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Abstract

The correlation between the radial heterogeneity of a column and the tailing of the elution profiles of chromatographic
peaks was studied using a numerical method. A parabolic distribution of the linear flow velocity of the mobile phase and of
the column efficiency in the radial direction were assumed. Moment analysis showed that peak tailing takes place under such
experimental conditions and that it increases with increasing range of radial variations of the flow velocity and the column
efficiency. It was also found that the higher the column efficiency, the larger the effect of a given degree of radial
heterogeneity on the extent of peak tailing. Peak tailing behavior of columns having different efficiencies could be correlated
with each other by an equation. Some characteristic features of tailing peaks were analyzed in connection with the column
radial heterogeneity.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction a dead volume in some tubing connections. In spite
of considerable improvements in HPLC instrument

The profiles of elution peaks in chromatography design, constant progress in column quality have
result from the convolution of various contributions. kept these effects as a lingering source of troubles in
In linear chromatography, it is often assumed that, as physico-chemical studies. Yet, proper care and the
a first approximation, peak profiles should be well use of columns of appropriate size can make these
represented by a Gaussian distribution function. contributions practically negligible.
However, tailing profiles are often observed under In addition to these extra-column sources,
experimental conditions corresponding to proven heterogeneous mass transfer kinetics has been con-
linear isotherm. A number of interpretations and sidered as another essential origin of peak tailing.
models of this behavior have been proposed [1,2]. Guiochon et al. [1] and Fornstedt et al. [3,4] made
Early conventional studies on peak tailing have detailed studies on peak tailing phenomena in both
suggested three causes of instrumental origin, a linear and nonlinear chromatography by using a
tailing injection profile, a slow detector response, and transport-dispersive model. They showed that tailing

profiles could be comprehensively interpreted by
assuming the presence of two different types of
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and rates of mass transfer kinetics. The influence of 2. Theory
heterogeneity in the mass transfer kinetics on the
peak profile may be important when specific interac- We consider here the profiles of chromatographic
tions take place between the sample components and peaks under conditions of a linear isotherm. In this
the stationary phase, such as in the case of chiral first study, we assume that there is no radial disper-
separations or in the analysis of strong bases by sion of the compound in the column. We assume also
RPLC. that, in an homogeneous column, these profiles

However, it is not unusual to observe tailing in the would be Gaussian. To determine the profiles ob-
profiles of the peaks of nonretained tracers or of tained with a heterogeneous column, we divide it
compounds capable only of hydrophobic interactions into 50 annular columns of constant thickness, equal
with the stationary phase, indicating that still another to 1 /50 radius of the column. Each of these annular
source of tailing must be taken into account. Farkas columns is considered as homogeneous. The overall
et al. [5,6] and Farkas and Guiochon [7] determined chromatographic peak will be obtained as the sum-
the radial distribution of the flow velocity, the mation of each Gaussian profile, weighed in propor-
column efficiency (height equivalent to a theoretical tion to the cross-section area of the corresponding
plate, HETP), and the concentration of a compound annular column. Numerical calculations were carried
by using fibre optics and on-column local fluores- out with different numbers of annular columns, from
cence detection. It was shown that the flow velocity 20 to 100. Their results (not shown) confirmed slight
of the mobile phase was several percent lower in the changes in band profiles with increasing number of
wall region than in the column centre while the annular columns but practically no differences be-
HETP was several times larger in the wall than in the tween the results obtained with 50 and 100 annular
centre region. The radial distributions of the flow columns. These negligible changes do not influence
velocity and the HETP in a column were parabolic. the conclusions of this study.
It was concluded that the radial heterogeneity of a The profile of the peak leaving each annular
column had to be added as another source of peak column is given by
tailing [5–7]. This work confirms the results of

2(1 2 t )1previous studies using HPLC [8–13] and NMR d
]] ]]]C 5 exp 2 (1)] S Dd 2Œmethods [14–16]. Yun and Guiochon published s 2p 2sd d

photographs demonstrating the radial heterogeneity
where C , t , and s are the dimensionless con-of a large diameter column [17] and proposed a d d d

centration, time, and standard deviation of the peak,model for calculating nonlinear band profiles in a
respectively. The first two factors are represented asradially heterogeneous column [18,19].
follows.Radial heterogeneity of chromatographic columns

is ubiquitous in all conventional HPLC columns 9Ct CeSL(1 1 k )R 0
] ]]]][20], except those in which the ratio of the column to C 5 5 (2)d A npthe particle diameter is but a few units. We just do

