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1.0 Introduction 

Arguably. the most inprtant p r a t e r  in &ern liquid 
chrorLatocjraphy is the hold-up (or Geaa) v o l m .  VN, tlae velum of 
mobile me mntaheii w i t h i n  the chronatogra@ic systea between the 
sample injector and the detector. Without tiiis knowledge many 

aee;mbent i+xax,rters such as capci ty  factor (k), select ivity (a), 
and resolution (Rs) cannot be conputeii (104,15,78). These data are 
of tile u t m s t  irqortance for the optimization of conciitions for the 
separation of complex mixtures and the icientification of solute 
hallcis. 

Copyright 0 1986 by Marcel Dekker, Inc. 
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1388 SMITH, NIEASS, AND WAINWRIGHT 

M r t  from its significance in the more routine asipcts of liquid 
ciiroimtograpiy such as separation rietlxxjs developent, tne 
determination of the blt+up voltnre is basic to  the reporting of 
cixomtographic &ta from both intra- anci inter-laboratory 
investigations, the developaent of schemes for the prediction of 
retention Maviour ( . . . . . . . . . I  and stuGies of the retention 
meclmim itself ( . . . . . . . . I .  Yet there is no universally accepted 
r ~ t m i  for the accurate measurement of this paramter. Some of the 
metlloiLs reported inch& the rneasurenent of the retention volune of 
raciioactively-labelled eluent, the injection of mdifieti mobile 
phase (including pure camponents), static weighing procedures and 
mathematical deteninations based on the retention characteristics 
of mer;dxrs of various honologous series. Therefore, this paper 
presents a conpreklensive review and critical appraisal of currently 
use& ~il~KW&leS to the ae tembt ion  of hold-ug volume i n  Liquid 
Chranatography . 

2.0 Definition of bold-up Volume 

In gas chronatqraphy (GC) tlle dem time can be consi&er& to be the 
time an infinite- munt of non adsorbed gas takes to  p s  
through tile chromatographic system under ihticdl conditions as the 
sample being amlyse6 (17 ) .  When dealing with LC bwever. the 
situation is not as simple because, a l t d u g h  the basic theory of 
chronatography is ccnmn. there are (anorrg others) three basic 
aifferences in applying th is  theory: 

(1) The interdiffusion coefficient of liquids is at least 104 
times smaller than that of gases. 

(2) The viscosity of the eluent is sure 100 tiries greater for 
liquids than for gases. 

( 3 )  Tie interaction between the mlecules of the stationary 
p i n e  and t b s e  of the eluent are negligible in gas 
cklroratograpny, but important in liquid chromatography (18) .  
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DETERMINATION OF HOLD-UP VOLUME 1389 

An additional amsideration is that sample carporrents can be 
partially or cxqletely excluck6 from the interior of the porous 
column mterial  (19) .  

Mocked an6 Freyholdt (20) proposed that the dead time of a liquid 
chramatographc column is that period of time. t, a sanp?le mlecule 
spentis i n  the isotropic mobile phase which flows with the constant 
rate v (m8srirr1. The hold-up volume, Vbl, is therefore equal to the 
ljroiiuct of these two mriables. Tnis definition M a t e l y  pses 
one aifficulty which results from the difference between gas and 
liquid chrmtography. For the latter case in general and reversed 
phase LC (WLC) in particular, it has ken shown by many workers 
(21-32) that eluent molecules are adsorbed onto the stationary 
phase, forming a stationary layer of mobile phase conponents and 
thus reducing the c o l m  void voluw. Although the data of some 
workers (23.26) was linitea to  airsorbed organic mdifier, evidence 
that water molecules are also p r t  of the adsorbed layer has been 
prociuceci by others (24.28). It has been proposed. by Yonker et al. 
(24 )  that the uptake of water by the stationary phase is due to  
hydrogen bonUincj w i t k  residual silanoln. 

Tne presence of tliis atisorbe6 layer led Wkel  anci Freyholdt (20) to  
propose the foliowing relationship: 

'ripbile 
I 

'pore' free + 'interstitial 111 

where = volume of bile phase (ie. void vollane) 
= pore volllne minus volune of sorbed eluent 
= volume of eluent outside the pores of the 

'pre'free 
"interstitidl 

Calm packing. 

However t h i s  approach ignores the possibility that solute nolecules 
m y  be partially or conpletely exclude6 from the pores of the 
stationary phase. This view is supported by Scott and Kucera (33) 
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1390 SMITH, NIEASS, AND WAINWRIGHT 

who point& out that  the voiri volune for a given solute will not be 
the sum of the inters t i t ia l  volume and the total  pore volume but the 
sun of the inters t i t ia l  velum an6 that proportion of the pore 
volume that is accessible t o  the solute concerned. Knox et al. (34) 

Giscusseci various exclusion rirechanisns ana identifie6 two main t p s  
of exclusion: 

(1) ht ropic  exclusion due t o  steric effects 
(2 )  Enthalpic exclusion aue t o  eneryy effects 

This second type of exclusion can be subdivided into two further 
categories: exclusion of a non-polar solute (partial or to ta l )  due 
t o  the adsorption onto the p r e  surfaces of a polar eluent, and 
exclusion of charged species due t o  ions adsorbed onto the 
stationary phase surface. 

The possible exclusion of solute molecules has not always been 
recognised. Por e x w e ,  Fini et al. (35) assumed that the 
theoreticdl hold-up tine. 
rate should be the same for a l l  substanes and i n & p & n t  of the 
mbile phase. 

for a given colum and eluent flow 

Tne difficulty caused by exclusion of solutes from tlie pores of the 
stationary phase has been discuss& by several workers. 
al.(28) nention that further car,plications arise as a result of size 
or electrostatic exclusion of molecules from the pores. This view 
is support& by Krstulovic et al. (15) who believe that unl ike  GC, 
tlie voia volune i n  RPIC my be a function of both the mbile phase 
a x p s i t i o n  and the mlecular size of the solute us& for the 
deterrrdmtion. h u b  anci Ma6ckn (36) state that it is asslmed 

generally i n  Ix: tlmt the supposed unretained s o l u t e  used t o  measure 
the colurm voiG volume mst be of the sane hydrodynaritic volume as 
tie analyte unlier investigation. 

Slaats et  

Ekperhntal  evidence on the abili ty of silica gels t o  exhibit 
exlusion properties has been presented by Scott an6 Kucera (33 )  who 
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DETERMINATION OF HOLD-UP VOLUME 1391 

concluded that the effective pore diameter w i l l  influence the 
measurergent of the retention v01u.r or -@city factor of a solute.  
Similarly Engelhart and Ahr presented data (11) which was explained 
as being due t o  the exclusion of the so lu t e s  from the relatively 
d l  pores of the Zorbax ODs (C18) colurm. 

Several workers take into account this problem i n  their  mathenatical 
treatmnt of void vollrme. Iarimnn et al. (37) and W r r y  et al. 
( 3 8 )  propose tha t  the capacity factor (k) of a s o l u t e  is related t o  
its retention time by equation [21. 

tR - %eC k -  12 1 

where ts, is the retention time of a mlecule of equivalent size as 
the solute but which is not retaineri by the column. 

Wrry e t  al. (36) estimated tsec from a size-exclusion 
chromatography calibration plot using sinpllifying assrmptions. The 
results for one set of experimental conditions showed a variation of 
up t o  12% for the dead time nreasured using duterim oxide CD20) and 
by 1% - 2% for C1 t o  Cs d a l k y l  phthalate so lu tes .  

In an essentially sinilar approach. both Horvath an15 Lin (19) anci 

Wells and Clark (39) propose6 the same equation t o  account for the 
partial exclusion of solutes. 

where Ve = inters t i t ia l  f luid volune 
#Vi - intraparticulate fluid volume 

explored by solute 

It should be noted frm this equation that for the extrene case in  
which d - 0. the unsorm so lu te  is completely exclude6 f r m  the 
pores of the packing material. an6 when $ - 1, the solute  d r g o e s  
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1392 SMITH, NIEASS, AND WAINWRIGHT 

total pore penetration. When there is inaliplete pore penetration 
by the solute, 0 takes a value between 0 and 1. 

Berendsen et al. (40) also recogJused ' this problem and noted t ha t  
their oonsicierations were not valid i f  fiolecular size or other 
effects play a role as is the case in gel permeation chruinatograply 
(Bc). 

Exclusion aue to  ionic effects has also been discussed in the 
literature. Berendsen et al (40) preaented experinrental evidence 
for the effect of increasing electrolyte concentration in the mobile 
phase upc;. the retention behaviour of a salt which was explained as 
follows. When the electrolyte c o m t r a t i o n  is low, the salt is 
excluded fran the pores of the packing. presumably due t o  electrical 
charges on the stationary phase surface. With increasing 
electrolyte concentration in the mbile @ase the ion exclusion 
effect is sul7pressed and the pores becone accessible to  the salt. 
Obviously at  low concentrations an injected salt solution yields the 
exclusion volum. At high concentration the salt peak maxirium may 
indicate the maxinun holdvp time. This view is supported by Wells 
and Clark (39) who quote GFC data t o  support their conclusions. 

