11 nmnmFFFFFFFF :: >> 11 nmnmFFFFFFFF :: >> 11 nmnmFFFFFFFF :: >> 11 nmnm
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GC historyGC history
gas chromatographygas chromatographygas chromatographygas chromatography

19411941

SyngeSynge andand MartinMartin :: theoretictheoretic basebase forfor GCGC::

19411941

SyngeSynge andand MartinMartin :: theoretictheoretic basebase forfor GCGC::

GC historyGC history

y gy g
„„......veryvery refinedrefined separationsseparations ofof volatilevolatile substancessubstances shouldshould bebe possiblepossible inin aa
columncolumn inin whichwhich permanentpermanent gasgas isis mademade toto flowflow overover gelgel impregnatedimpregnated withwith aa
nonnon--volatilevolatile solventsolvent.. .. ........““

y gy g
„„......veryvery refinedrefined separationsseparations ofof volatilevolatile substancessubstances shouldshould bebe possiblepossible inin aa
columncolumn inin whichwhich permanentpermanent gasgas isis mademade toto flowflow overover gelgel impregnatedimpregnated withwith aa
nonnon--volatilevolatile solventsolvent.. .. ........““nonnon volatilevolatile solventsolvent.. .. ........nonnon volatilevolatile solventsolvent.. .. ........

19521952

JamesJames andand MartinMartin :: practicalpractical introductionintroduction ofof GCGC;; separationseparation ofof volatilevolatile fattyfatty aa

19521952

JamesJames andand MartinMartin :: practicalpractical introductionintroduction ofof GCGC;; separationseparation ofof volatilevolatile fattyfatty aaJamesJames andand MartinMartin :: practicalpractical introductionintroduction ofof GCGC;; separationseparation ofof volatilevolatile fattyfatty aa..JamesJames andand MartinMartin :: practicalpractical introductionintroduction ofof GCGC;; separationseparation ofof volatilevolatile fattyfatty aa..

196319631963196319631963

GCGC--MSMS –– firstfirst hyphenatedhyphenated techniquetechnique

19631963

GCGC--MSMS –– firstfirst hyphenatedhyphenated techniquetechnique

19801980

capillarycapillary columnscolumns inin GCGC –– distinctivedistinctive separationseparation improvementimprovement

19801980

capillarycapillary columnscolumns inin GCGC –– distinctivedistinctive separationseparation improvementimprovementp yp y pp ppp yp y pp pp
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theoretical base of GCtheoretical base of GCtheoretical base of GCtheoretical base of GC
in principal the same as for LC separationin principal the same as for LC separationin principal the same as for LC separationin principal the same as for LC separationin principal the same as for LC separationin principal the same as for LC separation

differencedifference: : gasgas is is compressiblecompressible (liquid not)(liquid not)

in principal the same as for LC separationin principal the same as for LC separation

differencedifference: : gasgas is is compressiblecompressible (liquid not)(liquid not)

equilibrium on columnequilibrium on columnequilibrium on columnequilibrium on column

A (A (gg) + SF () + SF (ss) ↔ A) ↔ A--SF (SF (ss))A (A (gg) + SF () + SF (ss) ↔ A) ↔ A--SF (SF (ss))A (A (gg) + SF () + SF (ss) ↔ A) ↔ A SF (SF (ss))A (A (gg) + SF () + SF (ss) ↔ A) ↔ A SF (SF (ss))

)()*( AA γ
)()*(

)()*(
AAc

AAc
D MM

SSK γ
γ=

)()( ApAc KD ∗= )()( * ApAc TRS ∗=
49494949



Raoult‘s lawRaoult‘s lawRaoult‘s lawRaoult‘s law

)(*)()( 0 AxApAp =

Henry isothermHenry isothermHenry isothermHenry isothermx(A) x(A) –– molar ratio of molar ratio of AA in mixturein mixture
pp00(A) (A) –– pressure of saturated vapours of pressure of saturated vapours of AA
x(A) x(A) –– molar ratio of molar ratio of AA in mixturein mixture
pp00(A) (A) –– pressure of saturated vapours of pressure of saturated vapours of AA

)(*)( ApkAc HS =

low concentrations of low concentrations of AA, non, non--ideal solutionideal solution
kkHH –– Henry‘s constantHenry‘s constant
p(A)p(A) –– partial pressure ofpartial pressure of AA over mixtureover mixture

low concentrations of low concentrations of AA, non, non--ideal solutionideal solution
kkHH –– Henry‘s constantHenry‘s constant
p(A)p(A) –– partial pressure ofpartial pressure of AA over mixtureover mixturerere p(A) p(A) partial pressure of partial pressure of AA over mixtureover mixturep(A) p(A) partial pressure of partial pressure of AA over mixtureover mixture

al
 p

re
ss

u
al

 p
re

ss
u

pa
rti

a
pa

rti
a

relation betweenrelation between
Raoult‘s and Henry‘s lawsRaoult‘s and Henry‘s laws
relation betweenrelation between
Raoult‘s and Henry‘s lawsRaoult‘s and Henry‘s laws

molar ratiomolar ratio

yyyy
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Langmuir isothermLangmuir isothermLangmuir isothermLangmuir isotherm

)(**)()( ApKAcAc D=
)(*1

)()( max ApK
AcAc

D
SS +

=

ccSmaxSmax –– maximal bound concentrationmaximal bound concentrationccSmaxSmax –– maximal bound concentrationmaximal bound concentration

88

1010
cS(A)cS(A)

44

66

K = 1K = 1

graphical presentationgraphical presentation
of Langmuir isothermof Langmuir isotherm
graphical presentationgraphical presentation
of Langmuir isothermof Langmuir isotherm

00

22

KD = 1KD = 1
cSmax(A) = 0.01 mol/m2cSmax(A) = 0.01 mol/m2

00 22 44 66 88 1010

pApA
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adsorption GCadsorption GCadsorption GCadsorption GC
GSCGSCGSCGSC

distribution GCdistribution GCdistribution GCdistribution GC
GLCGLCGLCGLC

adsorption (distribution) GCadsorption (distribution) GCadsorption (distribution) GCadsorption (distribution) GC
distribution chromatography (GLC)distribution chromatography (GLC)distribution chromatography (GLC)distribution chromatography (GLC)

)(
)(

Ac
Ac

R M

SK =
g p y ( )g p y ( )

vapour tension of analyte (vapour tension of analyte (AA) over liquid phase) over liquid phase

adsorption chromatography (GSC)adsorption chromatography (GSC)

g p y ( )g p y ( )

vapour tension of analyte (vapour tension of analyte (AA) over liquid phase) over liquid phase

adsorption chromatography (GSC)adsorption chromatography (GSC) )( AcM

SS –– SF, SF, MM –– MFMFSS –– SF, SF, MM –– MFMF

adsorption chromatography (GSC)adsorption chromatography (GSC)

different adsorption of molecule different adsorption of molecule AA onto SF surface onto SF surface 
with active centreswith active centres

adsorption chromatography (GSC)adsorption chromatography (GSC)

different adsorption of molecule different adsorption of molecule AA onto SF surface onto SF surface 
with active centreswith active centres
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linear flow rate of carrier gas (MF)linear flow rate of carrier gas (MF)linear flow rate of carrier gas (MF)linear flow rate of carrier gas (MF)

LL –– column lengthcolumn length
pp –– gas pressuregas pressure
LL –– column lengthcolumn length
pp –– gas pressuregas pressure

LL
pp gas pressuregas pressure
uu –– linear flow ratelinear flow rate
indicesindices:  :  i i –– on inleton inlet

xx –– in pointin point xx of lengthof length

pp gas pressuregas pressure
uu –– linear flow ratelinear flow rate
indicesindices:  :  i i –– on inleton inlet

xx –– in pointin point xx of lengthof length

xxpipi pxpx popo
uiui uxux uouo xx in point in point xx of lengthof length

oo –– on outleton outlet
xx in point in point xx of lengthof length
oo –– on outleton outlet

value profile value profile value profile value profile 
44
55
66

pxpx
1.01.0

pppuxuxux
of linear flow rateof linear flow rateof linear flow rateof linear flow rate

11
22
33
44

po = 0.1 MPapo = 0.1 MPa
pi = 0.5 MPapi = 0.5 MPa

0.40.4

0.60.6

0.80.8

popo
= 5= 5

pipi

po
= 5

pi

uouo

uxux

uo

ux

di tdi t filfildi tdi t filfil

0.00.0 0.20.2 0.40.4 0.60.6 0.80.8 1.01.0
00

popo

x / Lx / L 0.00.0 0.20.2 0.40.4 0.60.6 0.80.8 1.01.0
0.00.0

0.20.2

x / Lx / Lpressure pressure gradientgradient profileprofile
on columnon column
pressure pressure gradientgradient profileprofile
on columnon column

53535353
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average linear MF flow rateaverage linear MF flow rateaverage linear MF flow rateaverage linear MF flow rate

ppB )(* −
BB00 –– specificspecific permeabilitypermeability ofof columncolumn [m[m22]]
(p(pii--ppoo)) –– pressurepressure gradientgradient [Pa][Pa]
BB00 –– specificspecific permeabilitypermeability ofof columncolumn [m[m22]]
(p(pii--ppoo)) –– pressurepressure gradientgradient [Pa][Pa]

L
ppBu oi

**
)(0

εη
=

(p(pii ppoo)) pressurepressure gradientgradient [Pa][Pa]
ηη –– ddynamicynamic viscosityviscosity [Pa[Pa..s]s]
εε –– sorbentsorbent innerinner porosityporosity
LL –– columncolumn lengthlength [m][m]

(p(pii ppoo)) pressurepressure gradientgradient [Pa][Pa]
ηη –– ddynamicynamic viscosityviscosity [Pa[Pa..s]s]
εε –– sorbentsorbent innerinner porosityporosity
LL –– columncolumn lengthlength [m][m]gg [ ][ ]gg [ ][ ]

compressibility factorcompressibility factorcompressibility factorcompressibility factor
1

2

⎟
⎞

⎜
⎛ ip 1

2
3

3

⎟
⎞

⎜
⎛

−⎟⎟
⎠

⎜⎜
⎝∗= o

i

p

p
p

jouju *=

1−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

o

i

p
p
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retention quantitiesretention quantitiesretention quantitiesretention quantities
tFV ∗=

MmMm VtFV =∗=

iRMiR tFV ,, ∗=
retention volume / time of retention volume / time of ii--th analyteth analyte VVR,iR,i [ml], [ml], ttR,iR,i [min][min]

void volume / time of columnvoid volume / time of column VVmm [ml], [ml], ttmm [min][min]

retention volume / time of retention volume / time of ii--th analyteth analyte VVR,iR,i [ml], [ml], ttR,iR,i [min][min]

void volume / time of columnvoid volume / time of column VVmm [ml], [ml], ttmm [min][min]
MmMm

reduced retention volume / timereduced retention volume / time V'V'R,iR,i [ml], [ml], t't'R,iR,i [min][min]reduced retention volume / timereduced retention volume / time V'V'R,iR,i [ml], [ml], t't'R,iR,i [min][min] miRiR ttt −=′ ,,

miRiR VVV −=′ ,,iRMiR tFV ,, ′∗=′

net retention volumenet retention volume VVNN [min][min]net retention volumenet retention volume VVNN [min][min] jVjtFV iRiRMN ∗′=∗′∗= ,,
V'V'R,iR,i corrected to carrier gas compressibilitycorrected to carrier gas compressibilityV'V'R,iR,i corrected to carrier gas compressibilitycorrected to carrier gas compressibility

N
p

VV ∗
=

15.273

k
p TS ∗

NVV ∗15.273
specific volumespecific volume VVhh [ml/g] or [ml/g] or VVpp [ml/m[ml/m22]]
VVNN related to 1 g or 1 mrelated to 1 g or 1 m22 SF and to 0 SF and to 0 °°CC

specific volumespecific volume VVhh [ml/g] or [ml/g] or VVpp [ml/m[ml/m22]]
VVNN related to 1 g or 1 mrelated to 1 g or 1 m22 SF and to 0 SF and to 0 °°CC

kL

N
h Tw

VV
∗

=
15.273NN ggNN gg
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temperature influencetemperature influencetemperature influencetemperature influence

TTkk >> TTboilboil ∧∧ TTinjinj ≥≥ TTkk ∧∧ TTdd >> TTkkTTkk >> TTboilboil ∧∧ TTinjinj ≥≥ TTkk ∧∧ TTdd >> TTkk

TTinjinj –– injectioninjection headhead temperaturetemperature
TTkk –– columncolumn thermostatthermostat temperaturetemperature
TTinjinj –– injectioninjection headhead temperaturetemperature
TTkk –– columncolumn thermostatthermostat temperaturetemperaturekk pp
TTdd –– detectordetector temperaturetemperature

kk pp
TTdd –– detectordetector temperaturetemperature

↑↑ TTkk leadsleads toto fasterfaster analysisanalysis

↑↑ TTkk demandsdemands ↑↑ MFMF pressurepressure onon columncolumn inletinlet forfor keepingkeeping uu throughthrough columncolumn

↑↑ TTkk leadsleads toto fasterfaster analysisanalysis

↑↑ TTkk demandsdemands ↑↑ MFMF pressurepressure onon columncolumn inletinlet forfor keepingkeeping uu throughthrough columncolumn↑↑ TTkk demandsdemands ↑↑ MFMF pressurepressure onon columncolumn inletinlet forfor keepingkeeping uu throughthrough columncolumn↑↑ TTkk demandsdemands ↑↑ MFMF pressurepressure onon columncolumn inletinlet forfor keepingkeeping uu throughthrough columncolumn

isothermicisothermic analysisanalysis:: TTkk == constconst..

analysisanalysis withwith temperaturetemperature gradientgradient:: TTkk22 –– TTkk11 >> 00
isothermicisothermic analysisanalysis:: TTkk == constconst..

analysisanalysis withwith temperaturetemperature gradientgradient:: TTkk22 –– TTkk11 >> 00
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GC arrangementGC arrangementGC arrangementGC arrangement

MFMFMF
container

MF
container

separationseparation
columncolumn

detectordetector

injection
device

injection
device

outputoutput
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MF deliveryMF deliveryMF deliveryMF delivery

gasgas
: pressure containers: pressure containers
gasgas
: pressure containers: pressure containers

:: 0.5 ml/min 0.5 ml/min –– 400 ml/min (HP400 ml/min (HP--GC 1200 ml/min)GC 1200 ml/min)
t 400 kP (HPt 400 kP (HP GC 1 MP )GC 1 MP )

:: 0.5 ml/min 0.5 ml/min –– 400 ml/min (HP400 ml/min (HP--GC 1200 ml/min)GC 1200 ml/min)
t 400 kP (HPt 400 kP (HP GC 1 MP )GC 1 MP ): pressure containers: pressure containers

: compressor: compressor
: electrolyser: electrolyser

: pressure containers: pressure containers
: compressor: compressor
: electrolyser: electrolyser

:: pressure up to 400 kPa (HPpressure up to 400 kPa (HP--GC 1 MPa)GC 1 MPa)
:: pressure and flow controlpressure and flow control
:: thermostatingthermostating

:: pressure up to 400 kPa (HPpressure up to 400 kPa (HP--GC 1 MPa)GC 1 MPa)
:: pressure and flow controlpressure and flow control
:: thermostatingthermostatinggggg

m
]

m
]

1.01.0

carrier gas advanced flow controlcarrier gas advanced flow control
(AFC)(AFC)
carrier gas advanced flow controlcarrier gas advanced flow control
(AFC)(AFC) H

ET
P 

[m
m

H
ET

P 
[m

m

nitrogennitrogen

heliumhelium(AFC)(AFC)(AFC)(AFC)

carrier gas advanced pressure controlcarrier gas advanced pressure controlcarrier gas advanced pressure controlcarrier gas advanced pressure control

0.50.5

hydrogenhydrogencarrier gas advanced pressure controlcarrier gas advanced pressure control
(APC)(APC)
carrier gas advanced pressure controlcarrier gas advanced pressure control
(APC)(APC)

0.00.0
00 2020 4040 6060 8080

hydrogenhydrogen

u [cm/s]u [cm/s]
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carrier gascarrier gascarrier gascarrier gas
NN22 (nitrogen)(nitrogen)NN22 (nitrogen)(nitrogen)NN22 (nitrogen)(nitrogen)

++ cheap,cheap, safesafe
–– lowlow thermalthermal conductivityconductivity

NN22 (nitrogen)(nitrogen)
++ cheap,cheap, safesafe
–– lowlow thermalthermal conductivityconductivity

HH22 (hydrogen)(hydrogen)
++ highhigh thermalthermal conductivity,conductivity, lowlow viscosityviscosity

highhigh diffusivitydiffusivity explosiveexplosive

HH22 (hydrogen)(hydrogen)
++ highhigh thermalthermal conductivity,conductivity, lowlow viscosityviscosity

highhigh diffusivitydiffusivity explosiveexplosive–– highhigh diffusivity,diffusivity, explosiveexplosive

HeHe (helium)(helium)
bibi dd ff NN dd HH

–– highhigh diffusivity,diffusivity, explosiveexplosive

HeHe (helium)(helium)
bibi dd ff NN dd HH++ combinescombines advantagesadvantages ofof NN22 andand HH22

–– expensiveexpensive
++ combinescombines advantagesadvantages ofof NN22 andand HH22
–– expensiveexpensive

ArAr (argon)(argon)
especiallyespecially forfor ECDECD
ArAr (argon)(argon)
especiallyespecially forfor ECDECD

itit tt dd ll ithith l ll l iiitit tt dd ll ithith l ll l ii

mustmust bebe chemicallychemically inertinert –– alwaysalways necessarynecessary toto removeremove humidityhumidity andand OO22mustmust bebe chemicallychemically inertinert –– alwaysalways necessarynecessary toto removeremove humidityhumidity andand OO22

puritypurity –– prepre--setset guardguard columncolumn withwith molecularmolecular sievesievepuritypurity –– prepre--setset guardguard columncolumn withwith molecularmolecular sievesieve

59595959



injection deviceinjection device
loadingloading ofof AA ontoonto columncolumnloadingloading ofof AA ontoonto columncolumngg
:: moremore difficultdifficult thanthan byby LCLC

gg
:: moremore difficultdifficult thanthan byby LCLC tubulartubular columnscolumns:: 11 –– 2020 μlμl

capillarycapillary columnscolumns:: ~~ 11 nlnl
tubulartubular columnscolumns:: 11 –– 2020 μlμl
capillarycapillary columnscolumns:: ~~ 11 nlnl

injectinject smallsmall volumevolume andand quicklyquickly
:: slowlyslowly andand largelarge volumevolume (overload)(overload) ⇒⇒ broadbroad zoneszones andand resolutionresolution lossloss
injectinject smallsmall volumevolume andand quicklyquickly
:: slowlyslowly andand largelarge volumevolume (overload)(overload) ⇒⇒ broadbroad zoneszones andand resolutionresolution lossloss

samplesample evaporationevaporationsamplesample evaporationevaporation

necessitynecessity toto transformtransform liquidliquid andand solidsolid samplessamples
intointo gaseousgaseous statestate

necessitynecessity toto transformtransform liquidliquid andand solidsolid samplessamples
intointo gaseousgaseous statestate

heatedheated spacespace onon thethe beginningbeginning ofof thethe columncolumn

volatilityvolatility incrementincrement

heatedheated spacespace onon thethe beginningbeginning ofof thethe columncolumn

volatilityvolatility incrementincrementvolatilityvolatility incrementincrement
chemicalchemical derivatisationderivatisation:: silylationsilylation (N,O(N,O--bisbis((trimetkylsilyltrimetkylsilyl))acetamideacetamide))

silanisationsilanisation ((dimethylchlorsilanedimethylchlorsilane))
dd t l tit l ti (( t h d idt h d id ))

volatilityvolatility incrementincrement
chemicalchemical derivatisationderivatisation:: silylationsilylation (N,O(N,O--bisbis((trimetkylsilyltrimetkylsilyl))acetamideacetamide))

silanisationsilanisation ((dimethylchlorsilanedimethylchlorsilane))
dd t l tit l ti (( t h d idt h d id ))N Si ON Si O andand acetylationacetylation ((acetanhydrideacetanhydride))andand acetylationacetylation ((acetanhydrideacetanhydride))
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splitless injectionsplitless injectionsplitless injectionsplitless injection

flow regulator
with septum

flow regulator
with septum

pressure
sensor

pressure
sensor

flow
sensor

flow
sensor

proportion
valve 1

proportion
valve 1

septum
waste

septum
waste

ii inlet intoinlet into
capturecapture

splitter
waste
splitter
waste

carrier gascarrier gas inlet into
column

inlet into
column valvevalve

to detectorto detector

proportion
valve 2

proportion
valve 2

:: withwith closedclosed valvevalve pressurisepressurise usingusing proportionproportion valvevalve 11:: flowflow sensorsensor == 55 ml/minml/min,,
pressurepressure sensorsensor == 7070 kPakPa

:: withwith closedclosed valvevalve pressurisepressurise usingusing proportionproportion valvevalve 11:: flowflow sensorsensor == 55 ml/minml/min,,
pressurepressure sensorsensor == 7070 kPakPapp

:: septumseptum flowflow setset toto 22 ml/minml/min ⇒⇒ slowslow flowflow ofof 33 ml/minml/min ontoonto columncolumn

:: samplesample introducedintroduced intointo injectorinjector andand isis carriedcarried ontoonto columncolumn

pp

:: septumseptum flowflow setset toto 22 ml/minml/min ⇒⇒ slowslow flowflow ofof 33 ml/minml/min ontoonto columncolumn

:: samplesample introducedintroduced intointo injectorinjector andand isis carriedcarried ontoonto columncolumn:: samplesample introducedintroduced intointo injectorinjector andand isis carriedcarried ontoonto columncolumn

:: afterafter certaincertain timetime withoutwithout splittingsplitting ((1010 –– 4040 ss /optimum/optimum 2020 s/,s/, splitlesssplitless timetime),), whichwhich
happenshappens afterafter injection,injection, thethe valvevalve isis openopen andand restrest ofof thethe samplesample isis washedwashed outout

:: samplesample introducedintroduced intointo injectorinjector andand isis carriedcarried ontoonto columncolumn

:: afterafter certaincertain timetime withoutwithout splittingsplitting ((1010 –– 4040 ss /optimum/optimum 2020 s/,s/, splitlesssplitless timetime),), whichwhich
happenshappens afterafter injection,injection, thethe valvevalve isis openopen andand restrest ofof thethe samplesample isis washedwashed outout 61616161



itit demandsdemands samplesample reconcentrationreconcentration
:: preventsprevents zonezone broadeningbroadening
itit demandsdemands samplesample reconcentrationreconcentration
:: preventsprevents zonezone broadeningbroadeningpp ggpp gg

coldcold trappingtrappingcoldcold trappingtrappingcoldcold trappingtrapping
:: firstfirst fewfew centimetrescentimetres ofof columncolumn hashas negativenegative temperaturetemperature gradientgradient
(~(~ 250250 °°CC /injection//injection/ >>>> 4040 °°CC capturecapture regionregion;; caca << 150150 °°CC thanthan TTboilboil))

coldcold trappingtrapping
:: firstfirst fewfew centimetrescentimetres ofof columncolumn hashas negativenegative temperaturetemperature gradientgradient
(~(~ 250250 °°CC /injection//injection/ >>>> 4040 °°CC capturecapture regionregion;; caca << 150150 °°CC thanthan TTboilboil))

⇒⇒ mobilitymobility ofof componentscomponents withwith highhigh TTboilboil isis zerozero
⇒⇒ theirtheir reconcentrationreconcentration
⇒⇒ mobilitymobility ofof componentscomponents withwith highhigh TTboilboil isis zerozero
⇒⇒ theirtheir reconcentrationreconcentration

solventsolvent effecteffect
:: firstfirst fewfew centimetrescentimetres ofof columncolumn hashas negativenegative temperaturetemperature gradientgradient

solventsolvent effecteffect
:: firstfirst fewfew centimetrescentimetres ofof columncolumn hashas negativenegative temperaturetemperature gradientgradientgg pp gg
(~(~ 250250 °°CC /injection//injection/ >>>> capturecapture regionregion isis caca 2020 °°CC bellowbellow solventsolvent TTboilboil))

⇒⇒ samplesample componentscomponents withwith lowlow TTboilboil condensatecondensate withwith solventsolvent

gg pp gg
(~(~ 250250 °°CC /injection//injection/ >>>> capturecapture regionregion isis caca 2020 °°CC bellowbellow solventsolvent TTboilboil))

⇒⇒ samplesample componentscomponents withwith lowlow TTboilboil condensatecondensate withwith solventsolvent

fromfrom thethe createdcreated thinthin film,film, thethe solventsolvent isis slowlyslowly evaporatingevaporating
⇒⇒ reconcentrationreconcentration ofof componentscomponents withwith lowlow TTboilboil

fromfrom thethe createdcreated thinthin film,film, thethe solventsolvent isis slowlyslowly evaporatingevaporating
⇒⇒ reconcentrationreconcentration ofof componentscomponents withwith lowlow TTboilboil
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split injectionsplit injectionsplit injectionsplit injection

splittersplitter allowsallows:: easyeasy injectioninjection ofof smallsmall volumevolume
ii l t dl t d tt hh t it i tt ll dd ll itit

splittersplitter allowsallows:: easyeasy injectioninjection ofof smallsmall volumevolume
ii l t dl t d tt hh t it i tt ll dd ll itit:: isis relatedrelated toto sharpsharp zonezone enteringentering ontoonto columncolumn andand columncolumn capacitycapacity:: isis relatedrelated toto sharpsharp zonezone enteringentering ontoonto columncolumn andand columncolumn capacitycapacity

MS

M

FF
FS
+

= SS –– degreedegree ofof samplesample splitting,splitting,
FFMM –– columncolumn flowflow rate,rate, FFSS –– splittersplitter flowflow raterate
SS –– degreedegree ofof samplesample splitting,splitting,
FFMM –– columncolumn flowflow rate,rate, FFSS –– splittersplitter flowflow raterateMS MM ,, SS pp

(proportion(proportion valvevalve 22))
MM ,, SS pp

(proportion(proportion valvevalve 22))

disadvantagesdisadvantages::
:: unsuitableunsuitable forfor tracetrace analysisanalysis
d dd d ff littlitt tt

disadvantagesdisadvantages::
:: unsuitableunsuitable forfor tracetrace analysisanalysis
d dd d ff littlitt tt:: dependsdepends ofof splittersplitter geometrygeometry:: dependsdepends ofof splittersplitter geometrygeometry

t dt d thth tt dd ff i j tii j tit dt d thth tt dd ff i j tii j titodaytoday thethe mostmost usedused wayway ofof injectioninjectiontodaytoday thethe mostmost usedused wayway ofof injectioninjection
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flowflow

septumseptum

flow regulator
with septum

flow regulator
with septumpressure

sensor
pressure
sensor

flow
sensor

flow
sensor

proportion
valve 1

proportion
valve 1

splittersplitter

wastewaste

carrier gascarrier gas
inlet into
column

inlet into
column valvevalve

capturecapture

proportion
valve 2

proportion
valve 2

splitter
waste
splitter
waste

to detectorto detector

:: pressurisepressurise usingusing proportionproportion valvevalve 11:: flowflow sensorsensor == 103103 ml/min,ml/min, pressurepressure sensorsensor
== 7070 kPakPa

tt flfl tt tt 22 l/ il/ i ll flfl ff 33 l/ il/ i tt ll

:: pressurisepressurise usingusing proportionproportion valvevalve 11:: flowflow sensorsensor == 103103 ml/min,ml/min, pressurepressure sensorsensor
== 7070 kPakPa

tt flfl tt tt 22 l/ il/ i ll flfl ff 33 l/ il/ i tt ll:: septumseptum flowflow setset toto 22 ml/minml/min ⇒⇒ slowslow flowflow ofof 33 ml/minml/min ontoonto columncolumn

