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Estimation of the column radial heterogeneity from an analysis of
the characteristics of tailing peaks in linear chromatography
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Abstract

An estimation procedure of the radial heterogeneity of the distributions of the mobile phase flow velocity and of the local
column efficiency was derived from a comparison of experimental data and of the characteristics of these tailing peaks
calculated numerically. The analysis of these characteristics indicated that the radial heterogeneity of the packing density of a
column is a cause of peak tailing. This analysis showed also that it is possible to correlate the radial fluctuations of the flow
velocity and the apparent efficiency of different columns. The comparison of experimental data and calculated results
suggested also a correlation between the radial distributions of the flow velocity and of the column efficiency. Previous
experimental data concerning the radial heterogeneity of column packings validated the correlation. Information on the
degree of heterogeneity of the radial distributions of the flow velocity and the column efficiency were obtained by analyzing
the peak width and the asymmetry factor of elution peaks. It was also found that the exponentially modified Gaussian
distribution cannot provide a comprehensive representation of all types of tailing profiles in chromatography.  1999
Elsevier Science B.V. All rights reserved.
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1. Introduction column wall was estimated at about 30–50 particle
diameters in analytical columns [1,4–6]. However,

It is well known that the columns used in chroma- not enough information was collected to allow any
tography are not homogeneous [1]. Knox and co- final conclusion.
workers were the first to show the radial hetero- More systematic studies of the radial distributions
geneity of the packing of these columns [2,3]. Other of the mobile phase flow velocity, the column local
studies led to similar conclusions [4–6]. Because efficiency (height equivalent to a theoretical plate,
these studies showed the existence of two regions in HETP), and the sample concentration were made
the column, one nearly homogeneous in its center, recently. They used slurry-packed columns fitted
one more perturbed along its wall, the phenomenon with several on-column, local electrochemical [8] or
was called the ‘wall effect’ [1,7]. The thickness of fluorescence detectors [9–11]. It was found that the
the perturbed region of the packing structure near the flow velocity of the mobile phase was several

percent lower in the wall region than in the center of
*Corresponding author. the columns while the HETP was several times
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larger in the wall region than in the center core. The listed above, must be found. Previous experimental
studies [8–11,16,17] concluded that the radial het-apparent or overall efficiency of the columns de-
erogeneity of the column packing should be consid-pends on the extent of the radial fluctuations of the
ered as this source of peak tailing. In a previousmobile phase flow velocity and of the local HETP.
paper [21], we reported the results of a numericalThe radial distributions of the flow velocity and the
study on the influence of the column heterogeneityHETP can be represented by parabolic functions.
on peak tailing.Similar results have also been obtained from studies

It is probably impossible to eliminate completelyof column packing using PFG NMR [12–14]. Final-
peak tailing due to the local fluctuations of the flowly, Yun and Guiochon made photographs demon-
velocity and of the column efficiency because radialstrating that the irregular region affected by the ‘wall
heterogeneity is generally present to a degree in alleffect’ in large diameter columns extends far from
conventional HPLC columns [1]. Therefore, it isthe wall, in contrast with the accepted opinion that it
necessary to evaluate the degree of column radialextends only over 30–50 particle diameters [15].
heterogeneity and to clarify its influence on peakUsing numerical calculations based on a model
tailing. The goal of this paper is the derivation ofincluding two space coordinates (the column length
correlations between the radial fluctuations of theand its radius), they also showed that peak tailing can
flow velocity and of the column efficiency and thearise from column radial heterogeneity [16,17].
extent of tailing of the chromatographic peak pro-Peak tailing brings about unfavorable effects in
files. This information was derived by comparingchromatographic separations, mainly the reduction of
experimental data and the results of calculationsthe overall column efficiency, hence of the resolution
regarding the characteristic features of the profiles ofbetween peaks. The following three causes have
tailing peaks.been pointed out as instrumental sources of peak

tailing, a tailing injection profile, a slow detector
response, and a dead volume in some tube con-