It mi be seen, therefore. that defining the colunn void volume in 
LC is not a si@e matter. While som investigators (41,421 believe 
that only the totdl coluim porosity has a true physical meaning, 
Billet e t  al. (43) doubt that a c o l m  possesses a unique void 
volume. In support of this view, Horvath and Lin (19) discuss 
various rrobile phase hold-up volumes in an a t t q t  to  relate 
experimental data to theoretical consideratiom. 

The foregoing discussion suggests that each solute can be tbught of 
as experiencing its awn unique void volume, which is a function not 
only of the stationary phase. but .also of the W i l e  phase including 
electrolytes. In  fact, w h n  dealing with ionisable salts. even the 
armunt of solute injected w i l l  affect the void volm i n  an 
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DETERMINATION OF HOLD-UP VOLUME 1393 

unbuffered system. Thus the calculation of a s ingle  void volume is 
a t  best , under sane coriiitions, an average value relatei  in ~ c m e  

way t o  the various void volur,es experienced by the 'individual s o l u t e  
mlecules. Given these considerations it may be that  the nost 
apgopriate e x p e r i i t a l l y  cjeten,hxi value, short of &ternlining 
individual solute  void volunes, is the total  exclusion volum. This 
value 
positive. Hawever. it suffers from the difficulty of measurement 
un&r sane conaitions. 

the aCmntage tliat it ensurss t h a t  k values are always 

A final complication is the effect of pressure on the void volune of 
a c o l m .  A study by Martin et al. 0 4 )  ooncluded that both 
retention volumes and retention t h s  are affected by the pressure 
drop across a column, with the variation in volune being aue t o  the 
compressibility effect, while the variation in t i r e  is mai&y due t o  
the viscosity effects. m r .  it was also found that these are 
s~al below a pressure of approximately 200 bars. 

It is therefore clear that  the determination of colurm void volunre 
requires not only an understanding of the retention mechanism 
involved i n  the particular system &er stu6y a d  a knawlecige of the 
types of solutes involved in the analysis, but also a knowledge of 
the emi use of the the data. b & t h c i s  which give acceptable results 
when used for comparative purposes may lead t o  unaccepatble errors 
when used t o  determine absolute data such as thermoltynamic 
properties. 

3. Determination Of Void Volrmne 

Unlike GC. where the ciiscussion in recent years has concentrated 
upon the merits of various mathematical methods for calculating dead 
time from the retention data of homologous series (45) .  the methods 
for the determination of hold-up volurne in I& have been largely 
e x p e r h t a l .  For this  reason this section of the review 
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1394 SMITH, NIEASS, AND WAINWRIGHT 

concentrates on experimntal m e w .  &never, since there has been 
m interest and debate of late concerning the application of the 
mathemticdl treatment of retention data for irmnlogws series for 
the determination of holbup volume in LC, this topic will be 
discusse6 in sane detail at  the end of this section. 

Ti various techniques for determining the colurm hold-up volume can 
be broadly classified into several categories. 

The total  collarn porosity can be determined by sucu?ssively filling 
t l ~  oolurim with two solvents of different density amj then weighing 
it after each fi l l ing.  The total  volune taken up by the mbile 
F~XLSS (V,) can be calculated from equation 141. 

w1 - w2 

d l - a r  
= 

where W1 atri W2 = weight of c o l m  containing solvents 1 and 2. 
4 and $ = density of solvents 1 and 2. 

Various oon3sinations of solvents have been reported in  the 
literature. Slaats et al. (46)  suggested weighing a colurw 
previously dried with a stream of dry nitrogen and the sane a l u m  
then f i l led with tetrachloromethane. 
(28) used psychrometry using pure acetonitrile and methanol. 
Krstulovic et  al. (15) enployed acetonitrile and carbon 
tetrachloride because of the large difference in their densities 
and also measur& the difference i n  weight between a dry colunn 
(purged with pentane and dry& overnight a t  60 OC i n  a stream of 
helium) and the same colm fi l led  with solwnt. Methanol and 
tetracbloronethane have also been useci for this p r p s e  (22.40.47). 

In a later pager Shats et al. 
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DETERMINATION OF HOLD-UP VOLUME 1395 

In a mwification of this technique. Fin et al. (35)  weighed the 
colum plus mobile m e .  Then having remDved the contents of the 
colunm, the volume of the  colm an6 the eight of the stationary 
phase were measured, thus allowing the determination of the nubile 
plme volume. obviously this me- is not applicable to  routine 
analyses. 

The value &termin& by the above procedures represent the maximrm 
volur,le accessible to tie solvent mlecules. Therefore, unless the 
solvent mlecules experience entropic or enthalpic exclusion from 
tile colurm pores, the result places an upper l i m i t  on the void 
v o l w  experienced by a particular solute. As point6 out by 
EIcCormick an6 Karger (22). this value thus serves as a criterion for 
evaluation of solute retention since elution wluines larger than it 
are inaicative of retention. 

As discussed by BerMdsen et al. (401, equation 141 ignores the 
possibility tha t  the stationary phase is solvated by molecules of 
the mobile phase. "his problem is addressed by Slaats et  al. 
(28,461 who proposed subtracting the volume of the adsorbed mbile 
phase layer on tie silica surface. This volme was &?termin& using 
breakthrough curves (48) as described by Pannakker et al. (49) or by 
using the minor disturbance m e t h i  (28). Without this correction, 
Krstulovic et al. (15)  warn that the use of this meaSure with 
liquids which solvate the s t a t i o ~ r y  phase t o  a significant extent 
(such as tetrahydrofuran) m y  lead t o  negative k values due t o  the 
negative slop of the excess isotherm (preferential adsorption of 
the organic CCnpoIlent of the nobile phase rather than the solute). 
They found that this occurred with alcohols chromatographed with an 
eluent oosrposed of 60 volume 5 THF in mter. 

R i a  and Kovats (42) also supprtei this correction provided that 
ti= density (specific volune) of the liquid i n  question is the same 
in the bulk as the absorbed state, that the boundary between liquid 
and solid is indepncknt of the nature of the liquid and t ha t  
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1396 SMITH, NIEASS, AND WAINWRIGHT 

exclusion effects can be ignored. Another provision is that if 
mixtures are used for the determination. the partial  mlar volirmas of 
the components should remain the same at the ampsi t ion  of the 
mixture in the surface phase as they are i n  the bulk. 

Scott and Kucera (26) describe a batch nethod for determining the 
m s s  of organic mdifier adhering to the stationary phase by 

measuring the c h g e  in mbile phase conpsition after equilibration 
with the stationary phase. However, Slaats et al. ( 1 point out 
that this  method is not very attractive for use with P9u: collnns 
because the high concentrations of modifier enployed lead to a very 
s h ~ l  difference i n  the concentrations before ami after a&orption. 

A final static mew is mentioned by Berendson et al. (40 )  in their 
review paper. It is based on a plot of gross retention times versus 
distribution coefficients cieternin6 by static methotis. They note, 
h w r .  that it is difficult  t o  justify the use of t h i s  method with 
chemically bond& stationary phases where bulk partition coefficients 
are invalid. 

3.2 Interstitial volume 

While the previous section considered the measurenent of total colunn 
porosity by static methods ( this  property CM also be estimated by 
other e x p e r h t a l  methods as discussed in later sections), the other 
most easily defined void volume is the inters t i t ia l  volure. Although 
the concept is clear, its actual value, as discussed by Knox e t  a l .  
(34) can only be inferred by assuming it equal t o  VM for the nost 
excluded solute  available, or by estimation from the known pore 
v o l w  by assuming the density of the matrix and the porosity of the 
packing (34) .  This la t ter  Illetw is. however. approximate a t  best. 

Cne area in which the term is significant is size exclusion 
chroriatography (SEC) where a truly retained substance w i l l  only 
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DETERMINATION OF HOLD-UP VOLUME 1397 

resic% within the mbile phase contained within the interstitial 
volume. Various substances have been used t o  measure this 
interstitial volume. Mori and Suzuki (50) used polystyrene of 
mlecular weight 8.5 x lo6 with SEL: colunns, Scott and Kucera (33)  

used polystyrene of molecular weight 655,000 with comnercially 
available silica gel colurms. while Ibcketi and Freybldt (20) used 
both polystyrene a t  mlecular wight 1.8 x 10 with THF eluents and 
soluble starch with ac;ueous alcohol eluents t o  measure the 
inters t i t ia l  volume of chenically boIlded octadecyl #ass. 

6 

It has also been reported (see next section) that injections of wak 
solutions of ionisable salts into unbuffered aqueous mbile  @ w e s  

are excluded from the pores of colurms, thus  allow^ their we 
as a measure of the inters t i t ia l  volume. However. the depenaen0e of 
the retention tim on sanple concentration and the difficulty of 
ensuring total exclusion limit the usefulness of the technique. 