not know how to pack columns and avoid a certain t ut
] ]]]t 5 5 (3)degree of column heterogeneity. Thus, it is useful to d t 9L(1 1 k )R 0

elucidate further the influence of the radial hetero-
geneity of the column on the peak tailing. The goal where C is the actual solute concentration, t itsR

of this study is to assess through numerical calcula- retention time, A the area of the injected pulse, ´p

tions the contribution of the radial distribution of the the total porosity of the column, S and L the column
9flow velocity and the column efficiency on the tailing cross-sectional area and length, respectively, k the0

of peak profiles. The derivation of a correlation retention factor at infinite dilution, n the amount of
between column radial heterogeneity and tailing solute injected, t the time, and u the interstitial
behavior was achieved by analysing some charac- velocity of mobile phase.
teristic features of the peaks calculated. The influence of the radial distribution of both the
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flow velocity and the column efficiency on the peak Finally, we investigated the effect of a combination
tailing must now be introduced. According to the of these two heterogeneities.
experimental results of previous studies [5–7], the
radial distribution of the flow velocity and the HETP 3.1. Influence of the flow velocity distribution
are represented by the following parabolic functions. alone

2r
]u 5 a S D 1 b (4) Chromatographic peaks were calculated by consid-r u uR

ering only the flow velocity distribution described
2r

earlier (Eq. (4)) and a radially homogeneous column]N 5 a S D 1 b (5)r N NR regarding its efficiency. Fig. 1 illustrates the correla-
where r is the radial distance from the centre of the tion between the ratio of the apparent number of
column, R is the column radius, u and N are the theoretical plates of the elution peak, N, and ther r

linear velocity of mobile phase and the number of value of N at the column centre, N , and thec

theoretical plates at a radial position r, respectively, amplitude of the fluctuation of flow velocity, u /u .w c

and a , b , a , and b are numerical parameters. The influence of the flow velocity distribution isu u N N

Since it was experimentally demonstrated that the much stronger for high efficiency columns than for
flow velocity at the centre of the column (u ) is low efficiency ones. Fig. 2 shows the influence of thec

usually no more than a few percent faster than that amplitude of the flow velocity distribution on the
near the wall (u ) [5–7], the ratio of these flow asymmetry factor of the elution peak. Thisw

velocities was varied from 0.90 to 1.0. However, the asymmetry factor is the ratio of the rear half-width of
average mobile phase flow velocity, u , was ad-av

justed so that the first moment of the calculated
peaks remained constant and equal to unity (i.e.,
constant flow rate). The value of u is given byav

R

ur
]]u 5E 2pr dr (6)av 2
pR

0

Combination of Eqs. (4) and (6) gives u 5(a /2)1av u

b . From Eq. (4), u 5b , and u 5a 1b . Finally,u c u w u u

the values of a and b were chosen so that u beu u av

equal to 1, as explained above. For example, in the
case when u /u 50.90, a 520.10526 and b 5w c u u9

1.0526. Similarly, the ratio N /N was varied fromw c

0.2 to 1.0 because the HETP was shown to be
several times larger near the wall than at the centre
of the column [5–7]. When N /N 50.20 and N 5w c c

1000, the coefficients of Eq. (5) are a 52800 andN

b 51000. The calculations of the profiles and itsN

moments were made using a BASIC program.

3. Results and discussion

We studied first separately the influences of a Fig. 1. Influence of a radial heterogeneity of the mobile phase flow
radial distribution of the mobile phase velocity and velocity distribution on the apparent column efficiency. The radial
of a radial distribution of the column efficiency. distribution of the column efficiency is assumed to be uniform.
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Fig. 3. Influence of the radial heterogeneity of the columnFig. 2. Influence of the radial heterogeneity of the mobile phase
efficiency distribution on the apparent column efficiency. Theflow velocity distribution on the asymmetry factor of the elution
radial distribution of the mobile phase flow velocity is assumed topeak. The radial distribution of the column efficiency is assumed
be uniform.to be uniform.

the elution peak, w , to the front half-width, w , at efficiency distribution because the distribution of theR F

10% of the maximum peak height. The results in flow velocity is uniform. This indicates that no
Figs. 1 and 2 show that peak tailing would be tailing peak is expected under this set of conditions.
observed even under experimental conditions for
which there would be only a radial distribution of the 3.3. Influence of radial distribution of both flow
flow velocity. Again, the effect is more severe on velocity and column efficiency
high efficiency columns than on low efficiency ones.
Almost no tailing of the profile is predicted at N 5 The combination of the influences of the radialc