2. Theorynections. However, the influence of these instrumen-
tal sources can be reduced by selecting appropriate

We consider only chromatographic separationsexperimental conditions and by using well-designed
under conditions of linear equilibrium isotherm ininstruments. In addition to these sources of tailing,
this study. Unexpectedly tailing peaks are observedthe influence of an heterogeneous mass transfer
in practice under such conditions. The followingkinetics on the peak profile becomes important when
model was applied to explain this effect. The columnthere are strong, specific interactions between the
was divided into 50 coaxial annular columns. Thesample components and the stationary phase, such as
thickness of each annular column was the same,in chiral separations or in the analysis of strong bases
equal to 1 /50 of the column radius. It was alsoby RPLC. Guiochon et al. [18] and Fornstedt et al.
assumed that there was no radial dispersion and that[19,20] made detailed studies of this influence on the
each annular column was homogeneous. The peakpeak tailing by applying a transport-dispersive
profile leaving from each annular column was as-model. They provided a consistent interpretation to
sumed to be given by the Gaussian function, on thethe tailing phenomena in both linear and nonlinear
basis of previous experimental data [11].chromatography by assuming the presence of two

2different sites of adsorption, which have different (1 2 t )1 dequilibrium isotherms and different rates of mass ]] ]]]C 5 exp 2 (1)] S Dd 2Œs 2p 2sd dtransfer kinetics. They proved that the heterogeneous
mass-transfer kinetics was an essential source of where C and t are the dimensionless concentrationd d
peak tailing. Peak tailing is also observed in the and time, respectively, and represented as follows
elution of nonretained tracers and in chromatograph- [18].
ic separations of substances capable only of hydro-

9Ct CeSL(1 1 k )R 0phobic interactions with the stationary phase. ] ]]]]C 5 5 (2)d A npAnother origin of tailing, other than the sources
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Rt ut
] ]]]t 5 5 (3)d t 9 E 2pru drL(1 1 k )R r0

0
]]]]u 5 (6)av 2where C is the actual concentration, t the apicalR pR1retention time , A the area of the injected pulse, ep

Substituting Eq. (4) into Eq. (6) gives u as (a /av uthe total porosity of the column, S and L the column
2)1b . At the same time, u 5b and u 5a 1b . Inu c u w u u9cross-sectional area and length, respectively, k the0
this study, the values of a and b were adjusted sou uretention factor at infinite dilution, n the amount of
that u 51. For example, in the case of u /u 50.9,av w cthe sample substance injected, t the time, and u the
a 520.10526 and b 51.0526. On the other hand,u uinterstitial velocity of the mobile phase. The first
the values of a and b were taken as 2800 andN N9moment, m , and the second central moment, m , of1 2

2 1000, respectively, when N /N 50.2 and N 51000.w c cthe peak given by Eq. (1) are equal to unity and s ,d
The calculations of the peak profiles and its momentsrespectively. The corresponding number of theoret-
were made using a BASIC program.ical plates, N, is the reciprocal of the dimensionless

2variance, 1 /s . It was finally assumed that thed

overall elution peak is obtained as the summation of
3. Experimentaleach Gaussian profile weighed in proportion to the

cross-section area of each annular column. The flow
3.1. Apparatusvelocity, u , and the number of theoretical plates, N ,r r

at a radial position r were calculated using the
A Shimadzu LC-6A high-performance liquidfollowing parabolic equations, according to the ex-

chromatograph was used. A small volume (a few ml)perimental results of previous studies [8–11].
of sample solution was introduced into the stream of

2r mobile phase by use of a Rheodyne Model 7125]u 5 a S D 1 b (4)r u uR valve injector. A temperature-controlled water bath
was used to maintain the column temperature con-2r

]N 5 a S D 1 b (5) stant. The eluent composition was monitored by ther N NR
ultraviolet detector of the HPLC system.