3.3 Inorganicsalts 

Many inorganic salts have been used t o  measure void volum (51-60) 
including sodium nitrate (51-571, potassium iodide (58) .  potassium 
ciichromte (9,30,59), potassium ni t ra te  (27) .sodium chloride ( 6 0 )  

and sodium nitrite (57). Although an apparently sirrple technique, 
the use of inorganic salts presents several difficult ies.  

Tilly-bklin et al. (29) .  using phosphate buffered aqueous 
acetonitrile mbile  phases, axpired the retention behaviour of 
potassium nitrate and potassium dichrornate each having been prepared 
in  unbuffered mobile *. “hey found that potassium nitrate was 
retain& wen m r e  than rn of the carboxylic acids which they were 
investigating and therefore was unsuitable for use in determining VM 
in  that  systan. On the other hand, the retention vol lws obtained 
using both potassium dichrarrate and mter (liodified mile phase 
injection) were identical and were taken t o  be VM. UnfortuMtely it 
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1398 SMITH, NIEASS, AND WAINWRIGHT 

was found that potassium dichranate is retained in system 
amprising acid buffered rnobile pnases as well 88 all system 
containing quaternary anmnium ions and is therefore unsuitable 88 a 
measure of VM in such system. 

A wider study of inorganic salts was carried out by Berendsen et al 
(40). who compared K I .  KBr, NH4N03, M3, &C13. l$CrO,w CuSO, and 
Fern4 as well as Hc1 using a q u ~  mthanol mobile phases. It was 
found that the retention volrrmes of these a t e  varied w i t h  the 
salt concentration of the injected solutions. A l l  salts except 
CuSoq and Fern,, (which showed sane retention) were reported as 
exhibiting similar exclusion properties. At low electrolyte 
concentration the salt is excluded from the pores of the packing 
preslrmably due to  electricdl charges on the plwe surface: with 
increasins electrolyte concentration in the mile phase (or w i t h  
injections of highly concentrated solutions of a salt) the ion 
exclusion effect is suppressed and the pores become accessible t o  
the salt. !llu Berendson e t  al. (40) initially awrcluded that the 
total exclusion porosity is given by the tine elaped between the 
injection of a IO-~M mr Bolution and the start of the peakw while 
the time of the peak maxirnrm resulting fran an injection of 1 5  pl of 
mobile phase saturated w i t h  KBr giws an estirzate of the true 
hold-up v01~me of the c ~ l u r r p l .  

Unfortunately the invariance of this latter masurerent with mbile 
phase concentration plus further experhnts with K I  solutions cast 
sax  doubt on the genera use of concentratgi salt solutiok for the 
determination of hld-up v o b  under all conditions. In fact. it 
w a s  concluded that inorganic salts appear to  give good results only 
for mobile phases conposed of nearly equal volumes of wter  and 
methanol (0.4 < < 0 . 6 ) .  

Conmnting on these results. Slaats et al (28) suggested that the 
difficulty with the use of unretained conpounde ( including inorganic 
salts) is that their use cannot be justified in a physical sense. 
Wells and Clark (39)  conpared the elution characteristics of both 
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DETERMINATION OF HOLD-UP VOLUME 1399 

sodium nitrate and potassium dichrmte with several organic 
substances and mobile phase CORponents in a study which, in general, 
supported the observations of Berendson et al. (40). The study 
confirned that the elution behaviour of ionic solutes is extremly 
dependent on the background electrolyte concentration in the mobile 
phase and that sodium nitrate and potassium dichrornate have slightly 
different retention volumes urrder sane oom3itions. However. it was 
shown that the other substances present even greater problerns. 
Therefore, Wells and Clark concluded that when bufferd aqueous 
methanol eluent6 are used, the injection of any detectable amount of 
sodium nitrate produces a good estimate of the colurm void vollrme. 

In unbuffereci aqueous methanol mbile phases the injection of at 
least 3 x 
estimate of the colurm void volune. sodium nitrate was recomnended 
over potassium dichromte because of its greater pore penetration, 
thereby mre nearly representing the case where 4 = 1 in equation 
131. 

mle of dim nitrate was found to give a good 

These studies illustrate one of the prcblem with the use of 
inorganic salts for the determination of void volume. which is the 
aegree of penetration of the salt into the pores of the colurm 
packing. Such penetration m y  ~ r y  from zero (total exclusion) to 
virtually axplete penetration ckpnding on a variety of factors 
including the mture of the mobile phase. type of salt, artpunt of 
tne salt injected a6 well as the presence or absence of background 
electrolyte. This exclusion of co-ions (the DoIzMn effect) is 
explained by Knox et al. (34 ) .  It arises whenever charged species 

and thus acconpanied by a corresponding electricdl potential 
difference between the t m  regions. Given this  problem several 
authors h e  r- against the use of inorganic salts for the 
determination of void volume. (ref) 

are mnfinecl to a particular region within a thermodyMrm 'c system 

Thus. while Krstulovic et al. (15) obtained similar results to 
previous workers in their investigation of the retention behaviour 
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1400 SMITH, NIEASS, AND WAINWRIGHT 

of sodium nitrate using mbile phases carposed of 0.1 M NaBr in 
ptqueous methanol (except for a larger variation in retention wlme 
w i t h  mobile phase conposition). they did not reQomnend its use in 
determining void volrrmes. Pini e t  al. (35) aLS0 oompared several 
salts including sodim nitrate and cuncluded that these b u l d  not 
be used for the determination of VM. After corrp?aring sodium nitrate 
and sodium nitrite with several other unretained substances u a i q  
aqueous methanol mobile phases, Fopl and Fahrich (57) also 
c u n c l W  that inorganic ealts are unsuitable for the detedmtion 
of VM. This study also revealed a further problem in relation to  
the use of sodium nitrite, which produced two peaks in acid elmts 
(pH < 4.0). This was attibuted to  the liberation of nitrous acid, 
which then eluted mre slowly than the salt. yielding a second peak. 

A final problen w i t h  the use of concentrated salt s o l u t i o n s  was 
noted by B i l l e t  et al. (431, w l n  suggested that such ~thods  suffer 
from the disadvantage that they are not applicable to mobile phases 
mixtures other than aqueous methanol, since a high salt 
concentration leads to dernixing of acjueou acetonitrile and aqueous 
tetrahydrofuran eluents. This observation was also made by Berenson 
et al. (40). 

G i v e n  the many problems associated w i t h  the we of inorganic salts 
including conflicting evidence on the most appropriate salt to  use, 
extreme caution should be exercised in their u8e. Where possible, 
alternative techniques Bhwld he considered, especially when using 
mobile phases other than aqueous mthanol. 

3.4 Organic caapaurdla 

The we of a large variety of both organic salts and other 
'unretained' organic canpounds as void volume e s t h t o r s  is 
widespread. They include sodium benzene sulphonate (61, 

nitrobemme (111, B-carotene ( 4 9 ) .  tetrachloroethane (52). benzoic 
acid (611, tartrazine (62) fructose (31,63,63), acetone (65,661. 
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DETERMINATION OF HOLD-UP VOLUME 1401 

p t a n e  (67).  n-heme (681, iso-oCtan e (671, n-mmne (691, azo-dye 
ponceau 6R (701, uracil (37,59,71,72), fluorem (66).  

tetrachlomthane (73.74).  chloroform (75).  cytosine (76) and 
N,N-dimethylfOrmamide (77)  

A study involving several of these substances (acetone. uracil. 
N,N-dinethylfo&de, sodium benzene sulpbnate and tartrazine) was 
carried out by Wells and Clark (39). When chranatographed w i t h  
norbuffered aqueous methanol, the retention behaviour of organic 
salts (sodium benzene sulphomte and tartrazine) was found to be 
dependent upon the concentration of the salts but independent of the 
mbile phase composition: the opposite was observe6 when phs#Iate 
buffered eluents where enployed. nyls these conpounds are not 
suitable for use i n  determining the colunn void volume. The 
retention volums of the other organic substances (acetone. uracil 
and N,N-dinethylformamide) were found t o  be dependent upon the 
mbile phase conposition yet independent of the armunt of solute 
inject& and so these substances were also rejected for use in 
detenrhing the colurm void volume. 

Fop1 and Fahnrich (571, using aqueous rnethanol mbile phases, 
compared sodium benzene sulpbnate, dblethylforrmni& and acetone 
with phlorglucinol which earlier tests had indicated may give a gocd 

indication of the column void volume. Saiium benzene sulphonate was 
rejected for use in determining void volume as it exhibited the sam 

problem as inorganic salts. 
and dhthylfommide)  the retention volumes were found to  be 
indepenbt  of concentration. 
these substances interacted with the s t a t i o ~ ~ y  phase and the 
retention volunes were d e p e n h t  upon the corrposition of the 
eluent. Gn the other hand, the retention behaviour of 
phloroglucinol was found t o  be nearly amstant for different mobile 
phase axpsitioris and independent of the amount injected. This 
substance was therefore recozmnaed as an indicator of the calm 
void volume. 