:: pressurepressure sensorsensor setssets proportionproportion valvevalve 22 toto 100100 ml/minml/min ⇒⇒ ontoonto columncolumn 11 ml/minml/min ⇒⇒
throughthrough inletinlet MFMF flowflow quicklyquickly 101101 ml/minml/min

:: septumseptum flowflow setset toto 22 ml/minml/min ⇒⇒ slowslow flowflow ofof 33 ml/minml/min ontoonto columncolumn

:: pressurepressure sensorsensor setssets proportionproportion valvevalve 22 toto 100100 ml/minml/min ⇒⇒ ontoonto columncolumn 11 ml/minml/min ⇒⇒
throughthrough inletinlet MFMF flowflow quicklyquickly 101101 ml/minml/minthroughthrough inletinlet MFMF flowflow quickly,quickly, 101101 ml/minml/min

:: samplesample introducedintroduced intointo injectorinjector andand accordingaccording toto splitsplit equation,equation, partpart goesgoes ontoonto columncolumn,,
partpart outout toto wastewaste

throughthrough inletinlet MFMF flowflow quickly,quickly, 101101 ml/minml/min

:: samplesample introducedintroduced intointo injectorinjector andand accordingaccording toto splitsplit equation,equation, partpart goesgoes ontoonto columncolumn,,
partpart outout toto wastewaste 64646464



onon--column injectioncolumn injectiononon--column injectioncolumn injection

:: injectsinjects preciseprecise amountamount
:: suitablesuitable forfor analytesanalytes withwith highhigh TTboilboil –– nono evaporationevaporation duringduring injectioninjection
:: injectsinjects preciseprecise amountamount
:: suitablesuitable forfor analytesanalytes withwith highhigh TTboilboil –– nono evaporationevaporation duringduring injectioninjection

instrumentallyinstrumentally demandingdemanding –– restrictrestrict pressurepressure losseslosses withinwithin injectioninjectioninstrumentallyinstrumentally demandingdemanding –– restrictrestrict pressurepressure losseslosses withinwithin injectioninjection

overloadsoverloads columncolumn withwith liquidliquid ((11 μlμl forfor 5050 cmcm ofof column)column) ⇒⇒ peakpeak broadeningbroadening
:: solutionsolution asas withinwithin splitlesssplitless injectioninjection
overloadsoverloads columncolumn withwith liquidliquid ((11 μlμl forfor 5050 cmcm ofof column)column) ⇒⇒ peakpeak broadeningbroadening
:: solutionsolution asas withinwithin splitlesssplitless injectioninjection

:: gasgas entranceentrance toto columncolumn isis sealedsealed

:: withwith closedclosed valvevalve pressurisepressurise usingusing proportionproportion valvevalve 11:: flowflow sensorsensor == 77 ml/minml/min

:: gasgas entranceentrance toto columncolumn isis sealedsealed

:: withwith closedclosed valvevalve pressurisepressurise usingusing proportionproportion valvevalve 11:: flowflow sensorsensor == 77 ml/minml/min:: withwith closedclosed valvevalve pressurisepressurise usingusing proportionproportion valvevalve 11:: flowflow sensorsensor == 77 ml/minml/min,,
pressurepressure sensorsensor == 7070 kPakPa,,

:: septumseptum flowflow setset toto 22 ml/minml/min

:: withwith closedclosed valvevalve pressurisepressurise usingusing proportionproportion valvevalve 11:: flowflow sensorsensor == 77 ml/minml/min,,
pressurepressure sensorsensor == 7070 kPakPa,,

:: septumseptum flowflow setset toto 22 ml/minml/minpp

:: samplesample introducedintroduced intointo injectorinjector andand carriedcarried ontoonto columncolumn byby flowflow raterate 55 ml/minml/min

:: afterafter certaincertain timetime withoutwithout splittingsplitting ((splitlesssplitless timetime)) whichwhich happenshappens afterafter injectioninjection thethe

pp

:: samplesample introducedintroduced intointo injectorinjector andand carriedcarried ontoonto columncolumn byby flowflow raterate 55 ml/minml/min

:: afterafter certaincertain timetime withoutwithout splittingsplitting ((splitlesssplitless timetime)) whichwhich happenshappens afterafter injectioninjection thethe:: afterafter certaincertain timetime withoutwithout splittingsplitting ((splitlesssplitless timetime),), whichwhich happenshappens afterafter injection,injection, thethe
valvevalve isis openopen andand restrest ofof thethe samplesample isis washedwashed outout

:: afterafter certaincertain timetime withoutwithout splittingsplitting ((splitlesssplitless timetime),), whichwhich happenshappens afterafter injection,injection, thethe
valvevalve isis openopen andand restrest ofof thethe samplesample isis washedwashed outout
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separation columnseparation column

tubulartubular
l ti ll ti l

tubulartubular
l ti ll ti l

length: 0.5 length: 0.5 –– 10.0 m10.0 m
diameter: 1diameter: 1 6 mm6 mm
length: 0.5 length: 0.5 –– 10.0 m10.0 m
diameter: 1diameter: 1 6 mm6 mm: analytical: analytical

: preparative: preparative
: analytical: analytical
: preparative: preparative

diameter: 1 diameter: 1 –– 6 mm6 mmdiameter: 1 diameter: 1 –– 6 mm6 mm

length: 2length: 2 6 m6 mlength: 2length: 2 6 m6 m

capillarycapillarycapillarycapillary

length: 2 length: 2 –– 6 m6 m
diameter: > 6 mmdiameter: > 6 mm
length: 2 length: 2 –– 6 m6 m
diameter: > 6 mmdiameter: > 6 mm

p yp y
: open: open
: filled: filled

p yp y
: open: open
: filled: filled length: 10 length: 10 –– 100 m100 m

di t 0 1di t 0 1 0 50 5
length: 10 length: 10 –– 100 m100 m
di t 0 1di t 0 1 0 50 5

length: 0 5length: 0 5 –– 50 0 m50 0 mlength: 0 5length: 0 5 –– 50 0 m50 0 m

diameter: 0.1 diameter: 0.1 –– 0.5 mm0.5 mmdiameter: 0.1 diameter: 0.1 –– 0.5 mm0.5 mm

length: 0.5 length: 0.5 50.0 m50.0 m
diameter: 0.3 diameter: 0.3 –– 1.0 mm1.0 mm
length: 0.5 length: 0.5 50.0 m50.0 m
diameter: 0.3 diameter: 0.3 –– 1.0 mm1.0 mm

66666666



separation efficiency comparison of different column typesseparation efficiency comparison of different column typesseparation efficiency comparison of different column typesseparation efficiency comparison of different column types

GCGC separationseparation ofof calamuscalamus oiloil componentscomponentsGCGC separationseparation ofof calamuscalamus oiloil componentscomponents
AA –– 5050 mm capillarycapillary columncolumn
BB –– 44 mm tubulartubular columncolumn
AA –– 5050 mm capillarycapillary columncolumn
BB –– 44 mm tubulartubular columncolumn

67676767



tubulartubular columnscolumnstubulartubular columnscolumns
column fillingcolumn fillingcolumn fillingcolumn filling

covercover:: glass,glass, steel,steel, copper,copper, polymerspolymers

carrierscarriers

covercover:: glass,glass, steel,steel, copper,copper, polymerspolymers

carrierscarriers
modifiedmodified infusorialinfusorial earthearth
activeactive centrescentres (silanols(silanols andand siloxanes)siloxanes) ⇒⇒ tailingtailing ofof moremore polarpolar componentscomponents
suppressionsuppression –– silylationsilylation

modifiedmodified infusorialinfusorial earthearth
activeactive centrescentres (silanols(silanols andand siloxanes)siloxanes) ⇒⇒ tailingtailing ofof moremore polarpolar componentscomponents
suppressionsuppression –– silylationsilylation

adsorbentsadsorbents
:: unspecificunspecific (active(active carbon)carbon)

ifiifi ( ili l( ili l l il i l ll l ii tt ))

adsorbentsadsorbents
:: unspecificunspecific (active(active carbon)carbon)

ifiifi ( ili l( ili l l il i l ll l ii tt )):: specificspecific (silicagel,(silicagel, alumina,alumina, molecularmolecular sievessieves etcetc..)):: specificspecific (silicagel,(silicagel, alumina,alumina, molecularmolecular sievessieves etcetc..))

carriercarrier –– fine,fine, solidsolid andand inertinert materialmaterial (spherical(spherical silicagel)silicagel)carriercarrier –– fine,fine, solidsolid andand inertinert materialmaterial (spherical(spherical silicagel)silicagel)
solid SFsolid SF

servesserves directlydirectly asas SFSF (GSC),(GSC),
oror isis coveredcovered byby thinthin filmfilm ofof liquidliquid phasephase (GLC)(GLC)
servesserves directlydirectly asas SFSF (GSC),(GSC),
oror isis coveredcovered byby thinthin filmfilm ofof liquidliquid phasephase (GLC)(GLC)

solid SFsolid SF
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nonnon--polarpolarnonnon--polarpolarpp
:: methylatedmethylated polysiloxane,polysiloxane, squalenesqualene

mildlymildly polarpolar

pp
:: methylatedmethylated polysiloxane,polysiloxane, squalenesqualene

mildlymildly polarpolar
:: phenylatedphenylated polysiloxanepolysiloxane

stronglystrongly polarpolar

:: phenylatedphenylated polysiloxanepolysiloxane

stronglystrongly polarpolar
:: polysiloxanepolysiloxane withwith CHCH22--CHCH22--CN,CN, --CH=CHCH=CH--CN,CN, CarbowaxCarbowax 2020MM (based(based onon PEG)PEG):: polysiloxanepolysiloxane withwith CHCH22--CHCH22--CN,CN, --CH=CHCH=CH--CN,CN, CarbowaxCarbowax 2020MM (based(based onon PEG)PEG)

capillarycapillary columnscolumnscapillarycapillary columnscolumns

silicasilica

surfacesurface enlargementenlargement byby etchingetching

silicasilica

surfacesurface enlargementenlargement byby etchingetchingsurfacesurface enlargementenlargement byby etchingetching
polyimidepolyimide covercover ⇒⇒ increaseincrease ofof mechanicalmechanical stabilitystability

SFSF universaluniversal nonnon--polarpolar siliconsilicon phasesphases oror immobilisedimmobilised CarbowaxCarbowax

surfacesurface enlargementenlargement byby etchingetching
polyimidepolyimide covercover ⇒⇒ increaseincrease ofof mechanicalmechanical stabilitystability

SFSF universaluniversal nonnon--polarpolar siliconsilicon phasesphases oror immobilisedimmobilised CarbowaxCarbowaxpp pppp pp
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wallwall--coatedcoated openopen tubulartubular columnscolumnswallwall--coatedcoated openopen tubulartubular columnscolumns
i.d. 100 – 530 μmi.d. 100 – 530 μm

pp
(WCOT)(WCOT)
liquidliquid SFSF directlydirectly onon thethe capillarycapillary wallwall

pp
(WCOT)(WCOT)
liquidliquid SFSF directlydirectly onon thethe capillarycapillary wallwall

fusedfused silicasilica openopen tubulartubular
(FSOT)(FSOT)
fusedfused silicasilica openopen tubulartubular
(FSOT)(FSOT)

film thickness
0.1 – 8 μm

film thickness
0.1 – 8 μm

thinthin wallwall withwith outerouter polyimidepolyimide covercover (mechanical(mechanical stability)stability)thinthin wallwall withwith outerouter polyimidepolyimide covercover (mechanical(mechanical stability)stability)

i.d. 320 – 530 μmi.d. 320 – 530 μm

supportsupport--coatedcoated openopen tubulartubular columnscolumns
(SCOT)(SCOT)
carriercarrier isis onon capillarycapillary wall,wall, SFSF isis onon itit

supportsupport--coatedcoated openopen tubulartubular columnscolumns
(SCOT)(SCOT)
carriercarrier isis onon capillarycapillary wall,wall, SFSF isis onon ititp yp yp yp y

i.d. 320 – 530 μmi.d. 320 – 530 μm

film layer thickness
6 – 60 μm

film layer thickness
6 – 60 μm

porousporous--layerlayer openopen tubulartubular columnscolumnsporousporous--layerlayer openopen tubulartubular columnscolumns

6 – 60 μm6 – 60 μm

(PLOT)(PLOT)
layerlayer ofof solidsolid activeactive sorbentsorbent onon anan innerinner capillarycapillary wallwall
(PLOT)(PLOT)
layerlayer ofof solidsolid activeactive sorbentsorbent onon anan innerinner capillarycapillary wallwall layer thickness

5 – 50 μm
layer thickness

5 – 50 μm 70707070



column thermostatcolumn thermostatcolumn thermostatcolumn thermostat

importanceimportance ofof temperaturetemperature ofof GCGC

:: evaporationevaporation ofof liquidliquid oror solidsolid samplesample

importanceimportance ofof temperaturetemperature ofof GCGC

:: evaporationevaporation ofof liquidliquid oror solidsolid samplesamplepp qq pp
:: kinetickinetic aspectsaspects ofof separationseparation

pp qq pp
:: kinetickinetic aspectsaspects ofof separationseparation

keptkept withwith precisionprecision ofof 00..11 °°CC;; thermostatthermostat rangerange (T(Tlablab ++ 44 °°C)C) –– 450450 °°CC

optimaloptimal loadingloading temperaturestemperatures TT ofof componentcomponent withwith highesthighest valuevalue ++ 3030 5050 °°CC

keptkept withwith precisionprecision ofof 00..11 °°CC;; thermostatthermostat rangerange (T(Tlablab ++ 44 °°C)C) –– 450450 °°CC

optimaloptimal loadingloading temperaturestemperatures TT ofof componentcomponent withwith highesthighest valuevalue ++ 3030 5050 °°CCoptimaloptimal loadingloading temperaturestemperatures –– TTboilboil ofof componentcomponent withwith highesthighest valuevalue ++ 3030 –– 5050 CC

optimaloptimal columncolumn temperaturetemperature ~~ TTboilboil ofof analyteanalyte
columncolumn temperaturetemperature ≥≥ TT ⇒⇒ tt == 22 3030 minmin

optimaloptimal loadingloading temperaturestemperatures –– TTboilboil ofof componentcomponent withwith highesthighest valuevalue ++ 3030 –– 5050 CC

optimaloptimal columncolumn temperaturetemperature ~~ TTboilboil ofof analyteanalyte
columncolumn temperaturetemperature ≥≥ TT ⇒⇒ tt == 22 3030 minmincolumncolumn temperaturetemperature ≥≥ TTboilboil ⇒⇒ ttRR == 22 –– 3030 minmin

minimalminimal temperaturetemperature ⇒⇒ betterbetter resolution,resolution, butbut higherhigher ttRR

columncolumn temperaturetemperature ≥≥ TTboilboil ⇒⇒ ttRR == 22 –– 3030 minmin

minimalminimal temperaturetemperature ⇒⇒ betterbetter resolution,resolution, butbut higherhigher ttRR

widewide rangerange ofof TTboilboil ofof separatedseparated componentscomponents ⇒⇒
⇒⇒ temperaturetemperature programmeprogramme // columncolumn gradientgradient (Δ(Δ temperaturetemperature duringduring experiment)experiment)

temperaturetemperature maymay bebe increasedincreased graduallygradually oror inin stepssteps

widewide rangerange ofof TTboilboil ofof separatedseparated componentscomponents ⇒⇒
⇒⇒ temperaturetemperature programmeprogramme // columncolumn gradientgradient (Δ(Δ temperaturetemperature duringduring experiment)experiment)

temperaturetemperature maymay bebe increasedincreased graduallygradually oror inin stepsstepstemperaturetemperature maymay bebe increasedincreased graduallygradually oror inin stepsstepstemperaturetemperature maymay bebe increasedincreased graduallygradually oror inin stepssteps

71717171



detectorsdetectors
detected compound is volatile, in gaseous statedetected compound is volatile, in gaseous statedetected compound is volatile, in gaseous statedetected compound is volatile, in gaseous statedetected compound is volatile, in gaseous statedetected compound is volatile, in gaseous statedetected compound is volatile, in gaseous statedetected compound is volatile, in gaseous state

concentrationconcentration dependentdependent detectordetector (CDD)(CDD)
:: nonnon--destructivedestructive dilutiondilution withwith carriercarrier gasgas decreasesdecreases sensitivitysensitivity

concentrationconcentration dependentdependent detectordetector (CDD)(CDD)
:: nonnon--destructivedestructive dilutiondilution withwith carriercarrier gasgas decreasesdecreases sensitivitysensitivity:: nonnon destructive,destructive, dilutiondilution withwith carriercarrier gasgas decreasesdecreases sensitivitysensitivity

massmass dependentdependent detectordetector (MDD)(MDD)
:: destructivedestructive carriercarrier gasgas interferesinterferes notnot dependsdepends onon introductionintroduction raterate intointo detectordetector

:: nonnon destructive,destructive, dilutiondilution withwith carriercarrier gasgas decreasesdecreases sensitivitysensitivity

massmass dependentdependent detectordetector (MDD)(MDD)
:: destructivedestructive carriercarrier gasgas interferesinterferes notnot dependsdepends onon introductionintroduction raterate intointo detectordetector:: destructive,destructive, carriercarrier gasgas interferesinterferes not,not, dependsdepends onon introductionintroduction raterate intointo detectordetector:: destructive,destructive, carriercarrier gasgas interferesinterferes not,not, dependsdepends onon introductionintroduction raterate intointo detectordetector

flame ionisation detectorflame ionisation detectorflame ionisation detectorflame ionisation detector
FIDFIDFIDFID

+300 V+300 V

collection 
electrode
collection 
electrodeignition

spirale
ignition
spirale MDDMDD

signalsignal:: currentcurrent createdcreated byby pyrolysispyrolysis ofof carboncarbon samplesample
MDDMDD
signalsignal:: currentcurrent createdcreated byby pyrolysispyrolysis ofof carboncarbon samplesample

hydrogenehydrogene

: : noisenoise 1010--1313

: : dyndyn. range. range 101077
: : noisenoise 1010--1313

: : dyndyn. range. range 101077
hydrogenehydrogene

columncolumn
airair

yy gg
: : sensitivitysensitivity 1010--1010 g/mlg/ml

yy gg
: : sensitivitysensitivity 1010--1010 g/mlg/ml
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thermal conductivity detectorthermal conductivity detectorthermal conductivity detectorthermal conductivity detectorsamplesamplereferencereference
cece TCDTCDTCDTCD

: : noisenoise 1010--55: : noisenoise 1010--55amplifieramplifierreferencereferencesamplesample

so
ur

c
so

ur
c TCDTCD

catharometercatharometer
TCDTCD
catharometercatharometer

: : dyndyn. range. range 101066

: : sensitivitysensitivity 1010--99 g/mlg/ml
: : dyndyn. range. range 101066

: : sensitivitysensitivity 1010--99 g/mlg/ml
CDDCDDCDDCDDCDDCDD
signalsignal:: samplesample moleculesmolecules changechange (decrease)(decrease) thermalthermal conductivityconductivity ofof carriercarrier gasgas

:: carriercarrier gasgas mustmust havehave highhigh thermalthermal conductivityconductivity (He,(He, HH22......))
:: temperaturetemperature dependentdependent universaluniversal

CDDCDD
signalsignal:: samplesample moleculesmolecules changechange (decrease)(decrease) thermalthermal conductivityconductivity ofof carriercarrier gasgas

:: carriercarrier gasgas mustmust havehave highhigh thermalthermal conductivityconductivity (He,(He, HH22......))
:: temperaturetemperature dependentdependent universaluniversal:: temperaturetemperature dependent,dependent, universaluniversal:: temperaturetemperature dependent,dependent, universaluniversal

wastewaste

: : noisenoise 1010--1212

: : dyndyn. range. range 101055
: : noisenoise 1010--1212

: : dyndyn. range. range 101055
current

measuring
current

measuring
63Ni63Nielectron capture detectorelectron capture detectorelectron capture detectorelectron capture detector

ECDECDECDECD : : sensitivitysensitivity 1010--1414 g/mlg/ml: : sensitivitysensitivity 1010--1414 g/mlg/ml

from columnfrom column

ECDECDECDECD

CDDCDDCDDCDDCDDCDD
signalsignal:: analyteanalyte moleculesmolecules decreasedecrease currentcurrent generatedgenerated byby ββ--emitteremitter
:: halides,halides, nitrinitritetes,s, cyanocyano--compounds,compounds, peroxides,peroxides, anhydrides,anhydrides, organometalsorganometals

CDDCDD
signalsignal:: analyteanalyte moleculesmolecules decreasedecrease currentcurrent generatedgenerated byby ββ--emitteremitter
:: halides,halides, nitrinitritetes,s, cyanocyano--compounds,compounds, peroxides,peroxides, anhydrides,anhydrides, organometalsorganometals
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nitrogen phosphorus detectornitrogen phosphorus detectornitrogen phosphorus detectornitrogen phosphorus detector rubidium or
caesium glass

rubidium or
caesium glass

anodeanode

flameflame

caesium glasscaesium glass
connections 

of heating
connections 

of heating

heating spiraleheating spirale

NPD NPD –– thermoionisation detectorthermoionisation detectorNPD NPD –– thermoionisation detectorthermoionisation detector

hydrogenhydrogen

airair: : noisenoise 1010--1212

: : dyndyn. range. range 101066

: : sensitivitysensitivity 1010--1111 g/mlg/ml

: : noisenoise 1010--1212

: : dyndyn. range. range 101066

: : sensitivitysensitivity 1010--1111 g/mlg/ml

MDDMDD
signalsignal:: Rb/CeRb/Ce glassglass thermoionisationthermoionisation electronelectron emissionemission enhancedenhanced byby NN oror PP presencepresence
MDDMDD
signalsignal:: Rb/CeRb/Ce glassglass thermoionisationthermoionisation electronelectron emissionemission enhancedenhanced byby NN oror PP presencepresence

y gy g

carrier gas (nitrogen)carrier gas (nitrogen)

yy ggyy gg

gg gg yy ppgg gg yy pp

chemoluminiscence detectorchemoluminiscence detectorchemoluminiscence detectorchemoluminiscence detector
datadataphoto.photo.

columncolumn

inlet of
fluorine
inlet of
fluorine

: : noisenoise 1010--1313

: : dyndyn. range. range 101044
: : noisenoise 1010--1313

: : dyndyn. range. range 101044

irradiationirradiation

yy gg
: : sensitivitysensitivity 1010--1212 g/mlg/ml

yy gg
: : sensitivitysensitivity 1010--1212 g/mlg/ml

CDDCDDCDDCDD
pump
outlet
pump
outlet

signalsignal:: reactionreaction ofof FF (strong(strong oxidant)oxidant) withwith analyteanalytesignalsignal:: reactionreaction ofof FF (strong(strong oxidant)oxidant) withwith analyteanalyte
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flame photometric detectorflame photometric detectorflame photometric detectorflame photometric detector FPDFPDFPDFPD

region of
chemoluminiscence

region of
chemoluminiscence

wastewaste

thermal filterthermal filter sourcesource
: : noisenoise 1010--1212

: : dyndyn. range. range 101077

iti ititi it 1010 1111 / l/ l

: : noisenoise 1010--1212

: : dyndyn. range. range 101077

iti ititi it 1010 1111 / l/ l

airair

flameflame
photomultip.photomultip.photomultip.photomultip.

: : sensitivitysensitivity 1010--1111 g/mlg/ml: : sensitivitysensitivity 1010--1111 g/mlg/ml

MDDMDD
signalsignal:: chemoluminiscencechemoluminiscence
MDDMDD
signalsignal:: chemoluminiscencechemoluminiscence

hydrogenhydrogen

heated
metal

heated
metal

interference filterinterference filter
into

amplifier
into

amplifier

signalsignal:: chemoluminiscencechemoluminiscence
:: selectiveselective SS ((394394 nm),nm), PP ((526526 nm)nm)
signalsignal:: chemoluminiscencechemoluminiscence
:: selectiveselective SS ((394394 nm),nm), PP ((526526 nm)nm)

metal
block
metal
block

thermostat wallthermostat wallcolumncolumn

ELCDELCDELCDELCD

electrolytic conductivity detectorelectrolytic conductivity detectorelectrolytic conductivity detectorelectrolytic conductivity detector

on
du

ct
om

.
ce

ll
on

du
ct

om
.

ce
ll

meas.meas.rr

solvent
recyclat.
solvent
recyclat.