where r is the radial distance from the center of the
column, R the radius of the column, a , b , a , and 3.2. Columns and reagentsu u N

b the numerical parameters in Eqs. (4) and (5).N

Previous experimental results indicated that the Two 15036-mm YMC columns packed with 45-
linear velocity of the mobile phase is 2–8% higher at mm spherical octadecylsilyl–silica gel were used.
the center of the column than near its wall and that The carbon contents of the two packing materials
the HETP is 80–150% higher near the wall than in were 8.6% (column 1) and 13.7% (column 2) (w/w).
the core of the column [1,8–11]. On the basis of In order to reduce the influence of extra-column
these results, ratios u /u and N /N between 0.90 volumes on the tailing profile of the experimentalw c w c

and 1.0, and between 0.2 and 1.0, respectively, were peaks, columns packed with relatively large particles
investigated. The subscripts w and c stand for the were used. The mobile phase was a methanol–water
regions near the column wall and its center, respec- (70:30, v /v) solution. Water was prepared by distilla-
tively. However, the average flow velocity, u , of tion of ion-exchanged water. Sample componentsav

the mobile phase was adjusted so that the moment m were benzene, ethylbenzene, n-butylbenzene, naph-1

of the overall peaks calculated remained equal to thalene, and anthracene. Uracil was used as the
unity. u is calculated as follows. nonretained compound.av

3.3. Procedures

1Retention time of the peak maximum. Chromatographic peaks were recorded under dif-
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ferent sets of experimental conditions. Volumetric Gaussian distribution (Eq. (1)). The width of the
3 21flow-rates of the mobile phase of 1 and 2 cm min calculated peaks increases with increasing degree of

were used. The experiments were run at different radial heterogeneity of the column. In case (3), the
temperatures in the range between 288 and 308 K. peak profile exhibits an obvious tailing. This result
The parameters of the tailing peaks determined confirms that the radial heterogeneity of the flow
experimentally were the apical retention time, the velocity and the column efficiency are important
peak widths at 10 and 50% of the peak height, and causes of peak tailing.
the asymmetry factor at the same heights. The Fig. 2 illustrates the influence of the radial
asymmetry factor was defined as the ratio of the rear variation of the flow velocity, u /u , on the apparentw c

half-width of the elution peak, w , to the front value of N. The ordinate is the ratio of N to theR

half-width, w . The parameters were measured original value of N at the column center, N . TheF c

graphically. They characterize the tailing profiles. value of N was calculated from the moments m and1

9m of the elution peak. As explained above, m of all2 1

the peaks calculated is equal to unity. The value of
94. Results and discussion the apparent second central moment, m , was calcu-2

lated by the following equation.
4.1. Influence of the radial heterogeneity of the

`flow velocity and the column efficiency on the peak
2tailing E C (t )(1 2 t ) dtd d d d

0
]]]]]]9m 5 (7)`2Fig. 1 shows the peak profiles calculated under

three different sets of conditions: (1) u /u 51.0, E C (t ) dtw c d d d
N /N 51.0; (2) u /u 50.95, N /N 50.6; and (3) 0w c w c w c

u /u 50.9, N /N 50.2. The importance of thew c w c

radial variation of the mobile phase flow velocity and where C (t ) is the nondimensional concentration atd d

of the column efficiency increases in the order (1), t . The results shown in Fig. 2 indicate that bandd

(2),(3). In case (1), the peak profile is given by the broadening increases with increasing degree of tail-

Fig. 1. Peak profiles calculated for three combinations of radial distributions of the mobile phase flow velocity and the column efficiency.
Note that the symbol (2) used in all figures means that the parameter is dimensionless.
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Fig. 3. Influence of the radial distributions of the mobile phaseFig. 2. Influence of the radial distributions of the mobile phase
flow velocity and the column efficiency on the asymmetry factorflow velocity and the column efficiency on the apparent efficiency.
of the elution peak. The column efficiency in the center region isThe column efficiency in the center region of the column is 1000
1000 theoretical plates (dotted lines). The dashed and solid linestheoretical plates (dotted lines). The other two lines give the
correspond to the same values of the parameters as those in Fig. 2.calculation results at N 5100, u /u 50.90–1.0 (dashed lines)c w c

and at N 510 000, u /u 50.99–1.0 (solid lines).c w c

results in Figs. 2 and 3, it can be derived that
9ing. The apparent value of m is nearly three times columns having a high efficiency are more sensitive2

larger when u /u 50.9 and N /N 50.2 than in the to a radial distribution of the flow velocity than loww c w c

