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ABSTRACT 

Ninety-three sugars and sugar alcohols of one to four monosaccharide units were subjected to 
high-performance anion-exchange chromatography on three quaternary ammonium columns of the same 
size and virtually the same composition under identical eluent flow rates (1 mL,min’) and compositions 
(aqueous O.!N NaOH). Although the columns had very different histories of use, their different capacity 
factors for individual carbohydrates can be linearly correlated. Those for monosaccharides are lowest for 
sugar alcohols, and are higher and roughly similar for analogous aldoses and ketoses. There is a general 
trend, strongest with sugar alcohols, for capacity factors to increase with increasing numbers of carbon 
atoms. Increasing numbers of hydroxyl groups on residues of similar structure lead to increasing capacity 
factors. For members of homologous oligosaccharide series, capacity factors increase in a regular and 
predictable manner with chain length. Peak areas for different sugars generated by a differential refracto- 
meter are roughly correlated with mass concentration; with a pulsed amperometric detector, there are 
equally rough correlations with either molar or mass concentration. 

INTRODUCTION 

Chromatographic separation of carbohydrates of the same molecular weight, 
especially those containing more than one monosaccharide unit, is often a difficult 
undertaking. As chain length increases, resolution between isomers progressively de- 
creases. Even analysis of monosaccharides of similar structural and chemical properties 
can pose severe problems. 

There are two ways to enhance the separation of similar materials. One is to 
choose a chromatographic technique that yields very narrow peaks, so that even small 
differences in retention times yield acceptable resolutions. The other is to find a 
technique that magnifies subtle variations in structure and chemistry into large differ- 
ences in retention times. 

Two chromatographic methods appear to be most effective in attaining both 
goals. The first is capillary gas chromatography of derivatized carbohydrates, which can 
yield widely dispersed retention times for even similar di- and tri-saccharides’,2. This 
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II p.a.d. with a gold working electrode, and Shimadzu C-R 1 B integrator. The second 
(also ZIB) had a Dionex GMP pump, Dionex CarboPac PA (25 mm x 3 mm i.d.) 
precolumn, Dionex CarboPac PA1 (250 mm x 4.0 mm i.d.) column, Dionex type II 
p.a.d. with a gold working electrode, and Hitachi D-2000 detector. In both systems the 
working electrode was maintained at 0.1 V for 60 ms, 0.6 V for 60 ms, and - 0.8 V for 
240 ms, the voltages measured against a standard calomel electrode4. The third system 
(ISU) had an ISCO 2350 h.p.1.c. pump, Erma ERC-3510 degasser, Dionex HPIC- 
AG6A precolumn, Dionex HPIC-AS6 column, Knauer r.i. detector, and Hewlett- 
Packard 3392A integrator. 

Eluent was 0.1~ NaOH, eluent flow rate was 1 mL.min-‘, and temperature was 
close to 25’ for all experiments with the three columns so that the factors that influence 
column performance and detector response could be identified and explained more 
completely. Better separation of individual pairs, especially monosaccharides, could 
have been attained with lower NaOH concentrations and with added anions such as 
acetate5.“. Carbohydrates at ISU were dissolved in 0.1~ NaOH and quickly chroma- 
tographed, as use of samples dissolved in water caused instability of the baseline 
detected by the r-i. detector. Samples at ZIB were dissolved in water. All three columns 
had seen extensive use before this project, and none had been cleaned or regenerated 
before use, All data sets were obtained within an elapsed time of two months, and 
standards gave consistent retention times throughout. 

Culculation of capacity factors and substituent parameters. - The retention time 
of component i (tRJ was converted into a capacity factor k’, by the relationship 

k’, = (t,c, - toYto (0 

where t, is the dead time, measured from the retention time at the beginning of the initial 
peak. In turn, capacity factors of components of different compositions and linkages 
were used to obtain substituent parameters 7,, by the equation”-” 

ln(kj/kp) = (AC; - AGP)/RT = i Zji 
j=l 

where each component arises from the addition of a substituent at the nonreducing end 
of a parent compoundp, and m is the total number of substituents2’. If values of r,i for a 
given substituent in a given position do not vary with different parent compounds, but 
are additive with different substituents in the same or different positions, zj, simplifies22 
to r,. All substituents of the materials studied here were carbohydrate residues, and 
therefore a plot of In k’, vs. chain length should give straight lines for homologous 
oligosaccharide series, each having a characteristic slope zi, and should give common 
slopes for the same substituent added with the same linkage to different parent com- 
pounds if the assumption holds. 