For non-ionisable substances (acetone 

However. it was founu that both of 
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1402 SMITH, NIEASS, AND WAINWRIGHT 

Krstulovic e t  al. (15)  also investigated the retention behmriour of 
sodium benzene sulphonate in  mobile phases oonposed of 0.1 rn W r  in 
aquecus methanol and found that this salt is retained in solutions 
of law organic modifier conoentration. They aoncluded that this 
salt appears to  be unsuitable for use in the determination of void 
VOlUme. 

In a mre extensive study, Fin i  e t  al. (35)  W e r e 6  the retention 
behaviour of picric acid, fonrramide, urea, thiourea and uracil with 
water, oxygen and sodium nitrate. They found that while oxygen is 
rebarcied by the stationary phase ana hence is not suitable for the 
determination of s, formamitie, urea anri thiourea give good 
estimates of s. Thiourea was recormended because of its strong W 
absorption. 

The conclusions of Fini e t  al. (35 1 were based on a conprison with 
the ~easured armunt of liquici in the colurm and therefore show tha t  
these substances were able to  penetrate the pores of the colunn 
packing. thus giving an e s t h t e  of the total  calm porosity. It 
is also interesting to  note that the retention volumes of fornmnide 
and thiourea agreed well w i t h  that of sodium nitrate in buffered 
rrobile phases. anfirming that ti= total colm porosity 'kws being 

measured under these conditions. In  oontrast. the retention volumes 
of sodium nitrate in unbuffered mbile phases were much lower, as 
would be expected i f  the salt w a ~  being excluded from the colunn 
pores as discussed i n  section 3.3. 

Meanwhile, bgelhardt and Ahr (11) demnstrated saia? of the 
problem associated with the use of 'unretained' substances by 
camparing the retention tim of nitrmthane (a supsedly  
unretained substance) with two isaners of aristolochia which they 
were separating. It was found tha t  in pure methanol the isaners are 
slightly separated and are eluted shortly after nitromthane. 
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Although the addition of water might be expected t o  increase the k 
values ana hiprove selectivity. it was fouid tha t  ti= acidic isomers 
eluted before nitromethane wder these conditions, yielding negative 
k values. The addition of 1% acetic acid was found t o  be sufficient 
t o  retard the iscmrs and result in elution after nitromethane. 
Hawever, it should also be n o t e  that the retention volume of 
nitromethane was found t o  be significantly longer under these new 
conditions. 

With regard t o  the use  of neutral species to  determine the colurm 
hold-up volume. Knox et al. (34)  obtained experimental results w h i c h  
apparently invalidate a widely advocated method for determining VM 
i n  adsorption chromatography: this nethod proposes that for any 
eluent VN be taken as the elution volume of the mst non-polar 
solute available (78). Knox et al. (34) suggested that the correct 
procedure for determining Vn should identify VM a6 the elution 
volum of a so lu te  having the sane eluotropic strength as the eluent. 

Further, the danger in using 'unretained' canpounds can be seen i n  
the use of acetone. While this subsLwx has been used as an 
unretained conpound (65,66), it is also the f i r s t  mrber of a 
 logou us series (2-keto a l k a n e s )  which has been advocated to 
deterroine $ using the linear relationship between the logarithim of 
the adjusted retention time and carbon nlrmber of substance (16). It 
is therefore clearly retained t o  sane degree and its use as a wid 
volume mrker is questionable. 

From the above discussion, it can be seen that organic salts offer 
no iqxovement over inorganic salts as they suffer from exactly the 
same problem. This is particularly true in unbuffereji systars 
where the retention volume of the salt is d e p d e n t  on the amount of 
salt injected. While the use  of other 'unretained' substances has 
been recanmenoecl . by m e  workers, the w i d e  variety of subs tan^ 

reported in the l i terature as well as the conflicting evicjence 
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1404 SMITH, NIEASS, AND WAINWRIGHT 

presented shows that mre work need to be dbne in this area. It is 
also probable that the substance of choice w i l l  aced on 
particular experimental conditions being used. 

Isotopically labelled aampounds have been used to  determine colm 
void volrvne in  ximy studhs (18,23,32,42,43,47,79-84). such 
conpmds, which normally consist of labelled mobile 
components, can generally be classified into one of two categories: 
deuterated conpunds CD,O is mst a x m n l y  used) and radioactively 
labelled corrppunds. 

The use of labelled mobile phase components has been discussed 
extensively by fie60 and Kovats (40) who supported the use of 
conpun& containing radioactive carbon. Thgy pointed out that, 
while 6euterated coi?rpunds are easier to  wrk w i t h  as far as 
handuing and detection are csncerned, they are less satisfactory due 
to the Qilall change i n  physical proprties that carm~nly occurs w i t h  
the 6egree of cieuteration. In  discussing the relative merit of the 
two techniques, Riedo and KoMts (42) suggested that the best 
solution might be the use of a series of conpounds w i t h  increasing 
degrees of deuteration. By assuming a linear change in properties. 
the retention volumes of 00- deuterateii to different degrees 
could be extrapolated to 0% deuteration to  give retention vollrmes of 
'labelled but not deuterated conpound'. 

The two broad classes of isowpic methods of determining VH are now 
considered. 

(1) Radioactively Labelled Canpun& 
Knox e t  61. (34) described a method which involves determining the 
retention times of raioactively labelleci ccii@oun& of the eluent. 
VM is then precisely obtained from the equation 
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DETERMINATION OF HOLD-UP VOLUME 1405 

VM - x v ' + VB' + ..... A A  

where XA, 5 are the volum fractions of conpounds A,B in the eluent 
anc VA*.VB* are the retention voluit~~ of radioactively labelled 
W l e s  of ADB. 'Ibe great disadvantage of this method is the 
problem of detection. 

A second method US& radioactively labelled eluent &SO 

described by Knox et al. (34) and involves collecting single drops 
of eluate and counting these after dilution with scintillation 
counting fluid. This method is both time consrrming and difficult. 
Although an apparently obvious solution to the detection problem is 
the use of a special tktedor, such a solution is not without 
problem. Halasz (18) has pointed out that, although such a 
detector would allow exact Vbl values to be achieved by measuring the 
retention volurile of the eluent itself 
would also certainly be different to that of the detector used for 
routine analyses. 

the volume of the detector 

(ii) Deuterated coxpow& 
The use of deuterated mobile phase components CD20 in particular) is 
far mre widespread than the use of radioactively labelled 
con-. In particular. Colin and various co-workers 
(32.47,78-82) have advocated the use of D,O, even though they warn 
that the use of this method m y  not lead to the true single value 
for $, if such a value does exist ( 7 9 ) .  

they compr& raethods using D,O, maxinun colunn porosity and 
linearisation of convergent homologous series and reported that all 
VM estimates gave colm porosities within the range 0.65 - 0.75. 

In a recent paper (47) 

A mre useful study was carried out by &rendson et al. (40) who 
compared the retention tires of mter and methanol with their 
deuterated analogues using various aqueous mthanol concentrations 
and a series of n-alkyl silyl bonded packings. It was found that 
for a given colurm a& for a l l  rrobile phase axpsitiom, except in 
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1406 SMITH, NIEASS, AND WAINWRIGHT 

ti= region of # = 0, all four compounds elute frcnn the colcmn in the 
sam time. A t  very low concentrations of organic modifier. D20 
e l u t e s  faster than methanol or C D p .  Hobever, the elution t i r e  was 
found to  be Q p d e n t  on the mobile phase conposition with a mMmrm 
occurring at $l - 0.7. This @mamenon conbind with a slight 
tenprature depenaenCe of retention volume led Berendson et al. (40) 

to  warn that mbile phase cormponents may be subject t o  
chrmtographic retention and should be used with care. They 
suggested tha t  it is only for methanol concentrations around 65% by 
volume tbat the true hold-up volume is approached. 

A more extensive study was carried out by McCormick and Karger 
(22). The study involved not only the use of DzO as a void volume 
marker in aqueous organic mdifier systems where the organic 
modifier was alternatively methanol. acetonitrile and 
tetrahydrofuran, but also the use of the cleuterated analogues of 
these three solvents. 

In general, they found that the injection of a sanple of mobile 
phase which had been enriched with deuterated rtudifier produced two 
peaks when the eluent was monitored with a refractive index (RI) 
detector. One of the peaks had the sam retention beilaviour as 
non-deuterated llPdifier concentration pulses, while the other mrked 
the elution of the band containing the deuterated modifier 
molecules. Furthemre, the f i r s t  peak could be eliminated by 
adjusting the total concentration of d f i e r  plus deuterated 
analogue in  the injected -1e so that it exactly equalled the 
concentration of mdifier i n  the bulk nobile phase. The injection 
of DzO enriched mobile phase also resulted i n  the appearance of a 

vacancy peak. 

