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SUMMARY 

The significance of distribution isotherm measurements for preparative liquid 
chromatography is discussed_ Experimental methods for the determination of iso- 
therms on liquid chromatographic phase systems are compared on the basis of 
accuracy, precision and speed. In this respect the break-through method constitutes 
a favourable compromise_ Using this method, various normal-phase adsorption 
systems with dichloromethane as the mobile phase, phenol as the solute and porous 
silicas from several sources with various particle sizes and surface areas were com- 
pared_ Significant differences in the Iinear range of the various silicas were found. 
Particle size has only a small influence, whiie larger surface areas, as expected, give 
longer linear ranges. 

For adsorption systems using aIkyl-modified silicas, phenols as solutes and 
methanol-water mixtures as the mobile phase, the source of the material was found to 
be of less importance. Chain length has an adverse effect on the isotherm lineari~; 
the modified silica with the shortest chain ien,@h (C-2) has a signiticantIy larger linear 
range. 

IN’IRODUCI-ION 

In chromatography, a knowledge of the shape of the distribution isotherms of 
solutes is necessary for establishing optimal conditions for analytical or preparative 
separations_ From a theoretical point of view, a linear distribution isotherm is 
advantageous for interpreting the chromatompbic results However, in practice, a 
certain non-linearity of the distribution isotherm can be accepted when performing 
analytical separations, as was shown by Snyder*_ 

Owing to the development of very sensitive detectors, usually solute concen- 
trations can be injected that almost fall in the linear part of the distribution isotherms. 

* Recanted at the 4k Ittternaf~atrd Synpasfwn an Cokumz fiqti Ckromazoprapky, B?~ton, 
Man., May 7-10.1979. Ihe majority of papers presented at this symposium has been published in 
i. c%nHnarw.. VOL 185 (1979). 



A diEerent situation exists when as large amounts of solutes as possible are injex&& 
as occurs in preparative liquid chromatography, and then one reaches th& part of the 
distriitim isotherm where a strong deviation from lkearity occurs. This w+ll lead 
to asymmetric peak shapes, which apart from the normal dispersion effect, wiil 
hamper the collection of pure substances. 

In a previous paper? we considered the dispersion effect in preparative liquid 
chromatography, and the optimal choice of geometrical conditions contriiuting to 
the ~dispersion was discussed_ The non-linearity of the isotherm was not discussed, but 
was taken into account by assuming a maximum ahowabb concentration of a com- 
ponent in the mobile phase at the cohrmn outlet, q_ c)ax, which should not be exceeded 
if peak overlap due to isotherm e&&s is to be avoided_ The value of cc_ mar will ob- 
viously depend on the isotherm shape and on the relative positions of the neighbour- 
ing peaks. The farther away an interfering peaki is, the more broadening due to non- 
linearity can be accepted_ 

This same relative position of two peaks i and j also determines the required 
number of tkoretical plates, iV, which will effect the separation at infinite dilution 
according to the equation 

(1) 

where ‘I3 is the sekctivity factor, K~ the capacity factor and R,i the i?%@Rd uZ&Hiou_ 
It follows that at high N, values (diEcult separations) cf. paI will be low. We 

can try to put this in a quantitative form, although we do not know how non-linearity 
broadening and dispersion broadening will interact_ Also, we know very little about 
the isotherm effect when various compounds are sorbed into the stationary phase 
simuhaueously, which will certainly occur in the first part of the column in an ~cti 
preparative separation_ 

However, in order to obtain at least some insight into the problem, it is useful 
to simpl.iQ the picture considerably. We shall neglect all higher order effects and all 
croseE~ between different soiutes. Suppose the isotherm can be described in the 
first order by 

where q is related to the derivative of the isotherm, K~ = q - dci_J&f_, (where q is 
+&e pb2se ratio), K*(O) is the same parameter at inkite dilution, cI,= is the solute con- 
centration in the mobile phase, c,,, is the solute concentration in the stationary phase 
and A, ic a non-linearity parameter, de&xx3 in accordance with the work of Buys and 
De clerk?_ 

