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AUTOiVIATED ION EXCHANGE CHROMATOGRAPHY OF ORGANIC ACIDS 

IN ACETATE MEDIA 

A method for the automated analysis of complex mixtures of uranic acids by 
anion exchange chromatography in sodium acetate and acetic acid was described in a 

previous paperl. This work has now been extended, to include a large number of other 
acids such as aldonic and saccharinic acids, and aliphatic keto acids. The main 
purpose was to find working conditions suitable for practical analytical work in 
various branches of carbohydrate chemistry. Correlations between the elution be- 
havior and changes in the eluant composi.tion were also studied. The possibility of 
predicting the positions on the chromatograms from independent physico-chemical 
data is still very limited but some predictions can be made which give some guidance 
in the identification of unknown mixtures. 

D-Threonic and D-lyxonic acid were prepared according to NARDEGGER ct nZ.2*” 

and purified by ion exchange chromatography. Their identity was verified by mass 
spectrometry using the trimethylsilyl ethers of their I ,4-lactones”. 

The rnethylatecl aldonic acids were kindly supplied by Dr. MICHAEL 1-I. 13. 
H=\wxs, Birmingham and P-isosaccharinic acid by Dr. OLOF TNEANDISR, Stockholm. 
The other acids were prepared in connection with previously published work”-’ or 
obtained from commercial sources. 

PROCEDURE 

All experiments were performed with a jacketed column, 6 x 1350 mm, 
containing a strongly basic resin (Dowex I S-S) fractionated to give a particle dia- 
meter of 26-32 ,.Q. The resin was in the acetate form ancl conditioned with the eluant 
to be used in the subsequent elutions. The eluant was boiled continuously under 
reflux before it was fed into the column, wl.\ose temperature was kept at 30.0~ by 
circulating thermostated water in the jacket. 

If lactones were present, these were saponified by means of an Autotitrator by 
keeping the solution at pH S.o for 5 11 before the sample (1-4 mg) was applied to the 
column. The flow rate during the elution was 2.8~7,~ ml’ cni-2. min-l. 

The analysis system was the same as described earlierl. By means of a peristaltic 
pump the eluate was clivided into two streams; one part was analysed by the carbazole 
method and the other by the chromic acid method. The color developed in the two 
channels was recorded simultaneously. 
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All acids were recorded in the chromic acid channel. Uranic acids and 5-keto- 
gluconic acid gave strongly positive reactions with carbazole. Aldobionic, lactic, and 
glyoxylic acids were also recorded in the carbazole channel, but the color intensity 
was lower. A further lowering in color intensity was observed with glyceric, p-meta- 
saccharinic and a-isosaccharinic acids, and only a very slight color was recorded with 
or,-metasaccharinic and glycolic acids. The other acids were not recorded in the carb- 
azole channel. 

ELUTIOX WITH SODIUM ACETATE 

Several of the acids studied in this work have previously been subjected to 
anion exchange chromatography in sodium acetate without added acetic acid. In a 
recent paper?, it was shown that interconversions among certain uranic acids could 
occur at the high pH prevailing in this medium, and for this reason the pH was 
lowered to 5.9 by addition of acetic acid. All elutions reported in this section were, 
therefore, made with sodium acetate (o.oSM) solution with acetic acid added to 
obtain pH 5.9. Under these conditions the hydroxy acids can be considered as virtu- 
ally completely ionized and, as expected, this addition had only a slight or negligible 
influence upon their elution behavior. The peak elution volumes of various species 
were determined in a large number of runs with single acids, and checked in runs with 
mixtures of two and more acids. From these values the volume distribution coefficients 
(Dv) were calculated as usuals. The results are given in Table I. 

As mentioned in previous papers s.G.O, there is a general trend among hydroxy 
acids such that those containing a larger number of hydroxyl groups appear before 
those with a lower number. As can be seen from Table I this rule holds true with most 
of the acids within the aldonic acid series, represented by the formula CH,OH - 

(CHOH)n.COOH. One exception is mannonic acid which, although a hexonic acid, 
appears among the pentonic acids. The second exception, D-,al.cevo-I.-manno-heptonic 
acid has a distribution coefficient which is higher than that of some of the hexonic 
acids. The other 16 acids with +values varying between o and 5 follow the rule. 
Similarly the aldobionic acids which contain a larger number of hydroxyl groups than 
any of the other acids investigated, have their expected position ahead of the heptonic 
acids. 

