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ABSTRACT
James P. Grinias: Characterization and Control of Band Broadening in Ultra-High Pressure
Liquid Chromatography Columns
(Under the direction of James W. Jorgenson)

Improving column performance remains paramount to advancing liquid chromatography
(LC) technology. To that end, a series of experiments was designed to both measure and reduce
band broadening in LC columns. The main broadening mechanisms (multiple flow path
dispersion, longitudinal molecular diffusion, and resistance to mass transfer) were investigated.
Dispersion due to multiple flow paths within a packed bed were studied with a series of columns
prepared using different packing conditions. Packed column microstructure was analyzed by
confocal laser scanning microscopy (CLSM) to determine bed morphology. Column efficiency
was correlated to the bed morphology and the radial particle size distribution. Research on
longitudinal molecular diffusion focused on the validity of different stationary phase diffusion
models. Evidence was found supporting the recently proposed surface-restricted model of
surface diffusion. This result has implications affecting both gradient separations and the
calculation of the van Deemter B-term. An attempt to reduce the resistance to mass transfer term
in the stagnant mobile phase focused on the implementation of a novel sub-2 μm macroporous
silica stationary phase support. Unfortunately, the raw packing material contained a significant
number of small mesoporous fines that limited the theoretical benefits of these particles, so a
hydrodynamic chromatography (HDC) method was developed to remove the fines and reduce
the particle size distribution (PSD).
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In addition to the classical on-column broadening mechanisms described above,
broadening effects due to LC operation were studied, including frictional heating and extracolumn band broadening. When mobile phase flows over particles, frictional heating occurs.
This heating can decrease column efficiency in sub-2 μm particle-packed columns larger than 1.0
mm in diameter. Studies of frictional heating effects on columns with different dimensions,
particle types, and thermal environments were conducted to determine the impact these effects
on performance. The LC instrument can diminish efficiency due to extra-column volumes that
increase the measured peak variance. The variance contributions of the injector and connecting
tubing on a capillary UHPLC system were measured. A possible coupling effect between the
components was found that increases the tau-type (exponential decay) broadening contributions
from the injector more than theory predicts.
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CHAPTER 1. Introduction to Band Broadening Theory
1.1

Overview
High pressure liquid chromatography (HPLC) is one of the most ubiquitous and

important analytical techniques in use today.1,2 According to a recent strategic business report
on HPLC systems and accessories prepared by Global Industry Analysts, Inc., the global liquid
chromatography (LC) market will expand to nearly $5 billion by the year 2020.3 As the field
continues to grow and the worldwide user base expands, improving the performance and speed
of this technique is paramount for continued growth. The most vital factor in a separation by LC
(and the focus of this thesis) is the column1,2, where further development is one of the keys to
achieving these improvements. In this introduction, the general theory of band broadening in LC
columns will be described in order to present readers with the necessary background to
understand the research presented here. More recent developments in the field focused on ultrahigh pressure liquid chromatography (UHPLC) that have impacted LC column (and instrument)
research will also be detailed. The specific sections relevant to each chapter in the thesis will be
detailed throughout the rest of this introduction.

1.2

Band Broadening Theory

1.2.1 The Basics of Separations and Separation Terminology
As an analyte zone (or band) migrates along a column, it broadens due to a number of
random processes. This band is a statistical distribution of molecules described by a spatial
variance (σl2) that increases due to these broadening processes.1,4 Common chromatography
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terminology relates this spatial variance to a factor referred to as the height equivalent to a
theoretical plate (HETP, or H) through the column length (L)4:

H

 l2

(1-1)

L

The number of theoretical plates in a column (N) is a measure of separation efficiency and is a
ratio of the total column length to one HETP1:

N

L
L2
 2
H l

(1-2)

In nearly all cases, chromatograms are measured in the time domain, so N can also be described
in terms of temporal variance (σtime2)1:

N

t r2

(1-3)

2
 time

where tr is the analyte retention time, or the amount of time spent on the column. The retention
time is the sum of time an analyte spends in the stationary (ts) and mobile (tm) phases:

tr  ts  tm

(1-4)

tm is the time it takes for the entire mobile phase fraction to elute from the column and is also
referred to as the column dead time (t0) which is interchangeable with tm and can be measured by
the elution time of a non-retained analyte.2 The most popular form of LC (reversed phase LC)
consists of a particulate material (usually spherical silica) coated with a thin hydrophobic
stationary phase layer (this material is then packed into a column) and mobile phases that are
mixtures of water and an organic solvent (typically acetonitrile or methanol). It is the
equilibrium between these stationary and mobile phases that differs for each analyte and enables
a chromatographic separation to occur. In this case, every analyte in a mixture has a specific
retention factor (k’) that relates to this equilibrium (and Equation 1-4)2:

2

k'

t s tr  t0

tm
t0

(1-5)

Resolution (Rs) is the term used to describe the separation between two analytes and is related to
both N and k’1:
Rs 

N   1 k '2


4
 k ' 2 1

(1-6)

where α is the relative retention (the ratio of the two retention factors, k’2/k’1). To quickly
determine resolution from a measured chromatogram, the following formula based on the peak
basewidths (w, which is equal to 4σt) can be used1:

Rs 

2t r , 2  t r ,1 

(1-7)

w1  w2 

1.2.2 van Deemter Theory
Every process that broadens a band has its own variance contribution. If these processes
are independent from each other, then the total HETP can be described as4:
H

 l2,1   l2, 2   l2,3  ...
L



 l2,1
L



 l2, 2
L



 l2,3
L

 ...  H 1  H 2  H 3  ...

(1-8)

The most well-known description of chromatographic band broadening based on Equation 1-8 is
the van Deemter equation, where three contributions to H are described based on their
dependence to the mobile phase velocity (u)5:
H  H A  H B  HC  A 

B
 Cu
u

(1-9)

The van Deemter equation is the simplest and most popular description of H as a function of u.1
However, this simplification prevents a deeper understanding of the complex broadening
mechanisms that occur in packed beds6-8 and a number of other models have been developed1,2,9
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including the Giddings4 and Knox10 equations. No matter the model, the three main broadening
mechanisms that occur in columns are (labeled with terms from the van Deemter equation):
multiple flow paths (A), longitudinal molecular diffusion (B), and resistance to mass transfer (C).

1.2.2.1 A-Term Broadening
The multiple flow path (or eddy) dispersion term (A-term) describes broadening that
occurs due to the variable flow paths an analyte molecule can take while traveling through a
column.1 Each of these paths can have a different length and linear velocity, which leads to
spreading of the analyte band. The simplest interpretation of this term is1:
H A  Ad p

(1-10)

In Equation 1-10, dp is the diameter of the particles that make up the stationary phase packing
material and λA is a parameter describing the quality of the packed bed (usually 1.5-2 for a wellpacked column1). This basic description assumes analyte migration by advection (flow
exchange, or convection) throughout the column and neglects migration by diffusion. In the
Giddings model (a more complex description of multiple flow path broadening), exchange by
both flow and diffusion is considered and HA is4:
5

H A,Giddings  
i 1

1
 1

 2 d
 i p

  Dm

   ud 2
  i p

(1-11)






Here, D is the diffusion coefficient of the analyte in the mobile phase (m) and λi and ωi are
structural parameters related to advection and diffusion. The Giddings model describes five
regimes for A-term broadening (see Figure 1-1): transchannel, short-range interchannel,
transcolumn, long-range interchannel, and transparticle.4 Computational modeling of analyte
transport through packed chromatographic beds gives estimates of λi and ωi that indicate the
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transchannel and transcolumn broadening modes actually simplify to velocity-dependent (C)
terms.11,12 This means that when the van Deemter model is used to describe band broadening in
LC columns, contributions that should be attributed to the multiple flow path term are being
absorbed into the C-term.6,7 Gritti and Guiochon have found that after separating out the
velocity-dependent contributions to A-term broadening from the C-term, the multiple flow path
term contributes ~75% of the total value of H and thus its reduction is paramount to improving
column efficiency.8 A study on how column packing techniques can affect the bed structure
(morphology) and the resulting impact of this structure on the chromatographic performance
(and the A-term) is detailed in Chapter 2.

1.2.2.2 B-Term Broadening
B-term broadening occurs due to longitudinal molecular diffusion of the analyte
molecules within the column1:
HB 

2D
u

(1-12)

where γ is a tortuosity factor that describes how the packed bed prevents free diffusion of the
molecules. Both Giddings4 and Knox13 separate contributions to the B-term based on the mobile
(m) and stationary (s) phases:

H B  H B ,m  H B , s 

2 m Dm 2k '  s Ds

u
u

(1-13)

From Equation 1-13, it is clear that as the retention factor for an analyte grows, the contribution
to HB from diffusion in the stationary phase becomes more important. This HB,s term is the focus
of Chapter 3 and discussed in more detail, specifically the relationships between k’, γs, and Ds.
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1.2.2.3 C-Term Broadening
The C-term is made up of three components of mass transfer resistance: within the
mobile phase (Cm), the stationary phase (Cs), and the stagnant mobile phase (in the pores of
porous particles, Csm).1 First, resistance to mass transfer in the mobile phase arises due to
movement of analyte from the interstitial (in between the particles) mobile phase to the particle
surface1:

1  6k '11k ' d

2

H C ,m

 1  k ' Dm

2
p

u

(1-14)

2

with ζ a parameter related to the packed bed structure. The parabolic profile of mobile phase
flow in the interparticle pores means that analytes are moving faster the further they are from a
particle surface (to which they must travel to in order to enter the stationary phase).14 Because
the magnitude of both of these effects increases as the interparticle space grows larger (which
occurs as dp increases), HC,m is proportional to dp2. In Section 1.2.2.1 it was described how
when diffusion and migration are coupled in the Giddings model4 that the transchannel
contribution becomes proportional to u.11,12 The HC,m factor derived from theories on mass
transfer in capillaries1 and the A-term transchannel broadening described by Giddings are related
ways of determining mass transfer resistance in the channels between adjacent particles.
As mentioned earlier, the stationary phase is a thin film (with thickness ds) coated onto a
support particle. The resistance to mass transfer in the stationary phase relates to the time it
takes for the analyte to diffuse out of the stationary phase4:

H C ,s 

2 ds
k'


u
3 Ds k '12

(1-15)
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Finally, in porous stationary phase particles there is a fraction (φ) of the mobile phase that
is within the pores and is stagnant (sm), giving rise to a third C-term (HC,sm) related to this mass
transfer resistance in region1:

1    k '2 d p2 u
H C , sm 
2
301   1  k '  sm Dm

(1-16)

To reduce HC,sm, pores can either be eliminated1,15 (which greatly reduces the loading capacity of
the particles) or significantly increased in size to increase mass transfer through the particle.8 In
perfusion chromatography, the pore diameter (dpore) is much larger than in standard stationary
phase supports, allowing convective transport through the pores (and thus, the particle) which
can greatly reduce HC,sm.15,16 In Chapter 4, a new perfusion particle17,18 is introduced for
reversed phase LC and results on its initial performance and further development are described.

1.2.3 Coefficient Estimates, Reduced Parameters and Alternate Equations
Neue has reported an empirical van Deemter equation that can be used to approximate H
for most LC columns slurry packed with porous particles1:
2
Dm d p u
H  H A  H B  H C  1.5d p 

u
6 Dm

(1-17)

However, when trying to compare columns that are packed with different particles or are
characterized with different mobile phases or analytes (both of which will change Dm), it is easier
to normalize the A, B, and C terms. To achieve this, reduced plate height (h) and reduced
velocity (v) parameters are used1:

h

H
dp

(1-18)
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(1-19)

Dm

With these parameters, the reduced van Deemter equation can be described1:
h  ha  hb  hc  a 

b
 cv
v

(1-20)

By substituting Equations 1-18 and 1-19 into Equation 1-17, an estimated value for the reduced
plate height (from Equation 1-20) is calculated1:
h  1.5 

1 v

v 6

(1-21)

A plot of Equation 1-21 is shown in Figure 1-2 demonstrating the relative contributions from ha,
hb, and hc. From this equation, the minimum reduced plate height (hmin) is ~2.3 and the reduced
velocity at this minimum (vopt) is ~2.5. As mentioned in Section 1.1.2, the Knox equation10 is a
popular alternative to the van Deemter equation that accounts for some of the velocitydependence of the A term (discussed in the Giddings model4) based on empirical
observations1,2,9:

hKnox  a Knoxv1 / 3 

bKnox
1.5 v
 c Knoxv  v1 / 3 

v
v 10

(1-22)

While the reduced van Deemter and Knox equations (Equations 1-20 and 1-22) are both
well-known curve fits to h-v data, the factors that make them up (specifically Equations 1-10, 113, 1-14, 1-15, and 1-16) are not exact, physical representations of broadening processes.6-8
Presently, the most complete model of band broadening (htotal) based on rigorous empirical
measurements and computational modeling was reported by Gritti and Guiochon7:
htotal  hlong  hads  hmt ,m  hmt ,s

(1-23)

which isolates contributions from longitudinal diffusion (hlong), slow adsorption-desorption
kinetics at the stationary phase surface (hads), and mass transfer resistance (hmt) in the mobile (m)
8

and stationary (s) phases. While the overall broadening mechanism concepts are the same, their
relationships, physical descriptions, and magnitudes change. For hlong, complexities arising from
diffusion in a heterogeneous binary medium (such as a packed bed with mobile phase) not
accounted for in Equation 1-13 are solved by utilizing effective medium theory (EMT)
models19,20 which result in the following expansion7:

2

v i

hlong

2
1  21   i  long  2 i  long  long



2
 1  1   i  long  2 i  long  long 

(1-24)

In this equation, εi describes the interparticle porosity (usually ~0.4 for a random-packed bed1),
ξlong is a parameter derived from the Torquato model21 of the EMT (when εi ≈ 0.4, ξlong ≈ 0.13),
and βlong is a diffusion coefficient ratio7:

 long

 k ' DS 

 1
Dm 


 k ' DS 

  2
 Dm 

(1-25)

For mass transfer resistance in the mobile phase, it was determined that hmt,m is only related to
retention (like Equation 1-14) when slow adsorption-desorption kinetics contributions (hads) are
included in its determination.7 In this model, these kinetics are removed from the resistance to
mass transfer calculation and given their own parameter:
2

hads

2
2 i  k '   k ' part 
Dm



 

1   i  1  k '   1  k ' part  k adsd p2

(1-26)

where kads is the adsorption rate constant and k’part is a particle retention factor related to the
intraparticle porosity (εpp, the fraction inside a particle that is stagnant mobile phase)7:
k ' part 

1    k '
pp

i

(1-27)

 pp 1   i 
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By removing any relationship between retention and mass transfer resistance in the mobile
phase, hmt,m is instead represented by the Giddings model of the multiple flow path term
(Equation 1-11)4, specifically the transchannel (tch), short-range interchannel (sr), and
transcolumn (tc) contributions7:

hmt ,m 

1
 1

 2tch

  1 
  


v
  tch 



1
 1

 2 sr

  1 
  


v
  sr 

 htc (v)

(1-28)

The transcolumn term is due to non-uniform packing across the cross-sectional area of the
column and non-ideal analyte distribution into (and analyte collection out of) the column.7
When the analyte is fully equilibrated across the diameter of the column and maldistribution
effects are negligible (like in a capillary column where the length-to-diameter ratio is large), htc
simplifies to a term directly proportional to v.11,12 However, when these criteria are not met, the
actual factor htc has no exact mathematical expression and can only be found by subtracting out
the other components of Equation 1-23 from an experimental htotal.7 As mentioned for Equation
1-11, this term is discussed in further detail in Chapter 2. The last remaining term in this
expanded band broadening equation describes resistance to mass transfer in the stationary
phase7:

hmt , s

i

2

 k '  Dm v


 
301   i   1  k '  k ' Ds

(1-29)

The various models that are described above are of increasing complexity in their description of
the broadening mechanisms that occur in LC (especially Equations 1-23 through 1-29) and are
mainly detailed here as a reference to the reader.
In this dissertation, the focus is mainly on measured column efficiency (specifically hmin)
and how this efficiency varies with velocity (a single velocity-dependent term). As such,
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Equation 1-20 (or a similar equation if stated) is occasionally used to fit the experimental data
described throughout this dissertation, but mainly as a guide for the eye rather than an exact
physical description of broadening. Also of note: the mobile phase velocity (u) that has been
used throughout this description of theory is actually the interstitial velocity (ui) and not that
measured by the elution time of a dead time marker (umeas = L/t0). In nonporous particles (where
εpp = 0), ui and umeas are equal, but in porous particles are actually related through the following
equation1:

u  ui 

u meas t

(1-30)

i

with εt being the total column porosity1:

 t   i   pp 1   i 

(1-31)

u represents an interchangeable term in the following chapters, but unless otherwise indicated
should be assumed to mean ui when used in theoretical descriptions (and equations). εt and εi can
be difficult and time-consuming to determine experimentally when using common methods
inverse size exclusion chromatography (ISEC)22 or total pore-blocking methods23. Since finding
εt and εi for the many different columns tested and characterized throughout this dissertation
would be very challenging, umeas (based on measured t0 values) is utilized for experimental
results and figures.

1.3

Ultra-High Pressure Liquid Chromatography (UHPLC)

1.3.1 Comparison of HPLC and UHPLC
From the 1970s until the early 2000s, HPLC development focused on reducing the
particle size from ~30 μm to the 3-5 μm range.1,2 However, during this period, the instrument
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pressure limit remained stagnant at 400 bar (6,000 psi). The relationship between u and the
pressure drop along the column (ΔP) is given by the Kozeny-Carman equation1:

d p2 P
 i3
1
u


185 1   i 2 L

(1-32)

with η equal to the mobile phase viscosity. Based on this equation, when the particle size
decreases the pressure required to maintain the same linear velocity grows with the inverse of the
square of the particle diameter. As particles got smaller and pressure limits were reached, the
only option was to decrease the length of the column, which limited the maximum efficiency that
could be achieved.
This trend of decreasing column length ended with the introduction of UHPLC by the
Jorgenson lab in 1997.24 Their early work24-27 and that of other early researchers of UHPLC28-33
found that particles in the 1-2 μm range could give exceptional performance if column lengths in
the 10-50 cm range were used.34 A comparison of the expected H values (based on Equation 117) for particle sizes typical of HPLC and UHPLC columns is shown in Figure 1-3. The
improved column efficiency that can be achieved with these smaller particles is significant, but
requires a much higher inlet pressure to be applied in order to maintain reasonable analysis
times. Problems related to the use of sub-2 μm particles and the consequent pressure increase
that had not been encountered in HPLC emerged and are described in the following sections.

1.3.2 Pressure, Flow, and Frictional Heating
If vopt is assumed to be 3, then Equation 1-19 can be arranged to show that uopt is
proportional to the inverse of dp. When combined with Equation 1-30, the true proportionality of
pressure drop with particle size when trying to maintain the optimum linear mobile phase
velocity becomes apparent24:
12

P 

1
d 3p

(1-33)

This means that a drop in dp from 5 μm to 1 μm requires a 125-fold increase in pressure to
preserve uopt. While most of the discussion so far has related to u, the movement of mobile
phase through the column bed can also be described by the column flow rate (F)1:
F  u meas   t    rc2

(1-34)

where rc is the column radius. As mobile phase flows past particles, frictional heating occurs as
power is dissipated according the following equation34,35:

Power  FP

(1-35)

When heat is generated in the column, it leads to axial and radial temperature gradients that can
reduce chromatographic efficiency. This was one of the key reasons for the 400 bar pressure
limit in HPLC as well as the rationale for early UHPLC columns being packed in capillaries
(which require significantly lower flow rates and have improved heat dissipation).34 As most
standard-bore columns available in HPLC are 4.6 mm in diameter and require much higher flow
rates than capillary columns, viscous heating presents a major concern when higher pressures are
applied. When UHPLC was first commercialized as UPLC by Waters Corporation in 2004 (with
1.7 μm particles), certain compromises were made to try and reduce the impact of frictional
heating including setting a 1,000 bar (15,000 psi) pressure limit and decreasing the standard
column diameter from 4.6 mm to 2.1 mm.36 The focus of Chapter 5 is related to frictional
heating in UPLC columns and the determination of ways to reduce its impact on column
performance.
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1.3.3 Extra-Column Band Broadening
In an LC instrument, volumetric contributions from the injector, detector, connecting
tubing, and unions add extra-column variances to an analyte band that can reduce the H
achievable by a column.37 This was of little consequence in 25 cm x 4.6 mm columns packed
with 5 μm particles common to HPLC1 because of their large mobile phase volumes. UPLC
columns have smaller on-column volumes (dimensions of 5-15 cm x 2.1 mm with 1.7 μm
packing material) and are thus much more vulnerable to efficiency loss due to extra-column
effects (making them essentially unusable on standard HPLC instruments). In addition to
increasing the instrument pressure, efforts have been made to reduce the extra-column volume of
the UPLC instrument in order to maintain the high efficiency expected out of columns packed
with sub-2 μm particles.36,37 Investigations of extra-column band broadening (specifically in the
injectors and connecting tubing) for a small-volume UHPLC system are detailed in Chapter 6.

1.4

Dissertation Scope
The aim of this dissertation is to describe recent methods and techniques that have been

developed to both measure and reduce band broadening in LC. Three chapters focus on the
broadening mechanisms detailed in Section 1.2:
 In Chapter 2, the effects of capillary column packing procedures on bed morphology and
efficiency (especially the multiple flow path A-term) are discussed;
 Chapter 3 details models of surface diffusion (Ds) and the impact of this term on the
longitudinal molecular diffusion (B) term;
 And Chapter 4 describes the use and development of a new particle type that may reduce
mass transfer resistance contributions in the stagnant mobile phase (Csm) based on its
structure.
14

Two other chapters focus on broadening effects that have become more prominent with the
expansion of UHPLC:
 Chapter 5 is comprised of a number of comparisons (length, diameter, particle type, and
thermal environment) between columns in order to better understand how frictional
heating affects the measured column efficiency;
 While in Chapter 6, extra-column effects due to the injector and connecting tubing in a
capillary UHPLC system are examined. The impact of these effects on microfluidic LC
column efficiency is also briefly explored.
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1.5

FIGURES

Figure 1-1. Multiple flow path broadening terms present in packed chromatographic beds
(according to the Giddings model4): transchannel (1), short-range interchannel (2), transcolumn
(3), long-range interchannel (4), transparticle (5).
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Figure 1-2. Theoretical h-v plot based on Equation 1-21 with individual contributions from ha,
hb, and hc also shown.
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Figure 1-3. Comparison of relative H values for particle sizes typical of HPLC (3-5 μm) and
UHPLC (1-2 μm) based on Equation 1-17 (with Dm = 1 x 10-6 cm2/s).
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CHAPTER 2. Correlation of Separation Efficiency and Bed Morphology in Packed
Capillary UHPLC Columns1
2.1

Introduction

2.1.1 Column Efficiency, Bed Structure, and Packing
Column packing structure (bed morphology) most directly affects band broadening
through the multiple flow path (A) term.1 Giddings described five velocity inequalities that
contribute to this broadening: transchannel, short-range interchannel, transcolumn, long-range
interchannel, and transparticle.2 A depiction of the relative distances each mechanism covers in
a packed bed is shown in Figure 2-1. The contribution of each of these A-term mechanisms (i) to
the reduced plate height in the Giddings model is calculated as such2:
ha ,Giddings,i 

2i
1  (2i / i )v 1

(2-2)

with λi and ωi describing advection and diffusion structural parameters, respectively. Each of
these parameters can be further described by2:

i   ,i   ,i 2 / 2

(2-3)

i   ,i 2  ,i 2 / 2

(2-4)
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21

Here, ωλ,i and ωα,i are the distances that a molecule must travel by flow and diffusion,
respectively, in order to encounter all possible velocity paths for a given contribution. ωβ,i is a
ratio of the velocity extremes across such a distance to the mean velocity2:

  ,i 

v
v

(2-5)

From these equations, it is evident that each of the five contributions to the multiple flow path
term depend on both the range of velocities for a given term and the distance an analyte must
travel to encounter this entire range. The transchannel contribution is generated from the
parabolic flow path that exists in the interstitial flow channels between particles. Here, high
velocity paths are in the center of the channel and low velocity paths are near the particle surface.
Broadening due to short-range interchannel effects arises from flow differences between narrow
channels and open channels that are caused by adjacent regions of low and high packing density.
The transcolumn contribution is due to velocity differences in the wall region of the column and
the bulk packing in its center. This transcolumn effect is closely related to well-known wall
effects that cause structural differences in the packing near the wall due to the presence of the
hard surface there.3 Because there is no velocity inside the pores of a particle, the transparticle
contribution can be assumed to be zero.4 The long-range interchannel contribution describes
variations in the pattern of short-range interchannel regions across the column and has often been
described as poorly defined and difficult to calculate.2,5 In a capillary column, the distance
between these regions approaches that of the entire column diameter2, so this contribution is
usually neglected in favor of transcolumn velocity inequalities in these cases.6
The reduced van Deemter equation (Equation 1-20) can be expanded to account for these
five contributions to multiple flow path broadening. Neglecting the transparticle and long-range
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interchannel effects, the ha term has three components that can be calculated from Equation 2-2
in the reduced Giddings equation5,6:
3

hGiddings   ha ,i 
i 1

3
2i
b
b
 cv  
  cv
1
v
v
i 1 1  (2i /  i )v

(2-6)

For the purposes of this discussion, the three contributions are ordered by their relative distance
covered: transchannel (tch, i = 1), short-range interchannel (sr, i = 2), and transcolumn (tc, i = 3).
An important factor in this equation is the reduced transition velocity (v1/2,i), which is twice the
ratio of the advection and diffusion structural parameters:
v1 / 2,i 

2i

(2-7)

i

This ratio describes the reduced velocity where the primary mechanism of analyte movement
switches from diffusion to flow and ha,i begins to flatten (half of its limiting value).2 The
Tallarek group was able to estimate v1/2 for all three contributions by analyzing computergenerated packed beds5,6: v1/2,tch ≈ 200, v1/2,sr ≈ 4, and v1/2,tc > 200. Because the reduced
transition velocity is so high for the transchannel and transcolumn contributions, their respective
multiple flow path terms reduce to velocity-proportional terms (ωiv) in the range of reduced
velocities usually encountered with current UHPLC technology (v < 30). This allows for a
simplified version of Equation 2-6:
hGiddings  tch v 

2sr
b
 tc v   cv
1
v
1  (2sr /  sr )v

(2-8)

For all of the broadening terms attributed to multiple flow paths, increasing bed
homogeneity is paramount to improving efficiency. This can only be achieved by improving the
packing process used to prepare LC columns. Column packing protocols have many parameters
including particle size, particle functionalization, slurry concentration, slurry and packing
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solvents, and the applied pressure.1 Because of the wide range of variables that can be explored
and the lack of a widely adopted set of procedures amongst the column packing community, the
process is often referred to as an art.7 It is a worthwhile area of study because in many cases
adequate column packing procedures take longer to develop when new stationary particles are
made than the actual particle production and having a better understanding of the underlying
mechanisms could reduce this bottleneck.
When comparing column packing methods, the measured h-v curve is the only method
that can be used to evaluate how efficiency changes. To gain further information on how
changing such methods can affect bed morphology and its impact on analyte transport, statistical
and hydrodynamic analysis of computer-generated packings must be conducted.8 However,
current limits to computational modeling prevent a comprehensive simulation of the entire
column packing process. Alternatively, columns packed experimentally can be imaged with a
recently developed technique using confocal laser scanning microscopy (CLSM).9 These images
can then be processed and used to create a computational reconstruction of the packed bed which
is then analyzed to determine its structural characteristics.