This description of the isotherm may seem peculiar. The constants Q and 
1 _t ~(0) were included in order to simplifjr the following derivations. The isotherm 
is then explicitly descrii by 

Makkg a further simpli5cation by neglecting dispersion, we can apply the theory of 
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uon-linear dispersionkss chroruatography, as described for example by Huber and 
Gerritse4, which gives an expression for the elution time at a concentration 9. m : 

= 4Tu + G91 - (1 -I- AG.3 (4) 
The peak shape is a rectangdar triangle with the hypotenuse having a slope of 
(G[l i- d91 - A)- I. Whether the vertical side is the front or the rear of the peak is 
determined by the sign of &; for the most common case of a negative 1, the front is 
vertical. 

The isotherm non-linearity effect, in the absence of dispersion, will therefore 
lead to a relative peak width of J.& _ where 4, _ is the concentration at the maximum. 
When the isotherm is linear and dispersion is present, a relative peak width of 4/dN 
occurs, where N is the plate number and taking the total peak width at four times the 
standard deviation. When both peak broadening effects are operative, we cannot 
predict the resulting peak width, but it is improbable that it can be smaller than the 
peak width obtained when either effect is present aIone. It follows, then, that the 
relative peak width is larger than 4/2/N and larger than R,E,.,; the largest of the two 
will determine to a great extent the effective resolution that can be obtained. In order 
to obtain a high throughput, we want to make ZtSrn as large and N as small as is 
allowed with respect to the required resoIution. An optimal compromise is to be 
expected when both broadening mechanisms contribute si_&cantly to the final 
peak width. For this situation, the peak widths caused by the two mechanisms in the 
absence of each other would be of comparable magnitude; apart from an unknown 
numericai factor we can state, therefore: 

Table I illustrates the deviations in the isotherm linearity that can be tolqrated 
as a function of the plate number. If an actual Rii5i.m value is higher *&an those in- 
dicated, one couid obtain a higher throughput at essentially the same resolution with 

TABLE I 

R!Z.ATIONSHIP BETWEEN PLATE NUMBER AND FRACTIONAL DEVIATION FROM 
LINEAEUTY IN THE ISOTHERh~ AT THE PEAK MAXEMUM CONCENTRATION, ct.-,. 
IN THE, CASE OF AN OPTIMAL COMPROMISE BETWEEN DISPERSION AND ISOTHERM 
NON-m BROADENING (TENTATIVE VALUES) 



a column with a lower plate number; if the A,&, a value is lower, then dispersion st3I 
determines peak broadening add the throughput D be increased via Iarger L&, 
vahxs. 

It is interesting to kocsider the absolute amount of solute i, Qi, which has to 
be put on the column in’ order to obtain 2 pzticular El., value. The amount of 
soute, QL, must be related 

\ 
o the peak time integral of the concentration in the mobile 

phase. This ties the value pf the peak maximum and the position of the sharp edge- 
3y chan_tig the integrati~n~~tis, it can -be shown4 that 

and 
and 

Qt - = cf_ - dr = 
wge J 0 I G.?#¶ i &&,.a!3 - wLllRwCt.a! (6) 

substitution yields tbe following relationship between the amount of soIute, Q,, 
parameters of the column, isotherm and peak maximum: 

where w is the volume flow-rate- T&S Ieads to 

where V, is the column mobile phase volume. 
As the choice of Ztl. in is determined by the acceptable relative peak broadening, 

we can arrive at an expression for Ql which has to be injected in order to make dis- 
persion and isotherm non-linearity broadening identical I 

Q, 8 

V,[l -!- K,(O)] = - _NlA,l 

The expression on the left-band side is, for a pazticular solute and phase system and 
aiso apart from a constant, equal to the specifx load (gg of s&He per gram of 
p&king material). As can be seen, the value of the specik load which brings about 2 

certain pxcenta,oe of extra peak broadening depends not only on the phase system 
parameter AI, but also on the plate number. Therefore, stxiies relating the relative 
plate height increase to the spzcilk load do not find support in these considerations; 
at least, the results are only valid for the particular column used and not for the phase 
system in general. 