The origin and proprties of vacancy peaks has been discussed by 

Slais and Krejci (85). The subject has also been treated in mre 
detail by McCormick and Karger in a secom5 paper (23) in hi& they 
explain that w k n  equilibrium is established bet- the mbile and 
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DETERMINATION OF HOLD-UP VOLUME 1407 

stationary phases in an Rmx3 colm, the organic mdif ier  is 
preferentially extracted into the stationary phase by virtue of its 
hydrophobic expulsion from the mbile  phase. 
disturbed by the injection of so lu t e  conpounds, the c a p s i t i o n  of 
the extracted organic d i f i e r  system w i l l  vary in order t o  
accMmodate the changes in the mbile  @mse-stationary phase 
equilibrium. In such a case an extra displacerent or vacancy band 
(in addition t o  the solute band) w i l l  appear in the chrmtogram. 

If this equilibrium is 

In their study (22),  McCormick and Karger found that the injection 
of deuterated organic d i f  ier returned retention volumes greater 
than the rnaxirmn colunm porosity in a l l  cases except at  high 
modifier concentrations. They cmncluded 'that deuterated organic 
modifiers are not 
suitable as a measure of voia volume. 
injection of D20 gave results consistent with the expected void 
volume i f  the layer of d i f i e r  extracted into the stationary #base 
w a s  ignored. The conclusion that D20 gives a gocd estirnate of the 
void v o l u r ~ ~  was further supported by coqaring isotherm measured by 
dynamic mthods using D20 as a voia volume marker with the i so them 
measured by gas chromatograyjhy. 

On the other hand. the 

However, as noted by bWrmick ard Karger (221, the conclusion that 
D20 returns a good estimte of the colmn void volume presumes that 
these molecules have f u l l  access t o  the pore volumes experienced by 

mre lipophilic mlecules and that D20 does not strongly interact 
with the residual water-deactivated silanols. This p i n t  is also 
addressed by Slaates e t  al. (28) who suggest that when D20 or 
deuterated methanol is used as a tracer. residual silanol groups 
present on the adsorbent influence the retention volume. A 

significant decrease in the void volume measured w i t h  100% water as 
the mobile phase w86 a t t r i b u t e  t o  the inability of kater mlecules 
t o  gain access t o  a significant fraction of the internal pore 
structure due t o  poor wetting conditions. 
void volume greater than the winurn c o l m  porosity at  100% organic 

In addition, values of 
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1408 SMITH, NIEASS, AND WAIMKRIGHT 

modifier were explained as being due to the interaction of the 
solutes with the residual silanols on the silaceous support. 
Finally it should be noted that the results O f  Mccormick and Karger 
(22) show sane significant differences conpared to  those of 
Berendson et al. (40). 

The mat ammn detector used to  masure the retention behaviour of 
D20 is the refractive inciex detector. 
have highlighted two problem with the use of thia Qtector. These 
are the appearance of vacancy peaks as previously discussed and the 
poor detectability of D20 in certain &ile phase mixtures. Thctse 
problems were overcome by using a special detector, the helium 
microwave induced plasma (MIPI detector. This detector demDnstrated 
greatly increased sensitivity for the detection of D20 and ensured 
that the size of the signal was indepmht of the mobile phase 
axpsi t ion,  a condition not satisfied by an RI detector. 

Bowever, B i l l e t  e t  al. (43) 

This lack of sensitivity of the lat ter is errphasised by plots which 
show that i n  mixtures caprising approxirrrately So+ methanol in  
water, the DzO peak m t  be detected by an RI detector, and that 
only the vacancy peak is observed. This observation casts dwbt 
upon the results of other workers who used high methanol 
concentrations. 

The MIP detector is also effective w i t h  other organic solvents. 
B i l l e t  et al. (43) showed that serious problem only OCCUT w i t h  high 
concentrations of "€iF: a deposition of carbon in the quartz plasma 
tube occurs t h s  causing a decrease in the detector's sensitivity to  
40. The detector also performed w e l l  w i t h  other deuterated 
oonpounds. for which the response of the detector was found to be 
roughly proportional to the degree of deuteration of the injected 
e u n d .  

Although an interesting developnent expecially for fundamental 
studies of void vollrme as determined with deuterated oonpounds, the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
5
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



DETERMINATION OF HOLD-UP VOLUME 1409 

NIP btector is unlikely to be use6 for routine work for the 
reasons as those mentioneci previously when a specific detector for 
radioactively labelled conpounds was discussed. 

In conclusion, the use of deuterated nobile phase ampments other 
than D20 cannot be r-ed due to the conflicting data that have 
been reported (22,401 as well as the probability that such 
carponents interact with the layer of nobile phase adsorbed, onto the 
stationary phase. Hwever, the careful use of D20 does seen to give 
an -#able estimate of the oolunn void volme for eystern8 using 
mbile phases containing up to 70% organic miifier and where 
reactions with residual eilanol groups are not significant. A 

careful appraisal of such data is necessary. with particular 
importance being placed on the correct identification of the the DzO 
peak, which can present problerns due to the occurrance of ~cancy 

peaks. The best results are likely to be obtained by the careful 
control of D20/organic difier ratio in order to eliminate such 
vacancy peaks. 

3.6 Injection of Elodified W i l e  Phase 

Another widespread technique for the determination of void volume is 
the injection of mbile phase conpnents. While 6on-e workers 
(10.71,86,87) have use6 an injection of mbile phase with a slightly 
altered organic mdifier concentration. others (8,74.75,88-93) have 
use6 an injection of pure organic mxiifier or pure water (26.88. 
93-95). A further technique is to measure the retention tine of the 
solvent front (16.96.97). 

A refinerent of these techiques was described by Scott and KUcera 
(27). who neasured the retention volune of Filethan01 in aqueous 
methanol mbile phases of conpositions between 0% and 70% methanol 
using a refractive index detector. It was found that as the organic 
solvent concentration increased, the retention volume of methanol 
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1410 SMITH, NIEASS, AND WAINWRIGHT 

decreased u n t i l  it reached a constant mininum value at  high mdifier 
concentrations. This constant value w acmpted as the void 
volum. Scott and Kucera (27) also found that the void volum 
obtained using this method was the same as the value obtained by 
injecting sanples of potassium nitrate. 

Colin et  al (94) who used the injection of a ~ n p l e  of pure water to  
define VM. expressed doubts about the use of an injection of pure 
organic mdifier for the same purpose. In addition they noted 
problems in identifying the chroatcqraphic respnse due t o  water i n  
some organic nodifierlwater system because of the oscillgting 
positive and negative absorbance signals produced under such 
conditions. They reamnded the injection of the millest 
detecctiwle ar,ount of water in order t o  minimise this effect. In a 
further paper. Qlin and co-worker8 (88) overcam this problem for 
mobile p b e s  within the concentration range -95% water using a 
Waters Associates rdel 440 W absorbance &tector. Because of the 
special optical design of this cell. the perturbations appeared t o  
be eliminated and sinsle, well defined peaks were obtained. 

BerMdson et al. (40) conducted a study in which the retention 
beiaviours of pure methanol and water were corrpared with those of 
h t e r a t e d  methanol and D20 for several n-alkyl s i ly l  bonded 

packings using acgeous methanol nobile -8. Their results. whicb 
were discussed in section 3.5, show that a t  rrobile phase modifier 
concentrations betwem 60% and 70% the elution volumes of methanol 
and water might approach the hold-up v o l m .  This agreemnt was 
found on the bash of the tenperature independenoe of the data and 
its carparision with the maximnn calm porosity. 

In a study of a @sphatebuffered (@I 8.0) aqueous acetonitrile 
system (291, the retention time of wter (introduced as W i e d  
rrobile phase) was conpared with inorganic salts. Tilly-Mlin et al. 
(29) found that the mter peak coincided with the least retained 
salt and thus was accepted as the colurm void volume. Bcrwever. a 
lack of details reduce the usefulness of their study. 
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A far mre extensive study, which was also mentioned section 3.5. 

was carried out by Ild=orrrLick anti Karger (22) and involved the use of 
both deuterated a d  non-deuterated conpnents of three nobile phases 
(aqueous methanol. aqueous acetonitrile. aqueous tetrahydrofuran). 
The results of this  study showed that the elution volumes of the 
non-deuterated modifiers exhibit a strong dependence upon the 
concentration of the modifier in the bulk mobile phase. It was also 
found that at modifier concentrations less than approxinately 30% by 
volume, the elution volumes of the unlabelled modifiers are 
generally greater than maxinun colurm void vollplle. bcConnick and 
Karger (22) therefore concluded that retention of the mdifier by 
tlle stationary phase was occiirrbg, a result w h i c h  seem to justify 
the doubts expressed by Colin et al. (94) with regard to the w of 
an injection of organic modifier to determine void volume. This 
study also determined the elution behaviour of water with the 
results suggesting that the retention behaviour of water-enriched 
sanples is essentially iiientical to that for the correspming 
mdifier-rich W l e s  except that the differential refractive index 
detector response is opsite in direction. Colin et al. (94) 

concluded that water is retained by the stationary phase and 
explaintxi this apparent retention by asslpning the existence of an 
extracted modifier layer in the bonded phase and applied the 
principles of vacancy chromatography. It is interesting to note 
that for all three mbile phase systems. the minimnn retention 
volm of water occurred for organic mdifier concentrations between 
60% and 70% and therefore support the findings of Berendsen et al. 
(40). However. the exact details of the relationship between 
retention tim and mxiifier concentration differ between the two 
studies (especially when deuterated mbile phese conponents are 
copred to non-deuterated coqments). 

