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Abstract 

Isotherm data were measured by frontal analysis and elution by characteristic points for 2,6-dimethylphenol, 

3-phenyl-1-propanol and methyl benzoate on six columns packed with two commercial octadecyl silicas, using 
methanol-water solutions as the mobile phase. The retention factors and isotherm coefficients depend on the 

packing density. This density varies markedly from column to column, at least with some phases for which it is also 
a function of the column length. The determination of the thermodynamic data required for the modelling of 
chromatography must be done with an accuracy which seems to exceed what the current level of column to column 
reproducibility of these data permits at present, even when care is taken to control the experimental parameters, 
make precise measurements and report the data to the mass of silica. 

1. Introduction 

Reversed-phase liquid chromatography is by 
far the domineering technique in analytical chro- 

matography [ 11. Octadecyl-bonded silica adsor- 
bents (ODS), used as the non-polar stationary 
phase of choice in this method, have been 

extensively studied for the last twenty years [2- 
161. ODS adsorbents are also widely used in 
preparative chromatography, unless the feed 

components are too poorly soluble in the strong- 
ly polar solvents which must be used as the 
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mobile phase to ensure significant retention. In 
spite of a most abundant literature discussing the 

use of these phases, their analytical applications 
and their chromatographic properties, some im- 
portant questions remain unanswered, especially 

regarding their behavior under overloading con- 
ditions and the reproducibility of their perform- 
ance in preparative chromatography. 

Much fundamental work has been done on the 
comparison of the properties of columns packed 
with ODS and with other packing materials [6- 

8], of columns packed with ODS prepared with 
different reagents [9], and of columns packed 

with ODS produced by different manufacturers 

[lo-121. However, almost all these studies were 
undertaken using methods of linear chromatog- 
raphy, with the single aim to facilitate its ana- 

reserved 



lytical applications. Accordingly, they are mainly 
focused on the retention characteristics of the 
columns being compared, on the dependence of 
the retention factur oh various experimental 
parameters, and on the column efficiency. While 
this last parameter depends mostly on the pack- 
ing method used and on the skill of the operator 
and, with proper care, can be improved to a 
certain extent, the other two have been found to 
depend essentiafly on the origin of the material 
used, to be most difficult to adjust, and uneasy 
to reproduce. Considerable attention has been 
paid to the column-to-column, batch-to-batch, 
and manufacturer-to-manufacturer reproducibili- 
ties of analytical performance [17-191. The first 
has generally been found to be excehent, the 
second acceptable, the third poor, as if the QDS 
materiafs produced using different processes 
were almost entirely different products. 

Except for a recent report discussing the 
performance of overloaded ~hrornatogra~h~~ cot- 
umns [13), little attention has been paid tu the 
column characteristics which are important in 
preparative chromatography. These are the 
kinetics of mass transfer and of adsorption-de- 
sorption in the column and the equilibrium 
isotherms sf the components of interest between 
the stationary and the mobile phases, The col- 
umn efficiency is a measure of the rate of the 
mass-transfer kinetics in the column but it must 
be used with caution. The initial slope of the 
isotherm is proportional ta the retention factor, 
so many of the conclusions of analytical studies 
are applicable to this isotherm parameter. The 
nature of the isotherm, its initial curvature, and 
its saturation capacity are other parameters of 
importance for preparative chromatography. 
There is at present linfe comparative ~nf~rrnat~on 
on these parameters. 

The goal of this work is an investigation of the 
feasibility af a comparison of the performance of 
stationary phases for preparative liquid chroma- 
tography. A number of issues must be clarified, 
such as (i) which compounds should be chosen 
for comparative studies; (ii) what is the repro- 
ducibility of column parameters when several 
similar columns are prepared at the same time; 

(iii) how close izre the parameters of columns of 
different lengths, packed at the same time; (iv) 
are classical mass-transfer kinetics data, such as 
plots of the reduced column efficiency versus the 
reduced velocity, relevant in preparative chro- 
matography and how could they be used. The 
amount of data required for a tharough com- 
parison could be considerable. The scope of the 
work has to bc: limited to the essential if the 
approach is ta be useful for the selection of the 
best stationary phase for practical applications. 
Fur example, it has been shown theoretically 
fl4,15] that, in analytical chromatography, the 
use of 2-pm particles would be optimal for the 
separation of complex mixtures, It has also been 
proven that the practical difieullties experienced 
when trying to prepare and uperate columns 
packed with such small particles are serious [16]. 
Preparative chromatography is best carried out 
with particles between 10 and 40 pm in diameter 
f2U], We have limited the present study to lU-urn 
particles. 