Rearranging the equations, we can arrive at another relationship, that ah 
descxii the situation where dispersion and isotherm non-linearity eEkcts cause the 
identical peak broadening: 

0 8 

&.H[I-z- K&l)1 = - IA,! 

Here, the expression on the left-nand side is equivalent to the load per plate vohrne, 
or, if l e plate height is independent of the column cross-section and the particle size 



is cOnstar& eqnivalent to the load per cm2 cross-section. Studies carried out in this 
way would be independent of the particukr length of the column used. 

It is probable that the results given above also have an approximate validity 
when only a slight decrease 0fapparenteEkiency is caused by an isotherm non-hncarity 
efRct_ Buys and De cteriE3, in deriving the in&rence of isotherm non-linearity in a 
first-order perturbation treatment, whiIe taking dispersion into account and starting 
from a Gaussian profife, arrived at tJ3e COil&siOSl that at N= 0.14 - iAil - QJA= 
[I f K&O)], peak broadening due to dispersion is as Iarge as that due to non- 
linearity of the isotherm_ The numerical factor was estimated on the basis of computer 
simulation studies. The vahre of 0.14 is not too far from our factor of 0.125 obtained 
by crudeIy equating the total peak width to four standard deviations, while treating 
the dispersionkss case. 

FinalXy, it is interesting to compare the influence of isotherm non-linearity and 
dispersion on the peak width for different colnmn len,@s. For a particular Qi we 
find a relative broadening of 

due to the isotherm non-linearity. The dispersion effect causes a relative broadening 
(4~) cf 4/t/N = 4(Ei/L)*. Et follows that the length of the column has no influence on 
the relative importance of these effects, at least in this first-order treatment, as both 
relative peak widths decrease ~ith~esquarerootofthelength.Thesame holds,of 

course, for the various positions of a peak during its migration through the column. 
The treatment above is a rather coarse simplification and optimization of 

preparative Jiquid chromatography will invariably require a lot of trial-anderror 
procedures with the particular solute mixture, phase system and packing material to 
be used owing to the compkxity of the problem. However, the treatment shows the 
limited value of overload (H in- ) steadies with one calm and stresses the im- 
portance of the study of isotherms_ In particular, the comparison of different phase 
systems and diEerent packing materials in this respect will have a more general 
significance than that for only the particular compound and column with which the 
measurements are carried out. 

Knowledge of the shapes of distribution isotherms of solutes opens the pos- 
sibility of adjusting the amount of the mixture injected in such a way that an optimal 
compromise such as is indicated in Table I is reached to obtain maximal throughput 
and purity of the separated components. Therefore, a method for the determination 
of the shape of the distribution isotherm is of _mt value_ 

In this paper we report the results of an investigation on the applicability to 
liquid chromatography of known methods for distribution isotherm measurements as 
described for gas chromatography by Huher and Gerrit&_ The sekcted method was 
applied to the dete rmkation of the distribution isotherms of phenols on different 
types of normal-phase and alI@-modikd silicas. 

The equipment for the difkent methods was built from the following commec- 
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cial parts: a single- or double-headed reciprocating pump (OrIita Type DMI? 1515 or 
AE 104.4; Or&, G&seen, G.F.R.); a Bourdon-type flow-through manometer, in 
some experiments in series with a 6 m X 0.15 LZM LD. Stan&S-Steel capillary tube 
as resistance, acting as a pulse damper; a variable-wavelength detector (Pye U&am 
IX-W; Pye Unimm, Cambridge* Great Britain); a high-pressure injection valve 
(Valco CV-6-UHPaC20; Vako, Houston, TX, U.S.A.), fitted with either a 50+1 
loop or a loop system with an appropriate larger volume (up Eo 150 ml), was used as 
such or as a switching valve; a potentiometric recorder with integrating unit (Gcen 
RE 542; Goerz, Vienna, Austria); a calibrated burette was used to measure the flow- 
rates. Stainless-s.ueei coiumns of dimensions 250 X 4.6, 250 x LO, 250 x 16 and 
I50 x 4.6 mm I.D. were used. 