: : noisenoise 1010--1313

: : dyndyn. range. range 101066

: : sensitivitysensitivity 1010--1212 g/mlg/ml

: : noisenoise 1010--1313

: : dyndyn. range. range 101066

: : sensitivitysensitivity 1010--1212 g/mlg/ml
inlet of
reactive gas
inlet of
reactive gas

coco

meas.meas.

re
ac

to
re

ac
to

yy ggyy gg
MDDMDD
signalsignal:: appearanceappearance ofof specialspecial productsproducts
theirtheir conductivityconductivity measurementmeasurement afterafter mixingmixing withwith solventsolvent

MDDMDD
signalsignal:: appearanceappearance ofof specialspecial productsproducts
theirtheir conductivityconductivity measurementmeasurement afterafter mixingmixing withwith solventsolvent

columncolumn
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sourcesource

electrodeselectrodes
metermeterphotoionisation detectorphotoionisation detectorphotoionisation detectorphotoionisation detector

: : noisenoise 1010--1313

dd 101077
: : noisenoise 1010--1313

dd 101077
lightprooflightproof

sourcesource

columncolumn

thermostat
wall

thermostat
wall

UV lampUV lampPIDPIDPIDPID

: : dyndyn. range. range 101077

: : sensitivitysensitivity 1010--1212 g/mlg/ml
: : dyndyn. range. range 101077

: : sensitivitysensitivity 1010--1212 g/mlg/ml
covercover

UV-transparent
window

UV-transparent
windowwaste

or
waste

or
heated

i i ti ll
heated

i i ti llCDDCDDCDDCDD or
secondary detector

or
secondary detector

ionisation cellionisation cellCDDCDD
signalsignal:: UVUV--irradiationirradiation ionisationionisation
CDDCDD
signalsignal:: UVUV--irradiationirradiation ionisationionisation

microwave
reactor

microwave
reactor

coolercooler
mirrormirror

atomic emission detectoratomic emission detectoratomic emission detectoratomic emission detector
AEDAEDAEDAED

columncolumn
microwave
„ignition“
microwave
„ignition“

atomic
emission
atomic

emission

AEDAEDAEDAED
: : noisenoise 1010--1414

: : dyndyn. range. range 101044

:: sensitivitysensitivity 1010--1212 g/mlg/ml

: : noisenoise 1010--1414

: : dyndyn. range. range 101044

:: sensitivitysensitivity 1010--1212 g/mlg/ml

diode
array
diode
array

gridgrid

: : sensitivitysensitivity 1010 1212 g/mlg/ml: : sensitivitysensitivity 1010 1212 g/mlg/ml
MDDMDD
signalsignal:: microwavemicrowave inducedinduced plasmaplasma
MDDMDD
signalsignal:: microwavemicrowave inducedinduced plasmaplasma

datadata

:: selectiveselective accordingaccording toto chosenchosen emissionemission
wavelengthwavelength

:: veryvery expensiveexpensive

:: selectiveselective accordingaccording toto chosenchosen emissionemission
wavelengthwavelength

:: veryvery expensiveexpensive 76767676



helium ionisation detectorhelium ionisation detectorhelium ionisation detectorhelium ionisation detectordischarge
electrodes
discharge
electrodes

500 V500 V

: : noisenoise 1010--1414: : noisenoise 1010--1414

HIDHIDHIDHID
auxiliary

gas
auxiliary

gas
discharge

h b
discharge

h b : : dyndyn. range. range 101066

: : sensitivitysensitivity 1010--1313 g/mlg/ml
: : dyndyn. range. range 101066

: : sensitivitysensitivity 1010--1313 g/mlg/ml

chamberchamber

columncolumn

ionisation
chamber

ionisation
chamber

collectioncollection MDDMDDMDDMDD
wastewaste

metermeter

collection
tables

collection
tables MDDMDD

signalsignal:: auxiliaryauxiliary gasgas isis ionisedionised firstfirst (He,(He, ArAr),),
itsits ionsions thenthen secondarysecondary ioniseionise samplesample moleculesmolecules

MDDMDD
signalsignal:: auxiliaryauxiliary gasgas isis ionisedionised firstfirst (He,(He, ArAr),),
itsits ionsions thenthen secondarysecondary ioniseionise samplesample moleculesmolecules

catharometercatharometer
vapour barvapour bar

150 V150 V

:: noisenoise 1010--88:: noisenoise 1010--88

gas density balancegas density balancegas density balancegas density balance GDBGDBGDBGDB
carrier

gas
carrier

gaswastewaste: : noisenoise 1010
: : dyndyn. range. range 101033

: : sensitivitysensitivity 1010--77 g/mlg/ml

: : noisenoise 1010
: : dyndyn. range. range 101033

: : sensitivitysensitivity 1010--77 g/mlg/mlMDDMDDMDDMDD
signalsignal:: pressurepressure differencedifference betweenbetween upperupper andand
lowerlower passagepassage ofof gasgas inin presencepresence ofof eluenteluent
vapoursvapours

signalsignal:: pressurepressure differencedifference betweenbetween upperupper andand
lowerlower passagepassage ofof gasgas inin presencepresence ofof eluenteluent
vapoursvapours

column outletcolumn outlet catharometercatharometer
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infrared detector infrared detector infrared detector infrared detector IRDIRDIRDIRD

: : noisenoise 1010--1212

: : dyndyn. range. range 101055

:: sensitivitysensitivity 1010--1111 g/mlg/ml

: : noisenoise 1010--1212

: : dyndyn. range. range 101055

:: sensitivitysensitivity 1010--1111 g/mlg/ml

columncolumnwastewaste

gilt glass
tube

gilt glass
tuberr : : sensitivitysensitivity 1010 1111 g/mlg/ml: : sensitivitysensitivity 1010 1111 g/mlg/mlIR

 source
IR

 source

tubetube

o 
IR

 d
et

ec
to

r
o 

IR
 d

et
ec

to
r

CDDCDD
i li l IRIR b bb b

CDDCDD
i li l IRIR b bb b

KBr windowKBr window

toto signalsignal:: IRIR absorbanceabsorbancesignalsignal:: IRIR absorbanceabsorbance

mass spectrometric detectormass spectrometric detectormass spectrometric detectormass spectrometric detector

ionisationionisation::ionisationionisation::

MSMSMSMS

: : noisenoise 1010--1414

: : dyndyn. range. range 101033

:: sensitivitysensitivity 1010--1616 g/mlg/ml

: : noisenoise 1010--1414

: : dyndyn. range. range 101033

:: sensitivitysensitivity 1010--1616 g/mlg/ml

ionisationionisation::
:: electronelectron impactimpact (EI)(EI)
:: chemicalchemical ii.. (CI)(CI)

ionisationionisation::
:: electronelectron impactimpact (EI)(EI)
:: chemicalchemical ii.. (CI)(CI)

: : sensitivitysensitivity 1010 1616 g/mlg/ml: : sensitivitysensitivity 1010 1616 g/mlg/ml

CDDCDDCDDCDD

analysersanalysers::
:: quadrupolequadrupole (Q,(Q, Qq)Qq)
:: ionion traptrap (IT)(IT)

analysersanalysers::
:: quadrupolequadrupole (Q,(Q, Qq)Qq)
:: ionion traptrap (IT)(IT)

signalsignal:: ionion countcount
universaluniversal
signalsignal:: ionion countcount
universaluniversal

:: ionion traptrap (IT)(IT)
:: magneticmagnetic sectorsector
:: timetime--ofof--flightflight (TOF)(TOF)

:: ionion traptrap (IT)(IT)
:: magneticmagnetic sectorsector
:: timetime--ofof--flightflight (TOF)(TOF)
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definition of chromatographic system in GCdefinition of chromatographic system in GCdefinition of chromatographic system in GCdefinition of chromatographic system in GC

MFMF carrier gas type carrier gas type carrier gas type carrier gas type 

flowflow / / pressurepressure (ml.min(ml.min--11 / kPa)/ kPa)flowflow / / pressurepressure (ml.min(ml.min--11 / kPa)/ kPa) injectioninjection ((XX μl)μl)
injectioninjection typetype (event(event.. splittingsplitting rate)rate)
injectioninjection ((XX μl)μl)
injectioninjection typetype (event(event.. splittingsplitting rate)rate)

SFSF
stationary phase typestationary phase typestationary phase typestationary phase type

length,length, innerinner diameter,diameter, manufacturer,manufacturer, SFSF type,type, filmfilm thicknessthickness
2525mm xx 00..3232 IDID J&WJ&W DBDB--55 DFDF –– 11..00
length,length, innerinner diameter,diameter, manufacturer,manufacturer, SFSF type,type, filmfilm thicknessthickness
2525mm xx 00..3232 IDID J&WJ&W DBDB--55 DFDF –– 11..00

temperature gradient profiletemperature gradient profile
initial temperature and its period, temperature increase; inlet temperatureinitial temperature and its period, temperature increase; inlet temperature
temperature gradient profiletemperature gradient profile
initial temperature and its period, temperature increase; inlet temperatureinitial temperature and its period, temperature increase; inlet temperature

(e.g. 130 (e.g. 130 °°C 1 min, 130 C 1 min, 130 –– 250 250 °°C at 5 C at 5 °°C/min, 250 C/min, 250 °°C 5 min; 250 C 5 min; 250 °°C) C) (e.g. 130 (e.g. 130 °°C 1 min, 130 C 1 min, 130 –– 250 250 °°C at 5 C at 5 °°C/min, 250 C/min, 250 °°C 5 min; 250 C 5 min; 250 °°C) C) 

detectordetector basic characteristic according to typebasic characteristic according to typebasic characteristic according to typebasic characteristic according to type
79797979



analytical information in chromatogramanalytical information in chromatogramanalytical information in chromatogramanalytical information in chromatogram

qualitative informationqualitative information
retention timeretention time ≈ retention factor, distribution constant≈ retention factor, distribution constant

qualitative informationqualitative information
retention timeretention time ≈ retention factor, distribution constant≈ retention factor, distribution constantretention timeretention time  retention factor, distribution constant retention factor, distribution constant
:: compound identification (compound identification (standard methodstandard method))

spectroscopic detectorsspectroscopic detectors: UV: UV--Vis spectraVis spectra

retention timeretention time  retention factor, distribution constant retention factor, distribution constant
:: compound identification (compound identification (standard methodstandard method))

spectroscopic detectorsspectroscopic detectors: UV: UV--Vis spectraVis spectrap pp p pp
MS spectra (ESI / APCI; MS spectra (ESI / APCI; QqQq / IT / o/ IT / o--TOF)TOF)
NMR spectra (NMR spectra (11H, H, 1313C)C)

p pp p pp
MS spectra (ESI / APCI; MS spectra (ESI / APCI; QqQq / IT / o/ IT / o--TOF)TOF)
NMR spectra (NMR spectra (11H, H, 1313C)C)

retention time formulationretention time formulation

specific retention volumespecific retention volume (V(V ))

retention time formulationretention time formulation

specific retention volumespecific retention volume (V(V ))
N

p
VV ∗

=
15.273

specific retention volumespecific retention volume (V(Vpp))specific retention volumespecific retention volume (V(Vpp))
k

p TS
V

∗

relativerelative retentionretention timetime (r(r ))relativerelative retentionretention timetime (r(r )) ( )At′relativerelative retentionretention timetime (r(rA,BA,B))
:: comparisoncomparison withwith internalinternal standardstandard
relativerelative retentionretention timetime (r(rA,BA,B))
:: comparisoncomparison withwith internalinternal standardstandard

( )
( )Bt
Atr

R

R
BA ′

′
=,

KovatsKovats retentionretention indicesindices (r(rA,BA,B))
:: linearlinear dependencedependence pfpf retentionretention timetime logarithmlogarithm ofof homologueshomologues onon carboncarbon numbernumber
KovatsKovats retentionretention indicesindices (r(rA,BA,B))
:: linearlinear dependencedependence pfpf retentionretention timetime logarithmlogarithm ofof homologueshomologues onon carboncarbon numbernumber
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quantitative informationquantitative informationquantitative informationquantitative information
peak areapeak area ≈ amount, concentration of compound≈ amount, concentration of compoundpeak areapeak area ≈ amount, concentration of compound≈ amount, concentration of compound

internal normalisation method internal normalisation method internal normalisation method internal normalisation method 

:: allall componentscomponents areare elutedeluted (solvent(solvent doesdoes notnot count)count)
llll thth hh / i il/ i il f tf t

:: allall componentscomponents areare elutedeluted (solvent(solvent doesdoes notnot count)count)
llll thth hh / i il/ i il f tf t

t t

j
j A

A
Ac

∗
==

100
%,%

:: allall theythey havehave same/similarsame/similar responseresponse factorfactor:: allall theythey havehave same/similarsame/similar responseresponse factorfactor

totA

external standard method external standard method ((absolute calibration; calibration curveabsolute calibration; calibration curve))external standard method external standard method ((absolute calibration; calibration curveabsolute calibration; calibration curve))

:: alwaysalways samesame measurementmeasurement conditions,conditions, samesame injectioninjection volumesvolumes:: alwaysalways samesame measurementmeasurement conditions,conditions, samesame injectioninjection volumesvolumes

known
unknown

unknown c
A

Ac ∗=

:: indispensableindispensable matrixmatrix influenceinfluence:: indispensableindispensable matrixmatrix influenceinfluence

knownA
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kIS AA 1internal standard methodinternal standard methodinternal standard methodinternal standard method
known

known

unknown

IS

IS
unknown c

A
A

A
Ac ∗=

2

1internal standard methodinternal standard methodinternal standard methodinternal standard method

:: needneed notnot toto knowknow injectioninjection volumevolume
:: standardstandard mustmust bebe chemicallychemically similarsimilar toto analyteanalyte
:: needneed notnot toto knowknow injectioninjection volumevolume
:: standardstandard mustmust bebe chemicallychemically similarsimilar toto analyteanalyte:: standardstandard mustmust bebe chemicallychemically similarsimilar toto analyteanalyte:: standardstandard mustmust bebe chemicallychemically similarsimilar toto analyteanalyte

standard addition methodstandard addition methodstandard addition methodstandard addition method * cV SSstandard addition methodstandard addition methodstandard addition methodstandard addition method

: presumes calibration curve linearity: presumes calibration curve linearity: presumes calibration curve linearity: presumes calibration curve linearity
( ) 1*

*

1

1

1

21
1

−
+

=

V
VV

A
AV

c
S

SS

AA11 –– analyte peak area, unknown concentration analyte peak area, unknown concentration cc11AA11 –– analyte peak area, unknown concentration analyte peak area, unknown concentration cc11

11

11 y p ,y p , 1111 y p ,y p , 11

AA22 –– analyte peak area of unknown concentration analyte peak area of unknown concentration cc11
after after addition of standard of known concentration addition of standard of known concentration ccSS

VV sample volumesample volume VV standard solution volumestandard solution volume

AA22 –– analyte peak area of unknown concentration analyte peak area of unknown concentration cc11
after after addition of standard of known concentration addition of standard of known concentration ccSS

VV sample volumesample volume VV standard solution volumestandard solution volumeVV11 –– sample volume, sample volume, VVSS –– standard solution volumestandard solution volumeVV11 –– sample volume, sample volume, VVSS –– standard solution volumestandard solution volume
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electromigration methodselectromigration methodselectromigration methodselectromigration methods

driving forcedriving force –– electric fieldelectric fielddriving forcedriving force –– electric fieldelectric field

: : charged charged particle motion in electric fieldparticle motion in electric field
: : extraction extraction LL--SS
: : charged charged particle motion in electric fieldparticle motion in electric field
: : extraction extraction LL--SS

: : electrolyteelectrolyte (liquid able to conduct current)(liquid able to conduct current)
: : separation channel wallseparation channel wall (carries charge)(carries charge)
: : electrolyteelectrolyte (liquid able to conduct current)(liquid able to conduct current)
: : separation channel wallseparation channel wall (carries charge)(carries charge)
: : stationary phasestationary phase (SF, solid matter, micelles)(SF, solid matter, micelles): : stationary phasestationary phase (SF, solid matter, micelles)(SF, solid matter, micelles)

mobility of ions is influenced by charge, molecule size and surrounding ionsmobility of ions is influenced by charge, molecule size and surrounding ionsmobility of ions is influenced by charge, molecule size and surrounding ionsmobility of ions is influenced by charge, molecule size and surrounding ions

basic electromigration techniquesbasic electromigration techniques

:: column arrangementcolumn arrangement (in tube, in capillary)(in tube, in capillary)

basic electromigration techniquesbasic electromigration techniques

:: column arrangementcolumn arrangement (in tube, in capillary)(in tube, in capillary): : column arrangementcolumn arrangement (in tube, in capillary)(in tube, in capillary)
: : slab arrangementslab arrangement (in gel)(in gel)
: : column arrangementcolumn arrangement (in tube, in capillary)(in tube, in capillary)
: : slab arrangementslab arrangement (in gel)(in gel)
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EMM historyEMM history
18081808 939318081808 939318081808--9393

firstfirst experimentsexperiments inin UU--tubestubes –– FF.. vonvon ReussReuss ((18081808),), GG.. WiedemanWiedeman ((18561856),), HH..
BuffBuff ((18581858),), OO.. LodgeLodge ((18861886),), WW.. WhethamWhetham ((18931893))

18081808--9393

firstfirst experimentsexperiments inin UU--tubestubes –– FF.. vonvon ReussReuss ((18081808),), GG.. WiedemanWiedeman ((18561856),), HH..
BuffBuff ((18581858),), OO.. LodgeLodge ((18861886),), WW.. WhethamWhetham ((18931893))(( ),), gg (( ),), (( ))(( ),), gg (( ),), (( ))

18971897

KohlrauschKohlrausch basicbasic equationequation forfor ionion migrationmigration inin electrolyteelectrolyte solutionsolution

18971897

KohlrauschKohlrausch basicbasic equationequation forfor ionion migrationmigration inin electrolyteelectrolyte solutionsolution

3030.. létaléta3030.. létaléta

KohlrauschKohlrausch –– basicbasic equationequation forfor ionion migrationmigration inin electrolyteelectrolyte solutionsolutionKohlrauschKohlrausch –– basicbasic equationequation forfor ionion migrationmigration inin electrolyteelectrolyte solutionsolution

TiseliusTiselius –– gelgel elfoelfo withwith glucoseglucose asas mediummediumTiseliusTiselius –– gelgel elfoelfo withwith glucoseglucose asas mediummedium

1937193719371937

TiseliusTiselius –– firstfirst fullyfully functionalfunctional electrophoresiselectrophoresis instrument,instrument, 19481948 NobelNobel pricepriceTiseliusTiselius –– firstfirst fullyfully functionalfunctional electrophoresiselectrophoresis instrument,instrument, 19481948 NobelNobel priceprice

195519551955195519551955

SmithiesSmithies –– useuse ofof starchstarch gelsgels forfor elfoelfo

19551955

SmithiesSmithies –– useuse ofof starchstarch gelsgels forfor elfoelfo

19581958

HjerténHjertén –– ZEZE inin rotatingrotating tubestubes 11 –– 33 mmmm

19581958

HjerténHjertén –– ZEZE inin rotatingrotating tubestubes 11 –– 33 mmmm 84848484



19591959

RaymondRaymond andand WinstraubWinstraub –– acrylamideacrylamide gels,gels, settingsetting upup gelgel porosityporosity && stabilitystability

19591959

RaymondRaymond andand WinstraubWinstraub –– acrylamideacrylamide gels,gels, settingsetting upup gelgel porosityporosity && stabilitystability

19651965

TiseliusTiselius –– ZEZE inin 33 mmmm tubestubes

19651965

TiseliusTiselius –– ZEZE inin 33 mmmm tubestubes

yy yy gg gg pp gg p yp y yyyy yy gg gg pp gg p yp y yy

19671967

HjerténHjertén elfoelfo inin tubetube ii dd 11 33 mmmm withwith innerinner coatingcoating againstagainst EOFEOF

19671967

HjerténHjertén elfoelfo inin tubetube ii dd 11 33 mmmm withwith innerinner coatingcoating againstagainst EOFEOFHjerténHjertén –– elfoelfo inin tube,tube, ii..dd.. 11 –– 33 mm,mm, withwith innerinner coatingcoating againstagainst EOFEOFHjerténHjertén –– elfoelfo inin tube,tube, ii..dd.. 11 –– 33 mm,mm, withwith innerinner coatingcoating againstagainst EOFEOF

1969196919691969

VesterbergVesterberg andand SvenssonSvensson –– IEFIEF ofof proteinsproteins inin ampholytesampholytesVesterbergVesterberg andand SvenssonSvensson –– IEFIEF ofof proteinsproteins inin ampholytesampholytes

1970197019701970

LaemmliLaemmli –– denaturingdenaturing separationseparation inin gel,gel, SDSSDS andand concentrationconcentration gelgel useuse
EveraertsEveraerts –– ITPITP onon ownown instrumentinstrument
LaemmliLaemmli –– denaturingdenaturing separationseparation inin gel,gel, SDSSDS andand concentrationconcentration gelgel useuse
EveraertsEveraerts –– ITPITP onon ownown instrumentinstrument

19741974

PretoriusPretorius –– EOFEOF asas aa MFMF drivingdriving forceforce throughthrough sorbentsorbent

19741974

PretoriusPretorius –– EOFEOF asas aa MFMF drivingdriving forceforce throughthrough sorbentsorbent

19741974 ––7979

VirtanenVirtanen,, andand MikkersMikkers etet alal.. –– glassglass andand teflonteflon capillaries,capillaries, ii..dd.. 200200 μmμm

19741974 ––7979

VirtanenVirtanen,, andand MikkersMikkers etet alal.. –– glassglass andand teflonteflon capillaries,capillaries, ii..dd.. 200200 μmμm 85858585



19751975

O’FarrellO’Farrell –– 22DD GE,GE, presettingpresetting IEFIEF inin gelgel toto SDSSDS elfoelfo

19751975

O’FarrellO’Farrell –– 22DD GE,GE, presettingpresetting IEFIEF inin gelgel toto SDSSDS elfoelfo
19811981

JorgensonJorgenson andand LucasLucas –– borosilicateborosilicate glassglass capillary,capillary, ii..dd.. 7575 μmμm

19811981

JorgensonJorgenson andand LucasLucas –– borosilicateborosilicate glassglass capillary,capillary, ii..dd.. 7575 μmμm

,, p gp g gg,, p gp g gg

JorgensonJorgenson andand LucasLucas borosilicateborosilicate glassglass capillary,capillary, ii..dd.. 7575 μmμmJorgensonJorgenson andand LucasLucas borosilicateborosilicate glassglass capillary,capillary, ii..dd.. 7575 μmμm

19831983

HjerténHjertén CGECGE forfor biologicalbiological samplessamples

19831983

HjerténHjertén CGECGE forfor biologicalbiological samplessamples

19841984

T bT b i lli ll l ki il ki i h hh h

19841984

T bT b i lli ll l ki il ki i h hh h

HjerténHjertén –– CGECGE forfor biologicalbiological samplessamplesHjerténHjertén –– CGECGE forfor biologicalbiological samplessamples

TerabeTerabe –– micellarmicellar electrokineticelectrokinetic chromatographychromatographyTerabeTerabe –– micellarmicellar electrokineticelectrokinetic chromatographychromatography

1985198519851985

1987198719871987

HjerténHjertén –– CIEFCIEF forfor biologicalbiological samplesampleHjerténHjertén –– CIEFCIEF forfor biologicalbiological samplesample

KargerKarger andand CohenCohen –– highhigh efficiencyefficiency CGECGE forfor NANA
KnoxKnox andand GrantGrant –– CECCEC inin 5050 μmμm capillariescapillaries withwith ODSODS
KargerKarger andand CohenCohen –– highhigh efficiencyefficiency CGECGE forfor NANA
KnoxKnox andand GrantGrant –– CECCEC inin 5050 μmμm capillariescapillaries withwith ODSODS

19881988

BeckmannBeckmann InstrumentsInstruments –– firstfirst commercialcommercial instrumentinstrument

19881988

BeckmannBeckmann InstrumentsInstruments –– firstfirst commercialcommercial instrumentinstrument 86868686



theoretical base of EMMtheoretical base of EMMtheoretical base of EMMtheoretical base of EMM

motionmotion ofof freefree chargedcharged particleparticle inin electricelectric fieldfield
:: chargecharge andand fieldfield orientationorientation decideddecided onon directiondirection andand velocityvelocity
motionmotion ofof freefree chargedcharged particleparticle inin electricelectric fieldfield
:: chargecharge andand fieldfield orientationorientation decideddecided onon directiondirection andand velocityvelocity

vv –– ionion motionmotion velocityvelocity
μμ –– electrophoreticelectrophoretic mobilitymobility [m[m22 VV--11 ss--11]]
vv –– ionion motionmotion velocityvelocity
μμ –– electrophoreticelectrophoretic mobilitymobility [m[m22 VV--11 ss--11]]U μμ –– electrophoreticelectrophoretic mobilitymobility [m[m VV ss ]]
EE –– electricelectric fieldfield intensityintensity
UU –– voltagevoltage
ll –– lengthlength ofof voltagevoltage gradientgradient

μμ –– electrophoreticelectrophoretic mobilitymobility [m[m VV ss ]]
EE –– electricelectric fieldfield intensityintensity
UU –– voltagevoltage
ll –– lengthlength ofof voltagevoltage gradientgradient

l
UEv ∗=∗= μμ

ll lengthlength ofof voltagevoltage gradientgradientll lengthlength ofof voltagevoltage gradientgradient

influencinginfluencing thethe motionmotion byby ionicionic atmosphereatmosphere ⇒⇒
⇒⇒ decreasedecrease ofof velocityvelocity withwith increaseincrease ofof electrolyteelectrolyte concentrationconcentration

influencinginfluencing thethe motionmotion byby ionicionic atmosphereatmosphere ⇒⇒
⇒⇒ decreasedecrease ofof velocityvelocity withwith increaseincrease ofof electrolyteelectrolyte concentrationconcentrationyy yy

μμ00 ionicionic (net)(net) mobilitymobility –– μμ atat zerozero ionicionic strengthstrength
1010--99 mm22 VV--11 ss--11 == 11 tiseliustiselius (Ti),(Ti), signsign impliesimplies ionion polaritypolarity (anion(anion hashas negativenegative μμ))

yy yy

μμ00 ionicionic (net)(net) mobilitymobility –– μμ atat zerozero ionicionic strengthstrength
1010--99 mm22 VV--11 ss--11 == 11 tiseliustiselius (Ti),(Ti), signsign impliesimplies ionion polaritypolarity (anion(anion hashas negativenegative μμ))

temperaturetemperature influenceinfluence:: ↑↑ TT ⇒⇒ ↑↑ μμ00;; withwith 11 °°CC aboutabout 22 %%temperaturetemperature influenceinfluence:: ↑↑ TT ⇒⇒ ↑↑ μμ00;; withwith 11 °°CC aboutabout 22 %%

TT kiki t tt tTT kiki t tt t( )[ ] TT –– workingworking temperaturetemperature
TT00 –– standard,standard, tabulatedtabulated temperaturetemperature
TT –– workingworking temperaturetemperature
TT00 –– standard,standard, tabulatedtabulated temperaturetemperature

87878787
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ionion mobilitymobility estimationestimation

ii hh ll ii kk ( b l d)( b l d)

ionion mobilitymobility estimationestimation

ii hh ll ii kk ( b l d)( b l d)inin aa case,case, whenwhen valuevalue isis notnot knownknown (tabulated)(tabulated)inin aa case,case, whenwhen valuevalue isis notnot knownknown (tabulated)(tabulated)

StokesStokes mobilitymobility;; aa –– accelerationacceleration ofof sphericalspherical chargedcharged particleparticle motionmotionStokesStokes mobilitymobility;; aa –– accelerationacceleration ofof sphericalspherical chargedcharged particleparticle motionmotion

⇒⇒⇒⇒
0=a

FF μηπηπ ***6***6
*

r
q

vr
Eq

F
FE ==

r
q

**6 ηπ
μ =

qq –– chargecharge
ηη –– solutionsolution viscosityviscosity
qq –– chargecharge
ηη –– solutionsolution viscosityviscosity

FE FF = μηπηπ 66 rvrFF r6 ηπ

ηη solutionsolution viscosityviscosity
rr –– ionion radiusradius
vv –– ionion motionmotion velocityvelocity

ηη solutionsolution viscosityviscosity
rr –– ionion radiusradius
vv –– ionion motionmotion velocityvelocity

relationrelation ofof ionion mobilitymobility andand diffusiondiffusion coefficientcoefficientrelationrelation ofof ionion mobilitymobility andand diffusiondiffusion coefficientcoefficient

zz –– relativerelative chargecharge
FF –– FaradayFaraday constantconstant
RR –– gasgas constantconstant
TT t tt t

zz –– relativerelative chargecharge
FF –– FaradayFaraday constantconstant
RR –– gasgas constantconstant
TT t tt t

D
TR
Fz *

*
*

=μ
TT –– temperaturetemperature
DD –– diffusiondiffusion coefficientcoefficient
TT –– temperaturetemperature
DD –– diffusiondiffusion coefficientcoefficient

88888888
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ionion mobilitymobility estimationestimation forfor smallsmall moleculesmoleculesionion mobilitymobility estimationestimation forfor smallsmall moleculesmoleculesionion mobilitymobility estimationestimation forfor smallsmall moleculesmolecules
JoklJokl equationequation

ionion mobilitymobility estimationestimation forfor smallsmall moleculesmolecules
JoklJokl equationequation

