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1. INTRODUCTION

This is the fourth and last review in the series surveying ion-exchange chro-
matography of the main classes of organic compounds and it is divided into the fol-
lowing sections: aldehydes and ketones: ethers; alcohols and polvols: and saccharides.
The survey deals mainly with the literature for the period 1962-1970 and. as in the
previous reviews, biochemical aspects have not been dealt with but mainly the chem-
1cal aspects of the separation process are discussed.

2. ALDEHYDES AND KETONES

Aldehydes and ketones are not ionized in aqueous solutions, but ion exchangers,
however, can be used to effect some useful separations of these compounds. For this
purpose, complex formation with the hydrogen sulphite form of anion-exchange
resins is of possible use. Salting-out chromatography or differences in solubilities of
individual compounds in aqueous-organic solutions are more advantageous separa-
tion mechanisms.

Carbonyl compounds are sorbed on the hydrogen sulphite form of strongly
basic anion-exchange resins with the formation of the corresponding complex «-
hydroxysulphonic acids. These complexes are retained by the resin, in contrast to the
non-complexed compounds. Thus carbonyl compounds were separated quantitatively
from alcohols by sorption on a 550 < 9.8 mm column of Amberlite [RA-400
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(HSO;7) (0.12-0.30 mm)!->. The alcohols passed into the eflluent, while ketones were
retained and could be recovered by elution with hot water or a solution of carbonate
and hydrogen carbonaie.

Glyceraldehyde 3-phosphate was separated from inorganic phosphates on the
hydrogen sulphite form of anion-exchange resins®. A similar approach has been also
applied to the retention of higher aldehydes in wines®.

There are great differences in the stabilities of the hydrogen sulphite complexes
of individual carbonyl compounds. Aromatic ketones. such as acetophenone and
benzophenone. do not form stable hydrogen sulphite complexes and are only slightly
retained on anion-exchange columns in the hydrogen sulphite form when water is
used as the mobile phase. On the other hand. cyclic ketones such as cyclohexanone
and diketones such as diacetvl and acetylacetone are sorbed relatively strongly and
the use of elevated temperatures is recommended for splitting the complexes and
facilitating the elution of these ketones with water. «.g-Unsaturated ketones such as
mesity! oxide form strong complexes that are sorbed even from alcoholic solutions
- and cannot be split with hot water. These compounds. however, could be completely
recovered by elution with salt solutions>.

Likewise. differences exist in the sorption of aldehydes on the hydrogen sulphite
form of anion exchangers. As a rule. the complexes of aldehydes with the hydrogen
sulphite form of anion-exchiange resins are more stable than those of ketones and their
elution with hot water ts usually not possible. Formaldehyde, acetaldehyde. furfural,
benzaldehyde, salicylaldehyde, vanillin, glyoxal and other aldehvdes are strongly
retained by the resin. ' .

it is possible to separate some aldehydes from ketones by selective elution of

the ketones with hot water. followed by the recovery of aldehydes using solutions of
salts (I & sodium chloride. sodium carbonate-hyvdrogen carbonate). in this-way, 1t
was possible to separate acetaldehyde and furfural from- acetone and methyl ethyl
ketone on Amberlite IRA-400 (refs. 5 and 6).
. The complete separation of mixtures containing acetic acid. ethanol. furfural
or acetaldehyde and acetone could be accomplished. Acetic acid was sorbed on a
column of Amberlite IRA-400 (HCO;™) (0.12-0.30 mum) while the other compounds
passed into the effluent. The acid was then recovered by elution with 0.1 37 sodium
carbonate solution. The effiuent from the hydrogen carbonate column was passed
through a column of the same resin in the hydrogen sulphite form. The alcohol was
not retained and could be determined pycnometrically in the etlluent. The carbonyl
compounds were sorbed on the column: acetone was eluted quantitatively with water
at 757 and. finally, the elution of furfural or acetaldehvde was eﬂected with I Afsodium
chloride solution at ambient temperature?.

The differences in the sorption behaviour of the individual compounds have

been utilized for a number of separations of ketones and aldehyvdes. Thus, diacetone
alcohol. acetylacetone and mesityl oxide were separated from each other on a 45!
mm column of Amberlite IRA-400 (HSO;7). 0.12-0.30 mm. by stepwise elution with
water at 40° and 70° and. finally. with 1 M sodium chloride solution at 207 (ref. 2).
The quantitative separation of a mixture of acetone and isopropyl rerr.-butyl ketone
was effected on the same Amberlite column by elution of acetone with water at 60°
and subsequent elution of the other ketone with 1 N sodium chloride solution’.

Stepwise or gradient elution with sodium or potassium hydrogen sulphite
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solution of increasing concentration has brought ziboutr a marked improvement in
the separation of carbonyl compounds on the hydrogen sulphite form of anion-
exchange resins. The presence of hydrogen sulphite stabilizes the volatile compounds,
and those which tend to polymerize or oxidize readily. as the hydrogen sulphite
complexes. Micromolar amounts of I-hydroxy-2-propanone, lactaldehvde, pyruvic acid
and pyruvaldehyde have been completely separated from each other by this method,
using Dowex 1-X10(200-400 mesh) in 9.5 < 600 mm columns. The elution was carried
out at 24° with 0.1,0.2. 0.4, 0.8 and 1.6 M hydrogen sulphite solutions applied succes-
sively. The peaks were symmetrical, reproducible and sharp. in contrast to the asymmet-
ric, irregular and broad elution curves obtained when sodium carbonate-hydrogen
carbonate solutions were used for elution. It has also been possible to sepdmle acet-
aldehyde and formaldehyde on a similar column®,

Christofterson®-!° ‘achieved eflicient separations of mixtures containing acet-
aldehyde. formaldehyde, furtfural, 5-hydroxymethylfurtural. vanillin. pyruvic acid
and pyruvaldehyde on Dowex 1-X8 (HSO;™) resin. A 150-300 mesh resin bead size
gave a better resolution than coarser particles. Using a 410 < 11 mm column packed
with this resin, the quantitative separation of the first five compounds was achieved
by elution of acetaldehyde and formaldehyde with 0.2 M sodium hydrogen sulphite.
then 0.4 M sodium hydrogen sulphite eluted 5-hydroxymethylfurfural and furfural.
Finally, the most strongly sorbed compound, vanillin. was recovered with 0.8 M
sodium hydrogen sulphite in '10-20%;, ethanol®. This method has been successfully
applied to the determination of carbonyl compounds in suiphite spent liquor. Fig. 1
shows the elution positions of seven aldehydes in an industrial sample in chromato-
egraphy on an 81 X 1l mm column of Dowex 1-X§ (HSO;™), 2C0-300 mesh. In this

P

run. the above method was modified in that the elution with 0.2 M sodium hydrogen
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Fig. 1. Chromatography of carbony! compounds in sulphite spent liquor on an anion-exchange resin
in the hydrogen sulphite form. (1) Acetaldehyde: (2) formaldehyde: (3) pyruvic acid: (4) pyruvalde-
hyde: (3) 5-hydroxymethyifurfural; (6) furfural; (7) vanillin. Ion exchanger: Dowex 1-X8 (HSO;™).
200-300 mesh. Column dimensions: 81 = 11 mm. Mobile phase: 1, 0.4 A7 NaHSO;; 1, 0.8 v/
NaHSO; in 209 ethanol. Flow-rate: 0.66-0.67 ml/cm?*- min. Température: ambient. Detection: UV
photometry and colorimetry in the effiuent fractions. Fraction size: 19 ml. ¢ = concentration
(umolesfl); V' = volume of eluate (ml).
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sulphite solution was omitted and a 0.4 A7 solution was used as the starting eluent!®.
. The concentration of aldehydes in the eluate was measured by UV photometry and
c.olonmelrv using the reaction with chromotropic acid, after the excess of hydrogen
sulphite had been removed by reaction with iodine!'.

Anion-exchange resins in the cyanide form sorb zlldehydes and ketones with
the formation of complexes. However, the chromatography of carbonyl compounds
on columns packed with the cyanide form of anion exchangers (Dowex 2) was not
successful. because of the excessively strong retention of most compounds and the
possible polymerization of some of the aldehydes on the column!Z.

Ketones that are able to form enol forms with a slightly acidic character, ¢.g.
acetylacetone. can be sorbed on strongly basic anion-exchange resins in the free
hydroxy! form. while they are not retained by the carbonate form of anion-exchange
resins. This sorption can be used for the separation of the enolizable compounds
from other ketones and aldehydes™.

Brever and Rieman'® applied salting-out chromatography to separations of
aldehydes and ketones. and found ammonium sulphate solutions to be satisfictory
-eluting agents. The utility of strongly acidic sulphonated cation-exchange resins (Dowex
50 and Amberlite CG-120) and strongly basic quaternary ammonium anion-exchange
resins (Dowex | and Amkberlite CG-400) of different degrees of cross-linking was tested.
The capacity ratios of a number of compounds on three cation-exchange and three
anion-exchange resins are given in Table I for various concentrations of ammoenium
sulphate solution. =

Both the selectivity and broadening of the t_luuon curves increased with in-
creasing degree of cross-linking of the anion-exchange resin. With cation-exchange
resins, the distribution ratios decreased as the degree of cross-linking increased from
4 1o 12, but increased sfighily with a further increase in the degree of cross-linking'.

The separation efliciency was better on 200-46G0 mesh resins than that on ex-
changers with coarser particles. as expected. The anion exchangers Dowex 1-X8 and
Amberlite CG-4C0 vielded the greatest differences in the distribution ratios of indi-
vidual compounds. As the elution curves on Dowex 1-X8 were narrower than those
on Amberlite CG-4C0. the former resin gave more satisfactory separations.

A number of valuable separations could be achieved using Dowex [-X8. A
nearlv quantitative separation of formaldehyde. d(.eml(.eh} de. propionaldehyde and
butyraldehyde could be effected on a 30 cm = 3.88 cm? column of this resin, 2060-4C0
mesh. in 3 h using stepwise elution with 4.0 and 0.5 47 ammonium sulphate solution.
Acetoin. 2 5-hexanedione. 2 4-pentanredione. and diethy! ketone were separated in
I0h on a 57.8 cm = 2.28 cm? column using siepwise elution with 2.0 and 1.5 A/
ammonium sulphate solution and water. The separation of another, more complex.
mixture of five ketones (acetone. diacetvl. diacetone :llcohol- 2 3-pentanedione and
cyclohexanone) required 35 h when a 108 cm ~ 2.28 em?® column was used with the
same sequence of the eluents as in the former example. The separation of a seven-
component mixture of aldehydes and ketones on a column of dimensions 110 cnmy
2.28 cm? took about 65 h when the elution was carried out with 4.0. 2.0 and 1.0 Af
ammonium sulphate solution. This separation is shown in Fig. 2 (ref. 13).

2.3-Butylene glycol, acetoin and diacetyl were separated on a 3.5 = 34 cm
column of Dowex [-X8. 200-4C0 mesh, with 0.5 M sodium sulphate solution as the
xluent. The compounds emerged in order of decreasing polarity'>.
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TABLE 1

CAPACITY RATIOS OF CARBONYL COMPOUNDS IN SALTING-OUT CHROMATO-
GRAPHY

Resin Carbonyl compound Concentration of ammonium sulphate solution
(M)

000 050 10 15 20 30. 4.0

Curion-exchange resins

Dowex 50-X4 Acctone 1.53 — 2.89 3.84 517 100 —
Methy! ethyl ketone .89 — 443 650 971 228 —
Methyl propyl ketone 255 - 689 I1.1t1 189 - -
Dowex 50-X8 Acetone 101 — 2.15 3.16 447 8.60 —
Methyl ethyl ketone 1.41 — 3.60 564 873 — —
Methyl propyl! ketone 196 — 598 103 175 - -
Amberlite CG-120  Acetone ’ 1.05 147 214 280 391 8.28 -—
Methyl ethyl ketone 1427 218 328 474 721 194 -
Methyl propyl ketone 1.95 310 493 8.62 145 — —
Anior-exchange rexing -
Dowex 1-X1, Acetone 057 1.02 132 — 258 4.56 8.07
200-400 mesh Acetoin 055 1.06 139 — 2358 424 7.33
Diacetyl 085 146 189 — 345 3569 123
3 5-Hexanedione 073 141 217 — 5.15 133 - 30.8
Diacetone alcohol 0.61 130 204 — 585 127 —
Methyl ethyl ketone 083 1.60 241 — 5.10 123 240
Cvyclopentanone 1.09 196 295 — 624 139 308
2 3-Pentanedione 1.26- 249 3238 — 7.28 143 —
2 4-Pentanedione 124 220 330  — 7.18 148 —
Methyl isopropyl ketone 1.24 242 388 — 0.1 276 —
Methyl propyl ketone 1.39 277 432 — I1.s 332 —
Diethyl ketone 1.27 270 432 — 1.3 330 —
Cyclohexanone 1.67 309 489 — 12.7 — -
Dowex 1-X8, Formaldehyde 1.05 093 100 — 098 097 0.88
200100 mesh Acetaldehyvde 080 098 122 — 152 218 292
Acetone 0.70 093 153 — 300 6.12 109
Acetoin 0.76 096 138 — 291 6.13 108
Diacetyl 125 206 220 — 4.60 8.50 139
2.5-Hexanedione 1.06 147 256 - — 687 224 —
Diacetone alcohol 078 136 231 - 7.31 225 —
Propionaldehyde 137 1.8 250 — 458 770 —
Methyl ethy!] ketone 1.28 200 302 — §.21 211 —
Cyclopentanone 1.70 259 401 - 8.83 — —
2.3-Pentanedione 192 259 449 — 128 — —_
2.4-Pentanedione 190 273 434 — 129 218 —
Methyl isopropyl ketone 212 359 576 — 16.5 — —
Butyraldehyde 282 442 581 — — — —_
Methy! propyl ketone 251 456 17152 196 — —
Diethy! ketone 252 3142 716 — 19.6 — -
Cyclohexanone 309 517 861 - — — — —
Amberlite CG-400  Acetone 034 049 075 — 143 3.67 —
Methy! ethyl ketone 073 1.05 197 - 452 — —

Methy! propyl ketone 149 255 416 — — - -
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Fig. 2. Separation of a seven-component mixture of carbonyl compounds by salting-out chromato-
graphy. (1) Formaldehvde: (2) acetaldehyde: (3) acetone: (4) propionaldehyde: ¢5) methyl ethyl
ketone: (6) butvraidehvde; (7) methyl propyl ketone. lon exchanger: Dowex 1-X8 (SO:2~), 200400
mesh. Column dimenstons: 110 cm = 2.28 cm®. Mobile phase: ammonium sulphate solution: (1) 4.0
AL (11) 2.0 Af: (111) 1.0 AL Flow-rate: 0.35 cmiymin. Temperature: ambient. Detection: colorimetry
in fractions after reaction with bichromate. A4 = absorbance of Cr(I1l): V' = volume of cluate (ml).

The two stereoisomers of  2-acetyl-3-ethyl-3.3-dihvdroxy-4-propionylcyclo-
penta-2-en-l-one were separated on a 50 X 2cm column of Dowex AG 1-X2
(CH;C0OO0™), 200-400 mesh. using a gr ldxcm elution system with 0.1 and 003 M
agqueous sodium acetate solutions'®.