With all these strongly polar anions the non-ionic interactions with the styrene- 
divinylbenzene matrix must be small, and can explain neither the exceptions men- 
tioned above, nor the fact that there exist individual differences among the dia- 
stereomers. The rule mentioned above is explained by the assumption that the 
hydrated ionic volumes have a predominant influence upon the uptake of the anions, 
those with a smaller hydrated volume being held more firmly by the ion exchanger. 
Admittedly the hydrated ionic volume is not a well-defined quantity and in rigorous 
thermodynamic treatments of ion exchange equilibria its use is avoided (cf. ref. S). 

With inorganic cation exchangerslO and with cation exchange resinsllJ2, this 
rule has been found to hold true (for instance in exchanges of alkali metals) whereas 
with anion exchange systems studied earlier, specific interactions between various 
anions and the resin seem to be a major factor r3. The correlation observed with aldonic 
acids indicates, however, that for this type of anion the specific interactions are less 
important and that the ionic size is the predominant factor tvhich determines the 
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TABLE I 

VOLUME DISTRIUUTION COEPPICIENTS (n,,) IN 0.5OM ACETIC ACID AND IN O.OsiM SODIUM ,\CETATI% 

(PH 5.90) 

DlJ KJ{[j x roJ 

Ilt a&c Iw Na 

acid acelnie 
--- - .- - 

A Id0nic acids: 
Glycolic 
Glyccric 
D-Erythronic 
D-Thrconic 
D-Arabinonic 
D-Lyxonic 
n-Ribonic 
D-dXylonic 
D-Galactonic 

” D-~h.lCOIliC 
D-Gulonic 
D-Mannonic 
D-Talonic 
D-~Zyycel~o-L-~lan?lo-Hcptonic 
D-~~~CC~O-D-~Z~~O-Wcptollic 

G-Deoxy-D-mannonic 

Aldobio~ic acids: 
Ccllobionic 
Lnctobionic 
Maltobionic 
LMelibionic 

A!IethyZaied aldojaic acids: 
2,3,5-Tri-0-methyl-D-galactonic 
3.5,6-Tri-0-methyl-D-@uconic 
2,3,4,6-Tctra-0-methyl-D-gluconic 

Sncclzarinic acids: 
2-I-Iyclroxypropionic (lactic) 
D-/lzueo-2,3-Dihydroxybutyric 
2,4-Dihyclroxybutyric 
3.4-Dihyclroxybutyric 
2-Methyl-2,3-clihyclroxypropionic 
D-lhveo-2,4.5-Trihyclroxyvalcric 
a-D-Glucoisosaccharinic 
@-D-Glucoisosaccharinic 
a-D-Glucosaccharinic 
a-D-Glucometasaccharinic 
@-D-Glucometasaccharinic 

UYol8ic acids: 
D-Galacturonic 
D-Glucuronic 
L-Guluronic 
L-Icluronic 
D-Mannuronic 

Aldehydo awd lzelo acids: 
Glyoxylic 
Levulinic 
2-I<cto-D-gluconic 
5-Keto-D-gluconic 