AlI or,oanic solvents were of analytical-reagent grade and were used as deliver- 
ed. The water used was de-ionized and distilkd. The column packings used were the 
porous silicas Si 49, Si 60 and Si 100 (Merck), ground and cIass&d by means of an 
air.classifier (Alpine M.Z.R., Augsburg, G.F.R.) to appropriate particle sizes, Zor- 
baxSil (DuPont, Wiimington, DE, U.S.A_) and Partisil-5 (Reeve Angel, Clifton, 
NJ, U.S.A.) and the akyl-modified silicas LiChrosorb RP-2, RP-8 and RP-LS (Merck), 
Zorbax-ODS (DuPont), Hypersil ODS (Shandon, Runcorn, Great Britain) and 
Nucleosil C8 and Cl8 (Macherey, Nagel & Co., Diirzn, G.F.R.). 

Colzmzz preparation 
The normal-phase silica columns were tiled by means of a balanced-density 

slurry technique using mixtures of tetrabromoethane and chloroform as the sIurry 
liquid. 2,2,4-Trimethylpentane was used to press the sfurry into the column at 400 bar. 
The columns were washed with dichloromethane (50-100 column volumes) until 
constant retention was achieved. The void volume (VJ of each column was de&er- 
tied with an nnietained solute (ethylbenzene). 

The reversed-phase silica coiumns were tihed by means of a slurry method 
using tetrachloromethane as the durry liquid. The slurry was pumped into the column 
with methanol at 400 bar. The void volumes (V,) of the reversed-phase coh.nnns were 
determined with 1,3-benzenedisulphonic acid as an unretained solute. 

The equipment for the recycling method was the same as that described by 
Kraaks with the addition of a W detector to monitor the equilibration of the system. 
The single-headed pump was used to recycle 20 ml of a solution of known concentra- 
tion of the solute through a 10 mm I.D. column filled with Si 60 (mean particle size 
25 pm). The amount of solute adsorbed on the surface was determined from the hoId- 
up volume of the equipment, the initial solute concentration and the concentration of 
the solute in the ehxent after equilibration. For the determination of the latter con- 
centration, use was made of high-performance liquid chromatography (HPLC) with 
peak-area quantitation, using the 250 x I6 mm I.D. coiumn t?&d with (i-pm Si 60 
and flow surrounding injection’. 

In the batch method, 5 ml of a solution of the solute of known concentration 
was added to 0.5 g of 2%+n Si 60 in a PVC-stoppered vessel. The solution was well 



stirred by meaus of a glass-eoated magnetic stirrer (PTF.E+zoated stirrers were found 
to adsorb the s&&es)_ The asxmunt of solute adsorbed vias determined from the initial 
solute concentration and the concentration in t&e supernatant after equiIibration. The 
dmrminatian of tie Iamr caucm~tian was cmkd out by HPEC and peak-area 
quantitation as described above. 

hthepeakmaxima met&o& Xl-p1 ?;amples of solutions of the solute of known 
eoneentration were injecuxi on to a 10 nun 1-D. column fiikd with 2%pm Si 60. The 

cg values of the eluted peaks were chuMed from the deflections observed on the 
recorder after suitable calibration, Integration of the dc&dc,_, versus q,, curve to 
obtain the distribution isotherm was carried out with a pocket calculator using trape- 
zoidal numerical integration. 

In the minor disturbance method, the eluents consisted of the solvent with 
kuowu concentrations of the solute. After equilibration a small solute sample was 
injected, which caused a minor disturbance in the recorder signal. From the retention 
time observed at the diEerent solute concentration levels in the eluent the value of 

dc,_Jdc,. . 60 uld be c&xdatedJ_ From these values the distribution isotherm was 
obtained by means of trapezoidal numerid integration using a pocket’ calculator. 