In this paper, we discuss only the data of 
thermodynamics nature. Emphasis is placed on 
the column-to-c&mm repr~u~~b~l~ty of the data 
obtained with a given materi&. In order to be 
abfe to measure thermodynamic data on ana- 
lytical columns and use these data to predict 
accurately band profiles on large-size preparative 
columns, relative differences between the values 
of the numerical coefficients of the isotherm not 
exceeding a few percents are desirable. Other- 
wise, a proper correction would be needed. 

Adsorption isotherms were measured by fran- 
tal analysis (!?A) and by the elution by charac- 
teristic point (ECP) method. The ECP method is 
based on the ideal model of chromatography 
[IN], which assumes that the column efficiency is 
i&mite. In this case, each concentration has a 
retention time which is simply related to the 
slope of the isotherm, A large sample is injected 
in the column. The peak recorded has a sharp 





by least-square fit of the data to minimize the 
sqrr;lre of the relative difference between the 
experimental data pints and the corresponding 

points of the fitted isotherm [20,X32] s 

3. Experimental 

The ECP determinations were performed 
using a Per&-Elmer (Norwalk, CT, USA) 
Model 480 Liquid chromatograph solvent-d&very 
system, a VlCI (Valco, Houstcm, TX, USA) 
6-port motor-driven sample injection valve with 
0.25-, O.SO- and I-ml sample loops, and a Spec- 

tra-Flow 757 UV absorbance detector (Kratos, 
Ramsey, NJ, USA). Data were acquired simulta- 

neously with a Spectra-Physics (San Jose, CA, 
USA) SP 4270 integrator, for the real-time 
display of the chromatograms during the experi- 
men t 3 and an Autolab software (Spectra-Physics 

part No. AoO99-207 lUi86 A), for storing data 
files in an IBM personal computer for further 
analysis or for downloading to one of the i!AX 

computers at the U~jvers~ty of Tennessee Com- 
puter Cenrer. 

The frontal analysis measurements were per- 

formed using a Hewlett-Packard (Palo Afto, CA. 
USA) HP1090 liquid chrnmatograph, equipped 
with a multisolvent delivery system, a diode; 

array UV detector. and a computer data acquisi- 
tion system. 

Two sanqdes of sphcsicat ODS, both 11) pm 
average particle size, were obtained from YMC 

(Wilmington. NC, USA) with catalog Nrs. BS- 
1010 S-10 120A ODS and lot No, ECt),7R17, and 
Vydac (Hesperia, CA, USA) with catalog No. 
2OIIHSB10 and lot No. 910611-12-l? respectively. 
Six stainless columns (Alltech, Decrficld, IL, 
USA), all 0.46 cm I.D., were packed in our 

laboratory, using the slurry technique and a 
maximum pressure of 6000 p.s.i. (1 p.s.i. = 
h894.75 Pa>. Two 10 cm long and two 25 cm long 

columns were packed with the Vydac CDS ma- 

t&al, one 111 cm long and one 25 cm long 
columns were packed with the YMC 0DS ma- 

terial. 

2,6Dimethylphenol, 99% pure, solid, formula 
weight (FW) 12217 [CAS Ref. No. 576-26-l], 
catalog No. D17,500-5 and methyl bcnzoate, 

99%. liquid, FW 136.15 [93-58-31, catalog No. 
M&990-8 were obtained from Aldrich (Mil- 
waukee, W1 y USA). 3-Phenyl-1-propanol, 

>98% (GC), Liquid. FW 136.20, catalog No. 
79 000 was obtained from Fluka (Fuchs, Switzer- 
land). 

