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Abstract 

Apparent column efficiencies were measured for 2,6-dimethylphenot, 3-phenyl-l-propanol, m-cresol and methyl 
benzoate on six columns packed with two commercial oetadeeyt silica, using methanol--water solutions as the 
mobile phase. The columns having the less dense packing are also the most efficient (the tong-term stabiIity 
problem conventionally associated with low packing-density columns has not been studied). The dependence of the 
column efficiency on the sample ~i;;e is well accounted for by the Knox-Pyper model, usil~g the isotherm data 
previously determined and the solution of the ideal model to account for the thermodynamic contribution to band 
broadening, 

1. Introduction 

In a companion paper [1], we discussed the 
results of measurements of isotherm data for 
2,6~dimethylphenol, 3-phenyM-propanol and 
methyl benzoate on six different columns pre- 
pared with two different octadecyl ~iliea zdsor ~ 
beats for reversed-phase liquid chromatography. 
The first two components give Langmuirian 
isneherms on both stationary ph~scs~ the last one 
gives an anti-Langmuirian isotherm. Calculated 
and measured band profiles were generally in 
good agreement, showing that the model errors 
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have been properly corrected or accounted for. 
For each component, the ,same isotherm 

model could be used to account for the ad- 
sorption data on the different columns, the 
Langmuir model for the first two compounds, 
the quadratic model for the inset one. The param- 
eters of these isotherms are qui~e different on 
the two stationary phases, For each stationary 
phase, the parameters determined for ~ c h  cob 
umn are somewhat different, but most of the 
differences can be explained by the differences in 
density of the column packing, 

'l'he aim of the present paper is to compare the 
efficiency data acquired in the same time on the 
different columns studied, and the dependence 
of the apparent column efficiency on the sample 
size. 
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2. Theory 

Classically, the column efficiency is a measure 
of the relative bandwidth of elution peaks 

where N, is the number of theoretical plates of 
the column, t, is the retention time of the peak 

and %I !i is its width at half height. In linear 
chromatography, the column efficiency is simply 
related to the design and operation parameters 
of the column. In non-linear chromatography, 
the apparent efficiency is also a function of the 
sample size. 

The column efficiency has also been related to 
the second statistical moment of the band, pro- 
portional to the band variance. The definitions 
are equivalent for nearly symmetrical peaks. 
Column efficiency being an empirical parameter 
[2], the choice is a matter of convenience. With 
the protocol defined in the Experimental section, 
the precision obtained by measuring the width at 
half height (ca. f 96) is an order of magnitude 
better than could be achieved for the determi- 
nation of the second moment because of the 
uncertainty, due to the signal noise, regarding 
the time when the integration should be stopped. 

In linear chromatography, the elution band- 
width observed for small samples injected in a 
short time depends only on the axial dispersion 
and on the mass-transfer kinetics. A correlation 
between the height equivalent to a theoretical 
plate (HETP: H = L/N,,. with L = column 
length), which characterizes the relative band 
width, and the mobile phase flow velocity (u> has 
been described by Done et al. [3] who defined 
the ~ecluced p&e height h as 

N 

+x 
(2) 

and the r&uced velocity v or particle Pectet 
number (see 141) as 

dPU 
YE- 

Rn (3) 

where 6, is the average diameter of the packing 
particles and D, is the diffusion coefficient of 
the compound in the mobile phase. The univer- 
sal correlation is given by 

where b characterizes axial diffusion, due to the 
concentration gradient along the column axis, at 
the. boundaries of the band, a the eddy diffusion, 
a function of the homogeneity of the column 
packing, and c the mass-transfer kinetics. The 
exponent n is commonly assigned a value of 113 
to best fit experimental results 133. The Knox 
equation predicts that the column efficiency 
reaches a maximum at a certain flow velocity, 
i.e., that there is a minimum in the h vs. v plot. 

2.2. Apparent efficiency in met-loaded &&on 

In non-linear chromatography, the bandwidth 
depends also on the thcrmodynam~cs of phase 
equilibrium. Knox and Pyper [S] have suggested 
that the kinetic contribution to the column 
efficiency [due to axial dispersion and to mass- 
transfer resistances) can be separated from the 
thermodynamic contribution (due to the non- 
linear behavior af the equilibrium isotherm). 
This assumes that the mass-transfer resistances 
are independent of the solute concentration [2]. 