Measurement of detector response. - For measurement of detector linearity and 
detection limit, o-glucose was dissolved in either water (ZIB) or 0.1~ NaOH (ISU). The 
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TABLE I, continued 

Capacity factors (X-.‘) of carbohvdrates measured with three strone-base columns eluted with 0. lu NaOH 

Carbohydrate Capaciix factor 

ZIB’ 

AS6h PAI’ AS6d 

DL-Threitol 
D-rhren-Pentulose 
D-Threose 
oc,cc-Trehalose 0.86 1.34 
c@Trehalose 
/I,/&Trehalose 
Trehalulose 4.57 

0.20 Turanose’ 6.29 10.8 4.29 
3.26 Xylitol 0.30 
I .82 Xylobiose 3.23 
0.63 u-Xylose 2.21 3.19 1.59 
3.13 Xylotetraosc 11.5 
I.15 Xylotriosc 5.70 

Carhohjdrtr(e 

IS v 

Capacitj$ctor 

ZIB 

AS6h PAI’ 

IS C’” 

A S6* 

’ ZIB indicates work carried out at the Zuckerinstitut. Technische Universitat Braunschweig: ISU indicates 
work carried out at the Iowa State University. h Dead time: 1.40 min; column: Dionex HPIC-AS6; eluent 
flow rate: I ml~min~‘; isocratic NaOH concentration: 0.1~; temperature: 25 ; sample concentration: 0.1 
gL -‘; sample volume: 20 ,uL; detector: Dionex p.a.d. with gold electrode. ’ Dead time: 1.25 min: column: 
Dionex CarboPac PAI; eluent flow rate: I mL.min- ‘; isocratic NaOH concentration: 0.1~; temperature: 
25’: sample concentration: 22-192 mgL~‘:sample volume: 20 /IL: detector: Dionex p.a.d. with gold 
electrode. “Dead time: 1.42 min; column: Dionex HPIC-AS6; eluent flow rate: 1 mL,min-‘: isocratic NaOH 
concentration: 0. IN; temperature: 25’ : sample concentration: 2.XmM; sample size: 20 pL; detector: Knauer 
differential refractometer. ’ Degradation in alkaline solution can cause multiple peaks. ’ Trivial names (in 
parentheses) include the following: 2-Deoxy-D-arnhino-hexose. (2.deoxy-D-glucose); 2-deoxy-u-er?,thro- 
pentose, (2.deoxy-o-ribose); 2-deoxy-o-/y,yo-hexose. (2-deoxy-u-galactose); I ,3-dihydroxy-2-pentanone, 
(dihydroxyacetone); u-eryrllro-pentulose, (D-ribulose): n-galactitol, (dulcitol): IL-I-O-r-~galactopyrano- 
syl-n?)o-inositol, (galactinol); u-ylycero-tetrulose, (I,-erythrulose); mglucitol, (sorbitol): u-rhreo-pentulose, 
(D-xylulose). 

resulting samples were chromatographed under standard conditions with the second 
(ZTB) or third (ISU) chromatographic systems to compare the responses of p.a. and r.i. 
detectors. 

RESULTS AND DISCUSSION 

A total of 93 carbohydrates, 37 at ZIB and 82 at ISU. including 26 measured at 
both places, were chromatographed on strong-base anion exchange columns. Their 
capacity factors are presented in alphabetical order in Table I. Three ketoses, 1,3- 
dihydroxy-2-propanone (dihydroxyacetone), D-glq’cero-tetrulose (D-erythulose), and 
D-erythvo-pentulose (D-ribulose), along with 3-ketosucrose, were so badly degraded by 
the alkaline solution in the column that no dominant peak survived. Two other ketoses, 
D-fructose and D-tagatose, and in addition 3-deoxy-D-erythro-pentose (3-deoxy-D- 
ribose), glyceraldehyde, and four disaccharides, kojibiose, laminaribiose, nigerose, and 
turanose, gave several peaks when dissolved in NaOH solution and then chroma- 
tographed, although the peak representing the original material remained easily identi- 
fiable. Of the disaccharides, all but kojibiose are linked through the 3-OH, and, 





