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LC TROUBLESHOOTING

Make Things Worse?
Why Does an lmprovement

any workers today are trying

to reduce the cost ofliquid

chromatography (LC) analy-

ses. A change in the column size and

flow rate are two adjustments that often

can achieve the desired results. Shorter
columns packed with smaller particles

can generate the same separation in less

time and save solvent costs. A smaller

column diameter coupled with a drop in

the flow rate also can save solvent costs.

Both ofthese changes can increase

peak height because peak volumes are
reduced. Some column changes are
rather benign, whereas others can cause

unexpected problems, as we'll see in this
month's discussion.

Reasonable Expectations

The separation, or resolution (R.) of

analytes in our sample is one important

factor for a successful separation. This

means that if we make changes in the

chromatographic conditions, we do not

want to reduce resolution. Resolution

sometimes is expressed as

R" = 0.251f't(o" - r)(hl[l+h]) tll

where -A/is the column plate number,

or efficiency, I is the retention factor of

the first peak of interest in a peak pair,

and cr is the selectivity. Recall that A is

calculated from the column dead time.

/0, or solvent front and the retention

time, /o:

h = (t^- t)lto t2l

Selectivity is simply the ratio of f-values

for two adjacent peaks, [, and hr:

As long as we don't change the chem-

istry of the system (* and cr) or reduce

the plate number (AI), *. should

maintain resolution. The mobile-phase

chemistry (solvent composition), col-

umn chemistry and column tempera-

ture are the major factors controlling

chemistry in reversed-phase separa-

tion. This means that if we substitute

one column for another, it needs to

have the same chemistry - that is,

the same packing material from the

same manufacturer, although the

size ofthe particles can be changed.

Similarly, no changes in the mobile-

phase composition or temperature can

be made. Flow-rate changes will not

have a major effect on resolution in

most cases. These changes are fairly

straightforward for isocratic separa-

tions, but when gradients are used

more care needs to be taken because

unless compensating changes are

made, a change in column dimensions

or flow rate can change the separation

for a gradient method. \7e will assume

isocratic separations here - those with

a constant mobile-phase composition,

So, what can we change when all

these restrictions are in place? As long

as l/is kept constant (or increased),

the resolution should not be reduced

if the chemistry factors are kept con-

stant. From a practical standpoint,

-Ay' is most influenced by the column

length and the particle size ofthe

packing material. This means that we

often can speed up the separation by

using a shorter and smaller-particle

column with the same plate number as

the original one. Because the separa-

tion time is shortened, less solvent will

be used if the flow rate is the same.

Another easy change is to change the

a = hzlhr



,,, rir*ll$tiil; ' i: ,, : '1 .arr;ii;

For  150  mm x  4 .6  mm,  5 -Um co lumn ;  2  m l /m in

0.5 1 . 1 0.045 0.054 2 1

1 0.061 0.068 1 1

2 2 . 3 0.092 0.097 5

5 4.6 0 . 1 8 0 0.182 1

1 0 8.4 o.324 0.325 0

For  100 mm x  4 .6  mm,  3-um co lumn;  2  ml /min

0 .5 0 .8 0.025 0.039 55

1 1 . 0 0 .035 0.046 32

2 1 . 5 0.052 0.060 t )

5 3.1 0 . 1 0 5 0.109 4

1 0 5.6 0 .195 0]97 1

Fo r  100  mm x  2 .1  mm,  3 -pm co lumn ;0 .42  mL /m in

0.5 0 .8 0.025 0.145 480

1 1 . 0 0.034 0.147 330

2 1 . 5 0.052 0.152 193

5 3.0 0 .104 o.177 70

1 0 5.6 0 .193 0.240 24

*Re ten t i on  t imes  and  oeak  w id ths  i n  m inu tes
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column diameter. If the flow rate is

reduced in proportion to the reduction

in the cross-sectional area of the col-

umn, retention and resolution should

stay constant, but the solvent consump-

tion should be reduced.

l d e a l l y .  .  .

First, let's look at what can happen if

everything works as planned. For this,

we'll compare the results from the most

widely used column configuration, a

150 mm X 4.6 mm column packed

with 5-pm particles, with a shorter,

smaller-particle column of the same

diameter (a 100 mm X 4.6 mm, 3-pm

column) and with a narrower-diameter

version of the 3-prm column (100 mm

X 2.1 mm, 3 pm). I 've used Drylab

software (Molnar Institute, Berlin,

Germany) to model the results with

these columns with anthracene as a sol-

ute. These columns give approximately

the same plate numbers of =10,300

for the 5-um column and =13,800 for

the 3-pm counterparts; with the same

column and mobile-phase chemistry,

we should expect the resolution to be

approximately the same.