2.1.2 Column Imaging and Reconstruction by Confocal Laser Scanning Microscopy
The development of CLSM as an imaging technique used to investigate bed morphology
was initially focused on monolithic columns. Scanning electron microscopy (SEM) is useful to
observe monolithic pore structure, but only the visible surface can be characterized and no depth
information is available.10 Transmission electron microscopy (TEM) can be used generate
morphological details in three dimensions, but it is a challenging technique that requires very
thin layers of the monolithic bed to be cut with a microtome for stepwise analysis.11 To gain
similar depth information about monolith morphology with a simpler (and non-destructive)
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technique, both polymeric12 and silica13,14 monoliths were studied using a CLSM imaging
method with computational reconstruction developed by Jinnai et. al. to observe bicontinuous
structures of polymer mixutres.15 This method was very successful but was never applied to a
monolithic structure in a column format. The Tallarek group first reported the successful
imaging and reconstruction of a silica monolith column confined to a capillary in 2010.9
In order to acquire images of a silica monolith in a capillary by CLSM, the monolith
surface was first fluorescently labeled. After this, the polyimide coating of the fused silica
capillary was removed at the column position to be imaged and a confocal microscopy system
was used to obtain a series of lateral images taken at varied axial depths. A depiction of the
optical pathway used in the system is shown in Figure 2-2. To ensure sufficient resolution, the
immersion, embedding, and column mobile phase media were chosen to match the refractive
index of the fused silica wall.9 Once images were acquired, information from each lateral slice
was obtained through processing by restoration (deconvolution) and segmentation (filtering).
Finally, the entire image stack was reconstructed computationally so that quantitative data on the
bed morphology related to flow and dispersion can be acquired.16,17
The use of this method was then applied to particle-packed chromatographic beds.18 The
particle size and packing density are good initial descriptors of the pore space morphology that
can be determined without microscopy.9 However, CLSM imaging and computational
reconstruction are required in order to obtain detailed three-dimensional numerical information
on flow and transport and their relationship to bed structure.18 In Figure 2-3A, a reconstruction
of a column packed with 2.6 μm Kinetex particles is shown. The key difference from monoliths
in effectively reconstructing particulate beds is that the particle centers must be determined
during image processing.18 Once the bed has been reconstructed, various morphological
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parameters can be determined, including relative void spaces (Figure 2-3B). With such
information now obtainable, systematic studies of column packing protocols and their effects on
bed morphology are possible.
Here, the impact of column aspect ratio (the ratio of the column diameter to particle
diameter, or dc/dp) on packing was investigated to see how chromatographic efficiency was
affected. Then, as part of a collaboration with the Tallarek group, these packed beds were
imaged and reconstructed to correlate the measured efficiency with observed bed morphology
characteristics. A similar study on the effects of particle slurry concentration to both
chromatographic performance and packed bed structure was also conducted.

2.2

Materials and Methods

2.2.1 Chemicals and Materials
Fully porous 1.7 and 1.9 μm Acquity bridged-ethyl hybrid (BEH) particles were provided
by Waters Corporation (Milford, MA), both sizes bonded with C18. Fused silica capillary tubing
of 10, 20, 30, 50, and 75 μm inner diameter (i.d.) was purchased from Polymicro Technologies,
Inc. (Phoenix, AZ). HPLC grade acetonitrile and acetone and reagent grade trifluoroacetic acid
(TFA) were purchased from Fisher Scientific (St. Louis, MO). Deionized water was obtained
from a Millipore NANOpure water system (Billerica, MA). Test analytes ascorbic acid,
hydroquinone, resorcinol, catechol, and 4-methyl catechol were purchased from Fisher Scientific
(St. Louis, MO). For Kasil frits, potassium silicate (Kasil) from PQ Corporation (Valley Forge,
IA) and formamide from Sigma-Aldrich (St. Louis, MO) were both used as received.
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2.2.2 Preparation and Analysis of 10-75 μm i.d. Capillary UHPLC Columns
The process of preparing capillary UHPLC columns has been reported previously.1,19-22
In most instances, outlet frits were placed in capillary column blanks by pushing a 1-2 mm plug
of 2.5 μm bare nonporous silica particles (Bangs Laboratories, Fishers, IN) 0.5 mm into the
capillary using a tungsten wire to allow for the insertion of a carbon microfiber electrode. For
columns packed with 1.9 μm BEH particles in the slurry concentration study, outlet frits were
found to be more stable when prepared by the Kasil method.23 In the Kasil method, the column
blank is gently pushed on a glass microfiber filter (Reeve Angel, Clifton, NJ) that was previously
wetted with a 1:1 (v:v) ratio of Kasil and formamide. The column is then placed in an oven at
85°C for at least two hours.
For slurry packing, BEH particles were suspended in acetone at various concentrations
(3-100 mg/mL) and the slurry was then sonicated for 10 minutes using a Cole Parmer Ultrasonic
Cleaner 8891 (Vernon Hills, IL). The slurry was placed in a packing reservoir and a fritted
capillary column blank was then secured into the reservoir using a UHPLC fitting. With acetone
used as a pushing solvent, 200 bar was applied to the fritted capillary column from a DSHF-300
Haskel pump (Burbank, CA). The pressure was then gradually increased as the column bed
formed until a maximum pressure of 2000 bar was reached. Once the desired bed length had
been achieved (~20 cm for all columns), column pressure was slowly leaked until atmospheric
pressure was obtained. The column was then placed into a UHPLC injection apparatus
connected to a DSXHF-903 Haskel pump (Burbank, CA) and flushed at 2800 bar with at least 15
column volumes of the mobile phase to be used for column characterization. The pressure was
then slowly released and re-initiated at 700 bar where a temporary inlet frit was formed by using
a heated wire stripper22 (Teledyne Interconnect Devices, San Diego, CA). The column was then
clipped to the desired length and a new inlet frit was formed using the Kasil method.
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To test column efficiency, a UHPLC injection apparatus was used to inject 200 μM of an
isocratic test mixture containing L-ascorbic acid (dead time marker), hydroquinone, resorcinol,
catechol, and 4-methyl catechol. The mobile phase used for evaluation was 50/50 (v/v)
water/acetonitrile with 0.1% TFA (except for the poorer performing 30 μm i.d. column from the
diameter study which was evaluated using 70/30 (v/v) water/acetonitrile with 0.1% TFA to
improve the resolution for peak analysis). Amperometric detection was achieved by amplifying
the current generated from an 8 μm diameter (200 μm in length) carbon fiber microelectrode
placed at the outlet of the packed capillary and held at +1.1 V vs. Ag/AgCl reference electrode.24
Current-to-voltage conversion was achieved by using a model SR750 current amplifier (Stanford
Research Systems, Sunnyvale, CA) with a 109 V/A gain and a 3 dB low pass bandwidth filter set
at 3 Hz. A 16-bit A/D converter was set at 21 Hz data acquisition rate and connected to an Intel
Core 2 Duo desktop computer. Data was collected using a custom-written recorder program
written with LabView 6.0 (National Instruments, Austin, TX).25
Reduced parameter plots (h-v) were constructed by separating the test mixture at a variety
of mobile phase velocities. Chromatograms were frequency filtered digitally to remove high
frequency noise while low frequency baseline drift was removed by background subtraction.
Using Igor 6.0 (Wavemetrics, Inc., Lake Oswego, OR), an iterative statistical moments algorithm
with ±3σ integration limits was applied to determine the theoretical plate count and retention
time for each peak.26,27 Extra-column band broadening effects from the injector and detector
were found to be negligible (~1% total), therefore plate heights were calculated with no attempt
to correct for these effects. For the calculation of reduced parameters (h and v, Equations 1-18
and 1-19), the number-averaged particle size and pressure-dependent diffusion coefficient28 for
each compound were used.
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2.2.3 Microscopic Imaging and Bed Reconstruction of Capillary UHPLC Columns
The general process for imaging and reconstructing packed beds is summarized above
and has been further explained in the literature9,18, so only key details relevant to the studies
described here will be discussed. In previous studies, V450 fluorescent dye had been covalently
bonded to amine-modified bare silica. To effectively image reversed-phase particles, this
method was modified to allow for the adsorption of a lipophilic dye (Bodipy 493/503, D-3922,
Invitrogen, Karlsruhe, Germany) to the stationary phase surface. An initial trial of CLSM
imaging applied to C18-bonded particles (2.6 μm Kinetex, Phenomenex, Torrance, CA) using
this dye is shown in Figure 2-4. The fluorophore was excited with a 488 nm Argon laser with
emission detected in the range of 491-515 nm. These conditions give approximate resolutions of
169 nm and 470 nm in the lateral and axial dimensions, respectively.18 The image size was
selected to ensure that the entire column diameter was visible in each lateral image. To ensure
sufficient resolution, image slices were taken with 126 nm steps in the axial direction. This
means that for a 10 μm i.d. capillary only 119 slices were required while 457 slices were required
for a 50 μm i.d. capillary. To calibrate the image stack in the axial direction, a cylindrical
confinement is used to ensure symmetric distribution around the column axis that may be skewed
due to capillary drift during imaging. CLSM images of a 30 μm i.d. column in both the capillary
and optical axes are found in Figure 2-5.
Once the images have been acquired, they are processed through a series of image filters
and masks to determine particle centers (see Figure 2-6). This process is iterated with smaller
and smaller filters until nearly all particle centers are determined, with remaining particles fitted
manually. To reconstruct the packed bed, spheres are grown out from each of these particle
centers until a drop in mean pixel intensity is encountered, indicating a particle edge. Because of
the significant computational requirement needed to model 50 and 75 μm i.d. capillary columns,
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only the upper half of the packed bed was used to reduce the number of particles reconstructed
while still including both wall and bulk packing regions.

2.3

Results and Discussion

2.3.1 Efficiency of Capillary UHPLC Columns with Varying Aspect Ratio
It has been estimated that up to 70% of dispersion in particle-packed columns run at high
speeds can be attributed to transcolumn contributions caused by cross-sectional heterogeneities
in the bed morphology.29 A key contributor to transcolumn broadening is the column wall effect
which consists of two factors3: an ordered packing due to the rigid column wall that changes the
bed porosity a few particle diameters into the column30 and friction that exists between the wall
and the packed bed during consolidation.31 The development of column packing methods that
minimize heterogeneities caused by the wall are key to advancing column technology.29,32
Several studies have indicated performance in capillary columns improves as the aspect ratio is
decreased22,26,33-35, most likely due to the fact that wall region begins to cover the entire column
diameter which ensures a homogeneous morphology. However, no studies have been conducted
that compare column efficiency with bed morphology in capillary columns with different aspect
ratios. With the capability to perform such experiments now possible, a set of columns were
packed and evaluated for chromatographic efficiency and then sent to the Tallarek group for
CLSM imaging and reconstruction analysis.
In Equation 2-8, the reduced plate height contribution related to transcolumn effects is a
velocity-dependent factor ωtc. As with each diffusion structural parameter ω, this factor has both
lateral diffusion length and velocity bias components. For transcolumn contributions, the
characteristic length is the column radius as it is the full distance needed to cover the bulk
packing in the column center to the column wall. In reduced parameters, this length simplifies to
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half of the column aspect ratio.2 By combining this interpretation with Equations 2-4 and 2-5,
ωtc can be described as2:

tc 
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(2-9)

Here, ωα,tc is a geometric parameter that is related to the column aspect ratio and was the feature
that was explored in this study. Six columns with inner diameters ranging from 10 – 75 μm were
packed with 1.9 μm BEH particles and characterized for chromatographic efficiency. An
example chromatogram collected on a 30 μm i.d. column is shown in Figure 2-7. Efficiency data
for hydroquinone was collected for the series of six columns. From this, the h-v curve in Figure
2-8 was constructed with data fit to Equation 2-8. The increasing slope of these curves with
column diameter does indicate the velocity dependence of the transcolumn contribution to
multiple flow path broadening. However, a steady increase in these slopes as might be expected
from the geometric factor ωα,tc is not completely observed, but rather two distinct groups of good
and poor chromatographic performance. Of note are the two 30 μm i.d. columns that were
packed with identical methods but fell into separate groups. This suggests differences in ωβ,tc
based on the transcolumn velocity profile that varies within each column. It is this parameter
that is directly correlated to the inherent morphological differences that exist between each
packed bed and are created in each individual packing. To fully understand these packing
structures, physical reconstructions are required and were generated here using the CLSM
approach.

2.3.2 Morphology of Capillary UHPLC Columns with Varying Aspect Ratio
Based on the methods described above, reconstructions of column segments 40-200 μm
in length were generated for each of the six capillary columns. An example reconstruction is
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shown in Figure 2-9 with further information describing each reconstruction from this column
set found in Table 1. Because of the significant computational requirement needed to reconstruct
50 and 75 μm i.d. capillaries, the packed bed was only reconstructed to its center and was
assumed to be symmetrical. The first morphological feature that was investigated was the
interparticle porosity (εi), which is an important feature that is related to packing disruptions
caused by the column wall in low aspect ratio columns.36,37 Two-dimensional porosity profiles
(Figure 2-10) were produced for each column by calculating the ratio of void voxels to total
voxels along the column axis. Values were sorted by their distance from the column wall and
binned in 100 nm step sizes to generate radial porosity plots from these profiles (Figure 2-11). In
these plots, the effect of the column wall is visible for all six columns with the initial peak seen
one particle diameter from the wall followed by subsequent oscillations. When particles are
more highly ordered at the wall, the porosity in that region can be higher which creates a radial
position with different velocity than that of the bulk packing.5,38 If such an ordered particle
structure occurs, it can prevent particles in the next layer from filling in partial bed voids,
although the effect slowly eases towards the column center.
Figure 2-11 (and related information in Table 2-2) reveals morphological differences
between the high efficiency Group 1 columns and the poorer performing Group 2 columns
(Figure 2-8). The initial porosity peak found one dp from the column wall is higher in the Group
2 columns (~0.50 compared to 0.46 for the Group 1 packings). Additionally, the average value
for these profiles is larger than the final bulk porosity level occurring further into the column
center. CLSM reconstructions also allow for the calculation of packing voids, which for the
purposes here are interstitial spaces in which particles in the bottom quartile of the particle size
distribution (PSD) would be able to fit. As seen in Table 2-2, Group 1 columns have far fewer
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voids than those in Group 2. Both regions of unbalanced porosity (as shown in the radial profile)
and packing voids will create transcolumn velocity biases (ωβ). These biases increase multiple
flow path broadening which leads to the higher slopes for Group 2 packed beds in Figure 2-8.
In order to give a relative measure of how transcolumn effects impact chromatographic
band broadening, the difference in local (ε(r)) and bulk (εbulk) porosity values from Figure 2-11
along the radial axis were calculated as porosity inequalities (ε(r) - εbulk) that an analyte
encounters when diffusing from the column wall (r = 0) to the column center (r = rc, where rc is
the total column radius). This value was then integrated across the column radius to give a scalar
measure of the transcolumn broadening contribution called the integral porosity deviation (IPD):
rc

IPD   ( (r )   bulk )dr

(2-10)

0

IPDs for all six columns are found in Table 2-2. In Figure 2-12, a visual depiction of the IPD
calculation for the 20 μm i.d. column is used to represent the Group 1 packings. Here, the
porosity oscillations are more balanced around the εbulk value (the x-axis) with values below the
axis resulting in negative contributions to the IPD that lead to a lower scalar value. Conversely,
a porosity deviation plot used to calculate the IPD of the 75 μm i.d. column (representing Group
2) is shown in Figure 2-13. In this calculation, the loosely packed wall region results in more
positive contributions to the IPD which continue further from column wall than in the narrower
capillaries and give a higher IPD value. When comparing the IPD values reported in Table 2-2
to the relative h-v slopes shown in Figure 2-8, there is a general agreement between the trends.
This indicates that the IPD can serve as a general measure of bed morphology (resulting from
column slurry packing) that correlates observed heterogeneities in transcolumn porosity with
velocity-dependent transcolumn broadening (ωtcv). This allows for more quantitative
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information relating chromatographic efficiency and bed morphology in both experimental
packings (as shown here) and computer-generated packings.39

2.3.3 Particle Size Segregation in Capillary UHPLC Columns
A particle size segregation effect was also observed for the first time in capillaries slurry
packed with sub-2 μm particles at high axial pressures during this CLSM study. Giddings found
that when using dry packing techniques for column preparation that larger particles tended to roll
down a cone that formed near the center of the column and accumulate near the walls.2,40 In
these experiments, Group 2 packings exhibited an opposite effect where smaller particles were
enriched at the wall. Figure 2-14 shows mean particle size as a function of the distance from the
capillary wall. The Group 1 columns have a relatively constant particle size as they approach the
bulk packing while Group 2 columns show a continuous increase in particle size moving towards
the center of the column. Color-coded CLSM images of the 30 μm i.d. – A and 75 μm i.d.
columns, representative of each performance group, are shown in Figures 2-15 and 2-16. In
these images, particles in the bottom quartile of the global PSD are highlighted in yellow while
particles in the top quartile are highlighted in blue. In the 30 μm i.d. – A column (Figure 2-15),
the colors are relatively well-mixed across the column diameter while there is clearly a much
higher concentration of yellow-colored particles toward the walls of the 75 μm i.d. column
(Figure 2-16) and more blue-colored particles in the middle. Using the reconstruction, the PSD
can be determined at various radial positions in the column and then compared to the PSD of the
entire column segment. In Figure 2-17 (for the 75 μm i.d. column), the peak of the PSD is at a
smaller particle diameter than that of the average (global) PSD 1 dp away from the column wall
and at a larger particle diameter in the bulk packing (13 dp from the column wall). This particle
size segregation effect increases broadening due to short-range interchannel (ωsr) effects that are
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based on pore dimensions (related to both packing density and the size of nearby particles) in the
bed.2,8 These localized differences exist across the column cross section, causing a secondary
transcolumn effect in addition to that seen from differences in the radial porosity. As both of
these broadening mechanisms are velocity-dependent (Equation 2-8), particle size segregation is
another cause for the increased h values at higher v in Figure 2-8.
Because of the computational limitations on the modeling of packing, mechanisms that
cause particle size segregation to occur are purely hypothetical. In the reconstruction of the final
packing, voids are predominantly located near the column wall. During bed consolidation, any
voids that form could possibly be filled by nearby small particles (that can fit inside such voids),
which will leave another void to be filled by a smaller particle. If this were to occur, an
accumulated effect where smaller particles are moving towards the column wall during bed
consolidation which depletes their concentration in the center of the column and leads to a
variation in the PSD. In larger columns, more voids are present at the wall (Table 2-2) which
would lead to an increased particle size segregation effect in this scenario.

2.3.4 Slurry Concentration Effects on Efficiency and Particle Size Segregation
For many years, particle slurries were prepared at low concentrations in order to prevent
large aggregates from forming because such aggregates were thought to cause heterogeneous bed
structures and poor column performance.22 However, more recent studies in the Jorgenson lab
indicated conflicting results where columns prepared with high slurry concentrations (up to 100
mg/mL) demonstrated higher chromatographic efficiency than had been seen with previous
methods.41 Previous packing studies had indicated improved column efficiency for larger
diameter (320 μm) capillary columns packed with 100 mg/mL slurries of 5 μm particles when
using solvents that promoted particle aggregation (which would also be the case in higher slurry
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concentrations prepared with the same solvent), although no clear reason for this effect was
discussed.42 With the ability to observe the bed morphology of packed columns now
demonstrated, slurry concentration effects on bed structure and efficiency became a focus of
further investigation. To that end, a second set of columns were prepared with different particle
slurry concentrations (cs), tested for efficiency, imaged by CLSM, and reconstructed for
structural analysis.
In Figures 2-18 and 2-19, h-v data and fits to Equation 2-8 for two sets of columns are
shown. In the first set, 1.9 μm BEH particles were packed into 75 μm i.d. capillaries while 1.7
μm BEH particles were packed into 50 μm i.d. capillaries for the second set. In each pair, both a
low (3 mg/mL) and high (100 and 30 mg/mL, respectively) slurry concentration column was
prepared. After characterization, the columns were imaged by CLSM (Figure 2-20) and
reconstructed for morphological analysis. The radial porosity profiles for all four columns are
shown in Figure 2-21. While there are clear differences in the interparticle porosity based on the
particle size (the larger 1.9 μm particles are able to pack more densely in the bulk than the 1.7
μm particles), no major differences in IPD are evident when higher slurry concentrations are
used. All four columns had high aspect ratios (39 for the 1.9 μm BEH columns and 29 for the
1.7 μm BEH columns); hence, particle size segregation is a second morphological feature that
could be present in these columns. Figure 2-22 shows the mean particle size as a function of the
distance from the capillary wall for columns prepared with both low and high slurry
concentrations. In this analysis, the mean particle size calculation was modified to include
information on the mean distance between particle centers up to 1.5 dp radius around each
calculated center in an attempt to reduce discontinuities resulting from the capillary wall (the
peak present at 1 dp in most curves shown in Figure 2-14). In the low slurry concentration
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columns, the mean particle size is ~90% of the global mean particle size near the column wall
and remains below the global average until ~4 dp towards the bulk packing. The high slurry
concentration columns have a relatively constant mean particle size across the column crosssection and show no evident particle size segregation effects.
These results further elucidate the particle packing process for capillary columns and
suggest a possible theory for chromatographic bed formation. In columns prepared with low
slurry concentrations, the particles rearrange during bed consolidation and may fill voids that
form near the column wall. In the column set described earlier, lower aspect ratio columns still
demonstrated high efficiency when packed with low slurry concentrations because particle size
segregation was not apparent and only reduced efficiency in larger aspect ratio columns like
those discussed here. When high slurry concentrations are used, particles (and larger particle
aggregates not present in low concentration slurries) fill the column at a much faster rate which
prevents the opportunity for particles to reorder during consolidation and prevents the formation
of a particle size gradient across the radius of the column. Table 2-3 shows that the number of
voids found in each bed reconstruction is higher for the columns packed with high slurry
concentrations, which supports the notion of reduced bed rearrangement under these packing
conditions.