The mobile phase was a mixture of 40% 

methanol (Baker Analyzed HILC reagent, 
catalog No. 9093-33; J.T. Baker, Phillipsburg, 

NJ, USA) and 60% water. Deionized water was 
freshly made in the laboratory using a Barn- 
stead/Thermolync (Dubuque, IA, USA) water- 
deionizing system consisting in two cartridges, 
one HN high-capacity RI cartridge (catalog No. 
DWUl) and one HG organic-removal cartridge 

(catalog No ~ B8904 j _ 

Far each compound, the most concentrated 
solution possible to prepare, bawd on its solu- 
bility in a methanol-water (40:60) mixture, was 
made first. Weighed amounts of the compounds 
studied were introduced into volumetric flasks 

with known volumes of mobile phase (methansl- 
water, 40:f;o) and thoroughly shaken in a sonic 

water bath, until all the solute. dissutves or for 30 

min. Failure fsr the solute to dissolve resulted in 
the addition of a small volume of fresh solvent 
and the procedure was repeated. This allowed 

the preparation of nearly saturated soluticms. 
More dilute solutions were prepared by intra- 
ducing weighted amounts of the solutes into 

known volumw sf mobile phase. There was no 
secondary dilution of standard solutions to avoid 
errors due to sample loss during transfers, Snlu- 

tions ill the following concentration ranges werr: 
prepared: ~~~-~~jTnet~y~phenol from 18.50 to 



Table 1 
Characteristks of the cofltmns studied 

voltage, It is convened into the cnnccntration 

(mginl) of the corrqwnding sslute using a 

detector ~a~~~~~t~~~ curve obtained by flushing 
the detector eel with each solution prepared 
until a stable signal is obtained. For each of the 

three comppunds studied, a third-order pofynn- 

Tiiblc 2 

Column hold-up times (f<,)~ effidenq (rj,,) and sample capacity factor fk’) at infinite sample dilutiarr 

PP k’ 8.74 Y.iiS fi.52 6.27 7.11 7.25 

Reproducrblhry” 0.01 0.06 
k’:( W,,i.) 10.4-J 
Reproducihilit) -0.04 OAT3 

%, 1 KhO 30.50 12x1 1640 3160 4070 

MB k’ 13.2 14. I 8.70 8.60 Y*8I 10.3 

Kcpmduc~b~lity” O.tlA 0.07 

k’:(M;,,L) 14.43 

Rcproducihility (f.(l:! Q.OJ 

v’,, fhK0 3130 1240 1360 3320 ?220 
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mial gave a close fit to the experimental data. 
The best coefficients of the fit were obtained by 

applying the polynomial regression in SigmaPlot 
(Jandel, San Rafael, CA, USA) to the ex- 
perimental data points. The calibration data 
were used to convert the recorded chromato- 
grams into the plots of concentration versus time 
shown below. 

Column parameters 
The column porosity was derived by three 

different methods, using the column holdup 

volume, the amount of silica contained in the 
column and the amount of methanol. The col- 

umn hold-up time (to) was derived from the 
retention time of uracil. A solution of 0.15 mg 
uracil in 1.0 ml mobile phase was used for these 
measurements. Samples of 0.010 and 0.020 ml 

LEGEND 
4.19 mq 

. ..3.39..rn.~ 
_~S_wa__. 
JQ_?mq._ 

0.97 mg _ 

4 a 

t - tp (Zirl) 

16 20 

Fig. 1. Experimental chromatogram for sample 2.6-di- 

methylphenol on column VS2 (L = 10 cm, Vydac ODS). 

t, = Duration of the injection 

were injected into the 10 and 25 cm long col- 

umns, respectively. After completion of all the 
experiments reported here and in the companion 

paper [33], the columns were dried under a 
stream of nitrogen for 15 h, then filled with pure 
methanol and weighed again, giving the amount 
of methanol filling the pores. Finally, the col- 
umns were dried again, weighed and emptied. 
The mass of silica contained in the column 
permits the calculation of the porosity from the 
density of silica (2.21 g/ml). These results are 
summarized in Table 1. 

The retention factor of each compound (k’) 
and its limit efficiency for a zero-size sample (IV,,) 
were measured by injecting the same volumes of 

the least concentrated solution used, at a flow- 
rate of 1.0 ml/min. The efficiency was derived 
from the conventional equation 

LEGEND 
9.240 rnq 

. ..8...zw!.¶. 
__6,12img_. 

4.230 mq_ 
mg_ 2.304 

50 10 20 

t - tp (min3>0 
40 , 

Fig. 2. Experimental chromatogram for sample 2,6-di- 

methylphenol on column VL2 (L = 25 cm, Vydac ODS). 



