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SUMMARY 

To calculate the height equivalent to a theoretical plate (HETP), the elution 
rate, the bed length of the gel, the particle size and the J<D values, the void 
volume, VO, and the effective internal volume, (T/&n, have to be determined. 
It can be seen from tests with low-molecular-weight organic molecules and inorganic 
salts that chloride ions (Sephadex G-25) and bromide ions (Sephadex G-IO, G-15 
and G-25) are suitable for the experimental determination of the effective internal 
volume of highly crosslinked dextran gels. I+, I-, S042-, SCN-, Cus+ and Pea+ 
ions, dihydrogcn orthophosphates, monohydrogen orthophosphates or tri-alkali 
orthophosphates, as well as glucose or neutral amino acids (a-alanine and leucine) 
should not be used for the determination of (Vi)cff. The experimental data favour 
the introduction of an effective internal volume, (V&m in place of the so far applied 
theoretical internal (imbibed) volume, VI. 

INTRODUCTION 

To enable a comparison to be made of the ICI, values of compounds separated 
by gel filtration 1, the experimental conditions and gel bed parameters have to be 
determined and calculated as carefully as possible. Data given by the manufacturer 
are often only approximate and are not sufficient for analytical calculations, The 
KD values of peptides and nucleic acid components (pyrimidines, purines and 
nucleosides) we found 2~ through analytical and preparative separations differ 
considerably from those determined by other worker&‘, and similar considerations 
applied to the effective internal volume 4-7. In this paper our investigations on 
the calculation of the effective internal volume and the HETP values for different 
organic molecules and inorganic cations and anions are described. 

The total bed volume, Vt, of a column is composed of the gel matrix volume, 
VTn, the internal (imbibed) volume, Vc, within the gel grains, and the outer (void) 
volume, V,,, between the gel grains. To characterize the elution behaviour of large 
molecules*-10, the relative elution volume, (VJVO), the retention constant, A! = 
(V,/V,), or the relative clution volume, (V#t), which depends on the total volume, 
are usually applied. These parameters are dependent on the packing densityas. 
The packing density-independent: distribution coefficients, ICaV and I<& are 
- 

l In hondur of the 50th birthday of Professor W. STICW. 
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suitable for use in describing the elution of low-molecular-weight substances, 
ICav is related11 to the distribution of a component between the mobile phase 
(cluant) and the total gel phase according to eqn. I. The I<D valucs12 express 
the distribution between the mobile phase and the actually available internal volume 
of the stationary phase (gel grains) ; they are constants under constant conditions 
of gel filtration: 

I/,= v, -I- I&)- vi (2) 
The KD value acts as a distribution coefficient, which indicates the part of 

the internal volume that is available to the distribution solution + gel of a 
substance during gel filtration. Molecules or ions, hindered from entering the 
interior of the grains by virtue of their molecular weight or configuration, use only 
the void volume in gel filtration (V, = V,; KD = o) and are preferred for the 
determination of the I’,, values of a gel bed. By using the parameters T/t, V,,, I&, 
the imbibed volume (Vt), Lhe dry weight of the bed material (n) and the partial 
specific volume (V, = o.G)13, the I<D value of a substance can be calculated according m 

to eqn. 3: 

(3) 

The imbibed volume, V+, which depends on the degree of crosslinking, is 
calculated from the solvent regain, Sr (or water regain, TV,), the density of the 
,eluant, pE, and the dry weight of the bed material, a: 

v,=a~=a~w,= P*cl ’ St- 
p&s,/ps -I- I) l UC - v”) (4) 

As the dry weight of the bed material is not known, the density of the 
swollen gel, pgel, hss to be esti.mated. 

All low-molecular-weight substances with no gel matrix interaction (&) z I) 
or restricted distribution (KD < I) are suitable 14*1b for use in an experimental 
determination of the internal volume,. V,. According to the investigations of 
GELOTTE'~, part of the water required for the swelling of the gel is needed for the 
hydration of its polysaccharide chains, and hence it follows that this part of the 
imbibed volume is not available for unrestricted distribution of the solutes. Thus 
these substances are eluted earlier than expected. According to GELOTTIP, mole- 
cules or ions with a KD value of 0.8 pass the gel bed without adsorption in unrestricted 
distribution. 