With this assumption, the apparent column 
efficiency, N, under overloaded conditions is 
given by 

where N,, refers to the column efficiency at 
infinite diluticrn (i-e-, it is the plate number 
resulting from axial dispersion and the mass= 
transfer kinetics only, as given by Eq. 4) and Ntk 
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Table 1 

Column hold-up times and capacity factors 

Columns” 

YS YL VSI VS2 VLI VL2 

t, bin) 1.26 2.95 1.25 1.30 2.95 2.N 

MC: k’ 5.60 6.15 3.70 3.60 3.0 4.1 

PP: k’ 9.7 4.X 6.5 h.3 7.1 7.2 
DMP: k’ 11.2 12.1 7.1 7.0 7.9 8.1 

MB: k’ 13.2 14.1 8.8 X.6 Y.K 10.3 

MC = m-Cresol; PP = 3-phenyl-I-propanol; DMP = 26dimethylphenol: MB = methyl benzoate. 
“All columns, I.D. 4.6 mm. YS: I!. = 10 cm. YMC ODS: YL: L = 25 cm, YMC ODS; VSl: L = IO cm, Vydac ODS; VS2: L = 10 

cm. Vydac ODS; VLI: L = 25 cm. Vydac ODS; VL2: L = 3 cm: Vydac ODS. 

is the apparent plate number of an infinitely 
efficient column at finite concentration, resulting 
from the non-linear behavior of the isotherm. IV,, 
can be derived from the 
in ideal chromatography 

band profile calculated 
[ 71. It is given by 

N,, = 5.54. 
(2 -Li ‘)” 

(4Li 2 - L,)? 

r, , $2 + t,, 1 1' 

‘1 l+k,:tli’(l-L; yJ (6) 

where t, is the duration of the injection. k,: is the 
limit retention factor of the component (or 

retention factor at infinite dilution) and L, its 
loading factor, defined as the ratio of the amount 

of component injected to the column saturation 
capacity for that component: 

(7) 

where n is the amount of component injected, S 

and L are the column geometrical cross-section 
area and length, respectively, and b is the second 

coefficient of the Langmuir equation. The load- 
ing factor as defined above is meaningless for an 
isotherm which has no horizontal asymptote. 

The dependence of the apparent column ef- 
ficiency on the sample size has been discussed 
previously, using the theoretical approach out- 
lined above [2,6.7] or a more empirical method 

[8.9]. Lucy and Carr [7] have shown that, in spite 
of some fundamental reservations [lo], the meth- 

od gives correct results at moderate and high 
loading factors, a result also in agreement with 

experimental determinations [6]. 

3. Experimental 

The same equipment (Perkin-Elmer, Norwalk, 

CT, USA), the same columns, the same chemi- 
cals and the same procedures were used in this 
work as in the work described in the companion 

paper [ i], except that column efficiencies were 
also measured for m-cresol, 99%, liquid (Al- 
drich, Milwaukee, WI, USA), formula weight 

(FW) 108.14 [CAS Ref. No. 108-39-41, catalog 
No. C8,572-7. Solutions of m-cresol with con- 

centrations between 172.5 and 4.22 mg/ml were 
prepared. 

3.1. Measurement of the column eficiency 

To determine the efficiency under linear con- 
ditions, the retention times and bandwidths at 

half height were measured as a function of the 
flow velocity for the four components using the 

most dilute solutions prepared, to avoid column 
overloading. The choice of measuring the band 
width at half height rather than at the baseline or 



204 H. Oua,~. G, G~dochon / J. Chromatogr. A 687 (15N4) 201-212 

any other fractional height is arbitrary. From 
previous, independent studies [11], however, the 
width at half height ~ e m s  m afford the most 
precise measurement of the- column bandwidth. 
It is also readily amenable to automatic de- 
termination using a simple calculation proce ~ 
dure. 

At each flow-rate, a 0.0i0-ml (for 10 cm long 
columns) or a 0.020-ml (for 25 cm long columns) 
sample was injected. The calibration curves 
reported independently [1] were use& Apparent 
efficiencies under overloaded conditions were 
determined following the s~me procedure, but 
using larger volume loops and more concen- 
trated solutions, as needed. 