N. t&m. G. Cuiochon I 

The setention factor k’ of each compound was 
calculated from 

‘R,O - 10 
k’ =- 

10 
(7) 

The results obtained are summa~zed in Table 
2. The retention factors of all three components 
are nearly the same on the two Vydac columns 
having the same length, but they are sys- 

tematically lower on the shorter columns, by a 
few percents on the YMC column, by around 
13% on the Vydac cotumns. By contrast, the 
height equivalent tu a theoretical plate (HETP) 
at 1.0 ml/min (reduced velocities between 12 and 
15) is nearly the same on the Vydac columns of 

LEGEND 
6.331 ma 

4 8 

t - tp (th) 
16 20 

Fig. 3. Experimental chromatogram for sample 3-phcnyl-I 
propanol on column VS2 (L = 1U cm, Vydac ODS). 

different lengths (i.e., the plate number is pro- 
portional to the column length), but almost 50% 
bigher on the longer YMC column than on the 
shorter one. While column-to-column fluctua- 
tions of efficiency are common and are usually 
attributed to fluctuations in packing homogen- 

eity, variations in retention factors between 
columns packed with the same material can be 
easily explained only by variations in the packing 
density, which affect the phase ratio. Indeed, the 
amount of adsorbent introduced in the longer 
Vydac columns is approximately 2.75 times as 

large as the amount packed in the shorter cd- 

umns, corresponding to an average packing 

density 10% larger. 

ECP Measuremenits 
The large samples required by this method 

/ 
10 

t - tp tmid 

Fig. 4. Experimental chromatogram for sample 3-phenyl-l- 
propanol on column VLZ (L = 25 cm, Vydac ODS). 
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were obtained by injecting 0.25 ml of each 
solution on the 10 cm long columns, 0.50 ml of 
the concentrated 2,6-dimethylphenol and 3- 
phenyl-l-propanol solutions, and 1.0 ml of the 
concentrated methyl benzoate solution on the 25 
cm long columns. In each of these experiments, 
the flow-rate was set at 1.0 mlimin. The use of 
large sample volumes in ECP is conventional. 
The proper correction was applied by taking the 
end of the injection as time origin. 

4. Results and discussion 

The experimental results in Table 1 lead to 
several unexpected conclusions. First, the pack- 
ing density of columns is not very reproducible. 
Second, the three methods used to determine the 
column porosity do not agree closely. Third, the 

LEGEND 
4.19 ma 
3.39 mg . . . . . . . . . . . . . . . ..,. 

__.zl?_rz19._. 
1.55 ma 

Osi mq _ - 

0 4 8 16 20 

t - tp 

(rtin) 

Fig. 5. Experimental chromatogram for sample 2.6-di- 
methylphenol on column YS (L = 10 cm. YMC ODS). 

packing density varies with the length of the 
column, the longer columns having, rather sur- 
prisingly, a higher packing density. The trend is 
only marginal with the YMC material, with a 
packing density nearly 5% higher for the longer 
column. The difference is important for the 
columns packed with the Vydac ODS, a material 
which is known for being difficult to pack. Both 
25 cm long columns and both 10 cm long ones 
have nearly the same packing density, but the 
former are nearly 15% denser than the latter. 
Since the columns were packed with the same 
material, using the same method, it is unlikely 
that the specific surface area of the adsorbent be 
different. Then the thermodynamic properties 
should be reported to the mass of packing in the 
column rather than to its volume. 

The lack of close agreement between the three 
methods used to determine the column porosity 

LEGEND 
9.248 ma 

. ..8.3K.R9. 
6 774 mg --;------ *. 
4 230 rnL A<_ 

mg_ 1.935 

0 10 20 J? 40 , 50 
I 

t - tp (mid 

Fig. 6. Experimental chromatogram for sample 2,6-di- 
methylphenol on column YL (L = 25 cm, YMC ODS). 



is mast surprising. There is no ~na~a~t~~. that 
uraci’i is a non-retained, non-ex&.&d tracer, 
The ~~~e~~~t~o~ of the volume of solid stationary 
phase using 221 gfml for the dens&y sf sitica is 
a~pr~~~~~~te~ as this number is not universally 
accepted for amorphous silica and it neglects the 
contribution of the C,, bonded groups. Finally. 
the retention volume of uracil In methanol- 
water ~~~~~~ may differ slightly from the vd- 
ume af pure methanol containeif in the WXnrnn if 
the wet~~h~~~ty of silica by the two lIy,uids is 
different. 