100. distributions of the mobile phase velocity and the
column efficiency gives more complex results. These

3.2. Influence of only column efficiency distribution results depend largely on the value of the column
efficiency in the column centre core. Accordingly,

By contrast, Fig. 3 shows that, when the mobile we have to discuss successively the cases of a low, a
phase velocity is distributed homogeneously across moderate, and a high efficiency column. Similarly to
the column but not the efficiency, the correlation Fig. 1, the correlation between N /N and u /u isc w c

between the ratio N /N and N /N is the same, illustrated in Fig. 4 in the case of a low efficiencyc w c

irrespective of the value of N . In this case, the peak column. The influence of the radial distribution ofc

asymmetry factor, (w /w ) , is always unity irre- the mobile phase velocity is nearly negligible as seenR F 0.1

spective of the value of N /N (not shown). Only the earlier (Fig. 1). The influence of the radial dis-w c

peak width increases with increasing width of the tribution of the column efficiency is nearly the same
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Fig. 5. Influence of the radial heterogeneity of the mobile phaseFig. 4. Influence of the radial heterogeneity of the mobile phase
flow velocity and the column efficiency distributions on theflow velocity and the column efficiency distributions on the
asymmetry factor of the elution peak. The column efficiency in theapparent column efficiency. The column efficiency in the centre
centre region is 100 theoretical plates.region is 100 theoretical plates.

as for the case of a flat velocity distribution (Fig. 3). and the corresponding lines at N 51000 indicate thec

Fig. 5 shows the correlation between (w /w ) and following correlation between the correlation curveR F 0.1

u /u . As shown in Fig. 2, little tailing is observed in Figs. 4–9.w c

in the peak profile given by this column. There is no
utailing without a radial distribution of the velocity. w ]]1 2S D NuThe degree of tailing increases slightly with the jc i

]]] ]5 (7)uwidth of the velocity distribution. Nw œ i]1 2S DIn the case of a moderately efficient column (N 5 u jc c

1000), Figs. 6 and 7 illustrate the correlations
between N /N and u /u (Fig. 6) and between (w / This equation indicates that values of u /u betweenc w c R w c

w ) and u /u (Fig. 7). Similar plots for a high 0.9 and 1.0 at N 51000 correspond to values ofF 0.1 w c c

efficiency column (N 510 000) are reported in Figs. u /u between 0.968 to 1.0 at N 510 000. Similar-c w c c

8 and 9. Comparison of Figs. 4–9 indicates that the ly, values of u /u between 0.9 to 1.0 at N 5100w c c

higher the column efficiency, the stronger the in- correspond to values of u /u between 0.968 and 1.0w c

fluence of u /u on both N /N and (w /w ) . In at N 51000, and to values of u /u between 0.99w c c R F 0.1 c w c

Figs. 6 and 7, the open circles indicate the calcula- and 1.0 at N 510 000. The results of our calcula-c

tion results obtained at u /u 50.9 and N 5100. tions show that columns having a high efficiency arew c c

Similarly, the open triangles indicate the numerical more sensitive to the radial heterogeneity of the flow
results obtained at u /u 50.99 and N 510 000. The velocity than low efficiency columns. Eq. (7) allowsw c c

agreement observed between these different values a correlation between the tailing profiles obtained
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Fig. 6. Influence of the radial heterogeneity of the mobile phase Fig. 7. Influence of the radial heterogeneity of the mobile phase
flow velocity and the column efficiency distributions on the flow velocity and the column efficiency distributions on the
apparent column efficiency. The column efficiency in the centre asymmetry factor of the elution peak. The column efficiency in the
region is 1000 theoretical plates. Open circles and triangles centre region is 1000 theoretical plates. Open circles and triangles
indicate calculation results obtained at N 5100, u /u 50.90, and indicate calculation results obtained at N 5100, u /u 50.90, andc w c c w c

at N 510 000, u /u 50.99, respectively. at N 510 000, u /u 50.99, respectively.c w c c w c

with columns having different efficiency but similar having a wide range of efficiencies, made by packing
degree of heterogeneity. materials of quite different particle sizes in columns