We have designated this part of the imbibed volume that is available for 
unrestricted distribution the “effective internal volume”, (V&rr, and have calculated 
it according to eqn. 5 from the theoretical imbibed volume (see eqn. 4) : 

CVlhff = 0.8 1 WA, (5) 

All freely diffusing compounds with a KD value of 0.8 should show the 
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expected KD value of 1.0 after the introduction of the hydration correction factor: 

&= v* --0 
(VJef, 

= I (unrestricted distribution) (6) 

For these substances, the effective internal volume is determined directly in the 
filtration experiments as the difference of the elution volume and the void volume. 
From the elution diagrams, having the shape of Gaussian error curves, the number 
of theoretical plates, N, of a gel bed can be calculated easily by the formulae 
derived by GLUECKAUP (eqn. 7)l7 or FLODIN (eqn. 8)la: 

N ‘= 8.(V, j/J)’ (7) 

N = (V,/O)~ (8) 

where @ is the width (measured in millilitres) of the elution diagram at the height 
lz/2.72 over the base-line (Fig. I) with S as the intersection of the tangents, and 
o is the standard deviation of the stachyose* elution peak. The HETP corresponds 
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Fig. I. Iclcd Gnussian-sharped elution curve snd schomo for csclculslion of the height equivalent 
toa theoretical plstc (EIEYl?l?). 

to the gel bed length of one theoretical plate and can be calculated by dividing 
the column length, &,,I, by the number of theoretical plates (Table I) : 

WETP = Z,;,/N (9) 

To estimate the number of theoretical plates required for a given degree of separation 
of two components, another mathematical relationsliipsp17 exists between the number 

of theoretical ,plates and the ratio (eqn. IO) of the elution volumes of the two com- 
ponents : 

& = (a -1- KD,2) V 
V 6.1 (a + KD,l) 

00) 
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From the fraction a = (V,/V ) c and the & values, the HETP valueslO and the 
number of theoretical plates, the particle size, the elution rate and the smallest 
gel bed length necessary for the separation of the components can be estimated. 
Owing to the zone spreading during gel filtration, the separation volume, Vaep 
(the difference between the fronts of the elution curves), has to be considered for 
effective preparative separations as well as for components with similar I<D values. 
It is apparent that a separation of two solutes is imppssible owing to overlapping 
elution profiles if the volume of the sample is larger than the separation volume: 

MATERIALS AND METHODS 

De&an gels 
Sephadex G-IO (40-120 ,um), Sephadex G-15 (40-rzo pm), Sephadex G-25 

fine (20-80 pm) and Blue Dextran 2000 (mol. wt. 2910~) were obtained from 
Deutsche Pharmacia GmbH, Frankfurt/Main (G.P.R.) . 

Gel bed dimemio+zs. Sephadex G-IO, gel bed length 200 cm (two LKR columns 
of dimensions g x 1000 mm, V = 62.06 ml and 12 x 1000 mm, V = 109.88 ml; 
total volume V, = 172.04 ml) ; Sephadex G-25, gel bed length IOO cm (LKB column, 
25 x x000 mm, Vt = 476.87 ml). 

Gel jiltvation 
The dry gel was allowed to swell in twice-distilled water for 2 h in a boiling 

water-bath and after cooling it to room temperature it was carefully deaerated 
under reduced pressure. After sedimentation of the gel, the supernatant was re- 
moved by decantation. The sedimentation tube fitted to the top of the column 
was connected to a funnel with a diameter slightly smaller than the bore of 
the sedimentation tube and the connection was sealed with Parafilm. The system 
was then filled with water or buffer up to the funnel and the swollen gel added 
to the funnel quantitatively. After <the sedimentation of the gel, the column was 
equilibrated and the compounds to be tested were put on to the column with a 
pump (LKB Perpex ~0200). 

The tubes from the pump and the top plug of the column, which usually 
became attached to each other, were disconnected easily by using strong alkaline 
solutions, and therefore we connected them with a capillary tubing connector 
(LKB 3055). The socket for the tube to the pump was bored open to correspond 
with the tube diameter (3 mm). 

All filtrations were carried out at 10’ in the LKB CombiCold Rat 5201 
laboratory refrigerator with flow-rates of 14 and 18 ml/h. The effluent was 
collected’in fractions of 3.5 ml (4.5 ml) in the LKB Ultrorac 7000 fraction collector. 

To prevent microbial growth, the gel bed was rinsed occasionally with a 0.02% 

solution of NaN,. 