MM –– molecularmolecular massmass
bb i ii i t tt t

MM –– molecularmolecular massmass
bb i ii i t tt ta,a, bb –– empiricempiric constantsconstantsa,a, bb –– empiricempiric constantsconstants

aa ~~ 485485 xx1010--99 mm--22 VV--11 ss--11

bb ~~ 99..66 xx1010--99 mm--22 VV--11 ss--11
aa ~~ 485485 xx1010--99 mm--22 VV--11 ss--11

bb ~~ 99..66 xx1010--99 mm--22 VV--11 ss--11

b
M
az −= *0μ

estimationestimation errorerror isis caca 1010 %%estimationestimation errorerror isis caca 1010 %%

actualactual ionion mobilitymobility
OnsagerOnsager equationequation

actualactual ionion mobilitymobility
OnsagerOnsager equationequation

I
Izzz

+
⋅+= −+

−
−+ 1

*)*103.31***23.0(* /
9

00 μμμ

zz++,, zz–– –– relativerelative ionion andand countercounter--ionion chargecharge
II ionicionic strengthstrength
zz++,, zz–– –– relativerelative ionion andand countercounter--ionion chargecharge
II ionicionic strengthstrength

I+1

II –– ionicionic strengthstrengthII –– ionicionic strengthstrength
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effectiveeffective mobilitymobility
mobilitymobility ofof weakweak bases,bases, acidsacids oror zwitterionszwitterions

effectiveeffective mobilitymobility
mobilitymobility ofof weakweak bases,bases, acidsacids oror zwitterionszwitterions μμ

fully chargedfully charged

α = 1α = 1
mobilitymobility ofof weakweak bases,bases, acidsacids oror zwitterionszwitterions
resultingresulting mobilitymobility ofof allall ionion formsforms
mobilitymobility ofof weakweak bases,bases, acidsacids oror zwitterionszwitterions
resultingresulting mobilitymobility ofof allall ionion formsforms

μμii –– mobilitymobility ofof oneone ionion formformμμii –– mobilitymobility ofof oneone ionion formform pKa1pKa1 pKa2pKa2

∑
n μμii mobilitymobility ofof oneone ionion formform

xxii –– itsits molarmolar ratioratio
μμii mobilitymobility ofof oneone ionion formform
xxii –– itsits molarmolar ratioratio

p a1p a1 a2

α = 0.5α = 0.5

α = 0α = 0

∑
=

=
i

ii x
1

*μμ

freefree mobilitymobility
mobilitymobility extrapolatedextrapolated toto zerozero gelgel concentrationconcentration
freefree mobilitymobility
mobilitymobility extrapolatedextrapolated toto zerozero gelgel concentrationconcentration

pHpH 121222

unchargeduncharged

α = 0α = 0

migrationmigration timetime
entryentry usefuluseful forfor mobilitymobility calculationcalculation

migrationmigration timetime
entryentry usefuluseful forfor mobilitymobility calculationcalculation

lltottot –– separationseparation channelchannel totaltotal lengthlength
lleffeff –– separationseparation channelchannel effectiveeffective lengthlength
ttmm –– migrationmigration timetime

lltottot –– separationseparation channelchannel totaltotal lengthlength
lleffeff –– separationseparation channelchannel effectiveeffective lengthlength
ttmm –– migrationmigration timetime)11(*

*
ttU

ll efftot −=μ
mm gg

tt00 –– migrationmigration ofof neutralneutral particleparticle (EOF)(EOF)
mm gg

tt00 –– migrationmigration ofof neutralneutral particleparticle (EOF)(EOF)

lll toteffeff *

0ttU m

UtEt m

toteff

m

eff
EOFefftot **

*==+= μμμ
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electroosmotic flowelectroosmotic flowelectroosmotic flowelectroosmotic flow
(EOF)(EOF)(EOF)(EOF)wall is charged wall is charged negativelynegatively –– until said othersuntil said otherswall is charged wall is charged negativelynegatively –– until said othersuntil said others (EOF)(EOF)(EOF)(EOF)

capillarycapillary = = endoendo--osmotic osmotic pumppumpcapillarycapillary = = endoendo--osmotic osmotic pumppump

capillarycapillary mademade ofof fusedfused silicasilica
withwith exposedexposed hydroxylhydroxyl groupsgroups
capillarycapillary mademade ofof fusedfused silicasilica
withwith exposedexposed hydroxylhydroxyl groupsgroups

SiSi
OO HH

undisociated silanol
SiOH
undisociated silanol
SiOH

dissociationdissociation ofof hydroxylgroupshydroxylgroups leavesleavesdissociationdissociation ofof hydroxylgroupshydroxylgroups leavesleaves
aa negativenegative chargecharge onon thethe innerinner wallwallaa negativenegative chargecharge onon thethe innerinner wallwall

switchingswitching voltagevoltage on,on, liquidliquid startsstarts toto
movemove toto cathodecathode –– itit isis mobilisedmobilised byby
switchingswitching voltagevoltage on,on, liquidliquid startsstarts toto
movemove toto cathodecathode –– itit isis mobilisedmobilised byby

electroo
flow

 
electroo

flow
 yy

endoosmoticendoosmotic flowflow !!
yy

endoosmoticendoosmotic flowflow !!

osm
otic

(EO
F)

osm
otic

(EO
F)

++ –– 91919191



:: cationscations migratemigrate towardstowards cathodecathode andand carrycarry solventsolvent moleculesmolecules inin thethe samesame directiondirection ––
electroosmoticelectroosmotic flowflow

:: cationscations migratemigrate towardstowards cathodecathode andand carrycarry solventsolvent moleculesmolecules inin thethe samesame directiondirection ––
electroosmoticelectroosmotic flowflow

:: neutralneutral moleculesmolecules areare movingmoving inin thethe samesame directiondirection asas electroosmoticelectroosmotic flowflow withwith
negligiblenegligible mutualmutual separationseparation

:: neutralneutral moleculesmolecules areare movingmoving inin thethe samesame directiondirection asas electroosmoticelectroosmotic flowflow withwith
negligiblenegligible mutualmutual separationseparation

:: anionsanions areare slowedslowed onon theirtheir wayway towardstowards anode,anode, electroosmoticelectroosmotic flowflow isis strongerstronger thanthan
theirtheir electrophoreticelectrophoretic mobilitymobility ⇒⇒ theythey proceedproceed towardstowards cathodecathode tootoo

:: anionsanions areare slowedslowed onon theirtheir wayway towardstowards anode,anode, electroosmoticelectroosmotic flowflow isis strongerstronger thanthan
theirtheir electrophoreticelectrophoretic mobilitymobility ⇒⇒ theythey proceedproceed towardstowards cathodecathode tootoo

EOFEOF == 00 ⇒⇒ nono massmass flow,flow, onlyonly ionion exchangeexchangeEOFEOF == 00 ⇒⇒ nono massmass flow,flow, onlyonly ionion exchangeexchange
92929292



⇒⇒⇒⇒Ev **
⎟⎟
⎞

⎜⎜
⎛ ξε ξεμ *

=

εε –– dielectricdielectric constantconstantεε –– dielectricdielectric constantconstant

⇒⇒⇒⇒EvEOF *⎟⎟
⎠

⎜⎜
⎝

=
η η

μ =EOF

εε dielectricdielectric constantconstant
ξξ –– zetazeta potentialpotential (electrostatic),(electrostatic), appearsappears asas aa consequenceconsequence ofof chargecharge onon capillarycapillary wallwall
ηη –– viscosityviscosity

εε dielectricdielectric constantconstant
ξξ –– zetazeta potentialpotential (electrostatic),(electrostatic), appearsappears asas aa consequenceconsequence ofof chargecharge onon capillarycapillary wallwall
ηη –– viscosityviscosity

EOFEOF positivelypositively influencesinfluences peakpeak shapeshapeEOFEOF positivelypositively influencesinfluences peakpeak shapeshapeΨΨ

laminarlaminar

electric
electric

EOFEOF laminar
flow

laminar
flow

flowflow

ξξ
c field
c field

staticstatic distance [nm]distance [nm]movingmoving
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influencinginfluencing thethe EOFEOFinfluencinginfluencing thethe EOFEOF

highhigh EOFEOF electrolyteelectrolyte carriescarries cationiccationic analytesanalytes outout beforebefore reachingreaching separationseparationhighhigh EOFEOF electrolyteelectrolyte carriescarries cationiccationic analytesanalytes outout beforebefore reachingreaching separationseparationhighhigh EOFEOF –– electrolyteelectrolyte carriescarries cationiccationic analytesanalytes outout beforebefore reachingreaching separationseparation
lowlow EOFEOF –– adsorptionadsorption ofof cationiccationic analytesanalytes

somesome EMMEMM modesmodes demanddemand EOFEOF suppressionsuppression (IEF,(IEF, ITF,ITF, GE)GE)

highhigh EOFEOF –– electrolyteelectrolyte carriescarries cationiccationic analytesanalytes outout beforebefore reachingreaching separationseparation
lowlow EOFEOF –– adsorptionadsorption ofof cationiccationic analytesanalytes

somesome EMMEMM modesmodes demanddemand EOFEOF suppressionsuppression (IEF,(IEF, ITF,ITF, GE)GE)

ff O ?O ?ff O ?O ?whatwhat influencesinfluences EOF?EOF?
:: surfacesurface wallwall chargecharge
:: electrolyteelectrolyte viscosityviscosity

l t il t i fi ldfi ld i t iti t it

whatwhat influencesinfluences EOF?EOF?
:: surfacesurface wallwall chargecharge
:: electrolyteelectrolyte viscosityviscosity

l t il t i fi ldfi ld i t iti t it:: electricelectric fieldfield intensityintensity:: electricelectric fieldfield intensityintensity

influenceinfluence ofof voltagevoltage
:: changechange ofof EOFEOF isis directlydirectly proportionalproportional
influenceinfluence ofof voltagevoltage
:: changechange ofof EOFEOF isis directlydirectly proportionalproportional

:: lowlow voltagevoltage ⇒⇒ lowlow efficiencyefficiency ofof separationseparation andand resolutionresolution
:: highhigh voltagevoltage ⇒⇒ highhigh JouleJoule heatheat
:: lowlow voltagevoltage ⇒⇒ lowlow efficiencyefficiency ofof separationseparation andand resolutionresolution
:: highhigh voltagevoltage ⇒⇒ highhigh JouleJoule heatheat
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influenceinfluence ofof ionicionic strengthstrength oror backgroundbackground electrolyteelectrolyte concentrationconcentration
:: increasingincreasing valuevalue lowerslowers ξξ--potentialpotential andand thusthus EOFEOF
influenceinfluence ofof ionicionic strengthstrength oror backgroundbackground electrolyteelectrolyte concentrationconcentration
:: increasingincreasing valuevalue lowerslowers ξξ--potentialpotential andand thusthus EOFEOFgg ξξ pp

:::: highhigh valuesvalues increaseincrease currentcurrent andand thusthus JouleJoule heatheat
:::: highhigh valuesvalues maymay causecause analyteanalyte saltingsalting--outout andand adsorptionadsorption toto wallwall
:::: lowlow valuesvalues supportssupports adsorptionadsorption toto wallwall andand limitslimits samplesample concentrationconcentration

gg ξξ pp

:::: highhigh valuesvalues increaseincrease currentcurrent andand thusthus JouleJoule heatheat
:::: highhigh valuesvalues maymay causecause analyteanalyte saltingsalting--outout andand adsorptionadsorption toto wallwall
:::: lowlow valuesvalues supportssupports adsorptionadsorption toto wallwall andand limitslimits samplesample concentrationconcentration:::: lowlow valuesvalues supportssupports adsorptionadsorption toto wallwall andand limitslimits samplesample concentrationconcentration
:::: changeschanges peakpeak shape,shape, ifif electrolyteelectrolyte conductivityconductivity differsdiffers muchmuch fromfrom analyteanalyte
:::: lowlow valuesvalues supportssupports adsorptionadsorption toto wallwall andand limitslimits samplesample concentrationconcentration
:::: changeschanges peakpeak shape,shape, ifif electrolyteelectrolyte conductivityconductivity differsdiffers muchmuch fromfrom analyteanalyte

μEOFμEOF

influenceinfluence ofof organicorganic solventsolvent additionadditioninfluenceinfluence ofof organicorganic solventsolvent additionaddition

borateborate

:: decreasesdecreases ξξ--potentialpotential andand viscosityviscosity

:::: maymay changechange selectivity,selectivity, gatheredgathered onlyonly empiricallyempirically

:: decreasesdecreases ξξ--potentialpotential andand viscosityviscosity

:::: maymay changechange selectivity,selectivity, gatheredgathered onlyonly empiricallyempirically
ln cln c

phosphatephosphate

influenceinfluence ofof tensidestensidesinfluenceinfluence ofof tensidestensides

ln cln c

influenceinfluence ofof tensidestensides
:: changeschanges ξξ--potential,potential, maymay changechange wallwall polaritypolarity;;
anionicanionic tensidetenside increasesincreases EOF,EOF, cationiccationic decreasesdecreases
((ifif wallwall ifif negativelynegatively chargedcharged))

influenceinfluence ofof tensidestensides
:: changeschanges ξξ--potential,potential, maymay changechange wallwall polaritypolarity;;
anionicanionic tensidetenside increasesincreases EOF,EOF, cationiccationic decreasesdecreases
((ifif wallwall ifif negativelynegatively chargedcharged))((ifif wallwall ifif negativelynegatively chargedcharged))((ifif wallwall ifif negativelynegatively chargedcharged))

ln Iln I95959595



influenceinfluence ofof backgroundbackground electrolyteelectrolyte pHpHinfluenceinfluence ofof backgroundbackground electrolyteelectrolyte pHpHinfluenceinfluence ofof backgroundbackground electrolyteelectrolyte pHpH
:: directlydirectly proportionalproportional EOFEOF changechange;; lowlow pHpH ⇒⇒ lowlow EOF,EOF, highhigh pHpH ⇒⇒ highhigh EOFEOF

:::: maymay changechange chargecharge oror structurestructure ofof analyteanalyte

influenceinfluence ofof backgroundbackground electrolyteelectrolyte pHpH
:: directlydirectly proportionalproportional EOFEOF changechange;; lowlow pHpH ⇒⇒ lowlow EOF,EOF, highhigh pHpH ⇒⇒ highhigh EOFEOF

:::: maymay changechange chargecharge oror structurestructure ofof analyteanalyte μEOFμEOF

silicasilica

pyrex
glass
pyrex
glass

influenceinfluence ofof temperaturetemperatureinfluenceinfluence ofof temperaturetemperature silicasilica

teflonteflon

influenceinfluence ofof temperaturetemperature
:: changeschanges viscosity,viscosity, higherhigher temperaturetemperature ⇒⇒ higherhigher EOFEOF

:::: thermolabilitythermolability ofof somesome samplessamples

influenceinfluence ofof temperaturetemperature
:: changeschanges viscosity,viscosity, higherhigher temperaturetemperature ⇒⇒ higherhigher EOFEOF

:::: thermolabilitythermolability ofof somesome samplessamples

influenceinfluence ofof covalentcovalent wallwall surfacesurface modificationmodificationinfluenceinfluence ofof covalentcovalent wallwall surfacesurface modificationmodification

teflonteflon

influenceinfluence ofof covalentcovalent wallwall surfacesurface modificationmodification
:: changeschanges ξξ--potentialpotential andand wallwall chargecharge polaritypolarity
influenceinfluence ofof covalentcovalent wallwall surfacesurface modificationmodification
:: changeschanges ξξ--potentialpotential andand wallwall chargecharge polaritypolarity pHpH

pHpH influenceinfluence onon EOFEOFpHpH influenceinfluence onon EOFEOF

influenceinfluence ofof neutralneutral hydrophilichydrophilic polymerspolymers
:: changeschanges ξξ--potentialpotential (decrease)(decrease) andand viscosityviscosity (increase),(increase), decreasedecrease EOFEOF byby
influenceinfluence ofof neutralneutral hydrophilichydrophilic polymerspolymers
:: changeschanges ξξ--potentialpotential (decrease)(decrease) andand viscosityviscosity (increase),(increase), decreasedecrease EOFEOF bybygg ξξ ( )( ) yy ( )( ) yy
chargecharge shieldingshielding

gg ξξ ( )( ) yy ( )( ) yy
chargecharge shieldingshielding
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EOF measuring EOF measuring EOF measuring EOF measuring B.A. Williams, G. Vigh, B.A. Williams, G. Vigh, Anal. ChemAnal. Chem., 68, (1996) 1174., 68, (1996) 1174--11801180B.A. Williams, G. Vigh, B.A. Williams, G. Vigh, Anal. ChemAnal. Chem., 68, (1996) 1174., 68, (1996) 1174--11801180

: first EOF marker injection: first EOF marker injection: first EOF marker injection: first EOF marker injection

: shifting the marker zone to detector by pressure: shifting the marker zone to detector by pressure: shifting the marker zone to detector by pressure: shifting the marker zone to detector by pressureoutletoutlet
N1N1detectordetector

inletinlet

: second EOF marker injection: second EOF marker injection: second EOF marker injection: second EOF marker injection

: shifting both marker zones to detector: shifting both marker zones to detector: shifting both marker zones to detector: shifting both marker zones to detector
N1N1

: voltage application : voltage application –– electrophoretic mobilisationelectrophoretic mobilisation: voltage application : voltage application –– electrophoretic mobilisationelectrophoretic mobilisation

: third EOF marker injection and consequent : third EOF marker injection and consequent applicationapplication
ff hifti ll k t d t thifti ll k t d t t

: third EOF marker injection and consequent : third EOF marker injection and consequent applicationapplication
ff hifti ll k t d t thifti ll k t d t t

N1N1 N2N2

of pressure of pressure –– shifting all marker zones to detectorshifting all marker zones to detectorof pressure of pressure –– shifting all marker zones to detectorshifting all marker zones to detector

N1N1 N2N2

N1N1 N2N2

N1N1 N2N2 N3N3

EOFEOF

N1N1 N2N2 N3N3
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123
inj

eff
EOF tt
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tttl
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)2/2/(* rdrum

totEOF

tttU
ll
−−

=μ

llEOFEOF –– length, which marker travels during electrophoresislength, which marker travels during electrophoresis
tt11, t, t22, t, t33 –– migration times of zone Nmigration times of zone N11, N, N22, N, N33

llEOFEOF –– length, which marker travels during electrophoresislength, which marker travels during electrophoresis
tt11, t, t22, t, t33 –– migration times of zone Nmigration times of zone N11, N, N22, N, N33
ttinj inj –– time period of marker injection by pressuretime period of marker injection by pressure
lleffeff –– effective capillary lengtheffective capillary length
lltottot –– total capillary lengthtotal capillary length

ttinj inj –– time period of marker injection by pressuretime period of marker injection by pressure
lleffeff –– effective capillary lengtheffective capillary length
lltottot –– total capillary lengthtotal capillary length
U U –– applied voltageapplied voltage
ttmm –– time period of electrophoretic shiftingtime period of electrophoretic shifting
ttruru and tand trdrd –– time periods, for which the voltage time periods, for which the voltage ((incinc--/dec/dec--))reases linearly to given valuereases linearly to given value

U U –– applied voltageapplied voltage
ttmm –– time period of electrophoretic shiftingtime period of electrophoretic shifting
ttruru and tand trdrd –– time periods, for which the voltage time periods, for which the voltage ((incinc--/dec/dec--))reases linearly to given valuereases linearly to given value

common EOF calculationcommon EOF calculationcommon EOF calculationcommon EOF calculation

lll toteffeff *==+= μμμ

common EOF calculationcommon EOF calculationcommon EOF calculationcommon EOF calculation

UtEt mm
EOFefftot **

==+= μμμ
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hhdescription of separationdescription of separationdescription of separationdescription of separation

maximum function maximum function IIsignsign = = f f (t)(t)

electrophoreticelectrophoretic peakpeak ((Gaussian peakGaussian peak))

maximum function maximum function IIsignsign = = f f (t)(t)

electrophoreticelectrophoretic peakpeak ((Gaussian peakGaussian peak))
2.354σ2.354σ

2σ2σ

7h7helectrophoreticelectrophoretic peakpeak ((Gaussian peakGaussian peak))

width of zonewidth of zone AA in separation channelin separation channel

electrophoreticelectrophoretic peakpeak ((Gaussian peakGaussian peak))

width of zonewidth of zone AA in separation channelin separation channel 0.
60

7
0.

60
7

0.
5h

0.
5h

a) peak width at baseline  a) peak width at baseline  a) peak width at baseline  a) peak width at baseline  σ4=w
4σ4σ

b) b) peak width in half of peak height peak width in half of peak height 

c)c) peak width betweenpeak width between inflexinflex pointspoints

b) b) peak width in half of peak height peak width in half of peak height 

c)c) peak width betweenpeak width between inflexinflex pointspoints
σ354,22/1 =w

c) c) peak width between peak width between inflexinflex pointspointsc) c) peak width between peak width between inflexinflex pointspoints
σ2=iw

σσ22 –– dispersion; defines zones broadeningdispersion; defines zones broadeningσσ22 –– dispersion; defines zones broadeningdispersion; defines zones broadening

peak width peak width iiss given ingiven in temporaltemporal unitsunits

peak areapeak area

peak width peak width iiss given ingiven in temporaltemporal unitsunits

peak areapeak area could be neglected and rectanglecould be neglected and rectanglecould be neglected and rectanglecould be neglected and rectanglepeak areapeak areapeak areapeak area
2/1064,1 whA ∗∗=

g gg g
may be used may be used 

g gg g
may be used may be used 

99999999
2/)*( whA =



separation efficiencyseparation efficiencyseparation efficiencyseparation efficiency tm,jtm,j

zones of zones of AA broadenbroaden during separationduring separation

andand become asymmetricbecome asymmetric

zones of zones of AA broadenbroaden during separationduring separation

andand become asymmetricbecome asymmetric 44

66

or
 s

ig
na

l
or

 s
ig

na
l

tEOFtEOF w1/2 jw1/2 j

analyte janalyte j

neutralneutraland and become asymmetricbecome asymmetric

((electrodispersionelectrodispersion))

and and become asymmetricbecome asymmetric

((electrodispersionelectrodispersion))
00

22

de
te

ct
o

de
te

ct
o EOF

wjwj

1/2,j1/2,jeut aeut a

number of theoretical platesnumber of theoretical platesnumber of theoretical platesnumber of theoretical plates 00 22 44 66 88
-2-2

00

time [min]time [min]

pppp
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height equivalent of theoretical plateheight equivalent of theoretical plateheight equivalent of theoretical plateheight equivalent of theoretical plate
L

L
H ==

2σ

((comparison of separation channels of different lengthcomparison of separation channels of different length))((comparison of separation channels of different lengthcomparison of separation channels of different length))
nL
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2
⎞⎛

number of theoretical platesnumber of theoretical platesnumber of theoretical platesnumber of theoretical plates

2

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

σ
effl

n

under ideal conditions under ideal conditions (short injection length, no sorption, ...)(short injection length, no sorption, ...)
the only influencing isthe only influencing is diffusiondiffusion (zone broadening)(zone broadening)
under ideal conditions under ideal conditions (short injection length, no sorption, ...)(short injection length, no sorption, ...)
the only influencing isthe only influencing is diffusiondiffusion (zone broadening)(zone broadening)the only influencing is the only influencing is diffusiondiffusion (zone broadening)(zone broadening)the only influencing is the only influencing is diffusiondiffusion (zone broadening)(zone broadening)

llD
tD toteff **2

*22σ ==
lElU

n effeffeffeff **** μμ
==⇒⇒⇒⇒

U
tD

eff *
2

μ
σ ==

DlD
n

tot 2*2
==⇒⇒⇒⇒

principal difference fromprincipal difference from nn in LCin LCprincipal difference fromprincipal difference from nn in LCin LCprincipal difference from principal difference from n n in LCin LCprincipal difference from principal difference from n n in LCin LC
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factors influencing efficiencyfactors influencing efficiencyfactors influencing efficiencyfactors influencing efficiency

...22222
.