The retention data under linear conditions are 
listed in Table t. The other column characteris- 
tics are reported in the companion paper [1], 
Table 1, 

3.2 ,  N u m e r i c a l  t r e a t m e n t  of" the  da ta  

The determination of the column efficiency 
from recorded experimental band profiles ten 
quires the measurement of the retenlion time 
and the bandwidth at half height (Eq. I)~ To 
reduce the contribution of the experimental 
errors and particularly theft of ~he signal noise 
and of a non-linear detector response, the fol- 
lowing procedure was used. First, the chromato- 
grams [1] were transformed from records of the 
detector output (i.e., electrical voltage) versus 
the running time into plots of component con- 

Table 2 
Parameters ~sed {a the W~ke-C?naug equat~o~ 

Compeur~ds 

MC ~MP PP MR 

Ma (g/tool) I08.i 136.2 122.2 136.1 
d^ (g/roll 1.034 1.001 1.025 1.094 
V~ (rrd I rnol) 104.6 136.1 119.2 124.5 
D,~ x. 1.0 ~ 6.06 5.17 5,6(1 5.46 

For COmF, o~)d abbreviations, see Table |, 

centration in tlle mobile plaa~, C, versus time t. 
Second, the data points i.~ the ~o|!ow~g ttu~ee 
groups were extracted into separate files. 

Grot~p I contains at[ the data points ranging 
between 90 and 100% of the peak maximum and 
will ~ processed to derive the retention time of 
the peak and its height. Groups It and III 
contain the data points ranging between 45 and 
55% of the peak maximum, with the signal 
increasing or decreasing with increasing time, 
respectively, They will be processed together to 
derive the bandwidth at half height. 

The data points of the fi~t group are fitted to 
a parabolic model 

C - a~t  ~ + a~r + an (8) 

LFGF, ND 
o 2,6 dimet, hyt phenol (DMP) 

DMP Kn£~,,~quot;on f;t ........ 
o methylbenzoote (MB) " 

PP KnOx ~ouOtien fit 

iSL ~ -  
F -  
L,~ 

,,.t"} "~'' . ~ *  

~o ~o 3o 4o 50 ~o 
r e d u c e d  velocity 

Fig- 1. Campar,~0n between the experimental data for the, 
cohmm efficiency (symbols) and the l:~est fit to the Kno~, 
equation (lined)° Column YS (L = 10 c~, ¥MC ODS). 



20 30 50 60 

reduced velacity 

Fig. 2. Sam as Fig. 1, but column YL (L = 25 cm, YMC Fig. 3. Same as Fig. 1. but column VSl (L = 10 cm, Vydac 
#lx). ODSl. 

_EGEND 
i 2,6-dk-txthyi phenol @MF’) 

20 30 40 50 60 
reduced velocity 
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using a least-square method. From the best 
coefficients u2, u1 and a,, the coordinates of the 
peak maximum, hence the retention time, t, and 

the maximum concentration of the peak, C,, are 
calculated. 

The data points of each of the other two 
groups are fitted to a linear equation 

C=b,t+b,, (91 

Using the best values of the coefficients b, and 
b,, the times corresponding to the elution of the 
concentration CM/2 on each side of the band are 
determined by interpolation. This gives the 
bandwidth at half height. 

This procedure of data smoothing is carried 
out entirely by software which eliminates human 

LtGEND 
0 2,6-dimethyl phenol (DMP) 

DMP Knox e&ation fii 
0 methyl benzoate &XI) 

20 30 40 50 60 

reduced velocity 

Fig. 1. Same as Fig. I, but column VS2 (L = 10 cm. Vydac 

ODS). 

judgment and errors and ensures the maximum 
reproducibility. 