case of a Gaussian profile. Fig. 3 shows the correla- efficiency columns. This correlation can be repre-
tion between the asymmetry factor of the elution sented by the following equation
peak at 10% peak height, (w /w ) , and theR F 0.1

uwrelative importance of the change in the flow ve- ]]1 2S D Nulocity, u /u . The degree of tailing of the peak jc iw c ]]] ]5 (8)uincreases with decreasing values of the ratios N /N Nw œw c i]1 2S Duand u /u . The value of (w /w ) approaches 1.6 jcw c R F 0.1

when u /u 50.9 and N /N 50.2.w c w c

In Figs. 2 and 3, we show also the results of Eq. (8) suggests that the profiles of tailing peaks on
calculations performed at N 5100 and 10 000, with columns of different efficiencies are similar if thec

values of u /u between 0.90 and 1.0 and between values of N /N are the same, and that these profilesw c w c

0.99 and 1.0, respectively. The lines calculated at can be correlated. Thus, it may be possible to
N 5100 and 10 000 overlay exactly those corre- compare directly the amplitude of the radial dis-c

sponding to N 51000, indicating that the range of tribution of the flow velocity in columns havingc

u /u between 0.968 and 1.0 at N 51000 corre- different efficiencies. Therefore, all tailing peaksw c c

sponds to the range between 0.90 and 1.0 at N 5100 were calculated at N 51000 in this study. In prac-c c

and between 0.99 and 1.0 at N 510 000. From the tice, chromatographic separations are carried outc
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with columns of different lengths, packed with
materials of different size, run at different mobile
phase flow velocities, and the retention of the sample
components is different. Retention times and peak
widths depend on the experimental conditions. How-
ever, a comparison between the characteristics of
tailing peaks recorded under different conditions can
be made by normalizing the values of the retention
time and the peak width on the basis of the first
moment of the tailing peaks.

The correlations shown in Figs. 2 and 3 suggest
that new information on the degree of column radial
heterogeneity can be derived from an analysis of the
tailing peak profiles. Peak tailing can be character-
ized from various points of view. In this study, the
following three characteristics were studied: (1) the
decrease of the apical retention time; (2) the increase
of the peak width; and (3) the extent of the
asymmetry. The apical retention time, t , the peakR

width at 10 and 50% of the peak height, w and0.1

w , and the asymmetry factor at these heights,0.5

(w /w ) and (w /w ) , were derived for peaksR F 0.1 R F 0.5
Fig. 4. Ratio of the apical retention time to the first moment of thecalculated at N 51000. The correlations betweenc
elution peak as a function of the asymmetry factor at 10% of thesome ratios of these parameters, e.g., t /m , w /R 1 0.5 maximum peak height. The column efficiency in the center region

w , and (w /w ) , were calculated. Except for0.1 R F 0.1 is 1000 theoretical plates. The symbols indicate the calculation
t /m , they probably provide results which are results under various conditions of N /N and u /u (see matrixR 1 w c w c

independent of N when tailing peaks on columns of in legend). The dashed line represents the correlation calculatedc
by the equations derived from the exponentially modified Gaus-different efficiency exhibit a similar shape.
sian (EMG) function by Foley and Dorsey [22].

4.2. Retention times of tailing peaks
w ) are same, almost the same value of t /m isF 0.1 R 1

Fig. 4 illustrates the decrease of the apical obtained, even if the combination of the values of
retention time, t , which is due to a radial dis- u /u and N /N is different. Because of the smallR w c w c

tribution of the flow velocity and the column ef- amplitude of the variation of t , however, it isR

ficiency. The ordinate is the ratio of t /m . In this unlikely that some valuable information on theR 1

study, the average flow velocity of the mobile phase degree of column radial heterogeneity can be derived
was normalized in such a way that m was equal to from a comparison between experimental data and1

unity for all the peaks calculated. The ratio t /m is the calculated results in Fig. 4.R 1

plotted versus the asymmetry factor, (w /w ) in Foley and Dorsey proposed an empirical equationsR F 0.1