ANION-EXCHANGE CHROMATOGRAPHY OF SUGARS 7 

TABLE II 

Capacity factors (k,‘) determined for various sugars at Iowa State University” 

Compound 4’ CompouJld k’ 

Triose 
D-Glyceraldehyde 

Aldotetroses 
D-Erythrose 
D-Threose 

Aldopentoses 
D-Ribose 
D-Ara binose 
D-XylOSe 

u-Lyxose 
Aldohexoses 

D-Allose 
D-Altrose 
D-Glucose 
D-Mannose 
D-Gulose 
D-Idose 
D-Galactose 
D-Talose 

Aldoheptose 
D-yl.vcero-D-gulo-Heptoseh 

Ketotrioses 
1,3-Dihydroxy-2-propanone’ 

Ketotetrose 
D-q!r.crro-Tetrulose* 

Ketopentose 
D-erythro-Pentuloseh 

0.84 

1.99 
1.82 

1.85 
1.13 
1.59 
1.38 

2.01 
2.78 
1.51 
1.44 
1.94 
3.85 
1.50 
3.02 

3.03 

_’ 

-1 

D-fhreo-Pentuloseh 
Ketohexoses 

D-Psicose 
D-Fructose 
D-Sorbose 
D-Tagatose 

Ketoheptose 
D-Glucoheptulose 

Trio1 
Glycerol 

Tetritols 
Erythritol 
D-threitol 

Pentitols 
Ribitol 
D-Arabinitol 
Xylitol 
D-Lyxitol 

Hexitols 
Allitol 
D-Altritol (D-Talitol) 
D-GIucitolh 
D-Mannitol 
D-Gulitol 
D-Iditol 
D-Galactitolh 

3.26 

1.82 
1.73 
1.80 
1.50 

3.03 

0.17 

0.21 
0.20 

0.44 
0.35 
0.30 

d 

_d 
-4 

0.45 
0.56 

_d 

0.40 
0.44 

N Column: HPIC-AS6. For details, see Experimental section. h Trivial names (in parentheses) include the 
following: D-yly‘cero-D-gu/o-heptose, (D-glucoheptose); 1,3-dihydroxy-2-pentanone, (dihydroxyacetone); 
D-g/y.c.ero-tetrulose, (D-erythrulose); r)-er);thro-pentulose, (o-ribulose); D-rhre@pentulose, (D-xylulose); D- 
glucitol, (sorbitol); D-galactitol, (dulcitol). ’ Decomposes under conditions of chromatography. * Not 
determined. 

D-mannose precedes D-galactose, D-glucose, and D-xylose, instead of following them, 
perhaps because of the higher NaOH concentration used in this work. Although there is 
a overall increase of k,’ with increasing numbers of carbon atoms, variations are so great 
that no trustworthy correlation is possible. Those ketoses that are sufficiently stable in 
0.1~ NaOH to be successfully chromatographed gave values of k,’ roughly similar to 
those of the equivalent aldoses (Table II). Sugar alcohols have k,’ values that steadily 
increase with increasing numbers of carbon atoms (Table II). Their capacity factors 
generally are less than one-third of aldoses of equivalent structure. The same behavior 
occurs with sugar-sugar alcohol pairs of greater than one residue, such as isomaltose- 
isomaltitol, maltose-maltitol, melibioseemelibiitol, and maltotriose-maltotriitol. De- 
creases of k;’ were also noted when 2- and &OH groups are replaced by hydrogen atoms, 
such as with the pairs D-galactosee2-deoxy-D-/yx0-hexose, D-glucose-2-deoxy-D-aruhi- 
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separation of oligosaccharides by anion-exchange chromatography is strongly affected 
by factors other than oligosaccharide acidity, such as by the accessibility ofoxyanions to 
functional groups attached to the stationary phase, as suggested by Hardy and Town- 
send”. This conclusion is strongly buttressed by consideration of the three trehaloses, 
each of which is composed of two D-glucosyl residues lacking the anomeric hydroxyl 
groups that provide relatively high acidity. These three disaccharides, similar in struc- 
ture and probably in pK, value and different only in the configuration of their glucosidic 
bonds, have radically different k; values, which can be caused only by their different 
orientations when adsorbed by the stationary phase. 