Specially prepared resins, analogous to Dowex 50-X8 and Dowex 1-X8 except
for a lower capacity, were tested'”. This decreased capacity-is supposed to diminish
the relative imporiance of the attraction of the functional groups in the resin for di-
poles and to increase the effect of dispersion forces. Consequently. the sorption of
organic non-electrolyvtes from aqueous solutions should increase. On the other hand,
if the capacity is 100 low, the swelling of the resin is restricted to such an extent that
diffusion in the resin is considerably limited. In agreement with these considerations,
the sorption rose io a maximum and then decreased with further decrease in the
capacity of the resins. Furthermore, the differences in the distribution rutios of any
two organic compounds were greater for cation exchangers of low capacities than for
the fully sulphonated resins. Capacities lower than 2 mequiv./g are to be avoided.
otherwise severe tailing can occur owing to the limited diffusion rate.

Higher carbony! compounds, such as hexanone-2, heptanone-2 and octanone-2,
have only limited solubility in water. An attempt was made 1o apply salting-out chro-
matography 1o the separation of these compounds™. Methanolic-aqueous solutions
of salts were tested as possible salting-out eluents. and the less soluble salts {(magne-
sium sulphate and sodium acetate) were found to be the most powerful salting-out
agents. The salting-out process in partially non-aqueous solvents is much more com-
plicated than the salting-out chromatography of water-soluble non-electrolytes in
water. There is a strong indication that the solubilizing effect of the organic constit-
uent of the eluent is more powerful than the salting-out effect of the salt. In some
instances, even salting-in was noted.

Chromatography with mixed organic-aqueous solvents as the mobile phaﬂe is
superior to salting-out chromatography tor the separation of water-insoluble carbonyl
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compounds on columns of ion-exchange resins. Methanol, ethanol, acetic acid and
propanol-2 of various concentrations were tested as the eluting agents for methyl
n-butyl, methyl 7-amyl and methyl n-hexyl ketones'®. As expected. the eluting strength
of the.organic solvents studied increased with increasing hydrocarbon chain-length,
i.e., from methanol to propanol-2. The differences in the elution volumes of the three
ketones were maximal in methanol and decreased through ethanol and acetic acid to
propanol-2. Thus, methanol proved to be the best differentiating elution agent. The
results of these experiments are summarized in Table 2, together with the data for
some other ketones in methanol'S.

Based on these data, conditions could be chosen which allowed the quantitative
separation of seven of the ketones studied. A 54.5 cm < 2.28 cm? column packed with
Dowex 50-X8 (H*). 260-4C0 mesh, was used for the separation and stepwise elution
was performed with . 5. 8§ and 16 A methanol (Fig. 3). Acetophenone, which was
not included in the mixture. would have been eluted between the peaks of methyvl n-
hexyl and methyl #-heptyl Ketones, partially ovcrlaptjmg the former®®.

Apk
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Fig. 3. Separation of a seven-component ketone mixture in mixed aqueous-organic medium. (1)
Methyl isobutyl ketone: (2) methyl n-butyl ketone: (3) methyl s-amyl ketone: (4) methyl n-hexyl
Ketone: (3) methyl n-heptyl ketone: (6) methyl n-octyl ketone: (7) methyl s-nonyl ketone (0.2 mmole
of each). lon exchanger: Dowex 50-X8 (H"‘). 200—400 mesh. Column dimensions: 545 cm = 2.28
cm®. Mobile phase: methanol:z I, | Af; 11, 5 A7 TH, 8 A 1V, 16 A7 eluent changed at 350, 670 and
8353 ml. Flow-rate: 0.28 cmy/min. Tcmpcmturc: ambn.m Dectection: concentration of compounds in
fractions was determined from _1pH. the difference between the pH of the fraction containing Ketones
atter the addition of hydroxylamine hydrochloride and the blank experiment. §” == volume of eluate
(ml).

Ethanolic solutions have also been used for séparations of some carbonyl
compounds. on both cation- and anion-exchange resins. Good results were achieved
with resins with very fine particle diameters. Table 3 lists the distribution coeflicients
of some uldehyvdes and ketones on the strongly acidic cation-exchange resin Dowex
50-X8 (Lif, Na* and K7¥), 14-17 gam. Distribution coeflicients on the anion-exchange
resin Technicon T5C (SO4*7). 8-14 um, are also given. An elevated temperature has

a keneficial effect on the sharpness of the elution curves. but the use of excessive tem-
poratures is to be avoided because of the poorer selectivity and possible thernml
decomposition of certain compounds?®.
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The potassium form of the resin gave a better separation of formaldehyde,
_glycolaldehyde and glyceraldehyde than the lithium form. The lithium form of the

resin. on the other hand. is preferable for the more complex separations of mixtures
containing polvols and sugars in addition to the lower carbonyl compounds.

When the sulphate form of the TsC resin was used, a complete separation of
formaldehyde. glycolaldehyde, glyceraldehyde, dihydroxyacetone and some other
polyols and sugars could be achieved on a 2 > 1130 mm column by elution with 92%
ethanol at 40°. This indicates the usefulness of chromatography on both cation- and
anion-exchange resins in aqueous-ethanolic media®.

A good separation of :1*-3-keto steroids was obtained on columns of partially
esterified Amberlite IRC-50 by using ethanol-methanol-water (15:5:1) as the mobile
phase. The componenis were eluted, as in the above experiment with ketones, in order
of decreasing polarity*'.

Thin layers. 200 rzm thick on 8 ¢ 8 in. glass plates, were prepared from the
strongly basic quaternary ammonium anion-exchange resin Amberlite CG-400 (Ci™).
200-4C0 mesh>*. Starch binder was used to prepare consistent layers. The utility of
these layers for the separation of various ketones was tested using aqueous-organic
developing solutions. Other ionic forms (bromide. iodide and sulphate) brought about
no improvement in the separation. as compared with the chloride form. Rp values
for eight ketones are compared in Table 4 for methanol and acetone solutions of
different concentration as the mobile phase. Based on the data in Table 4, separations
were possible of binary mixtures involving almost all combinations of these eight
ketones. Table 5 survevs the separations achieved together with the composition of
thke mobile phase which was used in each case to achieve these separations. The

TABLE 4 .
R, VALUES OF VARIOUS KETONES ON AMBERLITE CG-400 ANION-EXCHANGE
THIN LAYERS

(2) Ry of front: {(b) R, of rear.

Merthanol concearration ( Al) . Acetone concenrrarion

Nu. Keroue
(A
120 4.0 7.0 190 220 6.0 S0

1 Phenyl-2-propanone (a) 042 053 068 072 076 0.66 0.75
: (b) 032 045 059 0.62 0.65 0.48 0.61
2  4’-Methylacetophenone (a) 037 048 070 074 081 0.38 0.73
(by 027 040 060 064 075 042 0.63
3 . trans-4-Phenyl-3-buten-2-one (a) 0.25 035 059 063 0.69 0.57 0.57
tb)y 0.15 026 047 052 0.6l 0.37 0.04
4 1-Phenyl-1,3-butanedione () 0.13 021 038 042 0.60 0.37 0.55
(b) 006 016 031 033 052 0.33 0.39
5 Hexanophenone (a) O.15 027 0358 064 083 0.18 0.57
(b) 0.09 0.20 050 054 0.76 0.00 0.30
6 Phenyl 2-thieny! ketone (a) O.I1 0.17 0.35 038 038 .26 0.56
. (b) 004 011 030 031 050 014 0.36
7  4-Phenvlacéetophenone (a) 005 0.15 034 038 059 0.21 0.46
(b) 0.00 006 025 029 051 0.13 0.33
$  2-Tridecanone (a) 007 020 070 085 1.0 0.16 0.77

tb) 001 012 057 073 090 0.00 0.08
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TABLE S

MOBILE PHASES GIVING RELIABLE SEPARATIONS OF PAIRS OF KETONES IN CHRO-
MATOGRAPHY ON AMBERLITE CG-400 ANION-EXCHANGE THIN LAYERS

Ketone = Methanol ~ Acetone
mixture” concentration ( M) - concentration { M)

1-2 — —
1-3 14

1-4 14 or 19

1-5 14 *
-6 14 or 19

1-7 14 or 19

1-8 14

2-3 22

2-4 14 or 19

2-5 14

2-6 14 or 19

2-7 i4 or 19

2-8 14

34 14 or 19

3-5 22

3-6 idor 19

3-7 14 or 19

3-8 i9 or 22

4-5 19

1-6 — 6
-7 — 6
4-8 19

5-6 idori9

5-7 idoriy

5-8 22

6-7 — —
6-8 19

7-8 19

® See Table 4 for identification of ketones.

numbers of the ketones in Table 5 are as in Table 4. Some ternary mixtures were also
resolved, e.g.. that of 4’-methylacetophenone, rrans-4-phenyl-3-buten-2-one and 4’-
phenylacetophenone by development with 14 M methanol. Similarly, 19 M methanol
could be used for the separation of hexanophenone, phenyl 2-thienyl ketone and 2-.
tridecanone?,

lon-exchange papers containing the same anion-exchange resin have also been
used successfully for separations of ketones involved in experiments with anion-
exchange thin layers®. The major difference is the presence of the cellulose matrix in
the paper instead of a relatively small percentage of starch binder in {ayers. In both
instances, the separation is based on a partition process. The occurrence of inter-
actions between cellulose and the solutes results in R, values on paper that differ from
those on thin layers when developing agents of the same composition are used in both
techniques.

Table 6 lists Ry values for eight ketones when developed with methanol of
different molarity on Amberlite SB-2 (Ci~) paper. Ketones with molecular weights
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TABLEG6

Ry VALUES OF KETONES ON AMBERLITE SB-2 ANION-EXCHANGE PAPER (CONTAIN-
- ING AMBERLITE JRA-400) IN METHANOL SOLUTIONS OF VARIOUS CONCEN-

TRATIONS

(a) Re of front: {b) R; of rear.
Ketone ' Methanol concentration (A} e B
0.0 60 80 100 120 140 160 I8. () ’().l)
Phenyl-2-propanone (a) 033 045 052 061 064 080 086 0.88 0 97
. (b) 0.24 032 041 048 054 0.6Y 073 080 083
" 4’-Methvlacetophenone (&) 0.17 03t 039 040 060 069 074 083 093

(b) 0.10 O0.IS 030 033 048 0.62 067 076 0.3

trans-1-Phenyl-3-buten-2-one (a) 012 021 028 036 049 063 076 08I 089
(b) 0.04 009 0.17 021 034 051 064 069 078

1-Phenyl-1,3-butanedione (@ 007 009 0.10 0.19 028 0533 0538 067 077
(b) 000 000 004 008 0.16 035 046 054 065

Hexanophenone (a) 000 004 - 005 009 040 050 061 074 092
- (b) 0.00 0.00 000 000 008 037 044 064 080

Phenyi 2-thienyl ketone ta) 003 004 006 O.11 .25 038 046 055 065
(b) 0.00 000 000 000 o0.14 028 038 047 0.8

4°-Phenyfacetophenone (a) 0.00 004 005 0.06 0.12 .26 038 0.52. 0.68

) (b) 0.00 0.00 000 000 000 000 028 040 0.60
2-Tridecanone (a) 000 001 001 001 005 019 036 061 0386
: thy 0.00 O. ()() 0.()0 000 000 000 000 023 0539

TABLE 7
Re VALUES OF AROMATIC ALDEHYDES AND KETONES ON AMBERLITE SB-2 ANION-
EXCHANGE PAPER

Solvent A- c_\'clohcxanc—clh_\'l acetate-acetic acid (5:1:1). Solunl B: u-butanol-water-acetic acid

(6:2:1,.
Comypernd » R, value
’ Solvenr A Soivent B
p-Hydroxybenzaldehvde 0.07 0.71
2 4-Dihydroxybenzaldehyde 0.08 0.61
2,5-Dihydroxybenzaldehyde 0.07 0.57
3.4-Dihydroxvbenzaldehvde 0.02 042
2-Hydroxy-3-methoxybenzaldehyde
{o-vanillin) } 0.61 0.84
Vanillin 0.20 0.75
Veratraldehyde 0.45 0.87
Syringaldehyde 0.10 074
Conifery] aldehvde 0.08 0.7t
Cinnamaldehyde - 092
Hvdroxvmethvlfurfuml 0.08 -~ 0.68
. 5-Formylvanillin 0.16 0.40
S5-Carboxylvanillin 0.03 0.26
2.4-Dihydroxyacetophenone. 0.18 0.68
Acetovanillone 0.20 078
Acetosyringone 0.34 0.78
2,4-Dihydroxypropiophenone 0.30 0.73
3,4-Dihydroxypropiophenone 0.06 0.55

Maltol 042 0.81
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less than 120 were too volatile to be suitable for paper chromatography. Table 6 indi-
cates that each ketone can be separated from all others, except for 4’-phenylaceto-
phenone and tridecanone, which cannot be separated from one another at any metha-
nol concentration?3.

Table 7 lists the R, values of various aromatic aldehvdes and ketones on Am-
berlite SB-2 paper containing Amberlite IRA-4C0 (Cl7) anion-exchange resin in the
chloride form?*. Two solvents were tested as the mobile phase: (A) cyclohexane-ethyl
acetate—acetic acid (5:1:1) and (B) n-butanol-water-acetic acid (6:2:1). An Ry dif-
ference of about 0.05 was required for both solvernts in order to permit the separation
of individual compounds. With this criterion. separations can ke found from Table 7
which can be achieved by means of this technique.

3. ETHERS

Ethers. like esters, hydrocarbons. alcohols and carbonyl compounds. are not
ionized in aqueous solutions. As no useful complex tormation is known with this class
of compounds, two separation mechanisms can be used for their chromatography on
ion exchangers: salting-out effects or differences in solubilities in aqueous-organic
solutions.

Sargent and Rieman®® applied salting-out chromatography to the separation of
aliphatic and polvelycol ethers. The cation-exchange resin Dowex 5C-X4. 20C-4C0
mesh. gave more efficient separations than anion exchangers or cation-exchange
resins with a higher degree of cross-linking. Ammonium sulphate solution was found
to be a suitable eluent for ethers. as for carbonyl contpounds. The capacity ratios of
15 ethers and ethylene glycol on this resin are shown in Table 8 for various ammonium
sulphate concentrations. Based on the data in Table 8. conditions could be chosen for
the separation of several mixtures containing 0.05 mmole or less of each ether dissolved
in 1 ml of water. For example. the separation of ethylene glyeol and four ethers (Nos.
2.5.9and 12 in Table 8) was carricd out on a 12.0cm ~ 3.9 ecm® column by stepwise
elution with 3.0: 2.0 and 0.5 A/ ammenium sulphate solution. Fig. 4 shows as an ex-
ample the separation of a seven-component mixiure of ethers on a 140 cm - 3.9 cm?
column of this resin with 3.0, 2.0, 1.0 and 0.01 3 ammonium sulphate solutions used
eradually as the eluents™. The low solubility of the aliphatic ethers in aqueous solu-
tions causes difficulties in the chromatographic procedure. This technique. however.
would be useful for separations of high-boiling hvdroxy ethers. for which gas-liquid
partition chromatography is not as effective as with volatile ethers.