2.4

Conclusions
In this chapter, two experiments were described where column preparation techniques

were studied for their effects on both column efficiency and bed morphology (as examined by
CLSM). From the results, several new observations were made that can be used to further
understand the impact of packed bed structure on column performance as well as the formation
of these packed beds. A scalar factor related to the radial porosity across the column (IPD)
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showed a correlation with band broadening expected to occur due to transcolumn heterogeneities
in the packing structure for a series of low-aspect ratio capillary columns. In the larger diameter
capillaries prepared in this study, a particle size segregation effect where smaller particles are
enriched near the capillary wall was observed for the first time in columns slurry-packed at high
pressures. When studying columns prepared with different slurry concentrations, it was found
that this segregation was only observed when dilute slurries were used but more voids were
found in the packing structure when the slurry was more concentrated. These findings suggest a
possible packing mechanism where particles can rearrange during bed consolidation with smaller
particles filling in bed voids that exist near the column wall. In this theoretical process, if the
slurry concentration is increased, then such a rearrangement process would be limited which
could eliminate particle size segregation but result in the presence of more voids (that remain
unfilled). Such a packing manner would benefit from intermediate slurry concentrations that
reduce transcolumn heterogeneities due to particle size segregation without leaving a significant
number of bed defects. This could be further elucidated by observing efficiency and morphology
changes that occur with incremental increases in slurry concentration.43
The bed formation theory discussed above only describes one way that could explain the
experimental findings presented here. In additional to the colloidal properties of the slurry42 that
could affect packing (which were briefly explored in the second study here), hydrodynamic
effects on particles as they travel down capillary tubes44,45 may impact the efficiency of columns
prepared by high pressure slurry packing. Another aspect not explored here is the difference in
bed structure (and efficiency) based on the axial column position that has been reported in the
literature.41,46,47 These differences are thought to arise due to increases in flow resistance
(causing reduced packing speed under constant pressure conditions) that occur due to growing
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bed length. To observe differences in bed structure and efficiency in these different packing
regions, both CLSM and localized detection for capillary columns43,48 can be utilized in future
studies.
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2.5

TABLES

Column Inner
Diameter (μm)

Number of
Fitted Particles

Reconstructed
Length (μm)

Number-Averaged
Particle Diameter (μm)

10

3041

180

1.99

20

3655

65

1.93

30-A

6967

65

2.00

30-B

6050

58

1.96

50

8543

55

1.96

75

14955

45

1.97

Table 2-1. Bed reconstruction parameters for six capillary LC columns packed with 1.9 μm BEH
particles.
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Column Inner
Diameter (μm)

Number of
Packing Voids

εi,total

εi,bulk

IPD

10

4

0.452

0.377

0.10

20

2

0.416

0.361

0.13

30-A

3

0.402

0.360

0.13

30-B

16

0.418

0.355

0.39

50

9

0.406

0.364

0.43

75

24

0.403

0.376

0.49

Table 2-2. Morphological data for six capillary LC columns packed with 1.9 μm BEH particles.
Packing voids describe open spaces in the packed bed that are larger than the first quartile of the
overall particle size distribution.
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Column Particle
Size (μm)

Slurry
Concentration
(mg/mL)

Number of
Fitted Particles

εi,bulk

Number of
Packing Voids

1.7

3

9249

0.421

46

1.7

30

6963

0.441

70

1.9

3

16769

0.395

28

1.9

100

11849

0.387
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Table 2-3. Morphological data for four capillary LC columns packed with 1.7 μm and 1.9 μm
BEH particles at two slurry concentrations each.
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2.6

FIGURES

Figure 2-1. Multiple flow path broadening terms present in packed chromatographic beds
(according to the Giddings model2): transchannel (1), short-range interchannel (2), transcolumn
(3), long-range interchannel (4), transparticle (5).
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Figure 2-2. Microscope scheme used to image monolithic chromatographic bed inside a
polyimide-coated fused silica capillary. A glycerol/water mixture is used as both the immersion
and embedding medium, with a DMSO/water mixture flowed through the column for refractive
index matching purposes. Used with permission from Bruns, S., Müllner, T., Kollmann, M.,
Schachtner, J., Höltzel, A., Tallarek, U. Analytical Chemistry, 2010, 82, 6569-6575. Copyright
2010 American Chemical Society.
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Figure 2-3. The first demonstration of a reconstructed packed particle bed imaged by CLSM
(using 2.6 μm Kinetex superficially porous particles) is shown in (A). Morphological analysis of
packed bed void spaces (small in green, medium in yellow, and large in red) is shown in (B).
Adapted with permission from Bruns, S., Tallarek, U. Journal of Chromatography A, 2011,
1218, 1849-1860. Copyright 2011 Elsevier.
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Figure 2-4. Initial trial of imaging C18-bonded particle packed bed (Kinetex 2.6 μm superficially
porous particles) using a Bodipy 493/503 fluorescence dye (molecular structure shown on the
right).
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Figure 2-5. Restored CLSM images of a capillary bed packed with 1.9 μm BEH fully porous
particles in a 30 μm i.d. capillary along the capillary (xy) axis and optical (xz) axis.
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Figure 2-6. Calculated particle centers (in red) determined for a 10 μm i.d. column after one
processing iteration.
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Figure 2-7. Standard chromatogram from the 30 μm i.d.-A column packed with 1.9 μm BEH
particles (~20 cm length) using a 5-compound electrochemical test mixture on the capillary LC
evaluation system with carbon microfiber electrochemical detection. This run was conducted at
460 bar (1.9 mm/s, v = 4) with a mobile phase of 50:50 (v/v) water:acetonitrile with 0.1% TFA.
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Figure 2-8. Set of h-v curves for six capillary LC columns (~20 cm, of inner diameters shown)
packed with 1.9 μm BEH particles. Solid lines of the same color indicate a best fit to Equation
2-8 for each column. Group 1 indicates columns of good (expected) performance while Group 2
indicates columns of poorer performance.
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Figure 2-9. Full reconstruction model of a 30 μm i.d. capillary column packed with 1.9 μm BEH
particles. The reconstruction is made up of 6,967 fitted particles over a length of 65 μm.
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Figure 2-10. Color-coded 2-D porosity (interparticle void volume fraction) profile of a 30 μm i.d.
column packed with 1.9 μm BEH particles. Warmer colors indicate higher porosity and cooler
colors indicate lower porosity.
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Figure 2-11. Radial porosity (interparticle void volume fraction) profiles for six capillary LC
columns (of inner diameters shown) packed with 1.9 μm BEH particles. Group 1 indicates
columns of good (expected) performance while Group 2 indicates columns of poorer
performance.
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Figure 2-12. Porosity deviation plot used to calculate the IPD value for a 20 μm i.d. column
packed with 1.9 μm BEH particles, representative of the Group 1 (good performing) columns.
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Figure 2-13. Porosity deviation plot used to calculate the IPD value for a 75 μm i.d. column
packed with 1.9 μm BEH particles, representative of the Group 2 (poorer performing) columns.
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Figure 2-14. Measure of the mean particle size plotted as a function of the distance from the
capillary wall for six capillary LC columns (of inner diameters shown) packed with 1.9 μm BEH
particles.
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Figure 2-15. Visual depiction of particle size positions in a 30 μm i.d. column packed with 1.9
μm BEH particles. Particles in the lowest 25% of of the PSD of the 3-D reconstruction are
highlighted in yellow. Particles in the highest 25% of the PSD of the 3-D reconstruction are
highlighted in blue.
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Figure 2-16. Visual depiction of particle size positions in a 75 μm i.d. column packed with 1.9
μm BEH particles. Particles in the lowest 25% of the PSD of the 3D reconstruction are
highlighted in yellow. Particles in the highest 25% of the PSD of the 3-D reconstruction are
highlighted in blue.
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Figure 2-17. Comparison of local particle size distribution and global particle size distribution
for two positions (1 particle diameter from the column wall and 13 particle diameters from the
column wall) for a 75 μm i.d. column packed with 1.9 μm BEH particles.

59

Figure 2-18. h-v curves of hydroquinone for 75 μm i.d. columns (~20 cm) packed with 1.9 μm
BEH particles at slurry concentrations of 3 mg/mL and 100 mg/mL. Mobile phase was 50:50
(v/v) water:acetonitrile with 0.1% TFA.
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Figure 2-19. h-v curves of hydroquinone for 50 μm i.d. columns (~20 cm) packed with 1.7 μm
BEH particles at slurry concentrations of 3 mg/mL and 30 mg/mL. Mobile phase was 50:50 (v/v)
water:acetonitrile with 0.1% TFA.
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Figure 2-20. Restored CLSM images of 1.9 μm BEH particles packed into a 75 μm i.d. column
(100 mg/mL slurry concentration) and 1.7 μm BEH particles packed into a 50 μm i.d. column
(30 mg/mL slurry concentration).
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Figure 2-21. Radial porosity (interparticle void volume fraction) profiles for 75 μm i.d. columns
packed with 1.9 μm BEH particles at 3 and 100 mg/mL slurry concentrations and 50 μm i.d.
columns packed with 1.7 μm BEH particles at 3 and 30 mg/mL slurry concentrations.
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Figure 2-22. Measure of the mean particle size plotted as a function of the distance from the
capillary wall for six capillary LC columns (of inner diameters shown) packed with 1.9 μm BEH
particles.
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CHAPTER 3. Investigation of Surface Diffusion Models and Implications for
Chromatographic Band Broadening
3.1

Introduction

3.1.1 Surface Diffusion Effects in Gradient LC
In gradient elution, the mobile phase composition gradually increases in strength due to
an increasing fraction of organic solvent (change in %B, or Δϕ). The gradient slope (g) can be
described as such1:

g  S   

t0
tG

(3-1)

where S is a constant (which varies for analytes with different molecular weights) that describes
the relationship between analyte retention and ϕ while t0 and tG represent the column dead time
and total gradient time, respectively. As an analyte band travels through the column, the band
tail is in a slightly stronger mobile phase than the band front due to this gradient slope. This
leads to the tail moving faster than the front, which results in a peak narrowing known as
gradient compression.2 This effect reduces the peak width that might be expected for an isocratic
elution by a factor of G (the gradient compression factor) which is related to g by3:

G

1  p  ( p 2 / 3)
g
, p  2.3k ' 0
1 p
k ' 0 1

(3-2)

with k’0 representing the retention factor of a given analyte at the start of the gradient. However,
this expected reduction in bandwidth is not always achieved4 due to extra-column peak
broadening, variations in plate count (N) with ϕ, and diffusion in the stationary phase.1,2,5 Neue
and co-authors suggested that stationary phase diffusion (or surface diffusion) might be an
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important factor in reduced peak efficiency in gradient LC because it causes broadening not
usually considered when an analyte is trapped (or not migrating, due to high retention at initial
gradient conditions) at the head of the column.2 The effect would be most prominent during
long, shallow gradients where such compounds would remain at the head of the column for a
significant period of time. However, the impact of stationary phase residence time and mobile
phase composition on this broadening mechanism in gradient LC has not been thoroughly
examined5 and is considered further here.

3.1.2 Longitudinal Molecular Diffusion
Giddings describes the contributions to variance due to longitudinal molecular diffusion
(σ2diff) through the diffusion coefficient6:
2
 diff
 2 m Dm t m  2 s Ds t s  2 m Dm t m  2 s Ds t m k '

(3-3)

where D is the diffusion coefficient, γ is the obstruction factor to diffusion (because the structure
of the packed bed hinders diffusion paths), t is the time of diffusion, and k’ represents the analyte
retention factor. The subscripts m and s refer to the mobile and stationary phases, with the time
spent in each phase related through the retention factor (tm = t0, ts = tmk’ = t0k’). Knox and Scott,
in order to consider how molecules diffuse within and through porous particles, expanded this
description by considering two components of diffusion in the packed bed, the mobile (mz) and
stationary (sz) zones7:

Dmz 

Dsz 

 m Dm t m
tm

  m Dm

(3-4)

 sm Dm t sm   s Ds t s

(3-5)

t sm  t s
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In this equation, diffusion in the mobile zone reflects the interstitial mobile phase while the
stationary zone contributions are from the stagnant mobile phase (subscript sm) and surface
diffusion. To combine the various diffusion coefficients that dominate different regions of the
column, a total effective diffusion coefficient (Deff) can be calculated7:
Deff 

D t

i i

(3-6)

ti

If the stagnant mobile phase is a fraction (φ) of the total mobile phase volume, then Deff for an
analyte in the column (in terms of tm) is a combination of Equations 3-4 and 3-5:

Deff 

 m Dm (1   )t m   sm Dmt m   s Ds k ' t m
(1   )t m  t m  k ' t m

(3-7)

As k’ grows, Ds gradually begins to dominate Deff and surface diffusion will be the principal
contribution to broadening due to longitudinal molecular diffusion whether packed bed regions
are separated by phase (Equation 3-3) or zone (Equation 3-7).
While the analyte retention factor is constantly changing during gradient elution due to
the varied mobile phase composition, a gradient retention factor (k’g) can be used to describe the
relation of the retention (elution) time (tr) and column dead time1:

k'g 

tr
1
t0

(3-8)

k’g is then related to the analyte retention factor at the beginning of the gradient mentioned above
by the following equation (derived by Neue1):
k '0 





1 Gk 'g 1
e
1
G

(3-9)

From Equations 3-1 and 3-2, G is usually in the range of 0.8 - 0.9 for standard peptide separation
methods (assuming S is ~40 for peptides, Δϕ is 0.5, and t0/tG is ~0.02).5 A peptide eluting around
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the middle of the gradient window has a k’g value of ~25 under such conditions, which indicates
an extremely high value (106-108) of k’0 at initial conditions. When k’ is so large, Equation 3-7
can be simplified:
Deff ,s   s Ds

(3-10)

Thus, diffusion of analytes with very high retention factors (like those trapped at the head of the
column in gradient separations) is only dependent on the obstruction factor and the surface
diffusion coefficient. Two models for surface diffusion are discussed in the following sections.

3.1.3 Surface-Restricted Molecular Diffusion Model
In the surface-restricted molecular diffusion model (developed by Miyabe and
Guiochon), surface diffusion is described as an analogue of mobile phase diffusion that occurs in
the potential field of adsorption at the stationary phase.8-13 First consider mobile phase diffusion,
which is regarded as an energy-activated process13:

  Em 
Dm  Dm,0 exp 

 RT 

(3-11)

where Dm,0 is the frequency factor of molecular diffusion in the mobile phase, Em is the
activation energy of molecular diffusion in the mobile phase, R is the gas constant, and T is the
absolute temperature. The activation energy of molecular diffusion is the energy needed to make
a hole in the solvent (required for diffusion to occur) and is approximately half of the
evaporation energy (Evap) of the solvent.14 Early models of surface diffusion described the
process as a similar energy-activated process where the activation energy of surface diffusion
(Es) was a fraction (β) of the isosteric heat of adsorption (-Qst).12 The problem with this model is
that it lead to values of Ds that were several orders of magnitude larger than Dm for analytes with
low retention (where Qst  0).13 This is unreasonable as surface diffusion occurs in the bonded
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layer where there would be more restriction than the bulk solvent and should at most approach
Dm as retention approaches zero. In the surface-restricted molecular diffusion model, Es is
considered a combination of a hole-making process (like molecular diffusion) and a jumping step
where an analyte molecule “hops” along the stationary phase surface within the bonded layer
without completely desorbing into the bulk mobile phase (Figure 3-1).15 The energy of this
hopping step is equal to the fractional isosteric heat of adsorption that was used for earlier
models. In this model, Es is12:

Es  Em   (Qst )

(3-12)

making Ds (if considered an activated energy process like Equation 3-11 and neglecting possible
changes to Qst based on the concentration of analyte in the stationary phase)13:

  Es 
  E m    Qst 
Ds  Ds ,0 exp 
  Ds ,0 exp 

RT
 RT 



(3-13)

For Equation 3-13 to hold true, assumptions regarding diffusion frequency factors must
be made. Rather than using an activated energy equation, Dm can be described in terms of
absolute rate theory16:
Dm  2diff  diff

(3-14)

λdiff is the distance between two neighboring equilibrium positions and τdiff is the diffusion rate
constant13:

 diff

 1  k T 
  1 / 3  B 
 V  2M A 
 f 

1/ 2

  Em 
exp 

 RT 

(3-15)

with Vf known as the free volume (a function of the solvent’s molar volume and Evap), MA the
molecular weight of the analyte, and kB the Boltzmann constant. By combining Equations 3-11,
3-14, and 3-15, Dm,0 can be calculated13:
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Dm , 0

 2diff  k T 
  1 / 3  B 
 V  2M A 
 f 

1/ 2

(3-16)

Typical values for Dm,0 in reversed phase LC range from 3 x 10-3 – 2 x 10-2 cm2/s based on the
size of the solvent and solute molecules.14 If Ds,0 is assumed to follow the form of Equation 316, then it is relatively independent of T over a narrow temperature range (because of the squareroot relationship) and Equation 3-13 is valid (exact calculations cannot be made because
determining Vf near the stationary phase surface is significantly more difficult than in the bulk
mobile phase).13 By re-arranging Equation 3-13 and plotting ln Ds + Em/RT against -Qst/RT, Ds,0
is given by the y-intercept.14 Values of both diffusion frequency factors are found to be similar,
although precise values of Ds,0 are difficult to make using this method.13
The ratio of Ds/Dm can be calculated by dividing Equation 3-13 by Equation 3-11:

Ds  Ds ,0    Qst
 exp 

Dm  Dm,0    RT







(3-17)

To consider retention effects on this relationship, the adsorption equilibrium constant (Ka) must
first be described by the van’t Hoff equation13:

  Qst 
K a  K a ,0 exp 

 RT 

(3-18)

where Ka,0 is the frequency factor of adsorption equilibrium. By plugging Equation 3-18 into
Equation 3-17, the dependence of Ds on adsorption equilibrium in the surface-restricted diffusion
model is given:

Ds  Ds , 0

Dm  Dm,0

 K a ,0 


 K 
a






(3-19)

The adsorption equilibrium constant relates to the retention factor discussed throughout Section
3.1.2 through the total column porosity (εt)17:
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k'

1   t K a

(3-20)

t

For a given analyte, temperature, and column, Dm,0, Ds,0, Ka,0, and εt are constant. If constants
are gathered and simplified into one factor (χ, χ = Kβa,0Ds,0/Dm,0,), then Equation 3-19 can be rewritten as:

Ds
1
  
Dm
 k' 



(3-21)

Under this model, as the retention increases the ratio Ds/Dm decreases, which can limit the
broadening effects of surface diffusion.

3.1.4 Particle-Restricted Molecular Diffusion Model
In Dynamics of Chromatography, Giddings describes a scenario in a packed bed where
an analyte is heavily retained onto a single particle and can only diffuse back and forth without
significant displacement along the column bed.6 In this case (termed here the particle-restricted
molecular diffusion model), the obstruction to diffusion is high and γs  0 (prohibiting
diffusion) as k’ grows large. Consider the time required to enter the stationary phase (tin) as the
C-term (dependent on the particle diameter (dp) and Dm) from Equation 1-1718:

t in  C 

d p2

(3-22)

6 Dm

The time required to leave the stationary phase (tout) then depends on the retention factor (if Ds =
Dm):

t out  k ' t in

(3-23)

Estimates of tin based on standard UHPLC conditions for a small molecular analyte (dp = 2 μm,
Dm = 1 x 10-5 cm2/s) give tin ≈ 0.67 ms. As k’ increases, tout continues to grow and an analyte

74

molecule will not be able to escape the particle diameter that it is on (unless it moves through a
particle-to-particle contact point, which is highly unlikely). With a high k’, the time the
molecule spends in the mobile phase is limited and few molecules will transition to adjacent
particles over time (Figure 3-2A). An alternative column technology to a particle-packed bed is
a monolithic structure (“monolith column”) where the entire stationary phase consists of one
connected porous structure.18 Here, the obstruction factor would not change with retention
because the stationary phase consists of one connected unit across the column (Figure 3-2B).
In this chapter, the impact of surface diffusion on gradient separations was explored using
the stop-flow measurement technique for diffusion measurements.7,17,19 Then, the two models of
surface diffusion described above were compared under isocratic conditions. Finally, the
surface-restricted model was used to help explain previous experimental observations in the
Jorgenson lab20 regarding broadening due to longitudinal molecular diffusion.

3.2

Materials and Methods

3.2.1 Chemicals
Chromatographic columns were run in mobile phases consisting of various mixtures of
Optima LC-MS grade water, acetonitrile, 0.1% trifluoroacetic acid in water, and 0.1%
trifluoroacetic acid in acetonitrile, all obtained from Fisher Scientific (Fair Lawn, NJ). In
isocratic experiments, test compounds were thiourea and valerophenone (both from SigmaAldrich, St. Louis, MO). In gradient experiments, the MassPREP Peptide Mixture from Waters
Corporation (Milford, MA) was used as a test mixture.
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3.2.2 Chromatographic Columns and Instrumentation
To represent particle-packed columns, a 2.1 x 50 mm BEH column prepared by Waters
Corporation (Milford, MA) was provided by Martin Gilar (Waters Corporation). The monolith
column was a 2.0 x 50 mm Chromolith FastGradient RP-18e column (Merck KGaA, Darmstadt,
Germany) and was used as received. A Waters Acquity UPLC system (Milford, MA) was used
for all experiments in this chapter. The instrument is equipped with a Binary Solvent Manager
that can generate pressures up to 15,000 psi and flow rates up to 2.0 mL/min. The Acquity
Sample Manager includes a six-port injection valve (these experiments utilize the partial loop
with needle overfill injection mode) and an embedded column oven (set at 303 K). In all
experiments, 6 μL of the test compounds in the mobile phase (or starting condition for gradient
separations) was injected from a 10 μL sample loop. A Waters Photodiode Array Detector was
used for analyte detection. The data acquisition rate was set to ensure at least 40 points were
collected per peak in all experiments. Isocratic chromatograms (small molecule analytes) were
measured at 254 nm and gradient chromatograms (peptide analytes) were measured at 214 nm.

3.2.3 Variance Measurements Using Stop-Flow Techniques
Variance and diffusion coefficient data were collected using the stop-flow measurement
technique.7,17,19 First, a set of test conditions is run to acquire a baseline variance value. Then,
subsequent runs contain a set time period where the flow to the column is stopped and
broadening due to mobile phase and surface diffusion is allowed to occur without interference
from other broadening mechanisms that occur because of migration of analyte through the
column. After the set time, flow is re-initiated and a final variance measurement is taken. All
variance values were obtained using the iterative statistical moments method21 described in
Chapter 2.
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For gradient experiments designed to measure peptide peak variances on different
columns, Waters MassLynx software was used for stopping the flow (gradient conditions are
described in Figure 3-3). For isocratic experiments, a four-port two-way valve (Valco, Houston,
TX) was placed between the injector and column to allow manual control of the flow stoppage.
Once the analyte band had traveled to the middle of the column, the valve was switched and flow
was diverted to a capillary tube (30 μm i.d.) cut to a length where the backpressure would match
that generated by the column. As stated above, after the set stop time is completed, mobile phase
flow is re-directed to the column and the analyte band is eluted from the column. The initial
variance value is then subtracted from the stop-time variance to obtain the variance value in the
time domain (σ2diff,time). To calculate Ds, the variance must be transferred into the spatial domain
(σ2diff,l) through the mobile phase velocity (u) and corrected (by k’) due to the fact that the analyte
is distributed between both the mobile and stationary phases6:
2
 diff
,time   diff ,time

(3-24a)

 diff ,time  u   diff ,l


2
diff ,l

  diff ,l
 
 k'





(3-24b)

2

(3-24c)

Then, Equation 3-3 is re-arranged:
2
2 s Ds t m k '   diff
,l  2 m Dm t m

(3-24d)

Dm is usually estimated with the Wilke-Chang Equation22:

Dm  7.4  10 8

B M B T

(3-24e)

 BV A0.6

In the Wilke-Chang equation, ΨB is the association factor for the solvent, MB is the molecular
weight of the solvent, η is the viscosity of the solvent, and VA is the molar volume of the solute.
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Finally, if γm is set to 0.6 (a commonly accepted approximation6), then the factor γsDs can be
determined:

 s Ds 

2
 diff
,l  1.2 Dm t m

(3-24f)

2t m k '

Once calculated, γsDs can be used as an assessment of surface diffusion.

3.3

Results and Discussion

3.3.1 Comparison of Surface Diffusion Models
As shown in Figure 3-2, comparisons between particle-packed beds and monoliths should
elucidate whether the surface-restricted or particle-restricted molecular diffusion model is more
correct. Figure 3-3 shows variance values on both column types (BEH as a particle-packed bed
and Chromolith as a monolith) for the renin substrate peak from the MassPREP peptide mixture
measured when the analyte is loaded onto the column at starting conditions, stopped for times up
to 30 hours, and then eluted following a programmed gradient. For both column types, there is a
limited change in variance even at stop times over 24 hours. This indicates that the type of
stationary phase does not seem to impact surface diffusion and that the particle-restricted model
is false. G ≈ 0.9 for standard gradient conditions used in gradient LC.5 In these experiments, the
gradient length is a bit shorter than such conditions, so if we assume S = 40 (a typical value for
peptides1), then g ≈ 2 which gives G ≈ 0.7. These values indicate that peak compression cannot
be the explanation for the limited variance changes at very long stop times and that the extremely
high k0 values most likely play a role through the surface-restricted model. Subsequently, Ds
drops as k’ increases while γs remains constant.
In many previous surface-restricted model experiments, the range of k’ was somewhat
limited.13 In Figure 3-4, mobile phase conditions were selected to give k’ values that approach
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100 to observe variance changes over a range of stop times for a small molecular analyte
(valerophenone). If the surface-restricted model is accepted, Dm is estimated using the WilkeChang equation (Equation 3-24e) and γs is taken as a constant (assume tortuosity factors in both
phases are comparable6 and approximate γs ≈ γm ≈ 0.6), then Ds can be calculated from Equation
3-24f. Based on the data in Figure 3-4, Ds is 2.09 ± 0.20 x 10-6 cm2/s for the BEH column and
2.11 ± 0.08 x 10-6 cm2/s for the Chromolith column. These values are ~20% of Dm for a typical
small molecule and are closer to the value for a protein.23 Since k0 is probably 4-6 orders of
magnitude higher than the values used here, then surface diffusion is likely not a concern for
long gradient separations.
It must be noted that Desmet, Deridder, and co-authors have suggested that the use of
Equation 3-24f for the calculation of Ds is invalid because these equations consider diffusion as a
series of separate parallel diffusion paths.24,25 Rather, they suggest use of the effective medium
theory (EMT) model (like Equation 1-24), which accounts for interconnected serial and parallel
diffusion paths that exist in a chromatographic bed. However, a comparison of the two models
found that the use of the Giddings and Knox descriptions of longitudinal molecular diffusion
(Equations 3-3 and 3-7) are still appropriate when calculating D values from the stop-flow
techniques described here.26 Hence, further discussions of the surface-restricted molecular
diffusion model are valid (at least to a first approximation).