A further problem associated with the uae of water-enriched nnbile 
phase as an estimator of the colurm void colm is the observation 
of vacancy peaks as discussed in section 3.5.  
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1412 SMITH, NIEASS, AND WAINWRIGHT 

Wells and Clark (39) rejected the use of an injection of nure 
organic mdifier to determine the colurm void volm. 
study of the retention behmriour of methanol in aqueous methanol 
mobile pkes. they founii that its elution volume increased with 
decreasing comtration of organic modifier in the bulk rrobile 

phase. A theoretical understanding of reasons for these 
difficulties was provided by Slaats et al. (28). While analys- 
the minor disturbance method for determining the adsorption isotherm 
for their SyStanS0 they derived two relationships (equations 19 and 
20 in their paper) which demnstrate that the observed retention 
volume resulting from the injection of capmts of a binary 
system yielcis a poor estimte of the hold-up volcw as it depmda 

In their 

strongly on the s lop of ttre aaSorption isotbm. 

Fran these studies it is clear that an injection of modifier- 
enriched mobile phase is not. in general, suitable for the 
determination of the colurm hold-up volume. Also, the use of an 
injection of pure water nust be strongly questioned. especially 
considering the evidence of McCormick and Karger (22) which indicate 
that the 'true' bld-up volm (if such a value exists) ie not being 
measured under s m  corditions. 

3.7 Otter Methods 

This section reviews other methis that have been used to estinate 
V' but have experienced limited acceptance. 

(a) Halasz (18) aeVelopd a relationship for uae with a regular 
packed colm where the ratio of the inner diamter (ac) to particle 
size ( 
agxoxinated the linear velocity (V) of the eluent by equation 161. 

1 is greater than 10. For a porous support. Bdlasz B 

1 . S  F 
v -  

dc" 
161 

where P is the volumetric flaw rate. 
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DETERMINATION OF HOLD-UP VOLUME 1413 

For liquid-inpenetrable. non-porous supports such as glass be& 
equation 171 was found to  be appropriate 

3 F  

The retention time of an inert peak can be detennined by dividing 
the colm length, L, by the linear velocity, V. Although this 
relationship has been used by Hernetsberger et al. (103) and 
fiochmller and Wilder (54) ( w b  used it t o  verify the results 
obtained using W3), such a relationship is a t  best an 
approximat ion. 

(b) Ralasz (15) also states that a hanologue with a lawet carbon 
m h r  tian the eluent is usually unretained. It should be noted. 
hoklwer, that  this is not a lmp possible. For q l e ,  in aqueous 
methanol system an Wropriate  hoanologue does not exist. 

(c)  
volume of a con pun^ is mnstsnt in the temperature range of 20' - 
SO'C, it may be considered an inert peak. 

A third suggestion by Halasz is that if the corrected retention 

(d) 
saturated mdified mbile phese is injected and the retention the 
measured w i t h  an R I  detector. m v e r  r e s u l t s  reported by Fini e t  
al. (35)  clearly show significant retention of O2 in aqueous 
mthanol systems a t  all methanol mncentrations. 

Neidhart et  al. (104) mention a method in which oxygen 

(el Neidhart et  al (104) also describe a nx?:lethod involving the 
doping of the mobile phase with a fluorophore (chininesul@ate) 
injection of undo@ mbile phase and measuring the decrease in 
fluorescence. However, this method requires the use of a specific 
detector an6 thus is not generally applicable. 

( f )  In an attenpt t o  overam? the deficiency perceived in mst 
expetinental methods (that they do not allow the determination of 
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1414 SMITH, NIEASS, AND WAINWRIGHT 

the exact value of the hold-up volrrme because of its depedency u p n  
the porous structure of the stationary phase. th16 producing hold-up 
values which are too high), Neidhart e t  al. (104) developed a method 
based on the asslmption that the hold-up wlum is independent of 
temperature. 

Their method allows the calculation of the zero retention time, $, 
be mans of equation [e l .  

taR(Ti)+(T2) s ( T 3 )  
181 t M =  Zs(Ti)%(T2)%(T3) 

where %(TI values are experimentally determined brutto retention 
times (sic) a t  different tenperatures, Ti, with the cordition that 
the TI, T2 and T3 are chosen such that T 1 values are equidistant. 
That is 

- 

I 2T1T3 T, [91 
I 

T1 + T3 

In  a two compnent system. given the condition that the sorption 
enthalpies of the tw oarponente are equal or a t  least very similar. 
the zero retention time can be determined by using results a t  two 
temperatures as follows: 

where 
ccnpunds A and B respectively a t  teqerature T. 

*(TI and $,B(T) are the brutto retention times (sic) of 
4 

Also presented was sinple graphical teclmique to  sol= this last 
equation. This mthod was also used by Y i  et al. (105) who ampred 
the graphical and mathemticdl tecfpliques for solving equation 1101. 

Grushka e t  al (105) criticised this mthod on several grounds and 
while the criticism 'kw8 answered to ~ o m e  extent (106). as presented, 
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DETERMINATION OF HOLD-UP VOLUME 1415 

the method not only involves many assmptiom (-5 limiting its 
usefulness) but also is weakened by the lack of data points used in 
the determination of the zero retention tine. mch a situation can 
lead to significant errors. 

(g) 
(equation 121). which represents the retention tim of a mlecule of 
equivaient size as the solute that is not retained by the collmn, to 
take account of steric hinderence effects. The calculation of tsec 

requires the preparation a size-exclusion chromatography calibration 
plot for the colm of interest using THF as the W i l e  phase and 
various polystyrene sanples as solutes. The t- values are then 
determined using an approach based on a consideration of the 
fractional pore volm accessible to the solute, and assming that 
differences in $ lmeasured using D20) arise fram changes in the 
v o l ~  of mobile phase within the packing pores that is accessible 
to small solutes. A less sophisticated approach can also be used. 
As discussed in a previous section. this method produced t, values 
which were up to 12% lower than the corresponding 

Recently m r r y  et al. (38)  introduoed the concept of tsec 

value. 

Hokever. the difference be- individual solutes K1 and C5 
dialkyl phthalates) was only 1% to 2% 

a very interesting approach to the question of whether or not a 
coiurm has a single void v o l m  and seem to support the view that 
individual solutes experience different void volumes. 

This procedure is certainly 

In relation to this approach, it is of interest to review earlier 
wrk described out by Scott and Kucera (33) regard* the ability of 
amercially available Silica gels to exhibit exclusion properties. 
Their work indicated that significant exclusion did not occur below 
a molecular weight of approximately 100 - 150. 
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1416 SMITH, NIEASS, AND WAINWRIGHT 

4. Cvrthearatical Determination of mid m1w by L i n e a r h t h  of 
Retention Data for Bomologwe 8eriss 

In gas chromatography, the use of Kovats retention indices is widely 
recognised as the most useful method for presenting 0C.nrparative 
retention &ta (17). The system is based on the obsemed linear 
relationship between the logarithm of the adjusted retention time of 
a substance and its carbon nunber, where the retention indices of 
the n-alkanes are defined as 100 times their carbon number. 

The retention index of a corrpound was initially defined (98-100) by 
equation t111. 

+ 100 2 Ill1 
stat. phase I log t'Ri - Lost& 

100 log t' - log t' (TI I substane 
R (z+l) Re 

where I - Kovats  retention index at a given tenperature T. 
t'& - retention time of a b l o g u e  with carbon nunber L .  

taRi - adjusted retention time of a substance i. 
2 - carbonnumber 

Elowever. this equation has been replaced by eqation t121 which 
( I B B ~  that a linear relationehip exists between the logaritbn of 
the adjusted retention tine and tlx carbon nrmber of a substance. 

*re b and c are constants. 
lnCt,-$) = b c + c  ( f = l b O t )  ti21 

While adjusted retention times k',) are used in gas chromatography, 
capacity factors (k) are mre CQrmOn in X, where k - t'&. 
Rewriting equation t121 in tenm of capacity factors gives 

In k = b  L + c '  tl3l 

where c' - c - In$, 
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DETERMINATION OF HOLD-UP VOLUME 1417 

Although the use of equation 1121 (or 11311 is not as widespread in 
IC as it is i n  GC. a m&er of mrkers have discussed its use. 
(15,16,20, 24.25,35,36,47,72,79,82,90,94,101) 

There are two major aspects to be considered in  relation t o  the use 
of retention data for homlogous series. The f i r s t  is the linearity 
of the relationship under various experimental oonditions and the 
second is the usefulness of the relationship for determining the 
colunn void volume. 