The retention factors of the three probes at 
infinite dilution’ are reported in Table 2. The 
standard d~~~~~tion of the me~s~rerncnt 05: k’ OFI 
any single column is 0.5 to 1%. If the data for 

4 a 

’ If we refer to Eq. 4, WC see that we can consider the 
isatherm as linear as long as b,C is nq@figibk compared ra 
1 .%.Xues of C were HF.-~ thirl b,C was smiler than fJ.LWl~ 

the four Vydac ~ol~rn~s are not corrected for %hhe 
variable pack3ng density. the standard devia&i;tn 
for the four values af k’ is 6 to 7% (Tabk 21, If 
the data are corrected, it is only 3%. A similar 
hut less conclusive result is observed for the ~WCJ 
YMC. GDS calumns, the relative ditiereace of 
the TWO values being used Instead. FIJI& re%dt 
con~rrns the importance of taking the c&ma 
packing density in%W account when comparing 
~berrnody~~rn~~ data acquired o3n different CO& 
UM~LS. This should be of major concern when 
trying to predict elution band profiles on prc- 
parative cotumns using data acquired with ana- 
lytical size columns [34). 

2,dDimethylphenol and 3-phenyf-I-propanof 
were found to have a near-Langmuirian equilIb- 
rium behavior an al1 six columns, while meth.yl 
benzoate has an a&-Langmuirian behavior. The 
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0.4 0.6 
C b-q/ml I’ 
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LEGEND 
OVSl 
ovs2 
A VL1 
+ VL2 
xy5 

0.4 0.8 1.2 1.6 

C (mg/mI 1 

b.0 d.4 ds i.2 1.6 
C (mq/ml 1 

b 

0 

Fig. 9. Isotherms measured by ECP for 2,6-dimethylphenol on all six columns examined. (a) Isotherm data reported to the 
volume of the column. (b) Isotherm data reported to the mass of silica, (c) Isotherm data reported to the retention factor under 
analytical conditions. 
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major differences in this behavior 3rd in the 
modeling of the 
the band profiles 
of 8hese two sets 

The La~grn~~r iwtherm is nwsE gxqdar 
bemuse it is simple aad it axcants quite well for 
the single-component equilibrium data obtained 
in a vast majority of the cases encountered in 
liquid chromatography and particularly in re- 
versed-phase HPLC. Tithe: behavior of 2,6-d% 
~e~~~~~~n~~ and ~~~~n~~-~-~~o~~n~~ on the 
Vydac and WC 8DS are cases in point. 

Both compounds exhibit Langmuirialr band 
profiles on all six columns. Data are reported 
only for one set of Vydac columns (Figs. I-4) 
and for the YMC columns (Figs. S-8). In all 
cases, the front of the profiles obtained with the 
25 cm long coIumns (Figs. 2, 4, 6 and 8) are 
steeper than those recorded with the 10 cm long 
columns (Figs. 1, 3, 5 ancX. 7), in relation to the 
higher efficiency of the former, longer columns. 
The front of the band prsfiks tend to be steeper 
and the ~~o~~es to IX narrower on the Vydac 
ODS columns. 

The ECP method was applied to eac,h of the 
profiles obtained and the experimental isotherms 
were calculated. The results are shown in Figs. 9 
and 20, In Figs. Ya and lOa, the amounts ad- 
sorbed at ~qu~~~bri~rn 8~ repotied to the volume 
of column, as classical in the chromafcugraphic 
determination of isotherms. The curves obtained 

are spread and xx3 p&terns emerge. fn Figs. 5% 
aad 1Oby the amotnnts adsorbed &we been re- 
ported to the mass of packing contained in the 
column. The curves correspanding to the six 

qs from ECP 111) 113 136 144 131 124 
b, from ECP 0.226 0.213 0. 134 0.144 0.128 O.iM 

.ly”ll~~ “. 

For columns, see Table 1. 
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Table 4 

Isotherm coefficients for 3-phenyl-1-propanol 

3-Phenyl- 

I-propanol 
Columns 

YS YL VSl vs2 VLl VL2 

qs from ECP 208.96 199.79 264.33 264.84 228.88 225.68 

b, from ECP 0.1117 0.1052 0.0632 0.0708 0.0668 0.0715 

qs from FA 203.83 196.36 246.11 265.81 232.48 220.03 

b, from FA 0.1009 0.0960 0.0514 0.0626 0.0584 0.0643 

For columns, see Table 1. 

