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You should leave here understanding these things:

• CE is really simple

• CE separates molecules based on mobility
• A function of molecular charge/size

• CE column diameters have to be small because of Joule 
Heating

• CE has no fundamental speed limit or size limit!

• CE + MS is a great match, but coupling is a little tricky

• Surface chemistry is very important



Thanks JJ!

1983



CE Basics 

• Capillary Zone Electrophoresis (CZE)
• About the simplest method you could imagine!

By Apblum - http://en.wikipedia.org/wiki/Capillary_electrophoresis, CC BY-SA 
3.0, https://commons.wikimedia.org/w/index.php?curid=35013009

V1 V2 𝜇𝐸𝑃 =
𝑞

6𝜋𝜂𝑎

q - charge
η - viscosity
𝑎 - hydrodynamic radius

• More charge = faster migration
• Bigger hydrodynamic radius = slower migration



CE Basics - Definitions

• Electropherogram

• Migration time

• Background Electrolyte (BGE)

• Field strength

• Mobility

The CE equivalent of a chromatogram



CE Basics - Definitions

• Electropherogram

• Migration time (tm)

• Background Electrolyte (BGE)

• Field strength

• Mobility

tm (I) = 1.32 minutes

The CE equivalent of retention time



CE Basics - Definitions

• Electropherogram

• Migration time

• Background Electrolyte (BGE)

• Field strength

• Mobility

BGE BGE

BGE is just the liquid that fills the CE 
column. For CE-MS this liquid is often 
not technically buffered, so calling it a 
buffer is not accurate. It’s the CE 
equivalent of  a mobile phase. 



CE Basics - Definitions

• Electropherogram

• Migration time

• Background Electrolyte (BGE)

• Field strength (E)

• Mobility

BGE BGE

V1 V2

L

E = (V1-V2)/L   (Volts/cm)



CE Basics - Definitions

• Electropherogram

• Migration time

• Background Electrolyte (BGE)

• Field strength (E)

• Mobility (m)

BGE BGE

V1 V2

L

E = (V1-V2)/L   (Volts/cm)
Velocity (v) = L/tm (cm/s)
v = mE

Mobility defines the velocity of a 
molecule as a function of field strength



A Quick Example
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L = 22 cm
E = 500 V/cm

• tm = 6.05 m = 363 s
• v = L/tm = 22 cm ÷ 363 s = 0.061 cm/s
• v = mE, so
• m1 = v/E = 0.061 cm/s ÷ 500 V/cm =         

1.21 E-4 cm2/Vs

• tm = 351.6 s
• v = 0.0626 cm/s
• m2 = 1.25 E-4 cm2/Vs

+K

+K

This is a CE-MS separation of a monoclonal 
antibody. The +K peak is identical to the main peak 
except is has an additional lysine. That gives it an 
extra positive charge, which increases its mobility



Why does it matter if CE is done in a narrow capillary? 

• The CE column is a resistor in an electrical circuit

• All the electronics you need to know:
• V = IR      voltage = current x resistance

• P = IV power = current x voltage

• From that you can combine to see that:
• P = V2/R

• In a CE separation:
• Too much heat in the column is bad

• Resistance scales inversely with the square of the column diameter, so

• Power (and therefore heat generation) scales with dc
2

• Heat dissipation scales with 1/dc

• The take home message: Smaller diameter capillaries generate way less heat and 
are more efficient at dissipating that heat

• Most CE is done with column diameters in the range of 30 mm to 75 mm

Joule Heating



CE Basics – Separation Efficiency
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CE Basics – Separation Efficiency

Van Deemter Curve for Liquid Chromatography

= Multi flow path

= Longitudinal diffusion

= Resistance to mass transfer



CE Basics – Separation Efficiency
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CE Basics – Separation Efficiency
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Protein vs small molecule for LC

D = 1e-6 cm2/s

D = 1e-5 cm2/s

Proteins have very slow diffusion coefficients 
(D), so they need to be run very slowly in LC 
columns to achieve good efficiency. That means 
very long run times.



CE Basics – Separation Efficiency
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Because CE has no C-term, slow diffusion 
improves the separation efficiency and does not 
restrict speed. Faster is still better.

D = 1e-6 cm2/s

D = 1e-5 cm2/s

Protein vs small molecule for CE



CE Basics – Separation Efficiency – Key Points

• Band-broadening is simpler for CE than for LC

• Good CE separations are “diffusion limited”

• Faster is better for CE!

• Bigger is better for CE!



Can we predict the efficiency of CE separations?

Theoretical Plates (N) = L2/s2

Diffusion limited separation means that s2 = 2Dtm

v = L/ tm

v = mE = mDV/L

N = L2/2Dtm

N = vL/2D

N = mEL/2D

N = mDV/2D

• Column length doesn’t matter!
• To separate better, just turn up the voltage!

Efficiency is only a function of mobility, diffusion 
coefficient and voltage applied



Why is it hard to couple CE with MS? 