Fig. 4. The value of t decreases with increasing for the calculation of chromatographic figures ofR

degree of the peak tailing but the amplitude of the merit for ideal and skewed peaks [22]. They ana-
variation is small, the relative variation being ap- lyzed the characteristics of tailing peaks having the
proximately 1.5% under conditions such that (w / exponentially modified Gaussian (EMG) function asR

w ) is close to 1.6. As illustrated in Fig. 2, the a profile. This model was chosen arbitrarily, withoutF 0.1

apparent value of N is reduced to about one third of any consideration of the mechanism of peak tailing.
N under such conditions. The results in Fig. 4 Some graphically measurable parameters of tailingc

suggest that the retention time depends only on the elution peaks were correlated with the parameters of
degree of peak tailing. When the values of (w / the EMG function. The dashed line in Fig. 4R
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illustrates the Foley–Dorsey correlation between t /R

m and (w /w ) . A similar and parallel trend is1 R F 0.1

observed between the dashed line and the plots
calculated numerically in this study. However, the
dashed line does not approach the point corre-
sponding to the Gaussian peak at low values of
(w /w ) . Although some of the equations pro-R F 0.1

posed by Foley and Dorsey are approximately cor-
rect for values of (w /w ) larger than 1.09, theyR F 0.1

are not defined at lower values. The dashed line ends
at (w /w ) 51.09 although there are no reasonsR F 0.1

for that in this type of peak tailing.

4.3. Width of tailing peak

When a chromatographic peak exhibits tailing, its
width at low concentrations is larger than at high
ones. The ratio of the peak widths at different
fractional heights may be one of the characteristics
of the tailing peak. Fig. 5 illustrates the correlation
between w /w and (w /w ) . In contrast to Fig.0.5 0.1 R F 0.1

4, the data points are scattered in a wide range. The
Fig. 5. Correlation of the peak widths at 10 and 50% of theratio w /w should be equal to 0.549 when the0.5 0.1
maximum peak height with the asymmetry factor at 10% of thepeak profile is Gaussian. The value of w /w0.5 0.1 peak height. The column efficiency in the center region is 1000

depends on the nature of the radial heterogeneity of theoretical plates. The symbols indicate the calculation results
the column. For equal values of (w /w ) , different under various conditions of N /N and u /u (see matrix inR F 0.1 w c w c

values of w /w are observed for different combi- legend). They are same combinations as those used in Fig. 4. The0.5 0.1
dashed line represents the correlation calculated by the equationsnations of the values of u /u and N /N . Thew c w c
derived from the EMG function.results in Fig. 5 suggest that values of w /w0.5 0.1

higher than 0.549 may be observed for tailing peaks
under some conditions. However, these conditions teristics only under extremely limiting conditions.
may be unrealistic. As shown in Fig. 6, the ex- Even if we limit ourselves to the sources of peak
perimental data (symbols s and n) are found only asymmetry arising from a heterogeneous column
in a limited region of the graph, between the two bed, we find that there are many types of tailing
solid lines in Fig. 6, indicating that w /w de- profiles, the characteristics of which cannot be0.5 0.1

creases from the limit point corresponding to a interpreted by the empirical equations derived form
Gaussian profile with increasing (w /w ) . The the EMG function. Note that it is also unreasonableR F 0.1

network of dotted lines in Fig. 6 illustrates the that the dashed line does not pass even close to the
calculation results shown in Fig. 5. The results in point (w /w ) 51.0 and w /w 50.549.R F 0.1 0.5 0.1

Figs. 5 and 6 provide some information on the radial
heterogeneity of the column, i.e., on the correlation 4.4. Correlation between u /u and N /Nw c w c

between u /u and N /N .w c w c

Figs. 5 and 6 also illustrate the correlation Fig. 7 illustrates the correlation between u /uw c

between w /w and (w /w ) calculated from and N /N derived from the results in Figs. 5 and 6.0.5 0.1 R F 0.1 w c