columns now form two better defined clusters, 
corresponding to the two different adsorbents. 
Inside each cluster, there is still a significant 
difference between the isotherms obtained for 
different columns packed with the same station- 
ary phase. This difference is small, about 5%, in 

the case of the two YMC columns, YS and YL. It 
is negligible in the case of the two short columns 
packed with the Vydac material, VSl and VS2 
(less than 1%). Column VL2 gives an isotherm 

which is close to those given by columns VSl and 
VS2 (the difference is 6%) but the isotherm 

derived from column VLl is quite different, with 
an amount adsorbed at equilibrium with the 
same mobile phase concentration nearly 20% 
lower. The same conclusions apply to both 

compounds. It seems unlikely that such a large 
error could be made on the determination of the 

amount of stationary phase in the column. It is at 
least as unlikely that the specific surface area of 
the material contained in the two columns be 
that different. There is a possibility that the 

adsorbent surface in column VLl has been modi- 
fied but this is dubious, artifacts of that kind 

being common in normal-phase chromatography 
but rare in reversed-phase chromatography. The 
reason for the spread of the isotherm data still 
eludes us. In our opinion, the solution to this 

problem is an important prerequisite for the 
systematic use of isotherm data far the optimi- 
zation of the experimental conditions in prepara- 

tive chromatography. 
In Figs. 9c and lOc, the amounts adsorbed 

have been reported to the retention factor mea- 

sured under analytical conditions (very small 
sample amount, so the product h,C: (Eq. 4) is 

negligible compared to unity). The lines ob- 
tained for the columns of both series become 
much closer. In all cases, for the YMC and the 

Vydac columns, for PP and for DMP, the range 
of amounts adsorbed for a given mobile phase 

10 20 30 

t - tp - t, (min) 

Fig. 12. Comparison between calculated (solid line) and 

experimental (symbols) band profiles on column VL2 (L = 2.5 

cm, Vydac ODS). Sample: 3-phenyI-1-propanol; amount: 

12.7 mg. Mobile phase: methanol-water (40:60, v/v). Lang- 

muir isotherm coefficients: qs = 225.7 and 6 = 0.072. 





can be calculated). This error appears to be 
reasonable for experimental results involving 
complex determinations. Unfortunately, it is too 
large to permit accurate calculations of band 
profiles. 

Isotherm data were also determined using the 
method of upward-staircase frontal analysis for 
3-phenyl-I-propanal. The values obtained for the 
coeffkients of the Langmuir equation are also 
given in Table 4. There is a very good general 
agreement with the results of the ECP method. 

Knowing the isotherm and the column ef- 
ficiency, it is possible to calculate band profiles 
using the equilibrium-dispersive model of chro- 
matography [X1,35,36], Some of the results ob- 
tained are compared with the experimental band 
profiles in Figs. 11-14. In principle, this com- 
parison is a circular argument. However, two 

Fig. 15. Illustration of the model error caused by the use nf Fig. 16. Illustration nf thr model error cawed by the USC 01 
ECP to derive the: isotherm of Z.b-dimethylphenal CM the xx ECP to derive the isotherm SI 3-phenyl-1prapanol on the six 
columns stuched. culurnns studied. 

model errors are made, one in each part of the 
circular argument. The frrst error is made in the 
ECP method which assumes the c~~lumn ef- 
ficiency to be irrfinite. tts consequences on the 
accuracy of the isotherm coefficients and an the 
selection of an isotherm model have been dis- 
cussed previously [23J. In this earlier study based 
on the simulation of the measurement process 
using a Langmuir isotherm, we showed that 
there is a systematic difference between the 
values of the amount adsorbed at equilibrium 
given by the best-tit Langmuir isotherm and by 
the ECP isotherm at the same mobile phase 
concentration. In Figs. 15 and 16, these residuals 
are plotted versus the mobile phase concentra- 
tion (C) for the two compounds studied. The 
shape of the curves obtained matches the result 
reported earlier. 



A second model error is made in the equilib- 
rium-dispersive model itself. This model assumes 
that the effect of a finite column efficiency on the 
band profile can be accounted for by a constant 
coefficient of apparent axial dispersion [ZO]. 
However, this coefficient varies with the solute 
concentration, causing a difference between the 
actual and the calculated band profiles. This 
difference is small if the rate ~onstaut of the 
mass-transfer kinetics is large, as is usually the 
case in reversed-phase chromatography of low- 
molecular-mass molecules [20]. Comparison be- 
tween the calculated and experimental band 
prufiles permits an assessment of the importance 
of these errors and of the Fossibility to correct 
them. 