22 ++++++= detsorpheatinjdispeldif σσσσσσσ

tD**22 =σ DD –– diffusiondiffusion coefficientcoefficientDD –– diffusiondiffusion coefficientcoefficient
diffusion influencediffusion influencediffusion influencediffusion influence tDdif 2=σ tt –– timetimett –– timetime

basic factorbasic factorbasic factorbasic factor
analytes with low D create sharp zonesanalytes with low D create sharp zonesanalytes with low D create sharp zonesanalytes with low D create sharp zones

detection cell length influencedetection cell length influencedetection cell length influencedetection cell length influencedetection cell length influencedetection cell length influencedetection cell length influencedetection cell length influence

should be smaller than length / width of analyte zoneshould be smaller than length / width of analyte zone ⇒⇒ better peak better peak depicturedepictureshould be smaller than length / width of analyte zoneshould be smaller than length / width of analyte zone ⇒⇒ better peak better peak depicturedepicture
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sorption influencesorption influencesorption influencesorption influence sorption causes peak tailingsorption causes peak tailingsorption causes peak tailingsorption causes peak tailing

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+= effEOF

ads KD
krlvk 2

4
**

** '2

2'

'
2σ unretmretm

t
tt

k ,,' −
=

( ) ⎟
⎠

⎜
⎝+ d

ads KDk 41 2' unretmt ,

k‘k‘ –– capacitycapacity factorfactor
KK fi tfi t dd di i tidi i ti t tt t
k‘k‘ –– capacitycapacity factorfactor
KK fi tfi t dd di i tidi i ti t tt t

ttm,retm,ret –– retainedretained analyteanalyte migrationmigration timetimettm,retm,ret –– retainedretained analyteanalyte migrationmigration timetime
KKdd –– firstfirst orderorder dissociationdissociation constantconstantKKdd –– firstfirst orderorder dissociationdissociation constantconstant ttm,unretm,unret –– unretainedunretained analyteanalyte migrationmigration timetimettm,unretm,unret –– unretainedunretained analyteanalyte migrationmigration timetime

sorption could be prevented by capillary sorption could be prevented by capillary inner coatinginner coating
: : serves to change also other system properties (reverts EOF...)serves to change also other system properties (reverts EOF...)
sorption could be prevented by capillary sorption could be prevented by capillary inner coatinginner coating
: : serves to change also other system properties (reverts EOF...)serves to change also other system properties (reverts EOF...)

injection length influenceinjection length influenceinjection length influenceinjection length influenceinjection length influenceinjection length influenceinjection length influenceinjection length influence

12

2
2 inj

t
inj =σ: : injection length must be shorter than diffusion controlled zone widthinjection length must be shorter than diffusion controlled zone width

:: low sensitivity demands often longer injectionslow sensitivity demands often longer injections
: : injection length must be shorter than diffusion controlled zone widthinjection length must be shorter than diffusion controlled zone width
:: low sensitivity demands often longer injectionslow sensitivity demands often longer injections

ttinjinj –– injectioninjection pulsepulse lengthlengthttinjinj –– injectioninjection pulsepulse lengthlength
: : low sensitivity demands often longer injectionslow sensitivity demands often longer injections: : low sensitivity demands often longer injectionslow sensitivity demands often longer injections
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Joule heat influenceJoule heat influenceJoule heat influenceJoule heat influence leads to temperature gradientleads to temperature gradientleads to temperature gradientleads to temperature gradient
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Joule heat influenceJoule heat influenceJoule heat influenceJoule heat influence
and laminar flowand laminar flowand laminar flowand laminar flow
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κκ

QQ –– outputoutput
rr –– radiusradius
QQ –– outputoutput
rr –– radiusradius

κκ –– thermalthermal conductivityconductivity
hh –– heatheat transfertransfer raterate offoff capillarycapillary
κκ –– thermalthermal conductivityconductivity
hh –– heatheat transfertransfer raterate offoff capillarycapillary

TJTJ centrecentre
wallwall wallwall

polyim
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cover
polyim

ide
cover
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r
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ecu

rr
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rr
en
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max. separation
voltage
max. separation
voltage ssvoltagevoltage

decreasing voltagedecreasing voltage : decreasing generated heat, low sensitivity and resolution: decreasing generated heat, low sensitivity and resolution
lowering capillary i dlowering capillary i d : current decrease with i d square low sensitivity adsorption!: current decrease with i d square low sensitivity adsorption!
decreasing voltagedecreasing voltage : decreasing generated heat, low sensitivity and resolution: decreasing generated heat, low sensitivity and resolution
lowering capillary i dlowering capillary i d : current decrease with i d square low sensitivity adsorption!: current decrease with i d square low sensitivity adsorption!

d [μm]d [μm]voltagevoltage

lowering capillary i. d.lowering capillary i. d. : current decrease with i. d. square, low sensitivity, adsorption!: current decrease with i. d. square, low sensitivity, adsorption!
decreasing BGE concentrationdecreasing BGE concentration : decreasing current, increasing adsorption: decreasing current, increasing adsorption
thermostating thermostating : draining heat: draining heat

lowering capillary i. d.lowering capillary i. d. : current decrease with i. d. square, low sensitivity, adsorption!: current decrease with i. d. square, low sensitivity, adsorption!
decreasing BGE concentrationdecreasing BGE concentration : decreasing current, increasing adsorption: decreasing current, increasing adsorption
thermostating thermostating : draining heat: draining heat 104104104104



electromigration dispersion influenceelectromigration dispersion influenceelectromigration dispersion influenceelectromigration dispersion influence
influences peak shapeinfluences peak shapeinfluences peak shapeinfluences peak shapeinfluences peak shapeinfluences peak shapeinfluences peak shapeinfluences peak shape

differencedifference betweenbetween conductivityconductivity ofof samplesample andand electrolyteelectrolyte leadsleads toto
11)) peakpeak tailingtailing
differencedifference betweenbetween conductivityconductivity ofof samplesample andand electrolyteelectrolyte leadsleads toto
11)) peakpeak tailingtailing
22)) focusationfocusation (low(low samplesample conductivity),conductivity), broadeningbroadening (high(high samplesample conductivity)conductivity)
33)) ITFITF effecteffect (peak(peak fronting)fronting) becausebecause ofof certaincertain ionion surplussurplus (e(e..gg.. ClCl––))
22)) focusationfocusation (low(low samplesample conductivity),conductivity), broadeningbroadening (high(high samplesample conductivity)conductivity)
33)) ITFITF effecteffect (peak(peak fronting)fronting) becausebecause ofof certaincertain ionion surplussurplus (e(e..gg.. ClCl––))

EE

ISIS

EE

EE

timetime

ISIS

μμSS >> μμBGEBGE ⇒⇒ frontfront getsgets broadbroad andand tailtail focusesfocusesμμSS >> μμBGEBGE ⇒⇒ frontfront getsgets broadbroad andand tailtail focusesfocuses

EE

timetime

ISIS

μμSS << μμBGEBGE ⇒⇒ frontfront focusesfocuses andand tailtail getsgets broadbroadμμSS << μμBGEBGE ⇒⇒ frontfront focusesfocuses andand tailtail getsgets broadbroad
μμSS == μμBGEBGE ⇒⇒ sharpsharp zonezoneμμSS == μμBGEBGE ⇒⇒ sharpsharp zonezonetimetime
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resolutionresolutionresolutionresolution tt Δ2)(2resolutionresolutionresolutionresolution
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ΔμΔμ –– difference,difference, (μ(μ22 -- μμ11))
μμ –– median,median, (μ(μ22 ++ μμ11)) // 22
ΔμΔμ –– difference,difference, (μ(μ22 -- μμ11))
μμ –– median,median, (μ(μ22 ++ μμ11)) // 22––––

μ4, j

1 U
)(*

**
32
1

,
EOF

ji D
UR
μμ

μ
+

Δ=



EMM arrangementEMM arrangementEMM arrangementEMM arrangement

capillarycapillary

detecto
detectooror

outputoutput
A / kVA / kV

voltage sourcevoltage source

mA /  kVmA /  kV
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injection deviceinjection deviceinstrumentationinstrumentation

hydrostatichydrostatichydrostatichydrostatic typical volumes: 10 typical volumes: 10 –– 100 nl (capillary ~ 1 100 nl (capillary ~ 1 –– 2 μl)2 μl)typical volumes: 10 typical volumes: 10 –– 100 nl (capillary ~ 1 100 nl (capillary ~ 1 –– 2 μl)2 μl)
siphon effectsiphon effectsiphon effectsiphon effect

normalnormal longer part before detectorlonger part before detectornormalnormal longer part before detectorlonger part before detector

rozdíl
hladin
rozdíl
hladin

normalnormal –– longer part before detectorlonger part before detector
reversereverse ((shortshort--endend) ) –– the other endthe other end
normalnormal –– longer part before detectorlonger part before detector
reversereverse ((shortshort--endend) ) –– the other endthe other end

hydrodynamichydrodynamichydrodynamichydrodynamichladinhladin

inj
inj l

tdP
V

**128
*** 4

η
πΔ

=
pressurepressure

tot
j l**128 η
injectedinjected volumevolume VVinjinjinjectedinjected volumevolume VVinjinj

ΔPΔP –– pressurepressure differencedifference
dd –– capillarycapillary ii.. dd..
tt –– timetime lengthlength ofof injectioninjection

ΔPΔP –– pressurepressure differencedifference
dd –– capillarycapillary ii.. dd..
tt –– timetime lengthlength ofof injectioninjection

pressurepressure

ttinjinj –– timetime lengthlength ofof injectioninjection
lltottot –– totaltotal capillarycapillary lengthlength
ηη –– backgroundbackground electrolyteelectrolyte viscosityviscosity

ttinjinj –– timetime lengthlength ofof injectioninjection
lltottot –– totaltotal capillarycapillary lengthlength
ηη –– backgroundbackground electrolyteelectrolyte viscosityviscosity 108108108108



electrokineticelectrokineticelectrokineticelectrokinetic

for CGE the only possiblefor CGE the only possible
: non: non--quantitative quantitative –– more mobile ions go easiermore mobile ions go easier

for CGE the only possiblefor CGE the only possible
: non: non--quantitative quantitative –– more mobile ions go easiermore mobile ions go easier

sample conductivity < electrolyte conductivitysample conductivity < electrolyte conductivitysample conductivity < electrolyte conductivitysample conductivity < electrolyte conductivity

stacking effectstacking effectstacking effectstacking effect

Ut *

p y y yp y y y
⇒⇒ sample ions carry the currentsample ions carry the current
⇒⇒ stacking/concentration on interstacking/concentration on inter--phase samplephase sample--electrolyteelectrolyte

p y y yp y y y
⇒⇒ sample ions carry the currentsample ions carry the current
⇒⇒ stacking/concentration on interstacking/concentration on inter--phase samplephase sample--electrolyteelectrolyte

sepEOF

injinj
effinj Ut

Ut
lrV

*
*

*** 2π=++ ––

electrolyteelectrolyteelectrolyteelectrolyte samplesample sepEOF

UU –– injectioninjection voltagevoltageUU –– injectioninjection voltagevoltage

injectedinjected volumevolume VVinjinjinjectedinjected volumevolume VVinjinj
strong field
low conductivity
strong field
low conductivity weak field

high conductivity
weak field
high conductivity

electrolyteelectrolyteyy samplesample

weak field
high conductivity

weak field
high conductivity

UUinjinj –– injectioninjection voltagevoltage
UUsepsep –– separationseparation voltagevoltage
rr –– capillarycapillary ii.. dd..
ll ffff –– capillarycapillary effectiveeffective lengthlength

UUinjinj –– injectioninjection voltagevoltage
UUsepsep –– separationseparation voltagevoltage
rr –– capillarycapillary ii.. dd..
ll ffff –– capillarycapillary effectiveeffective lengthlength

cc

EE lleffeff capillarycapillary effectiveeffective lengthlength
ttinjinj –– injectioninjection timetime lengthlength
ttEOFEOF –– EOFEOF markermarker migrationmigration timetime

lleffeff capillarycapillary effectiveeffective lengthlength
ttinjinj –– injectioninjection timetime lengthlength
ttEOFEOF –– EOFEOF markermarker migrationmigration timetime
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voltage sourcevoltage source

typicaltypical rangerange:: 00 –– 3030 kVkV;; recommendedrecommended gradientgradient 400400 V/cmV/cm
00 –– 300300 mAmA

typicaltypical rangerange:: 00 –– 3030 kVkV;; recommendedrecommended gradientgradient 400400 V/cmV/cm
00 –– 300300 mAmA

tootoo highhigh voltagevoltage decreasesdecreases analysisanalysis time,time, leadlead toto dischargesdischarges
((caca 2020 –– 2525 kV)kV)

ZEZE –– constantconstant voltagevoltage ITFITF –– constantconstant currentcurrent

tootoo highhigh voltagevoltage decreasesdecreases analysisanalysis time,time, leadlead toto dischargesdischarges
((caca 2020 –– 2525 kV)kV)

ZEZE –– constantconstant voltagevoltage ITFITF –– constantconstant currentcurrent

separation channelseparation channel

ZEZE constantconstant voltage,voltage, ITFITF constantconstant currentcurrent
oneone electrodeelectrode alwaysalways groundedgrounded –– thatthat oneone closercloser toto detectordetector
ZEZE constantconstant voltage,voltage, ITFITF constantconstant currentcurrent
oneone electrodeelectrode alwaysalways groundedgrounded –– thatthat oneone closercloser toto detectordetector

separation channelseparation channel

tubetubetubetubeanodeanode cathodecathode tubetubetubetubea odea ode

thethe oldestoldest (proposed(proposed 18921892,, donedone 19301930))

glassglass UU tubetube

thethe oldestoldest (proposed(proposed 18921892,, donedone 19301930))

glassglass UU tubetube
inter-phase

sinks
inter-phase

sinkselectrolyteelectrolyte
glassglass UU--tubetube

electrophoresiselectrophoresis inin freefree solutionsolution
:: separationseparation detectiondetection byby movingmoving interinter--phasephase observationobservation

glassglass UU--tubetube

electrophoresiselectrophoresis inin freefree solutionsolution
:: separationseparation detectiondetection byby movingmoving interinter--phasephase observationobservation

sample solutionsample solution
:: colouredcoloured solutionsolution andand cleanclean electrolyteelectrolyte solutionsolution:: colouredcoloured solutionsolution andand cleanclean electrolyteelectrolyte solutionsolution

110110110110



capillarycapillarycapillarycapillary pH hysteresispH hysteresis

fused silicafused silica

i.i. d.d. 1010 –– 200 μm200 μm

fused silicafused silica

i.i. d.d. 1010 –– 200 μm200 μm

μμ decreasing pHdecreasing pH

i.i. d. d. 10 10 200 μm200 μm
o.o. d. d. 350 350 –– 400 µm400 µm
length length 10 (CGE) 10 (CGE) –– 100 cm; 50 100 cm; 50 –– 75 cm most common75 cm most common

i.i. d. d. 10 10 200 μm200 μm
o.o. d. d. 350 350 –– 400 µm400 µm
length length 10 (CGE) 10 (CGE) –– 100 cm; 50 100 cm; 50 –– 75 cm most common75 cm most common increasing pHincreasing pH

outer coatingouter coating –– polyimide (mechanical properties)polyimide (mechanical properties)

conditioningconditioning::

outer coatingouter coating –– polyimide (mechanical properties)polyimide (mechanical properties)

conditioningconditioning::
establishing the properties of capillary inner surfaceestablishing the properties of capillary inner surface

surface cleaning: 1 M NaOH, 0.1 M HCl, BGEsurface cleaning: 1 M NaOH, 0.1 M HCl, BGE

establishing the properties of capillary inner surfaceestablishing the properties of capillary inner surface

surface cleaning: 1 M NaOH, 0.1 M HCl, BGEsurface cleaning: 1 M NaOH, 0.1 M HCl, BGE

pHpH

other: strong acids, organics (DMSO), detergentsother: strong acids, organics (DMSO), detergentsother: strong acids, organics (DMSO), detergentsother: strong acids, organics (DMSO), detergents

teflonteflonteflonteflon

reproducible EOFreproducible EOF
worse heat conductivityworse heat conductivity
reproducible EOFreproducible EOF
worse heat conductivityworse heat conductivity

other materials based on SiOother materials based on SiO22 –– glass (Pyrex)glass (Pyrex)other materials based on SiOother materials based on SiO22 –– glass (Pyrex)glass (Pyrex)
111111111111



inner coatinginner coatinginner coatinginner coatingcovalent coatingcovalent coatingcovalent coatingcovalent coating

suppressing EOF, in range pH 4 suppressing EOF, in range pH 4 –– 5 relatively low (~ 0), pH 6 5 relatively low (~ 0), pH 6 –– 7 slowly increases7 slowly increases
at high pH is almost about 4/5 lower than in unat high pH is almost about 4/5 lower than in un--coated silica capillarycoated silica capillary
suppressing EOF, in range pH 4 suppressing EOF, in range pH 4 –– 5 relatively low (~ 0), pH 6 5 relatively low (~ 0), pH 6 –– 7 slowly increases7 slowly increases
at high pH is almost about 4/5 lower than in unat high pH is almost about 4/5 lower than in un--coated silica capillarycoated silica capillary

SiSi--OO--SiSi--RRSiSi--OO--SiSi--RR
polyacrylamidepolyacrylamide--, arylpentafluoro, arylpentafluoro--, 3, 3--glycidoxypropyltrimethoxyglycidoxypropyltrimethoxy--siloxan siloxan 
protein or amino acid, sulphonic acids, maltose, PEG, polyvinylpyrrolidonprotein or amino acid, sulphonic acids, maltose, PEG, polyvinylpyrrolidon
polyacrylamidepolyacrylamide--, arylpentafluoro, arylpentafluoro--, 3, 3--glycidoxypropyltrimethoxyglycidoxypropyltrimethoxy--siloxan siloxan 
protein or amino acid, sulphonic acids, maltose, PEG, polyvinylpyrrolidonprotein or amino acid, sulphonic acids, maltose, PEG, polyvinylpyrrolidon

:: relatively easy preparationrelatively easy preparation
:: limited longlimited long--term stabilityterm stability
:: relatively easy preparationrelatively easy preparation
:: limited longlimited long--term stabilityterm stability

p , p , , , p y y pyp , p , , , p y y pyp , p , , , p y y pyp , p , , , p y y py

SiSi--CCSiSi--CC

polyapolyaccrylamide using Grignard reactionrylamide using Grignard reactionpolyapolyaccrylamide using Grignard reactionrylamide using Grignard reactionpolyapolyaccrylamide using Grignard reactionrylamide using Grignard reactionpolyapolyaccrylamide using Grignard reactionrylamide using Grignard reaction

:: stabile between pH 2 stabile between pH 2 –– 1010
:: difficult to preparedifficult to prepare
:: stabile between pH 2 stabile between pH 2 –– 1010
:: difficult to preparedifficult to prepare

SF from GC and LCSF from GC and LCSF from GC and LCSF from GC and LC

C2C2--18 PEG phenylmethylsilicon18 PEG phenylmethylsiliconC2C2--18 PEG phenylmethylsilicon18 PEG phenylmethylsiliconC2C2 18, PEG, phenylmethylsilicon18, PEG, phenylmethylsiliconC2C2 18, PEG, phenylmethylsilicon18, PEG, phenylmethylsilicon

:: easy to hydrolyseeasy to hydrolyse
:: increased adsorptionincreased adsorption
:: easy to hydrolyseeasy to hydrolyse
:: increased adsorptionincreased adsorption 112112112112



adsorbatesadsorbatesadsorbatesadsorbates
cellulose polyethylene glycol polyvinyl alcohol polyethylene iminecellulose polyethylene glycol polyvinyl alcohol polyethylene iminecellulose polyethylene glycol polyvinyl alcohol polyethylene iminecellulose polyethylene glycol polyvinyl alcohol polyethylene iminecellulose, polyethylene glycol, polyvinyl alcohol, polyethylene imine cellulose, polyethylene glycol, polyvinyl alcohol, polyethylene imine cellulose, polyethylene glycol, polyvinyl alcohol, polyethylene imine cellulose, polyethylene glycol, polyvinyl alcohol, polyethylene imine 

:: only shortonly short--term stability in acidic range pH 2 term stability in acidic range pH 2 –– 4 (PEG, PVA)4 (PEG, PVA)
:: stabile in neutral pH (PEI)stabile in neutral pH (PEI)
:: only shortonly short--term stability in acidic range pH 2 term stability in acidic range pH 2 –– 4 (PEG, PVA)4 (PEG, PVA)
:: stabile in neutral pH (PEI)stabile in neutral pH (PEI)

d i tid i tid i tid i ti

:: relatively hydrophobicrelatively hydrophobic
:: reverts EOF (PEI)reverts EOF (PEI)
:: relatively hydrophobicrelatively hydrophobic
:: reverts EOF (PEI)reverts EOF (PEI)

dynamic coatingdynamic coatingdynamic coatingdynamic coating

part of BGE, stems in the praxis of adsorbates usepart of BGE, stems in the praxis of adsorbates usepart of BGE, stems in the praxis of adsorbates usepart of BGE, stems in the praxis of adsorbates use

pH extremespH extremes

reduction of coulombic interactionsreduction of coulombic interactions

pH extremespH extremes

reduction of coulombic interactionsreduction of coulombic interactions

:: pH range 2 pH range 2 –– 1212
:: EOF elimination at low pH, EOF high at high pHEOF elimination at low pH, EOF high at high pH
:: unsuitable for proteins unsuitable for proteins –– denaturationdenaturation

:: pH range 2 pH range 2 –– 1212
:: EOF elimination at low pH, EOF high at high pHEOF elimination at low pH, EOF high at high pH
:: unsuitable for proteins unsuitable for proteins –– denaturationdenaturation
:: decreasing the charge differences decreases separation efficiencydecreasing the charge differences decreases separation efficiency:: decreasing the charge differences decreases separation efficiencydecreasing the charge differences decreases separation efficiency

high BGE concentration high BGE concentration (ionic strength)(ionic strength)high BGE concentration high BGE concentration (ionic strength)(ionic strength)

reduction of coulombic interactionsreduction of coulombic interactions

:: decrease of EOF often limited by Joule heatdecrease of EOF often limited by Joule heat

reduction of coulombic interactionsreduction of coulombic interactions

:: decrease of EOF often limited by Joule heatdecrease of EOF often limited by Joule heat 113113113113



hydrophilic polymershydrophilic polymers

alkylcellulose, polyvinyl alcohol, dextrans, polyacrylamidealkylcellulose, polyvinyl alcohol, dextrans, polyacrylamide

hydrophilic polymershydrophilic polymers

alkylcellulose, polyvinyl alcohol, dextrans, polyacrylamidealkylcellulose, polyvinyl alcohol, dextrans, polyacrylamide

shield wall charge of capillary and decreases EOFshield wall charge of capillary and decreases EOF

:: increases viscosityincreases viscosity
:: in high concentration = entangled gel electrophoresis (CEGE)in high concentration = entangled gel electrophoresis (CEGE)

shield wall charge of capillary and decreases EOFshield wall charge of capillary and decreases EOF

:: increases viscosityincreases viscosity
:: in high concentration = entangled gel electrophoresis (CEGE)in high concentration = entangled gel electrophoresis (CEGE):: in high concentration = entangled gel electrophoresis (CEGE)in high concentration = entangled gel electrophoresis (CEGE)

tentenssidesides

:: in high concentration = entangled gel electrophoresis (CEGE)in high concentration = entangled gel electrophoresis (CEGE)

tentenssidesides

anionic: sodium dodecylsulphate (SDS),anionic: sodium dodecylsulphate (SDS),
cationic: cetyltrimethylammonium bromide (CTAB)cationic: cetyltrimethylammonium bromide (CTAB)
nnonon--ionionicic: Brij: Brij--35, BRIS35, BRIS

anionic: sodium dodecylsulphate (SDS),anionic: sodium dodecylsulphate (SDS),
cationic: cetyltrimethylammonium bromide (CTAB)cationic: cetyltrimethylammonium bromide (CTAB)
nnonon--ionionicic: Brij: Brij--35, BRIS35, BRIS
zwitterionic: 3zwitterionic: 3--[([(--cholamidopropyl)dimethylammonio]cholamidopropyl)dimethylammonio]--11--propansulphate  (CHAPS)propansulphate  (CHAPS)

deactivate capillary surface by hydrophobic or ionic interactionsdeactivate capillary surface by hydrophobic or ionic interactions

zwitterionic: 3zwitterionic: 3--[([(--cholamidopropyl)dimethylammonio]cholamidopropyl)dimethylammonio]--11--propansulphate  (CHAPS)propansulphate  (CHAPS)

deactivate capillary surface by hydrophobic or ionic interactionsdeactivate capillary surface by hydrophobic or ionic interactions

:: wide possibility of compounds, easy usewide possibility of compounds, easy use
:: decrease or revert EOFdecrease or revert EOF
:: may irreversibly denaturise proteinmay irreversibly denaturise protein

it bl i bi ti ith RPit bl i bi ti ith RP LC fLC f

:: wide possibility of compounds, easy usewide possibility of compounds, easy use
:: decrease or revert EOFdecrease or revert EOF
:: may irreversibly denaturise proteinmay irreversibly denaturise protein

it bl i bi ti ith RPit bl i bi ti ith RP LC fLC f:: suitable in combination with RPsuitable in combination with RP--LC surfacesLC surfaces

quaternary aminesquaternary amines

:: suitable in combination with RPsuitable in combination with RP--LC surfacesLC surfaces

quaternary aminesquaternary amines

decrease or revert EOFdecrease or revert EOF

:: work also as ion pairing agents (MEKC)work also as ion pairing agents (MEKC)

decrease or revert EOFdecrease or revert EOF

:: work also as ion pairing agents (MEKC)work also as ion pairing agents (MEKC) 114114114114



paper / membranepaper / membranepaper / membranepaper / membrane
100 % cotton / 100 % cotton / cellulosecellulose
0.17 0.17 –– 0.30 mm thick0.30 mm thick
pore size 2.5 µm pore size 2.5 µm 

100 % cotton / 100 % cotton / cellulosecellulose
0.17 0.17 –– 0.30 mm thick0.30 mm thick
pore size 2.5 µm pore size 2.5 µm 

two glassestwo glasses

sourcesource acetate celluloseacetate cellulose
pore size 0.2 µm pore size 0.2 µm 
acetate celluloseacetate cellulose
pore size 0.2 µm pore size 0.2 µm 

electrolyteelectrolyte

zoneszones electrophoretic
paper
electrophoretic
paper
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nafionnafion (PTFE, sulphonated tetrafluoroethylene)(PTFE, sulphonated tetrafluoroethylene)nafionnafion (PTFE, sulphonated tetrafluoroethylene)(PTFE, sulphonated tetrafluoroethylene)
nitrocellulosenitrocellulose
pore size 0.2 µm pore size 0.2 µm 
nitrocellulosenitrocellulose
pore size 0.2 µm pore size 0.2 µm 

1 1 –– 2 nm and 5 2 nm and 5 –– 6 nm6 nm1 1 –– 2 nm and 5 2 nm and 5 –– 6 nm6 nm

visualisationvisualisationvisualisationvisualisation

bromophenol bluebromophenol blue
dimethylthionine (azure A)dimethylthionine (azure A)
bromophenol bluebromophenol blue
dimethylthionine (azure A)dimethylthionine (azure A)
toluidine bluetoluidine blue
alcian bluealcian blue
sudan blacksudan black

toluidine bluetoluidine blue
alcian bluealcian blue
sudan blacksudan black
naphthalene blacknaphthalene blacknaphthalene blacknaphthalene black

116116116116



agarose gelagarose gelagarose gelagarose gel gelgelgelgel
: : nonnon--toxic, cheap, no additional components for polymerisationtoxic, cheap, no additional components for polymerisation
: : fragilefragile
: : nonnon--toxic, cheap, no additional components for polymerisationtoxic, cheap, no additional components for polymerisation
: : fragilefragile

0.8%0.8% large moleculeslarge molecules
11 –– 2%2% common separationcommon separation
0.8%0.8% large moleculeslarge molecules
11 –– 2%2% common separationcommon separation

⎯ 45 °C→⎯ 45 °C→

1 1 2%2% common separationcommon separation
4%4% small moleculessmall molecules

% w/v % w/v 

1 1 2%2% common separationcommon separation
4%4% small moleculessmall molecules

% w/v % w/v 

agarose solutionagarose solution resulting gel structureresulting gel structure←100 °C ⎯←100 °C ⎯

DD--galactosegalactoseDD--galactosegalactose

1 μm1 μm
3,63,6--anhydroanhydro--LL--galactosegalactose3,63,6--anhydroanhydro--LL--galactosegalactose

1 μm1 μm
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polyacrylamide gelpolyacrylamide gelpolyacrylamide gelpolyacrylamide gel

: : toxic (bistoxic (bis--acrylamide), inertacrylamide), inert
: : fragile, reinforcement by RhinoHidefragile, reinforcement by RhinoHideTMTM or DurAcrylor DurAcrylTMTM
: : toxic (bistoxic (bis--acrylamide), inertacrylamide), inert
: : fragile, reinforcement by RhinoHidefragile, reinforcement by RhinoHideTMTM or DurAcrylor DurAcrylTMTM

l idl idacrylamideacrylamide
bis-acrylamide

bridge
bis-acrylamide

bridge

methylene-
bis-acrylamide

methylene-
bis-acrylamide

acrylamideacrylamide

++
++

persulphatepersulphate
TEMEDTEMED

++persulphate /ammonium/persulphate /ammonium/ –– initiatorinitiatorpersulphate /ammonium/persulphate /ammonium/ –– initiatorinitiator ++persulphate /ammonium/ persulphate /ammonium/ –– initiatorinitiator

tetramethylene ethylenediaminetetramethylene ethylenediamine (TEMED)(TEMED)
–– catalyser catalyser 

persulphate /ammonium/ persulphate /ammonium/ –– initiatorinitiator

tetramethylene ethylenediaminetetramethylene ethylenediamine (TEMED)(TEMED)
–– catalyser catalyser 

118118118118



gel densitygel density
(cross(cross--linking percentage;linking percentage;
gel densitygel density
(cross(cross--linking percentage;linking percentage;(cross(cross linking percentage;linking percentage;
acrylamideacrylamide and and bisbis--acrylamide acrylamide ratio)ratio)

↓↓ % cross% cross--linkinglinking

(cross(cross linking percentage;linking percentage;
acrylamideacrylamide and and bisbis--acrylamide acrylamide ratio)ratio)

↓↓ % cross% cross--linkinglinkinggg
⇒⇒ easier motion of very large moleculeseasier motion of very large molecules