3.3.2 Investigation of the Surface-Restricted Molecular Diffusion Model
The 2.1 x 50 mm BEH column was used for a second, isocratic study on the surfacerestricted model where the mobile phase conditions were varied to change the retention of
valerophenone and see how Ds changes. In Figure 3-5, Ds and Dm are shown for four different k’
values. While Dm slightly decreases as the fraction of acetonitrile in the mobile phase is
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decreased, Ds drops by a factor of nearly 4. The ratio of Ds/Dm is shown in Figure 3-6 and is
decreased by a factor of 3 as k’ increases from 5 to 100. Measurements at lower k’ values were
difficult to make due to elution artifacts from the stop-flow mechanism, but the ratio Ds/Dm can
be expected to approach 1 as k’ approaches 0 (and is nearly the case here).12 Rather than vary
retention by changing the mobile phase composition, Miyabe reported a similar stop-flow study
on both monolith and particle-packed columns with different analytes to increase k’.27 In Figure
3-7, Ds/Dm from this report (using Equation 3-20 to determine k’ from the reported Ka and εt
values) is compared to the data from Figure 3-6. Although the curve of the plots is different, the
same general trend with decreasing ratio values at high retention is observed.
By taking the logarithm of each side in Equation 3-21, a value for β can be found from
the slope of log (Ds/Dm) vs. log (1/k’). Such a plot from the data in Figure 3-6 is shown in Figure
3-8, which gives β ≈ 0.4. Values for β in reversed phase LC are usually in the range of 0.3 –
0.513 and this experiment follows this trend. If the slope in Figure 3-8 is extended back to the k0
values described previously, then Ds is expected to be 2-3 orders of magnitude lower than Dm in
initial gradient conditions, reaffirming the idea that surface diffusion is not a limiting factor on
efficiency in gradient LC. Further implications of β on column efficiency are discussed below.

3.3.3 Correlation Between Longitudinal Molecular Diffusion and Retention
Previous experiments (data shown in Figure 3-9) on the effect of analyte retention on the
reduced b term in capillary columns showed a square-root dependency on k’ (from 0 < k’ < 4)
for four small molecules.20 Based on Equation 3-3, this plot would be expected to be linear.
However, the impact of the surface-restricted diffusion model was not accounted for and may
give the reason for this discrepancy. First, consider the HB term first described in Equation 1-13
(and related to Equation 3-3)6:
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2 m Dm 2k '  s Ds

u
u

(3-25a)

For simplification let γm = γs = 0.5, which reduces Equation 3-25a to:

HB 

Dm k ' Ds

u
u

(3-25b)

Then, from Equation 3-21, the relationship between Ds, Dm, and k’ can be described:

Ds

 
Dm k '

(3-25c)

If β is set to 0.5 (within the accepted range described previously13), then Equations 3-25b and 325c can be combined as such:
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Which simplifies to:
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(3-25e)

Equation 3-25e can then be re-written in terms of reduced parameters (Equations 1-18 and 1-19)
which shows the relationship of b and k’:

b  1   2 k '1 / 2

(3-25f)

Based on the experimental data from Figure 3-9, a fit where χ ≈ 2 matches well with the data.
For these analytes and mobile phase conditions, the assumption of β as 0.5 was appropriate once
a value for χ was determined. Other conditions such as analyte, mobile phase, and stationary
phase (both composition and size) can affect the measured β value.13 Hence, a more general
form of Equations 3-25f is:



b  2 m  2 s  1 /  Dm(1 /  )1 Ds1(1 /  )



(3-26)
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With the surface-restricted molecular diffusion model and Equation 3-26, the dependence of Bterm broadening on retention can be described in terms of the fraction of the isosteric heat of
adsorption related to the “hopping” steps of surface diffusion.

3.4

Conclusions
These experiments indicate that the surface-restricted model is a valid explanation of

surface diffusion. This means that as retention increases (and the fraction of surface diffusion as
a part of all longitudinal molecular diffusion increases), then Ds/Dm decreases and the broadening
contribution from surface diffusion decreases as well. Consequently, the impact of surface
diffusion on broadening in gradient LC is limited because of the high analyte retention at the
head of the column under initial gradient conditions. Recent advances in the imaging of
molecular transport within stationary phase particles28,29 could be used to directly measure how
analyte retention affects surface diffusion.
Accepting the surface-restricted model of molecular diffusion means that the general
relationship between the B-term and k’ (Equation 3-25a) must to be modified to account for the
fact that only a fraction (β) of Qst impacts diffusion in the stationary phase (Equation 3-26). The
proposed relationships between b and β are preliminary and require further investigations into
how different column parameters (analyte, mobile phase, stationary phase bonding, particle size,
etc.) that affect β not only impact diffusion coefficients (as has been explored in previous
studies8-13) but also on measured van Deemter coefficients.

82

3.5

FIGURES

Figure 3-1. Representation of the surface-restricted molecular diffusion model, where Qst is the
isosteric heat of adsorption and Es is the activation energy of surface diffusion. Adapted with
permission from Miyabe, K. Journal of Chromatography A, 2007, 1167, 161-170. Copyright
2007 Elsevier.
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Figure 3-2. Representations of the proposed particle-restricted molecular diffusion model for
particle-packed beds (A) and monolithic columns (B).
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Figure 3-3. Variance vs. stop time plots for 2.1 x 50 mm BEH and Chromolith columns run in
gradient mode. Peak variance is measured for the renin substrate (DRVYIHPFHLLVYS) peak
detected (at 214 nm) from the Waters MassPREP Peptide Mixture. For the BEH column, the
sample was loaded at 1%B, run from 1-5%B over one minute and held for a selected stop time (0
min, 2 min, 2 hr, 8 hr, and ~30 hr), then run from 5-50%B over 9 minutes. For the Chromolith
column, the sample was loaded at 5%B, run for 1 minute and held for a selected stop time (0
min, 10 min, and 24 hr), then run from 5-50%B over 10 minutes. (100 μL/min for all separations,
A: optima-grade water with 0.1% trifluoroacetic acid, B: optima-grade acetonitrile with 0.1%
trifluroacetic acid). Dotted lines to guide the eye are shown at 2.5 and 5 s2.
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Figure 3-4.Change in variance vs. stop time plots for 2.1 x 50 mm BEH and Chromolith columns
run isocratically. The test analyte was valerophenone. For the BEH column the mobile phase
was 78/22 (v/v) water/acetonitrile (k’ ≈ 98) and for the Chromolith column the mobile phase was
82/18 (v/v) water/acetonitrile (k’ ≈ 93).
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Figure 3-5.Mobile phase and stationary phase diffusion coefficients calculated for valerophenone
on a 2.1 x 50 mm BEH column tested at a series of retention factors for a four-hour stop time.
Mobile phase diffusion coefficients were calculated by the Wilke-Change Equation (Equation 324e) and Ds was calculated with Equation 3-24f. Increased k’ values were obtained by
decreasing the acetonitrile fraction in the water/acetonitrile mobile phase (50%, 35%, 27%, and
22%, respectively).
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Figure 3-6. Ds/Dm vs. retention factor plot for valerophenone on a 2.1 x 50 mm BEH column
tested at a series of retention factors for a four-hour stop time based on values from Figure 3-5.
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Figure 3-7. Diffusion coefficient ratio vs. retention factor plot tested at a series of retention
factors. UNC data is adapted from Figure 3-6 while monolith and 5 μm C18 particle data is
adapted with permission from Miyabe, K. Journal of Chromatographic Science, 2009, 47, 452458. Copyright 2009 Oxford University Press.
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Figure 3-8. Plot of the logarithm of Ds/Dm vs. the logarithm of the inverse of the retention factor
for valerophenone on a 2.1 x 50 mm BEH column tested at a series of retention factors for a
four-hour stop time based on values from Figure 3-5.
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Figure 3-9. Reduced b-term vs. k’ on a 18.9 cm x 30 μm i.d. column packed with 0.9 μm BEH
particles. k' was reported for four compounds (hydroquinone, resorcinol, catechol, and 4-methyl
catechol) at five different mobile phase compositions (20, 30, 50, 70, and 80%B). The red
dashed line displays Equation 3-25f when χ ≈ 2. Adapted with permission from Lieberman, R.
A. UNC Doctoral Dissertation, 2009. Copyright 2009 Rachel A. Lieberman.
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CHAPTER 4. Sub-2 μm Perfusion Chromatography Particle Performance and Size
Refinement by Hydrodynamic Chromatography
4.1

Introduction

4.1.1 Perfusion Chromatography
The separation of high molecular weight biomolecules (like peptides and proteins) can be
improved by increasing effective intraparticle diffusivity.1 This is achieved by reducing (or
eliminating) intraparticle resistance to mass transfer. Methods to accomplish this include2,3: (1)
reducing the diffusion path through the particle (i.e. nonporous or superficially porous particles),
(2) decreasing the diffusion length across the particle by reducing the particle diameter (at the
expense of higher column backpressure (per Equation 1-32)), and/or (3) increasing particle
permeability to allow for convective transport through particles. While most advancements in
stationary phase supports over the past several years have focused on (1) and (2),4,5 the
development of supports with large throughpores to enable flow through the particles (used in a
separation technique referred to as “perfusion chromatography”) has been stagnant.
Perfusion chromatography was first used to describe polymeric particles (10-20 μm
diameter) with large pore diameters (6000-8000 Å). This material (under the trade name
POROSTM) allowed a fraction of the flow to travel through the pores (which usually does not
occur with standard pore diameters of 80-300 Å).6,7 In each particle, the macropores created an
interconnected network of throughpores that enabled analytes to migrate by convection through
the particle. Slow mass transfer through the stagnant intraparticle mobile phase can increase
band broadening8,9, so migration by convection helped improve efficiency. The reduction in
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stationary phase surface area that occurs when pore size is increased was limited by adding a
network of smaller, diffusive pores that were connected to the larger, throughpore network (see
Figure 4-1).6 This solution slightly increased the broadening effects expected from stagnant
mobile phase mass transfer in order to achieve significantly higher loading capacity.
To explore how using perfusion chromatography can improve plate height, consider
perfusion particles (each of diameter dp) as an aggregate of smaller microparticles (each of
diameter dm).6 First, the specific permeability constant of the packed bed (Kbed) can be found by
re-arranging the Kozeny-Carman equation (Equation 1-32)9:

K bed 

 i3



1851   i 

2

 u

(4-1)

d p2  P

where εi is the interstitial porosity, η is the mobile phase viscosity, u is the average mobile phase
velocity, and ΔP is the pressure drop across the column. If the flow through the particle is much
smaller than that around the particles (which is the case even in perfusion chromatography), then
the velocity through the pores (upore) is6:

u pore 

K partd m2 P1   i 

(4-2a)

 pp

where the specific permeability of the particle (Kpart) is described by the intraparticle porosity
(εpp) following the form of Equation 4-1:
K part 

 3pp
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εpp is a based on the specific pore volume (Vsp) and the skeletal density of the particle (ρsk)9:
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To compare the size of the theoretical microparticles to the actual particle pore diameter (dpore),
the following estimate can be used6:
d m  2d pore

(4-2d)

By re-arranging and combining Equations 4-1 and 4-2, the ratio of the velocity through the pores
to the total mobile phase velocity (κ) can be described6:

u pore
u
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2
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(4-3)

In the perfusion regime, convective transport dominates diffusion and Dpore becomes6:

D pore, p 

u pored p

(4-4)

2

Recalling C-term broadening described in Chapter 1, consider an HC factor (Equation 1-17) that
describes the mass transfer through the stagnant mobile phase6,9:

H C ,ms 
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If Equations 4-3 and 4-4 are substituted into Equation 4-5:
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3

Hence, in perfusion chromatography, broadening due to mass transfer in the stagnant mobile
phase no longer increases with mobile phase velocity. In cases where the flow-rate is increased
further, intraparticle diffusion in the diffusive pores becomes a limiting factor and the HC,ms term
will begin to increase with velocity again, albeit with the mean diffusion path across the
throughpore rather than the particle diameter, resulting in a much lower slope.6
The main drawbacks of the available POROS perfusion chromatography particles are
their size (10-50 μm) and composition (poly(styrene-divinyl benzene), PS-DVB).6,7,10 Particles
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composed of PS-DVB can swell and shrink in certain aqueous mobile phases11 and have pressure
limits that are only sufficient for HPLC (rather than UHPLC).9 For improved biomolecular
analyses by UHPLC, reducing the particle size by an order of magnitude1 from those listed for
the POROS particles and increasing the robustness of the particle (to deal with the increased
pressures needed for these smaller particles) requires a new particle synthesis technique.

4.1.2 Macroporous Silica Particle Synthesis by Ultrasonic Spray Pyrolysis
While most inorganic particle synthesis techniques rely on sol-gel methods, ultrasonic
spray pyrolysis (USP) is a new alternative that can be applied for such syntheses.12-14 In this
method, a colloidal mixture that might normally be used for sol-gel methods is instead nebulized
and pushed through a furnace (or series of furnaces, residence time is ~5-20 seconds) where
particles are formed. To make macroporous silica particles using the USP method, inorganic salt
mixtures (rather than typically used organic molecules) can be utilized as pore templates.15
Eutectic mixtures of inorganic salts (such as sodium nitrate and lithium nitrate) can be made in
various ratios to control the melting point at which the salts form a molten droplet that then acts
as the porogen. By selecting the salt composition, the furnace temperature, and the salt-to-SiO2
ratio, the particle size and porosity can be controlled. By using a eutectic 54/46 mixture of
NaNO3 and LiNO3 (melting point of 195 ºC) and a 1:1 molar ratio of salt-to-SiO2, then
nebulizing this solution into a furnace set at 500 ºC, sub-2 μm macroporous (500-1500 Å) silica
particles can be formed (Figure 4-2).15 When such particles were used as stationary phase
supports for affinity chromatography (their first application in separations), it was noted that they
were both smaller and more robust than other macroporous perfusion-type materials.16 A sample
of this macroporous silica was provided to UNC in order to test how it performed as a stationary
phase support in capillary UHPLC.
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4.1.3 Sub-2 μm Macroporous Particles for Capillary UHPLC
The provided batch of sub-2 μm macroporous silica particles synthesized by the USP
method (USP particles) was observed by SEM to determine the average particle size and
morphology of the material (Figure 4-3). Small mesoporous fines (that contain no macropores)
and hybrid (or Janus) particles that consist of mesoporous and macroporous segments are mixed
in with the desired macroporous material. These different particle morphologies most likely
arise from occasions where the colloidal silica is not well impregnated by the molten salt pore
template before it forms a full particle, reducing (or eliminating) the size of the throughpores.15
To characterize the pore size distribution and analyze the specific pore volume of the material,
Barrett-Joyner-Halenda17 (BJH) pore volume analysis was conducted by the Skrabalak lab at
Indiana University.18 Information from the SEM images and BJH analysis was then used to
approximate κ. With an estimated Vsp of 0.12 mL/g for these particles18 and the known skeletal
density of silica of 2.2 g/mL9, εpp ≈ 0.21 (per Equation 4-2c). Next, assume εi ≈ 0.4 for a
random-packed bed9, that the average dpore for the macropores is 1000 Å16, and that the average
dp is 1.2 μm for the particles. Then, by Equations 4-2a-d and 4-3, κ ≈ 0.012 which indicates that
~1.2% of the flow is going through the pores. This value is lower than the 5% expected for
POROS particles6,7, but the measured Vsp value (and consequently, κ) of the USP particles may
be skewed lower due to the presence of the diffusive mesopores that exist in the particle batch,
especially in the small fines that contain no macropores. Rather, based on descriptions of packed
bed structure and flow dynamics by Giddings8, as dpore approaches (or exceeds) 0.1dp (as is the
case here), noticeable flow should be expected through the particles which leads to a drop in
flow resistance.
To test both the chromatographic performance and flow resistance properties of USP
particles, they were base-washed to slightly increase the size of the pores16, bonded with
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octadecyldimethylsiloxane (C18) stationary phase and endcapped with trimethylsiloxane using
previously described methods19 then packed, flushed, and characterized using the techniques20-24
described in Chapter 2. An example chromatogram showing the separation of four small
molecules on a 19 cm x 75 μm i.d. column packed with USP particles is shown in Figure 4-4.
The ~110,000 plates achieved by the hydroquinone peak in just over two minutes shows that
these particles can be used to generate columns with rather high efficiency. An H-u curve (with
a fit to Equation 1-9) is shown in Figure 4-5 for hydroquinone. Because it is difficult to
represent the USP particles with a single particle diameter (because of different morphologies in
the batch that are described below), non-reduced data was used to demonstrate an Hmin under 2
μm, which matches some of the best performance that has been seen in capillary LC columns
prepared using standard slurry packing techniques.25 If an estimated average particle diameter of
1.2 μm (as measured by SEM for all particle morphologies shown in Figure 4-3) is used to
calculate reduced parameters, then hmin ≈ 1.5 which indicates a very well-packed column.9 These
results clearly demonstrate the potential of USP particles as stationary phase supports in high
efficiency LC columns.
Regrettably, the expected decrease in flow resistance was not observed when testing the
USP particles. In Figure 4-6, the flow resistance of the column described in Figures 4-4 and 4-5
is compared to theoretical flow resistances (calculated by the Kozeny-Carman equation,
Equation 1-32) for columns of the same dimensions packed with 0.5, 1.0, and 1.5 μm particles.
In these plots, a higher slope indicates a lower flow resistance, so 1.2 μm diameter particles with
perfusive flow would be expected to have a slope much higher than 1.0 μm particles without
perfusive flow. As shown in Figure 4-6, not only is this not the case, but the USP column has a
flow resistance even higher than that of the theoretical 1.0 μm particle column. When looking at
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the larger particle distribution of the USP particles by SEM (Figure 4-3), a likely reason for this
high flow resistance can be determined. When calculating column backpressure by Equation 132, the number-averaged particle diameter (dp,n) should be used9:

d p ,n 

d n
n
p ,i

i

(4-7)

i

Based on this equation, small particle fines present in the packing material can lead to higher
column backpressures without improvements to column efficiency (which is related to a
different, volume-averaged particle diameter, dp,v).9
In order to reduce the flow resistance of columns packed with USP particles, these small,
mesoporous fines must be removed from the particle batch. Sedimentation is a commonly used
technique to size-refine particles based on differences in their sedimentation velocity.26 The
sedimentation velocity (us) of a particle in a solvent of density ρliq is estimated by the Stokes
equation9:
2

1 dp
us 
 sk  sk   liq 
18 

(4-8)

where εsk is the fraction of the particle occupied by the particle skeleton. Because εsk varies
significantly amongst the different particle morphologies in the USP batch, it is not the ideal
technique for this circumstance. Hydrodynamic chromatography (HDC) allows for the
separation of particles (or molecules) solely based on their effective size (which relates to a
specific elution volume)27,28, making it a more appropriate method for size-refining particles with
different morphologies. A preparative-scale HDC method designed to remove fines from sub-2
μm chromatographic packing materials has been previously reported by the Jorgenson lab.29
Here, improvements to this method are described and then applied to 1.0 μm bridged-ethyl
hybrid (BEH) and 1.2 μm USP particles for fine removal and further size-refinement.
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4.2

Theory of Hydrodynamic Chromatography
An in-depth review regarding HDC has been published by Striegel and Brewer27, so only

a general overview of the technique is given here in order to better explain how particle
separation occurs. In their original theoretical description, DiMarzio and Guttman described
how larger particles are not able to sample the slowest flow regimes through the column (near
the column walls due to the parabolic flow path), thereby reducing elution time because of their
higher average flow velocity.30,31 Smaller particles are able to sample the slower regions of the
parabolic flow path, which increases their elution time. Let τHDC be the ratio of elution time of a
particle (tp) in a column to the elution time of a small molecule analyte that represents the
column dead-time (tm)32:

tp

 HDC 

(4-9)

tm

First, consider a particle moving down a single capillary (see Figure 4-7). With a parabolic
profile, the local velocity (ur) at a given position (r) along the capillary radius (rc) is27:
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The average velocity of large particles (of radius rp) that cannot sample the entire parabolic flow
stream (up) is then given by27:
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In Figure 4-7, the larger particle (Particle 1) has a higher up than the smaller particle (Particle 2)
and will elute earlier. Let λHDC describe the ratio of the particle radius to the capillary radius33:
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By solving the integral in Equation 4-11 and combining it with Equations 4-10 and 4-12, the
relationship between up and u is described33:

u p  u1  2HDC  2HDC 

(4-13)

Since both the dead time marker and particle travel the same column length, τHDC is equal to the
ratio u/up, giving the relationship between τHDC and λHDC33:
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CHDC is a correction factor that accounts for rotation and permeability effects that might exist for
a given particle27 and is equal to 4.89 for impenetrable hard spheres33 (like most sub-2 μm
stationary phase particles). Using Equation 4-14, the elution time for a given particle can be
predicted based on the ratio of the particle radius to the capillary radius.
The useful dynamic range for HDC is 0.02 < λHDC < 0.333, which can be accomplished
using a capillary radius of 8 μm when separating particles with diameters from 0.5-1.5 μm.
However, a single capillary would significantly limit the throughput of the HDC method which
is a major drawback when trying to size-refine enough stationary phase material to pack a
column.29 To increase throughput, a bed (assume εi ≈ 0.4) packed with particles of diameter
dp,HDC can be considered a series of many parallel capillaries with a given radius rc,HDC34,35:

rc , HDC 

d p , HDC
3



i
2
 d p , HDC
1   i  9

(4-15)

Thus, HDC packing material with a diameter of ~36 μm is appropriate for the size-refinement of
sub-2 μm stationary phase particles. The Jorgenson lab has previously described a preparative-
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scale HDC method for this purpose29, and its methods were modified and demonstrated here with
three different particle types.

4.3

Materials and Methods

4.3.1 HDC Column Preparation and Use
32-38 μm glass beads (GP0035, Whitehouse Scientific Ltd., Chester, UK) were
suspended in water. A magnetic stir bar was used to remove metal fines remaining from the
sieving process used during their production. The particles were dried and then dry packed into
a 10 mm inner diameter (i.d.) glass chromatography column (Kinesis USA, Malta, NY) by
funneling them through a PTFE tube (7/16” i.d., 1/2” outer diameter (o.d.), McMaster-Carr,
Atlanta, GA) that was continuously raised to maintain the tube outlet approximately 1 cm above
the forming bed. During packing, the side of the column was tapped with a plastic rod to settle
the forming bed. After each subsequent 5 cm of bed formed, the column was tapped vertically
for further consolidation. After a 50 cm long glass column had been filled, a second 40 cm glass
column was joined using a 10 mm column packing sleeve union (Kinesis USA, Malta, NY) and
filled the same way. A 10 μm stainless steel (SS) mesh frit (TWP, Inc., Berkeley, CA) was
inserted into an adjustable endfitting (Kinesis USA, Malta, NY) placed at the inlet, which was
then tightened to compress the bed and limit unpacked volume. A non-adjustable fitting was
used at the outlet, where SS frit of the same size was secured in place using a light application of
silicone adhesive sealant (DAP Products, Baltimore, MD). Mobile phase delivery was achieved
using a Waters 600 Quaternary HPLC pump (Waters Corp., Milford, MA). During column
preparation, the pump was connected to the column inlet with 0.0625 in. i.d. PTFE tubing and
the column was filled with deionized water (Nanopure ultrapure water system (Barnstead
International, Dubuque, IA) at 2 mL/min. Once filled, the flow rate was increased to 8 mL/min
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to further consolidate the packed bed. Any inlet gaps generated during this step were eliminated
by further tightening of the adjustable inlet fitting. The final column length after consolidation
was 86 cm.
During analysis, the pump was connected to a six-port VICI electronic injector (Valco
Instruments, Co., Inc.) with a 0.1 mL sample loop. The inlet fitting was then connected to the
injector using 30 cm of 0.254 mm i.d. PEEK tubing. The column outlet was coupled to a 60 cm
length of 660 μm o.d., 300 μm i.d. fused-silica capillary (Polymicro Technologies, Phoenix, AZ)
with a detection window made by removing a section of the polyimide coating. A Linear
UV/Vis 200 detector (Thermo Scientific, Waltham, MA) was used for UV absorbance (turbidity)
at 215 nm. The mobile phase used during analysis was 1 mM ammonium hydroxide (ACS
grade, Fisher Scientific, Hampton, NH) and the flow rate was set at 4 mL/min (to ensure the
system pressure did not exceed the glass column tube limit of 600 psi). 30 minutes (~5 column
volumes) of column flushing were needed at the start of each day to bring the pH of the mobile
phase measured at the outlet to ~10. At the end of use, the column was thoroughly flushed with
deionized water (over one hour) before shutting down the system in order to reduce the pH and
prevent column degradation.