IJeierocycZic acids: 
2-Furoic 

IS.6 14.5 1-G 
20.2 II.9 2.2 
1s.s 10.4. 2.3 
19.5 10-G 2.4 
14.2 5.59 2.0 

19.5 10.3 2.4 
9.17 9.24. I.2 

15.7 s.19 2.5 
II.3 7.51 I.9 
12.5 7.21 2.2 

13.5 7.70 2.3 

17.5 9.49 2.4. 
6.25 7.37 1.0 

14.2 7.70 2.4 
10.8 663 2.1 

19.3 IO.9 2.3 

5.56 
5.09 
7.35 
4.62 

5.38 
7.12 

4.76 

15,r. 
16.9 
x4,6 

3.39 
14-4 
11,s 

0.09 
14-S 
s-41 
684 
9.56 

21,4 5.40 5.4 

44.1 11.7 5.3 
24,o 10.7 2.9 

29.9 12.7 3.1 

36.5 12.9 3.8 

G5.G 20.s 4.3 

3.64 13.2 0.4 
95.0 13.7 11.4 

3s.s 13.9 3.7 

>60 >GO 

3.71 2.0 

3.15 2.1 

3.69 2.G 
2.64 2.2 

2.64 2.G 

3.90 2.4 
2.1s 2.9 

13.5 I.4 
12.0 1,s 
11.7 1.G 

9.31 0.4 
IT.1 I.6 

9.17 1.G 
G.OG I.3 
6.46 3.0 
672 1.0 

7.16 I.2 

7.59 1.6 
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distribution coefficient. The two exceptions to the rule can be explained by the as- 
sumption that because of intramolecular hydrogen bonding the hydrated volumes of 
the corresponding anions are smaller than those of their diastereomers. 

With 6-deoxymannonic acid it can be assmrred that interactions between the 
methyl group and the resin should contribute to an increased distribution factor. 
Similarly the hydrated ionic volume would be expected to be less than that of the 
hexonic acids. Taken together, these two effects explain why this acid is held more 
strongly than the hexonic acids. The same factors explain why z-hydroxypropionic 
(lactic) acid appears later than 2,3-dihydroxypropionic (glyceric) acid, and 2,3- 
dihydroxybutyric acid is eluted after the tetronic acids. 

These factors offer a satisfactory explanation for the change in position when 
the hydroxyl group on the last carbon atom in an aldonic acid is substituted by 
hydrogen. However, the positions of the unbranched 3-deoxyhexonic (meta- 
saccharinic), the 3-deoxypentonic (n-tlzreo-2,4,g&ihydroxyvaleric) and the 2- 

deoxytetronic (3,+dihydroxybutyric) acids do not fit into this scheme. 
Introduction of O-methyl groups into hexonic acids results in a large decrease 

in the DC-values. This change was expected since previous investigations showed that 
methylated uranic acids appear before the non-methylated specie@. A probable 
explanation is that increased hydrated ionic volumes are largely responsible for this 
effect and that with these compounds the non-ionic interaction forces with the resin 
are small. 

Substitution of a hydroxyl group for an aldehyde or keto group results in a 
large increase in the Dv-value. The results are in agreement with those earlier observed 
with pyruvic acid 1.1. Specific interaction forces between the anions and the resin seem 
to be operative in these systems. 

The hexuronic and saccharinic acids have been studied previouslyDso and the 
Dc-values are included mainly for a comparison with the results obtained by acetic 
acid elution. 2-Furoic acid which has also been studied previouslyl” is included as an 
example where interaction forces with the resin matrix have a predominant influence 
upon the elution both in sodium acetate and acetic acid. 

The influence of the sodium acetate concentration (o.oq-o.ogM) upon the Dv- 
values was studied with some of the acids (talonic, galactonic, lactobionic, lactic. 
glycolic). Plots of log D., against -log [acetate] gave straight lines with slopes very 
close to unity (cf. ref. S). The results are in agreement with those reported previ- 
o~sly~~~~~~. The tabulated Dv-values can therefore be used for predicting the peak 
positions on the chromatogram by using this correlation. 

From a practical point of view it is noteworthy that with all the species studied 
previously, the order of elution found in the present work was in agreement with that 
reported earlier, inclicating that the variations in properties of the resin batches did 
not affect this order. After the column had been used for a long time a drop in its 
effective capacity was observed (about 5 “A, per year) with a corresponding drop in the 
Dv-values, but the order of elution remained unchanged. Recalibration with a 
standard mixture of acids allows corrected Dv-values to be obtained. The same method 
can be applied to estimate the D,-values in columns with other batches of resin but 
even though no reversal in the order of elution was observed in our experiments it 
should be remembered that significant variations in the positions can occur1Q. 