Cine of the f i r s t  groups to  address the question of linearity has 
Colin et  al. (94) who investigated the behaviour of both bxmlogou 
(n-alkylbenzenes) and pseucb-bmlogous series (polymethybenzenes. 
polpthyl@mnols. chlorobenzenes. nitrobenzenes) using various 
colunns and mobile phases. Rather than sinultaneously detennine the 
colurm hold-up volume, the authors used an injection of pure mter 
for this purpose. In general, their results show that only the 
n-alkylknzene homologous series gives a>nsistantly linear 
relationships of log k v8 e. Howver, a lack of numrical data 
limits the oonclusions which can be drawn fran this study. 

A study by Vigh et  al ( 9 0 )  inproved upon this study by calculating 
correlation coefficients (R.1 for regression analyses perfornod upon 
retention data derived from chromtographiq C6-C16 n-alkanols, 
C6-C12 n-alkanol dinitro@mylhydrazones and Ca - Cll n-alkanone 
dinitro@myllydrazmes at  various terrperatures with aqueous 
methanol eluents. Pure methanol was used to  determine 5. In  all 
cases very high R* values were obtained, indicating excellent 
linearity. This study also show3 that the slope of the log k vs z 
relationship decreased with tgnperabre for all three h M l o l o g ~  
series while the intercept increased except for the case of the 
n-alkanols where IY) trend was merit. 

The question of linearity has also been addressed in two mre recent 
papers by Colin et al. (79 ,  82). In these pagers, the authors 
rewrite equation t131 as follows 
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1418 SMITH, NIEASS, AND WAINWRIGHT 

where u is the non-spxific selectivity of the nethylene group 
p is the capcity factor of the functiondl group of a given 

humlogous series. 

The authors suggest that log a is a very conveniat meam for 
measuring the solvent strength which characterfses the hyhphilicity 
of the mbile phase. 

While the second paper (82) shows that  very high R' values are 
obtained when hamlogous members only above carbon nunker 4 are used 
in the regression, the f i r s t  ( 7 9 )  introduces a =re interesting 
result. 
several hamlogous series (alkyl-. mew1 esters, 
n-alkanes, n-alkylbenzenes) over a wide range of binary mobile 
phases containing water, methanol, THF and acetonitrile. It was 
found that not only were the results. in general, linear hut 
individual lines for a given homologous series converged to  a CQrmDn 
point. A procedure was devalapsd for OptimLzbq the intersection 
point in such a way that the sun of distances between this point and 
the individual lines tau minimised. ~n a l l  cases except me a 
single point resulted. It y ~ 8  fwnd that two Intersection points 
existed in the aqueous acetonitrile system, corresponding t o  those 
mobile phases contain- less than 5 0 1  and mrc than 5 o I  water 
respctively. 

In this earlier study, Colin et  al ( 7 9 )  chroFaatographed 

Berendson and Galan (101) had found earlier that the straight lines 
produced by a given hamlogous series for different reversed phases 
ale0 intersect at a cunron point for those phases with up to 10 
carbon atcm. Above 10 carbon atone, it was found that m further 
increase in retention occurred and thus the straight lines virtually 
CQinCided. 

Althwgh mst studiee ham found linear relationship over a wide 
range of anditions (excluding the lawer h r s  of a homologare 
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DETERMINATION OF HOLD-UP VOLUME 1419 

series), a few studies have Shawn that a distinct break of slope 
occurs at a critical carbon nmber. Tchapla et al. (47) found tht 
accurate masurements of the retention volumes of mribers of 
homologous series revealed a discontinuity in plots of log k versus 
carbon nrmber at a pint correspording to the length of the organic 
ligand of the stationary ptmse. It was also found that the 
discontinuity is only observed in mnuneric phases and depa& 
slightly on the m i l e  @ w e  oanpositfon but fe Mependent of the 

functional group of the hm;lologous series. Furthemre, it is not 
eliminated by adjusting the colm hold-up volrrme. This study also 
confinmi the observations of Colin et al. ( 7 9 )  that plots of log k 
versus carbon nmber at different mbile phase oorrpositions converge 
to a single point, Howver, as a break occurred in such plots, t w ~  
intersection points were found, d e m i n g  on whether or not 
homlogous mnbers above or below the criticdl carbon nmber were 
used. This 'break of slope' in the log k versus carbon n&r graph 
is also confirmed by data presented by W k e d  and Freyholdt(20) who 
used n-alkanes with pure ethanol as the mobile phase. 
paper, the authors dbcum similar results OMkined by Ehgeilhfud. 

In the s a n ~  

Mocked and ~reyholat (20 )  suggested that there were three basic 
requiremnts for the log k verso8 w b o n  lunaber relationship to be 
linear: 

(1) ale  chain length of the solutes rmst be kept below that of 
thebondedphase. 

(2) The retention data uust be very preclse. 
( 3 )  The retention data of at least 5 n-alkane homlogues are 

-ry* 
Tne importance of these last two points was also stressed by Mth 
et al. (45) in their paper which canpared various mathematical 
methods for estimating dead time in OC. 

Baker and &a (16) went further by suggesting the use of a homologous 
series of C3>3 2-keto alkanes to produae a retention iw3ex scale 
equivalent to Kovats retention indices which are regularly used GC. 
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1420 SMITH, NIEASS, AND WAINWRIGHT 

Using the retention time of the solvent front as a measure of and 
equation 1111 to calculate retention indices, they investigated 
system con-prising buffered acpreous mthanol and acetonitrile mobile 
pbases together with p-Bo&pk Cls and r-Boru3,apak CN colunns. 
Althwgh tile results were linear over a w i d e  range of conditions 
when using the cl8 oolum, the use of the a colunn returned 
non-linear graphs when the nudifier concentration was increased 
beyod 604 methanol: non-linearity ms also observed for mdifier 
concentrations above 20% acetonitrile. It was also reported that 
preliminary studies using r-Porasil and c-Bodapk a (adsorption 
mode) colunns had not been very successful. It appears ,therefore. 
that mre research is required into the linearity of various 
homologous series under specific experinma conditions. 

The second aspect to this question, the uae of the linear 
relationship to determine colurm void volrw. has also been 

a r e s &  by several investigators. An early study was coducted by 
Berendson et al. (401, in w h i c h  seven harplogous series were 
chromtographed in a nobile phase consisting of 904 by volume 
metiml in water. The $ data were obtained using the following 
eqmth. 

%+I A*& - (A - I).$ [IS1 
where A is a constant 

and confirmed graphically by plotting apparent k values using 

even the lowest members of a homDlogous series were found to lie on 
the regression line. Therefore Berendem et al. (40) concluded tbat 
the most accurate hold-up time using aqueous methanol mobile phases 
is obtained by the linearization of the 1ogaritb-t of the net 

n-alcohols as the honnlogous series of choice. A final point to 
emerge from this  study was the fact that $ decreased w i t h  
increasing methanol oontenk of the mobile phase. T b s e  results were 
explained in term of an increasing solution layer as the methanol 

various holdvp times agfAinst aarbon nunher. using this method. 

retention times of a hcimlcgous series and recormpndeQ -theuseof 
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DETERMINATION OF HOLD-UP VOLUME 1421 

concentration in the bulk nobile phase increased. The results were 
alao found to be indepMdent of ternperatwe after a correction for 
the mobile phase expansion had been applied. 

These results were confirmed in a s t u e  by Pini et al. (35) who used 
p-hydroxybenzoic acid esters and aqueous methanol mobile phases of 
various ccPnpositions. It was ale0 f d  that $decreased with 
increasing methanol concentration. 

The equation h l o p ? d  by Berendson et al. (40) (equation [ l S l )  w&8 

ale0 used by Yonker et al. in two p-rs  which investigated t h  
behaviour of n-alcohols in various mobile phases (24,251. Tbir 
report of a decreaae in 
thus confirm the results of &rendson et al. (40). In addition. 
Yonker et al. (25) exterded their investigation t o  both aqueous 
acetonitrile and THF mobile -8. They foutxl that $ also 
decreased with increasing organic nodifier concentration in the 
mbile phase for these system. The void volume was found to be 
depenaent also on the particular organic raodifier used in the mobile 
phase. 

as the methanol concentration increased 

Equation 1151 has also been used by htxus (102) in his work on dead 
time in QC. Ihe method has been rewiewed recently (4s) a d  carcrr_red 
w i t h  other mathematical approaches t o  the problem (17) .  