4.3.2 HDC Analysis and Refinement of Silica Particles
Nonporous silica (NPS) size standards (Fiber Optic Center, Inc., New Bedford, MA) of
0.5 μm, 1.0 μm, and 1.5 μm were slurried in the mobile phase at concentrations of 0.2, 1.2, and
5.0 mg/mL, respectively. To each slurry, urea (ACS grade, Sigma Aldrich, St. Louis, MO) was
added to serve as a dead time marker for the column. BEH particles of 1.0 μm nominal diameter
were obtained from Waters Corporation and prepared at a slurry concentration of 10 mg/mL in
the mobile phase. All slurries were sonicated prior to injection. Particle size distribution (PSD)
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values for HDC fractions of the BEH material were determined by scanning electron microscopy
(SEM) with a Hitachi S-4700 cold cathode field emission SEM equipped with a Through the
Lens (TTL) detector (Tokyo, Japan). Images were evaluated using Image J analysis software
(http://imagej.nih.gov/ij/) to measure the particle size, then statistical analysis was conducted in
Microsoft Excel and transferred to Igor Pro 6.0 (Wavemetrics, Inc., Lake Oswego, OR) for
graphical presentation. Peak resolution was calculated from the basewidth of Gaussian peak fits
(Equation 1-7). The same general process used for the size-refinement of the 1.0 μm BEH
particles was also applied to the 1.2 μm USP particles, with a second refinement of the initial
collected material conducted to further remove fines from the batch.

4.4

Results and Discussion

4.4.1 Separation of Nonporous Silica Size Standards by HDC
In the previous preparative HDC method, acetone was utilized as the mobile phase in
order to size refine silica packing materials that had been bonded with C18.29 However, this
required the column to be conditioned with four separate mobile phases (including buffer and
surfactant washes) prior to separation. This conditioning then had to be repeated approximately
every twelve hours. Additionally, when simultaneously injecting multiple standards of varied
size, separation efficiency decreased and peaks remained unresolved. This was attributed to
particle aggregation occurring during the separation process, which changed the effective size of
the particles over the length of the column and resulted in a broad eluted peak. In the current
work, to prevent such agglomeration, bare NPS particles of 0.5, 1.0, and 1.5 μm were suspended
in 1 mM ammonium hydroxide (pH ~ 10) to provide the particles with a negative surface charge
to increase repulsion. An overlay of these three particle sizes injected onto a 86 cm x 10 mm i.d.
HDC column using 1 mM ammonium hydroxide mobile phase is shown in Figure 4-8 (with urea
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serving as a dead time marker). Based on Equation 4-14, particles in the 0.5 – 1.5 μm size range
will have τ values between 0.88 and 0.94 in this column, which matches well with the values
found from Figure 4-8 (0.89, 0.91, and 0.93 for 1.5, 1.0, and 0.5 μm particles, respectively). The
slight deviations from the exact τ expected for each particle are most likely due to the complex
nature of HDC separations which general theory does not account for, including double layer
repulsion and colloidal forces.27,34,36-38 This is particularly true when both the analyte particles
and packing materials have negatively charged surfaces (the case when using ammonium
hydroxide as a mobile phase).
In the previous study, there was a significant difference in measured peak signal for
different particle sizes.29 One source of this signal difference is related to the relative amount of
particles in solution when preparing slurries on a weight basis (as was done previously). As
particle diameter is cut in half, the number of particles increases by a factor of 8 for the same
given mass. This can be seen in Figure 4-8, where the concentration of 1.5 μm particles was 25
times larger than that of the 0.5 μm particles in order to achieve the same peak height. Although
not exact, the turbidity signal seems to have a strong correlation with the number of particles
present. Another cause of reduced signal for larger particles was due to the frit choice used in
column preparation. In the previous report, the end fittings were implemented with
manufacturer-provided polyethylene (PE) frits (Figure 4-9A). When using columns packed with
these frits, repeated injections of particles 1.5 μm or larger led to both signal reduction and
increased back pressure. Examination of used frits with SEM showed significant silica particle
build-up in the porous frit material (Figure 4-9B). To reduce particle entrapment at the column
inlet, a 10 μm SS wire mesh frit (Figure 4-9C) was purchased separately and inserted into the
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fitting. With the SS frit, both the backpressure increases due to frit clogging and signal loss were
greatly reduced, even though the nominal pore size was less than half that of the PE frit.
Higher resolution is critical when separating particles on a preparative scale because it
ensures that sample fractions collected at the outlet have a narrower PSD. To improve resolution
in HDC, one can reduce the size of the packing material and increase the column length.34
Fundamentally, the choice of packing material size is limited relative to the particles being
separated and thus, longer columns are the only option. As described in Section 4.3.1, the 86 cm
long HDC column was packed by joining 50 cm and 40 cm segments of glass tubing together. In
Figure 4-10, separations of 0.5 and 1.5 μm NPS spheres on the column before and after the
addition of the 40 cm segment are shown (bed lengths of 47 and 86 cm, respectively). For the 47
cm column, N (based on the urea dead time marker) was ~2700. This value grew to 5500 when
the column length was extended to 86 cm, which clearly improved the resolution between the
two particle peaks. This shows the benefits of increased column length (and thus N) in HDC.
For 0.5 and 1.5 μm particles injected at the same time, the peaks have an approximate
resolution of 0.86 (Figure 4-11). The calculated resolution (based on Gaussian fits to the peaks
shown in Figure 4-8) for 1.0 μm particles is better with 0.5 μm particles (0.42) than with the 1.5
μm particles (0.34), most likely due to a difference in relative size shift in each comparison (a
doubling in size going from 0.5 μm to 1.0 μm particles while only a 50% increase from 1.0 μm to
1.5 μm particles). When all three particles are mixed (Figure 4-12), a more complex peak shape
is observed although there are still clear peak shoulders demonstrating an effective dynamic
range. Using the earlier acetone method, a 192 cm column (theoretically more than doubling the
efficiency) of the same diameter gave a resolution of 0.48 between 0.6 μm and 1.1 μm nonporous
silica spheres, but subsequent injections led to these peaks co-eluting (resolution decreased to
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0.36) due to particle aggregation and column deconditioning.39 Using ammonium hydroxide
yielded much higher consistency across multiple injections. As described above, the 86 cm
column had N ≈ 5500, giving H of ~156 μm and h of 4.6. The 192 cm column packed for the
acetone method gave N ≈ 9800 (h of 5.8)39 and the previously reported29 25 mm i.d. column had
N of ~3000 (h of ~1.6). Theoretical descriptions of HDC where broadening is dominated by
convective mixing (which is the case for the flow rates used in preparative HDC) suggest a value
for h of 1.4.27 These efficiency values indicate that improvements to column packing (especially
in longer columns) to increase N may be one of the key factors needed for further advances to
this technique.40

4.4.2 Size Refinement of 1.0 μm BEH Particles by HDC
The synthesis of fully porous particles produces a wide PSD23, so further refinement must
be carried out for improved chromatographic performance.29 Because these particles are still
widely used in ultra-high pressure liquid chromatography (UHPLC) applications, reduction of
the relative standard deviation (RSD) of the PSD by HDC is desirable. A chromatogram for the
injection of 1 mg (0.1 mL of a 10 mg/mL slurry) of nominally 1.0 μm BEH particles (1.02 ± 0.24
μm as measured by SEM) is shown in Figure 4-13. Four fractions of 0.8 mL (12 s) each were
collected from the column. Because particles elute earlier than the column dead time in HDC, a
second slurry aliquot can be injected during the run time. A series of 10 consecutive injections
(each 4 min apart) is shown in Figure 4-14, where 10 mg of raw material was refined in under 45
minutes.
Figure 4-15 shows histograms of the four fractions (approximately 100 particles
measured by SEM for each plot) with a histogram of the raw BEH material on top. As the eluted
volume increases, the average particle diameter decreases (1.24 ± 0.18 μm, 1.13 ± 0.18 μm, 0.98
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± 0.16 μm, and 0.88 ± 0.15 μm for fractions 1-4, respectively). While the raw material has a
wider size distribution of 24% RSD, these fractions have reduced distributions of 15-17% RSD,
an average improvement of 33%. Similar size refinement (33% improvement in percent RSD)
was seen for the first peak fraction collected for 0.76 ± 0.24 μm BEH particles using the acetone
method, but by the third fraction there was no discernible improvement in RSD.29 Decreased
peak tailing in the current column and less particle trapping on the inlet and outlet frits (which
would lead to some larger particles being eluted later than expected) are the probable reasons for
lower RSD values of later fractions collected in the current HDC method.
Because the main purpose of this HDC technique is preparative clean-up of
chromatographic material, throughput is a vital aspect to consider. If fractions 1 and 2 collected
throughout the run shown in Figure 4-14 are combined, 5 mg of 1.18 ± 0.19 μm (16% RSD)
BEH material is obtained (a similar yield to the previous study29). While the packing material
from the acetone method was already bonded with C18, the ammonium hydroxide method
requires bare silica. In our experience, 5 mg is difficult to bond successfully using standard
techniques19 because material can easily stick to glassware and be lost during washing steps.
Consequently, many consecutive runs of HDC would be required in order to accumulate a
sufficient amount of particles to both bond and then pack into columns with high slurry
concentrations (making low throughput the key disadvantage of this current method).

4.4.3 Size Refinement of 1.2 μm USP Particles by HDC
A similar experiment to that conducted on BEH particles described in Section 4.4.2 was
performed for the 1.2 μm USP particles. Figure 4-16 shows a chromatogram representing
particle elution. The front half of the peak was collected as it contained the desired material
while the fines that eluted at the tail of the peak were removed from the sample. Because of the
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different particle morphologies, particle sizes (and RSD values) were calculated for each particle
type and for the entire fraction. In Figure 4-17, average particle sizes (and standard deviations)
for both of the fractions collected in Figure 4-16 (as well as the injected raw material that was
used in the column described in Section 4.1.3) are shown. The material collected from the front
half of the peak has fewer fines than the initial fraction and is enriched in the desired
macroporous material, while the tail of the peak has a higher percentage of fines than the injected
raw material does. This indicates that HDC can be applied to the USP particles for the removal
of fines in order to reduce the flow resistance of columns packed with the material. A
comparison of the macroporous particle PSDs for the raw material and the first fraction shown in
Figure 4-17 does demonstrate one experimental artifact of the HDC size refinement. The
average particle size of the macroporous particles in the raw material is 1.47 μm (± 25% RSD)
while the same particles are only 1.30 μm (± 15% RSD) in the fraction collected from the front
of the peak. In the raw material, there are macroporous particles in the 1.0-2.5 μm that lead to a
rather wide PSD. During HDC, some of the largest particles (dp > 1.5 μm) are trapped on the
inlet frit, which reduces the average size of the macroporous particles in the fraction but also
decreases the PSD (which can help performance in capillary LC columns29).
Material size-refined by HDC can be re-injected to further remove fines and reduce the
RSD. The average particle sizes (and standard deviations) for the raw USP material and the
collected fractions after being run once and twice through the HDC column are shown in Figure
4-18. As the material is refined by multiple HDC runs, the fraction of macroporous particles in
the batch increases further while the number of fines continues to decrease. Additionally, the
RSD of the batch goes from 30% to 14% following the two refinements. A comparison of raw
USP particles to USP particles following two HDC refinement steps is made visually (by SEM)
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in Figure 4-19. The raw material clearly contains many more mesoporous fines than the refined
material. However, as approximately half the material is lost with each injection (since only the
front half of the peak is collected), then only 2.5 mg are obtained for every 10 mg injected (with
an approximate refinement time of 2 hours for each 10 mg aliquot of raw material). Nonetheless,
the desired removal of fines from the USP particle batch can be achieved by preparative HDC.

4.5

Conclusions
The use of perfusive sub-2 μm macroporous silica particles (synthesized by USP) as

stationary phase supports in capillary UHPLC shows promise based on the preliminary results
presented here. Such particles would be most effective for separating biomolecules because of
their improved intraparticle diffusivity, although more progress must be made before such
studies are conducted. Most pressing is the need to remove small, mesoporous fines in the USP
particle batch, which can be achieved by preparative HDC. It was found that when separating
bare silica particles, the use of dilute ammonium hydroxide as the HDC mobile phase enabled
improved, more reproducible separations for NPS, BEH, and USP particles. However, when
trying to size-refine sub-2 μm chromatographic packing material, HDC throughput is a limiting
factor (based on minimum amounts needed for particle functionalization).
In order to improve the throughput, several factors can be considered. Improved column
packing techniques will increase HDC resolution allowing for narrower PSD ranges in collected
material.40 Pressure limitations of the glass tubes utilized here lower the maximum flow rates
that can be used safely, even moreso if column diameter increases to accomodate larger injection
volumes. HDC band broadening is essentially unchanged at high flow rates,27 so samples should
be run as fast as possible. By employing stronger column bodies (such as stainless steel40), the
maximum operating pressure will increase significantly and allow for higher particle throughput.
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Even with such improvements, this technique is likely limited to yields more amenable to
capillary LC as obtaining the kilogram-scale batches used for larger bore columns would be
highly impractical.
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4.6

FIGURES

Figure 4-1. Representation of a perfusion chromatography particle. Adapted with permission
from Afeyan, N. B., Gordon, N. F., Mazsaroff, I., Varady, L., Fulton, S. P., Yang, Y. B.,
Regnier, F. E. Journal of Chromatography, 1990, 519, 1-29. Copyright 1990 Elsevier.
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Figure 4-2. SEM image of a macroporous USP particle.
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Figure 4-3. SEM image of USP raw material highlighting three particle morphologies:
macroporous (green), hybrid (or Janus, yellow), and mesoporous (red).
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Figure 4-4. Chromatogram of a mixture of four electrochemically active analytes (ascorbic acid
(AA), hydroquinone (HQ), catechol (CAT), and 4-methyl catechol (4MC)) run on a 19 cm x 75
μm i.d. capillary column packed with 1.2 μm (nominally) USP particles bonded with C18. The
mobile phase was 80/20 (v/v) water/acetonitrile with 0.1% trifluoroacetic acid and the inlet
pressure was 22 kpsi. Measured plate counts (N) are shown for each peak.
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Figure 4-5. H-u curve of hydroquinone measured on a 19 cm x 75 μm i.d. capillary column
packed with 1.2 μm (nominally) USP particles bonded with C18. The mobile phase was 80/20
(v/v) water/acetonitrile with 0.1% trifluoroacetic acid. Inlet pressures ranged from 7.9 to 38
kpsi.
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Figure 4-6. Flow resistance comparison of a 19 cm x 75 μm i.d. capillary column packed with
1.2 μm (nominally) USP particles bonded with C18 to theoretical curves for columns of the same
dimensions packed with 0.5, 1.0, and 1.5 μm porous (assumed εi = 0.4 and εt = 0.7) particles
calculated by the Kozeny-Carman equation (Equation 1-32).
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Figure 4-7. Depiction of hydrodynamic chromatography of two particles in a capillary tube
where rc represents the capillary radius and rp represents the particle radius (rp,1 > rp,2). Adapted
with permission from Striegel, A. M., Brewer, A. K., Annual Review of Analytical Chemistry,
2012, 5, 15-34. Copyright 2012 Annual Reviews.
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Figure 4-8. Three overlaid HDC chromatograms of 0.5, 1.0, and 1.5 μm silica size standards
(urea dead time marker in each run) with 0.2, 1.2, and 5.0 mg/mL sample concentrations,
respectively. The glass HDC column was 86 cm x 10 mm diameter packed with 34 μm glass
beads, run at 4 mL/min in 1 mM ammonium hydroxide mobile phase.
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Figure 4-9. SEM images of the HDC polyethylene frit (A), a zoomed-in image of the
polyethylene frit showing trapped silica particles (B), and the replacement stainless steel mesh
frit (C).
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Figure 4-10. Separation of 0.5 and 1.5 μm NPS spheres (with urea dead time marker) on two 10
mm diameter HDC columns of different lengths packed with 34 μm glass beads. The red trace
is for a 47 cm long column and the blue trace is for a 86 cm (39 cm packed on top of the 47 cm
column) long column. Both runs were conducted at 4 μL/min (1 mM ammonium hydroxide
mobile phase), so the 47 cm column data has been scaled (based on the ratio of column dead
times).
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Figure 4-11. HDC chromatogram for the separation of 0.5 and 1.5 μm silica size standards (with
an added urea dead time marker). The glass HDC column was 86 cm x 10 mm diameter packed
with 34 μm glass beads, run at 4 mL/min in 1 mM ammonium hydroxide mobile phase.
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Figure 4-12. HDC chromatogram for the separation of 0.5, 1.0, and 1.5 μm silica size standards
(with an added urea dead time marker). The glass HDC column was 86 cm x 10 mm diameter
packed with 34 μm glass beads, run at 4 mL/min in 1 mM ammonium hydroxide mobile phase.
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Figure 4-13. HDC chromatogram for the refinement of 1.0 μm BEH particles. 1 mg was injected
(100 μL of a 10 mg/mL slurry) and four fractions (12 s each) were collected across the peak.
The glass HDC column was 86 cm x 10 mm diameter packed with 34 μm glass beads, run at 4
mL/min in 1 mM ammonium hydroxide mobile phase.
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Figure 4-14. A series of ten consecutive injections (at each dotted line, 4 minutes apart) of the
separation shown in Figure 4-13.
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Figure 4-15. Histograms representing ~100 particles sized by SEM for each HDC fraction
collected in Figure 4-13. Average size values (reported with one standard deviation) are: 1.0 μm
BEH starting material (A): 1.02 ± 0.24 μm; Fraction 1 (B): 1.24 ± 0.18 μm; Fraction 2 (C): 1.13
± 0.18 μm; Fraction 3 (D): 0.98 ± 0.16 μm; and Fraction 4 (E): 0.88 ± 0.15 μm.
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Figure 4-16. HDC chromatogram for the refinement of 1.2 μm USP particles. 1 mg was injected
(100 μL of a 10 mg/mL slurry) and two fractions (30 s each) were collected across the peak. The
glass HDC column was 86 cm x 10 mm diameter packed with 34 μm glass beads, run at 4
mL/min in 1 mM ammonium hydroxide mobile phase.
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Figure 4-17. Comparison of the particle size distributions of Fractions 1 and 2 collected in Figure
4-16 to the raw (pre-refined) 1.2 μm USP material. The percentage of macroporous, hybrid, and
mesoporous particles are shown for each fraction and the average size (± 1 standard deviation)
for each particle type. The average particle sizes (for the total fraction) are: 1.23 ± 0.23 μm
(Fraction 1), 1.25 ± 0.37 μm (Raw), and 0.97 ± 0.21 μm (Fraction 2).
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Figure 4-18. Comparison of the particle size distributions of the raw 1.2 μm USP material to
material collected following two separate steps of HDC refinement. The percentage of
macroporous, hybrid, and mesoporous particles are shown for each fraction and the average size
(± 1 standard deviation) for each particle type. The average particle sizes (for the total fraction)
are: 1.25 ± 0.37 μm (30% RSD, Raw), 1.23 ± 0.23 μm (19% RSD, Refinement 1), and 1.25 ±
0.17 μm (14% RSD, Refinement 2).
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Figure 4-19. SEM images of the unrefined, raw 1.2 μm USP particles and the same particles
following two refinement steps by HDC.
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CHAPTER 5. Thermal Broadening Effects in Sub-2 μm Fully Porous and Superficially
Porous Particle UHPLC Columns
5.1

Introduction

5.1.1 Viscous Heating in UHPLC
The problems associated with viscous heating at high flow rates in HPLC have been well
known for decades.1-3 Heat is generated in a column because of the friction of liquid flowing
through a bed of packed particles.4,5 This leads to the formation of axial temperature gradients
along the length of the column (the temperature is warmer at the outlet than the inlet) and radial
temperature gradients from the column center to the column wall (the fluid at the center of the
column is warmer than the fluid at the walls). The rate of heat dissipation, or power, is equal to
the product of the flow rate (F) and pressure drop (ΔP)6:
Power  FP

(5-1)

In HPLC, column flow rates near the optimal mobile phase velocity are usually in the range of 12 mL/min (in a 4.6 mm diameter column) using 3-5 μm particles. To prevent excessive heating,
the pressure limit for nearly all HPLC instruments was set at 400 bar.7 When this pressure limit
was first exceeded ten-fold in UHPLC, frictional heating generated by flowing through a bed of
sub-2 μm particles was avoided by using capillary columns.6,7 The lower flow rates (100-300
nL/min) only generated power in the mW range (as opposed to the Watts that would be
generated in a 4.6 mm diameter column) and the larger surface area-to-volume ratio allowed for
better heat dissipation (although not as significant to the overall problem as the reduced flow
rate). When UHPLC was initially commercialized as UPLC by Waters Corporation, a
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compromise between these two ranges was made where column diameter was decreased by half
(giving optimal mobile phase velocities for sub-2 μm particles at flow rates in the 0.2-1 mL/min)
and the pressure limit was more than doubled (up to 1,000 bar).8 At lower flow rates and
pressures in this range viscous heating would be negligible but become problematic as the
pressure limit is approached at higher flow rates. The rapid adoption of these columns in the
separations community has led to a renewed interest in understanding how this heating impacts
chromatographic efficiency.9,10
The axial temperature change over the length of a column for an adiabatic system is
estimated by the following equation11:

TL 

1  T T
P
cp

(5-2)

where T is the average temperature, αT is the thermal expansion coefficient of the solvent, and cp
is the specific heat capacity of the solvent. This simple description becomes more complex when
taking into account the various properties of mobile phase solvents (usually a mix of water and
either acetonitrile or methanol) and the non-adiabatic environment of most LC instruments. An
in-depth study on temperature profiles was conducted by Gritti and Guiochon to observe how the
axial and radial heat gradients develop in UHPLC columns packed with sub-2 μm particles.11 In
the axial direction, heat is transferred through both diffusion and convection, but diffusive heat
transfer dominates in the radial direction. While the amplitude of the radial temperature gradient
(ΔTR) cannot be measured easily, it can be predicted for a column of length L under isothermal
conditions (at temperature T) as such12:
TR  (1   T T )

FP
4 p L

(5-3)
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with δp equal to the thermal conductivity of the packed bed (including solvent). This can greatly
reduce separation efficiency because it leads to the formation of a higher temperature region at
the column center and a cooler temperature region near the column wall. In the column center,
the warmer mobile phase has a reduced viscosity leading to a higher average linear velocity than
that found at the wall.11 This higher temperature also reduces analyte retention in this region,
causing molecules near the column center to spend more time in a faster mobile phase than
molecules near the wall.7 Both of these effects result in a larger transcolumn velocity bias that
can magnify broadening.

5.1.2 Superficially Porous Particles as a Solution to Viscous Heating
An important step forward in LC stationary phase technology came in 2006 with the
release of sub-3 μm superficially porous particles (SPPs).13 These particles contain a solid core
(usually 70-80% of the total particle diameter) surrounded by a thin porous layer. By including a
solid-core, the mobile phase fraction of the column is decreased which reduces the longitudinal
diffusion broadening in the column (B-term).13 Eddy dispersion broadening (A-term) has also
been reported to decrease ~40% in SPPs, but the exact reasons for this improvement have still
not been uncovered (although it has been suggested that it may be due to improved packing
enabled by the rougher surface of these particles compared to fully porous particles (FPPs)).13
Multiple studies have compared sub-2 μm FPPs and SPPs and concluded that broadening
due to thermal effects is lower in columns packed with SPPs.14-16 This was attributed to a
difference in thermal conductivity in the particle types because of the solid core. In Equation 53, the magnitude of the radial thermal gradient is inversely related to the thermal conductivity of
the packed bed. The thermal conductivity of a medium (δm) consisting of two components with
their own inherent thermal conductivities (δm,1 and δm,2) is15:
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(5-4)

with ϕm,1 and ϕm,2 representing the volume fractions of each component. By adding components
to the thermal conductivity step-wise (particle, bonded phase, intraparticle mobile phase, and
interparticle mobile phase), a chromatographic bed packed with SPPs is calculated to have a
thermal conductivity over twice that of a bed packed with FPPs when acetonitrile is used as the
mobile phase.14,15 This increase is attributed to the large core found in the SPPs which increases
the volume fraction of the silica (the thermal conductivity of silica is 1.4 W/m/K while that of
acetonitrile is 0.2 W/m/K).
In this study, columns packed with prototype sub-2 μm SPPs developed by Waters
Corporation were tested for efficiency and compared to sub-2 μm high strength silica (HSS) FPP
columns that are produced by the same company. These prototype SPPs (now available as a
slightly modified commercial product under the CORTECS brand name17) are one of the
smallest SPPs available from a major instrument company. Effects of viscous heating on column
efficiency were tested and axial temperature changes were measured to compare the magnitude
of these effects on different column types. Different thermal environments for columns were
explored to see if column performance could be improved. Finally, effects from thermal
broadening that might occur during gradient elution were examined.