A more rapid loss in effective capacity often occurs when natural products e.g. 
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hydrolyzates of wood, are being analyzed. This is explained by retention of solutes 
held irreversibly by the resin. In the applications studied in this laboratory the-order 
of elution was found to be unchanged in such cases. 

Anions whose distribution coefficients differ by about IO y. or more can be well 
separated from each other on the column used in this work. It can be seen from Table I 
that the differences are less with several acids. The method is very useful for a pre- 
liminary group separation of complicated mixtures and. for analyses of solutions 
containing for instance acids of varying molecular weight. With diastereomers it is a 
valuable complement to separations in other media. 

EtlJTION WITW SODIUM ACETATE-ACETIC ACID SOLUTIONS 

When a weak organic acid (HB) is eluted with a solution containing both sodium 
acetate and acetic acid a decrease in pH at constant acetate concentration will result 
in a decreased Dv-value. The weaker the acid the greater is the influence of the 
hydrogen ion concentration. If it be assumed that the sorption of HB (in its non- 
dissociated form) can be neglected, the following correlation should account for the 
influence of the molar concentrations of acetate ions [A] and hydrogen ions [HI upon 
the volume distribution coefficient (cf. ref. S): 

where li’~n is the stoichiometric dissociation constant (molarity scale), [A$ the 
acetate concentration in the resin phase, 1sn.a the selectivity coefficient and pr the 
mass of dry resin per cm3 of the column. 

If [A] is high compared to the concentrations of other anions and the variations 
in [A] and [HJ limited to an interval within which the ratios between the activity 
coefficients of the anions in both phases remain unchanged [A-Jr, 12~. n and pr will be 
constant. The equation can thus be written: 

I -- = 
QLAl 

Cl. [HI li‘IIu+cl 

where C, is a constant. 
A plot of I/D,[A] against [H] should thus give a straight line. Based upon 

elution experiments at four different acetate concentrations and varying hydrogen 
ion concentrations plots of this type were made for some of the organic acids included 
in this investigation. The concentrations of acetate and hydrogen ions in the solutions 
were calculated using the stoichiometric (molal) dissociation constants of acetic acid 
in potassium chloride solutions determined by HARNED AND HICICEY~~. 

The results obtained with talonic, galactonic, Gdeoxymannonic, and glycolic 
acids are reproduced in Fig. I. It is seen that there is a straight-line relationship with 
all these acids which indicates that within the concentration range covered by these 
experiments the assumptions upon which the equation is based are valid. At the lowest 
hydrogen ion concentration the experimental results obtained at varying acetate 
concentrations coincided completely, which is a consequence of the correlation 
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I 
2x10-4 4x10-4 WI 

Fig. I. Relationship bctwccn I/D~[Ac-] am1 [I-if] for various hyclroxy acids at varying ionic 
strength: (0) 0.04; ( A) o.oG; ( 0) 0.0s; (X ) 0.09. T = Talonic (1.3' IO-‘*) ; Ga = galactonic 
(2.0. x0-J) ; R = G-dcoxymannonic (2.2-10-4) ; G = glycolic (2.4. IO-J) ; lactic (2.1 e 10-4). 

mentioned in the previous paragraph. At higher hydrogen ion concentrations there is 
some scattering but no systematic influence of the acetate concentration can be 
traced. It is obvious that the correlation discussed above is quite useful for predicting 
&-values by interpolation from experimental results. 

From these plots and from analogous determinations made with lactic acid the 
apparent (stoichiometric) dissociation constants were calculated. The results are given 
within parenthesis in Fig. I. The determinations are not accurate enough to permit 
any influence of ionic strength upon the dissociation constants to be detected. 

Finally it should be stressed that according to the equation given above the 
most favorable separation factors (ratio between the distribution coefficients of two 
species in the same medium) are obtained either in sodium acetate or in pure acetic 
acid. From a practical point of view mixtures of sodium acetate and acetic acid can 
have some advantages, for instance when only incomplete resolution of species with 
great differences in acid strength is achieved in sodium acetate. In such separations 
the elution can be speeded up (lower peak elution volumes) if a mixture of acetic acid 
and sodium acetate is used as eluant instead of pure acetic acid. A typical example is 
the separation of ‘2-ketogluconic and 5-ketogluconic acids which cannot be separated 
in sodium acetate and are eluted very slowly in acetic acid (cf. Table I). 