A further inveetigation of the we of hamologous S e r b  to estimate 
voici volume was perfonmd by Xrstulovic et al. (15)  who 
chrcnnatographea a ntmber of hortp;logoue series using several 
different colurms. Although generally supporting the use of 
htxmloqous series for the estimation of mid velum, scm problems 
were enowntered. the main being that wtm using the equation of 
Berendson et al. (40) and then maximiSirq the correlation 
coefficient, there was axmarable variation in VM values. 
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1422 SMITH, NEASS, AND WAINWRIGHT 

This was especially a problem when a limited nrmber of homologues 
with predominantly low carbon nunbets were used. Tiris observation 
contrasts w i t h  the findings of Berendson et  al. (SO) w b  reported 
that the individual series gave identical V .  values when 
chromatographed under identical conditions. Furthemre, Krstulovic 
et al. (15)  observed that the value of VM depMaed crit ically an 
both the nuriber and choice of honologues used and that  Rs values 
cannot be used as a test of convergence (it should be noted that R8 
w i l l  autcnmtically increase as the n u b r  of homologues decreases). 
These observations are also suwrted by results presented by smith 
et al. (17,451, 

To overcome the problem, Rrstulovic et al. (15) developed a 
convergence test in which homDlogous series which did not give 
results w i t h i n  a required reproducibility were rejectea, ths 
leading to a greatly reduced scatter of the dta. 

nJ0 recent studies (36.72) have also broached this subject. 
Wainwright et al. (72) conclutied that the use of n-alkylbenzenes for 
the mthemtical estimation of dead time is probably unwise in 
either GC or FWU. In addition, it was ooncluded that both benzene 
and toluene show non-linear behaviour and the variation betwen 
other menbets of the series was also significant. 

In contrast, Iaub and FWden (361 fo- that the n-alkylbenzene 
harplogues gave very high Ra values and were suitable (provided that 
at least four honr>loguea were used) for t k  estimation of colrmn 
hold-up volume. Howe\ler, their data yielded widely varyirq 
values (including negative values) aeperrling on the particular 
harologues used in the regression analysis. 'Iherefore, although 
high R8 values were obtained using four hxmlogws, the scattar of 
the data seem to  be excessive. Similar oarmants can be mde with 
regard to tb pkyl-6ubstituted aliphatic alcohols with tha 
additional mnmMt that  the authors noted aMmalous retention of 
benzyl alcohol which ws explained as being due to hydrogen 
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DETERMINATION OF HOLD-UP VOLUME 1423 

Wing. If this =re the case, Monvalolls retention of the lower 
mrbers of the n-alcohol h w r o l ~ e s  would also be expected. 
In fact, Iaub and Madden (36) cite scme evidence that this is indeed 
the case and 80 cast doubt upon the use of n-a lah ls  to determine 
the mathematical hold-up volute. 

The above discussion demonstrates the need for caution when using 
mathematical methods based on homologous series to evaluate €IPI& 
retention data. Unlike GC, where n-alkanes can be used as a 
standard himlogous series for met analyses, other hmologoue 
series are required for many HPII: analyses. Cmbined with the 
interactions possible betwen the mobile @mse, the stationary phase 
and the solutes of interest, this new factor creates a situation not 
experienced in GC. Therefore. the enphasis placed upon the need for 
a good e x p e r h t a l  teclmique as well as accurate raw retention data 
for GC investigations (17) is even mre relevent to HPU. 

4.1 Ckupuisan of Mathematical Metbda UBBd to carplte VM from 
&tention Data for Bumlogous Series 

Several papers (45,107-110) show that  there have been a wide range 
of rnathemtical approaches to  the estimation of dead time in OC. 

However, the HPII: literature lacks similar conprehensive conprisons 
of mthods used to  mathemtically determine VM. The variety of 
mathematical methods used in IIPII: has been far mre restricted than 
those used i n  GC. The main nethod is that described by Berendson e t  
al. (40) which uses equation 1161. This equation was later used by 
Arrtsrus (12) to interpret G.C. data. Other aqutational rnethode 
incl~ae rmximisation of the correlation coefficient as suggested by 
Krystulovic e t  al (15): the method of Grabler a t  al (111) as used by 
Wainwright et al (72): a recent modification of this method @y Van 
Wder  et al (112) and the method of Neeidhart et al (101) based on 
data measures at different tenpratures. 
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1424 SMITH, NIEASS, AND WAINWRIGHT 

Since m extensive oo~lparison of mathematical methods has been ma& 
in the HPU literature and s h e  aany liquid chrornatographes may not 
be entirely familiar with the GC literature a brief ampaxison of 
the methods used in QC is appropriate here. Of particular use is 
the recent paper by Wth e t  al. (45). 

The first  p i n t  that clearly emerges fran OC literature is the 
inaccuracies involve3 i n  the use of methods which are retricted to a 
limited nunber of data points. The problem with such mttnds have 
been pointed out in several plblicetions including those of W r s k a  
(113,1141, Sharples and Vernon (115) as well as our awn (108). 

mrthermore, the inaccuracies inherent in the use of limited f.r\mrber 

of ix>r;ologues has been mentioned by several workers inmlved i n  HPLX: 
(15,20,82). We therefore believe that such methods are of limited 
use and should be replaced by mre sophisticated procedures. 

In a recent paper (45) we made a detailed conparison of the mst 
widely accepted and apparently useful techiques for GC. T b  
methods selected for amparison were: 

1. 

2. 

3 .  

4.  

5 .  

6. 

7. 

The method of Grobler and Balizs (111) as extended by the 
technique of van Tulder e t  al. (112) 

The method of Guardin0 et al. (116) 

The 'exact calculator method' of Daningwz e t  al (117). 
The mew of Wrus (1021, also extended by the tectmique of 
van nilder et  61. (112) 

The iterative method mtionsd by lbth ard !&la (118). This 
method nwimises Ra as suggested by Krstulwic et al. (15) 

The method of bog e t  al (119) 

l% Flexible Sinplex me- (120) 

In addition, a modified approach which allowed the opthisation of 
$ while sinultanecusly fitting a uhic  or higher degree polynanial 
was included i n  the amparison. 
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DETERMINATION OF HOLD-UP VOLUME 1425 

This extensive comparison (45) showed that, of the linear methods. 
that of c;Uardino et al. (116) is not only the most accurate. but 
also the fastest. The study also showed that the accuracy which can 
be expected fran this method depends mainly on the region of the 
homDlogue curve that is involved. An accuracy of one unit  in Kovats 
retention indices or better can be expcted in mst caae~ wben us- 
homologues above carbon nunber four. 

With regard to the polynanial methods it hias shown that they offer 
very l i t t le inprovement over the linear methods for the higher 
homlogues and only a slight improvemat for the lower hmlogues. 
Furthemre. these methods can only be used to determine retention 
indices and are not suitable for the determination of dead volme. 
It was therefore recOmnended that these methods only be wed where a 
linear nethod proves to  be unsuitable. 

An examination of the errors introduced into calculations solely due 
t o  random fluctation -is& the need to ensure a high degree of 
accuracy i n  the raw data. This observation led to the final 
recamnendation of the study, that not only is it necessary to chose 
a suitable method for analysis of retention data, but a carefully 
planned and executed experimental procedure is also required. Such 
an experimntal procedure should involve caparison of the 
reproducibility of the data with a set of standards a t  all stages of 
the procedure. The study showed that such a procedure should allow 
an inter-laboratory repat ibi l i ty  of 1 unit in Kovats retention 
indices for high hon-ologues and 2 units for the lower homologues. 

The foregoing review has revealed that there have been m y  methods 
adopted for the estimation of the void volm. V', in liqzid 
chromtographv. Futbemre, many of the methods have been quite 
specific for the particular application. For exanple. expensive 
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1426 SMITH, NIEASS, AND WAINWRIGHT 

detection methods, inpractical for aorrventional quantitative 
analyses, have been adopted when the aim of the research is to 
extract fun3mmtal thermodynirmic data. 

In the case of practical liquid chroruatography. where the aim is to 
enable published retention behaviour to be interpreted for general 
qlicat ion.  the four main methods used have been injection of 
inorganic salts, injection of modified xbile phaee, injection of 
suitably unretained organic conpwnds and mthernatical determination 
of VK by linearisation of the retention data for bmlogous series 
of organic conpounds. Of these the inorganic salt method is mst 
o m  to cpestion. The other three methods my be mid, bwever, 
the choice of method &penas largely on the system being studied. 

It is therefore reommded that care be taken when choosing a 
method to estimate VH. In many cases there w i l l  be a choice be- 
the three most applicable metbde, Hcmver, the detector enplavea 
m y  reduce the nlarber to  two. In the chee of a W detector, for 
exanple, Uracil (unretained) or an homlogous series of arcmatic 
compounds may be used whereas for an RI detector. a series of n o d  
alcohols might be appropriate. In  s ~ a e  cases where oonvenience and 
the requirement for greater speed pre-empt the need for accuracy. 
the use of modified rrobile @mse my be acoeptable. 

It is obviouS that a t  this time there are no hard and fast  rules 
w h i c h  can be adopted. However, the mathematical treatrent of the 
retention data for hocrologous series does appear to offer 
considerable promise. It is suggested that mre research be 
conducted i n  this area for a wide range of mobile and stationary 
phases and packing type. In  this way the method may b e c a ~  canonly 
adopted as it has for the calculation of dead time i n  gas 
chromatography. 
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