5.2

Materials and Methods

5.2.1 Chemicals
For both thermal measurements and column performance analysis, chromatographic
columns were run in mobile phases consisting of various mixtures of Optima LC-MS grade
water, acetonitrile, 0.1% trifluoroacetic acid in water, and 0.1% trifluoroacetic acid in
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acetonitrile, all obtained from Fisher Scientific (Fair Lawn, NJ). In isocratic experiments, test
compounds were thiourea (Sigma Chemical Company, St. Louis, MO) and hexadecanophenone
(TCI America, Portland, OR). In gradient experiments, the MassPREP Peptide Mixture from
Waters Corporation (Milford, MA) was used as a test mixture.

5.2.2 Chromatographic Columns and Instrumentation
A set of 5 cm (2.1 mm diameter) and 15 cm (1.0 and 2.1 mm diameter) stainless steel
columns containing various sub-2 μm particles were prepared by Waters Corporation (Milford,
MA). Columns packed with HSS particles are commercially available and were provided by
Martin Gilar (Waters Corp.). The SPP columns were packed with prototype materials (one for
the 2.1 x 50 mm column and another for the 2.1 x 150mm column) and were provided by Kevin
Wyndham (Waters Corp.). SEM images of these particles (obtained with a through-the-lens
(TTL) detector on a Hitachi S-4700 cold cathode emission SEM (Tokyo, Japan)) are shown in
Figure 5-1. Descriptions of the three packing materials can be found in Table 5-1. For all
columns, the stainless steel hardware (column body and end-fittings) was identical for a given
inner diameter and length.
A Waters Acquity UPLC system (Milford, MA) was used for all experiments in this
chapter. The instrument is equipped with a Binary Solvent Manager that can generate pressures
up to 15,000 psi and flow rates up to 2.0 mL/min. The Acquity Sample Manager includes a sixport injection valve (these experiments utilize the partial loop with needle overfill injection
mode) and an embedded column oven (set at 303 K). For isocratic experiments, 1 μL was
injected from a 2 μL sample loop and for gradient experiments, 6 μL was injected from a 10 μL
sample loop. A Waters Photodiode Array Detector was used for analyte detection. The data
acquisition rate was set to 10, 20, 40, or 80 Hz based on the total run time and file size
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limitations, but at least 40 points were collected per peak in all experiments. Isocratic
chromatograms (small molecule analytes) were measured at 254 nm and gradient chromatograms
(peptide analytes) were measured at 214 nm.

5.2.3 Temperature Measurement and Control Methods
Column mobile phase temperature measurements were made using a Type-T (CopperConstantan) HYP-0 mini-hypodermic (.008” diameter) thermocouple probe (Omega
Engineering, Stamford, CT) inserted into a 1.5 cm segment of 0.015” inner diameter PEEK
tubing (Idex Health and Science, Oak Harbor, WA) connected to the column outlet (Figure 5-2).
The thermocouple probe was positioned into the tubing segment so that the end was adjacent to
the outlet frit. Thermocouple data was acquired using a OM-EL-USB-TC USB Thermocouple
Data Logger with EasyLog USB software (Omega Engineering, Stamford, CT). With both
techniques, the raw temperature data (resolution of 0.5 K) was smoothed by data averaging to
reduce the measurement noise while tracking temperature shifts. For measuring temperature
changes during gradient runs, the average temperature observed over the course of the mobile
phase gradient was reported.
The effects of insulation and water cooling were studied using external column jackets.
The column insulation jacket (Figure 5-3) was constructed by cutting a 1” diameter (3/4” inner
diameter) polycarbonate tube (McMaster-Carr, Elmhurst, IL) to approximately 13 cm (leaving
enough space to place a wrench on each end fitting) and then drilling fitting holes into push-on
rigid plastic caps (McMaster-Carr, Elmhurst, IL) placed on each end of the tube. The column
was placed into the tube, which was then filled with insulating Lumira Aerogel particles received
from Aerogel Technologies (Boston, MA). The water flow jacket (Figure 5-4) consisted of a
3/4” diameter (5/8” inner diameter) glass tube with two tube connectors constructed by the UNC
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Glass Shop. Approximately 2-3 L/min recirculating water flow was supplied to the jacket by a
M60A submersible aquarium pump (Beckett, Norfolk, VA) placed in a large water basin that
was temperature controlled to 300 K using a Fluval M-100 submersible glass aquarium heater
(Hagen, Mansfield, MA).

5.2.4 Chromatographic Efficiency Experiments
For isocratic experiments, 100% acetonitrile mobile phase was used to measure
chromatographic efficiency of hexadecanophenone on the set of columns described above. Flow
rates ranged from 10 μL/min to 1.6 mL/min based on maximum flow rates for each column at
the instrument pressure limit. Between each run, the column was equilibrated for 10 minutes to
ensure stable temperatures and reduce effects from the thermal history of the column. Columns
were placed in the Sample Manager column oven at 303 K to prevent changes in room
temperature from affecting the column temperature. Reduced plate heights and velocities were
calculated as described in previous chapters with the Wilke-Chang equation (Equation 3-24e)
used to estimate molecular diffusion coefficients in the mobile phase. The peak’s second central
moment (variance) was corrected for extra-column band broadening by replacing the column
with a zero-dead volume union (Valco, Houston, TX) and subtracting its measured peak variance
from the original variance value.
For gradient experiments, a sample vial of Waters MassPREP Peptide Mixture was
reconstituted in 100 μL of 0.1% trifluoroacetic acid in water. Gradient slope was 1-50% B (A:
optima-grade water with 0.1% trifluoroacetic acid, B: optima-grade acetonitrile with 0.1%
trifluoroacetic acid) with times selected to give a ~2.5% change in B per column volume. Peak
capacity calculations will be described in Section 5.3.5. For these runs, the column was placed
in the column oven at 303 K and no corrections were made for extra-column band broadening.
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For peak identifications of the mixture, a Waters ZQ mass spectrometer was used (Capillary
Voltage: 3 kV, Cone Voltage: 35 V, Source Temperature: 150 °C, Desolvation Temperature: 300
°C, Extractor Voltage: 1 V, RF Lens, 0.1 V) over a m/z range of 100 – 2,000.

5.3

Results and Discussion

5.3.1 Column Temperature Measurements
To track how viscous heating affected the temperature profile of UHPLC columns, a
method from a previous study18 using a hypodermic thermocouple probe for outlet mobile phase
temperature measurements was utilized. The probe was placed into a short length of PEEK
tubing connected to the column outlet (Figure 5-2) and the temperature data was acquired at 1 Hz
using a portable USB data logger. After working with the probe to determine the best methods
for measuring mobile phase temperature, it was determined that using 100% acetonitrile as the
mobile phase allowed for the largest range of flow rates to be tested without exceeding the
instrument pressure limits. Additionally, the thermal conductivity of pure acetonitrile (δMeCN =
0.20 W/m/K) is lower than that of mobile phases that contain water16 (δwater = 0.61 W/m/K) so
the temperature increases will be higher at a given power when compared to a binary mobile
phase. Figure 5-5 shows the comparison of temperature measurements that were made at six
points from 250 μL/min to 1,500 μL/min on 2.1 x 50 mm columns packed with HSS and SPP
particles. Each time the flow rate was increased, the column was equilibrated for 20 minutes to
ensure that the recorded temperature was representative of the steady state value (most of the
change in temperature occurred during the first ten minutes after each change in flow rate).
Temperature measurements were made in still air (unless otherwise noted) to replicate the still
air environment of the Acquity oven. Plots such as those shown in Figure 5-5 were generated for
the variety of column types and conditions that are described in the following sections. In the
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subsequent figures shown in this chapter, differences in pressure at each flow rate are normalized
by comparing the temperature change to the generated power (calculated from Equation 5-1).

5.3.2 Effect of Particle Structure on Performance and Temperature
The initial motivation for this study was comparing the efficiency of Waters Corporation
columns packed with new prototype SPPs to previously available columns packed with FPPs.
Corrections for extra-column band broadening (ECBB) must be made when using commercial
instruments for efficiency testing (see Chapter 6 for further discussion). For these experiments,
the contribution from the instrument was accounted for by the common method19 of replacing the
column with a ZDV fitting and subtracting the peak variance from the variance measured while
the column was in place. A comparison of both measured and corrected h-v data collected on a
2.1 x 50 mm SPP column is shown in Figure 5-6. Although the injection volume and tubing
diameters are minimized to reduce extra-column effects, it is clear that there is still a significant
contribution to band broadening caused by the instrument. To fairly compare the columns tested
in this study, such corrections were made for all isocratic experiments.
Figure 5-7 is a comparison of h-v curves for 2.1 x 50 mm columns packed with HSS and
SPP particles. As with the temperature measurements, acetonitrile was used as the mobile phase
for efficiency testing because it enabled the highest flow rates attainable with the given
instrument pressure limit (15,000 psi). The high strength of this mobile phase required an
analyte with significant retention on reversed phase coatings; it was found that
hexadecanophenone gave k’ values in the 2.5-5 range, which was appropriate for these tests. The
SPP column had the lower measured hmin value of 1.6 and showed overall better performance up
to the flow rate maximum. In terms of thermal broadening, a general empirical rule indicates
that once the generation of heat surpasses 4 W/m that column efficiency is negatively affected
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due to thermal broadening20 and leads to a parabolic-like increase in h.12 In these columns that
threshold is exceeded once the flow rate reaches 600 μL/min (v ≈ 5), even though a sharp
increase in h past this point is not seen for either particle type. For 5 cm long columns it has
been suggested that while the radial thermal gradient increases at higher flow rates, the thermal
entrance length also increases.20 The thermal entrance length is defined as the axial distance
along the column required for the radial thermal gradient to reach its equilibrium state.2 In these
experiments, the mobile phase enters the column at room temperature while the column
temperature is growing with increasing mobile phase flow rates. If this thermal entrance length
is longer than the column length (which can be the case at high flow rates in 5 cm columns), then
the axial thermal gradient dominates and broadening due to the thermal radial gradient is
relaxed.11
The reported thermal conductivity benefits of SPPs should lead to lower increases in
mobile phase temperature than FPPs when the same power is generated. The temperature, flow
rate, and pressure data from Figure 5-5 was used to calculate the power generated (Equation 5-1)
and compare its value to the temperature change in Figure 5-8. Columns packed with particles
having different thermal properties would be expected to have different curves on such a plot,
but both column types followed the same temperature trend here. This was unexpected because
of the higher calculated thermal conductivity of the bed packed with SPPs than with FPPs, as
discussed earlier. One thing that must be considered when evaluating the entire thermal nature
of these columns is the stainless steel column body, which is identical for both columns.
Stainless steel has a thermal conductivity of 15 W/m/K which well surpasses that of either the
stationary or mobile phase.11 Even if there is a slight difference in how fast the heat generated
due to friction moves from the column center to the wall, the significantly higher thermal
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conductivity of the column body removes some of this heat to the surrounding environment at
the same rate in all cases. Additionally, it has been stated that the large size of the stainless steel
outlet endfittings can have a noticeable impact on thermal gradients18 and because the column
body was identical for both particle types it may have dominated any discernable differences.
One other impact of viscous heating that was examined for the two particle types was the
change in analyte retention expected with increased temperatures.5,10 In Figure 5-9, a plot of k’
vs. flow rate shows that retention decreases for both 2.1 x 50 mm columns as the flow rate
increases. At the maximum flow rate achieved with the instrument pressure limitation, the k’ of
hexadecanophenone dropped 1.31 (26%) for the HSS column and 1.19 (32%) for SPP column
when compared to the initial measured value for each column (measured at 25 μL/min). Reports
have indicated that k’ slightly increases at higher pressures4,21, but temperature changes in excess
of 10 K outweigh this effect and lower the retention. For single-analyte isocratic efficiency
studies, this retention change did not have a significant impact on the chromatogram. However,
with complex mixtures there could be significant changes in both peak resolution and elution
order that must be accounted for when encountering viscous heating.5

5.3.3 Effect of Column Dimensions on Performance and Temperature
After comparing thermal broadening effects on different particle types and observing that
the column body may have more impact than the particle structure, tests were conducted to see
how changes to the body dimensions affected efficiency and thermal broadening. Columns
packed with HSS particles in different lengths and diameters were readily available so they were
selected for further analysis. As mentioned previously, it is possible that the increasing thermal
entrance length at high flow rates could balance radial thermal gradients that induce band
broadening. However, in longer columns the radial thermal gradient effect should dominate
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which would lead to the predicted parabolic h-v curves.20 To test the effect of column length,
column efficiency and thermal characteristics of 5 and 15 cm columns (both 2.1 mm in diameter)
packed with HSS particles were measured.
When first measuring the efficiency of these longer columns, it was found that extracolumn effects were diminished when compared to the measured efficiency. In Figure 5-10, the
h-v curves for the raw data and the data corrected for extra-column band broadening are nearly
equivalent, due to the increased volume in the 15 cm column compared to the 5 cm column.
However, the corrected efficiency values were still used for consistency in the comparisons
made. Column performance for the two lengths is plotted in Figure 5-11. The h values are
nearly identical for both columns, although slightly more curvature is seen for the 2.1 x 150 mm
column (pressure limits prevented analysis at higher v values where this efficiency loss may have
been more prevalent). It has been shown that when columns are placed in the Acquity column
oven, the system is nearly adiabatic.20 This reduces detrimental effects from radial thermal
gradients and leads to similar h-v curves for columns of different lengths20 which was most likely
the case here.
Mobile phase temperature measurements taken at the end of the column actually show
lower temperatures than those observed for a 5 cm column (Figure 5-12). This is due to radial
heat loss occurring over a longer column (and thus, larger surface area) which decreases the
temperature measured at the outlet. Such an effect becomes noticeable once the column is longer
than ~10 cm.11 In terms of retention change due to viscous heating, k’ values for both column
lengths decreased by ~20% at the highest flow rates attainable at the pressure limit (Figure 5-13).
With the longer column, the drop-off of k’ occurs at a faster rate and a similar reduction is seen
at nearly half the flow rate (900 μL/min vs. 1,600 μL/min). In the shorter column, the mobile

146

phase temperature increase is higher than the longer column, but the overall run time is shorter at
flow rates near the instrument pressure limit. Thus, the accumulated effect of the raised
temperature on the average retention measured for the eluted peak is nearly equal for both
columns at this limit.
As described above, smaller diameters generate less heat mainly because lower flow rates
are used.7 Although not as common as 2.1 mm diameter columns, columns with a diameter of
1.0 mm are available with a variety of sub-2 μm stationary phase particles, including HSS. The
main drawback of these narrower columns is their greater efficiency loss due to ECBB when
used on instruments designed for use with larger diameters.23,24 A significant difference in h was
observed between the measured and corrected h-v curves shown for a 1.0 x 150 mm HSS column
in Figure 5-14. Although columns are corrected for the efficiency comparisons made here, these
effects are still present and are a clear drawback to using smaller diameters on standard LC
instruments.
When compared to the h-v curve of a 2.1 mm diameter column of the same length in
Figure 5-15, the 1.0 mm diameter HSS column shows very similar performance with a very
slight improvement in performance at the higher values of v. As in the case with the 2.1 x 50
mm column, the thermal environment of the column may mask differences in thermal
broadening. Also like the column length comparison, while expected efficiency differences were
minimized, temperature plots did show axial heating differences between the columns. The 1.0 x
150 mm column reaches the same v using only a quarter of the flow rate (225 μL/min compared
to 900 μL/min) near the instrument pressure limit, so the calculated power is also reduced to a
quarter of its value. In Figure 5-16, not only does the 1.0 mm diameter column have a slower
temperature increase than the 2.1 mm column due to its improved heat dissipation7, but the
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maximum temperature increase measured at the outlet is limited to 1.5 K because of the lower
flow rate. Furthermore, the drop in k’ between the lowest and highest flow rates of the h-v curve
is only 10% for the 1.0 mm diameter column while the 2.1 mm diameter column has a 20% drop
as stated previously (Figure 5-17). As was predicted during the initial development of UHPLC,
the use of smaller diameter columns clearly reduces viscous heating.6,7 However, there were no
noticeable benefits to column efficiency due to this reduced impact. Rather, extra-column
effects on the measured peak variance actually suggest the use of 2.1 mm diameter columns over
narrower columns when using the instrumentation described here.

5.3.4 Effect of Temperature Environment on Performance and Temperature
All of the previously discussed experiments were conducted using the standard Acquity
column oven where the column sits in a still-air chamber (set at 303 K, ~3 K above the ambient
temperature) that is somewhat insulated from the surrounding laboratory environment. Here, the
column is in contact with the air which allows for some heat escape over time even though air is
a relatively poor conductor of heat.20 As shown in the previous sets of experiments, this thermal
environment is helpful in reducing efficiency loss but may hide thermal broadening differences
between different column types. Reports have indicated that the radial thermal gradient can be
affected by the thermal environment that the column is placed in.9,18,20 Two conditions were
expected to modify the thermal broadening effect in columns where viscous heating is observed:
adiabatic and isothermal. Although a completely adiabatic system is experimentally unfeasible,
using an insulating column jacket can greatly reduce the amount of heat released from the
column radially.18 To accomplish this, an external tube jacket was fabricated that could be filled
with insulating Aerogel particles (with a thermal conductivity of ~0.01 W/m/K) that would
significantly decrease this heat transfer. To create an isothermal environment, a recirculating
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water bath (set at 300 K) was connected to a glass water jacket in a method similar to a previous
report.9
Three h-v curves for a 2.1 x 150 mm HSS column placed in the Acquity column oven, the
adiabatic insulation jacket, and the isothermal recirculating bath are shown in Figure 5-18. The
difference between the oven and the insulating jacket curves is minimal, indicating that
broadening due to thermal effects is similar. In the insulating jacket, since negligible heat can be
removed from the walls and is trapped in the column, the magnitude of the radial thermal
gradient is reduced while the axial thermal gradient grows.18 While more heat escapes into the
air of the column oven, the h values are nearly identical. This may be due to the fact that the
thermal conductivity of air, while twice that of aerogel, is still relatively low (0.02 W/m/K). This
confirms the previous observations of the Acquity column oven acting as a near-adiabatic
environment and limiting the negative impact of the radial thermal gradient. Differing from
these two conditions, when the column wall temperature is kept constant using a recirculating
water bath the column performance suffers dramatically at higher flow rates. At 900 μL/min, h
is nearly triple the value for the isothermal environment compared to the other two conditions.
Because of the water flow in the jacket, heat is removed significantly faster than in the other
cases which increases the magnitude of the radial thermal gradient when frictional heat is
generated in the column.9,22
Temperature measurements of the column eluent in Figure 5-19 show how changing the
radial heat flow from the column impacts the temperature increase due to viscous heating. By
using insulation to reduce heat transfer, the axial heat gradient increases as expected which gives
a higher temperature at the column outlet. Although the oven acts like the insulation, some heat
does still escape out of the column walls and reduces the amplitude of the axial thermal gradient.
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The temperature should not increase at all in an isothermal condition, although there is a 3 K
change seen at the highest mobile phase flow rates which means that a small amount of the
generated heat is not removed by the water recirculator at high column flow rates. These
different heat transfer conditions also lead to changes in how retention changes as heat is
generated in the column (Figure 5-20). The initial k’ values are slightly different because of the
2-3 K differences in initial temperature between the three methods. In the column oven, the k’
value drops 20% over the flow rate range while when the heat is trapped using the column
insulator it drops 26% from its initial value. Alternatively, in a near isothermal setting obtained
using the water jacket, the k’ increases 0.05 (1% from initial value) which suggests that the
expected increase in k’ due to high pressures4,21 may begin overcoming decreases in k’ that occur
due to viscous heating. While the efficiency for the isothermal column was significantly lower
than the other two columns at high flow rates, it is possible to better maintain peak elution order
when separating multiple analytes by keeping the temperature stable through efficient heat
removal.9
The use of the water jacket to create an isothermal environment maximizes the effects of
radial thermal gradients on efficiency20,22 which allows for a second comparison of thermal
conductivity differences between FPPs and SPPs. The water jacket both reduces the effects of
the stainless steel column body by improving heat transfer and eliminates the positive benefits of
the near-adiabatic still-air environment inside the Acquity column oven. In Figure 5-21, h-v
curves for 2 x 150 mm HSS and SPP columns are shown when tested in the Acquity column
oven and inside the flowing water jacket. As expected, the column efficiency of both particle
types drops when the radial thermal gradient is maximized. However, with the HSS particles,
these curves begin differing at a lower v value (and lower generated power) and by v ≈ 7, the
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difference in h between thermal environments is nearly 2.5 times greater for the HSS particles
than for the SPP particles. In terms of plate count, there is a 45% drop in N for the HSS particles
while only a 36% drop for the SPP particles when comparing the two thermal environments
around this reduced velocity. As improved thermal conductivity is expected to reduce the impact
of efficiency losses from radial thermal gradients (by decreasing its amplitude)15, this
comparison shows that the higher thermal conductivity of beds packed with SPPs can help
mitigate these losses.
Further indication of improved thermal conductivity for SPPs is shown in Figure 5-22.
As previously shown in Figure 5-8, HSS and SPP particles have similar temperature vs. power
plots in still air because of the dominant effects of the column body. However, when the water
jacket is used to improve heat removal from the column, differences between the particle types
are revealed. While the HSS column has an axial temperature increase of 3 K at 0.9 W of
generated power, the SPP column only shows 0.5 K increase up to 1.2 W. This means that the
heat that is generated in the center of the column due to viscous friction moves more quickly to
the column wall (where it is removed by the flowing water) in the SPP column than in the HSS
column. This suggests a decrease in the magnitude of the thermal radial gradient which leads to
the detrimental broadening effects. This improvement in heat removal can also be seen in the k’
measurements in Figure 5-23. In the Acquity column oven, k’ drops over time as the
temperature of the mobile phase grows. As discussed above, k’ is actually expected to increase
slightly at higher pressures due to changes in the retention equilibrium between the stationary
and mobile phases.4,21 Decreases in k’ due to frictional heating are usually more significant than
these pressure effects and the net analyte retention is lowered.10,25 These effects are balanced in
the 2.1 x 150 mm HSS column giving a relatively constant k’ across the flow rate range (Figure
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5-20 and re-plotted in Figure 5-23). In the 2.1 x 150 mm SPP column placed in the flowing
water jacket, the relatively constant temperature across the flow rate range eliminates this
balancing effect and the expected k’ increase due to higher pressure is actually observed. The
results in Figures 5-22 and 5-23 demonstrate the impact of the improved capability of the bed
packed with SPP particles (compared to HSS particles) to move heat generated in the center of
the column to the column wall where it can be removed by the flowing water. This substantiates
the previous claims14-16 of thermal conductivity benefits of SPPs in reducing broadening effects
due to radial thermal gradients. However, when the appropriate thermal environment for the
column is used (such as the near-adiabatic still air Acquity column oven), efficiency losses due
to this effect are limited and other band broadening mechanisms limit column performance.