the equations proposed by Foley and Dorsey [22] The two solid lines in Fig. 7 correspond to those in
(dashed line). This dashed line is mainly located in Fig. 6, between which are found the experimental
the region between the two solid lines in Fig. 6. results. The influence of the amplitude of the radial
However, it can account for the peak tailing charac- distribution of the local column efficiency is am-
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Fig. 6. Correlation of the peak widths at 10 and 50% of the Fig. 7. Correlation of the radial distributions of the mobile phase
maximum peak height with the asymmetry factor at 10% of the flow velocity and the column efficiency. The column efficiency in
peak height. The experimental data are represented by the symbols the center region is 1000 theoretical plates. Data numbers refer to
(s) for column 1 and (n) for column 2. The dashed line Table 1. The dashed line represents the correlation calculated by
represents the correlation calculated by the equations derived from the equations derived from the EMG function.
the EMG function. The dotted lines are the same as those
connecting the symbols in Fig. 5. They represent the results of the
theoretical calculations.

u /u determined experimentally and correspondingw c

to a certain value of N were converted to valuesc

corresponding to N 51000 by applying Eq. (8). Thec

plified by an increase in the amplitude of the flow results are reported in Table 1. Fig. 7 also shows the
velocity distribution. The results in Fig. 7 indicate experimental data. These are given as plots of N /Nw c

that no experimental data were ever observed in versus the converted amplitude of the flow velocity
regions in which the radial heterogeneity of the distribution, u /u (1000). Most data points arew c

column bed affects only either the flow velocity located in the region between or around the two solid
distribution or that of the column efficiency. For lines. Although a few data scatter farther, they also
example, a variation of the flow velocity in the radial support the existence of a correlation between N /Nw c

irregularity is always the result of a heterogeneous and u /u . The scatter of the data points resultsw c

bed which causes also a radial variation of the local probably from experimental errors made in the
column efficiency. determination of u /u . The relatively high values ofw c

Experimental data on the radial distributions of the N in the experiments referred as [5, 6, 7 and 10c

flow velocity and the column efficiency have been causes an amplification of the error when the values
reported for columns having different efficiencies of u /u are converted. Nevertheless, the resultsw c

[5,6,8–11]. However, it is difficult directly to com- shown in Figs. 5–7 indicate that the amplitude of the
pare these experimental data, the columns having radial distributions of the flow velocity and the
different efficiencies. In this study, the values of column efficiency can be estimated by a proper
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Table 1
Experimental data on the radial distributions of the mobile phase flow velocity and the local column efficiency

Column Efficiency Radial heterogeneity Data Ref.
a b c d e f gPacking materials d (mm) Size (mm) h h N N /N u /u (N ) u /u (1000)p c w c w c w c c w c

Glass beads 40 20034.6 5.5 16.5 900 0.33 0.92–0.95 0.92–0.95 1 [8]
Porous silica 10 20034.6 10 25 2000 0.4 0.95–0.965 0.93–0.95 2 [8]
Zorbax C 10 10034.6 10 15 1500 0.67 0.988 0.985 3 [9]18

Zorbax C 10 30037.8 6 18 5000 0.33 0.975–0.983 0.94–0.96 4 [10]18

Zorbax C 5 25039.4 5.4 6.5 9300 0.83 0.985–0.988 0.95–0.96 5 [10]8

Zorbax C 10 150350 3.9 5.1 3900 0.77 0.94–0.95 0.88–0.90 6 [11]18

Zorbax C 10 150350 3.1 4.4 4800 0.71 0.94–0.95 0.87–0.89 7 [11]18

RP-18 3 10033.2 5 20–25 6700 0.20–0.25 0.98 0.95 8 [5]
RP-18 3 10033.2 4.5 10–12 7400 0.36–0.45 0.99 0.97 9 [5]
RP-18 3 4033.2 1.9 4.2 7000 0.45 0.95 0.87 10 [6]
aParticle diameter.
bReduced HETP at the center of the column.
cReduced HETP near the wall of the column.
dNumber of theoretical plates at the center of the column.
eRatio of the column efficiency near the wall to that at the center of the column.
fRatio of the flow velocity near the wall to that at the center of the column under the conditions that the column efficiency is equal to N .c
gConversion ratio of the flow velocity near the wall to that at the center of the column under the conditions that the column efficiency is
equal to 1000.

analysis of the information available in the peak (dashed line) shows again a trend which is different
width and the asymmetry of the overall elution peak. from that of the graphs calculated in this study.