(A) Twice-distilled water, 
(B) 0.01 M citric acid/o.01 M Na,HPO,; pH 3.5. 
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(C) 0.1 N NW,,H,O/O.I N NW&l; pH 9.5. 
(D) 0.1 M acetic acid/o.1 M sodium acetate; pH 4.3. 
(E) 0.1 M NaCl and 0.01 Jf N&l. 
(F) 0.1 N NaOH; pH 13. 

63 

Outer (void) volume and internal volzcme 
V,. This was measured as the peak elution of 0.5 ml of a 3 y0 solution of Blue 

Dextran zooo (extinction at 256 nm). Eluants were buffers A, B (pH 3.5) and C 
(PH 95). 

Vg. This was estimated by the elution of 1-3 ml of a ~0% solution of the 
test samples (analytical-reagent grade). FeCl,, NH,SCN and the amino acids were 
used at a concentration of 2-5 m&ml. 

Amino acids 
4 N sod&n acetate buflev (PhT 5.5). To IOO ml of water were addecl 135 g of 

sodium acetate trihydrate (analytical-reagent grade) and the mixture was stirred 
on a water-bath until dissolution was complete. After cooling to 2o”, 25 ml of glacial 
acetic acid were added, and the volume was made up to 250 ml. 

Ni~thydri?~ reagent solution. Two grams of ninhydrin and 0.1 g of tin(H) chloride 
dihydrate were dissolved in a mixture of 75 ml of methyl cellosolve (ethylene glycol 
monomethyl ether) and 25 ml of sodium acetate buffer. During this procedure, a 
slow stream of pm-purified nitrogen was bubbled in. 

Colozcv reactio?z. The effluent fractions (cn. 3 ml) were mixed with 0.5 ml of 
the reagent solution and the mixtures were heated for 20 min on a boiling water- 
bath. After dilution with 5 ml of ethanol-water (I : I), the tubes were cooled to 
20~ before being read at 570 nm. 

Carbohydrutes 
Aw!hrone reaction. A 5oo-mg amount of anthrone (analytical-reagent grade) 

and IO g of thiourea (analytical-reagent grade) wore dissolved in zooo ml of a hot 
(go”) 72 “/0 solution of H,S04. The mixtures of the effluent fractions with IO ml of 
the anthrone reagent solution were heated for 15 min on a boiling water-bath and 
after being allowed to cool to 20~ they were read at 630 nm. 

Phosphates 
Alkali dihydrogen orthophosphates and di-alkali hydrogen orthophoephates 

were precipitated at pH g (with a few millilitres of a dilute ammonia solution, 
if necessary) with a 10% solution of BaCl, and estimated as Ba,(PO,),. Ba(HPO,), 
is soluble at pH < 7. 

With tri-alkali orthophosphates, the effluent fractions were mixed with 3 ml 
of a 35 % solution of NH,NO, and 2 ml of 25 Oh HNO,. After heating on a boiling 
water-bath, 12 ml of a hot 3% solution of (NH,),Mo,O,, were added to the test- 
tubes and the yellow precipitates of (NH,),(PVMol,O,O) filtered off. 

Saclphates 
The effluent fractions were acidified with dilute HCl to pH I and mixed with 

1-2 ml of a 10% solution of BaCl,, The precipitated BaSO, was filtered off, 

The 4-ml fractions of the effluent were acidified with I ml of 25”/0 acetic acid, 
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then I ml of a 10% solution of B&l, was added. The precipitated Bal?, was 
isolated by centrifugation. 

Chlovides, brot~zides niad iodidcs 
The effluent fractions were mixed with I ml of a 5% solution of K,CrO, 

indicator and titrated to the end-point (precipitation of reddish brown Ag,CrO,) 
with 0.0~ iV AgNO, (Mohr titration). 