In experiments on the chromatography of ethers in agueous—organic solutions.
acetic acid was chosen as the organic solvent because it does not interfere in the oxida-
tion with bichromate used for the convenient determination of small amounts of
ethers in effluent fractions. Dowex 50-X4 cation exchanger. 200-400 mesh. with a low
degree of cross-linking. has proved to be a convenient resin for these separations. as
in the salting-out chromatography of ethers. The capacity ratios of eight ethers in
solutions containing various amounts of acetic acid are presented in Table 9 (ref. 26).
The results indicate that the branched-chain ethers are eluted before the corresponding
straight-chain isomers, owing to their greater solubility in aqueous solvents. Ethers
with longer chains, such as diisoamyl, di-z-amyl and di-#-hexyl ethers. gave elution
curves of a form which indicated that most of these large molecules were excluded
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TABLE 8

CAPACITY RATIOS OF ETHERS IN SALTING-OUT CHROMATOGRAPHY ON THE
CATION-EXCHANGE RESIN DOWEX 50-X4 (NH.*), 200-400 MESH

No. Structural formula of ether Capacity ratios for anunonium sulphate eluents

0O0IM 10M 20M 30M 40M 00M

160 196 237 298 132

i HO-C-C-OH 1.32
2 HO-C-C-O-C-C-OH - 137 211 340 . 530 884 1.33.
3 C-0-C-C-OH 134 241 380 625 100 1.46
o . : .
VRN :
4 o o 1.69 352 663 124 247 1.90
N s
- Cc-C
'3 C-C-O-C-C-OH 1.41 28 583 115 237 1.44
OH
6 C-O-C-C-C- 1.37 2.81 572 113 245 1.38
OH OH
7 C-C-C-0-C-C-C 1.32 310 681 158 377 1.33
s C-0-C-C-0-C : 1.36 336 7.0 16.1 389 141
9 C-C-0-C-C-0O-C-C-OH 1.3 388 920 239 617 1.41
10 C-C-0-C-C 1.68 452 114 - - 1.70
I C-C-C-C-O-C-C-OH 2.50 728 209 - - 2.50
12 C-C-0-C-C-0-C-C-0-C-C 1.54 6.24 230 — — 1.70
C C
~ e : .
13 C-0-C 204 696  — - - 2.04
s N
Cc c :
14 C-C-C-0-C-C-C 314 12.1 - - 314
15 C-C-C-C-0-C-C-0-C-C-C-C  5.33 — - - - 5.33
16 C-C-C-C-0-C-C-C-C 6.90 - - - - .6.90
- C-C-OH 1.36 225 340 508 775 148
A
a5

0.4
0.2

0.6

0.0 a.2 0.4 Q.6 v

Fig. 4. Separation of a seven-component mixture of ethers by salting-out chromatography. The
numbers of the compounds are as in Table 8. Ion exchanger: Dowex 50-X4 (NH;¥), 200400 mesh.
Column dimensions: 14.0 cm ~ 3.90 cny®. Mobile phase: ammonium sulphate: I, 3.0 Af; 11, 2.0 Af;
itl, 1.0 Af; IV, 0.01 Af. Flow-rate: 0.7 crn/min. Temperature: ambient. Detection: colorimetry in
~ fractions after oxidation with bichromate. A4 = absorbance; ¥ = volume of eluate ().
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TABLE 9 ‘
CAPACITY RATIOS OF ETHERS ON DOWEX 50-X4 (H*), 200-400 MESH

Ether Concentration af acetic acid { AMf)
0.0 1.0 20 4.0 6.0

Diisopropyl ether 3.51 311 2.88 213 1.30
Di-n-propyl ether 494 4.16 3.37 2.08 65
Ethyl n-butyl ether 5.25 419 3.60 248 1.69
Di-n-butyl ether 125 9.36 6.81 3.90 1.83
Anisole 15.2 11.6 9.09 3.36 3.08
Diphenyl ether - — 54.6 19.2 6.65
Diisoamyl ether - — - — 228
Di-n-amyl ether — — - — 3.03

from the resin and appeared almost immediately after the etfluent volume. equalled
the interstitial volume. Tailing for a large volume of etffluent then occurred. probably
owing to the slow diffusion of the molecules which diffused inside the resin and were
trapped there. This behaviour was observed for concentrations of acetic acid less than
6 M with the amyl ethers. while di-n-hexyl ether behaved in this manner even in 6 M
acetic acid. Attempts to separate these three ethers also failed when cation exchangers
were used with a smaller degree of cross-linking. such as Dowex 50-X2, as well as
with a phenolic matrix-type resin (Duolite S-30) and a ~“snake cage™ resin (Retardion
11-A8). However, the separation of the six remaining lower ethers was possible. with
the exception of di-n-propyl ether and ethyl #-butyl ether. which showed very sinilar
solubility characteristics. A clear-cut separation of a five-component mixture of ethers
achieved on a 102 cm = 2.28 em? column of Dowex 50-X4, 200-400 mesh, is shown
in Fig. 5. The concentration of acetic acid was gradually increased from 2.0 M
-

A

0.700}» |

!

4
q-b A 5
0,600}

0.500}

rr e

0.400 -

2

0.300

0.200}

0.100

Vi /.

0.000 !
400 Soo Goo 700 v

300
Fig. 5. Separation of a five-component mixture of ethers in acetic acid medium. (1) Diisopropyi
ether: (2) ethyl n-butyl ether; (3) di-n-butyl ether; (4) anisole: (5) diphenyl ether. lon exchanger:
Dowex 50-X4 (H*), 200400 mesh. Column dimensions: 102 cm = 2.28 cm?®. Mobile phase: acetic
acid: I, 2.0 Af; 11, 6.0 Af; 111, 8.0 Af. Flow-rate: 0.28 cm/min. Detection: colorimetry in fractions
after oxidation with bichromate. A = absorbance; ¥V = volume of eluate (ml).
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through 6.0 Af to 8.0 M during the elution. Di-u-propyl ether could have been included
in the separation experiment instead of ethyl n-butyl ether but it would have overlap-

ped the peak of diisopropyl ether®.

4. ALCOHOLS AND POLYOLS

Gas chromatography (GC) is the method of choice for the separation of volatile
lower alcohols. GC of the trimethylsilyl ethers or acetates of polyols offers distinct
advantages in terms of speed and sensitivity over chromatography on ion-exchange
resins. However, ion-exchange methods are useful for the analysis of unknown mix-
tures as solute peaks can be collected for identification by other methods. The other
advantages over GC methods are that many other substiances which are present in
hydrolyzates from material of biological origin and in various techrical liquors do not
interfere. and that direct separations can be performed without the need to prep'n'c
any derivatives.

The sorption of aliphatic alcohols on ion-exchange resins increases with in-
creasing molecular weight, as the matrix attraction forces become more important
than the salting-out of the organic molecules from the inner solution in the resin par-
ticles. This sorption increase stops and a decrease is observed when the molecular size
exceeds a certain limit, where ditfusion in the interior of the particles becomes steri-
cally hindered by the cross-linkage. A decrease in the degree of cross-linking of a resin
results in an increase in the sorption®=3%.

It has been found, on the other hand, that the sorption of polyols from aqueous
solutions decreases with increasing numkber of hydroxyl groups (with increasing
polarity), e.g. in the order glycol > glvcerol > sorbitol*:.

The uptake of an alcohol depends on the ionic form of the ion-exchange resin,
as can be seen in Figs. 6 and 7 (ref. 28). This sorption behaviour is essentially the same
as that of other classes of non-polar compounds.

The differences in sorption behaviour in aqueous solutions have been utilized

Ir
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o 1 i ] J ¥ ' 1 1 ]
[¢] 02 04 T 06 08 x
Fig. 6. Distribution curves of ethanol for Dowex 50 cation-exchange resin in various fonic forms.
The molar rutio of ethanol in the ~inner™” solution, x,. is plotted as a function of the molar ratio of
ethanol in the “outer™ solution, x_ Ionic form of resin: ¢, Li*; ., Na*; @, K*.
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xr

Fig. 7. Distribution curves of ethanol for Dowex 2 (solid lines) and Dowex 2-X1 (broken {ine) anion-
exchange resins in various ionic forms. The molar ratio of cthanol in the “inner™ solution, &y, is
plotted as a function of the molar ratio of cthanol in the “outer™ solution. x. lonic form of resin:

o, ClOs7 0 AL C @, SO

by several workers to eftect separations of alcohols on ion-exchange resins with water
as the eluent. This approach was introduced by Wheaton and Bauman?®2. who sepa-
rated sucrose. glycerol. triethylenc glycol and phenol reasonably well, in addition to
a number of two-component mixtures.

Glycerol was separated from sugar alcohols on 1 240 < 2.5 ¢m column packed
with Dowex 30-X12 (H*), 100-200 mesh. by elution with water at 60° (ref. 33). A
pure glycerol traction was obtained, while ervthritol and sorbitol were only incom-
pletelv resolved from euach other and their fractions also contained trice amounts of
xylitol. Another fraction containing ethylene glyeol and propylene glycol was also
obtiined. A resin with a lower degree of cross-linking, Dowex 50-X8, gave a resolution
similar to that with Dowex 50-X12.

Columns of Dowex 50-X12 and KU-2 (a Russian sulphonated polystyrene
cation exchinger) with 129, cross-linking were used for the separation of sorbitol.
xvlitol, ervthritol. glycerol. ethylene glycol and 1,2-propanediol in mixtures in about
34-36 h using the same elution technique (water at 60°)*. The hydrogen form of the
resins gave the best resolution. Using the calcium form of the resin, the order of elution
was changed; xylitol is sorbed selectively on the calcium form and is eluted as the last
compound. The desorption of polyols trom the calcium form with water as the eluent
is slow and the efficiency of separation is low. However. two analytical methods have
been developed that are usetul for the control of industrial hydrolytic processes with
sugars and polyols. First. small admixiures of xylitol can be separated trom glycol on
the hydrogen form of a cation exchanger, while on the other hand small amouats of
glycol in xylitol can be resolved on the calcium form of a cation-exchange resin®.

Anion-exchange resins have also been used for separations of alcohols and
polyols with water as the eluent. Good separations of a mixture containing glycol.
glycerol and sorbitol were obtained on a column of Dowex 2 (ClO, ™) anion-exchange

resin3!.
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The use of a column of the strongly basic anion-exchange resin Dowex 1-X4
(OH™) with water as the eluent effected the separation of xylitol, arabinitol, galactitol,
ribitol, glucitol, mannitol and maltitol. The elution of the maltitol could be accelerated
by using 0.25 M ammonium carbonate solution for elution instead of water’®.

Small and Bremer®” studied the use of anion-exchange resins in the form of
amphophilic anions of higher saturated carboxylic acids as a means of increasing the
sorption affinity of less polar organic compounds for the resin. On this ionic form of
the resin, additional interaction forces occur between the organic compounds and the
hydrocarbon chains of the counter ions, in addition to the interactions of compounds
with the resin matrix and the water-structure promoting effects. The increased sorption
afhinity of the less polar compounds can bring about an improvement in the separation
of these compounds. ‘As with the 1on-exchange resins in the conventional ionic forms.
the separation efficiency can be significantly influenced by an appropriate choice of
temperature. _

It was possible to effect an almost complete separation of a mixture of propylene
glycol and rerr-butanol and satisfactory separations of ethanol from n#-propanol and
ethylene glycol from n-propanol by elution with water at 70 on Dowex 1-X1 columns

- in the amphophilic anionic form. These compounds showed no resolution when the

“ chloride form of the resin was used under these conditions3™.

Salting-out chromatography gives a significant improvement in the efficiency
of many separations of alcohols and glycols in mixtures compared with elution with

© water. For example. elution with water resulted in no separation of a mixture of di-

cthylene glvcol and dipropylene glycol on a 70-cm column of Dowex 1-X8 (SO;*7).
200-300 mesh, whereas elution with 3.0 A7 ammonium sulphate resulted in a quantita-
tive separation using a column only 10 cm long: diethylene glycol emerged from the
column before dipropylene glycol®®. Similarly. complete separation of methanol.
ethanol and propanol-1 was possible by elution with 3.0 A/ ammonium sulphate solu-
tion using a 25.7 cm < 2.28 cm® column packed with Dowex 1-X4 (SO,*~) anion-
exchange resin. 200-300 mesh. while this separation failed when water was used as the
mobile phase. In order to accelerate the elution of propanol-1. this alcohol was eluted
with water instead of the salt solution, afier ethanol had been eluted3S.

The capacity ratios for various alcohols on the anion-exchange (Dowex 1-X8)
and cation-exchange (Dowex 50-X8) resins in solutions containing viarious amounts
of ammonium sulphate are given in Table 10.

A 32 cm 2 2.28 cm® column packed with Dowex 1-X8 (SO,;>7). 200-400 mesh.
allowed the complete separation of nine alcohols: glycerol. methanol. propylene

glycol. ethanol, isopropanol, rerr.-butanol; sec.-butanol, 7-butanol and n-amyl alcohol.

The separation was carried out in 12 h by stepwise elution with ammonium sulphate
solutions of sequentially decreasing concentration (4.0. 2.5, 2.0 and 0.1 M). Water
could be used for the elution of the most strongly retained compound. #-amyl alcohol.
but the elution is accelerated considerably by using 1.0 M acetic acid as the eluent.
This separation is shown in Fig. 8. Straight-chain primary alcohols higher than n-
amyl alcohol are sorbed strongly on the resin and would require excessively long
elution times. #-Propanol and isobutanol. which were not included in the separation
experiment, would be eluted with their elution maxima very close to those of rerr.-
butanol and n-butanol, respectively, under these experimental conditions®.

The use of.mixed aqueous-organic solutions instead of water as the mobile
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TABLE 10

CAPACITY RATIOS FOR VARIOUS ALCOHOLS AND RESINS IN SOLUTIONS OF
AMMONIUM SULPHATE

Alcoho! Dowex I-X8 Dowex 30-X8
Ammonium sulphate concentration { M) Ammonium sulphate concentration
(A)

0.0 0.5 1.0 2.0 30 4.0 0.0 05 10 2.0 3.0

0.586 0.635 0.688 0901 1.20

Glycerol 0427 0453 0473 0.622 0.843 1.16
Propylenc glvcol 0477 0.647 0740 1.29 221 3.83 0641 0856 1.08 1.77 3.07
Methanol 0507 0670 0.304 1.15 1.68 2.33 0.839 0950 1.13 1.59 ‘2.29
Ethanol 0.673 0.843 .12 2.00 372 - 0839 108 146 246 457
[sopropanol 0.753 102 1.53 348 776 — 0744 121 1.61 - 3.38 8.34
rert-Butanol 0.883 1.19 196 5.12 134 — 0.662 1.20 190 478 129
n-Propanol 1.28 1.71 257 545 123 — 1.03 1.62 235 35.01 —
sec.~-Butanol 1.56 226 3.79 9.30 265 - 107 173 288 748 —
Isobutanol 247 334 517 123 — ~ 1.33 220 338 874 —
n-Butanol 237 352 3567 138 — - 128 217 353 844 —
m-Amyl alcohol 663 110 — - — - 269 503 833 — —
A
m I\ v
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Fig. 8. Separation of a nine-component alcohol mixture by salting-out chromatography. (1) Glyeerol;
(2) methanol: (3) propylene glycol: (4) ethanol: (3) isopropanol: (6) rerr.-butanol: (7) sec.-butanol:
(8) a#-butanol; (9) s-amyl alcohol. lon exchanger: Dowex 1-X8 (SO;*7), 200100 mesh. Column
dimensions: 320 cm = 2.28 cm®. Mobile phase: 1, 4.0 Af; 11, 2.5 Af; [ 2.0 Af; IV, 0.1 M ammo-
mium sulphate; V. 1.0 Af acetic acid. Flow-rate: 0.6 cmimin. Detection: colorimetry in fractions
after oxidation with bichromate. 4 == absorbance: ¥ = volume of eluate (ml).

phase is another means of improving separations. This method gives better results
than salting-out chromatography. especially it the less polar higher aliphatic alcohols
are to be separated. The separation is based essentially on the ditferences in solubilities
in the outer solution and the solution in the resin phase, which has a different composi-
tion. Mattisson and Samuelson*® studied the sorption of glycol, glycerol, sorbitol and
mannitol between cation-exchange resins (Dowex 50-X8 and Dowex 50-X2) and aque-
ous ethanolic solutions. It was found that the ethanol concentration has a
predominating influence upon the rate of uptake. The equilibrium uptake increases
considerably with increase in the ethanol concentration, but also the nature of the
‘counter ion and the degree of cross-linking have an effect which is explained by the
differences in swelling. At higher water concentrations. the lithium form of the resin
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is a more cilective sorbent than the potassium form. but the opposite holds true at low
water concentrations (to 0.6%.). '

The order of sorption aflinities of the polyols studied (sorbitol > mannitol >
alveerol > glycol) is the reverse of that with water. Miorecover, the separation factors
differ much more in aqueous-ethanolic solutions than in pure water and an increase
in the ethanol concentration causes an increase in the separation factor so that it is
advantageous to use high ethanol concentrations. The rate of diffusion (and the attain-
ment of equilibrium) is very slow in an almost water-free medium, which is a consid-
crable disadvantage and for practical chromatographic work the ethanol concentra-
tion must not be too high. _

Glyceol, glycerol and sorbitol could be separated easily on a column con-
taining Dowex 50 (Na7} by elution with 957 ethanol. Glycol and glycerol appear as
sharp peaks and sorbitol, which is bound much more strongly. appears as a broad
band of low concentration. After the elution of ulvcol and glycerol. sorbitol can bL
displaced quickly using water®.