3.3. Determination of the reduced velocity 

Finally, the mobile phase flow velocity was 
measured as u = Lit,, with L = column length 

and t, = retention time of uracil. For all com- 
pounds, this velocity is converted into a reduced 
velocity, using Eq. 3, with the known particle 
size (10 pm) and the diffusion coefficients de- 
rived from the classical Wilke and Chang equa- 
tion [12] 

D 
l&PiT 

A.B = 7.4. 10PN. 
Q$V;6 

WY 

3 2,6-dimethyl phenol (DMP) 
DMP Knox equation fit 

3 methyl benzoate (MB) 

PP’Knox e u&ion fit ’ ; _;Yi;e;Gi 
P 
MtI_ _ _ _ _ _ _ _ _ _ _ _ _ 

MC Kna,wation fit ,-.- 

20 30 40 50 60 

reduced velocity 

Fig. 5. Same as Fig. 1, but column VLl (L = 25 cm, Vydac 

ODS). 



where Jig is an association constant far the 
solvent, M, is the molecular mass of the solvent 
fg,‘mol), qa its viscosity (cP), VA the molar 
volume {m~/mul~ of the liquid solute at its 
normal boiling point, and T the absolute tem- 

perature (K). Recommended $B values are 1.9 
for methanol and 2.6 for water [12]. The value 
for V’ can be calcu’lated from group contribu- 
tions [ 13,141. Since the solvent used is a solution 
of methansl-water (4&60) (Mmethann, = 32.04 gi 
mol, M,,,,, = 18.00 gimal), the value of $&IH 
was taken as the weighed average, i.e. 

tC’RJS% =I: 6~~~~~~~~~~~~~~ 

+ 40~~~,thano,~methan*~ = 52.4304 flU 

Temperature T was taken as 298.13 K and the 

solvent viscosity 1.62 cP [Z]. The value af VA for 

18 20 $8 40 

reduCed velocity 

Fig. h. Same as Fig. 1. but column VL2 (L = 25 cm, Vydac 
ODS). 

each compound studied was taken as the quot- 
ient of that molecular mass MA divided by its 
density d,. The data used are summarized in 
Table 2. 

3.4. Representation of the ejj’icimcy datu 

The values of the reduced efficiency and 
reduced velocity are fitted tu the Knox equation 
I.31 using a linear regression and setting b = 1.5 
far the lack of data at low values of the reduced 
efficiency. In a few instances, this procedure 
leads to negative values of C, in which case c was 
set to 0 and the procedure repeated for the 
determination of a. The coefficients obtained are 
reparted in Table 3 and used to draw the lines in 
the figures. 

I VSI: experimental data 
VSl: Knox eat&ion fit 

> VS2: experimental data 
VSZ: Knox equation fit .~ ““....“_‘.,..,“.~‘*.. ..( I..,............. < 

b VLI: experimentat data 
VL1: Knox equaiion fit ; vlZf e~~~~r;?dr;t’O i_daio-- 

VL2: KnoxJ&uation fit -.-._ ._.A, 
g Y’S: experlmentol data 

Knox,eaustian fit YS: 
F YL; experimental dota 

YL: Knox eawtion fit 

20 30 40 50 60 

reduced velocity 

Fig. 7. Comparison between the experimental data fur 
colunzn efficiency (symbals) and the best fit to the Knm 
equation (lines). Data far m-cresol. 
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4. Results and discussion 

4.1. Effect of the mobile phase flow-rate on the 
column ejjkiency 

The experimental results are shown in Figs. 
l-6 (symbols) as plots of the reduced HETP 
versus the reduced velocity for the six columns 
studied. No data were collected in the velocity 
range where axial dispersion controls the band 
width because this effect is well known. We are 
mainly interested in the mass-transfer resistances 
which constitute the main contribution to band 
broadening at the high flow velocities at which 
preparative columns must be operated. So no 
minima are observed on the curves. In all cases, 
the reduced efficiency increases with increasing 
reduced velocity in a manner consistent with the 
Knox equation (Eq. 4). As expected, there is a 

LEGEt?D 
I VSI: experimental data 

VSl: Knox equation fit ,.~~~:‘.~xperi;;;;;n’i;;i’;i’;;ia”’ 

VS2: Knox eauation fit 
1 VLl: experimental data 

VL2: Knox eauotion fit 
( Y’S: experimental doto 

YS: Knox eauation fit 
) YL: exoerimentai doto 

YL: Kn’ox eauotion fit 

10 20 30 40 50 60 

reduced velocity 

good agreement between the experimental data 
points (symbols) and the curves derived from the 
best coefficients obtained by fitting these results 
to the Knox equation (Table 3). 