The dashed line in Fig. 7 shows the correlation
between N /N and u /u calculated using thew c w c

equations proposed by Foley and Dorsey [22]. The 5. Conclusions
results in Figs. 5–7 suggest that the EMG function
cannot provide a comprehensive representation of The radial heterogeneity of the column bed is an
tailing profiles in chromatographic peaks arising important contribution to peak tailing in analytical
from column bed heterogeneity. chromatography. The higher the column efficiency,

the larger the effect of a given degree of radial
heterogeneity on the extent of peak tailing. Eq. (8)

4.5. Asymmetry of tailing peaks allows a correlation between the amplitude of the
radial variation of the flow velocity for columns

Like the radial variation of the peak width, the having different efficiencies. The value of t /mR 1

cross-sectional variation of the asymmetry at differ- decreases with increasing asymmetry factor, (w /R

ent peak heights may serve to characterize the tailing w ) and depends only on the degree of peakF 0.1

of peaks. Fig. 8 illustrates the correlation between tailing. However, the magnitude of the variation is
(w /w ) and (w /w ) . A significant scatter of small. By contrast, the ratio w /w depends on theR F 0.5 R F 0.1 0.5 0.1

the plot is observed. It is unlikely that information nature of the radial heterogeneity of the column.
about the column radial heterogeneity can be derived Plots of calculated values of w /w against (w /0.5 0.1 R

from a comparison between the results of calcula- w ) are widely scattered. A comparison of theF 0.1

tions and the experimental data. The results in Fig. 8 experimental data and the calculation results of this
mainly show that (w /w ) is larger than (w / study provided, however, curved correlations be-R F 0.1 R

w ) when chromatographic peaks exhibit tailing tween u /u and N /N which show that N /NF 0.5 w c w c w c

profiles. The correlation based on the EMG function increases with increasing u /u .w c
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6. Symbols

a Coefficient in Eq. (5)N

a Coefficient in Eq. (4)u

A Area of the injected pulsep

b Coefficient in Eq. (5)N

b Coefficient in Eq. (4)u

C Actual solute concentration
C Dimensionless concentrationd

d Particle diameterp

h Reduced HETP
9k Retention factor at infinite dilution0

L Column length
n Amount of the solute injected
N Number of theoretical plates
N Number of theoretical plates at a radialr

position r
r Radial distance from the center of the

column
R Column radius
S Column cross-sectional area
t Time

Fig. 8. Correlation between the asymmetry factors at 10 and 50% t Dimensionless timed
of the peak height. The column efficiency in the center region is t Retention timeR
1000 theoretical plates. The symbols indicate the calculation u Interstitial velocity of the mobile phase
results under various conditions of N /N and u /u (see matrixw c w c u Average mobile phase flow velocityavin legend) and are the same as those in Fig. 4. The dashed line

u Linear velocity at a radial position rrepresents the correlation calculated by the equations derived from r

the EMG function. w Peak width
w Front half-width of the elution peakF

w Rear half-width of the elution peakR

w /w Asymmetry factorR F

Previous experimental data relating to the radial
variation of the mobile phase flow velocity and the 6.1. Greeks
column efficiency could be plotted on these correla-
tions, suggesting that experimental data on column e Total porosity of the column
radial heterogeneity measured on columns having m First moment1

9different efficiencies could be directly compared. m Second central moment2

The magnitude of the radial heterogeneities of the s Dimensionless standard deviationd

flow velocity and the column efficiency could be
evaluated by analyzing the peak width and the 6.2. Subscripts
asymmetry factor of the elution peak. Plots of (w /R

w ) against (w /w ) indicated that (w /w ) c At the center of the columnF 0.5 R F 0.1 R F 0.1

was larger than (w /w ) for chromatographic i ith columnR F 0.5

peaks exhibiting tailing profiles. Finally, the empiri- j jth column
cal equations derived from the EMG function do not w Near the wall of the column
properly characterize tailing peaks originating from 0.1 At 10% of maximum peak height
bed heterogeneity. 0.5 At 50% of maximum peak height
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