Elution with aqueous ethanol has been used for the chromatographie separa-
tion of complex mixtures of polyols on ion-exchange resins. A number of polyols
were separated on the fine-mesh cation-exchange resin Dowex 30W-X8 {Li™), 14-17
nm. Some mixtures containing polvols together with other compound.s (sugars) were
better resolved on an anion-exchange resin in-the sulphate form?!

The distribution coefficients on the sulphate form of anion-exchange resins
increase with increase in the number of hydroxyl groups in the solutes, as with the
potassium form of sulphonated cation-exchange resins. The clution kehaviour of
individual isomeric sugar alcohols, however. may differ to a considerable extent on
both ion-exchange resins. For example. the order of elution of mannitol and glucitol -
is reversed on the sulphate form of an anion exchanger compared with the potassium
form of a cation exchanger. No simple rule seems to apply to the order of elution of
different isomers. Most of the alditols have lower distribution coetlicients than the
corresponding aldoses.

For illustration. the valuesiof the volume distribution coeflicients of alditols on
Dowex 50W-XS8 (Li*. Na* and K*). 14-17 gum. and on a strongly basic anion-
exchange resin Technicon T;B (SO;* ‘)- 13-17 gm. are listed in Table 1 for various
cthanol concentrations at 757 (ref. 31).

A number of valuable separations were achieved on Technicon T;B (SO,>7)
resin. Thus, a good separation of glycerol. erythritol. xylitol. arabinitol, glucitol.
ealaciitol and mannitol from each olher and from arabinose, xylose, mannose. galac-
tose and slucose wis achieved on a 6 . 852 mm column of this resin by elution with
867, ethanol at 75.5°. Most of the squtes were separated quantitatively from each
other under the conditions used, and only the elution curve of galactitol overlapped
with those of mannose and mannitol. The analysis required about 11 h. The separation
of the thrée overlapping compounds could be improved by using a longer column and
a more concentrated ethanol solution, on account of the separation time®.

More rapid separations of some sugar alcohols were possible by means of this
technique, and Fig. 9 shows an example of such a separation of five alditols. The total
time of elution was less than 2 h, using 86, ethanol for elution at 90° and a column
of dimensions 650 :» 2 mm. The flow-rate used was about seven times higher than
that in the former experiment with a more complex mixture. It can be seen that the
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TABLE 11

VOLUME DISTRIBUTION COEFFICIENTS ON DOWEX 50W-X8 (Li*. Na®™ AND K*) AND
ON TECHNICON T;B (SO:*") IN ETHANOL OF VARIOUS CONCENTRATIONS AT 75°

Resin Alditol Ethanol concentration (°,,)

30 2

Form of resin
Li* Nua¥ K+ Li*  Na® K+ Li* Na* K+

0.68 095 0.72 0.66

Dowex 50-X8  Ethylene glveol 081 071 061 084 0.68

Dowex 50-X8  Glyeerol 1.2 1.0 1.0 14 1.2 1.1 1.7 14 1.5
Dowex 30-X8  Ervthritol 1.6 14 1.6 2.1 1.8 1.8 29 2.7 27
Dowex 30-X8  Ribitol 21 - - 30 2.6 — 1.4 4.1 1.4
Dowex 50-X8  Arabinitol 25 25 - 3.7 3.4 3.1 3.7 5.7 5.4
Dowex 50-X8  Xylitol 28 32 - 4.1 1.5 4.1 6.4 79 7.6
Dowex 50-X8 Mannitol 35 35 - 535 5.1 4.7 9.5 9.6 9.1
Dowex 30-X8 Galactitol 4.1 - — 6.7 6.7 -- 1.8 131 1.6

ER\ 4.5 - 6.1 6.9 6.0 10.4 1314 12.2

Dowex 30-X8  Glucnol

Resin Alditol -

Ethanol concentration ()

SF &6 S o0
Technicon T5B (SO:*7) Glyceerol 1.72 207 2314 268
Technicon TsB (SO ™) Ervthritol 339 1.15 519 6.16
Technicon TsB (SO:°7) Xylitol 549 709 917 1214
Technicon TsB (SO:°™) Ribitol 6.12 791 1038 1400
Technicon TsB (SO ™) Arabinitol] 6.31 8.25 1090 1470
Technicon TsB (SO;™™) Glucitol 10.6%8 1128 2015 2860
Technicon TsB (SO ™) Galactitol 13,18 1720 — —
Technicon TsB (SO;™™) Mannitol 13.83 1900  27.50 4020

P
{
3

curves corresponding to xylitol and arabinitol showed some overlapping. which had
no serious influence on the evaluation of the chromatogram for quantitative purposes.

The distribution coeflicients of polvols decrease with increase in temperature,
and the elution curves are sharper and the column pressure drop decreases. The sepa-
ration factors however are less favourable at high temperatures and this disadvaniage
may have great practical importance in planmng the separations. For example. the
clution bands of ribitol and arabinitol overlapped seriously at 937, whereas an excel-
lent separation wias achieved at 40 (ref. 42). '

The method described has proved to be useful for the determination of glucitol.
mannitol and other alditols in the presence of saccharides in various commercial food
products®. Alditols and sugars are extracted with water. the extract is dissolved in
ethanol and a chromatographic run is carried out on a strongly basic anion-exchange
resin (Technicon TsB or T5C) in the sulphate form. Alditols and monosaccharides in
the eluate are determined automatically in a Technicon AutoAnalyzer using the perio-
date and orcinol method.

Sherma and Rieman® separated higher aliphatic alcohols by stepwise elution
with acetic acid solutions. The elution data of the higher alcohols in acetic acid solu-
tions of different concentrations are listed in Table 12 for two cation- and two anlon-
exchange resins. Dowex 50 was chosen for the separation because it takes up the higher
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Fig: 9. Separation of a mixture of five alditols on an anion-exchange resin inaqueous—ethanolic me-
dium. (1) Erythritol: (2) xylitol: (3) arabinitol: (1) glucitol: (3) mannitol (0.05 mg of each). lon
exchanger: strongly basic anion-exchange resin Technicon TsB (SO;°7). [3-17 am. Column dimen-
sions: 630 -, 2 mm. Mobile phase: 8697 cthanol. Flow-rate: 16.2 ml:cm®-min. Temperature: 907,
Detection: Technicon AutoAnalyzer. periodate oxidation. € == chart reading (cn): V7 = volume of
eluate (mi).

aleohols less strongly than does Dowex 1. The X8 degree of cross-linking was chosen
because of its greater dimensional stability. as there is little ditference between Dowex
50-X4 and 30-X8 in terms of selectivity and shape of the elution peaks.

A muxture of six higher aliphatic alcohols (serr.-amyl alcohol, n-amvl alcohol.
n-hexanol. n-heptanol. n-octanol and n-nonanol) was completely separated on a
column packed with Dowex 50-X8 (H 7). 200-400 mesh. The elution was started with
1.0 Af acetic acid. then the acid concentration was increased to 2.0 Af and the separa-
tion was completed with 3.0 M acetic acid in order to obtain both separation and rapid
elution of the remaining components (Fig. 10). The separation of the alcohols higher
than nonanol failed on Dowex 50-X8. 5C-X4 and 50-X2 because of the severe spread-
ing of the longer-chain alcohols*:.

The separation of homologous aliphatic alcohols by partition chromatography
on the macroporous cation-exchange resin Amberlyst 15 has not been as successful
as on conventional gel-type resins.

Polvhydroxy compounds containing vicinal hvdroxy groups are known to
form negatively charged borate complexes. This led Zill ¢r a/7* to extend the anion-
exchange chromatography of the borate complexes of sugars to the analvsis of sugar
alcohols. They separated a mixture of mannitol. dulcitol and sorbitol on an 11 cm <
0.85 cm? column of the strongly basic Dowex 1, ca. 300 mesh. by elution of the first
two components with 0.015 M potassium tetraborate solution. followed by the elution
of mannito! with 0.030 M potassium tetraborate solution.
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Fig10. Separation of a six-component mixture of higher aliphatic alcohols on a cation-exchange
resin in acetic acid medium. (1) rerr.-Amyl alcohol: (2) n-amyl alcohol: (3) u-hexanol; (4) n-heptanol:
(3) n-actanol: (6) #z-nonanol. lon exchanger: Dowex 50-X8 (H*), 200100 mesh. Column dimensions:
.39.0cm - 228 ecm®. Mobile phase: I, 1 Af: 11, 2 AL 1, 3 M acetic acid. Flow-rate: 0.45 cm/min.
Detection: colorimetry in fractions (bichromate method). A4 = absorbance: F = volume of cluate
(mli).

The borate method has been applied successfully to the analyses of glycols.
For example, a mixture containing diethylene glycol. ethylene glycol. I,2-propylene
glvcol, the meso- and the d.[-isomers of 2.3-butylene glycol, and glycerol was separated
on a 20cm = 2.28 cm® column packed with Dowex 1-X8 (BO;™). 2C0-3CO mesh.
using 0.02 M borax solution as the mobile phase. Under these conditions, 2 sutis-
factory separation of the glycols was achieved, except for propylene glycol and meso--
2 3-butvlene glveol. which could be resolved. however. in another run on 2°76.5 cm -
2.28 em? column of the same resin with 0.925 Af sodium borate solution as the eluent.
In this run. a clear-cut separation into four peaks was obtained. Diethylene glycol was
eluted first followed by ethylene glycol. then a mixture of propylene glycol and glycerol
was eluted as one common band and, finally. meso-2.3-butylene glycol and d./-2.3-
butylene glycol were eluted. It can be seen that both runs are complementary. The
time required for the analysis, when run simultaneously, was 10 h3*-35,

The separation of a nine-component mixture of polyvols has béen reported by
Spencer®™ using a 60 < 0.8 cm column of De Acidite FF anion-exchange resin (3-3%,,
cross-linked: size <200 mesh) by elution with two borate buflers (0.18 and 0.36 A/
boric acid adjusted to pH 9 with triethylamine) at 35°. This separation is shown in
Fig. 1 I. The effect of temperature on the separation was particularly marked: at 257,
the aflfinity of the polyol-borate complexes for the resin is decreased so that many of
the polyol peaks overlap. while at 45° the polyols are so strongly bound to the resin
that the time required for elution is impractical. At 357, only mannito! and galactitol
overlap. When the less commonly occurring polyols rhamunitol and fucitol are included
in the mixture, they overlap with arabinitol and glucitol. respectively. The method has
been applied to the analysis of human urine™.

The cation-exchange paper Amberlite SA-2 (Na*) has been used for the sep-
aration of higher normal aliphatic alcohols from #n-heptanol to n-dodecanol by de-
velopment with aqueous organic solvents. Acetic acid (8.0 A7) could be used as the
developing solution, but methanol was preferred because it did not produce the very
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Fig_ 11. Separation of a nine-component mixture of polyvols by anion-exchange chromatography of
their borate complexes. (1) Giyveerol: (2) threitol: (3) eryvthritol: (4) xylitol: (3) arabinitol: (6) ribitol:

ra

(7) glucitol: (8) galactitol; (9) mannitol. lon exchanger: De-Acidite FF (BO;~), 3-5% cross-linked,
-200 mesh. Column dimensions: 60 < 0.8 cm. Mobile phase: I, 0.18 A7; H, 0.36 M boric acid
adjusted to pH 9 with tricthvlamine: Il was changed for 1 after the elution of ribitol. Flow-rate: 23
ml’h. Temperature: 357, Detection: periodate oxidation followed by the colorimetric determination
of formaldehyde in fractions. Fraction size: 3 ml. 41 = absorbance: N = fraction number.

faint trailing that was observed with acetic acid. The Ry values decreased with in-
creasing chain length of the alcohol and increased with increasing concentration
of the organic solvent in the developing solution. Development of a mixture of all six
alcohols with 75.0 %, methanol yielded a separation of all except the C;and Cgalcohols.
The spots were detected with vanadium ‘oxinate or with potassium permanganate in
0.1 Af sulphuric acid. This separation is a rare example of the paper chromatographic
separation of uncombined monohydric alcohols without the preparation of deriv-
atives™, ' :

5. SACCHARIDES

The 1on-exchange behaviour and separation of carboxvlic sugar acids is
discussed in the review dealing with carboxylic acids. The separation of neutral
saccharides only will be described here.

A. Separation of saccharides on ion-exchange resins using elution with water or agueous
solutions of non-complexing agents

Sugars contain a number of very weakly acidic alcoholic groups and this very
slightly acidic character may account. at least partly, for the sorption of sugars on the
free (hydroxyl) form of strongly basic anion-exchange resins®!. This sorption. however.
is often accompanied by conversion reactions of the individual sugars, which in many
instances prevent the use of the hydroxyl form of anion-exchange resins for the chro-
matography of sugars.

The differences in non-ionic sorption of individual sugars on ion-exchange resins
enable some useful separations to be carried out. An increase in the number of
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hydroxyl groups brings about a marked decrease in affinity for the resin and the
higher the number of hydroxyl groups in the sugar. the more the aqueous phase is
preferred. This means that monosaccharides have higher distribution coefficients than
the disaccharides. Disiaccharides are more strongly sorbed than trisaccharides. which
are. on the other hand. retained more than tetrasaccharides, etc.

The substitution of a hvdroxyl group by an alkyl group causes a decrease in
polarity and alkyl sugars have higher distribution coefficients than the corresponding
non-aikyiated sugars. As would be expected. the distribution coefficients increase with
an increase in the number of alkyl groups present and. if the number of alkyl groups
remains constant. with an increase in the fength of the alkyl chains®*-**. This behaviour
occurs with various ionic forms of both cation and anion exchangers. The degree of
cross-linking of the resin used is of great importance. as steric exclusion may control
the sorption to a certain extent, mainly with saccharides of higher molecular weights.
If strongly polar substituents. such as halogen atoms. are incorporated in the structure
of a saccharide. interactions with the functional groups of the resin (e.g.. quaternary
ammonium groups in anion-exchange resins) may alter the sorption order’'.

A few simple separations of saccharides could ke effected using the hydroxyl
form of anion-exchange resins. but the possibility of undesired conversions of the
sugars has to be kept in mind when planning such a separation. The distribution coef-
ficients are higher on this form than on other ionic forms of anion-exchange resins.
which confirms that both non-tonic and 1on-exchiange interactions take place on the
hydroxyl form. The elution sequence of the individual saccharides trom :mion ex-
change columns in the hydroxyl form is thus controlled not only by the differences in
the non-polar attractive forces with the resin matrix. but also by the differences in
acidity of the various hydroxyl groups of carbohvdrates®.