ELUTION WITH ACETIC ACID 

The elution of four hydroxy acids was studied over a large range of acetic acid 
concentrations. In Fig. 2 the DV values are plotted in the same way as in Fig. I. The 
two first determinations (at low hydrogen ion concentrations) were made in the 
presence of sodium acetate (cj. Fig. I). It is seen that curved lines are obtained, which 

,, ,.. means that the correlation discussed in the previous paragraph cannot be applied for 
quan itative calculations in pure acetic acid. Several factors may contribute to this 
deviation from a straight-line relationship. In practical chromatographic work the 
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Fig. a. Relationship between r/n,.[_Ac-J and [H+] for \-arious hydrosy acids in acetic acid. ( 0) 
1,actobionic; ( 0 ) talonic; (77 ) arabinonic; ( A) glycolic: eH+j = [.-b-j were obtained by intcr- 
polation from data reported by 0~~s~~ and rccalculatecl to molar concentrations. 

correlation can be used for rough calculations of the changes in peak positions with 
changes in eluant concentration. Similarly, a calculation of the &-value in acetic acid 
based only upon the Dv-value in sodium acetate and a literature value for the dis- 
sociation constant of the acid can give some guidance but the results from such 
calculations must be treated with great caution. 

The volume distribution coefficients determined in o.5M acetic acid are given in 
Table I together with the li’HJ3-values calculated from the DL.-values detemked in 
this medium and in sodium acetate by using the equation given above. It should be 
emphasized that the I<~~~-values should not be considered as accurate values for the 
dissociation constants. These Z<HB-values differ somewhat from the apparent dis- 
sociation constants calculated from runs referred to in Fig. I_ Few reliable literature 
data are available for comparison. With ions ~vhich e.shibit large specific interaction 
forces with the resin it is likely that the acti\+ coefficient ratio inside the resin phase 
is more affected by changes of the medium than with those species for which these 
forces are small. The Knu-values should therefore reflect the true acid strength better 
for the polyhydrosy acids than, for instance, for the keto acids. From a practical 
point of view the values can be used to predict roughl>- the elution volume at other 
concentrations of acetic acid in the eluant. 

With diastereomers it is probable that the approsimations introduced in the 
calculations will give about the same errors in all calculations and that for this reason 
the relative magnitude of the Zi’Hs-values will be fairly accurate. The observation that 
ribonic and talonic acids appeared much earlier than their diastereomers can for 
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instance be explained by the assumption that these acids are much weaker thcari their 
diastereomers. This was confirmed in a separate study of their neutralization curves. 
Similarly, the observation that cc-n-glucoisosaccharinic acid in acid medium appearecl 
much earlier than the p-isomer indicates large differences in acid strength of these 
acids. Sufficient amounts of these acids were not available to permit an independent 
determination of their dissociation constants. 

A large number of factors such as hydrogen bonding, resonance, inductive and 
steric effects affect the clissociation constants of the acids, and at present it is only 
possible to make reliable predictions of their chromatographic behavior from their 
structure in simple cases, From the well-known fact that aliphatic hydroxy acids with 
a hydroxyl group in the z-position are stronger than those substituted at carbon atom 
3 it can be predicted that 2,4-dihydroxybutyric acid should be held more strongly 
than 3,4-dihydroxybutyric acid. Likewise it should be expected that the hexuronic 
acids which are known to be stronger than aldonic acids should appear later than the 
hexonic acids. The experimental results agree with these predictions. 