RESULTS AND DISCUSSION 

On examining the literature on gel filtration of low-molecular-weight sub- 
stances, different inorganic cations and anions were found with r<D values of x.0 
but without experimental detail or an elution diagram. The derived V/i value of 
the gel bed was the basis of the calculations of the l<D values of the organic compounds 

TABLE I 

THE ELUTION VOLUMES AND I<o VALUES OF TEST SUBSTANCES FILTERED THROUGI-I A COLUMN 
(1.2 x 1000 mm AND g x IOOO mm) OP SEPEIADEX G-IO, 40-120 pm, AT DLPFERENT ~HVALTJES 

N (Cl-)- 2200; HETP (Cl-) H 0.91 mm per plate; N (Br-) 
per plate ; iV (I-) H 2000; HETP (I-) N 1.00 mm per plate. 

w 2880; HETP (Br-) N o&g mm 

Seplradcx 
typo ; 
column 
Zengtlr ; 
Wiisff 
_- 

C?wmicaZ 
compound 

G-IO; 
200 cm; 
5718 

Blue Dextran 
cuso, 
N&l 
NaCl 

G-IO; Blue Dextran 
200 cm; 
56.6 ml 

Na,SO, 
Na,SO, 
NaF 
KC1 
KBr 
KI 

NaF 
KC1 
KBr 
1~1 

NaH,PO, 
NasHPOd 
N+PO, 
NH,SCN 
FeC1, 

Blue Dexhan 
a-L-Alanine 
ot-L-Alanine 
KBr 
KC1 
L-Lcucinc 

D( +)-Glucose 

0.1 N NaOH 
I-GO 
0.1 N NaCI/HCl 

WlO 
0.1 N NaOH 

Es: 
H:O 

HSO 

0.1 M NaCl 

4.3 
9.5 
13 

2.8 

110.2 

114.3 

;;.i (Vo) 
l 

93.8 
98.1 

115-S 
133.8 
173.9 

1OI.G 
119.6 

133.1 
182.3 

93.7 
83.8 
73.6 

67.8 
75Q9 
91.2 

132.1 
115.x 
91.8 

97.8 

0 

0.23 
0.70 
0.77 
0 

0.40 
0.48 
0.5G 
0.86 
I.19 
I.90 

0.62 

0.94 
1.18 
2.04 

0.48 
0.30 
0.12 

0 
0*14 
0,41 
1.14 
0.84 
0,42 

0955 
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TABLE II 

THE ELUTION VOLUMES AND IcD VALUES OF TEST SURSTANCES FILTERED THROUGH A COLUMN 
(25 x 1000 mm) OF SEPWADEX G25 FINE, 20.50 pm 

N (Br-) N 4200; I-IETP (Br-) N 0.24 mm per plsto. 

Seplaadcx CIumical Blzclion 
$yjJe ; cowafiound 

W Tr, (onl) 
bUffCY 

GOllWWZ 

‘:.“-vy 

‘hagblr ; 
(Vdeff 

(Vdeff 

G-25 ; 
100 cm; 
Igo.6 ml 

Blue Dextran 
D ( +)-Glucose 
Na,SO, 
NaH,PO, 
NaI-I,PO, 
Na,WPO, 
NZLF 
KC1 
IiBr 
KI 

Ntll? 
KC1 
ICBr 
ICI 

%O 
E&.0 

211.3 (V,) 0 
374.5 0.8G 

0.8G I-E,0 
D 4.36 ;E o.go 
D 4.36 38812 0.93 
C 9.5 0.91 384x 

386.6 0.92 H,O 
I-I,0 407.4 I.03 
I-I,0 432.7 I.IG 
I-I,0 455.3 1.28 

z-I,0 391.7 0.95 
419.9 I.09 I-I,0 
438.9 I.19 
467.4 x.34 

investigated. The cations and anions differ not only in the ionic radii and ionic 
charge, but also to a great extent in their degree of hydration. The differences in 
the elution bellaviour2°J1 in filtration with highly crosslinked dextran gels due 
to the different Inobilities of the ions in the solvent should disappear only with 
a smaller degree of crosslinking (from Sephadex G-75 to G-zoo) or a larger porosity. 

Fig. 2. Elytion cuiycs for Blue Doxtrsn 2000 sncl alkali halides at an olution r&e of 14 ml/h. 
Bed mnterial : Sephaclox G-IO. ‘Eluant: W,O. 
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Fig. 3. Elution curves for alkali halides at an clution rate of 18 ml/h, Bad material: Scphadcx 
G-25 fine. Elusnt : I&O. 