The agreement between calculated and ex- 
perimental band profiles is very good for both 
compounds on the columns packed with both 

LEGEND 

t - tp (mid 

Fig. 1’7, Experimental chromatngram of methyl benzoate on Fig. 18. Experimental chrnmatogram of methyl benzoatc on 
column VSI (t = 10 cm, Vydac ODS). column VLZ (L = 2s cm, Vydac OIX). 

CIIIS phases (Figs. 11-14). However, the calcu- 
tated peaks have a steeper front, are sharper at 
the peak m~irn~rn and less diffused at the rear 
of the tail. The difference in the steepness of the 
btand front is slightly more important with the 
YMC than with the Vydac columns, suggesting a 
slower rate of mass transfer. Also, comparison of 
peak areas shows a shghtly lower response ou 
the former phase, suggesting a small sample loss 
on these columns. 

4.2. Anti-Langmuiriun compound 

The behavior of the third compound studied, 
methyl benzoate, is opposite to that of the other 
two compounds. Ail overloaded bands of methyl 
benzoate exhibit a self-sharpening rear and a 
front diffuse boundary, a typical anti-Lang- 
muirian behavior. The same type of profile was 

LEGEND 
11.76 rn4 _ 

. ..!D.?O.m?x. 

__.UbXi__* 
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observed on all six columns, regardless of their 
length and of the nature of the stationary phase, 
as shown in Figs. 17-20. As a result of the shape 
of the isotherm, the elution time of the peak 
maximum increases and the rear shock becomes 

sharper with increasing sample size. Such an 
effect has rarely been reported in reversed-phase 

liquid chromatography and never studied in 
detail. 

The isotherm of methyl benzoate was deter- 
mined by applying the ECP method to the 

diffuse front of the band profiles obtained under 
overloading conditions. To verify this isotherm, 
determinations of the solute amount adsorbed at 
various mobile phase concentrations were car- 
ried out by FA, using negative concentration 
steps to generate self-sharpening rear shock 

layers. The isotherms obtained for all six col- 
umns are shown in Figs. 21 and 22. Difficulties 

LEGEND 
2.94 ma 

. ,225, !T!Q . . . . 
_ LELm9 _ _ _ 
1.18.m9._ 

0.63 mg _ 

Fig. 19. Experimental chromatogram of methyl benzoate on 

column YS (L = 10 cm, YMC ODS). 

LEGEND 
11.76 mg 

. ..!0.2.c!..r!9... 
_ _KiI_mg * _ _ 
_fizma,_ 

2.52 mq _ 

0 10 20 

t - tp (mir? 

Fig. 20. Experimental chromatogram of methyl benzoate on 

column YL (L =25 cm, YMC ODS). 

arise for the determination of the isotherm at 
high concentrations because of the poor solu- 

bility of methyl benzoate in methanol-water 
solutions, which is probably related with the 

shape of the isotherm. In a methanol-water 
(40:60) mobile phase, the solubility is approxi- 
mately 11.7 mg/ml. It was not possible to inject 
large enough samples and carry out the ECP 

determinations for concentrations exceeding 2.5 
mgiml (Fig. 21). By contrast, FA determinations 
could be done at concentrations up to 11.5 mgl 

ml (Fig. 22). This explains why the ECP iso- 
therms appear to be almost linear while the 
curvature of the FA isotherms is apparent. 

Measurements were also made in a methanol- 
water (60:40) mixture in which the methyl ben- 

zoate solubility is much larger, ca 71.1 mg/ml. 
As seen in Fig. 23, the ECP and FA results are 
in excellent agreement in the low and medium 
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parison between experimental and calculated 
band profiles on two columns are illustrated in 
Figs. 24 and 25. The results obtained with the 

other four columns were similar. There are two 
major differences between these profiles. First, 
the calculated peak tends to be much higher than 
the experimental one. Second, the experimental 

band front is more diffuse than calculated, and 
its steep rear elutes slightly earlier. The differ- 

ences in time and profile are less significant, 
however, when band profiles are calculated with 
the second isotherm (Eq. 5). 