12%12% –– common for 15 kDa common for 15 kDa –– 60 kDa60 kDa

gg
⇒⇒ easier motion of very large moleculeseasier motion of very large molecules

12%12% –– common for 15 kDa common for 15 kDa –– 60 kDa60 kDa
8%8% –– molecules 30 kDa molecules 30 kDa –– 120 kDa120 kDa
25%25% –– < 15 kDa;< 15 kDa;

special protocol according to Schäggerspecial protocol according to Schägger--von Jagowvon Jagow

8%8% –– molecules 30 kDa molecules 30 kDa –– 120 kDa120 kDa
25%25% –– < 15 kDa;< 15 kDa;

special protocol according to Schäggerspecial protocol according to Schägger--von Jagowvon Jagow

1212%% ll1212%% ll1212%%--gelgel
viscosityviscosity ~~100100 mm22 ss--11

cavitycavity diameterdiameter ((1212%%)) ~~ 44..44 nmnm

1212%%--gelgel
viscosityviscosity ~~100100 mm22 ss--11

cavitycavity diameterdiameter ((1212%%)) ~~ 44..44 nmnm

:: isocraticisocratic (continuous)(continuous) ((88 –– 1515 %%))
:: discontinuousdiscontinuous gelgel ((44%% concentrationconcentration andand 1212 %% separation)separation)
:: isocraticisocratic (continuous)(continuous) ((88 –– 1515 %%))
:: discontinuousdiscontinuous gelgel ((44%% concentrationconcentration andand 1212 %% separation)separation)
:: gradientgradient gelgel (Schäger(Schäger--vonvon Jagow)Jagow):: gradientgradient gelgel (Schäger(Schäger--vonvon Jagow)Jagow)
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visualisationvisualisationvisualisationvisualisation

ethidium bromide (EtBr)ethidium bromide (EtBr)
Kongo redKongo red
Coomassie blue RCoomassie blue R--250, G250, G--250250

ethidium bromide (EtBr)ethidium bromide (EtBr)
Kongo redKongo red
Coomassie blue RCoomassie blue R--250, G250, G--250250
SYPRO rubySYPRO ruby
SYBR II greenSYBR II green
silversilver
ii

SYPRO rubySYPRO ruby
SYBR II greenSYBR II green
silversilver
iizinczinc

coppercopper
zinczinc
coppercopper

R-250R-250

00 02%02% NN SS OO00 02%02% NN SS OO00..02%02% NaNa22SS22OO3300..02%02% NaNa22SS22OO33

00..1%1% AgNOAgNO3300..1%1% AgNOAgNO33

37%37% HCOHHCOH37%37% HCOHHCOH
G-250G-250 00..3 M CuCl3 M CuCl2200..3 M CuCl3 M CuCl22 00..2 M 2 M ZnSOZnSO44

0.2 M imidazole0.2 M imidazole
00..2 M 2 M ZnSOZnSO44

0.2 M imidazole0.2 M imidazole

37% 37% HCOHHCOH37% 37% HCOHHCOH

1% 1% CHCH33COOHCOOH1% 1% CHCH33COOHCOOH
120120120120



chipchipchipchip (CE(CE--onon--chip)chip)(CE(CE--onon--chip)chip) injection channelinjection channel

simplersimpler arrangementarrangement thanthan LCLC--onon--chipchip
:: easyeasy applicationapplication ofof drivingdriving forceforce

i li l titi h lh l

simplersimpler arrangementarrangement thanthan LCLC--onon--chipchip
:: easyeasy applicationapplication ofof drivingdriving forceforce

i li l titi h lh l

access
point
access
point

:: simplesimple separationseparation channelchannel
:: suitablesuitable detectiondetection
:: simplesimple separationseparation channelchannel
:: suitablesuitable detectiondetection

separation channelseparation channel

ZE, ITF, IEF...ZE, ITF, IEF...ZE, ITF, IEF...ZE, ITF, IEF...

electrochemical detectionelectrochemical detectionelectrochemical detectionelectrochemical detection lablab--onon--chipchip
LC + CE LC + CE 
lablab--onon--chipchip
LC + CE LC + CE 

121121121121



detectorsdetectorsabsorption photometric detector absorption photometric detector absorption photometric detector absorption photometric detector 

diode array detectordiode array detectordiode array detectordiode array detector

problemsproblems :: beam focusationbeam focusationproblemsproblems :: beam focusationbeam focusation
flowflow

window
in polyimine

coating

window
in polyimine

coating

problems problems :: beam focusationbeam focusation
:: optical path lengthoptical path length

problems problems :: beam focusationbeam focusation
:: optical path lengthoptical path length

photomultphotomult

light
source
light
source

photomult.photomult.

capillary
i.d. 75 μm
capillary
i.d. 75 μm

focusing opticsfocusing optics –– two spherical lensestwo spherical lensesfocusing opticsfocusing optics –– two spherical lensestwo spherical lenses

absorbanceabsorbance
: : sensitivitysensitivity 1010--77 g/mlg/ml
absorbanceabsorbance
: : sensitivitysensitivity 1010--77 g/mlg/ml

indirect detectionindirect detection
: : sensitivitysensitivity 1010--55 g/mlg/ml
indirect detectionindirect detection
: : sensitivitysensitivity 1010--55 g/mlg/ml 122122122122



prolongation of optical pathprolongation of optical pathprolongation of optical pathprolongation of optical path

flowflow
optical
path

optical
pathli htli ht

ZZ--cellcellZZ--cellcellbubble cellbubble cellbubble cellbubble cell

flowflow pathpathlightlight

flowflow

optical
path

optical
path

lightlightflowflow

reflexive inner coatingreflexive inner coatingreflexive inner coatingreflexive inner coatingreflexive inner coatingreflexive inner coatingreflexive inner coatingreflexive inner coating

beambeam
reflexive
film
reflexive
film

capillarycapillary
photomultiplierphotomultiplier

123123123123



radioactive (scintillation) detectorradioactive (scintillation) detectorradioactive (scintillation) detectorradioactive (scintillation) detector

β-particleβ-particle
lightlight photomultiplier tubephotomultiplier tube scintillationscintillation

iti ititi it 1010 1111 / l/ l
scintillationscintillation

iti ititi it 1010 1111 / l/ l

anodeanode

metermeter

photocathodephotocathode

NaI crystalNaI crystal

: : sensitivitysensitivity 1010--1111 g/mlg/ml: : sensitivitysensitivity 1010--1111 g/mlg/ml

photocathodephotocathode

optical windowoptical window

fluorescence detectorfluorescence detectorfluorescence detectorfluorescence detector
photo-
multipl
photo-
multipl

laserlaser

lenslenslaser induced fluorescencelaser induced fluorescencelaser induced fluorescencelaser induced fluorescence

flflflfl

aperture aperture 

multipl.multipl.

lenseslenses

lenslens
CCD cameraCCD camera

laser induced fluorescencelaser induced fluorescencelaser induced fluorescencelaser induced fluorescence
(LIF)(LIF)(LIF)(LIF)

fluorescencefluorescence
: : sensitivitysensitivity 1010--99 g/mlg/ml
fluorescencefluorescence
: : sensitivitysensitivity 1010--99 g/mlg/ml

laserlaser
mirrormirror

illill
capillarycapillary

capillarycapillaryLIFLIF
: : sensitivitysensitivity 1010--1111 g/mlg/ml
LIFLIF
: : sensitivitysensitivity 1010--1111 g/mlg/ml
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conductivity detectorconductivity detectorconductivity detectorconductivity detectoramperometric detectoramperometric detectoramperometric detectoramperometric detectorpppp

conductivityconductivity
:: sensitivitysensitivity 1010--66 g/mlg/ml
conductivityconductivity
:: sensitivitysensitivity 1010--66 g/mlg/ml

groundground

auxili
auxili

w
ork

w
ork

refer e
refere : : sensitivitysensitivity 1010 g/mlg/ml: : sensitivitysensitivity 1010 g/mlg/mlary

ary

ing
ing

ence
ence

actuatoractuator pick uppick up

electrodeselectrodes

electrodeselectrodes

aux
aux

ref
ref actuatoractuator pick-uppick-up

groundground

xiliary
xiliary

ference
ference

electrodeselectrodes

flowflow

workingworking

:: twotwo metallicmetallic electrodeselectrodes aroundaround capillarycapillary:: twotwo metallicmetallic electrodeselectrodes aroundaround capillarycapillary
amperometryamperometry
: : sensitivitysensitivity 1010--88 g/mlg/ml
amperometryamperometry
: : sensitivitysensitivity 1010--88 g/mlg/ml

:: twotwo metallicmetallic electrodeselectrodes aroundaround capillarycapillary

:: whenwhen applyingapplying ACAC voltagevoltage onon anan actuator,actuator, thethe
currentcurrent flowsflows throughthrough wall,wall, inin--betweenbetween

l t dl t d t dt d thth i ki k l t dl t d

:: twotwo metallicmetallic electrodeselectrodes aroundaround capillarycapillary

:: whenwhen applyingapplying ACAC voltagevoltage onon anan actuator,actuator, thethe
currentcurrent flowsflows throughthrough wall,wall, inin--betweenbetween

l t dl t d t dt d thth i ki k l t dl t delectrodeselectrodes towardstowards thethe pickpick--upup electrodeelectrode

:: signalsignal isis thenthen amplifiedamplified

electrodeselectrodes towardstowards thethe pickpick--upup electrodeelectrode

:: signalsignal isis thenthen amplifiedamplified
125125125125



mass spectrometrymass spectrometrymass spectrometrymass spectrometry

MALDIMALDIMALDIMALDI
matrix assisted laser desorption / ionisationmatrix assisted laser desorption / ionisationmatrix assisted laser desorption / ionisationmatrix assisted laser desorption / ionisation

discretediscrete pointspoints (fractions)(fractions)
mixingmixing withwith matrixmatrix
discretediscrete pointspoints (fractions)(fractions)
mixingmixing withwith matrixmatrix

continuouscontinuous tracetrace
mixingmixing withwith matrixmatrix
continuouscontinuous tracetrace
mixingmixing withwith matrixmatrix

mixingmixing withwith matrixmatrix
:: beforebefore outletoutlet
:: afterafter outletoutlet

mixingmixing withwith matrixmatrix
:: beforebefore outletoutlet
:: afterafter outletoutlet

:: inin liquidliquid junctionjunction
:: prepre--spottedspotted matrixmatrix tracetrace
:: inin liquidliquid junctionjunction
:: prepre--spottedspotted matrixmatrix tracetrace

capillarycapillary BGE reservoirBGE reservoir

liquid
junction
liquid
junction

ion countion countion countion countvacuum
chamber
vacuum
chamber

spotting
probe
spotting
probe

: : sensitivitysensitivity 1010--88 g/mlg/ml: : sensitivitysensitivity 1010--88 g/mlg/ml

targettarget
targettarget
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sheath
gas
sheath
gas

nebulising
gas
nebulising
gas

electrospray ionisationelectrospray ionisationelectrospray ionisationelectrospray ionisation
ESIESIESIESI

4 kV4 kV

gg

sheath
capillary
sheath
capillary

keykey pointpointkeykey pointpoint

separation
capillary

separation
capillary

spraying
capillary
spraying
capillary

keykey pointpoint
liquidliquid junctionjunction
keykey pointpoint
liquidliquid junctionjunction

PEEK
seal
PEEK
seal blockblock

t-connectiont-connection spraying
needle

spraying
needle

capillarycapillary

main
magnetic field
main
magnetic fielddetectiondetection

spraying
buffer

spraying
buffer

blockblock

nuclear magnetic resonancenuclear magnetic resonancenuclear magnetic resonancenuclear magnetic resonance NMRNMR

current
induced
magnetic field

current
induced
magnetic field

magnetic fieldmagnetic fieldcoil (5 nl)coil (5 nl)

capillarycapillary

maymay useuse bubblebubble cellcell

11HH dd 1313CC NMRNMR

maymay useuse bubblebubble cellcell

11HH dd 1313CC NMRNMR

NMRNMRNMRNMR

11HH andand 1313CC –– NMRNMR11HH andand 1313CC –– NMRNMR
sourcesource

vialvial

outputoutput

NMRNMR
: : sensitivitysensitivity 1010--66 g/mlg/ml
NMRNMR
: : sensitivitysensitivity 1010--66 g/mlg/ml

vial
with BGE
vial
with BGE

capillarycapillary
vial
with BGE
vial
with BGE
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preparationpreparation small volumes (nl)small volumes (nl) ⇒⇒ elution intoelution into collection vialscollection vials (10(10 –– 15 μl)15 μl)small volumes (nl)small volumes (nl) ⇒⇒ elution intoelution into collection vialscollection vials (10(10 –– 15 μl)15 μl)p pp p

peak detectionpeak detection ⇒⇒ volume volume calculationcalculation / distance from capillary end/ distance from capillary endpeak detectionpeak detection ⇒⇒ volume volume calculationcalculation / distance from capillary end/ distance from capillary end

small volumes (nl) small volumes (nl) ⇒⇒ elution into elution into collection vialscollection vials (10 (10 15 μl)15 μl)small volumes (nl) small volumes (nl) ⇒⇒ elution into elution into collection vialscollection vials (10 (10 15 μl)15 μl)

pressure elution: pressure elution: ((CZECZE,, ITP;ITP; MEKC, IEFMEKC, IEF;; CGE CGE –– nono))
: pressure application (5 kPa) during pre: pressure application (5 kPa) during pre--calculated time periodcalculated time period

pressure elution: pressure elution: ((CZECZE,, ITP;ITP; MEKC, IEFMEKC, IEF;; CGE CGE –– nono))
: pressure application (5 kPa) during pre: pressure application (5 kPa) during pre--calculated time periodcalculated time periodp pp ( ) g pp pp ( ) g p ppp pp ( ) g pp pp ( ) g p pp

electrokinetic elution:electrokinetic elution: (CZE, ITP, CGE, MEKC(CZE, ITP, CGE, MEKC;; IEF IEF –– nono))
: voltage application during pre: voltage application during pre--calculated time periodcalculated time period

ll ti i l t t i BGE th l t l tll ti i l t t i BGE th l t l t

electrokinetic elution:electrokinetic elution: (CZE, ITP, CGE, MEKC(CZE, ITP, CGE, MEKC;; IEF IEF –– nono))
: voltage application during pre: voltage application during pre--calculated time periodcalculated time period

ll ti i l t t i BGE th l t l tll ti i l t t i BGE th l t l t

elution in IEF modeelution in IEF mode::
: it is necessary to consider that μ = 0: it is necessary to consider that μ = 0

elution in IEF modeelution in IEF mode::
: it is necessary to consider that μ = 0: it is necessary to consider that μ = 0

: collection vial must contain BGE or other electrolyte: collection vial must contain BGE or other electrolyte: collection vial must contain BGE or other electrolyte: collection vial must contain BGE or other electrolyte

pressure orpressure ort s ecessa y to co s de t at μ 0t s ecessa y to co s de t at μ 0t s ecessa y to co s de t at μ 0t s ecessa y to co s de t at μ 0 pressure or
voltage

pressure or
voltage

detectordetector

collection electrolytescollection electrolytes::collection electrolytescollection electrolytes::

CZECZE 2% acetic acid2% acetic acid
ITPITP 2% acetic acid2% acetic acid
CGECGE BGEBGE

CZECZE 2% acetic acid2% acetic acid
ITPITP 2% acetic acid2% acetic acid
CGECGE BGEBGE

electrolyteelectrolyte electrolyteelectrolyte collection vialcollection vialMEKCMEKC BGEBGE
IEFIEF amamphpholyteolyte
MEKCMEKC BGEBGE
IEFIEF amamphpholyteolyte
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definition of electrophoretic systemdefinition of electrophoretic systemdefinition of electrophoretic systemdefinition of electrophoretic system

BGEBGE compositioncomposition:: bufferbuffer concentration,concentration, pH,pH, additivesadditivescompositioncomposition:: bufferbuffer concentration,concentration, pH,pH, additivesadditives

injectioninjection:: type,type, itsits characteristicscharacteristics (time,(time, pressure,pressure, voltage)voltage)injectioninjection:: type,type, itsits characteristicscharacteristics (time,(time, pressure,pressure, voltage)voltage)

modemode
separation channel typeseparation channel typeseparation channel typeseparation channel type

capillarycapillary
length,length, ii.. dd..,, material,material, manufacturermanufacturer
capillarycapillary
length,length, ii.. dd..,, material,material, manufacturermanufacturer

applied voltage,applied voltage,
current or outputcurrent or output
applied voltage,applied voltage,
current or outputcurrent or output

3030 cmcm xx 5050 μmμm ii.. dd..,, fusedfused silica,silica, J&WJ&W ScientificScientific

conditioningconditioning –– coating,coating, rinsingrinsing

3030 cmcm xx 5050 μmμm ii.. dd..,, fusedfused silica,silica, J&WJ&W ScientificScientific

conditioningconditioning –– coating,coating, rinsingrinsing

application time periodapplication time periodapplication time periodapplication time periodslabslab
sizesize (height(height xx lengthlength xx thickness),thickness), materialmaterial
66 55 xx 1010 cmcm xx 11 mmmm polyacrylamidepolyacrylamide

slabslab
sizesize (height(height xx lengthlength xx thickness),thickness), materialmaterial
66 55 xx 1010 cmcm xx 11 mmmm polyacrylamidepolyacrylamide66..55 xx 1010 cmcm xx 11 mm,mm, polyacrylamidepolyacrylamide

continuous,continuous, discontinuous,discontinuous, gradientgradient;; leadingleading colourcolour

66..55 xx 1010 cmcm xx 11 mm,mm, polyacrylamidepolyacrylamide

continuous,continuous, discontinuous,discontinuous, gradientgradient;; leadingleading colourcolour

detectordetector basic characteristic according to typebasic characteristic according to typebasic characteristic according to typebasic characteristic according to type
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analytical information from electrophoretogramanalytical information from electrophoretogramanalytical information from electrophoretogramanalytical information from electrophoretogram
electropherogramelectropherogram electrophoregramelectrophoregram electrophoreogramelectrophoreogramelectropherogramelectropherogram electrophoregramelectrophoregram electrophoreogramelectrophoreogramelectropherogramelectropherogram,, electrophoregramelectrophoregram,, electrophoreogramelectrophoreogramelectropherogramelectropherogram,, electrophoregramelectrophoregram,, electrophoreogramelectrophoreogram

migration time normalisationmigration time normalisation::
wrong reproducibility; wrong reproducibility; adsorption adsorption or or EOFEOF changeschanges
migration time normalisationmigration time normalisation::
wrong reproducibility; wrong reproducibility; adsorption adsorption or or EOFEOF changeschanges

: on one marker: on one marker (either (either EOFEOF or or very fastvery fast))

: on two markers inclosing separated components: on two markers inclosing separated components

: on one marker: on one marker (either (either EOFEOF or or very fastvery fast))

: on two markers inclosing separated components: on two markers inclosing separated components: on two markers inclosing separated components: on two markers inclosing separated components
firstfirst: carries no charge, moves with EOF: carries no charge, moves with EOF
secondsecond: highest mobility: highest mobility

: on two markers inclosing separated components: on two markers inclosing separated components
firstfirst: carries no charge, moves with EOF: carries no charge, moves with EOF
secondsecond: highest mobility: highest mobility

peak area normalisationpeak area normalisation::
peak area is function of migration velocity (migration time)peak area is function of migration velocity (migration time)
peak area normalisationpeak area normalisation::
peak area is function of migration velocity (migration time)peak area is function of migration velocity (migration time)

( ) mmeffN tAtlAA ⇒= *
only within only within EOF changesEOF changes;;
within within ionic strength ionic strength or or injection length changesinjection length changes –– no correction effectno correction effect
only within only within EOF changesEOF changes;;
within within ionic strength ionic strength or or injection length changesinjection length changes –– no correction effectno correction effect

correction of correction of injection length injection length changechange
within pressure injectionwithin pressure injection
ISIS –– internal standard; might be a peak in mixtureinternal standard; might be a peak in mixture

correction of correction of injection length injection length changechange
within pressure injectionwithin pressure injection
ISIS –– internal standard; might be a peak in mixtureinternal standard; might be a peak in mixtureISNNN AAA ,2 =
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basic modes of electromigration methodsbasic modes of electromigration methodsbasic modes of electromigration methodsbasic modes of electromigration methods

electrophoresiselectrophoresis (ZE)(ZE)electrophoresiselectrophoresis (ZE)(ZE)

isoelectricisoelectric focusationfocusation (IEF)(IEF)

isotachophoresisisotachophoresis (ITF)(ITF)

isoelectricisoelectric focusationfocusation (IEF)(IEF)

isotachophoresisisotachophoresis (ITF)(ITF)pp ( )( )

electrochromatographyelectrochromatography (EC)(EC)

pp ( )( )

electrochromatographyelectrochromatography (EC)(EC)

micellarmicellar electrokineticelectrokinetic chromatographychromatography (MEKC)(MEKC)micellarmicellar electrokineticelectrokinetic chromatographychromatography (MEKC)(MEKC)

affinityaffinity electrophoresiselectrophoresis (ACE)(ACE)

l t h il t h i (NCE)(NCE)

affinityaffinity electrophoresiselectrophoresis (ACE)(ACE)

l t h il t h i (NCE)(NCE)nonnon--aqueousaqueous electrophoresiselectrophoresis (NCE)(NCE)nonnon--aqueousaqueous electrophoresiselectrophoresis (NCE)(NCE)
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CZE, CZE, ccapillaryapillary zzone one eelectrophoresislectrophoresisCZE, CZE, ccapillaryapillary zzone one eelectrophoresislectrophoresis

electrophoresiselectrophoresis –– greekgreek ήλεκτρονήλεκτρον (amber)(amber) andand φορέωφορέω (I(I carry)carry)electrophoresiselectrophoresis –– greekgreek ήλεκτρονήλεκτρον (amber)(amber) andand φορέωφορέω (I(I carry)carry)

oneone backgroundbackground electrolyteelectrolyte (BGE)(BGE)
⇒⇒ constantconstant electricelectric fieldfield intensityintensity inin wholewhole separationseparation channelchannel
oneone backgroundbackground electrolyteelectrolyte (BGE)(BGE)
⇒⇒ constantconstant electricelectric fieldfield intensityintensity inin wholewhole separationseparation channelchannel

t = 0t = 0background electrolytebackground electrolyte

t 0t 0

t  0t  0
(BGE)(BGE)

t > 0t > 0

selectivityselectivity ofof separation,separation, analytesanalytes AA andand BBselectivityselectivity ofof separation,separation, analytesanalytes AA andand BBBA

μ
μμα −

=

132132132132
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choice of background electrolytechoice of background electrolytechoice of background electrolytechoice of background electrolyte

: : sufficient buffering capacity in chosen pH rangesufficient buffering capacity in chosen pH range
: : low background signal in detectorlow background signal in detector
:: low mobility (large low charged molecules)low mobility (large low charged molecules) ⇒⇒ low Joule heatlow Joule heat

: : sufficient buffering capacity in chosen pH rangesufficient buffering capacity in chosen pH range
: : low background signal in detectorlow background signal in detector
:: low mobility (large low charged molecules)low mobility (large low charged molecules) ⇒⇒ low Joule heatlow Joule heat: : low mobility (large, low charged molecules) low mobility (large, low charged molecules) ⇒⇒ low Joule heatlow Joule heat: : low mobility (large, low charged molecules) low mobility (large, low charged molecules) ⇒⇒ low Joule heatlow Joule heat

additivesadditivesadditivesadditives

tensidestensidestensidestensides

all typesall types

changes EOF; give charge to nonchanges EOF; give charge to non--polar moleculespolar molecules

all typesall types

changes EOF; give charge to nonchanges EOF; give charge to non--polar moleculespolar moleculeschanges EOF; give charge to nonchanges EOF; give charge to non polar moleculespolar molecules
changes CZEchanges CZE into into MEKCMEKC (if the critical micellar concentration is exceeded)(if the critical micellar concentration is exceeded)
changes EOF; give charge to nonchanges EOF; give charge to non polar moleculespolar molecules
changes CZEchanges CZE into into MEKCMEKC (if the critical micellar concentration is exceeded)(if the critical micellar concentration is exceeded)

zwitterionszwitterionszwitterionszwitterions

CHAPS (3CHAPS (3--[([(--cholamidopropyl)dimethylammonio]cholamidopropyl)dimethylammonio]--11--propansulphate)propansulphate)CHAPS (3CHAPS (3--[([(--cholamidopropyl)dimethylammonio]cholamidopropyl)dimethylammonio]--11--propansulphate)propansulphate)

increases ionic strength without increase in conductivity (heat)increases ionic strength without increase in conductivity (heat)
influences selectivityinfluences selectivity
increases ionic strength without increase in conductivity (heat)increases ionic strength without increase in conductivity (heat)
influences selectivityinfluences selectivity 133133133133



chiral selectorschiral selectorschiral selectorschiral selectors

cyclodextrins, crowncyclodextrins, crown--ethers ...ethers ...

similar to chiral additives in MFsimilar to chiral additives in MF within within LCLC

cyclodextrins, crowncyclodextrins, crown--ethers ...ethers ...

similar to chiral additives in MFsimilar to chiral additives in MF within within LCLC

metal ionsmetal ionsmetal ionsmetal ions

KK++, Na, Na++, Cu, Cu2+2+, Li, Li++ ......

influence selectivity in MEKCinfluence selectivity in MEKC andand GEGE

KK++, Na, Na++, Cu, Cu2+2+, Li, Li++ ......

influence selectivity in MEKCinfluence selectivity in MEKC andand GEGE

chaotropic agentschaotropic agentschaotropic agentschaotropic agents

influence selectivity in MEKCinfluence selectivity in MEKC and and GEGEinfluence selectivity in MEKCinfluence selectivity in MEKC and and GEGE

chaotropic agentschaotropic agentschaotropic agentschaotropic agents

urea ...urea ...urea ...urea ...

solubilise NA and proteins; influence selectivity in MEKCsolubilise NA and proteins; influence selectivity in MEKCsolubilise NA and proteins; influence selectivity in MEKCsolubilise NA and proteins; influence selectivity in MEKC
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linear hydrophilic polymerslinear hydrophilic polymerslinear hydrophilic polymerslinear hydrophilic polymers

methylcellulose, methylcellulose, polyacrylamidepolyacrylamide, polyethylene glycol, polyvinyl alcohol ..., polyethylene glycol, polyvinyl alcohol ...

d EOF d l t d ti i l t ti ZEd EOF d l t d ti i l t ti ZE GEGE

methylcellulose, methylcellulose, polyacrylamidepolyacrylamide, polyethylene glycol, polyvinyl alcohol ..., polyethylene glycol, polyvinyl alcohol ...

d EOF d l t d ti i l t ti ZEd EOF d l t d ti i l t ti ZE GEGEdecrease EOF; decrease analyte adsorption in low concentrations, ZE decrease EOF; decrease analyte adsorption in low concentrations, ZE ⇒⇒ GEGEdecrease EOF; decrease analyte adsorption in low concentrations, ZE decrease EOF; decrease analyte adsorption in low concentrations, ZE ⇒⇒ GEGE

organic agentsorganic agentsorganic agentsorganic agents

methanol, acetonitrile ...methanol, acetonitrile ...