Several reducing sugars were separated from non-reducing sugars by chroma-
tography on a column of Amberlite IRA-400 (OH™) or Dowex 1 (OH™). The non-
reducing sugars passed into the effluent. while the reducing sugars were retained. The
elution of the retained carbohyvdrates was accelerated by using solutions of acetic
acid. sodium phosphate or sodium chloride. By this method. glucose was resolved
from sorbitol and methyl-«-p-glucopyranoside in mixtures containing diftferent con-
centrations of glucose™™.

Separations of various glycosides were achieved on Dowex 1-X2 (OH™).
Dowex 2-X8 (OH™) and De Acidite FF (OH™) aniton-exchange resins. Furanasides
are sorbed more strongly than pyranosides. and pg-anomers than «-anomers. Rapid
separations of mixtures containing anomeric «-bD- and p-p-galactopyranosides together
with ¢-b-and p-b-galactofuranosides. mixtures containing «-n- and p-p-glucopyrino-
sides and-«-D- and 3-D-glucofuranosides. and mixtures containing glycerol. 2-O-¢-n-
and 2-O-F-p-glucosylglycerols were achieved with water as the eluent. Mixtures of
methyvl-¢-D-glucopyranoside and «-p-galactopyranoside were partially separated?.,
and so were mixtures containing anomeric methyvl-6-deoxy-. methyi-6-chloro-6-
deoxy- and methvl-¢~ and -pg-glucopyranosides®. Dowex | and De Acidite vielded
better results than Dowex 2 (ref. 55).

The «- or g-anomeric mixtures of the above glucopyranosides were also sepa-
rated on Dowex 1-X2 (CI7). but the elution order was different from that observed on
Dowex 1-X2 (OH™)L. 7

Some sugars are known to form complexes with carbon dioxide, but no signifi-
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cant differences were noted in the sorption behaviour .of sugars on anion-exchange
columns (De Acidite, 3.5 cross-linked, <200 mesh) in the chloride, carbonate and
hydrogen carbonate forms. This indicates that no carbonate-sugar complexing occurs
on the column, apparently owing to the instability of these complexes in solutions that
are not strongly alkaline. The carbonate form of this resin packed in'a 100 > 2cm
column was used for the separation of raffinose, sucrose and p-glucose®. By elution
with water, separation was achieved within 36 h. Although L-arabinose could be
separated from p-xylose, D-ribose and D-lyxose. the last three pentoses could not be
separated.

The use of cation-exchange resins (Dowex 30W) together with water as the
mobile phase resulted in a better separation of saccharides than when anion ex-
changers were used. A column packed with Dowex S50W-X4 (Ag¥). 56-1C0 mesh.
was used for the separation of glucose from fructose. with a recovery of about
90, (ref. 57). Xylose and arabinose were separated on Dowex S0W-X8 (Ca*~). 50-100
mesh3®.

The successful separation has been reported of a mixture containing sucrose,
raffinose and glucose on a 2 + 100 cm column of Dowex 50W-X2 (Li*)., 200-400
mesh. with water as the eluent®. Clean separations of mixtures containing raffinose.
mellibiose and glucose and those containing maltose. lactose and galactose were achie-
ved by this method. A number of O-alkylated sugars and hydrolyzates of polysaccha-
rides have also been fractionated™-3%. : :

Saunders® -introduced a method for the separation of sugars on the cation-
exchange resin Dowex S0W-X4 (K¥). 200-400 mesh. using water as the eluent. A
large number of saccharides were separated by this method. including oligosaccharides.
hexoses: pentoses. acetals. methyl-c-pD-glycosides and other sugar derivatives. with
recoveries of greater than 95%;,. The resin column was used continuously in the analy-
ses for 12 months with no {oss of resolution. Aminex A-20 cation-exchange resin with
fine particles i1s recommended for sharp resolution. The method has been applied 10
analvses of the sugars of white beans. areen coffee beans and other tyvpical plant
sugars®.

The use of non-complexing: salt solutions as the eluting agents has been
reported only rarelv. In this case. salting-out effects control the distribution of
saccharides between the resin and the external solution.

The chioride and sulphate forms of Dowex [ anion-exchange resin have been
used for the chromatographic fractionation of some polysaccharide mixtures®.
Glyeogen is only weakly sorbed on these resins and can be eluted with 0.1 N sodium
sulphate solution. while the more acidic pectin is sorbed quantitatively and a more
concentrated eluent (1 & sodium sulphate solution) has to be used for its recovery.

Xylan-rich hemicelluloses were subjected to chromatographic fractionation on
Dowex 1-X2 anion-exchange resin®. While elution with water and aqueous salt solu-
tions did not always give a sharp separation. the elution pattern changed significantly
when the elution was carried out in the presence of 7 M urea. The addition of urea
should eliminate the effects of secondary binding forces to the resin.

An oligosaccharide mixture. containing [-kestose and nystose. was separated
by chromatography on an ion-exchange column of Dowex 50W-X4 using 0.2 %, benzo-
ate (pH 7.3) as the eluting agent®.

Pure 6-O-sulphate esters of p-glucose. p-galactose. N-ucetyl-p-glucosamine
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and N-acetvl-pD-galactosamine were obtained by the fractionation of the prod-
ucts of the direct sulphonation of the corresponding menosaccharides. using Dowex
I anion-exchange resin at 10” with a continuous gradient of sulphuric acid®.
Oligosuaccharides from chitin hydrolyzates were separated into fractions by
chromatography on a 54 =~ 3.6 cm column of Dowex 50-X4 (H¥). using continuous
non-linear gradient elution with an increasing concentration of hydrochloric acid®.

B. Separation of saccharides by elution with aqueous ethanol solutions

Very good results were obtained by partition chromatography of saccharides
in -mixed aqueous-organic solutions. Sugars that are strongly polar solutes have a
greater atlinity for the solution inside the resin where the water concentration is higher
compared with that in the external solution. Interaction forces between the resin and
the polar solutes are also important. however. and even the interactions ketween sugars
and counter tons have some effect™-**. The sorption behaviour and possibilities for
the separition of sugars have been studied in aqueous cthanol solutions. It 1slikely
thai other systems. such as aqueous acetone solutions, can ke also used.

The chromatography of sugars on ion-exchange resins in aquecous ethanol
solutions has been studied by Samuelson and co-workers with remarkable results.
They found that the distribution coeflicients of sugars on ion exchangers increase with
increase in the concentration of ethanol®®. but the order of elution from individual
resins is unaffected by the ethanol concentration. On the other hand. an increase in
the ethanol concentration results in a broadening of the elution bands. At low ethanol
concentrations. diffusion inside the resin particles is facilitated while the Timited dif-
fusion at high ethanol concentrations often causes broad overlapping curves. For this
reason. it is important to avoid excessive ethanol concentrations. A small resin particle
size and an adequate flow-rate are decisive for accelerating the diftusion and the rate
of sorption so that satisfactory separations can be achieved™.

The elution order of sugars in aqueous ethanol solutions is opposite to that in
pure water and the distribution coeilicients would therefore be expected to increase
with an increase in the number of hydroxyl groups. Thus. monosaccharides are eluted
ahead of the disaccharides. and higher oligosaccharides then follow.

Pentoses have lower distribution coefficients than hexoses. but the sorption of
saccharides would decrease when non-polar groups such as methyl are present. The
deoxy sugars derived from hexoses (2-deoxygalactose. 2-deoxyglucose. rhamnose and
fucose) have distribution coefficients that are lower than those of the pentoses. As
expected. digitoxose (2.6-dideoxyribohexose) has a lower distribution coefiicient than
the monodeoxyhexoses.

Fructose and other ketohexoses are more soluble in ethanol and should be
eluted ahead of aldohexeses. The order or elution of the sugars within each group
(e.g.. for the pentoses) is very difficult to predict and should be determined experi-
mentally®'.

It was possible to separate satisfactorily a mixture of the monosaccharide
elucose. the disaccharide sucrose, the trisaccharide raffinose. the tetrasaccharide sta-
chyose and the pentasaccharide verbascose using a 10 < 840 mm column of the anion
exchanger Dowex 1-X8 (SO,*>~). 45-75 um. A suitable choice of the ethanol concen-
tration is decisive for the separation. In 659, ethanol. it was possible to separate glu-
cose. raffinose and stachyose, but sucrose could not be resolved from glucose and
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raflinose. The separation of these three saccharides could be achieved in 749 ethanol,
but an excessive broadening of the elution curves of stachyose and verbascose occur-
red. For this reason. stepwise elution should be used for the separation of mixtures
containing all five saccharides. Glucose and sucrose were separated in 749, ethanol.
then the concentration was decreased to 65% for the elution of the three remaining
saccharides. The elution curves of the last two oligosaccharides were considerably
broadened even with this lower ethanol concentration. however®-72_ It was possible
to separate quantitatively other saccharides. such as glucose from cellobiose. lactose
or maltose, using 74Y% ethanol as the eluent™.

Individual differences exist between the sorption of various mono-. di- and tri-
saccharides and can ke used for the separation-of these sugars. Using Dowex 1-X$§
(45-75 ym). it was possible to separate some monosaccharides from eich other.
Xvlose. arabinose and mannose are held less strongly than glucose and can be sepa-
rated easily as a group by elution with 749, ethanol®. Similarly. the trisaccharide
melezitose could be separated from raffirose™.

The use of fine particles (8-13 and 10-15 szm) of Dowex 1-X§ allowed the sepa-
ration of sugars from wood hydrolvzates in about 150 min. Automated analysis of
the column effluent was performed using a three-channel flow-through photometer
after reaction with anthrone (625 nm) and aniline (385 nm)™.

The separation of saccharides was markedly improved when the macroporous
anion exchanger Dowex 21K (SO,°7) with fine particles (15-40 rm) was used. 2-
Deoxy-p-glucose, arabinose. glucoese. sucrose. melezitose and raffinose could be
separated quantitatively by elution with 74?7 ethanol. With the small resin particles.
the lower rate of diffusion inside the resin beads does not offset the advaniages of
higher separation factors at higher ethanol concentrations. A great improvement in
the separation of monosaccharides is achieved when the concentration of ethanol is
increased to 88", A complete separation of arabinose. xvlose. mannose, galactose
and glucose could be achieved under these conditions™-"*. Further. ribose, arabinose.
xylose. mannose. galactose and giucose were separated and determined in hvdrolvzates
from wood and wood pulp™.

As the use of tiner particles is connected with an increased pressure drop across
the column. the operation technique has to be adapied to higher pressure require-
ments. The pressure drop was increased by the irregular particle shape of the crushed
resin used in the experiments described. A further improvement in resolution and speed
of analysis could be expected with even smaller particles. To avoid an excessive pres-
sure drop across the column. the possibilities were studied of using columns packed
with a mixture of equal volumes of very finely crushed particles of ‘Dowex 21K (1-16
rm) and the inert Celite 545. The improvement resuiting from this column packing
was. however. not very significant. It seems probable that Celite has a negative eftect
on the separation owing to the decreased column capacity and. consequently, the
lower resolution power of the column™.

A more attractive method for the improvement of separation is to use increased
temperatures, which results in less broadening of the elution curves owing 1o an in-
creased rate of diffusion inside the resin particles. Using elution with 88, ethanol at
47°. a marked improvement resulted in the separation of the monosaccharides
arabinose, xylose, mannose, galactose and glucose. A further improvement was ob-

tained at 60 (ref. 77).
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When columns packed with irregular crushed particles of Dowex 21K (1-16
am) without the addition of Celite were tested. a high pressure drop occurred in the
column even at very low flow-rates. When this column was started. very broad elution
curves were observed but after several months very sharp elution curves resulted. On
2 6 32 440 mm column of this resin. 1t was possible to separate quantitatively a mixture
containing twelve monosaccharides (digitoxose, 2-deoxyribose, 2-deoxygalactose,
rhamnose. fucose. ribose. lyxose. arabinose, xylose. mannose. galactose and glucose)
by elution with 869 ethanol at 75° (ref. 71).

Better column packings could be obtained by using a spherical macroporous
resin. Sharp separations of various monosaccharides present in hydrolyzates from
wood and wood pulp were obtained using Technicon T, (SO,;*>7). particle size 10-35
um. with §9%; or 929, ethanol as the eluent.”*

The macroporous spherical anion- -exchange resin Technicon T5B with a smal-
ler particle diameter (317 zm) packed in a 6 < 950 mm column was used for the
automated chromatography of saccharides. The eluzue from the column was analyzed
automatically by the orcinol method with a Technicon AutoAnalyzer. By eclution
with -94 %7 ethanol at 757, it was possible to separate very complicated mixtures.
Thus. a mixture of ten monosaccharides was separated in about 34 h, and. under the
same conditions. twelve sugar derivatives, three pentoses and one deoxy sugar were
separated from each other (Fig. 12). Both the separation of sugar derivatives and the
‘separation of the monosaccharides from each other was much more effective in this
—run than in the experiment with the Technicon T resin. which has a lower capacity
and coarser particles. Consequently. less favorable separation factors and broader
clution bands resulted with the Technicon T, resin. Table 13 gives separation factors

c|
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Fig. 12. Separation of monosaccharides and sugar derivatives (6-70 #g) in aqueous ethanol medium
on an anion-exchange resin. The numbers of the compounds separated are as in Table 13. Ion-
exchange resin: Technicon TsB (SO.*7), 3-17 #m. Column dimensions: 6 > 950 mm. Mobile phase:
919 ethano!l. Flow-rate: 3.5 mlsem®-min. Temperature: 75°. Detection: Technicon AutoAnalvzer,
orcinol method. ¢ == concentration (arbitrary units): V' = volume of eluate (ml).
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TABLE 13
SEPARATION FACTORS RELATIVE TO FUCOSE IN 94%, ETHANOL (%, BY WEIGHT)

No. Compound ) Technicon Technicon -
T, 5B
1 2.3.4.6-Tetra-O-methyl-b-glucose 0.02 0.01
2 2,3,6-Tri-C-methyl-p-glucose 0.03 —
3 Methyl 2,3-di-O-methyi-fi-pD-glucopyranoside  0.04 0.02
4 2,3-Di-O-ethyl-p-glucose 0.05 -
5 2,3-Di-O-methyl-p-glucose 0.07 -
6 3.6-Di-O-methyl-p-glucose 0.08 0.07
7 Methyl-4-O-methyl-f-p-glucopyranoside 0.08 —
8 p-Digitoxose 0.1t 0.10
9 Methyl fi-L-arabinopyranoside 0.17 0.14
10 Methy! fj-p-arabinopyranoside 0.17 —
i1 Methyl -p-xyvlopyranoside 0.23 .24
12 - 2-Deoxy-D-ribose 0.23 0.22
I3 Methyl f-p-xylopyranoside 0.30 -
11 2-O-Ethyvl-p-glucose 0.33 0.31
15 Ethyl p-p-glucopyranoside 040 -
16 Methyl e-p-galactopyranoside 046 -
17 3-O-Benzyl-p-glucose 0.50 0.16
I8 Methyl-¢-D-mannopyranoside 0.57 -
19 Methyl e-p-glucopyranoside 0.58 0.57
20 2-Deoxy-n-galactose 0.63 0.63
21 2-O-Methyl-p-glucose 0.70 0.68
22 3-O-Methyl-p-glucose 0.77 0.77
23 Methyl g-p-glucopyranoside 0.77 —
24 3-O-Methyl-p-glucose 0.78 ~
25 L-Rhamnose 0.82 0382
26 2-Deoxy-p-glucose 0.86 0.87
37 t-Fucose - . 1.00 1.00
28 p-Ribose 1.22 —
29 6-O-Methyl-p-glucose 1.26 1.28
30 3-O-Hydroxyethyl-p-glucose 33 -—
31 p-Lyxose 1.78 193
32 p-Arabinose 209 2.30
33 p-Xvylose 274 3.4
34 287 319

6-O-Hydroxvethyl-p-glucosce

of various monosaccharides and sugar derivatives on both resins under the experi-
mental conditions used for the chromatographic run™.