Two different trends are observed when com- 
paring the data in Tables 1 and 3 and in Figs. 
1-6. For the three components (m-cresol, 3- 
phenyl-1-propanol and 2,6_dimethylphenol) 
whose adsorption follows Langmuir behavior, 
the reduced plate height increases with increas- 
ing capacity factor k’, leveling at high values: on 
any given column, there is little difference be- 
tween the efficiencies for 3-phenyl-1-propanol 
and 2,6-dimethylphenol. On the other hand, the 
column efficiency for methyl benzoate does not 
seem to depend on its retention factor. 

The reproducibility of efficiency data on any 
single column is excellent. For example, based 
on six measurements done with m-cresol, the 

LEGEND 
I VSI: experimental data 

VSl: Knox eauotion fit 
J VS2: experimental data 

VS2: Knox eauotion fit 
A VLl: experimental data 
_ _Uz!:_&?_gx_ eRJJ?hn_!? _ _ _ 
+ VL2: experimental data 

VL2: Knox eauation fit . 
x YS: experimental data 

YS: Knox eauotion fit 
0 YL: exDerimental data 

20 30 40 50 60 

reduced velocity 

Fig. 8, Same as Fig. 7, except data for 3-phenyl-l-propanol. Fig. 9. Same as Fig. 7, except data for 2,6dimethylphenol. 
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relative standard deviatiuu (R.S.D.) on the 
HETP is 1%. This is in large part because of the 
rigorous procedure adupted for the determina- 
tion of the width at half height (R,S.D, of k&, 
0.49&f, the column-to-column r~~r~du~ibility is 
not necessarily so and deserves a more detailed 
study. While Figs. l-6 showed the efficiency data 
obtained on each column and revealed interest- 
ing trends regarding the dependence of the 
efficiency on the retention factor, Figs. 7-N 
show the same data for each component and 
permit a comparison of the performance of the 
different columns. 

The data in Table 3 confirm that the Knox 
equatian (Eq. 4) is an empirical corretation not 
thrj mathematical expression of a rigorous model 
based on first principles. This is clear from the 
origin of this equation 121 and was explained by 
Done et al, [3j. The constant a characterizes 

20 30 40 JO 60 
Ceduced velocity 

eddy djff~s~on and the lack of horno~~n~ity of 
the packing. On this basis, the values of B on a 
given column, for compounds which have very 
simitar diffusivities (Tabfe 2) are expected to be 
very close. As seen in Table 3, they are nut but, 
depending on the column, vary as 1 to IS (VL2) 
or 1 to 5 (VS2). Similarly, c characterizes the 
mass-transfer kinetics through the particles. The 
vahtes of c for a given compound should be the 
same on a given packing materiaf since column- 
to-column va~~t~~ns in the packing density 
should not affect mass transfer inside particles. 
Nevertheless, c varies from column to column 
for a given component. 

The general conclusion is that the data ob- 
tained with a given stationary phase are poorly 

a -2.5 -2.0 -1,s -1.0 -0,5 
Lag bxm~ple load:mq / cclumn lengthxm) 

Fig. 1 I, Plot of the logarithm of the ratio of the apparent 
column efficiency (?w’) and the column efficiency at zeru- 

sample size (N,) vs. the logarithm of the ratio uf the injected 
sampk (mg) and the column length (cm) fm m-cresol. 



reproducible from column to ctllumn, which is 
most prub>ably related XQ the packing procedure 
employed and must be correfaEed with t&e &c- 
tuations sf the ~~k~~~ density pretiausly re- 
ported, The scattering of the curwes obtained 
does not seem to depend on the nature of the 

packing material used. However, it seems that 
the short columns (10 cm tong) tend to have 
IOWX reduced @ate heights than the ‘long ones 
(25 cm lan,~f for a!.lt the ~~~~~~~d~ studied, 
effectively pointing IO 21 packing problem. It 
should not be concluded hastily. however, that a 
low packing &n&y shrruld he preferred. First, 
the experimental res& presented here are in- 
sufficienS to warrant a strong ~o~re~~t~~~~ between 
column ~~~~~e~~~ and packing den~ity~ Second, 
there are some serious doubts regarding the 
long-term stability of columns which have a low 

packing density. Under the influence of a con- 
stant ftrcam uf eluent, slow consulidati~~~ of the 
packine is bound to take place. 