5.3.5 Thermal Effects on Peak Capacity of Peptides in Gradient LC
In addition to thermal conductivity benefits, SPPs should have advantages over FPPs for
the separation of larger biomolecules (like peptides and proteins) because of the reduced
diffusion length across the particle (due to reductions in accessible porosity and pore diffusion).13
Usually, separations of such mixtures are conducted using mobile phase gradients. To compare
the particle types for these types of separations, the separation of the Waters MassPREP peptide
mixture was compared for 2.1 mm diameter columns (both 5 and 15 cm in length) packed with
SPP and HSS particles. As with the majority of the previously discussed efficiency experiments,
the column was placed in the Acquity column oven at 303 K.
In Figure 5-24, an example chromatogram of this sample on a 2.1 x 150 mm HSS column
is shown. The raw, measured data is shown in the black trace and contains a discontinuity
around the 5 minute mark and large baseline shift as the composition of the mobile phase
changes. To correct for these baseline issues, blank gradient traces (green dotted line) were run
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for each gradient condition (varied for both column length and flow rate in order to keep the
change in mobile phase strength per column volume constant). Peak widths were then measured
from the baseline-subtracted data, which is represented by the red trace in Figure 5-24. For
gradient separations, column performance is traditionally characterized by peak capacity, nc5:
nc  1 

tg

(5-5)

wavg

where tg is the gradient time and wavg is the mean basewidth of the peaks in the mixture. Figure
5-25 demonstrates the peaks in the chromatogram used to calculate the peak capacity for these
comparisons. The peak width in the peak capacity calculation comes from the average of peaks
1-6 shown. To eliminate any experimental artifacts due to the gradient-related baseline shifts,
the gradient time is only measured across these six peaks. Although the actual peak capacity is
greater than the values calculated by this method because the actual gradient time and separation
window is larger, keeping the calculation consistent allows the performance of each column to
be compared fairly. Although the standard mixture was accompanied by a list of analytes
present, the actual number of peaks measured was missing some of the larger components.
Detection by mass spectrometry (MS) was used to determine the identities of the peptides
observed in the collected chromatograms (Table 5-2).
Figure 5-26 shows three gradient separations at different flow rates for a 2.1 x 150 mm
HSS column. Because the backpressure generated with the predominantly aqueous mobile phase
used in the gradient was greater than the acetonitrile used in the isocratic experiments, a smaller
flow range was tested. For the 50 mm length columns, separations were conducted at 500
μL/min as well. Peak capacity comparisons for the four columns are shown in Figure 5-27. The
shorter columns give very similar values, although the peak capacity is slightly higher for the
SPP column (which had higher efficiency in isocratic tests). In the 150 mm columns, there is a
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clearer advantage in peak capacity for the SPPs over the HSS particles. The impact of extracolumn band broadening on column efficiency can reduce the measured peak capacity in
gradient separations.23 Because the 5 cm long columns have lower eluted peak volumes,
differences between the two particle types would be concealed by instrumental broadening. It is
harder to correct for these effects in gradient separations because of the changing mobile phase
conditions (which leads to different analyte retentions), so this additional efficiency loss remains
in the measured peak capacities. For the 2 x 150 mm columns, although the reduced plate height
values are similar for the HSS and SPP columns, an overall higher plate count is achieved in the
SPP column (because it has a smaller dp) which gives a greater measured peak capacity.
To observe how the mobile phase temperature at the outlet varied between these columns,
all were tested across the gradient length. Because of the presence of water, the mobile phase
(and hence, packed bed) is expected to have a higher thermal conductivity than in the isocratic
experiments. As the mobile phase composition changes, the back pressure will also change due
to shifts in the viscosity which leads to fluctuations in the power generated. Because of the 0.5 K
resolution of the thermocouple probe, no noticeable shifts in temperature were seen across the
gradient length and so the average measured temperature was assigned to an average power for
each measurement. A comparison of the temperature change vs. power for the columns is shown
in Figure 5-28. As in the isocratic experiments, the particle types had overlapping curves when
packed into 5 cm columns. For the 15 cm columns, there is a slightly higher temperature
increase for the SPP column over the HSS column although the curves are relatively similar.
This temperature increase could help improve the mass transfer in the column for peptide
mixtures26, although such a small difference (< 3 K) could not possibly explain the difference in
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peak capacity. Rather, the higher plate count of the columns packed with SPPs seems to be the
important advantage for biomolecular separations.

5.4

Conclusions
Viscous heating effects were studied on columns packed with sub-2 μm FPPs and SPPs.

The thermal environment of the column was determined to have the greatest effect on column
efficiency with standard instrument operating procedures (placing the column in the integrated
column oven) reducing most detrimental effects expected from radial thermal gradients. When
these radial gradients were maximized by using a flowing water jacket, the benefits of improved
thermal conductivity for SPPs were revealed. Additionally, the higher chromatographic
performance of the SPPs led to higher peak capacities for peptide separations.
In these experiments, the focus was on studying two particle types using widely available
commercial instrumentation and common temperature control procedures. Other techniques in
both column preparation and instrumental set-up have been suggested to try and reduce viscous
heating effects. In terms of column preparation, bridged-ethyl hybrid (BEH) particles with
enhanced thermal conductivity have been developed by embedding the particles with a small
fraction of nanodiamonds (δnanodiamond ≈ 2,200 W/m/K).27 For 2.1 x 50 mm columns, the
diamond-doped particles gave lower h-v plot curvature at high flow rates when compared to
traditional BEH particles.28 For instrumental set-ups, an intermediate cooling procedure has
been reported where shorter column segments (equal to the total required column length) are
connected with actively cooled tubing segments in order to reduce the temperature increases
observed due to viscous heating.29 This method has been demonstrated to pressures well over
30,000 psi with 2.1 mm diameter columns using a specialized instrument and is still effective in
these extreme conditions.30 The drawback to these solutions is that they are not readily available
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(diamond-doped BEH particles have not been released commercially) or are expensive (three 5
cm BEH columns cost more than twice that of a single 15 cm BEH column) and difficult to
implement. Because these effects were not demonstrated to greatly reduce column efficiency, a
more important focus for further chromatographic research should be on the reduction of
instrument effects (such as extra-column band broadening) that preclude the use of smaller
particles and shorter, narrower columns.
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5.5

TABLES

HSS-T3

SPP Prototype
(50 mm)

SPP Prototype
(150 mm)

Coulter Size (μm)

1.8

1.45

1.60

SEM Size (μm)

2.28

1.53

1.74

Pore Diameter (Å)

100

84

100

Surface Area (m2/g)

230

88

115

Total Carbon Load (%)

11

Not Reported

Not Reported

Surface Coverage (μmol/m2)

1.6

1.7

Not Reported

ρ (rsolid-core/rp)

0

0.76

0.71

Table 5-1. Particle properties for HSS and two prototype SPP particles.
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Peak Label

Component

Reported MW

Measured m/z

Sequence

A

Allantoin

158.04

158.60

N/A

1

RASG-1

1000.49

501.19, 1001.23

RGDSPASSKP

2

Angiotensin frag. 1-7

898.47

450.26, 899.20

DRVYIHP

3

Bradykinin

1059.56

530.73, 1046.17

RPPGFSPFR

4

Angiotensin II.

1045.53

523.71, 1046.17

DRVYIHPF

5

Angiotensin I.

1295.68

648.64, 1296.78

DRVYIHPFHL

6

Renin substrate

1757.93

587.15, 880.21

DRVYIHPFHLLVYS

Table 5-2. Waters MassPREP Peptide Mixture peak identifications by LC-MS.
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5.6

FIGURES

Figure 5-1. Electron micrographs of 1.8 μm HSS particles (A) and 1.5 μm SPP particles (B).
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Figure 5-2. Mini hypodermic thermocouple probe HYP-0 (A) attached to an Omega J-type flatpin connector (B) for coupling to a USB data logger (C). Diagram of the thermocouple probe
inserted into PEEK tubing at the outlet of a standard-bore LC column is shown in (D).
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Figure 5-3. Diagram of a standard-bore LC column held within an external sleeve designed to
contain particulate insulation (aerogel).

Figure 5-4. Diagram of a standard-bore LC column held within a water flow-through cell.
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Figure 5-5. Temperature change values measured using a hypodermic thermocouple probe at the
outlet of 2.1 x 50 mm BEH and SPP columns in acetonitrile at 10, 250, 500, 750, 1,000, 1,250,
and 1,500 μL/min for 20 minutes each (with a final 20 minute period back at 10 μL/min).
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Figure 5-6. Comparison of measured and extra-column band broadening corrected efficiency
values of hexadecanophenone on a 2.1 x 50 mm SPP column (acetonitrile mobile phase).
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Figure 5-7. h-v curves for hexadecanophenone in acetonitrile mobile phase on 2.1 x 50 mm HSS
and SPP columns (corrected for extra-column band broadening).
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Figure 5-8. Temperature change values (measured using a hypodermic thermocouple probe at the
column outlet) compared to generated power for 2.1 x 50 mm diameter HSS and SPP columns.
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Figure 5-9. k’ measured for hexadecanophenone in acetonitrile on 2.1 x 50 mm BEH, HSS, and
SPP columns at flow rates ranging from 25 μL/min to 1,600 μL/min (maximum flow rate based
on pressure limitations).
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Figure 5-10. Comparison of measured and extra-column band broadening corrected efficiency
values of hexadecanophenone on a 2.1 x 150 mm HSS column (acetonitrile mobile phase).
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Figure 5-11. h-v curves for hexadecanophenone in acetonitrile mobile phase on 2.1 mm diameter
HSS columns of 5 and 15 cm length (corrected for extra-column band broadening).

168

Figure 5-12. Temperature change values (measured using a hypodermic thermocouple probe at
the column outlet) compared to generated power for 2.1 x 50 mm diameter HSS columns of 5
and 15 cm length.
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Figure 5-13. k’ measured for hexadecanophenone in acetonitrile on on 2.1 mm diameter HSS
columns of 5 and 15 cm length at flow rates ranging from 25 μL/min to 1,600 μL/min (maximum
flow rate based on pressure limitations).
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Figure 5-14. Comparison of measured and extra-column band broadening corrected efficiency
values of hexadecanophenone on a 1.0 x 150 mm HSS column (acetonitrile mobile phase).

171

Figure 5-15. h-v curves for hexadecanophenone in acetonitrile mobile phase on 15 cm HSS
columns of 1.0 and 2.1 mm diameter (corrected for extra-column band broadening).
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Figure 5-16. Temperature change values (measured using a hypodermic thermocouple probe at
the column outlet) compared to generated power for 15 cm HSS columns of 1.0 and 2.1 mm
diameter.
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Figure 5-17. k’ measured for hexadecanophenone in acetonitrile on 15 cm HSS columns of 1.0
and 2.1 mm diameter at flow rates ranging from 25 μL/min to 900 μL/min (maximum flow rate
based on pressure limitations).
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Figure 5-18. h-v curves for hexadecanophenone in acetonitrile mobile phase on 2.1 x 150 mm
HSS columns in the standard Acquity instrument column oven, inside an insulation jacket filled
with aerogel (adiabatic), and inside a jacket that allows for heat transfer by water flow (corrected
for extra-column band broadening).

175

Figure 5-19. Temperature change values (measured using a hypodermic thermocouple probe at
the column outlet) compared to generated power for 2.1 x 150 mm HSS columns in still air
(representative of the Acquity instrument column oven), inside an insulation jacket filled with
aerogel, and inside a jacket that allows for heat transfer by water flow.
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Figure 5-20. k’ measured for hexadecanophenone in acetonitrile on 2.1 x 150 mm HSS columns
in the standard Acquity instrument column oven, inside an insulation jacket filled with aerogel,
and inside a jacket that allows for heat transfer by water flow length at flow rates ranging from
50 μL/min to 900 μL/min.
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Figure 5-21. h-v curves for hexadecanophenone in acetonitrile mobile phase on 2.1 x 150 mm
HSS and SPP columns in the standard Acquity instrument column oven and inside a jacket that
allows for heat transfer by water flow (corrected for extra-column band broadening).
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Figure 5-22. Temperature change values (measured using a hypodermic thermocouple probe at
the column outlet) compared to generated power for 2.1 x 150 mm HSS and SPP columns in still
air (representative of the Acquity instrument column oven) and inside a jacket that allows for
heat transfer by water flow.

179

Figure 5-23. k’ measured for hexadecanophenone in acetonitrile on 2.1 x 150 mm HSS and SPP
columns in the standard Acquity instrument column oven and inside a jacket that allows for heat
transfer by water flow at flow rates ranging from 50 μL/min to 900 μL/min.
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Figure 5-24. Gradient separation of the Waters MassPREP Peptide Mixture (6 μL injected) on a
2.1 x 150 mm HSS column. The black trace is the raw, measured data, the dotted green trace
indicates the UV signal acquired when the gradient is run with no sample injection, and the red
trace is the baseline corrected chromatogram. Gradient conditions were 1-50%B (A: optimagrade water with 0.1% trifluoroacetic acid, B: optima-grade acetonitrile with 0.1% trifluoroacetic
acid) over 30 minutes (100 μL /min).
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Figure 5-25. Range for peak capacity measurements where the gradient time is calculated from
Peak 1 to Peak 6 and the peak widths are averaged from all 6 peaks. Peak identifications can be
found in Table 5-2.
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Figure 5-26. Gradient separation (1-50%B, A: optima-grade water with 0.1% trifluoroacetic acid,
B: optima-grade acetonitrile with 0.1% trifluoroacetic acid) of the Waters MassPREP Peptide
Mixture (6 μL injected) on a 2.1 x 150 mm HSS column at three different flow rates: 100 μL/min
(30 minutes, red trace), 200 μL/min (15 minutes, black trace), and 300 μL/min (10 minutes, blue
trace).
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Figure 5-27. Peak capacities (calculated by Equation 5-5) for 2.1 mm diameter HSS and SPP
columns of 5 and 15 cm length.
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Figure 5-28. Temperature change values (measured using a hypodermic thermocouple probe at
the column outlet) compared to generated power for 2.1 mm diameter HSS and SPP columns of
5 and 15 cm length.
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CHAPTER 6. Extra-Column Band Broadening Effects of Injectors and Connecting
Tubing in Capillary UHPLC Systems
6.1

Introduction
An effect of the increasing focus on using smaller particles for improved column

efficiency has been a decrease in column volume. When column volumes are smaller, extracolumn effects attributed to instrumentation can greatly reduce the measured separation
efficiency, especially as the column diameter is reduced to 2.1 mm or even 1.0 mm.1-10 Similar
to previous eras when column technology began to exceed the limitations of commercial
equipment11,12, extra-column band broadening (ECBB) is now seeing renewed interest as an
important factor that needs to be accounted for and reduced as much as possible.13-17
As the column diameter further decreases below 1.0 mm, the impact of the
instrumentation on peak bandwidth continues to grow, requiring capillary LC systems with much
lower volume.18 Extra-column effects in these capillary LC (and similar nano-LC) instruments
have been described previously.19,20 In the early development of capillary UHPLC, home-built
instruments were constructed that eliminated nearly all instrumental effects and gave a direct
measure of column efficiency while also allowing for backpressures in excess of 50,000 psi.21-26
These types of systems are excellent for comparing packing methods or particle types, but most
commercial capillary and nano-UHPLC instruments in use today sacrifice these extremely high
pressures and negligible extra-column volume for ease of use and range of application (gradient
modes, detection methods, etc.). However, these compromises reduce the ability to assess the
true chromatographic performance of a column in order to help improve future column design.
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When trying to determine the efficiency characteristics of a packed column to describe
and compare on-column broadening phenomena, the variance contributions due to extra-column
band broadening must be accurately determined so the true plate count can be calculated.27,28
The most common technique for measuring extra-column effects is by replacing the column with
a zero-dead volume (ZDV) connector and observing analyte peak widths using identical
experimental conditions (mobile phase composition, flow rate, temperature, and injection
volume).27,29 This method is the most popular because the existing instrumental set-up is used
and observed variances are simply subtracted from the measured peak variance eluted from the
column. However, it has been shown that accurately calculating the variance of these extracolumn peaks can sometimes prove difficult due to detection limitations27, challenges selecting
proper integration limits for peak moment analysis30,31, and discrepancies in the pressure when
either the column or ZDV fitting is being measured.32 A popular alternative to this “subtraction”
method to determine extra-column effects is the use of linear extrapolation.17,33-38 Although
there are slight variations in how the instrument contribution is calculated, the general procedure
involves plotting peak variances for a variety of analytes separated on the same column and
using the differences in their retention to extrapolate back to an intercept that describes the extracolumn variance. Others have reported the calculation of extra-column band broadening through
graphical analysis or deconvolution of the peak shapes eluted from the column.39,40 An
advantage to linear extrapolation and graphical methods is that significantly fewer measurements
are needed when compared to the subtraction method, but the results are thought to be less
reliable in comparison. Finally, direct measurements of individual instrument components
(where the variance value is found from direct detection without requiring subtraction or
extrapolation from other measurements) have been used to help determine the extent of
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broadening due to specific system elements41,42 by utilizing techniques commonly employed in
flow injection analysis.43-45 This highly accurate method is most effective when detection has a
small impact on the measured band, but does not give the comprehensive extra-column volume
information found in the other methods that encompass the entire instrument.
In these experiments, the broadening effects of the injector and inlet connecting tubing
were investigated with the goal of determining instrumental variance from these low-volume
components in a capillary LC system. The subtraction and direct measurement methods were
employed to see how the variance changed across a series of connecting tubes with various inner
diameters. Additional broadening due to injection was observed to have a larger value than that
predicted by theory, so computational fluid dynamic (CFD) modeling was utilized to confirm the
results. Finally, direct measurement of injected peaks was studied to see how the injection
mechanism modifies the initial band profile.

6.2

Theory of Extra-Column Band Broadening
Theoretical and practical descriptions of ECBB have been detailed previously13,27,46-49

and are summarized here for relevant discussion of the results.

6.2.1 System Contributions to Band Broadening
There are several instrumental contributions that reduce column efficiency. The overall
system variance, σ2tot,sys, is described by the following equation:
2
2
2
2
2
2
2
 tot
, sys   inj   flow   tube   det   data   filt

(6-1)

where σ2 contributions due to the injector (σ2inj), connecting tubing (σ2tube), and detector (σ2det)
give Gaussian-type broadening and τ2 contributions from mixing volumes (τ2flow), data
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acquisition rate (τ2data), and detector filter rate (τ2filt) give broadening with an exponential decay
nature. This relationship is only valid when all variance values are in either the time or volume
domain, which are related through the flow rate (F) as such:
2
2
 vol
  time
F2

(6-2)

Each system component is further described below.

6.2.2 Injector Contributions
The extra-column band broadening effect from the injection plug is usually considered a
volumetric contribution based on the volume injected (Vinj):



2
vol ,inj



Vinj2

(6-3)

12

This equation assumes a rectangular plug injection and the value will increase as the injected
band shape changes.19 Previous studies of injector design have shown that a good injection
requires a narrow, low-volume plug of sample with no poorly swept flow paths.19,50-55 One way
this is accomplished is by using a timed pinch injection where only a portion of the sample loop
is injected and the tail end of the band is cut off before entering the connecting tubing.56

6.2.3 Exponential Decay Flow Paths
As an analyte band is transferred from the injector into the connecting tubing, through
unions, and into the detector, there can be a number of poorly swept volumes that broaden peaks
and cause tailing.57 The various mass-transport effects present in these systems are rather
complex, so the actual contribution to system variance (τ2flow) is a composite of several
influences.58 In column unions and other connectors, these zones act as convective mixing
chambers which contribute an exponential decay time-dependent broadening contribution, τmix:
191

2
2
 time
, mix  t mix

(6-4)

with tmix representing the mean time spent in the mixing chamber.27 When abrupt changes in
tubing radii occur, a related type of mixing volume can arise that is referred to as a diffusion
chamber:
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(6-5)

where rc,1 and rc,2 are the radii of the two tubes and Dm is the diffusion coefficient of the
analyte.46,58 Here, convection is absent and the analyte only moves into the flow path through
diffusion. No accurate model is available for these linked broadening mechanisms, so their
combined effect is usually described as a single exponential decay factor.

6.2.4 Connecting Tubing
The most common model for broadening in open tubes is the Taylor-Aris equation59-61:
2
 vol
,tube 

  L  rc4  F

(6-6)

24 Dm

Here, the tube length (L) and the flow rate (F) affect the variance along with the tube radius (r)
and analyte diffusion coefficient. Previous studies have shown the equation to be reliable for
describing the peak width in open tubes.44,62,63 For the relationships to hold true, the ratio of the
tube length to the flow velocity must be much greater than the ratio of the square of the tube
radius to the analyte diffusion coefficient.60 Golay and Atwood have explored the regime of
broadening in shorter tubes and how a measured band can be skewed due to differences in axial
convection and radial diffusion, which yields lower variance values than those predicted by the
Taylor-Aris equation.64,65 This “low-plate limit” tube broadening has been further described66
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and a recent report illustrated an exponential-law correction factor that can be applied to
Equation 6-6 to account for these variations.67

6.2.5 Detector Contributions
The detector contribution to variance is similar to that for injection volume:
2
 vol,
det 

2
Vdet
12

(6-7)

The geometry of the detection cell used in optical detection has been studied in order to maintain
high sensitivity while decreasing the overall volume (and variance contribution).19,68-73 Because
this cell can be the most significant contributor to extra-column broadening14, alternate detection
modes have also been surveyed. On-column detection has been employed to eliminate extra
tubing requirements, but the low path length tends to hurt sensitivity48,73-77 and similar
measurements using fluorescence require derivatization for many analytes.78-81 An alternative
option with a low limit of detection and reduced volume is electrochemical detection with a
microfiber electrode.82-85 The lack of necessary connecting tubing and negligible detector
volume make it an effective choice for reducing extra-column effects.
In addition to Gaussian volumetric broadening, there are time-domain contributions in the
detector due to electronic data acquisition (τdata) and filter rates (τfilt):
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(6-8)

12

t 2filt
12



1

(6-9)

2
48 2 f filt

where tsamp and tfilt are the sampling and filter times and ffilt describes the filter cutoff frequency
in inverse time units. When measuring extra-column effects, peak widths are usually very
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narrow, so a high data acquisition rate must be used to ensure sufficient sampling of the peak (at
least 40 points across the peak width) with appropriate filter rates applied (approximately half of
the sampling rate).11,13,27

6.2.6 Calculating Peak Variance
Because of the tailing nature of extra-column peaks, half-width methods are not effective
in describing the total variance.57 To effectively determine the variance, the second central
statistical moment of the peak must be utilized46,86:
t2

 t  t 

2

r
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 f (t )dt

t1

(6-10)

t2

 f (t )dt
t1

where tr is the peak retention time (first peak moment), f(t) is the measured signal, and t1 and t2
are the integration boundaries for the peak. The selection of these integration boundaries can
greatly impact the calculated variance value and care must be taken to ensure that an accurate
value is obtained.27,31 One way this has been accomplished is through the use of an iterative
method where integration boundaries are set by an initial peak fit, the variance is calculated, the
integration limits are expanded incrementally, and the variance value is recalculated.87 This
process iterates until it converges to a final variance value.
Another widely used method that has been applied for determining the variance of tailing
peaks is the Exponentially-Modified Gaussian (EMG) function88-91:
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with the Gaussian “sigma-type” broadening being described by σfit, the exponential decay “tautype” broadening being described by τfit, and the peak amplitude represented with Apeak. Effects
of τ on the overall peak shape are shown in Figure 6-1. When using the EMG function to fit
peaks, the variance is described by the following equation:
2
2
2
 var
, EMG   fit   fit

6.3

(6-12)

Materials and Methods

6.3.1 Reagents and Materials
For the subtraction method experiments, HPLC grade acetonitrile and butyrophenone
were obtained from Sigma-Aldrich (St. Louis, MO). For the direct measurement experiments,
Optima LC-MS grade water and acetonitrile (each containing 0.1% trifluoroacetic acid) were
obtained from Fisher Scientific (Waltham, MA). 4-methyl catechol was purchased from Sigma
Chemical Company (St. Louis, MO).
In both methods, silica capillary tubes with 360 µm outer diameter and varying inner
diameters (10 µm – 50 µm) were purchased from Polymicro Technologies, Inc. (Phoenix, AZ).
Capillary end-fittings required 0.0155” inner diameter (i.d.) PEEK sleeve tubing (IDEX Health
& Science, Oak Harbor, WA), stainless steel capillary tubing provided by Waters Corporation,
and 1/32” stainless steel male internal nuts and ferrules (VICI, Houston, TX).

6.3.2 Subtraction Method Instrumentation and Techniques
For all experiments, each capillary section was cut to length, polished using a diamond
cutting wheel and then zero-dead volume high pressure capillary end-fittings were fashioned by
sheathing the polished fused silica capillary in PEEK sleeve tubing followed by an outer layer of
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stainless steel tubing. These three tubes were aligned under microscope, crimped, and then a
1/32” stainless steel ferrule and male internal nut were used to connect to the injector system.
The test system set up at Waters Corporation (Figure 6-2) consisted of a Waters
nanoAcquity binary solvent pump (Milford, MA), four-port 20 nL internal loop injector (Figure
6-3) with associated rotor and actuator (VICI, Houston, TX), a short segment of 25 i.d. µm
capillary tubing between the injector and the test capillary, and a short segment of 25 µm i.d.
capillary tubing connected to the detector. For tubing connections, capillary ends were sheathed
in the layer fitting described above and butted up against each other inside a Valco union that is
drilled through for direct connections. Peaks were detected on a Waters TUV detector (Milford,
MA) with a special detection cell with 25 µm i.d. capillary that contained a small 40 µm i.d.
bubble cell. Data was collected using Waters Empower software (Milford, MA). To
characterize variance, peak widths were measured as 4σ at 13.4% of the peak height based on the
algorithm of the Empower software.
In all subtraction method measurements, butyrophenone (in acetonitrile) was the test
analyte and the full loop injection mode was used. For diameter studies, one meter segments of
four nominal capillary diameters (20, 30, 40, and 50 µm i.d.) were measured using an acetonitrile
mobile phase at flow rates of 0.50, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 12.0,
and 14.0 µL/min. The variance for these capillary segments was calculated by measuring the
variance for the entire system with the segment in place and then subtracting the variance found
when the tubing going to and from the segment was directly connected.