generally decrease EOF; influence selectivity in MEKCgenerally decrease EOF; influence selectivity in MEKC and and chiral separationschiral separations

methanol, acetonitrile ...methanol, acetonitrile ...

generally decrease EOF; influence selectivity in MEKCgenerally decrease EOF; influence selectivity in MEKC and and chiral separationschiral separations

complexing bufferscomplexing bufferscomplexing bufferscomplexing buffers

borate ...borate ...borate ...borate ...

allow separation of saccharides allow separation of saccharides and and catecholscatecholsallow separation of saccharides allow separation of saccharides and and catecholscatechols
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CGE, CGE, ccapillaryapillary ggel el eelectrophoresislectrophoresisCGE, CGE, ccapillaryapillary ggel el eelectrophoresislectrophoresis

t = 0t = 0

t > 0t > 0

gel matrixgel matrix

classicalclassical –– crosscross--linked gel in capillarylinked gel in capillaryclassicalclassical –– crosscross--linked gel in capillarylinked gel in capillary

relatively fast reproducible and quantitativerelatively fast reproducible and quantitativerelatively fast reproducible and quantitativerelatively fast reproducible and quantitativerelatively fast, reproducible and quantitativerelatively fast, reproducible and quantitative

compared to compared to slab gel electrophoresisslab gel electrophoresis : on: on--line detection in UVline detection in UV--VIS without visualisationVIS without visualisation
disadvantagesdisadvantages: capillary filling (homogeneous polymerisation, bubbles...): capillary filling (homogeneous polymerisation, bubbles...)

i ll fill d ill ii ll fill d ill i hi h ihi h i

relatively fast, reproducible and quantitativerelatively fast, reproducible and quantitative

compared to compared to slab gel electrophoresisslab gel electrophoresis : on: on--line detection in UVline detection in UV--VIS without visualisationVIS without visualisation
disadvantagesdisadvantages: capillary filling (homogeneous polymerisation, bubbles...): capillary filling (homogeneous polymerisation, bubbles...)

i ll fill d ill ii ll fill d ill i hi h ihi h icommercially filled capillaries commercially filled capillaries –– high pricehigh pricecommercially filled capillaries commercially filled capillaries –– high pricehigh price

chemical gelschemical gels: polyacrylamides : polyacrylamides –– porous structure with strong covalent bondsporous structure with strong covalent bondschemical gelschemical gels: polyacrylamides : polyacrylamides –– porous structure with strong covalent bondsporous structure with strong covalent bonds

physical gelsphysical gels: agarose : agarose –– weak intermolecular bonds of different molecule partsweak intermolecular bonds of different molecule partsphysical gelsphysical gels: agarose : agarose –– weak intermolecular bonds of different molecule partsweak intermolecular bonds of different molecule parts
136136136136



entangled gelentangled gel –– linear gel as part of BGElinear gel as part of BGEentangled gelentangled gel –– linear gel as part of BGElinear gel as part of BGE

entangling medium (e.g. polymerous net) is present in background electrolyteentangling medium (e.g. polymerous net) is present in background electrolyteentangling medium (e.g. polymerous net) is present in background electrolyteentangling medium (e.g. polymerous net) is present in background electrolyte

similar to physical gels similar to physical gels –– characteristic intermolecular interactionscharacteristic intermolecular interactions
rapid increase in viscosity ( = rapid increase in viscosity ( = ff (M(MWW)) at liminal concentration values)) at liminal concentration values
similar to physical gels similar to physical gels –– characteristic intermolecular interactionscharacteristic intermolecular interactions
rapid increase in viscosity ( = rapid increase in viscosity ( = ff (M(MWW)) at liminal concentration values)) at liminal concentration values

g g ( g p y ) p g yg g ( g p y ) p g yg g ( g p y ) p g yg g ( g p y ) p g y

mostly used polymersmostly used polymersmostly used polymersmostly used polymers

: : linear polyacrylamidelinear polyacrylamide: : linear polyacrylamidelinear polyacrylamide

mostly used polymersmostly used polymersmostly used polymersmostly used polymers

: : NN--substituted acrylamidessubstituted acrylamides: : NN--substituted acrylamidessubstituted acrylamides

NN--acryloyl aminopropanol (AAP)acryloyl aminopropanol (AAP)NN--acryloyl aminopropanol (AAP)acryloyl aminopropanol (AAP)
NN l l i b t l (AAB)l l i b t l (AAB)NN l l i b t l (AAB)l l i b t l (AAB)

: : cellulose derivativescellulose derivatives: : cellulose derivativescellulose derivatives

NN--acryloyl aminoethoxyetanol (AAEE)acryloyl aminoethoxyetanol (AAEE)NN--acryloyl aminoethoxyetanol (AAEE)acryloyl aminoethoxyetanol (AAEE)
NN--acryloyl aminobutanol (AAB)acryloyl aminobutanol (AAB)NN--acryloyl aminobutanol (AAB)acryloyl aminobutanol (AAB)

hydroxyethylcellulose (HEC) hydroxyethylcellulose (HEC) hydroxyethylcellulose (HEC) hydroxyethylcellulose (HEC) 

methylcellulose (MC) methylcellulose (MC) methylcellulose (MC) methylcellulose (MC) 

: : polyethylene oxide (PEO)polyethylene oxide (PEO): : polyethylene oxide (PEO)polyethylene oxide (PEO) hydroxypropylmethylcellulose (HPMC)hydroxypropylmethylcellulose (HPMC)hydroxypropylmethylcellulose (HPMC)hydroxypropylmethylcellulose (HPMC)
hydroxypropylcellulose (HPC)hydroxypropylcellulose (HPC)hydroxypropylcellulose (HPC)hydroxypropylcellulose (HPC): : polyethylene glycol (PEG)polyethylene glycol (PEG): : polyethylene glycol (PEG)polyethylene glycol (PEG)

: : polyethylene alcohol (PEA)polyethylene alcohol (PEA): : polyethylene alcohol (PEA)polyethylene alcohol (PEA)

: : polyvinyl alcohol (PVA)polyvinyl alcohol (PVA): : polyvinyl alcohol (PVA)polyvinyl alcohol (PVA)

: : galactomannan (GalMan)galactomannan (GalMan): : galactomannan (GalMan)galactomannan (GalMan)
: : glucomannan (GluMan)glucomannan (GluMan): : glucomannan (GluMan)glucomannan (GluMan) 137137137137



capillary fillingcapillary fillingcapillary fillingcapillary filling

bubblesbubbles : monomer solution looses volume when polymerising: monomer solution looses volume when polymerising

⇒⇒ isotachophoretic polymerisationisotachophoretic polymerisation

bubblesbubbles : monomer solution looses volume when polymerising: monomer solution looses volume when polymerising

⇒⇒ isotachophoretic polymerisationisotachophoretic polymerisation

capillary and anodic spacecapillary and anodic space: acrylamide, bisacrylamide, triethanol amine (catalyser): acrylamide, bisacrylamide, triethanol amine (catalyser)
cathodic spacecathodic space: ammonium persulphate (initiator): ammonium persulphate (initiator)
capillary and anodic spacecapillary and anodic space: acrylamide, bisacrylamide, triethanol amine (catalyser): acrylamide, bisacrylamide, triethanol amine (catalyser)
cathodic spacecathodic space: ammonium persulphate (initiator): ammonium persulphate (initiator)

when the source is switched on, the initiator enters the systemwhen the source is switched on, the initiator enters the system
ITF interface chloride / persulphate keeps initiator zone sharpITF interface chloride / persulphate keeps initiator zone sharp

i d l i tii d l i ti

when the source is switched on, the initiator enters the systemwhen the source is switched on, the initiator enters the system
ITF interface chloride / persulphate keeps initiator zone sharpITF interface chloride / persulphate keeps initiator zone sharp

i d l i tii d l i ti⇒⇒ supervised polymerisationsupervised polymerisation

such a voltage that initiator flow ~ rate of polymerisation (such a voltage that initiator flow ~ rate of polymerisation (caca 2 2 –– 4 V/m)4 V/m)

⇒⇒ supervised polymerisationsupervised polymerisation

such a voltage that initiator flow ~ rate of polymerisation (such a voltage that initiator flow ~ rate of polymerisation (caca 2 2 –– 4 V/m)4 V/m)
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GE, GE, sslablab--ggel el eelectrophoresislectrophoresisGE, GE, sslablab--ggel el eelectrophoresislectrophoresis

denaturingdenaturing (SDS, (SDS, LämmliLämmli)) –– separation according toseparation according to MMwwdenaturingdenaturing (SDS, (SDS, LämmliLämmli)) –– separation according toseparation according to MMww

di i l l l t h i (1Ddi i l l l t h i (1D GE)GE)di i l l l t h i (1Ddi i l l l t h i (1D GE)GE)

nonnon--denaturingdenaturing (native)(native) –– separation according toseparation according to pIpI, , shapeshape and and MMWWnonnon--denaturingdenaturing (native)(native) –– separation according toseparation according to pIpI, , shapeshape and and MMWW

one dimensional gel electrophoresis (1Done dimensional gel electrophoresis (1D--GE)GE)one dimensional gel electrophoresis (1Done dimensional gel electrophoresis (1D--GE)GE)

: slab gel polymerises between glass plates, separated by spacers: slab gel polymerises between glass plates, separated by spacers
: loading jars are created by special spacer: loading jars are created by special spacer combcomb
: slab gel polymerises between glass plates, separated by spacers: slab gel polymerises between glass plates, separated by spacers
: loading jars are created by special spacer: loading jars are created by special spacer combcomb: loading jars are created by special spacer : loading jars are created by special spacer –– combcomb: loading jars are created by special spacer : loading jars are created by special spacer –– combcomb

(4%) concentration  gel(4%) concentration  gel

(12%) separation gel(12%) separation gel
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basic procedurebasic procedurebasic procedurebasic procedure

1. sampling buffer is added to sample1. sampling buffer is added to sample
2. sample is loaded into jars2. sample is loaded into jars
3 gel is put in3 gel is put in between buffers and voltage is appliedbetween buffers and voltage is applied

1. sampling buffer is added to sample1. sampling buffer is added to sample
2. sample is loaded into jars2. sample is loaded into jars
3 gel is put in3 gel is put in between buffers and voltage is appliedbetween buffers and voltage is applied3. gel is put in3. gel is put in--between buffers and voltage is appliedbetween buffers and voltage is applied
4. gel is washed and stained4. gel is washed and stained
3. gel is put in3. gel is put in--between buffers and voltage is appliedbetween buffers and voltage is applied
4. gel is washed and stained4. gel is washed and stained

electrodeelectrode samplesample
sampling
jars
sampling
jars

gelgel

working
electrolyte
working
electrolyte

slower
analytes
slower
analytes

l
lR i

f =

retention factorretention factorretention factorretention factor
lilielectrodeelectrode

gg

container with
electrolyte
container with
electrolyte

faster
analytes
faster
analytes

maxl

lmaxlmax

electrolyteelectrolyte
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two dimensional gel electrophoresis (2Dtwo dimensional gel electrophoresis (2D--GE)GE)two dimensional gel electrophoresis (2Dtwo dimensional gel electrophoresis (2D--GE)GE)

two dimensions:two dimensions:
1. IEF1. IEF
2. SDS2. SDS--GEGE

two dimensions:two dimensions:
1. IEF1. IEF
2. SDS2. SDS--GEGE

IEF strip on SDS gelIEF strip on SDS gel

samplesample

1. isoelectric focusation1. isoelectric focusation (IEF)(IEF)1. isoelectric focusation1. isoelectric focusation (IEF)(IEF)

2. SDS2. SDS GEGE2. SDS2. SDS GEGE

decreasing pIdecreasing pI

2nd dimension
SDS-GE
2nd dimension
SDS-GE

M
W

M
W( )( )

immobilised pHimmobilised pH--gradient in gel stripgradient in gel strip

( )( )

immobilised pHimmobilised pH--gradient in gel stripgradient in gel strip 1st dimension
IEF

1st dimension
IEF

decreasing pIdecreasing pI

de
cr

ea
si

ng
 M

de
cr

ea
si

ng
 M

2. denaturing gel elfo2. denaturing gel elfo (SDS(SDS--GE)GE)

SDS is notSDS is not in gel since polymerisation (as with 1D)in gel since polymerisation (as with 1D)

2. denaturing gel elfo2. denaturing gel elfo (SDS(SDS--GE)GE)

SDS is notSDS is not in gel since polymerisation (as with 1D)in gel since polymerisation (as with 1D)

dd

decreasing pIdecreasing pI

t lt l ththt lt l thth
g p y ( )g p y ( )

–– micelles would be createdmicelles would be created
g p y ( )g p y ( )

–– micelles would be createdmicelles would be created necessary necessary to coolto cool more thanmore than
1D (5 1D (5 –– 12 12 °°C)C)
necessary necessary to coolto cool more thanmore than
1D (5 1D (5 –– 12 12 °°C)C)

as crossas cross--linking agentlinking agent piperazine diacrylylpiperazine diacrylyl (PDA),(PDA),
diallyltartarate diamidediallyltartarate diamide (DATD), (DATD), bisacrylyl cystaminebisacrylyl cystamine (BAC)(BAC)
as crossas cross--linking agentlinking agent piperazine diacrylylpiperazine diacrylyl (PDA),(PDA),
diallyltartarate diamidediallyltartarate diamide (DATD), (DATD), bisacrylyl cystaminebisacrylyl cystamine (BAC)(BAC)

O OO OO OO O

sodium thiosulphate in gel sodium thiosulphate in gel –– low background with Aglow background with Ag--stainingstainingsodium thiosulphate in gel sodium thiosulphate in gel –– low background with Aglow background with Ag--stainingstaining 141141141141

CH2 C
H N

H
SH SH N

H
C
H

CH2CH2 C
H N

H
SH SH N

H
C
H

CH2CH2 C
H

C
H2

NH
OH OH

HN C
H2

C
H

CH2CH2 C
H

C
H2

NH
OH OH

HN C
H2

C
H

CH2



in 2Din 2D density gradient (9 density gradient (9 –– 16 %) is used16 %) is used

in connected containers are mixedin connected containers are mixed

in 2Din 2D density gradient (9 density gradient (9 –– 16 %) is used16 %) is used

in connected containers are mixedin connected containers are mixed AA BB
pumppump

AA) ) solution solution without crosswithout cross--linkerlinker
BB) ) solution solution with with maxmax crosscross--linker concentrationlinker concentration
:: at at outflow, outflow, increasing increasing crosscross--linker gradient is formedlinker gradient is formed

AA) ) solution solution without crosswithout cross--linkerlinker
BB) ) solution solution with with maxmax crosscross--linker concentrationlinker concentration
:: at at outflow, outflow, increasing increasing crosscross--linker gradient is formedlinker gradient is formed

mixingmixing

gradient profile gradient profile is given by the shape of containersis given by the shape of containersgradient profile gradient profile is given by the shape of containersis given by the shape of containers

after stainingafter stainingafter stainingafter staining

newnew –– nonnon--linear pH gradients in IEFlinear pH gradients in IEFnewnew –– nonnon--linear pH gradients in IEFlinear pH gradients in IEF
optical

density (%)
optical

density (%)

:: densitometrydensitometry
:::: UVUV--VisVis
:::: fluorimetryfluorimetry

:: densitometrydensitometry
:::: UVUV--VisVis
:::: fluorimetryfluorimetry

CCD cameraCCD camera

:::: fluorimetryfluorimetry:::: fluorimetryfluorimetry m
igration distan

m
igration distan

focusing
optics

focusing
opticsnce

nce

li ht filtli ht filt

stained gelstained gel
passed lightpassed light

: record
: evaluation
: record
: evaluation

light filterlight filter
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denaturing GEdenaturing GEdenaturing GEdenaturing GE
:: prior to analysis, sample is denaturedprior to analysis, sample is denatured
(+ EtSH 95(+ EtSH 95 °°C 5 min)C 5 min)
:: prior to analysis, sample is denaturedprior to analysis, sample is denatured
(+ EtSH 95(+ EtSH 95 °°C 5 min)C 5 min)(+ EtSH, 95 (+ EtSH, 95 C, 5 min)C, 5 min)

:::: breaking of dibreaking of di--sulphidic bondssulphidic bonds
:::: turn into random coil conformationturn into random coil conformation

(+ EtSH, 95 (+ EtSH, 95 C, 5 min)C, 5 min)
:::: breaking of dibreaking of di--sulphidic bondssulphidic bonds
:::: turn into random coil conformationturn into random coil conformation

merkaptoethanolmerkaptoethanol

:: leading colour: bromphenole blueleading colour: bromphenole blue:: leading colour: bromphenole blueleading colour: bromphenole blue
p

dismisses S-S bridges
p

dismisses S-S bridges

nonnon--denaturingdenaturing (native) GE(native) GEnonnon--denaturingdenaturing (native) GE(native) GE
SDSSDS

:: separation of separation of acidic and basicacidic and basic proteinsproteins –– separately:separately::: separation of separation of acidic and basicacidic and basic proteinsproteins –– separately:separately:

:: leading colour: bromphenole blueleading colour: bromphenole blue for acidicfor acidic:: leading colour: bromphenole blueleading colour: bromphenole blue for acidicfor acidic

unit chargeunit charge

:: leading colour: bromphenole blueleading colour: bromphenole blue for acidicfor acidic
methylene bluemethylene blue for basicfor basic

:: leading colour: bromphenole blueleading colour: bromphenole blue for acidicfor acidic
methylene bluemethylene blue for basicfor basic

:: separation ofseparation of acidicacidic andand basicbasic proteinsproteins togethertogether:::: separation ofseparation of acidicacidic andand basicbasic proteinsproteins togethertogether:::: separation of separation of acidicacidic and and basicbasic proteinsproteins –– togethertogether::
giving them a unit charge without denaturationgiving them a unit charge without denaturation
:: separation of separation of acidicacidic and and basicbasic proteinsproteins –– togethertogether::
giving them a unit charge without denaturationgiving them a unit charge without denaturation

blue native PAGEblue native PAGE (BN(BN--PAGE) PAGE) –– CBB RCBB R--250 (~ 1 g to 1 g of protein)250 (~ 1 g to 1 g of protein)blue native PAGEblue native PAGE (BN(BN--PAGE) PAGE) –– CBB RCBB R--250 (~ 1 g to 1 g of protein)250 (~ 1 g to 1 g of protein)(( )) ( g g p )( g g p )(( )) ( g g p )( g g p )

clean native PAGEclean native PAGE (CN(CN--PAGE) PAGE) –– nn--dodecyldodecyl--ββ--maltoside and digitoninmaltoside and digitoninclean native PAGEclean native PAGE (CN(CN--PAGE) PAGE) –– nn--dodecyldodecyl--ββ--maltoside and digitoninmaltoside and digitonin
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polyacrylamidove gel electrophoresis polyacrylamidove gel electrophoresis –– PAGEPAGEpolyacrylamidove gel electrophoresis polyacrylamidove gel electrophoresis –– PAGEPAGE

: : for separation of proteinsfor separation of proteins
in native and denaturing mode; 1D and 2Din native and denaturing mode; 1D and 2D

: : for separation of proteinsfor separation of proteins
in native and denaturing mode; 1D and 2Din native and denaturing mode; 1D and 2D

agarose gel electrophoresis agarose gel electrophoresis –– AGEAGEagarose gel electrophoresis agarose gel electrophoresis –– AGEAGE

0.8%0.8% 50 50 –– x1000 kbpx1000 kbp
1 1 –– 2%2% 20 20 –– 50 kbp50 kbp
4%4% < 20 kbp< 20 kbp

0.8%0.8% 50 50 –– x1000 kbpx1000 kbp
1 1 –– 2%2% 20 20 –– 50 kbp50 kbp
4%4% < 20 kbp< 20 kbp

: : for nucleic acids separationfor nucleic acids separation
only one mode (1D)only one mode (1D)
NAs already have unit chargeNAs already have unit charge

: : for nucleic acids separationfor nucleic acids separation
only one mode (1D)only one mode (1D)
NAs already have unit chargeNAs already have unit charge

leading coloursleading colours::
xylene and bromophenol blue cresol red orange Gxylene and bromophenol blue cresol red orange G
leading coloursleading colours::
xylene and bromophenol blue cresol red orange Gxylene and bromophenol blue cresol red orange G

separation conditions:separation conditions:separation conditions:separation conditions:

xylene and bromophenol blue, cresol red, orange Gxylene and bromophenol blue, cresol red, orange Gxylene and bromophenol blue, cresol red, orange Gxylene and bromophenol blue, cresol red, orange G

separation conditions:separation conditions:

TRISTRIS--acetate EDTAacetate EDTA (TAE) (TAE) :: low voltage, large molecules (50 low voltage, large molecules (50 –– x000 kbp)x000 kbp)
TRISTRIS--borate EDTAborate EDTA (TBE) (TBE) :: 20 20 –– 50 kbp50 kbp

di b tdi b t (SB)(SB) hi h lt (35 V/ ) ll l l 5 kbhi h lt (35 V/ ) ll l l 5 kb

separation conditions:separation conditions:

TRISTRIS--acetate EDTAacetate EDTA (TAE) (TAE) :: low voltage, large molecules (50 low voltage, large molecules (50 –– x000 kbp)x000 kbp)
TRISTRIS--borate EDTAborate EDTA (TBE) (TBE) :: 20 20 –– 50 kbp50 kbp

di b tdi b t (SB)(SB) hi h lt (35 V/ ) ll l l 5 kbhi h lt (35 V/ ) ll l l 5 kbsodium boratesodium borate (SB) (SB) :: high voltage (35 V/cm), small molecules < 5 kbphigh voltage (35 V/cm), small molecules < 5 kbpsodium boratesodium borate (SB) (SB) :: high voltage (35 V/cm), small molecules < 5 kbphigh voltage (35 V/cm), small molecules < 5 kbp
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column continuative elution gel electrophoresiscolumn continuative elution gel electrophoresiscolumn continuative elution gel electrophoresiscolumn continuative elution gel electrophoresis
((CEGECEGE))((CEGECEGE))((CEGECEGE))((CEGECEGE))
:: newnew techniquetechnique similarsimilar toto slabslab GEGE –– primarilyprimarily preparativepreparative

:::: mostlymostly SDSSDS--PAGEPAGE
:: newnew techniquetechnique similarsimilar toto slabslab GEGE –– primarilyprimarily preparativepreparative

:::: mostlymostly SDSSDS--PAGEPAGE
:::: nativenative isoelectrofocusationisoelectrofocusation QPNCQPNC--PAGEPAGE

((quantitativequantitative preparativepreparative nativenative continuouscontinuous))
:: suitablesuitable forfor onon--lineline connectionconnection withwith detectiondetection techniquestechniques (MS)(MS)

:::: nativenative isoelectrofocusationisoelectrofocusation QPNCQPNC--PAGEPAGE
((quantitativequantitative preparativepreparative nativenative continuouscontinuous))

:: suitablesuitable forfor onon--lineline connectionconnection withwith detectiondetection techniquestechniques (MS)(MS)

491 prep cell491 prep cell

separationseparationseparation
buffer

separation
buffer

elution bufferelution buffer

cooling corecooling core

fractíon collectiorfractíon collectior
separation bufferseparation buffercooling corecooling core

collection channelcollection channel

separačtion zonesseparačtion zones
gel columngel column
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elution chamberelution chamber

buffer recyclationbuffer recyclation



CIEF, CIEF, ccapillaryapillary iisoelectrofocusationsoelectrofocusationCIEF, CIEF, ccapillaryapillary iisoelectrofocusationsoelectrofocusation

isoelectrofocusationisoelectrofocusation –– greekgreek ίσοςίσος (same)(same) ήλεκτρονήλεκτρον (amber)(amber) andand latinlatin focusfocusisoelectrofocusationisoelectrofocusation –– greekgreek ίσοςίσος (same)(same) ήλεκτρονήλεκτρον (amber)(amber) andand latinlatin focusfocusisoelectrofocusationisoelectrofocusation greekgreek ίσοςίσος (same),(same), ήλεκτρονήλεκτρον (amber)(amber) andand latinlatin focusfocusisoelectrofocusationisoelectrofocusation greekgreek ίσοςίσος (same),(same), ήλεκτρονήλεκτρον (amber)(amber) andand latinlatin focusfocus

solutionsolution containscontains ampholytesampholytessolutionsolution containscontains ampholytesampholytesp yp y
duringduring separation,separation, thethe pHpH gradientgradient isis establishedestablished

pHpH == pIpI,, analyteanalyte isis notnot movingmoving

p yp y
duringduring separation,separation, thethe pHpH gradientgradient isis establishedestablished

pHpH == pIpI,, analyteanalyte isis notnot movingmoving

mixture of ampholytes and samplemixture of ampholytes and sample

yy ggyy gg

t = 0t = 0

pH gradientpH gradientl Hl H hi h Hhi h H

t > 0t > 0

pH gradientpH gradientlow pHlow pH high pHhigh pH
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zoneszones areare sharp,sharp, selfself--focusationfocusation effecteffectzoneszones areare sharp,sharp, selfself--focusationfocusation effecteffect

wwAA –– zonezone widthwidth
xx –– lengthlength coordinatecoordinate
wwAA –– zonezone widthwidth
xx –– lengthlength coordinatecoordinate⎟⎟
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DwA *μ