Eflect of chain length undsuhstituent on capacityj&tor. ~ To test the assumptions 
underlying Eq. 2, values of In k,’ of members of the homologous cello-, isomalto-, 
maltitol-, malto-, and xylo-oligosaccharide series, three of the series having three 
members and the other two four members, are plotted cs. chain length (Fig. 3). In all five 
cases straight lines that follow Eq. 2 are obtained. Values of ti, the slopes of these lines, 
based on the ISU column and obtained by linear regression, are listed on Table III, and 
conform with the results of Koizumi et al.” in the three cases where the same series have 
been tested. Members of the malto-oligosaccharide series have higher capacity factors 
than those of the cello-, xylo, and isomalto-oligosaccharide series because the value of r, 
for the malto-oligosaccharide series is higher than those of the other three series. This 
again is almost surely because the conformation of the malto-oligosaccharide chain is 
such that negatively charged portions of each residue are more easily brought into 
contact with positively charged sites on the adsorbent than are the analogous areas of 
other chains”. Capacity factors of the lower members of the maltitol-oligosaccharide 
series are lower than those of other series because the value of k,,’ of the parent 

loo I 

1 2 3 

Chain Length 

4 5 

Fig. 3. Effect of chain length on capacity factors of members of homologous series of oligosaccharides. 
Closed symbols: measured at the Zuckerinstitut Braunschweig; open symbols: measured at Iowa State 
University. 
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parent compounds should give the same value of t,, and the further assumption that 
addition of the same or different residues through the same or different linkages to the 
same parent compound should give the same value of k’,. 

Response ofpulsed amperometric and dlyerential refractive index detectors. - The 
r.i. detector at ISU yielded a nearly linear response on glucose, a plot of In (area) us. In 
(concentration) giving a slope of 0.945 (Fig. 4). The detection limit was 40 ng. The slope 
of the corresponding plot with the p.a.d. at ZIB was 0.894, with an even less linear 
response at higher glucose concentrations. The detection limit of this system was 20 ng. 

Responses of the two detectors to 26 sugars at ZIB and 24 of the same sugars at 
ISU, including monosaccharides of three, five, and six carbons, sugar alcohols, deoxy 
sugars, and both reducing and nonreducing di- and trisaccharides, are shown in Table 

10’ 

1 o6 

1 o5 

1 o4 

I” 3 

Concentra0on (mg/L) 

Fig. 4. Effect of D-glucose mass concentration on integrator areas generated by an r.i. detector at Iowa State 
University (H) and a p.a. detector at the Zuckerinstitut Braunschweig (0). 

Fig. 5. Effect of carbohydrate mass concentration on integrator 
State University. 

areas generated by an r.i. detector at Iowa 
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Fig. 6. Effect of carbohydrate molar concentration on integrator areas generated by a p.a. detector at the 
Zuckerinstitut, Braunschweig. 
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Fig. 7. Effect of carbohydrate mass concentration on integrator areas generated by a p.a. detector at the 
Zuckerinstitut, Braunschweig. 

manner, but such is not the case. Three sugar alcohols, D-galactitol, D-mannitol, and 
D-glucitol, have high pK, values but yield high molar response factors, opposite to their 
expected behavior. Molar response factors of other sugars show only a slight inverse 
correlation with pK,. As with capacity factor. it seems clear that p.a.d. response is a 
complicated function of pK, and structural factors. 

Strong-base anion-exchange h.p.1.c. is a powerful and largely predictable tool for 
the separation of carbohydrates. With proper treatment of samples, nearly all sugars 
can be analyzed, despite the extremely high pHs employed. It is hoped that this project, 
combining the results of two laboratories on a very large number of carbohydrates, will 
make the technique more accessible to the prospective user. 