The simplest possible reason to explain the 

difference between experimental and calculated 
profiles around their maximum would be a 

decrease in the solubility of methyl benzoate in 
methanol-water solutions with increasing pres- 
sure. The injection of a saturated solution would 

result in the precipitation of the excess amount 
injected followed by its slow redissolution in the 
mobile phase. This would effectively widen the 
injection profile, decrease its maximum concen- 

tration and increase the retention time of the 
rear part of the profile. However, the rear shock 
layer originating from the end of the injection 
profile would be dispersed in the process, which 
is not the case. Furthermore, practically the 
same difference between calculated and mea- 

Table 5 

Isotherm coefficients for methyl benzoate 

7 

I 
” 

x- 
R 

8- 
R 

5 

I 
0 

0 

0 

0 10 20 30 50 60 70 I 

Fig. 23. Comparison of the isotherms derived from ECP (0) 

and FA (0) for methyl benzoate on column VL2 (L = 25 cm, 
Vydac ODS). Mobile phase: methanol-water (60:40, v/v). 

Columns 

YS YL VSI vs2 VLl VL2 

ECP” ys 

ECP” b, 

FA’ qs 
FA” b, 
FA’ 4s 

FA’ b, 

FA’ b, 

na na -533 X15 -1510 - 1740 

na na -0.037 (1.032 -0.0136 -0.0123 

-1160 -1420 -601 -813 -794 -1160 

-0.02 1 -0.0165 - 0.028 -0.027 -0.023 -0.018 

-600 -511 -285 -401 -368 -660 

-0.039 -0.041 -0.053 -0.054 -0.045 -0.031 

0.0003 0.0003 0.0005 0.0007 0.0004 o.ooo2 

For columns. see Table 1. na = Not available. 

’ qs obtained by ECP: first-order approximation isotherm. 

’ b, obtained by ECP; first-order approximation isotherm. 

’ qs obtained by FA; first-order approximation isotherm. 

d b, obtained by FA; first-order approximation isotherm. 

’ qs obtained by FA; second-order approximation isotherm. 

f b, obtained by FA; second-order approximation isotherm. 

’ b, obtained by FA; second-order approximation isotherm. 
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Fig. 24. Comparison between calculated (solid line) and 
experimental (symbols) band profiles for column VSl (L = 10 
cm, Vydac ODS). Sample: methyl benzoate; amount 2.83 mg. 
Mobile phase: methanol-water (4050. v/v). Langmuir iso- 
therm coefficients: ys = - 640.5 and b, = - 0.028. 

sured profiles is observed with less concentrated 
solutions (Fig. 26). 

t-t p - t, (min) 

Fig. 25. Comparison between experimental (symbols) and 
calculated band profiles using isotherm data measured by FA 
and the Langmuir (solid line) or the quadratic (dotted line) 
isotherm models, for column VL2 (L = 25 cm, Vydac ODS). 
Sample: methyl benzoate; amount 11.76 mg. Mobile phase: 
methanol-water (4050, v/v). Isotherm coefficients, Lang- 
muir: qs = - 1158.05 and b, = - 0.018; quadratic isotherm: 
qs = - 660.66, 6, = - 0.031 and 6, = 0.0002. 

5. Conclusions 

The conclusions of a study based on the 
determination of isotherm data of three com- 
pounds on six chromatographic columns packed 
with ODS from two different companies can only 
be very limited. It is noteworthy, however, that 
the behavior of these two stationary phases is 
very similar. Both give Langmuir isotherms for 
2,6_dimethylphenol and 3-phenyl-l-propanol and 
anti-Langmuir isotherms for methyl benzoate. 
The sharpness of the shock layers and the extent 
of dispersion of the diffuse boundary vary from 

column to column only in relation with their 
efficiency. 

If allowance is made for the differences in the 
packing density of the different columns packed 
with the same stationary phase, the column-to- 
column reproducibility of isotherm data is mark- 
edly improved for the components giving a 
Langmuir isotherm. It is also better, although 
not as satisfactory, for methyl benzoate which 
gives an anti-Langmuir isotherm. The ratio of 
the retention factors of the compounds studied 
on the two phases investigated is close in spite of 
the important differences between these adsor- 
bents. 



Fig. 26. 
amount, 

Same comparison 
6.1 mg. 

cxccpt >;amplc 

The isotherm data obtained by the ECP and 
FA methods are in excellent agreement for 

components giving Langmuir isotherms, as often 
reported previously iZ1 .Z!]. However, this 
agreement is only fair for methyl benznate at 
high concentrations. It is unclear whether the 

differences abserved are due to experimental 
problems related to the anti-Langmuirian nature 

of the isotherm or to the low solubihty of the 

compound. 
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