6.3.3 Direct Measurement Instrumentation and Techniques
Capillary end-fitting preparation, solvent pumping, and the injector were the same as the
subtraction method. In addition to full loop injections, pinch injections were also tested using an
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injector switch time of 0.10 seconds. Nominal capillary inner diameters of 20, 30, 40, and 50
µm were reported as 20, 29, 42, and 51 µm by the manufacturer and these values were used for
further calculations. For the direct measurement set up at UNC, the capillary tubing was
connected directly to the injector with no other unions necessary (see Figure 6-4). The mobile
phase used through all experiments was 50% acetonitrile in water (with 0.1% trifluoroacetic
acid) and the test analyte was 4-methyl catechol (in the mobile phase). For all four diameters,
analyte variance was tested at flow rates of 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 10.0, 12.0,
and 15.0 µL/min. Peaks were detected amperometrically using a carbon fiber microfiber
electrode (0.3 mm, 8 µm diameter) inserted directly into the capillary outlet.83 The current
generated was converted to voltage with a SR750 current amplifier (Stanford Research Systems,
Sunnyvale, CA). The 3 dB low pass bandwidth filter was set primarily at 30 Hz but was set as
low as 3 Hz for peak shape comparisons. The start of data acquisition and injection were
controlled with signals from the Waters Binary Solvent Manager software. Data was acquired at
80 Hz using a home-built program in LabView 6.0 (National Instruments, Austin, TX).
Peak injection profiles were generated using a similar injection and detection system.
However, the fused silica capillary length and inner diameter were reduced to 6 cm and 10 µm
(reported as 13 µm), respectively. The volume of this short connecting tubing was calculated as
8 nL.
Peaks were characterized using the EMG fit function in Igor Pro 6.2 (Wavemetrics, Inc.,
Lake Oswego, OR). 3-5 replicates were collected for each measurement (a specific flow rate and
inner diameter) and the average values for σfit and τfit were used (standard deviations were under
~5% for all measurements so error bars were omitted for clarity). A comparison was also made
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to the Iterative Statistical Moments (ISM) peak characterization method that has been described
previously87 with peak boundary limits set at -3σ and +5σ.

6.3.4 Flow Modeling Simulations
CFD modeling of the injector connected to capillary tubing was completed by Bernard
Bunner (Waters Corporation). A 3-D axisymmetric model of the injector (rotor and stator) was
generated which included a 2.5 mm segment of capillary tubing with variable diameter (Figure
6-5). Streamwise stabilization was employed to reduce ripples in the generated concentration vs.
time plot. The output profile of the 3-D model was then transferred to a 2-D axisymmetric
model of a 97.5 cm tube of the same diameter as the original 2.5 mm segment to fully replicate
the experiments using the direct measurement technique. The same EMG peak-fitting algorithm
used for the direct measurement technique was applied to the outputs of both the 3-D injector
model and combined 3-D and 2-D model of the whole system.

6.3.5 Extra-Column Broadening Effects on Microfluidic LC Performance
Effects of extra-column band broadening on chromatographic efficiency were tested on
microfluidic LC columns. A prototype microfluidic device fabricated in titanium (“tile”)
containing 300 μm i.d. equivalent rectangular channels (200 μm tall x 350 μm wide) packed with
1.8 μm HSS particles was provided by Martin Gilar (Waters Corporation). Capillary connections
to and from this tile were achieved using prototype PEEK on-tile fittings, hand-tight PEEK
ferrules, and hand-tight vespel support ferrules that were designed, prepared, and supplied by
Waters Corporation. The titanium tiles and associated fittings can be seen in Figure 6-6. To
measure h-v curves on the microfluidic tile, the system was set up similarly to the instrument
used for subtraction method measurements (see Figure 6-7). The injector and the tile inlet were
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connected with 25 cm of 30 μm i.d. capillary and then the outlet was connected to the 40 μm i.d.
detection cell using 25 cm of 40 μm i.d. capillary. A test mixture of thiourea (dead time marker),
acetophenone, propiophenone, butyrophenone, and valerophenone (all from Sigma-Aldrich, St.
Louis, MO) was injected for each run using a timed pinch injection controlled by the
nanoAcquity Console software (Waters Corporation, Milford, MA). Corrections were made for
ECBB using the subtraction method described above.

6.4

Results and Discussion

6.4.1 Broadening in Small Inner Diameter Connecting Capillaries
Due to the low volumes associated with capillary LC columns, connecting tubing is
usually limited to the range of 20 – 50 µm in order to ensure limited extra-column effects.92 In
Equation 6-6, the variance has a fourth-power dependency on the tube radius. Because theory
predicts that small changes in this parameter can have a larger impact on instrument broadening
than many other factors, variances for tubing diameters within this range were measured using
the subtraction and direct measurement methods.

6.4.1.1 Subtraction Method Measurements
Initially, the column in a low-volume capillary LC system was replaced with a meterlong section of capillary tubing to measure the total system variance. Then, this open tube was
removed and the variance was measured again to determine the impact from the connecting
tubes, unions, injector, and detector. Because these contributions are assumed to be separate and
additive (Equation 6-1), a simple subtraction of the two measurements gives a value for the
broadening contribution of the tube. Figure 6-8 shows volumetric variances for four different
small diameter capillaries over a range of flow rates that are typical for capillary LC using sub-2
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µm particles. Compared to what might be predicted from Taylor-Aris theory (Equation 6-6),
there are two disparities: (1) the values are much lower than expected, and (2) only the largest
diameter tubing has a linear nature. The smaller magnitude was originally thought to be
attributed to the “low-plate limit” described in Section 6.2.4. However, when applying a
correction factor67 or alternate model13 to account for shorter lengths, it was determined that the
Taylor-Aris assumptions had been met and that it was the appropriate broadening model for
these small-diameter capillaries. Instead, the lower values were most likely due to the
characterization used for analysis. The Empower software reports peak widths of 4σ at 13.4% of
the peak height, which can then be used to calculate variance. With the tailing nature of extracolumn peaks, this method can greatly underestimate the actual bandwidth27,30,31, as was the case
here. The non-linearity of the plots has also been seen in larger diameter tubes13, but in that case
was attributed to turbulence that would not be present with the low-Reynolds numbers that were
tested here. Because the effect was also observed when measuring the system contribution to
broadening (which was the value subtracted out for the tubing calculations), it was determined
that the direct measurement method may help explain the origin of this curve flattening.

6.4.1.2 Direct Measurement with Electrochemical Detection
The subtraction method described in Section 6.4.1.1 is effective for trying to measure the
impact of a system on the chromatographic efficiency of a column. However, the direct
measurement method utilized in this experiment had a few advantages for the observation of
variance in low-volume open tubes:
(1) The capillary was connected directly to the injector and detector to remove any tubing
unions that could impact the broadening measurement.
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(2) The small electrochemical fiber used at the end of the tube has a very low detection
volume which minimizes any detector contributions to variance.
(3) The filter cutoff frequency on the detector current preamplifier was set to 30 Hz to
decrease effects on peak shape for fast eluting peaks seen in low diameter tubing at high
flow rates (Figure 6-9).
(4) The data acquisition rate was adjusted to 80 Hz to ensure appropriate sampling compared
to the filter rate and that at least 40 points were acquired across the peak at any flow rate.
As discussed in Section 6.2.6, tailing peaks are often characterized by an EMG function
(Equation 6-11). This method was used to calculate the variances for a similar range of capillary
diameters and flow rates that were measured using the subtraction method. Figure 6-10 shows
the variance values to be much higher than those in Figure 6-8 where much of the contribution
from the tail was not accounted for. In addition to the full loop injection mode, the timed pinch
injection mode was also tested to see how the broadening contribution from the system changed.
In the timed pinch injection mode, the injector loop switches in and out of the flow path for a
given time interval (Figure 6-11) which can reduce the injection of analyte molecules trapped in
poorly swept volumes and thereby decrease peak tailing. By switching the valve during
injection, a 20% reduction in variance at the largest flow rate values can be achieved (Figure 612). Besides the change in degree of broadening, the general shape of the curves is slightly
different with the full injection mode leveling off more than the pinch injection mode.
An advantage of the EMG function is the ability to split up the extra-column
contributions into sigma-type and tau-type impacts on broadening (Equation 6-12). However, it
has been shown that this peak-fitting equation may not be as reliable as the statistical moments
method (Equation 6-10).93 Figure 6-13 shows a comparison of the variance calculated using an
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EMG fit and an ISM calculation for a full set of capillary measurements for a 20 μm i.d.
capillary using the pinch injection method (the lowest volume peaks tested in this set of
experiments). Because the two sets of values seemed to be in good agreement with the same
general curve shape, it was determined that the variances calculated by EMG could be used to
make comparisons between different inner diameter capillaries (a previous study of ECBB in
capillary tubes indicated a ~ 4% difference in measured variance between the EMG and
moments methods94). To determine the origin of the non-linearity of the variance curves of low
diameter capillary tubing, contributions from specific instrument components to the overall
variance (Equation 1) were assigned to either σfit or τfit:
2
2
2
 2fit   inj
  tube
  det

(6-13)

2
 2fit   2flow   data
  2filt

(6-14)

With the components of the system used for these direct measurements and predictions from
Equations 6-3, 6-7, 6-8, and 6-9, the maximum contributions from some parameters were taken
to be negligible at most variance values shown in Figures 6-10 and 6-12: injector (33 nL2),
detector (0.03 nL2), data filter rate (0.15 nL2), and data acquisition rate (0.8 nL2). By removing
these contributions from Equations 6-13 and 6-14, σfit and τfit are estimated to reflect specific
instrument components:
2
 2fit   tube

(6-15)

 2fit   2flow

(6-16)

To determine the accuracy of the approximation in Equation 6-15, theoretical values for
tube broadening calculated by Equation 6-5 were compared to the calculated values for σ2fit with
both full and pinch injections (Figure 6-14). For all capillary inner diameters, the sigma-type
contributions for both injection modes closely match the theoretical values predicted by Equation
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6-6. Because this is the case, Equation 6-16 allows for a proper description of mixing-type
broadening from the calculated tau values. Since the only connection in the system tested was at
the injector, all tau-type contributions can be attributed to the injector. The differences for τ2fit
are shown in Figure 6-15 for full-loop injections and Figure 6-16 for timed pinch injections. The
curvature that is observed in the variance plots of Figures 6-8, 6-10, and 6-12 seems to be
attributable to tau-type broadening from the injection. The magnitude of the injector
contribution to variance is also much higher for the full injection than the pinch injection. By
eliminating the rear boundary of the injection profile with the switch, a significant portion of the
dispersion that occurs due to parabolic flow in the injector is reduced.19,55 When using the EMG
function, the variance is a simple sum of σ2 and τ2 (Equation 6-12) so the increased curvature in
the full injection plot in Figure 6-10 can be attributed to the greater influence of the injector. As
the magnitude of the sigma-type broadening from the open tube grows quickly with increasing
inner diameter (Figure 6-14), the fraction of the variance due to the injector is reduced and the
data appears more linear.
The differences in curve shape and magnitude for tau contributions to variance (Figures
6-15 and 6-16) as the connecting tubing diameter increases are examples of how complex flow
profiles in the injection system can impact low-volume capillary LC systems. Atwood and
Golay suggested that one component that may act as a “low-plate limit”-type broadening
mechanism is the injector.65 At higher flow rates there would be less time for equilibration of the
peak and the distribution of the injected profile would change.27 Equation 6-4 shows that part of
the tau contribution is related to the time of mixing in the loop after the valve is switched. Given
that there is a constant volume, the growth in this variance contribution would begin to decrease
at higher flow rates. Even though the injector output should be the same for all capillary tubing
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used, there is an abrupt diameter change when eluting from the 100 µm channel of the injector
stator to the capillary tube. At this abrupt change, there is expected to be a contribution to tautype variance that is flow rate independent and grows as the difference in diameter increases.46,58
However, the experimental values for tau contributions are much lower than those calculated by
Equation 6-5. Also, the magnitude grows as the diameter of the tubing increases, which is
contrary to this equation. If components are not mutually independent (or coupled), then larger
extra-column “operators” (in this case, capillary tubing with a larger diameter) could increase the
band-spreading of the input profile.52 For larger volume systems, small dead volumes in
connecting unions allow for re-equilibration and eliminate this coupling, leading to lower
variance contributions.65 The broadening contribution that these unions create in capillary LC
systems is much more significant and must be avoided with direct connections, making
component coupling an important factor to consider in instrument design.

6.4.2 Simulations of Broadening in Injectors and Connecting Tubing
To further explore the complex nature of ECBB in the connections between injectors and
connecting tubing and learn more about the experimental observations described in Section
6.4.1.2, CFD modeling was utilized. Computational requirements preclude the use of a full 3-D
model of the entire injector and capillary system, so simplifications were made to maintain
accuracy while reducing the number of required calculations. First, the injector rotor (containing
the internal loop) and stator were assumed to be symmetric so a 3-D axisymmetric model could
be utilized. This model included a 2.5 mm segment of connecting capillary so that coupling
effects that may arise due to the abrupt diameter change would be accounted for. Several time
points of the model showing the analyte moving from the internal loop into the connecting
capillary are shown in Figure 6-17. The output of this model was then coded in FORTRAN to
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become the input profile into a 2-D axisymmetric model of a 97.5 cm length of capillary tubing
where the main broadening mechanism is Taylor-Aris broadening. Only the full loop injection
mode was tested due to the difficulty in modeling the mechanical switching of the pinchinjection mode.
Concentration vs. time peak profiles were characterized with the EMG algorithm in Igor
Pro 6.2 that was used to measure the peaks from the direct measurement method. Peaks at the
end of both the 2.5 mm and 1 m segment of capillary tubing were measured to compare how σ2fit
and τ2fit changed at both positions. At the outlet of the 3-D axisymmetric model σ2 was
negligible (<5 nL2) and at the outlet of the entire model σ2 was found to match Taylor-Aris
predictions (which compared favorably with the experimental data in Figure 6-14). τ2 for both
CFD models and the experimental data from the direct measurement technique are compared in
Figure 6-18. The first observation is that while the modeled and experimental data both have
some curvature as the flow rate increases, the magnitude of experimental τ values is much higher
than those of the models. This may be due to inaccuracies in the geometry of the model (where
misalignment in the actual rotor and stator could cause additional broadening) or because of
differences in the mechanical motion of the injector (flow in the model begins with the inlet
already aligned while in the actual injector it must move into place during the position switch).
Nevertheless, some observations on the actual transport of analyte out of the injection loop can
be made. At lower flow rates the calculated τ2 values at the outlet of the injector and the
connected capillary are similar, but the difference between them grows as the flow rate increases.
It is at these higher flow rates where Taylor-Aris broadening (Equation 6-6) would be expected
to have a larger impact on the measured variance. The increasing gap between τ2 at the injector
outlet and capillary outlet indicates that coupling of the broadening between these two
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components could be occurring due to a lack of mixing when the flow path is uninterrupted.
These computational results support the notion suggested in Section 6.4.1.2 for coupled
broadening between the injector and connecting tubing and further corroborates the increased
importance of using small diameter tubing for connections in low-volume systems.

6.4.3 Peak Injection Profiles
By modifying the direct measurement set-up, peak injection profiles were measured to
determine the solute output into the connecting capillary as well as to observe the impact of
valve switching in the timed pinch injection mode. A similar set-up of measuring injector output
with a small volume connecting capillary has previously been described using conductivity
detection.55 The difference with the electrochemical detector is that it is flow-sensitive and any
effects due to valve switching will be observed.
Injection profiles using the full loop injection mode are shown in Figure 6-19. At low
flow rates, the peaks have some tailing but are smooth. As the flow rate is increased, a shoulder
begins to form and is present throughout the remainder of the peak profiles up to flow rates of 15
µL/min. This general trend follows the peak profile for the low-plate limit in short tubes
described previously by Golay and Atwood.64,65 When there is an insufficient sampling of the
flow profile due to limited diffusion time (high velocities in short tubes), asymmetrical
distributions arise. The observation of these band shapes directly out of the injector indicates that
the actual output of the sample loop generally operates in a low-plate limit domain.
The peak profiles for a timed pinch injection are shown in Figure 6-20. At low flow rates
where the switch occurs before the peak is detected, the peak profile is similar to the full loop
injection band (although smaller due to the reduced injection volume). However, as the flow rate
increases (as seen in the expanded profiles of Figure 6-21) the band profiles begin to have large
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disruptions due to the switch mechanism leading to multiple peaks. With the electrochemical
microfiber electrode, flow is required to bring the sample to the detector. The switching
mechanism briefly disrupts this flow and causes this effect. These multi-peak band profiles are
not observed for the pinch injections measured after 1 meter of capillary tubing because the band
is eluted longer after the switch than with this short capillary segment and because of the impact
of the Gaussian-type broadening of the tube on the band. In Figure 6-22, a comparison of the
full loop and timed pinch injection profiles at 10 μL/min is shown. By cutting off a portion of
the exponential tail of the peak profile (as seen by the earlier drop to the baseline for the timed
pinch injection), the tau contribution to variance would be expected to decrease. This matches
the earlier comparison for tau values between full and pinch injections in Figures 6-15 and 6-16.

6.4.4 Efficiency Loss from ECBB in Microfluidic LC
The miniaturization of LC by preparing columns on microfluidic devices has shown
promise for many years, although progress in column efficiency has not advanced as far as many
had expected.95 This low efficiency has been attributed to several causes including ECBB
(depending on the instrument) and substrate limitations which prevent high pressures during
column packing.96 Recently, Waters Corporation developed prototype titanium devices that are
much more robust than standard glass substrates and eliminate such pressure limitations.97 These
“tiles” contain a rectangular channel with an equivalent 300 μm diameter (200 μm tall x 350 μm
wide). Because of the fittings used for this device to bring mobile phase to the packed bed,
connecting tubing and off-tile injection and detection are required. One of these prototypes was
provided to UNC in order to test efficiency losses that arise due to ECBB from these instrument
components.

207

As retention increases, effects due to ECBB are expected to have a smaller impact on
measured peak efficiency (because the on-column variance is proportional to (1+k’)).52 To
examine a set of peaks with different retentions, a series of alkylphenones was injected onto the
tile. A separation of this test mixture on a straight-channel tile is shown in Figure 6-23. h-v
plots for acetophenone (k’ = 1.4) and butyrophenone (k’ = 4.3) were generated and fit to
Equation 1-20 (Figure 6-24). To calculate v values (Equation 1-19), estimates of the diffusion
coefficient (Dm) were made using the Wilke-Chang equation (Equation 3-24e). The measured
data was corrected for ECBB using the subtraction method and these h-v curves are also shown
in Figure 6-24. The lower retained analyte (acetophenone) has over a 50% increase in h due to
the various ECBB effects described in Section 6.2. When the retention is tripled
(butyrophenone), ECBB effects on efficiency are limited and only slight increases in h are
observed at the highest v values tested. Because the eluted volume of this peak with higher
retention is greater, the constant extra-column volume is a smaller fraction of the total peak
volume and the impact is reduced. However, for lower retained analytes, ECBB can greatly
reduce efficiency in microfluidic LC.

6.5

Conclusions
In measuring the extra-column band broadening effects of the injector and connecting

tubing in capillary UHPLC, experimental variance values were found to be higher than expected
using a direct measurement method (results from the subtraction method showed similar
curvature trends but values were skewed due to poor peak fitting). A proposed coupling of the
broadening due to poorly swept mixing volumes throughout the injector (tau-type) and TaylorAris type broadening (sigma-type) was described as a possible cause for this observation and
supported by CFD modeling. Consequently, there is a potential for even higher efficiency losses
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due to ECBB when using larger i.d. tubing in nano-LC systems and the use of the smallest
diameter tubing (while considering clogging and pressure limitations) is even more strongly
advised. To help reduce the impact of the injector, the timed-pinch injection mode can be
utilized which reduces some of the observed peak tailing and decreases the bandwidth of the
input profile into the tube.
Measurement of the impact of ECBB on efficiency in micro-LC columns (specifically on
a microfluidic device where connecting tubing was required) found that less retained analytes
saw increases in h of over 50% at higher reduced velocities due to extra-column effects. This
suggests both the use of a more retained analyte for efficiency testing of microfluidic LC
columns and on-device injection and detection techniques95 for overall improved performance.
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6.6

FIGURES

Figure 6-1. Graphical plot of Equation 6-11 with a sigma value of 0.2 s, Apeak set to 1, tr equal to
10 s, and tau values of 0.1, 0.3, 0.5, and 1.0 s.
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Figure 6-2. Diagram (not-to-scale) of instrument set-up used to test open-tube broadening using
the subtraction method (including inset showing internal capillary butt connection inside the
zero-dead volume union).
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Figure 6-3. Valve diagram for the four-port internal sample loop Valco injector. Red sections
indicate fluid that contains analyte while blue indicates mobile phase.
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Figure 6-4. Diagram (not-to-scale) of instrument set-up used to test open-tube broadening using
the direct measurement method.

213

Figure 6-5. 3-D axisymmetric model of the injector (rotor and stator) connected to ~30 μm i.d.
capillary tubing is shown, including a magnified inset of the rotor and stator regions.
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Figure 6-6. Photographs of a prototype titanium substrate LC tiles manufactured by Waters
Corporation and prototype tile-to-capillary fittings used with the tile. A tile with three straight
channels is shown in A (channel position overlaid in blue). Different fittings used for making
capillary connections to and from the tile are shown separately in B and installed in C.
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Figure 6-7. Diagram (not-to-scale) of instrument set-up used to test packed LC tile column
performance with UV detection.
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Figure 6-8. Variance values measured using the subtraction method for nominally 25, 30, 40, and
50 μm i.d. capillaries (1 m long) at flow rates ranging from 0.5 – 14 μL/min.
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Figure 6-9. Measurement of 4-methyl catechol through a 6 cm, 13 μm i.d. capillary using a
carbon fiber electrode detector with a full loop injection. Data acquisition rate was set at 80 Hz
and preamplifier filter rates were set to 3, 10, and 30 Hz.
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Figure 6-10. Variance values measured using the direct measurement method with a full loop
injection for 21, 29, 42, and 51 μm i.d. capillaries (1 m long) at flow rates ranging from 0.5 – 15
μL/min.
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Figure 6-11. Representation of fluid containing analyte (red) moving from the internal loop into
the connecting capillary when switched into inject mode (mobile phase in blue). The dotted line
separates the part of the sample that does not enter the capillary during a timed pinch injection.
Adapted with permission from Foster, M. D., Arnold, M. A., Nichols, J. A., Bakalyar, S. R.
Journal of Chromatography A, 2000, 869, 231-241. Copyright 2000 Elsevier.
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Figure 6-12. Variance values measured using the direct measurement method with a timed pinch
injection for 21, 29, 42, and 51 μm i.d. capillaries (1 m long) at flow rates ranging from 0.5 – 15
μL/min.
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Figure 6-13. Variance values calculated using an EMG peak fit and an ISM algorithm (interval
of -3σ, +5σ) for a 1 m, 20 μm i.d. capillary with a timed pinch injection.
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Figure 6-14. Sigma-squared values measured using the direct measurement method with both
full loop and timed pinch injections for 21, 29, 42, and 51 μm i.d. capillaries (1 m long) at flow
rates ranging from 0.5 – 15 μL/min. Straight lines indicate values calculated using Taylor-Aris
theory (Equation 6-6).
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Figure 6-15. Tau-squared values measured using the direct measurement method with a full loop
injection for 21, 29, 42, and 51 μm i.d. capillaries (1 m long) at flow rates ranging from 0.5 – 15
μL/min.
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Figure 6-16. Tau-squared values measured using the direct measurement method with a timed
pinch injection for 21, 29, 42, and 51 μm i.d. capillaries (1 m long) at flow rates ranging from 0.5
– 15 μL/min.
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Figure 6-17. COMSOL modeling of analyte moving from a 20 nL internal loop through the
instrument stator (100 μm i.d.) and into 2.5 mm of a 29 μm i.d. capillary. Red regions represent
the initial analyte concentration (conc. = 1) and blue regions represent the mobile phase (conc. =
0) with a colored gradient in between. Flow rate is 15 μL/min and time points are 0, 0.025, 0.05,
0.075, and 0.1 s.
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Figure 6-18. Comparison of τ2 values (29 μm i.d.) from the 3-D axisymmetric COMSOL model
(Model 1, just the injector), combined 2-D and 3-D axisymmetric COMSOL model (Model 2,
injector and tube), and experimental data from Figure 6-15 (injector and tube).
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Figure 6-19. Peak injection profiles of a full loop injection measured out of the injector through a
small (6 cm, 13 µm inner diameter) connecting capillary for eight flow rates between 0.5 and 15
μL/min.
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Figure 6-20. Peak injection profiles of a timed pinch injection measured out of the injector
through a small (6 cm, 13 µm inner diameter) connecting capillary for eight flow rates between
0.5 and 15 μL/min.

229

Figure 6-21. Expanded peak injection profiles of a timed pinch injection measured out of the
injector through a small (6 cm, 13 µm inner diameter) connecting capillary for six flow rates
between 4 and 15 μL/min.
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Figure 6-22. Comparison of full loop and timed pinch peak injection profiles measured out of the
injector through a small (6 cm, 13 µm inner diameter) connecting capillary at 10 μL/min.
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Figure 6-23. Standard chromatogram from a 300 μm i.d. titanium tile packed with 1.8 μm HSS
particles using a 5-compound test mixture (uracil, acetophenone, propiophenone, butyrophenone,
and valerophenone) with UV detection. Mobile phase was 50:50 (v/v) water:acetonitrile with
0.1% TFA.
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Figure 6-24. van Deemter curves measured for acetophenone (red, k’ = 1.4) and butyrophenone
(blue, k’ = 4.3) on a 10 cm, 300 μm i.d. titanium tile column packed with 1.8 μm HSS particles.
Raw data is shown is shown with the filled circles (fit to Equation 1-20 with solid lines) and
ECBB corrected values are shown with the open circles (fit to Equation 1-20 with dashed lines).
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