In the break-through method, the column was equilibrated with solvent. Theu 
a su&ient volume of a solution of known solute concentration was pumped into the 
column via a loop system (between 30 and 80 ml, depending on the inner diameter of 
the eohnnn) to produce a stepwise change in the recorder signal. From the defiection 
of the recorder and from the void volume of the coinmn the amount of solute ad- 
sorbed could be calculated as described by Muber and Get-r&se*. Fig. 1 shows schemat- 
ic&y the breakthrough arrangement_ The double-headed pump delivered the pure 
solvent, while the six&-headed pump was used to fill the loop system with the various 



solutions of known solute concentration. Before switching in line, the loop system bad 
to be pre-pressurized in order to avoid a disturbance of the flow-rate after switching 
the injection valve, due to the compressibility of the solvent in the loop. 

in-the desorption method, the same arrangement as for the break-through 
method could be used_ After each break-through measure ment a desorption curve 
could be measured by switching ‘back to the pure solvent. 

The distribution isotherm was evaluated from the desorption curve’ either by 
using the integration unit of the recorder or by digitizing (with a home-made system) 
the detector output and subsequent use of a computer_ 

REStJLTS AND DISCUSSION 

Comprison of methods for distribution irorherm measurement 
Six known methods’ for the measurement of distribution isotherms were 

compared for an adsorption system consisting of porous silica (Si 60, d, = 2.5 pm) as 
adsorbent, dic’hloromethane as eiuent and phenol as solute_ The results of the distribu- 
tion isotherm measurement by the different methods are given in Fig. 2. Three points 
can be mdet (1) for the direct measurement of the distribution isotberm (Ce., break- 
throug!t, recycling and batch method) the different points coincide fairiy well; (2) for 
the indirect methods, where the derivative of the distribution isotherm is measured 
(Le., minor disturbance, peak maxima) and for the desorption method aIso a good 
mutual a_sment is found; and (3) the indirect methods give systematicalIy higher 
cf., values compared with the direct methods, particufariy at very high et,= values. The 

Fig. 2. Disribution isotherm of phenol in the p&se system consisting of 25-pm Si 60 and di- 
ctrloromchuc determked with the different methods: 0. break-through; Il. nxyciing; .A, batch; 
s, minor disturburce; s. peak m2d; A, desarption. 
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s&ui&mt dif5erence between the direct and indirect methods might be attributed to a 
number of reasons, such as systematically iuaccurate measurement of the derivative of 
the distribution isotherm, dispersion or the eff&zt of baseline noise on peak-area 
measurement in the indirect methods. Apart from these differences in the absolute 
value of the distribution isotherm, which needs a more detailed investigation, ah 
methods show very well the shape of the distribution isotherm, which is of value for 
the sekection of the optimal chromatographic conditions in analytical and preparative 
liquid chromatography. When comparing the methods on the basis of aspects related 
to speed, precision, effect of dispersion and instrumentation, the foilowing points, 
sum in Table II, can be made. The detector quality, especially its linearity, is 
crucial in those methods where the signal intensity is used directly for the calculation 
of q., or cf.,, i.e., in the batch, the recycle, the desorption and the peak maxima 
method. Therefore, the minor disturbance method has an advantage and to a large 
extent this also ho!ds for the break-through method, because detector distortion of 
the sharp step generally af&cts its mean position to only an insigniticant extent. It 
should be noted that in the case of convex isotherms a sharp break-through profile 
can be obtained by switching from a high to a Iower concentratiorP=‘. 

Dispersion in columns obviously does not affect the measurements with the 
batch and recycling methods, where a final equilibrium state is reached. In the de- 
sorption and peak maxima methods the infiuence of dispersion on the accuracy of the 
results can be significant and unpredictable. In the minor disturbance method the 
dispersion will only aEect the precision with which the position of the disturbance can 
be determined. AIso for the break-through method a small inff uence of dispersion can 
be expected: for measurements within the linear part of the isotherm a symmetrical 
step function will be ob’4ned and in the non-linear part the step will be self-sharpen- 
ing in the case of a concave isotherm shape. 