⎠⎝ ⎠⎝ ∂⎠⎝ ∂ xpH

EE –– electricelectric fieldfield intensityintensity [V/cm][V/cm]EE –– electricelectric fieldfield intensityintensity [V/cm][V/cm]

resolutionresolution inin IEFIEFresolutionresolution inin IEFIEF

⎟
⎞

⎜
⎛ ∂

⎟
⎞

⎜
⎛ ∂Δ EpHI μ* ∂pH∂pH // ∂x∂x –– pHpH gradientgradient

∂μ∂μ // ∂pH∂pH –– mobilitymobility slopeslope atat givengiven pIpI
∂pH∂pH // ∂x∂x –– pHpH gradientgradient
∂μ∂μ // ∂pH∂pH –– mobilitymobility slopeslope atat givengiven pIpI⎟⎟
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CITF, CITF, ccapillaryapillary iisotachoforesissotachoforesisCITF, CITF, ccapillaryapillary iisotachoforesissotachoforesis

isotachophoresisisotachophoresis –– greekgreek ίσοςίσος (same),(same), ταχύςταχύς (speed)(speed) andand φορέωφορέω (I(I carry)carry)isotachophoresisisotachophoresis –– greekgreek ίσοςίσος (same),(same), ταχύςταχύς (speed)(speed) andand φορέωφορέω (I(I carry)carry)

twotwo electrolyteselectrolytes
:: leadingleading –– leadingleading ionion hashas absolutelyabsolutely highesthighest mobilitymobility inin systemsystem
:: terminalterminal ((trailingtrailing)) –– terminalterminal ionion hashas absolutelyabsolutely lowestlowest mobilitymobility inin systemsystem

twotwo electrolyteselectrolytes
:: leadingleading –– leadingleading ionion hashas absolutelyabsolutely highesthighest mobilitymobility inin systemsystem
:: terminalterminal ((trailingtrailing)) –– terminalterminal ionion hashas absolutelyabsolutely lowestlowest mobilitymobility inin systemsystem

leading electrolyteleading electrolyte

:: terminalterminal ((trailingtrailing)) terminalterminal ionion hashas absolutelyabsolutely lowestlowest mobilitymobility inin systemsystem
⇒⇒ electricelectric fieldfield intensityintensity increasesincreases fromfrom leadingleading toto terminalterminal ionion
:: terminalterminal ((trailingtrailing)) terminalterminal ionion hashas absolutelyabsolutely lowestlowest mobilitymobility inin systemsystem
⇒⇒ electricelectric fieldfield intensityintensity increasesincreases fromfrom leadingleading toto terminalterminal ionion

t = 0t = 0

t i l l t l tt i l l t l t

leading electrolyte
(L)

leading electrolyte
(L)TT

t > 0t > 0
terminal electrolyte

(T)
terminal electrolyte

(T) LL

ffffcomponentcomponent concentrationconcentration inin zonezone isis accordingaccording toto KohlrauschKohlrausch ωω--functionfunction
analyticalanalytical concentrationconcentration ofof compoundcompound A,A, ccAA::
componentcomponent concentrationconcentration inin zonezone isis accordingaccording toto KohlrauschKohlrausch ωω--functionfunction
analyticalanalytical concentrationconcentration ofof compoundcompound A,A, ccAA::

for strong univalent electrolytesfor strong univalent electrolytesfor strong univalent electrolytesfor strong univalent electrolytesμμμ −
CICI –– analyteanalyte countercounter--ionionCICI –– analyteanalyte countercounter--ionion

for strong univalent electrolytesfor strong univalent electrolytesfor strong univalent electrolytesfor strong univalent electrolytes
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selfself--focusingfocusing effecteffectselfself--focusingfocusing effecteffect

ifif ionion LL becausebecause ofof diffusiondiffusion goesgoes toto zonezone XX,, becausebecause ofof ↑↑ EE
ll ii itit i tii ti l itl it dd itit b kb k tt LL

ifif ionion LL becausebecause ofof diffusiondiffusion goesgoes toto zonezone XX,, becausebecause ofof ↑↑ EE
ll ii itit i tii ti l itl it dd itit b kb k tt LL

zoneszones areare sharpsharp andand dodo notnot broadenbroaden ⇒⇒ concentratingconcentrating minorminor componentscomponents inin fewfew ordersorderszoneszones areare sharpsharp andand dodo notnot broadenbroaden ⇒⇒ concentratingconcentrating minorminor componentscomponents inin fewfew ordersorders

alsoalso increasesincreases itsits migrationmigration velocityvelocity andand itit goesgoes backback toto zonezone LLalsoalso increasesincreases itsits migrationmigration velocityvelocity andand itit goesgoes backback toto zonezone LL

ifif ionion XX becausebecause ofof diffusiondiffusion goesgoes toto zonezone LL,, becausebecause ofof ↓↓ EE
alsoalso decreasesdecreases itsits migrationmigration velocityvelocity andand itit goesgoes backback toto zonezone XX
ifif ionion XX becausebecause ofof diffusiondiffusion goesgoes toto zonezone LL,, becausebecause ofof ↓↓ EE
alsoalso decreasesdecreases itsits migrationmigration velocityvelocity andand itit goesgoes backback toto zonezone XX

e 
[Ω

]
e 

[Ω
]

alsoalso decreasesdecreases itsits migrationmigration velocityvelocity andand itit goesgoes backback toto zonezone XXalsoalso decreasesdecreases itsits migrationmigration velocityvelocity andand itit goesgoes backback toto zonezone XX
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re
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st
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time [min]time [min]

isotachophoretogramisotachophoretogram
typicaltypical detectiondetection –– resistanceresistance;; othersothers methodsmethods –– conductivity,conductivity, thermometry,thermometry, UVUV--VisVis
isotachophoretogramisotachophoretogram
typicaltypical detectiondetection –– resistanceresistance;; othersothers methodsmethods –– conductivity,conductivity, thermometry,thermometry, UVUV--VisVis 149149149149



MEKC, MEKC, mmicellaricellar eelectrokineticlectrokinetic cchromatographyhromatographyMEKC, MEKC, mmicellaricellar eelectrokineticlectrokinetic cchromatographyhromatography

oneone electrolyteelectrolyte containingcontaining ionogenicionogenic tensidetenside overover criticalcritical micellarmicellar concentrationconcentration
⇒⇒ micellesmicelles areare createdcreated
oneone electrolyteelectrolyte containingcontaining ionogenicionogenic tensidetenside overover criticalcritical micellarmicellar concentrationconcentration
⇒⇒ micellesmicelles areare createdcreated⇒⇒ micellesmicelles areare createdcreated

analyteanalyte isis separatedseparated betweenbetween micellesmicelles andand electrolyteelectrolyte accacc.. distributiondistribution coefficientcoefficient (K)(K)
MEKCMEKC maymay bebe seenseen asas ZEZE ofof twotwo entitiesentities –– analyteanalyte andand micellesmicelles withwith itit

⇒⇒ micellesmicelles areare createdcreated

analyteanalyte isis separatedseparated betweenbetween micellesmicelles andand electrolyteelectrolyte accacc.. distributiondistribution coefficientcoefficient (K)(K)
MEKCMEKC maymay bebe seenseen asas ZEZE ofof twotwo entitiesentities –– analyteanalyte andand micellesmicelles withwith ititMEKCMEKC maymay bebe seenseen asas ZEZE ofof twotwo entitiesentities analyteanalyte andand micellesmicelles withwith itit

analyteanalyte doesdoes notnot entersenters micellesmicelles ⇒⇒ KK == 00,, analyteanalyte entersenters completelycompletely ⇒⇒ KK == ∝∝

MEKCMEKC maymay bebe seenseen asas ZEZE ofof twotwo entitiesentities analyteanalyte andand micellesmicelles withwith itit

analyteanalyte doesdoes notnot entersenters micellesmicelles ⇒⇒ KK == 00,, analyteanalyte entersenters completelycompletely ⇒⇒ KK == ∝∝

t = 0t = 0

t > 0t > 0

tenside / micellestenside / micelles

k‘k‘ –– capacitycapacity factorfactor
ttMM –– voidvoid retentionretention timetime
k‘k‘ –– capacitycapacity factorfactor
ttMM –– voidvoid retentionretention timetime( )Mm VVKttk *' − ttMM voidvoid retentionretention timetime
ttmm –– retentionretention timetime
ttmcmc –– retentionretention timetime ofof micellesmicelles

ttMM voidvoid retentionretention timetime
ttmm –– retentionretention timetime
ttmcmc –– retentionretention timetime ofof micellesmicelles
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commonlycommonly usedused tensidestensidescommonlycommonly usedused tensidestensides

anionogenicanionogenic : sodium dodecylsulphate ...: sodium dodecylsulphate ...
cationogeniccationogenic : cetyltrimethylammonium bromide, septonex ...: cetyltrimethylammonium bromide, septonex ...
anionogenicanionogenic : sodium dodecylsulphate ...: sodium dodecylsulphate ...
cationogeniccationogenic : cetyltrimethylammonium bromide, septonex ...: cetyltrimethylammonium bromide, septonex ...

to to decrease migration velocitydecrease migration velocity of micelles of micelles nonnon--ionogenic tensideionogenic tenside (Triton X(Triton X--100) is added100) is added

micelles may be substituted withmicelles may be substituted with microemulsionmicroemulsion oror polyionspolyions

to to decrease migration velocitydecrease migration velocity of micelles of micelles nonnon--ionogenic tensideionogenic tenside (Triton X(Triton X--100) is added100) is added

micelles may be substituted withmicelles may be substituted with microemulsionmicroemulsion oror polyionspolyionsmicelles may be substituted with micelles may be substituted with microemulsion microemulsion oror polyionspolyions

addition of organic phaseaddition of organic phase: solvatation changes, micellar structures,: solvatation changes, micellar structures,
smoother settingsmoother setting –– mixture of tensidemixture of tensidess

micelles may be substituted with micelles may be substituted with microemulsion microemulsion oror polyionspolyions

addition of organic phaseaddition of organic phase: solvatation changes, micellar structures,: solvatation changes, micellar structures,
smoother settingsmoother setting –– mixture of tensidemixture of tensidessgggg

resolutionresolution inin MEKCMEKCresolutionresolution inin MEKCMEKC
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4 ktt
tt

k
kNR mM

α
α

αα –– selectivityselectivity
NN –– numbernumber ofof theortheor platesplates
αα –– selectivityselectivity
NN –– numbernumber ofof theortheor platesplates

efficiencyefficiencyefficiencyefficiency selectivityselectivityselectivityselectivity
retardationretardationretardationretardation

( )( ) ⎠⎝⎠⎝ +⎠⎝⎠⎝ 12 114 kttk mMα

NN numbernumber ofof theortheor.. platesplatesNN numbernumber ofof theortheor.. platesplates

disadvantage:disadvantage: difficult difficult reproducibilityreproducibilitydisadvantage:disadvantage: difficult difficult reproducibilityreproducibility
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TLE, TLE, tthinhin llayerayer eelectrochromatographylectrochromatographyTLE, TLE, tthinhin llayerayer eelectrochromatographylectrochromatography

paper elepaper elecctrophoresis, slab electrochromatographytrophoresis, slab electrochromatographypaper elepaper elecctrophoresis, slab electrochromatographytrophoresis, slab electrochromatography

chargedcharged (mostly(mostly negative)negative) SFSF;; oftenoften silicagel,silicagel, cellulosecellulose andand itsits derivativesderivatives

analyteanalyte isis separatedseparated betweenbetween SFSF andand electrolyteelectrolyte accacc.. distributiondistribution coefficientcoefficient (K)(K)

chargedcharged (mostly(mostly negative)negative) SFSF;; oftenoften silicagel,silicagel, cellulosecellulose andand itsits derivativesderivatives

analyteanalyte isis separatedseparated betweenbetween SFSF andand electrolyteelectrolyte accacc.. distributiondistribution coefficientcoefficient (K)(K)yy pp yy ( )( )yy pp yy ( )( )

charged surface groupscharged surface groups

layerlayer
diffusiondiffusion

compactcompact

solventsolvent EOFEOF

fastfast :: appliedapplied voltagevoltage isis drivingdriving forceforce;; comparingcomparing toto TLCTLC wherewhere itit isis capillarycapillary elevationelevation
:: fastfast alsoalso comparingcomparing toto capillarycapillary variantvariant (up(up toto threethree ordersorders ofof magnitude)magnitude)

fastfast :: appliedapplied voltagevoltage isis drivingdriving forceforce;; comparingcomparing toto TLCTLC wherewhere itit isis capillarycapillary elevationelevation
:: fastfast alsoalso comparingcomparing toto capillarycapillary variantvariant (up(up toto threethree ordersorders ofof magnitude)magnitude):: fastfast alsoalso comparingcomparing toto capillarycapillary variantvariant (up(up toto threethree ordersorders ofof magnitude)magnitude)
:: voltagevoltage 160160 V/cmV/cm ⇒⇒ migrationmigration velocityvelocity 100100 μmμm..ss--11
:: fastfast alsoalso comparingcomparing toto capillarycapillary variantvariant (up(up toto threethree ordersorders ofof magnitude)magnitude)
:: voltagevoltage 160160 V/cmV/cm ⇒⇒ migrationmigration velocityvelocity 100100 μmμm..ss--11
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CEC, CEC, ccapillaryapillary eelectrochromatographylectrochromatographyCEC, CEC, ccapillaryapillary eelectrochromatographylectrochromatography

chargedcharged (mostly(mostly negative)negative) SFSF;; porousporous particlesparticles ofof oo..dd.. 11..55 –– 55..00 μmμmchargedcharged (mostly(mostly negative)negative) SFSF;; porousporous particlesparticles ofof oo..dd.. 11..55 –– 55..00 μmμm
columncolumn:: eithereither broaderbroader ((320320 μm)μm) oror narrowernarrower capillarycapillary ((5050,, 7575 oror 100100 μm)μm)

analyteanalyte isis separatedseparated betweenbetween SFSF andand electrolyteelectrolyte accacc.. distributiondistribution coefficientcoefficient (K)(K)
li dli d ltlt ii titi d i id i i ff flfl ff thth li idli id ii tt l il i

columncolumn:: eithereither broaderbroader ((320320 μm)μm) oror narrowernarrower capillarycapillary ((5050,, 7575 oror 100100 μm)μm)

analyteanalyte isis separatedseparated betweenbetween SFSF andand electrolyteelectrolyte accacc.. distributiondistribution coefficientcoefficient (K)(K)
li dli d ltlt ii titi d i id i i ff flfl ff thth li idli id ii tt l il i:: appliedapplied voltagevoltage isis separationseparation drivingdriving forceforce ⇒⇒ flowflow ofof thethe liquidliquid isis notnot laminarlaminar

:: EOFEOF isis createdcreated onon thethe surfacesurface ofof SFSF ratherrather thanthan onon aa wallwall ofof separationseparation channelchannel

lowlow currentscurrents:: maxmax 1010 μAμA

:: appliedapplied voltagevoltage isis separationseparation drivingdriving forceforce ⇒⇒ flowflow ofof thethe liquidliquid isis notnot laminarlaminar
:: EOFEOF isis createdcreated onon thethe surfacesurface ofof SFSF ratherrather thanthan onon aa wallwall ofof separationseparation channelchannel

lowlow currentscurrents:: maxmax 1010 μAμAlowlow currentscurrents:: maxmax 1010 μAμA
JouleJoule heatheat 00..11 WW..cmcm--22 ((15001500xx moremore heatheat thanthan withinwithin pressurepressure heatingheating byby HPLC)HPLC)
lowlow currentscurrents:: maxmax 1010 μAμA
JouleJoule heatheat 00..11 WW..cmcm--22 ((15001500xx moremore heatheat thanthan withinwithin pressurepressure heatingheating byby HPLC)HPLC)

t = 0t = 0

t > 0t > 0

charged (–) stationary phasecharged (–) stationary phase
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: C18 bound on silicagel (reverse CEC): C18 bound on silicagel (reverse CEC)
ββ CD b d ili l ( hi l CEC)CD b d ili l ( hi l CEC)

: C18 bound on silicagel (reverse CEC): C18 bound on silicagel (reverse CEC)
ββ CD b d ili l ( hi l CEC)CD b d ili l ( hi l CEC)

SFSFSFSF

: β: β--CD bound on silicagel (chiral CEC)CD bound on silicagel (chiral CEC)
: SCX cation exchanger (: SCX cation exchanger (--CHCH22CHCH22CHCH22SOSO33H)H)
: β: β--CD bound on silicagel (chiral CEC)CD bound on silicagel (chiral CEC)
: SCX cation exchanger (: SCX cation exchanger (--CHCH22CHCH22CHCH22SOSO33H)H)

testing mixturetesting mixture

thioureathiourea

testing mixturetesting mixture

thioureathiourea
GR 57888X, GR 57994XGR 57888X, GR 57994X
fluticasonfluticason proprionateproprionate, des, des--66--αα--fluorofluoro--fluticason fluticason proprionateproprionate
GR 57888X, GR 57994XGR 57888X, GR 57994X
fluticasonfluticason proprionateproprionate, des, des--66--αα--fluorofluoro--fluticason fluticason proprionateproprionate

: : thiourea indicates EOFthiourea indicates EOF
: : components 2 and 3 determine hydrophobicitycomponents 2 and 3 determine hydrophobicity
:: components 4 and 5components 4 and 5 determine resolutiondetermine resolution

: : thiourea indicates EOFthiourea indicates EOF
: : components 2 and 3 determine hydrophobicitycomponents 2 and 3 determine hydrophobicity
:: components 4 and 5components 4 and 5 determine resolutiondetermine resolutionco po e s a d 5co po e s a d 5 de e e eso u ode e e eso u oco po e s a d 5co po e s a d 5 de e e eso u ode e e eso u o
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advantagesadvantagesadvantagesadvantages

electric fieldelectric field

advantagesadvantages
: : higher efficiency than HPLChigher efficiency than HPLC

up to 300 000 plates / m (i.e. 3 up to 300 000 plates / m (i.e. 3 –– 4x)4x)

ll ti lll ti l

advantagesadvantages
: : higher efficiency than HPLChigher efficiency than HPLC

up to 300 000 plates / m (i.e. 3 up to 300 000 plates / m (i.e. 3 –– 4x)4x)

ll ti lll ti l
columncolumnfritfrit fritfrit windowwindow

EOFEOF

: : may use very small particlesmay use very small particles
no high back pressureno high back pressure

: : separation of neutral, lipophilic and waterseparation of neutral, lipophilic and water--insoluble analytesinsoluble analytes

: : may use very small particlesmay use very small particles
no high back pressureno high back pressure

: : separation of neutral, lipophilic and waterseparation of neutral, lipophilic and water--insoluble analytesinsoluble analytes

windowwindow

p p pp p p yy
: : low sample and MF consumptionlow sample and MF consumption
: : isocratic and gradient elutionisocratic and gradient elution
: : may use MS detectionmay use MS detection

p p pp p p yy
: : low sample and MF consumptionlow sample and MF consumption
: : isocratic and gradient elutionisocratic and gradient elution
: : may use MS detectionmay use MS detection
: : same instrumentation as for CZE, CEC or CLCsame instrumentation as for CZE, CEC or CLC: : same instrumentation as for CZE, CEC or CLCsame instrumentation as for CZE, CEC or CLC

320 μm i.d.320 μm i.d. 75 μm i.d.
280 μm o.d.
75 μm i.d.
280 μm o.d.

disadvantagesdisadvantages
:: columncolumn
disadvantagesdisadvantages
:: columncolumn

windowwindowoutlet
frit
outlet
frit

inlet
frit
inlet
frit

columncolumn

: : columncolumn
filled capillaries with frits; fragilityfilled capillaries with frits; fragility

: : bubbles (EOF differences, Joule heat)bubbles (EOF differences, Joule heat)
l t ki ti i j ti (i t l t d d)l t ki ti i j ti (i t l t d d)

: : columncolumn
filled capillaries with frits; fragilityfilled capillaries with frits; fragility

: : bubbles (EOF differences, Joule heat)bubbles (EOF differences, Joule heat)
l t ki ti i j ti (i t l t d d)l t ki ti i j ti (i t l t d d): : electrokinetic injection (internal standard)electrokinetic injection (internal standard)

: : lower sensitivitylower sensitivity
: : electrokinetic injection (internal standard)electrokinetic injection (internal standard)
: : lower sensitivitylower sensitivity
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AE, AE, aaffinityffinity eelectrophoresislectrophoresisAE, AE, aaffinityffinity eelectrophoresislectrophoresis

uses combination of uses combination of separation in filedseparation in filed and and affinity separationaffinity separationuses combination of uses combination of separation in filedseparation in filed and and affinity separationaffinity separation

affinity separationaffinity separation –– specific interactionspecific interaction of analyte and ligandof analyte and ligand
enzymeenzyme :: coenzyme, substrate, inhibitorcoenzyme, substrate, inhibitor
nucleic acidnucleic acid :: complementary chain histoncomplementary chain histonee

affinity separationaffinity separation –– specific interactionspecific interaction of analyte and ligandof analyte and ligand
enzymeenzyme :: coenzyme, substrate, inhibitorcoenzyme, substrate, inhibitor
nucleic acidnucleic acid :: complementary chain histoncomplementary chain histoneenucleic acidnucleic acid :: complementary chain, histoncomplementary chain, histonee
antigenantigen :: antibodyantibody
receptorreceptor :: signal moleculesignal molecule

nucleic acidnucleic acid :: complementary chain, histoncomplementary chain, histonee
antigenantigen :: antibodyantibody
receptorreceptor :: signal moleculesignal molecule

in in capillarycapillary and in and in gelgelin in capillarycapillary and in and in gelgelanalyte Aanalyte A
carriercarrierafinantafinant

: : separationseparation
highly selectivehighly selective

:: purificationpurification

: : separationseparation
highly selectivehighly selective

:: purificationpurification

analyte Banalyte B

: : purificationpurification
shotshot--gungun

: : interaction studyinteraction study

: : purificationpurification
shotshot--gungun

: : interaction studyinteraction study
EOFEOF

compatibilitycompatibility
association constantsassociation constants
compatibilitycompatibility
association constantsassociation constants

separationseparation 156156156156



membrane ithmembrane ithblotting paperblotting paper

blottingblottingblottingblotting

analyte
zones
analyte
zones gelgel

gelgel

membrane with 
blotted analytes
membrane with 
blotted analytes

g p pg p p
membranemembrane

gelgel

gelgel

absorbent
support
absorbent
support

blotting
solution
blotting
solution

supportsupport

SSouthernouthern blotblot –– DNADNA
NNorthernorthern blotblot –– RNARNA
WWesternestern blotblot –– proteinsproteins

SSouthernouthern blotblot –– DNADNA
NNorthernorthern blotblot –– RNARNA
WWesternestern blotblot –– proteinsproteins

immunoelectrophoresisimmunoelectrophoresisimmunoelectrophoresisimmunoelectrophoresis

WWesternestern blotblot –– proteinsproteinsWWesternestern blotblot –– proteinsproteins

ip
ita

tio
n

ip
ita

tio
n

interaction interaction antigenantigen (Ag) + (Ag) + antibodyantibody (Ab)(Ab)interaction interaction antigenantigen (Ag) + (Ag) + antibodyantibody (Ab)(Ab)

 d
im

en
. –

pr
ec
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im

en
. –

pr
ec

1st dimen. – Ag separation1st dimen. – Ag separation2n
d

2n
d

1D gel immunophoresis1D gel immunophoresis1D gel immunophoresis1D gel immunophoresis 2D gelová immunophoresis2D gelová immunophoresis2D gelová immunophoresis2D gelová immunophoresis
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NAE, NAE, nnonon--aaqueousqueous eelectrophoresislectrophoresisNAE, NAE, nnonon--aaqueousqueous eelectrophoresislectrophoresis

separationseparation inin nonnon--aqueousaqueous solventssolventsseparationseparation inin nonnon--aqueousaqueous solventssolvents

19781978 –– nonnon--aqueousaqueous TLETLE
19841984 –– nonnon--aqueousaqueous CECE (NACE)(NACE)
19781978 –– nonnon--aqueousaqueous TLETLE
19841984 –– nonnon--aqueousaqueous CECE (NACE)(NACE)

advantagesadvantages::

li i ti fli i ti f l lli ff t f l tl lli ff t f l t hi h l ti it f tihi h l ti it f ti

advantagesadvantages::

li i ti fli i ti f l lli ff t f l tl lli ff t f l t hi h l ti it f tihi h l ti it f ti: : elimination of elimination of levelling effect of solventlevelling effect of solvent ⇒⇒ higher selectivity of separationhigher selectivity of separation
: : low currentlow current
: : separation of hydrophobic (waterseparation of hydrophobic (water--insoluble) analytesinsoluble) analytes

: : elimination of elimination of levelling effect of solventlevelling effect of solvent ⇒⇒ higher selectivity of separationhigher selectivity of separation
: : low currentlow current
: : separation of hydrophobic (waterseparation of hydrophobic (water--insoluble) analytesinsoluble) analytes

solvent choicesolvent choice::

:: volatilityvolatility

solvent choicesolvent choice::

:: volatilityvolatility: : volatilityvolatility
: : ability to solve BGE and analyteability to solve BGE and analyte
: : viscosityviscosity
:: dielectric constantdielectric constant

: : volatilityvolatility
: : ability to solve BGE and analyteability to solve BGE and analyte
: : viscosityviscosity
:: dielectric constantdielectric constant: : dielectric constantdielectric constant
: : transparency in UVtransparency in UV
: : dielectric constantdielectric constant
: : transparency in UVtransparency in UV
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solventssolvents::

hi tihi ti

solventssolvents::

hi tihi ti
water content water content maxmax 1 %1 %water content water content maxmax 1 %1 %

amphiproticamphiprotic
: neutral: neutral (+;+) : MeOH, glycerol, phenol, (+;+) : MeOH, glycerol, phenol, terttert--butylalcoholbutylalcohol
: protogenic: protogenic (+;(+;––) : sulphonic a., formic a., acetic a.) : sulphonic a., formic a., acetic a.

protophilicprotophilic (( +) liq id ammoni m formamide N+) liq id ammoni m formamide N meth lformamidemeth lformamide

amphiproticamphiprotic
: neutral: neutral (+;+) : MeOH, glycerol, phenol, (+;+) : MeOH, glycerol, phenol, terttert--butylalcoholbutylalcohol
: protogenic: protogenic (+;(+;––) : sulphonic a., formic a., acetic a.) : sulphonic a., formic a., acetic a.

protophilicprotophilic (( +) liq id ammoni m formamide N+) liq id ammoni m formamide N meth lformamidemeth lformamide: protophilic: protophilic ((––;+) : liquid ammonium, formamide, N;+) : liquid ammonium, formamide, N--methylformamidemethylformamide
: dipol. protophilic: dipol. protophilic ((––;+) : DMSO, dimethylformamide, THF, 1,4;+) : DMSO, dimethylformamide, THF, 1,4--dioxan, pyridinedioxan, pyridine

aproticaprotic

: protophilic: protophilic ((––;+) : liquid ammonium, formamide, N;+) : liquid ammonium, formamide, N--methylformamidemethylformamide
: dipol. protophilic: dipol. protophilic ((––;+) : DMSO, dimethylformamide, THF, 1,4;+) : DMSO, dimethylformamide, THF, 1,4--dioxan, pyridinedioxan, pyridine

aproticaproticaproticaprotic
: dipol. protophilic: dipol. protophilic ((––;;––) : AcN, acetone, nitrobenzene, sulpholane, PC) : AcN, acetone, nitrobenzene, sulpholane, PC
: inert: inert ((––;;––) : alif. hydrocarb., benzene, 1,2) : alif. hydrocarb., benzene, 1,2--dichloret., tetrachlorom.dichloret., tetrachlorom.

aproticaprotic
: dipol. protophilic: dipol. protophilic ((––;;––) : AcN, acetone, nitrobenzene, sulpholane, PC) : AcN, acetone, nitrobenzene, sulpholane, PC
: inert: inert ((––;;––) : alif. hydrocarb., benzene, 1,2) : alif. hydrocarb., benzene, 1,2--dichloret., tetrachlorom.dichloret., tetrachlorom.

relatively basic or acidicrelatively basic or acidic (*;*)(*;*)relatively basic or acidicrelatively basic or acidic (*;*)(*;*)

background electrolytesbackground electrolytes::

: : ammonium acetate, sometimes with addition of acetic a. or sodium acetateammonium acetate, sometimes with addition of acetic a. or sodium acetate

background electrolytesbackground electrolytes::

: : ammonium acetate, sometimes with addition of acetic a. or sodium acetateammonium acetate, sometimes with addition of acetic a. or sodium acetate
: : quaternary ammonium saltsquaternary ammonium salts: : quaternary ammonium saltsquaternary ammonium salts

: : Tris, magnesium acetate, citric a., formic a., trifluoroacetic a. ...Tris, magnesium acetate, citric a., formic a., trifluoroacetic a. ...: : Tris, magnesium acetate, citric a., formic a., trifluoroacetic a. ...Tris, magnesium acetate, citric a., formic a., trifluoroacetic a. ...

additivesadditives: polyalcohols and surfactants : polyalcohols and surfactants ⇒⇒ decreasing EOFdecreasing EOFadditivesadditives: polyalcohols and surfactants : polyalcohols and surfactants ⇒⇒ decreasing EOFdecreasing EOF
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