I've chosen peaks with *-values

of 0.5, 1, 2, 5, and 10 for compara-

tive purposes and summarized some

results in Table I. rVhen the 150 mm

X 4.6 mm, 5-pm column is replaced

by the  100 mm X 4 .6  mm,  3-Fm
column at the same flow rate (2 mLl

min) ,  we expecr  the  re ten t ion  t imes to

be reduced by the ratio of the column

lengths. Thus 100 mm/150 mm = 0.67,

so the retention time of the last peak

should change from 8.4 min to (8.4 X

0.67) = 5.6 min, and that is what we

see in Table I. This means that we save

about one-third of the run time and

one-third of the soivent expense with

no penalty in resolution. To compare

resolution for the different columns,

I've chosen a worst-case scenario by

using the h = 0.5 peak and added a

peak jus r  aFter  i t  w i th  a  re renr ion  t ime
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adjusted so that R, = 2.0 under ideal

conditions. You can see in Figures 1a
(150 mm,  5  pm)  and lb  (100 mm,  3

pm) that the separations are all the

same, with a small section of flat base-

line between the peaks, as is expected

for R, = 2.0 (note that the time scale

differs between columns).

The second change is to reduce the

column diameter from 4.5 mm to

2.1 mm. 
'W'hen 

a column-diameter

change is made, it is best to adjust the

flow rate to keep the l inear velocity

constant; if this is done correctln the

retention times and pressure should not

change. The l inear velocity ofthe sol-

vent passing through the column wil l

be proportional to the cross-sectional

areas of the two columns, or the square

of the ratio of the diameters. There-

fore, the ratio of (4.5 mml2.1 mm)2 =

4.8 should be used to adjust the flow

rate. For practical purposes you can

round this to a value of 5, which is

easv to remember. but here I used the
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Figure 1: The effect of extracolumn band bioadening on different LC column configu-
rations: (a, b, c) ldeal chromatograms with R, = 2, k = 0.5 for the first peak and no ex-
tracolumn band broadening; (e, f, g) corresponding chromatograms when o"c = 15 UL.
Columns: (a, d) 150 mm x 4.5 mm, 5-pm packing operated at 2 ml/min; (b. e) 100 mm
x 4.6 mm, 3 gm, 2 ml/min; (c, f)  100 mm x 2.1 mm, 3 gm, 0.42 mL/min. Data based on
Drylab simulations for anthracene.

factor of 4.8. So the original 2 mLl

min flow rate should be adjusted to

2.014.8 = 0.42 mLlmin. (If you are

trying to reproduce any ofthe calcu-

lations presented here, please realize

that I ve rounded the values in the text

for clarity.) Figure 1c shows a similar

separation under these conditions.

AIso, note that the retention times in

Table I for the 100 mm X 4.6 mm and

100 mm X 2.1 mm column are the

same, confirming that we've made the

adjustrnent correctly. There is no time

savings with the diameter change, but

we do save solvent. The last peak with

[ = l0 is eluted at 5.6 min (Table I),

thus 5.6 min X 2 ml/min = ll.2 mL

ofsolvent are usedlor the separation

on the 4.6 mm column, but only 5.6 X

0.42 = 2.4 mL on the 2.I-mm column,

a reduction in solvent consumDtion of

4.8 t imes.

Unfortunately. . .
Ideal doesn't exist in most of our labo-

ratories, so we need to consider what

can happen under realistic conditions.

Column manufacturers have refined

their column-preparation techniques

so that it is reasonable to expect very

similar column chemistry between

columns of different dimensions and

packing particle sizes from the same

series of packing material. Also, if you

are careful, you can control the mobile-

phase chemistry and column tempera-

ture so these variables should not be

an issue. One factor that often appears

as a problem when scaling columns is

extracolumn volume contributed by

the LC system hardware. This volume

camprises the volume contributed by

the connecting tubing between the

autosampler and column, between

the column and the detector, any

www. ch ro m atog ra p hyo n I i n e,com

"unswept" volumes in the flow path,

the iniection volume (and sometimes

the iniection solvent), and the detector

cell volume; the detector time constant

and data system data-acquisition rate

also are factors in scaling columns. For

the present discussion, we'll combine

these into one number. the extracol-

umn volume, q". For conventional LC

systems that normally are used with

150 mm X 4.6 mm,5-pm columns,

we can assume a value of o.. = 15 pL as

fairly typical ifreasonable care is taken

with the plumbing.

In simple terms, we observe a total

peak width in the chromatogram, wr:,

measured at the baseline between tan-

gents drawn to the sides of the peak,

or sometimes at half the peak height.

This total width has two major contri-

butions - the broadening that takes

place inside the column, generating the

column contribution to width, w", and.

the contribution to peak width by extra-

column effects, w"". The peak width can

be calculated as

w - = ( w 2 * *  2 1 0 ' 5
I  ' C  e C .