Why can’t we just do this?

MS Inlet

• CE current = microAmps
• ESI current = nanoAmps

The electrical current of the CE separation is 
much greater than the current of the 
electrospray. So we need an electrode 
connected to the end of the separation column 
to complete the circuit.



Why is it hard to couple CE with MS? 

Why can’t we just do this?

MS Inlet

V1

V2

• 10 cm x 30 mm i.d. 
• Column volume = 70 nL
• u = 10 cm / 80 s = 0.125 cm/s
• Peak width = 1 s  → 1.25 mm
• Volume of bands = 0.88 nL

Dead Volume!



What’s a typical peak volume for LC?

• Nano-LC
• 75 mm i.d. capillary column run at 300 nL/min (5 nL/s)

• Peak width ~10 s

• Band volume = 50 nL

• UPLC
• 1 mm i.d. column run at 100 mL/min (1.67 mL/s)

• Peak width ~5 s

• Band volume = 8.3 mL = 8300 nL

Even the smallest LC columns generate peak 
volumes that are much bigger than good CE 
separations. So fittings that could be used to 
attach a spray tip to an LC column would ruin a 
CE separation.



The fundamental challenge for coupling CE with MS

• We need a junction to terminate the CE circuit, but…

• The column has to be very narrow to prevent joule heating, and…

• The separation is super efficient, so the peaks are very narrow, so…

• We can’t afford to have any dead volume in the flow path, or else we’ll 
ruin the great separation and defeat the whole purpose!!!

• So how do we create the junction without introducing too much dead 
volume?



Early attempts at CE-MS

Metal coatings applied to the surface of the 
capillary terminus solve the CE-MS junction 
problem, but they are not stable enough to be a 
practical solution.



Early attempts at CE-MS



Some newer examples of coupling strategies



Electroosmotic Flow (EOF)

• Charge on the capillary surface causes a 
layer of complimentary ions to form near 
the wall (aka the electrical double layer).

• This layer moves in the electric field, 
dragging all of the BGE with it.

• EOF has a uniform (flat) flow profile. 
• This means that it doesn’t broaden the 

analyte bands as it moves them.



Electroosmotic Flow (EOF)

• The magnitude of EOF depends on:
• Surface chemistry

• pH of BGE

• Viscosity of BGE
• Organic content

• Temperature

• Ionic strength of BGE

• The velocity of EOF scales with field strength, just like 
electrophoresis, so it can be directly added to 
electrophoretic mobility
• mtotal = mEOF + melectrophoresis

• Or more simply: m = mEO + mEP



Electroosmotic Flow (EOF)

• Unmodified fused silica or glass has a negative surface 
charge, due to the presence of silanol groups
• The mobile layer of complimentary ions is positively charged, so 

EOF moves from high positive voltage to lower voltage

• We give this direction of EOF a positive charge

• mEO for fused silica is relatively high compared to mEP for most 
analytes, therefore:
• The EOF of an uncoated capillary will push all analytes in the same 

direction, regardless of their charge

• EOF can be controlled by altering the surface chemistry of 
the column



EOF and Surface Chemistry

• Connecting CE to ESI-MS limits the tricks available for 
controlling surface chemistry
• Need clean BGE for ESI

• Background/interfering ions

• Ionization suppression etc..

• Need static surface coatings
• Could be covalent or ionic, but the coating needs be attached so that it doesn’t 

interfere with ESI-MS

• Must prevent analyte sticking

• Must be uniform to prevent pressure gradients



EOF and Surface Chemistry – Some examples

• Uncoated silica/glass
• Strong negative surface charge

• Aminopropyl-silane coating
• Strong positive surface charge

• Neutral polymers
• Polyacrylamide

• Polyethylene glycol

• Charged polymers
• Polyethylenimine (++)

• Dextran sulfate (--)



Electroosmotic Flow (EOF) - Example

• We know that fluorescein is neutral at this pH, 
so its total mobility is equal to the 
electroosmotic mobility

• Neutral Marker (fluorescein)
• tm = 1.24 m = 74.4 s
• v = L/tm = 23 cm ÷ 74.4 s = 0.309 cm/s

• v = mE, so
• m = v/E = 0.309 cm/s ÷ -410 V/cm =         

-7.54 E-4 cm2/Vs = mEO

• Peak #5 (thymopentin)
• tm = 84 s
• v = 0.274 cm/s
• m5 = -6.68 E-4 cm2/Vs
• m = mEO + mEP

• mEP= m – mEO = +0.86 E-4 cm2/Vs

N.G. Batz, J.S. Mellors, J.P. Alarie, and J.M. Ramsey, "Chemical Vapor Deposition of Aminopropyl 
Silanes in Microfluidic Channels for Highly Efficient Microchip Capillary Electrophoresis-
Electrospray Ionization-Mass Spectrometry," Anal. Chem., 86, 3493 (2014).