Information about the tailing of peak profiles of different lengths are used in HPLC, depending on
obtained with a given column can be estimated from the difficulty of the separations to perform. The
similar results obtained with another column having values of the retention time and the peak width
a different efficiency. Experimental data regarding depend on the experimental conditions and many sets
the radial distribution of the flow velocity and the of parameters should be considered. A more useful
column efficiency have been reported for columns comparison of the characteristics of the tailing peaks
having different efficiency [5–8]. It was observed obtained under this wide variety of experimental
that the degree of the fluctuations of the flow conditions can be made more simply by normalizing
velocity and the HETP depended on the efficiency of the peak width in addition to its first moment. So, the
the columns, and that the most uniform flow profiles results discussed in this study were calculated at
in the radial direction were observed with the most N 51000.c

efficient columns [5]. It is probably possible to apply
Eq. (7) directly to compare the degree of the radial 3.4. Characteristics of tailing peaks.
fluctuation of the flow velocity between columns
having different efficiency. 3.4.1. Retention time

However, discussing the detailed influence of the In this study, the average flow velocity of the
column efficiency would be complex. Columns mobile phase was normalized in such a way that the
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Fig. 8. Influence of the radial heterogeneity of the mobile phase Fig. 9. Influence of the radial heterogeneity of the mobile phase
flow velocity and the column efficiency distributions on the flow velocity and the column efficiency distributions on the
apparent column efficiency. The column efficiency in the centre asymmetry factor of the elution peak. The column efficiency in the
region is 10 000 theoretical plates. centre region is 10 000 theoretical plates.

first moment, m , of all the peaks calculated was1

equal to unity. Fig. 10 shows the ratio of the peak
2E C (t )(1 2 t ) dtretention time, t , to m as a function of u /u . The d d d dR 1 w c

]]]]]]9value of t decreases with increasing degree of peak m 5 (8)R 2

tailing. However, the magnitude of the variation in t E C (t ) dtR d d d
is not large. The relative variation is approximately
1.5% under such extreme conditions that u /u 50.9w c where C (t ) is the dimensionless concentration at t .d d dand N /N 50.2. As illustrated in Figs. 6 and 7, the 23w c 9In Fig. 11, m 51?10 . Peak spreading increases2,cpeaks obtained under these conditions exhibit consid- in the same time as the tailing behavior. The second
erable tailing, the apparent value of N being reduced moment of the elution peak increases by a factor of 3
to nearly one third of N and (w /w ) being equalc R F 0.1 9over m under the extreme conditions selected,2,cto approximately 1.6. u /u 50.9 and N /N 50.2.w c w c

2The apparent variance of an elution peak, s , is
conventionally derived from its width at half height,

3.4.2. Second central moment w , according to the following equation which0.5Fig. 11 illustrates the influence of the radial assumes a Gaussian profile
distribution of the flow velocity on the second central

29moment, m . The ordinate is the ratio of the actual2 w0.52 ]]s 5 (9)9second moment of the elution peak, m , to the 0.52 5.54
9moment at the centre of the column, m . The2,c

2 9moment of the calculated peak is given by Fig. 12 shows the correlation between s /m and0.5 2,c
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Fig. 10. Ratio of the apical retention time to the first moment of Fig. 11. Dependence of the second central moment of the elution
the elution peak as a function of the radial heterogeneity of the peak on the radial heterogeneity of the mobile phase flow velocity
mobile phase flow velocity and the column efficiency distribu- and the column efficiency distributions.
tions.

u /u . The same trend is observed in Fig. 12 as in of N /N may be anywhere between 0.8 and 1.2.w c 0.5 M

Fig. 11. However, there are differences between the When the peak tails, there is no correct definition of
29values of m and s and their variations. These the column efficiency and either expression given by2 0.5

differences become visible when the peak tailing Eqs. (10) and (11) can be larger than the other
increases. It is frequently observed that the variance depending on the particular case studied, although, in

9calculated from Eq. (9) is smaller than m derived practice, larger values of N compared to N are2 0.5 M

from Eq. (8), and that the value of N afforded by Eq. more frequently reported. Proper application of the
(9) is an overestimate. These effects are well illus- contradictory results regarding N /N could proba-0.5 M

trated in Fig. 13 which shows the influence of the bly provide original information concerning the
peak tailing on the estimation of the column ef- radial heterogeneity of a column.
ficiency. The values of N and N were calculatedM 0.5

by the following equations. 3.4.3. Peak tailing behavior
Fig. 14 illustrates the influence of peak tailing on