The distribution coetlicients of sugar derivatives are controlled by rules similar
to those for suguars. As might be expected. all of the derivatives studied are eluted
ahead of the sugar from which they are derived. Not only etherification of sugars, but
also conversion into glvcosides. resulis in a decrease in the distribution coeflicients.
As a rule, the distribution coefficient increases with a decrease in the number of sub-
stituents. As expected, the methyl ethers exhibit higher distribution coefficients than
the less polar ethyl ethers. Hydroxyethyl derivatives are retained more strongly than
the methylated sugars because no hydroxyl groups disappear during this substitution.
An ethylglycoside appears ahead of the corresponding methylglycoside, and the glyco-
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sides derived from pentoses exhibit lower distribution coefficients than those from
hexoses™.

The experimental conditions used made it possible to obtain good separations
at high flow-rates even with solutes whose distribution factors differ by only 109/,
which means that the separation of a large number of sugars and sugar derivatives
can be achieved. In gereral. the conditions for a quantitative separation are better with
less substituted derivatives than with those which contain several substituents™.

With finer mesh size (10-15 zzm) Technicon T:B {SO,;2) resin. it was possible
to separate quantitativelv microgram amounts of various monosaccharides in columns
with a small inner diameter. using the orcinol method for the determination of sugars
in the eluate. The complete separation of rhamnose. ribose. arabinose. xylose. man-
nose. galactose and glucose was accomplished in 150 min on a 650 = 2 mm L.D.
column by elution with 8§67 ethanol at a flow-rate of 0.44 ml/min with a pressure drop
of 60 atm™.

Using Technicon T:B resin (10-15 gzm). separations were possible of mixtures
containing various saccharides. deoxy sugars and alditols. Thus an almost complete
separation of a l6-component mixture could be achieved on a 915 < 6 mm L.D.
column by elution with 899 ethanol at 78.57 in about 16 h (ref. 42).

With the anion exchanger Technicon T;C (SO, 7). 10-17 gm (capacity 4.2
mequiv./g). separations of mixtures contiaining various mono-. di- and trisaccharides
have been reported. The distribution coetlicients of various mono-. di- and trisaccharides
on this resin are given in Table 14 at various temperatures and ethanol concentra-

TABLE 14

VOLUNMIE DISTRIBUTION COEFFICIENTS OF MONO-. DI- AND TRISACCHARIDES ON
ION-EXCHANGE RESINS AT VARIOUS TEMPERATURES AND ETHANOL CONCEN-
TRATIONS : :
EtOH - Ethanol.

Technicon TsC(SOF ), =17 tm

Succharidy Dowex SOB-XS, I4-17 num
82, 82, 83, S&e, 70", 76", SO°, 83
E1OH. E1OH. EtOH. EIOH, F1OH. EIOH. EIOH. FErOf.
9t} 75 73 73 9t 90 - VAN 73
Li® KR~ Li~ Nu™ Li~ Nu Li~
Arbinose 1o~ 143 2.1 3.6 23 49 2.6 1.8 3.0 1.3 6.Q
Galactose -~ 54 3l 55 . 36 74 1.4 29 33 sS4 12.7
Maltose 3.3 104 3.5 8.6 1.7 i36 6.3 1.6 109 2041 374
Cellobiose 31 115 - 9.5 50 153 - 1.7 11.6 213 398
Turanose 3.6 8.G 3. 7.5 55 - - 33 7.6 — -—
Palatinose 35 103 10 94 55 - = 4.3 — — —
Saccharose d- 59 42 6.2 39 97 8.8 33 10.6 194 35.1
Gentibiose. - : 18 137 6.7 - — 7.7 20.3 - -
Lactose 17 154 52 126 7.0 Z20.1 9.6 1.4 o 103 19.3 351
Trehalose - - 37 V.6 82 - | 3 R 6.3 15.6 .- -
Melizitose — - 64 115 102 - —- 6.6 19.3 - -
Melibiose 6.6 27.1 7.5 220 107 37.1 16.2 5.8 4.9 29.2 48.7
Raffinose d - I8 264 - - - 84 — - -

~ d = decomposition.
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tions. A mixture containing eight monosaccharides (threose, 6-deoxyglucose, talose,
xylose, allose, gulose, galactose and glucose) was completely separated on a 4 :< 530
mm column of the Technicon T;C (S0,>7) resin, 14-17 um, using 88, ethanol as the
eluent at 75° (ref. 80).

Using longer columns of this resin and lower ethanol concentrations, a mixiure
containing eleven mono- and trisaccharides (thamnose, ribose, arabinose, xyvlose. man-
nose, galactose, turanose, palatinose, melibiose, melizitose and raflinose) was com-
pletely separated in about 10h. A 4 > 1500 mm column was used and the elution
was carried out with 70 %, ethanol at 907, the pressure drop across the column being
60 atm. The low ethanol concentration made possible the elution of the oligosaccha-
rides in a reasonable time. but some resolution was sacrificed. Thus, glucose could not
be separated from turanose under the experimental conditions used®'.

An aqueous ethanol concentration of 70%, is too low for separations .of
complicated mixtures in which mono- and disaccharides are involved. This ethanol
concentration was. however. suitable for the complete separation of the oligosaccha-
rides in the glucose~cellohexaose series. Another example of the separation of mix-
tures containing mono-. di-, tri- and higher oligosaccharides is the separation of
mycinose, xvlose, cellobiose. maltotriose, planteose. nystose and stachvose on a
4 2 350 mm column packed with Technicon T5C (SO,*7) resin (14-17 gm) by elution
with 70%;, ethanol®.

Chromatography on a 4.7 - 603 mm column packed with Technicon T5C
{SO;*7) resin (10-17 gm) has been used for the automatic determination of the carbo-
hydrate composition in rayon pulp. alkali cellulose and rayvon. After hydrolysis and
neutralization. elution with 88, ethanol resulted in the separation of laevoglucosan
(pyranose form). laevoglucosan (furanose form). arabinose. xvlose. fructose, mannose
and glucose®™.

Jonsson and Samuelson® studied the possibilities of using strongly basic anion
exchangers with a more polar resin matrix for the separation of sugars in aqueous
ethanol media. Cross-linked dextran. containing quaternary ammonium groups:
holds the sugars more strongly than do styvrene-divinvlbenzene resins because of the
higher ionic concentration inside the styrene-divinylbenzene resins. The order of elu-
tion. together with the influence of the ethanol concentration. on the dextran anion
exchanger are the sume as with the polvstyrene resin. and can be seen the from results
in Table I5.

As with styrene-divinylbenzene anion-exchange resins. the sulphate form of
the dextran anion exchanger yvielded much greater separation factors than the chloride
form. An interesting exception, which can be used to advantage in certain practical
analyses. is the separation of xylose tfrom mannose. which is more favorable with the
chloride form of the anion exchanger. As a rule. the distribution coeflicients of sugars
are much lower on the chloride form than on the sulphate form. but the chloride form
of the dextran anion exchanger. however. can be used for certain separations. It was
possible to separate completely 2@ mixture of monosaccharides (rhamnose. ribose.
xylose. mannose and glucose) on an §90 - 6.0 mm column in less than 3 h by elution
with 959 ethanol at 90° (ret. 8§3).

The sulphate form of the exchanger is to be preferred in most other instances.
Four pentoses (ribose, lyxose, arabinose and xylose) were separated onan 840 - 6.0 mm
column of the dextran anion exchanger (5-30 gm) in the sulphate form in less than
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TABLE I3

VOLUME DISTRIBUTION COEFFICIENTS ON QAE-SEPHADEX ANION-EXCHANGER
IN 957 EFTHANOL AT DIFFERENT TEMPERATURES

Values in parentheses refer to experiments in 92.4%] ethanol. A == low cross-linking, 10-40 y#m;
=: higher cross-linking, 5-30 fzm.

Sacchuride T A(SO2) B(SO>~) B(Cl~)
75¢ 75 o0 97* 1167 17
Digitoxose — (0.7) 0.8 0.7 - 0.4
2-Deoxyribose 4 (1.3) I3 . 14 = — 0.7
Z-Deoxygalactose - 37 3.1 - — 14
Rhamnose - = 48 40 36 32 14
2-Deoxyglucose - = — 41 — — 1.6
Fucose 5.4 — 44 39 - —
Ribose 5.1 (4.3) 6.9 6.5 5.8 19 2.0
Lyxose = 97 7.9 6.9 — —
Arabinose 6.9 (6.1) 105 8.9 7.8 6.5 27
Xylose $2 ¢7.1) 140 115 9.9 80 2
Fructose - e 146 121 10.6 -
Mannose 9.3 (79) 15.2 124 10.7 8.8 3.7
Tagatose - e 16.7 13.1 11.1 - —
Sorbose - - 16.9 13.7 1.3 - —
Galactose 12.6¢11.0) 230 8.1 153 12.1 1.2
297 220 183 143 441

Glucose

[4.7¢12.1)

4 h using the same eluting agent as in the experiment with the chloride form. Under
the same conditions, a mixture of monosaccharides (rhamnose. ribose. arabinose.
xylose. mannose. galactose and giucose) could be separated in less than 7 h. The
separation of xylose from mannose was, however. less effective than that obtained
by using anion-exchange resins with a styrene-divinylbenzene matrix. On the other
hand. the separations of arabinose from xylose and ot galactose from glucose were
better on the dextran anion exchanger. At 65°. a successful separation of fructose from
112:316se could be achieved on an §90 = 4.3 mm column of the sulphate form of dex-
tran anion exchanger by elution with 959 ethanol. while the separation of these ke-
toses failed on styrene-divinylbenzene anion exchangers. 1t is obvious that chromato-
aeraphy on a dextran anion exchanger can be employed. in some instances, as a valuable
complementary method to that on styrene-divinylbenzene anion exchangers®.
When columns of styrene-divinylbenzene cation exchangers are used for chro-
matography in aqueous-organic media. saccharides are most strongly sorbed on the
potassium form of the resin. Use of the sodium form results in lower distribution coef-
ficients and the sorption is the least with the lithium form of the resin. This indicates
‘that the interaction forces between the ions inside the resin and the sugar molecules
have a marked influence upon the sorbability. In most instances. an increased number
of hydroxyl groups in the sugar results in an increased distribution coeflicient, as with
the sulphate form of anion-exchange resins. Among the individual sugars within each
eroup. the order of elution was reversed with some species. This reversal of the order
of elution occurred in several insiances even when the counter ion of the cation-
exchange resin was changed. For all sugars and all ionic forms of the resin. the dis-
tribution coeflicients decreased with increase in temperature and increased with in-
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crease in the concentration of ethanol. An increase in temperature resulted in a
considerable sharpening of the elution curves. Table 14 gives the distribution coefti-
cients of some sugars on different ionic forms of the cation-exchange resin®.

The separation of deoxy sugars on the lithium form of the resin is superior to
that on the potassium form in terms of efficiency and speed of operation. A mixture
of digitoxose, 2-deoxyribose, 2-deoxyglucose and 2-deoxygalactose was completely
separated on a 460 > 6 mm column of the strongly acidic cation exchanger Amberlite
IR-120 (Li%), 3-17 pm, by elution with 92.4 % ethanol at 75°. Under the same condi-
tions. a mixture of seven monosaccharides (rhamnose. 2-deoxyglucose. xylose. ara-
binose, tagatose, glucose and galactose) was separated. quantitatively in 5 h. Of
these sugars. rhamnose and 2-deoxyglucose cannot be separated on anion-exchange
resins in the sulphate form. The separation of xvlose and tagatose or allose and altrose
is feasible on the lithium form of the cation exchanger. while it fails on the sulphate
form of the anion exchanger.

Chromatography on the lithium form of the cation exchanger has been used
for the separation of complex mixtures of mono- and disaccharides. A nine-compo-
nent mixture of microgram amounts of rhamnose. xylose. mannose. galactose, mal-
tose. sucrose. lactose. trehalose and melibiose was quantitatively separated on a
2.6 < 1225 mm column of Dowex 50W-X§ (Li*). 14-17 gm. by elution with 85
ethanol at 757 The pressure drop was about 40 atm and the separation required about
5 h. The result is shown in Fig. 13 (ref. S1).

This system can be useful in the analysis of various types of foods containing
maltose. sucrose and lactose. Separations on the sulphate form of anion-exchange

il
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Fig. 13. Separation of mono- and disaccharides in aqueous ethanol medium on a cation-exchange
resin. (1) Rhamnose, 2 ng: (2) xylose, 20 pg: (3) mannose. 70 ng: (4) galactose, 10 gg: (5) maltose,
100 g3 (6) sucrose, 100 ng: (7) lactose. 100 png: (8) trehalose. 100 ug: (9) melibiose. 100 ng. fon-
exchange resin: Dowex SOW-XS8 (Li*). 14-17 yum. Column dimensions: 2.6 ~ 1225 mm. Mobile
phase: 839 ethanol. Flow-rate: 3.2 ml;cm?*-min. Temperature: 753, Detection: Technicon Auto-
Analyzer, orcinol method. ¢ = concentration (arbitrary units): ¥ == volume of eluate (ml).
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resins sutfer. however, from the urea[ disadvz mlaﬂe that these important disaccharides
cannot be separated from each other without serious overlapping®.

The quantitative separation of glucose, cellobiose, isomaltose, gentianose, 1-
kestose. planteose. nystose, cellohexaose and stachyose on a 4 = 1050 mm column
packed with Dowex 50W-X8 (Li¥), 17-24 qem, with 859 ethanol as the eluent is an

-example of the separation of complex mixtures containing mono-, di- and higher oli-
sosaccharides®™.

In some separations. the sodium form offers certain advantages over the
lithium form of the resin. Palatinose and turanose, which cannot be distinguished from
each other on the lithtum form. can be well separated on the sodium torm of a cation
exchanger oron the sulphate form of an anion exchanger. The sodium form can resoive
cellobiose and maltose, whereas serious overlapping occurs on the other ionic forms.

The potassium form of the cation exchanger yiclds broad elution curves and
high elution volumes and thus offers no advantages over the other types of resin. At
low ethanol concentrations. the potassium form could be used for some simple sepa-
rations. such as that of lactose from sucrose.

The distribution coeflicients of some saccharides on the sulphate and lithium
forms of resins are compared in Table 16.

The separation of tagatose and fructose could not be achieved on the anion
exchanger. while it was easily achieved on the cation-exchange resin. On the other
hand. muannose cannot be separated from glucose on the cation exchangers. in con-
trast to the sulphate form of the anion exchangers.

Both methods are complementary. The main advantage of the use of cation
exchangers is 1n analysis of the common disaccharides. deoxy sugars and ketoses™.
The sulphate form of anion-exchange resins is recommended n group separations of
monosaccharides from higher saccharides. With complex mixtures. it is often neces-
sary to re-chromatograph some bands obtained from the lithium form of the resin
either on the cation exchanger in the sodium form or on the anion exchanger in the
sulphate form. With mixtures containing several monosaccharides which are 1o be
determined, it may be preferable to start with the anion exchanger in the sulphate
form and re-chromatogriaph appropriate fractions containing disaccharides on the
lithium or sodium form of the cation exchanger®'.