As far as the inclividual behavior of various non-cyclic stereoisomers such as 
aldonic acids is concerned, it should be expected that the positions of the hydroxyl 
groups on carbon atoms 2, 3 and 4 should have a greater influence than those in 
positions more distant from the carboxyl group. From Table I it is seen that the 
pentonic acids appear in the following order: ribonic, arabinonic, xylonic, lyxonic. 
Among the hexonic acids studied, talonic acid which has a ribo-configuration appears 
much earlier than the other acids belonging to this group. Galactonic acid, which is the 
second hexonic acid, has an arabilzo-configuration. Gluconic acid has a @o-configura- 
tion whereas gulonic, mannonic and rhamnonic acids, which exhibit the highest 
distribution coefficients, have a ly,lco-configuration. It is evident that both with 
pentonic ancl the hexonic acids studied the following correlation exists between. the 
conliguration and the order of elution: ribo < urnbino < .vylo < Iyxo. These results 
indicate that the position on the chromatogram can give information about the struc- 
ture of certain hydroxy acicls and give inclications of interest for their identification 
even if authentic samples are lacking and the dissociation constants are unknown. 

Formally, the correlation given above also holds true for the uranic acids 
studied provided that these are represented by the open-chain Fischer formulae and 
that the positions a, /3 and y from the carboxyl group are considered. Since uranic 
acids have a ring structure the formal valiclity of the above correlation can only be 
coincidence. 

From a practical point of view it is important that the separation factors of most 
isorneric acids are more favorable in acetic acicl than in sodium acetate. In many 
practical analyses acetic acid is, therefore, a more useful eluant than sodium acetate. 
Since different structural factors determine the elution behavior in these two media 
their use in successive separation stages permits resolution of complex mixtures of 
various organic acids. 

A typical chromatograrn from a run in acetic acid of a complex mixture is 
reproduced in Fig. 3. It can be seen that with the mixture of 12 hydroxy acids tested 
there is only serious overlapping of the bancls corresponding to glycolic and lyxonic 

,. acids. However, these acids can be well separated in sodium acetate, and if only an 
approximate quantitative estimation is required the results from the run in acetic 
acid can be used for this purpose. 
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Fig. 3. Separation of 3,4-dihyclrosybutyric (I) : nwlibionic (2) ; D-talonic (3) ; maltobionic (4) ; 
D-ribonic (5); D-fil,vcCl,o-D-~rtlo-11cptOniC (6) ; D-gluconic (7) ; 2-~11ctliyl-2,3-clil1~~clro~ypr~pio11i~ (8) ; 
D-xylonic (9) ; glycolic (10) ; D-lyxonic (II) ; nllcl D-giLkxcturonic acid (I 2). Carbazolc method : 
broken line; clichromatc method : full lint. Eluant : o.goM acetic acid; flo~v rate : 5.2 ml. cnl-2, 
inin-l. 

The results of a study of the influence of the flow rate are given in Fig. 4. It is 
seen that the peak elution volumes are independent of the flow rate whereas a 
broadening of the elution curves occurred at the higher flow rate. Talonic and malto- 
bionic acids, which were separated completely at the lower f-low rate showed some 
overlapping at the higher rate. Glycolic and G-deoxymannonic acids were chosen as an 
example of a pair of acids which gave serious overlapping already at the lower rate. 

Eluate volume(ml) 

Fig. 4. Separation of lactobionic (I) ; D-talonic (2) ; maltobionic (3) ; D-@aCtOniC (4) ; lactic (5) ; 
glycolic (G) ; and G-cleoxymannonic acicl (7) at tlic flow rates 7.7 ml< c111-2~min-~ (upper chromato- 
gram) and 2,s ml* ~111-2’ min- l (lower chromatogram). Eluant: 0.5oM acetic acicl. 

At the higher flow rate it is still possible to establish that two different acids are 
present but a quantitative determination cannot be made. With acids whose separa- 
tion factors are large, excellent separations were achieved at the highest flow rate. In 
the run represented by the upper chromatogram the elution was completed within 7 
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hours. Since the runs can be carried out overnight without any attention it is prefer- 
able to use a somewhat lower flow rate in analyses of complex mixtures of unknown 
acids. 
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SUMMhRY 

The chromatographic separation of 44 organic acids, mainly hydroxy acids, on 
anion exchange resins has been studied using sodium acetate and acetic acid as 
eluants. By a combination of both media most species can he separated and de- 
termined automatically. 
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