It is known that the increasing radius of the central ion of halogen anions, which 
are less hydrated than alkali cations, is compensated to a certain extent by the 
decreasing hydration. These ionic hydrates should demonstrate similar elution 
behaviour if there were no other effects. It can be seen that the halides were eluted 
in our filtration experiments in the sequence F-, Cl-, Br, I- (Tables I and II ; Figs. 2 
and 3). It can be concluded from our investigations that only chloride and bromide 
ions are able to diffuse ‘completely into the effective internal volume of the highly 
crosslinked Sephadex gels, but not F-, I- or the other ions examined (Pigs. 6 and 7). 
Even the influence of the degree of crosslinking was clearly detectable for all ions. 
Whereas the I? ions were diffusing into the available internal volume of Sephadex 
G-IO at 62 %, in Scphadex G-25 the I? ions participated in the distribution at about 
go y0 (Tables I and II ; Figs, 2 and 3). The I- ions were unusually retarded (Sephadex 
G-lo, KD = 2.04; Sephadex G-25, KD = 1.34). The untimely elution of P- and 
the retardation of I- cannot be explained without the supposition of a considerable 
difference in the degree of hydration and an additional interaction of I- with the 
gel matrix. The differences in the elution behaviourzo-24 between the alkali ions 
or the alkaline earth metal ions are a result of the marked decrease in the hydration. 

We are of the opinion that the different degrees of hydration of the three 
anions of orthophosphoric acid: POd3- (pH 14.5) $ HP04a- (pH 9.5) + HzPOd- 
(pH 4,s) appears to be the cause of the experimentally found elution sequence 
at various pH values (Table I ; Fig. 4). Whereas the triply charged PO&s- anion 
is excluded from the inner phase of Sephadex G-lto at 88% (k;co = 0.12) the H,PO,- 
anion20Jl of lower valency participated in the distribution into the effective internal 
volume at about 50% (KD = 0.48). With Sephadex G-25, these differences became 
blurred and the orthophosphates behaved in a similar manner to the I?- ion 
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Fig. 4. Elution curves for alkali orthophosphatcs at different p1-I values and at an clution rate 
of I 8 ml/h. Bed material: Sephadex G-ICI. Eluants: 0.1 M sodium acetate buffer (p3-I 4.3) ; 
0.x M ammonium chloride buffer (pH 9.3); 0.1 N NnOH (PH. 13). 

(Table II; Fig. 5). The matrix of the dextran gels, containing some carboxyl groups 
(OX--10 ,uval* per gram of dry gel)l@gsb, acts insignificantly as a cation exchanger 
in ion-free solvents, but this effect disappears completely with eluants with an 
ionic strength of ~1 > 0.01. The cations we have examined, which are easily analysed 

l?ig. 5. Elution curves for glucose, sodium sulphate, sodium dihydrogcn orthoplrosphate and 
disodium hydrogen orthophosphate at an clution rate of 18 ml/h. Bed material: Scphadex G-25 
fine. Eluants: twice-distilled water; 0.1 M sodium acetate buffer (pH 4.3); 0.1 M ammonium 
chloride buffer (PI-I 9.5). 

by the light absorbance of strongly coloured complexes [Cua++ [Cu(NH,),]a+; 
Fe*++ Fe(SCN),], were not suitable for the determination of (Trg)eff, owing to the 

* I val = 3 equivalent, 

J, CAromalogv., 74 (x972) 59-p 
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Fig. 6. Elution curves for copper sulphate and sodium sulphatc at an clution rate of 18 ml/h. 
Bed material: Sophadcx G-IO. Eluants: EI,O; 0.0~ M citrate buffer (PI-I 3.5). 

Fig. 7. Elution curve for ammonium thiocyanato at an clution rate of 14 ml/h. Bed material : 
Scphadex G-IO. Eluant : twice-distilled water. 

Fii. 8. Elution’curve for Blue Dextr’an zooo at an elution rate of 14 ml/+. Bed material : Scphadox 
G-25 fine. Eluant : twfcc-distilled watdr. _ 

J: Ckvomalogv., 94 (ig72) 59-71 
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l?ig. g, Elution curves for Blue Dextran 2000, glucose, L-cc-alaninc and 
values and at an elution rate of 18 ml/h. Bed material: Scphadex G-so. 
water and 0.1 N NaOH. 

L-lcucine at various pH 
EluEcnts : twice-distilled 

restricted distribution of copper ions (& = 0.23) and the almost irreversible 
adsorption of the IYe 4 3+ ions, in spite of eluants having a pH of 2.8 and an ionic strength 
of /U = 0.1. Even the reversed method, gel filtration of thiocyanate ions20 and their 
estimation as Fe(SCN),, were not successful as a consequence of the interaction 
of the salt with the gel matrix (Figs. 6 and 7). The estimations of the void volume 
with Dextran Blue 2000 were not influenced by the different cluants at various pH 
values (Tables I and II ; Figs. 2, 8 and 9). 