2
m1 the variation in the peak width with the fractional
]N 5 (10)M 9m height. The ratio w /w is plotted versus the range2 0.5 0.1

of variation of the mobile phase velocity, u /u , forw c2t different values of the range of variation of the plateR
]]N 5 (11)0.5 2 height. This ratio is equal to 0.549 for a Gaussians 0.5

function. Fig. 15 shows the correlation between the
Fig. 13 shows that, depending on the nature and ratio of the asymmetry factors at half-height, (w /R

degree of heterogeneity of the column bed, the value w ) , and at 10% of the peak height, (w /w ) ,F 0.5 R F 0.1
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Fig. 12. Dependence of the variance estimated from the peak Fig. 13. Influence of the radial heterogeneity of the mobile phase
width at half height on the radial heterogeneity of the mobile flow velocity and the column efficiency on the estimation of the
phase flow velocity and the column efficiency distributions. apparent column efficiency. The column efficiency (number of

theoretical plates) was calculated either from the first and the
second central moments (N ), or from the retention time and theM

peak variance in Fig. 12 (N ).0.5

with u /u . The results in Fig. 15 show that (w /w c R

w ) is always larger than (w /w ) , under allF 0.1 R F 0.5

experimental conditions under which chromatograph- latter, while w is almost same under both con-0.1

ic peaks exhibit tailing profiles. ditions.
In order to clarify the characteristic features of the In case (2), the opposite assumption was made.

tailing phenomenon, peak profiles were calculated There is a constant velocity across the column and a
under three limiting conditions, (1) u /u 50.9, N / radial distribution of the column efficiency and N isw c w c

N 51.0; (2) u /u 51.0, N /N 50.2; and (3) u / 5 times larger than N . The results in Figs. 14 and 15c w c w c w w

u 50.9, N /N 50.2. Fig. 16 shows the three chro- indicate that, in this last case, the relative width ofc w c

matograms calculated. In case (1), there is only a the peak close to the baseline is larger than for a
radial distribution of the flow velocity; the column Gaussian profile but that the asymmetry factor
efficiency is uniform across the column. In this case, remains equal to unity under all conditions. Then
the results in Figs. 14 and 15 show that the peak (Fig. 13), N is always larger than N .0.5 M

exhibits nearly the same asymmetry at both 10 and Fig. 16 shows also a peak profile calculated under
50% of the peak height. Also, its ratio of the widths the conditions (3) (open square). The peak profile
at half-height and 10% of the height is slightly larger exhibits some obvious tailing. The retention time of
than for a Gaussian profile. This is seen in Fig. 16 by the peak maximum shifts from 1.0 to 0.985. The
comparing the peak profiles under conditions (1) results in Figs. 14 and 15 show that both the peak
(open circle) and (2) (open triangle). The peak width width and its asymmetry at 10% height are larger
at 50% height is wider in the former than in the than those at 50% height under the conditions (3).
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Fig. 15. Correlation between the peak asymmetry factors at 10 andFig. 14. Correlation between the peak widths at 10 and 50% of the
50% of the peak height with the radial heterogeneity of the mobilepeak height with the radial heterogeneity of the mobile phase flow
phase flow velocity and the column efficiency distributions.velocity and the column efficiency distributions.

As shown in Fig. 13, N is overestimated by0.5

approximately 15% under such conditions (3).
In cases (1) and (2) above, we made the unreason-

able assumptions that the radial heterogeneity affect-
ed only either the flow velocity distribution (1) or
that of the column efficiency (2). Obviously, both
should coexist as they originate both from an
heterogeneously packed bed [20]. So, there should be
a kind of correlation between the radial distributions
of the mobile phase flow velocity and of the column
efficiency.

4. Conclusion

This numerical study of the influence of the radial
heterogeneities of the distributions of the mobile
phase flow velocity and of the column efficiency on
the characteristics of the tailing of peak profiles in Fig. 16. Peak profiles calculated under three limiting conditions of
chromatography has confirmed that the radial hetero- radial heterogeneity of the mobile phase flow velocity and the
geneity of the column can cause important peak column efficiency distributions.



K. Miyabe, G. Guiochon / J. Chromatogr. A 830 (1999) 263 –274 273

tailing. Peak tailing arises even when there is only a m First moment1

9radial distribution of the flow velocity. A radial m Second central moment2

distribution of the column efficiency enhances the s Standard deviation
effect of the flow velocity distribution. The influence s Dimensionless standard deviationd

of the column heterogeneity increases strongly with
Subscriptsincreasing column efficiency. The tailing behavior
c At the centre of the columnresulting from the radial heterogeneity of columns
i ith columnhaving different efficiencies can be correlated by Eq.
j jth column(7). Comparison of experimental data with the
w Near the wall of the columnresults of the calculations reported in this study
0.1 At 10% of maximum peak heightshould provide new information regarding this corre-
0.5 At 50% of maximum peak heightlation. This subject is currently under investigation.
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