Chromatography of multicomponent mixtures of suaccharides in aqueous
ethanol solutions usually requires about 7 h of column operation. The need to use
high temperatures and ethanol concentrations leads to difficulties owing to the rapid
exhaustion of the AutoAnalyzer tubing_ In addition. the solubility of polysaccharides
in alcohol decreases as the degree of polymerization increascs thus limiting the use
of the aqueous ethanol chromatographic system to lower saccharides only.

C. Cliromatography of saccharides on anion-exchange resins in the Boratre and hyvdrogen

sulphire forms

Borate ions react with sugars to produce negatively charged sugar-borate

complexes and the differences in the strengths of the sugar-borate complexes formed

can be used for the separation of sugars on strong anion exchangers with borate solu-
tions as the eluents, as for the separation of hydroxy and sugar acids or polyols.

As the stability of the sugar-borate complexes is greatly dependent on the pH

and the concentration of the borate ions in the mobile phase. appropriate control of
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TABLE 16
VOLUME DISTRIBUTION COEFFICIENTS OF SOME SACCHARIDES AT 75°
ElOH = Elh.mul.

Sua qu u!c Technicon TsC Dowex wu \.S‘ ( Li *)
(SO ) resin resin
(14~17 pm)j P s

17—_4 um 1/~’[ wmn

t(l",, S ‘f,, 834, 92 4", ‘)6 b

FiOH EiOH FIOH EIOH EiOH
Ervthrose 31 1.9 23
Threose 38 1.4 |
Arabinose 10.1 3.5 412
Lyxose 89 27 3.2
Ribose ' 6.6 1.6
NXylose 2.3 12.5 1.9 2.7 32
Allose 16.6 6.0 8.3
Altrose 16.6 3.2 5.6
Galactose 234 76
Glucose 31 RAN | 30 1.8 6.0
Gulose 201 49 6.3
AMannose 164 59
Talose 10.7 R 8.3
Fructose 135 6.8
3-Ribohexulose 9.8 1.7 6.6
6-Deoxy-p-glucose 7.3 0 11
Rhamnose 1.8 14 1.6
1.6-Anhydro-/i-p-glucofuranose 6.3 id 1.6
L.6-Anhydro-f-p-glucopyrianose 38 2.3 29
2.3-Di-Q-methyl-6-deoxyallose (mycinose) 0.53 01 041
Mannobiose 29 116 7.8
Xylobiose 30 358 - 2.0 3.4 73
Celiobiose 4.4 19
[somaltose 6.3 : 8.6
Trehalose 6.8 8.2
Cellotriose 38 8.7
Gentinnose v.6 123
I-Kestose 8.7 16.2
Maltotriose 6.6 7.1
Planteose 9.1 193
Cellotetraose 79 154
Nystose 149 2738
Stachyose 185 617
Cellopentaose 0.9 274

C\.“Oht.\..lOsL 13.2 -H 4

these values is a convenient method for selecting conditions favourable for efficient
separations. A higher pH (about the pA of the boric acid. 9.2) increases the concen-
tration ot the borate 1ons in the solution. thus minimizing the total volume of borate
solution required. Borate solutions with pH values between -8 and 9 are suitable for
the separation of various sugars.

The differences in the aflinity of the various sugar-borate complexes for the
anion exchanger are controlled by structura! differences and other factors, such as
mutarotation and pyranose-tfuranose interconversion. Polyhydroxy compounds,
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such as the non-reducing sugars sucrose and trehalose, which possess no adjacent
cis-hydroxyl groups, have only a slight affinity for an anion exchanger®.

Cellobiose, maltose, lactose and melibiose are reducing sugars and can have
adjacent eis-hydroxyl groups through mutarotation and can therefore form borate
complexes thought to be highly ionised. In ftact, the reducing disaccharides show a

- greater aflinity for the éxchanger than do sucrose and trehalose®.

Compounds that contain cis-hydroxyl groups in a pyranose ring form com-
plexes which exhibit only a weak affinity for a strongly basic anion exchanger. The af-
finity for the exchanger of the borite complexes tormed by the 1. 4-disaccharides mal-
tose, lactose and cellobiose. which cannot form furanose isomers. is much less than
the atlinity of the monosaccharides that can form furanose structures. Raflinose also
cannot form a furanoid structure and has only a shightly greater affinity than su-
crose’®. Melibiose and gentiobiose, owing 1o their 1.6-linkage, are capable of forming
a furanose isomer and the aflinity of their borate complexes for the exchanger parallels
that of the monosaccharides®™. The greater aflinity of melibiose compared with that
of gentiobiose may be attributed to the presence of an additional pair of cis-hyvdroxyl
groups on the galaciose portion of melibiose™.

It is assumed that the accumulation of hvdroxyl groups in the vicinity of the re-
ducing carbon-atom is the main factor in the formation of the borate complexes of the -
ketoses. such as fructose, and accounts for their great aflinity for the 1on exchangeri®.

The case of mutarotation of a sugaris also a factor that could atffect the rate
of reaction of a borate complex with the exchanger. and it appears significant that
among the monosaccharides the sugars that have the highest mutarotation constants
arc the ones that arc cluted most casily and that these constants correspond roughly
with the elution order of the pentoses and hexoses™.

The separation technique using borate medium was developed by Khym and
Zill*>-%* in 1951 They reported the separation of fructose. galactose and glucose on a
0.85 cm® - 1l em column packed with Dowex . ca. 300 mesh. by elution of the first
two sugars with 0.015 A7 sodium borate solution and of glucose with 0.03 A/ sodium
borate solution™. - v

If mannose is present in this mixture. it is eluted in one band together with
fructose. However, mannose and fructose can be separated on the same column with
a fower pH and a lower borate concentration used for the elution of minnose (0.05 M
boric acid -+ 0.004 M potassium tetraboraie). The elution of fructose is then performed
with 0.015 A7 potassium tetraborate solution®.

Somie pentoses (ribose. arabinose and xylose) could ke separaied under the
same conditions as the hexoses (elution with 0.015 17 potassium tetraborate solution),
but a better separation wis achieved by elution of ribose iand arabinose at a lower pH
(0.08 A boric acid =+ 0.604 A potassium tetraborate) tollowed by the clution of
xvlose with 0.03 A/ potassium tetraborate solution®®.

The separation of” more complex mixtures containing pentoses and hexoses
(ribose. fructose, arabinose, galuctose, xylose and glucose) employing the same condi-
tions as thosc used for the separation of fructose, galactose and glucose has been
reported™. In this case, the elution bands of fructose and arabinose and those of ga-
lactose and xylose overlapped almost completely, but the individual sugars could be
differentiated and determined quantitatively by using a combination of the orcinol
and anthrone methods for the analysis of the fractions.
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The disaccharides are eluted ahead of the monosaccharides. Mixtures of sucrose,
fructose and glucose (after an incomplete hydrolysis of sucrose) could be easily
separated using stepwise elution with 0.005, 0.015, 0.02 and 0.03 A potassium tetra-
borate solution®®. The separation of the disaccharides sucrose and maltose could -be
accomplished by a single elution with 0.005 M potassium tetraborate solution. In
this case. maltose 15 retained more strongly on the column. 7

The hydrolytic products of melezitose were separited on the same column by
stepwise elution with 0.015 M potassium tetraborate solution (melezitose, followed
by an elution band containing both turanose and fructose) and 0.03 A7 poiassium
tetraborate solution (glucose). Turanose could be separated from fructose by eluting
the first compound with 0.1 A boric acid and the fructose with 0.1 M potassium tetra-
borate solution*®.

Sedoheptulosan was separated from sedoheptulose using stepwise elution with
0.015 and 0.1 A/ potassium tetraborate solution®. Similarly, the products tormed
during the acid treatment of 2. 7-anhydro-p-p-alirohepiulopyranose were separated
on the same column as in the previous experiments: 0.01 M potassium tetraborate
solution eluted 2. 7-anhvdro-p-p-altroheptulofuranose and 2,7-anhydro-pg-p-altro-
heptulopyranose as two separated bands, and 0.1 A/ potassium tetraborate solution
then eluted a mixture of p-altroheptulose and 3-(1.2-dihvdroxvethvh)-2-furfuralde-
hvde in a single peak™.

A distinct disadvantage of the method of Khymand Zill was that although small
columns were used. the clution volumes of the monosaccharides were -very large.
making the separation very lengthy (requiring up to 60 h). Theretore. Hallén®®
maditied this method by eluting at a higher 1onic strength. As an example. a mixture
of mannose, fucose, galactose and glucose was separated on 2 0.6 = 150 cm column
of Dowex 2-X8 (BO;7), 200-400 mesh. by a single elution using 0.01 A borax in
0.20 Af sodium hydrogen carbonate solution. The resolution was complete and the
clution volumes were considerably lower than in the method of Khym and Zill. It
galacturonic and glucuronic acids were present in the mixture, they could be separated
cach trom the other by elution with 0.03 A sodium tetraborate in 0.6 A sodium hy-
drogen carbonate solution afier the appearance of the last neutral monosaccharide
(glucose)™.

Parr™ separated sugars and sugar phosphates on a column of the strongly
basic anion-exchange resin De Acidite FF (BO;™) using gradient elution with borate
buffers containing sodium chloride, its concentration being gradually changed.

Similarly. Syamananda. Staples and Block® used elution with a solution ad-
Justed to pH 8.0 and containing a constant borate concentraiion upon which was
superimposed i smooth positive chloride ion concentration gradient. This procedure
reduced the time required for the separation by a factor of at least three over the
method of Khym and Zill. but the resolution of individual sugars remained largely
incomplete.

This method has been applied to the separation and determination of sugars
in acid hvdrolvzates of soil”’. A 600 = 6 mm column packed with Bio-Rad AG 1-X8
(BO;™) anion-exchange resin has been used in connection with gradient elution using
0.1 M sodium borate (pH 8.0) in the eluent with a sodium chloride gradient. The sugars
were eluted in the order rhamnose, mannose, fucose, arabinose. galactose, xylose and
glucose, with recoveries of about 909,
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Some phosphate esters of sugars. glucose and laciic and pyruvic acids in glycol-
ysis intermediates were quantitatively separated, identified and recovered by anion-
C\c_h‘mue chromaiography on a 30 ¢ | cm column: pucked with Bio-Rad AG 1-X4.
200-4C0 mesh® . Gradient elution was performed using ammonium chloride solutions,
contmnually mcreasing in concentration and containing sutlicient alkaline borate to
ensure complexing of the sugar phosphates.

The Technicon sugar chromatography system is buased on a column packed
with the spherical strongly basic anion-exchange resin Chromobeads S (20 #m) and
gradient elution with torate buffer-sodium chloride solution. The gradient of grad-
ually increasing chloride concentration and pH is formed in a nine-chamber Autograd
apparatus. The elution is carried out at 45" at a pressure of 3C0-4C0 p.s.i. and the
amount of sugars i the eluate is determined automatically by the orcinol method
using a Technicon AutoAnalyzer. Sharp separations were obtained. As an example. a
I4-component mixture containing furfural. hvdroxymethylfurfural, trehalose. cello-
biosc. maltose. rhamnose. lactose: ribose. mannose. fructose. arabinose. galactose.
xvlose and glucose was separated in about 3.3 h*3.

A fixed chloride ion concentration in the eluent can result in a sharper separi-
tion of suguar mixtures than clution with chloride ion concentration gradients, if the
temperature is suitably adjusted. For example. a mixture of mannosc. arabinose.
galactose. xylose and glucose was separated on o 0.6 - 70 cm column of Dowex
[-X8(BO;7). 30-40 am_ by elution with an eluent containing 5.84 g of sodium chloride
per litre of the sodium korate buffer of pH 8.0. An increase in temperature from 40

to 60- resulted in an improved separation of mannose. arabinose. galactose and xylose.,
while the separation of glucese from xvlose was impaired at higher temperatures. For
this reason: after the elution of xvlose. borate buller without sodium chloride was
used for elution instead of the sodium chloride solution for a period of about 13 min.
This was sufficient for the complete resolution of glucose and xvlose when
working at 50-55". The eclution of glucose could then be accelerated by using the
initial eluent. By this method. the five-component sugar mixture could be separated
quantitatively in about 6 h*.

Similarly. Green” found that the effect of increasing the column temperature
was to shift the eluted bands to longer elution times. while simultaneously enhancing
resolution. Little further advantage,. however. could be gained between 55 and 70

It must be taken into account that transformation of certain reducing disac-
charides (luctose, maltose and cellobiose) may occur during chromatography in
borate medium under alkaline conditions. e.z.. lactulose is formed from lactose. These
isomeration reactions are promoted by higher temperatures™.

The use of chloride ions in the eluent can be dispensed with. and a solution
of borate buflers of changing pH and;or concentration is a suitable eluent.

Kesler® used a combination of increasing pH (from 7 to 10) and increasing
borate concentration (usually from 0.1-0.2 1o 0.6 A7) for the elution of sugars at an
elevated temperature (53 ). This system represented a major development in separa-
tion of saccharides and allowed quantitative analyses of multicomponent mixtures
of mono-. di- and trisaccharides in 4-6 h. It was possible to separate almost quantita-
tively an I8-component mixture (containing 2 aldehydes and 15 saccharides) in about
6 h on a 3 700 mm column packed with Technicon sirong anion exchanger. 8,
cross-linked. 3-40 gm size. This separation is shown in Fig. 14
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Fig. 14, Separation of an 18-component mixture of saccharides and aldehydes by anion-exchange
chronutography in borate medium. using clution with gradients of pH and borate concentration:
(1) Furtural, 1.0 g (2) hydroxymethylfurfural, 2.0 gg: (3) sucrose. 2.3 sz (1) cellotetraose, 2.2 pg:
t3) cellotriose. 2.3 sz 16) cellobiose. 2.4 ng: (7) maltose. 2.2 gz (8) rhamnose. 2.0 ne: (9) [actose.
2.2 g (10) ribose, 1.6 oz (1) mannosce, 2.0 gz (12) unknown: (13) fructose. 2.4 pe: (14) arabinose.
g (13) galactose. 1.3 gz (16) xylose. 0.8 pgs (17) glucose, 2.3 pg: (18) gentioblose, 1.6 g, lon-
exchange resin: Technicon 328:V1 (BO,7) strongly basic styrene-divinyibenzene anion-exchange
resing 8%, eross-linked. 3-30 rm. Colunmin dimiensions: 3 - 730 mm. Mobile phase: gradient elution
with o solution containing 0.60 A/ boric actd. pH 10.0, being continually introduced into the mixing
chamber tilled with 70 ml of solution containing 0125 Af boric acid. pH 7.0, Flow-rate: 0.30 ml 'min.
Temperature: 33 . Detection: Technicon AutoAnalyzer. orcinol miethod. o1 - absorbance: 7 time

clapsed th).

Under the same conditions: sorbose is eluted together with xylose. Ivxose with
ribose. -2-deoxyribose with furtural. ratlinose with cellobiose and trehalose with
sucrose. The small particle size resin used has proved to be fur more etlicient than
other resins of this type with coarser particles (Dowex 1-X8. 200-400 mesh: Bio-Rad
AG 1-X80 30-40 gpm). Aminex A-13 is suitable for this operation.