It can be deduced from our investigations on the determination of the effective 
internal volume, that the theoretical imbibed volume, (V&h, is not completely 
available for the distribution of low-molecular-weight substances. Calculating 
(see eqn. 3) the effective internal volume from the expression (I’&ff = Trt_VO-~*t*, 

, 

TABLE III 

CALCULATED ANDDBTBRMXNLD PARAMETERS FOR SEPHADEX G-IO AND SLPHADEX G-25 FINE 

Ssplradcx 
type: 
column 
length 

Amount of Watev (Vi) tlb (Vt), - v, v&7.0 + vo 
dvy gel, vegain, W, (ml) 0.8 l (VI) tll W) (ml) 
a (6) (ma W@lgl (W 

G-IO, 72.2 
200 cm 

I.0 

G-IO, 70.7 
200 cm 

1.0 

G-25, 95.3 
100 cm 

1.0 

1.0 3s 0,I 72.2 =t: 7-2 57.8 Gga8 1276 
(talc. 58.9) (csllc. 128.7) 

I 0,97 
1.0 & 0,I 7047 zlz 7.x 56.6 6686 123q2 

(cab. 63.0) (cab 12g.G) 

1 0094 

2.5 3: 0~2 238.2 =t x9.x xgo.& 211.3 
(calcy, 208.4) 

‘4or,g 
(Cab. 419.7) 

2.5 2.2 
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from the results obtained in the experiments (Table III), the following values 
were obtained with V, = 0.6 (ref. 13) : 

Sephadex G-IO, gel bed length 200 cm (g x rooo mm and 12 x rooo mm): 
(I) (V&n = 172.0 - 698 - 43.3 = $3.9 ml. 

(Vi),n + VO = 228.7 ml. 
vm = 43*3 ml* 

(2) (yT&ff = ~72.0 - 66,6 - 42.4 = 63.0 ml. 
(V&ff + V. = X29.6 ml. 
VnJ = 4214 ml. 

Sephadex G-25 , gel bed length roe cm (25 x IOOO mm): 

(Wf3rr = 476.9 - 211.3 - 57.2 = 208.4 ml. .w 
(V&W + VO = 4x9-7 ml. 
vm = 57.2 ml. 

These effective internal volumes, calculated from the total volume, Vt (see 
MATERIALS AND METNODS), the void volume and the weight of the dry gel were 
completely in agreement (see Table III) with the calculated effective internal volumes 
according to eqn. 5. The estimation of the gel matrix volume, Vm = a l V, = T/t - 
VIJ - (V&h, by means of the theoretical imbibed volume, (I/r&h, according to 
eqn. 3 also favours the effective internal volume instead of the theoretical imbibed 
volume, as Vm is to be calculated with the dry weight of the gel. The following 
values of the gel matrix volumes would result from the calculations with (r/l)th: 

Sephadex G-lo, gel bed length 200 cm : 

(I) V, = 172.0 - 69.8 - 72.2 = 30.0 ml. 
(2) Vm = 172~0 - 66.6 - 70.7 = 34.7 ml. 
Sephadex G-25, gel bed length IOO cm: 

VW - 476.9 - 211.3 - 238.2 = 27.4 ml, 
These values, however, are about 40 yO and soo o/o, respectively, too low I 

Glucose and neutral amino acids are not suitable for use in the determination 
of the effective internal volume of highly crosslinked dextran gels, as shown by 
our experi:nents. The Ko values of a-alanine, leucine and glucose were below 
0.6 (Sephadex G-IO), and glucose with Sephadex G-25 showed the elution behaviour 
of species such as sulphate anions (Table II and Fig. 5). In strongly alkaline solutions 
(pH 23), a-alanine was nearly excluded from the available internal volume (Table 
I and Fig. 9). 

Finally, it may be mentioned that the sample concentration, the sample 
volurneaQ21, the charge and the solvation of inorganic ionsa4g27--33 influence their 
elution behaviour and for that reason only a few ions are suitable for use in the 
estimation of the effective internal volume. In addition to the coincidence of the 
calculated and the experimental data for the effective internal volumes with Br- 
or Cl-, their easy titrimetric determination with AgNO, is of great advantage. 
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