The speed of the desorption mctbod, where a complete isotherm is obtained in 
one run, is obviously superior, provided that automatic data handling is avai!able. 
However, the influence of dispersion in this method cannot be corrected for or 
estimated. Moreover, with present detectors for liquid chromatography the detection 
linearity is insufficient for covering several orders of ma_gnitude in concentration in 
one run. A series of experiments, each covering a certain concentration range is then 
necessary and the speed advantage is lost to a great extent. In two methods, viz., the 
batch method and the recycling method, a lower phase ratio exists in comparison with 
a coIumu G&d with the material at hand. Therefore, the precision of the results for 
compounds with a capacity factor of 1 or lower (in a cohmm) wiil be less. Finaliy, a 
drawback of the batch method should be mentioned_ When using mixed solvents as 
the “mobile” phase, SeIective uptake of one of the solvents (the moderator) by the 
stationary phase changes its composition. This resuhs in systematically higher values 
for the distribution coefficients of the soh~tes. 

Based on these experiments and the considerations above, it was decided that 
the break-through method was the most convenient and accurate way of determining 
distribution isotherms and was used for the comparison of different solid supports. 

Comparison of p&se sys&ms 

Nor?&-phrase ~.&orption. Fig. 3 shows the distribution isotherms of phenol on 
some CommerciaUy available porous silicas with comparable surface areas. It can be 
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systems. silia used: A. 

seen that significant differences in the Iinear range can occur, although the maximum 
amount that can be adsorbed seems to be about the same for alI of the materials in- 
vestigated. Under our experimental and&ions and from the viewpoint of isotherm 
linearity, zorbax-sif appears to be superior. 

Fig. 4 shows the isotherms obtained for different partick sizes of tix same 
material (Si 60). If in the grinding and classifying process adsorbent characteristics 
such as pore volume, pore diameter, surfzce area and activity would be ~nal%cted, 
identica1 isotherms would be expected_ Apparently some changes in these respects 
occur, as Fig, 4 shows. However, the changes are not dramatic and can be negkcted in 
a first attempt to optimize preparative liquid chromatography. 

The efkct of the surface area (pore diameter) is shown in Fig. 5. As expected, 
the linear mge is larger for a larger surface area. The data in Figs_ 4 and 5 were 
obtained with a lower water content in the mobiIe phase than for t&e data in Fig. 3. 
Carefd comparison of the shape of the Si I00 graph in these Sgures shows the ix- 
creased linearity with increased water deactivation, as emphasized by Sayderl. 

Reversedphase adsurption. Fig. 6a shows the distribution isotherms of phenol 
on al&l-mod&d silicas with difierennt &yl chain Ien,@hs. The linearity dcawses 
with increasing chain length, which is an unexpected result if one describes these 
distibutio~ a~ partitioning pi’ocesseS, Probably the difference in sud2ce area plays 

a role in this effkct. Comparison of Fig. 6a and b does not reveal a dependence of this 
~&GE on the mobile phase composition. The conclusion that the silica with a shorter 
chain kngth (RF-2) is superior slroufd be treated with a&on. Xn otder to obtain 
S&&Z&~& high capadty ratios the organic modXer content should be laker with 
RP-2; this might yield solnte sohability problems in some instances. 
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Fii. 7. Exstribution isoihcm~~ of p&en01 in pkax syswns cansising of Cl&mod&d siks and 
met&mol.-water (2.5:~) as the mobile pbasc with co- avaiLMe stationary pkascsr A. Nu- 
ckosil C18; 0, Lichnzsorb RP-18; 0. Z~rbisx-ODS; &Iypersil ODS. 

Fq- 8. Coqxrison of distribution &therms of pkuof with difkent p&zings (CY$ = IOpm) md 
methanol-wabx (25:75) as the mobile @se. Packings: 0. Lif=hroso~b RP-2 (R = -6 limoi); A, 
hhc%ssil c8 (2 = -7 l/moo; E, Z~rbu-oDS (;i = -7 I/mol). Vahes for d give an approxismrc 
Grst~def -on of the isotkrm non - andwzefinmd~kast-squarcstreacincntof~ 
data. 

Mr. J. C. Smit made avaiIable to us a computer program for the handling of 
digital descrption curve data and adapted the program to our specik demands. Mr. 
I. Kuystez vas ressnsible for the automatic data co&ction_ 