Let's see if a calculated valte of w,

agrees with observations; I'll use the

h = | peak for the 100 mm X 4.6

mm, 3-pm column from Table I as an

example. First, we need to convert oec
= 15 pL into time units by adjusting

for the flow rate: 0.015 mLl(Z mLl

min) = 0.0075 min. \7e' l l  also assume

that the peak is Gaussian in shape, so

the width between tangents at base-

l ine is 4o, so tt t)ec= 4 x 0.0075 = 0.03

min. The peak width in the absence

of extracolumn effects is 0.035 min
(Table I),  so w^, = (0.$52 + 0.032)0'5
= 0.046 min, which is just what we

observe in Table L (Please realize that

this "proof" is a bit circular, because

Drylab used the same procedure to

generate the widths ofthe broadened

peaks, but the same procedure works

with real chromatograms too.)

As you might expect, when peak

volumes get smaller, the effect of a

constant extracolumn volume will be

more significant. You can see this by

comparing data in Table I in two dif-

ferent ways. For each column listed,

there are peaks with five different

*-values. The larger the A-value, the

t4l



Figure 2: Partial plot of t*2 versus o2 for a 100 mm x 4.6 mm column with 3-pm packing,
0.42 ml/min flow rate and o = 15 pL (based on peaks from Table I of k = 0.5, 1, and 2).
Regression equation based on same column with k = O.5, 1,2,5, and 10 data.
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wider the peak, because of normal

band-broadening processes that go on

inside the column. As z" gets larger,

the influence of a constant 2"" is less,

so the percentage increase in peak

width drops as peaks are more strongly

retained (right-hand column of data in

Table I). Or another way of looking at

this is that early-eluted peaks are much

more susceptible to extracolumn band

broadening; one way to minimize such

problems is to make sure the first peak

of interest is well-retained. The second

way that peaks are influenced more

strongly by extracolumn effects is if the

peak is made narrower by reducing the

column volume, thereby reducing the

peak volume. This is seen in Table I

for both the shortening of the column

from 150 to 100 mm and the reduction

of the column diameter from 4.6 to 2.1

mm. These effects are readily observed

by comparing the chromatograms on

the right side of Figure I with the ideal

separations on the left side. The normal

%. = 15 pL has only minor detrimen-

tal effects for the 4.6-mm i.d. column

because the peak volumes are still fairly

Iarge. In the case of the 2.1-mm i.d.

column, there is a drastic reduction in

normal peak volume, and for the h =

0.5 peak pair, the separation is com-

pletely lost because of peak broadening.

You can now understand why columns

< 100 mm, particle sizes < 3 pm, and

column diameters < 4.6 mm. either

alone or in combination, can be par-

ticularly difficult to obtain optimum

results on unless equipment modifica-

tions are made or a new low-volume LC

system is purchased.

Measuring
Extracolumn Volume
Although a value of %. = 15 pL is "typi-
cal," it is a good idea to know what q"

is for your LC system. The measure-

ment is not difficult, but it does take a

bit of work. First, you need to obtain

data, such as that of Table I, with peaks

at different retention times. This should

be done with a well-behaved sample,

such as aromatic compounds without

ionic functional groups; here, I adjusted

the percent acetonitrile in the mobile

phase to get data for anthracene at

different retention times. Then make

a plot of retention-time squared ver-

sus d, as in Figure 2. Recall that the

standard deviation ofthe peak, o, can

be obtained from the peak width: eu,
= 4o if wr is the baseline peak width

measured between tangents drawn to

the sides ofthe peak. They-intercept

is q.2 and the slope of the line is l/ly'.
(I'll leave you to do the math here, but

N = l5[txlwr]2 = ft^lolz.) The regres-

sion equation shown in Figure 2 is for

the 100 mm X 4.6 mm, 3-Fm column,

using all five data points; for visual clar-

ity, the plot itself is only drawn for A =

0.5, 1.0, and 2.0. In this case, the data

,,.-,n. r'";:;: 

-;:" 
:" ::=^ ; 

":'x 10-5)0.5 = 0.0069 min X 2 ml/min
= 14 y,L. This is very close to the o 

" 
=

15 pL used to generate the data. And

from the slope, N= 110.43 x l0-5) =

13,460; the average value of .A/reported

by Drylab for these data was 13,830,

a trivial difference. You can perform a

similar exercise based on data obtained

from your LC system and estimate q.

for your LC hardware.

Conclusions
Sometimes the results we obtain from
"improvements" in chromatographic

conditions can be a bit baffling, In this

discussion. we've seen how extracolumn

volume in the LC system can broaden

peaks in the chromatogram. This is

especially a problem when the peaks

have small volumetric peak widths, such

as those obtained with short, narrow or

small-particle columns. The examples

shown here were for common columns

of 150- or 100-mm length, 4.6- or 2.1-

mm internal diameter, and 5- or 3-;rm

particle diameter. The negative impact

of extracolumn volume will be ampli-

fied even more when shorter, narrower,

or smaller-particle columns are used, as

might be the case for ultrahigh-pressure

LC (UHPLC) conditions. Sometimes

extracolumn volume can be reduced

to an acceptable amount by plumbing

adjustments, but in other cases, a new

LC system with lower inherent extracol-

umn volume may be required.
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