.d -2 5 -2.0 -1.5 -1.0 -0.5 
Loq komple load:mg / c&mn lengthxm) 

The apparez~t coh~rnn effi&xxy was measured 
as a ~W~C&_XJ of bhe amount 0% sample ix+33cd at 
a cxmstant flow-rate of 1.0 mlimin. The data are 
plotted (Figs. 11-14) in logarithmic coordinates. 
In order to eliminate the trivial effect of the 
column length, t’he Iogasithm of the ratio uf the 
c&mm efficierx~ to its limit effiiciency at zefpz 
sample size is ploWxl versJs the l~~a~th~ of t&K 
ratio of the sample size to the column length. 
The logarithm of the loading factor would be. 
mare appropriate for compounds with a Lang- 
muir adsorption isotherm, but there is no sate%.- 
tion e_qxxzitY for ~53 a~~~-~n~u~r iso&~erm. 

The behavior of the components wI~ose ad- 
sorption follows a Langmuirian isotherm (I%@. 
11-13) is strikingly different frrJm that of methyl 
bermsoate (Fig. 13) which has an anti-lang- 
muirian isuitherm. For the first three cumpun& 
the column effi&enq dccreass@s ~u~ut~~j~~~~ 

40x a 
4 0 

LEGEND d 8Xx 
0 vsl 
c vs2 

+cb 
+ 

A VLl + 

1 I -===F, y7” r 
-3.0 -2.5 -7.0 - 1.5 -1.0 -0.5 

Log (sample Iwd:mg / column Icngtkcm) 



A- 
A+ 

n 

-2.5 -2 0 -1.5 -1.0 -0.5 

by (sompie lood:mg / column 1ength:c-n) 

with increasing sample amount. For the last one. 
the efficiency begins to increase at low sample 
sizes and goes through a maximum. This anomal- 
ous behavior is explained by the initial increase 
in the retention tlrnc of methyl benzoare when 
the sample amount is increased. Note that for 

m-cresol it was not possible to make a precise 
measurement of the column efficiency at a sam- 
pie size small enough to ensure linear behavior 

of the retentiun mechanism. 
Using the model of Knox and Pyper I-S] 

described in the Theory section and the hand 

profile given by the ideal model, it is possible to 
account simply for these results in the case of the 
compounds whose adsorption behavior follows 

the ~an~~u~r model [5,6]. Because the width of 
a Gaussian profile and that of an ideal model 
profiles are related to the fractional height in a 

different way, different equations must be used. 
depending on which fractional height is used. 

The width at half height can be measured with 
betrer accuracy and precision than the baseline 

width and has been used here. G&han-Shirazi 
and Guiochon f6] have shown that, in the case af 

a component following the Langmuir adsorption 
model, the thermodynamic contribution to the 
column efficiency is given by Eq. 6. When the 
laading factor is moderate, this equation can be 
~jnl~~i~~d and becomes 

In Figs. 15 and 16 the experimental results 
(symbols) obtained with the different columns 

LECEN D 
a VSl data 

VLZ EC9.L 
* YS data 

Fig. 15, Cnmparisrm between experimental results and thea- 

rctical dependence of the column efficiency on the sample 

size. ~~Phenyl-l-propnnol. 



.?5 -3.25 -2 75 -2.25 -1.75 -1.25 

Log k,: mq) 

for 3-phe.nyl-I-prupanol and 2,6-dimethylphenol 
have been replotted as lag hi versus lag C,, using 
the equilibrium isotherm data determined in the 
cumpanion paper to caleulare L,. The values 
caltufated from Eq. 12 arts a!~0 given (tines)- 
There is an excellent general agreement between 
Ihe theoretical prediction and th,e experimental 
results. ‘She deviations observed at high values of 
the loading frcic~sr are due to inaccuracies in the 
cstimafe aE the width of ahe irmjectiun (Le,, of f, 
in Eq_ 6), which is negEccted ira Eq. 12, although 
it becomes significant for large sampPe sizes. 
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