A mixture of cellodextrins (celloheptaose. cellohexaose. etel) was separated
by gradient clution using four mixing chambers (Autograd) filled with 160 ml of
0.050 A/ boric acid. 0.1G0 A7 boric acid at pH 7.0, 0.125 Af boric acid a1 pH 8.5 ana
0.150 A7 boric acid at pH 9.00 respectively. The separation was accomplished at 33
in about 3 h using a 6 - 1000 mm column of the same resin as in the previous experi-
ment. and only the clution peaks of celloheptaose and cellohexaose overlapped
considerablyv?. ‘ '

Later. Kesler's system was slightly modified for the taster routine analysis of
neutral sugars i glycoproieins  (rhamnose. mannose. ribose. fucose. arabinose.
salactose. xylose and glucose). Using Technicon Chromobeads S (low-pressure tvpe)
m a 750 = 3 mm colummn. the elution was performed at 35 with a linear gradient
formed with .4 Af sodium borate of pH 10.60 keing continuously introduced mto
the mixing chamber containing 100 ml of 0.15 M sodium bkorate butler of pH 7.00.
Under these conditions. the elution of saccharides was about 30-30%, faster than in
the original Kesler system. Some pairs of saccharides. however. such as mannose-
rikose and fucose-arabinose. were not completely separated. Good reproducibility of
the analysis was achieved (standard deviations were less than 2.2%;, for sugar stan-
dards). The system can casily ke adapted for the analysis of amino sugars or glyvcosid-
ase digestion products®.
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Stepwise elution with korate buffers increasing both in borate concentration
and pH is used in the JEOL system for automated sugar analysis®.

Green® developed an automated carbohyvdrate analyzer based on a slightly dif-
ferent procedure. In thissystem. 15 sugar-bor:ite complexes were eluted from the anion-

_ exchange column is about 12 h. The eluate was monitored in a through-flow colori-
meter after reaction with phenol in sulphuric acid.

Ohms er al** reported the chromatographic separation of neutral sugars
(sucrosc. rafiinose, cellobiose, maltose. lactose. ribose. rhamnose. mannose. fructose.
arabinose. galactose and glucose) in a synthetic mixture in about 7.5 h on a strongly
basic anion-exchange resin. Beckman 1-S. using instrumentation and methodology
similar to that of Green®*. ,

Jollev and Freeman'™! developed an automated high-pressure carbohydrate
analvzer consisting of a heated. high-pressure anion-exchange column (0.62 = 150
cm}. made of stainless steel. filled with 6-12-#m Dowex 1-X8 (or Aminex A-27) resin:
an eluent gradient-making device: a detection system consisting of a reaction column
containing glass beads. in which the column effluent. 5°; phenol and concentrated
sulphuric acid are mixed: and a colorimeter to measure the absorbance of the reaction
mixture at 480 and 490 nm!'*-193_ In this system. a measured volume (1-2 ml) of stan-
dard or boraied physiological fluid was introduced at the top of the chromutographic
column via 2 six-port injection valve. Elution of sugars was accomplished in 20 h at
an eluent flow-rate of .14 mi/min by increasing the buffer concentration lincarly from
0.029 M sodium tetraborate-0.057 A7 boric acid to 0.147 A sodium tetraborate-0.283
Af boric acid. The pH of the eluent was §.5-8.6 during the elution and the column was
operated at 557 and a pressure of 1000-2000 p.s.i. The column was regeperated for
the next run by stripping the resin for 1 h with the most concentrated buffer and then
equilibrating the resin for 3 h with the dilute buffer'®-'°%.

' Using this system. about 40-30 peaks of carbohydrates or carbohydrate-iike
material appeared in a tvpical urine chromatagram. and a number of these could be
tentatively identified by co-chromatography with standards (sucrose. raffinose. N-
acetvlglucosamine, maltose. lactose. ribose. fructose. arabinose. fucose. galactose.
xylose. ‘mannoheptulose. glucose and glucose-l-phosphate). Gas chromatographic
identification of the trimethylisilvl derivatives of sugars has also been used'®.

Another useful identification method is the determination of the absorbance
ratio of the sulphuric acid-phenol-eluate reaction mixture at 380 and 490 nm. Pentoses
exhibit greater absorbarce at 480 nm than at 490 nm. whereas hexoses have approxi-
mately the same absorbance at each wavelength. The lower detection limit for sugars
is approximately 1 x#g. Sugars. such as glucose. can be analyzed quantitatively with a
satisfactory accuruacy of -::0.025 umole over a range of sample amounts from 0.5 to |
umole!t-10%, ’

Compounds other than simple sugars are also separated in the chromato-
graphic apparatus and additional detection systems can be used for identification and
quantitation. The compounds that form complexes with borate include both aliphatic
and aromatic hvdroxy and keto acids. as well as vitamins and polysaccharides. Sugars
and some of their derivatives. however. can be measured without interference from
these other compounds.

The possibility has been outlined of using modern computer techniques in
which the chromatographic data from several automated analyzers are fed to a small
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on-line digital computer'®®. This chromatographic data handling system can signifi-
cantly increase the usefulness of the automated carbohydrate analyzer. {tis possible
that high-pressure anion-exchange chromatographic analysis may become a valuable
tool in the clinical investigation of inherited disorders of carbohydrate metabolism
by allowing the quantitation of many different sugars'’.

Using elution at a lower pH (about 7). the possible isomerization of sugars
during analysis in alkaline borate solutions is eliminated. As the pH is decreased. a
buffer of lower ionic strength, and consequently lower butfering capacity, is required
for the elution. In order to increase the amount of ionizable borate at low pH and, at
the same time. to obtain a higher capacity bufler, a svstem has been introduced'™
that contains an alcohol which forms ionized complex anions with borates.

A borate elution bufler containing an organic solvent (5C ", ethanol) was first
used for sugar analysis by Nakamura and Mori'®. Ethanol. of course. does not form
borate complexes. Walborg ¢r /'™ emploved an eluting bufter consisting of 0.4 Af
boric acid, 1.0 A glveerol. 0.050 A sodium chloride and 0.5 ml of toluene per litre,
adjusted to pH 6.80 with sodium hydroxide. Using this eluent. good separations of
sugar mixtures with high resolution were possible. Sub-micromole amounts of rham-
nose. mannose, fucose. gilactose and glucose were quantitatively separated in about
40 h on a 0.6 ;- 155 cm column of Dowex 2-X8 (200-400 mesh)'"*. The elution was
performed at 507 at a flow-rate of 3.0 ml/h. The sugars in fractions of the cluate were
anialvzed by measuring the absorbance at 3635 nm of the reaction mixture after the
addition of aniline dissolved in acetic and orthophosphoric acids. This system is
compatible with eluents that contain glycerol''®.

The use of a resin with a lower degree of cross-linkage and a higher porosity.
Dowex 1-X4. allowed the attainment of exchange equilibrium at increased rates and
greatly improved the chromatographic behaviour of the di- and trisuccharides. This
made possible an extension of Walborg’s method to higher molecular weight saccha-
rides. The flow-rate could be increased three-fold in comparison with that reported
previously. With a 0.6 = 150 mm column of Dowex [-X4 (200-400 mesh). elution
with a bufler composed of 0.4 Af boric acid, 1.0 A glycerol. 0.035 Af sodium chloride.
0.1%, Brij-35 SP (polvoxyvethylene(23) lauryl ether) and 0.5 m! of toluene per litre.
adjusted to pH 6.70. a1 60° resulted in a good separation of mixtures containing mono-
and higher saccharides. A 10-component mixture containing sucrose. lactose, rham-
nose, mannose, fucose. ribose. galactose. glucose. fructose and sorbose was separated
completely in about 24 h. A higher resolution of di~- and trisaccharides was possible
when a buffer containing 0.2 Af boric acid. 0.6 A glycerol. 0.1, Brij-35 SP and 0.3
ml of toluene per litre. adjusted to pH 6.70. was used for the elution at 40°. Using this
system. the complete separation of sucrose. cetlobiose, maltose. lactose and rhamnose
was possible!'t.

It is obvious that the separation of more complex mixtures can be improved by
programming the composition of the eluting solvent during the elution. Mixtures of
oligosaccharides were separated and determined using 2 0.6 < 63 cm anion-exchange
column of Chromobeads S (20 - { gm). Boric acid-glveerol. boric acid-glycerol-
sodium chloride and sodium tetraboraie solutions were used in a nine-chamber Auto-
erad apparatus to form a butler gradient. A colorimetric determination of the saccha-
rides was performed after reaction with cysteine-hydrochloric acid reagent in sul-
phuric acid. Sucrose. raflinose, maltose. stachyose. verbascose and an unidentified
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saccharide were separated and determined in tissues from healthy and infected plants!!2.
Glvycerol in the eluting buffer may interfere with the colorimetric assay in the
Walborg-Lantz method!''. as it contains primary hydroxyl groups that are subject to
oxidation. and for this reason. 2.3-butanediol was substituted for givcerol in the buflter
system''’.
A two-buffer stepwise clution system, utilizing 1 0.6 - 85 ¢m colunmin of Dovwex
1-X4 (—400 mesh) operated at elevated temperatures. vielded an improved separation
of complex saccharide mixtures as compared with the original Walborg-Lantz system.
The elution was begun at 40 with a buffer of pH 7.0, containing 0.13 A boric acid.
0.5 A7 2.3-butanediol. 0.1°,, Brij-35 and 0 7 ... v woruene or litre. At an effluent
volume of about 230 ml. the remaini—.g sugars were cluted with » butfer of pH 7.0
composed of 0.8 Af boric acid. 17 Af 2.3-butanediol. 0.1°,, Brij-3" and 0.5 mi of
toluene per litre. changing the .perating temperature to 60 (retf. 113).

This system. ... ~_ arepwise clution with two borate-2.3-butanedio. butlfers at
neutral pH. has keen automated by employing the Hitachi Perkin-Elmer Mo -lel 034-
04 liquid chromatograph. Aminex A-14, & 4%, cross-linked anion-exchange r.sin of
20 gem particle diameter. was used packed in 0.4 - 1€0 cm columns. The clution was
performed under the same conditions as described above, except that higher fow-raes
(20 mi;/h) could be used with a column bick-pressure of 15-28 atm. The analvsis 7
the column effluent was performed by continuous monitoring at 310, 365 and 390 nm
of the colour formed by reaction with aniline-acetic acid-orthophosphorie acid re-
agent. This reagent has the advantages of greater stability compared with the phenol
sulphuric acid and orcinol reagents. The ratio of the absorbances at 365 and 390 nm
has been utilized as a qualitative tool to distinguish between classes of saccharides.
e.g.. between aldopentoses. aldo- and ketohexoses. and 6-deoxyvaldohexoses!!.

- Table 17 gives the retention times of various saccharides studied in this system.
The separation can ke achieved of any pair of saccharides whose retention times ditfer
by as much as 36 min. The precision of analysis 1s about ---5°,, and the resolution
is comparable with those with the systems of Green®®, Ohms ¢r a/.'*® and Kesler™.
As an exarhple. the separation of an ll-component mixture containing melezitose.
raffinose. maltose, rhamnose. Ivxose. ribose. mannose. fucose, fructose. galactose and
elucose can be achieved in about 11 h*'*¥,

Another procedure has been reported for the automated determination of
hexosesintheeilluentsfrom Dowex | columns in borate medium. involving the measure-
ment of the fluorescence of the derivatives produced by reaction of 3-hvdroxy-e-
tetralone with hexoses in concentrited sulphuric acid. The high sensitivity of this
method allowed determinations of amounts of <20 g of hexoses''®. Solms and
Deuel''¢ prepared a special resin containing covalently bound borate groups and stud-
ied the possibilities of separating sugar mixtures on this resin. utilizing specific
interactions between the saccharides and the functional groups of the resinn. Waier.
aqueous ethanol and hydrochloric acid solutions were emploved as the eluents. This
method gave no advantages over chromatography on the borate form of the strongly
basic anion-exchange resin. It was possible to achieve a partial separation of binary
mixtures containing galactose and ribose. and arabinose and ribose. on 2 0.8 2 10 cm
column packed with this resin!'é.

The formation of complexes of saccharides with hydrogen sulphite ions has
been utilized by several workers for the chromatographic separation of sugars on
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TABLE 17
RETENTION TIMES OF SACCHARIDES IN AUTOMATED ANION-EXCHANGE SYSTEM

Stepwise elution with two borate-2,3-butancdiol buffers on an Aminex A-I4 (20 sm) column,
0.4 < 100 cm. Temperatures: 40° and 60°. The retention times were calculated on replicate samples
containing saccharides present in the following amounts: 0.300 smole of melezitose, 0.500 #mole of
raftinose, 0.320 rrmole of maltotriose, 0.250 ssmole-of stachyose, 2.0 pmoles of rhamnose. 1.5 g#moles
of Ivxose, 1.0 #mole of mannose. 1.5 gmoles of fucose, 2.0 gmoles of arabinose, 2.5 rmoles of xylose.
1.88 s#moles of sorbose and 2.5 smmoles of glucose. The values for sucrose. cellobiose. maltose. lactose.
ribose. fructose and galactose were calculated using four different sample loads. varyving between 0.2
and 5.0 amole of cach saccharide (as monosaccharide).

Succharide Retention tinre
Ain <-S.D.
Sucrose 52 1.3
\Melezitose 57 0.8
Raflinose 90 1.3
Cellobiose 96 1.7
Maltotriose 127 I.8
Aidtose 151 3.0
Stachyose 243 [O8 1
Rhamnose 2587 1.7
Lactose 306 535
Ly xose 437 R |
Ribose 4x0 54
Mannose S0 1.0
Fucose 569 S8
Arabinose 602 6.0
enctose 604 54
X lose 635 5.2
Sorbose 630 1.3
Galactose 657 1.2
Gilucose 73 7.6

strongly basic anion-exchange columns in the hydrogen sulphite tform. Ketoses do
not torm stable complexes with hydrogen sulphite tons. while aldoses yield stable «-
oxysulphonic acids, and these two groups can be separated on the hyvdrogen sulphite
tform of anion-exchange resins. -

Samuelson and Sjéstrdm'Y” separated a mixture of fructose. glucose and man-
nose and of fructose. xyvlose and mannose on a 150 > 9 mm column packed with
strongly basic Amberlite IRA-4C0 (HSO;7), 0.12-0.30 mim. The sorption of sugars
was much greater from aqueous ethanol than from water. Stepwise elution with 99.5%,
ethanol. 93%, ethanol and water was used and the sugars were eluted in the order
tructose, glucose and mannose.

Adacki and Sugiwara®*® could not achieve separations by elution with methanol
or ethanol. Using stepwise elution with 759, #-propanol and water, thev succeeded
in obtaining the preparative separations of monosaccharidic and disaccharidic aldoses
from ketoses on a 2 = 30 cm column of Amberlite IRA-400 (HSQO;™). 0.2-0.4 nun.
The presence of n-propanol influences the stabilities of the sugar-hvdrogen sulphite
complexes. It was possible. forexample, to separate binary mixtures of fructose and glu-
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cose, fructose, and maltose, lactulose and lactose. and rhamnose and xylose!!®.

Chromatography on a hydrogen sulphite column has been used for the prepa-
rative separation of sugars in mixtures after epimerization of aldoses. The less com-
mon epimerization products (D-threopentulose, L-ervthropentulose. D-lyxohexulose
and p-glucoheptulose) could be -thus separated from their parent compounds. Not
only the separation of ketoses from aldoses was possible by this method. but also the
preparation of chromatOﬂmphlcally pure D-fructose, D-olucose and l)—..dldClOSe from
comniercial products®*”.

D. Chromatography of saccharides on dextran and cellulose ion exchangers

The chromatography of sugars on QAE-Sephadex (SO,*~) in mixed aqueous
ethanol medium is discussed together with separations on polystyrene-divinylbenzene
ion—cx’chzmoe resins. The distribution coeflicients of various sugars on this exchanger
in 959 ethanol are given in Table 15 (ref. 8§3).

Chromdlogrdph) on Sephadex ion exchangers is useful for the separation of
various polysaccharides. As an example. Barker er a/.**° fractionated soil polysaccha-
rides of bacterial origin ona 3.4 = 45 cm column of DEAE-Sephadex A-50. using a
- continuous linear ionic strength gradient from O to 2 A7 sodium chloride in a phosphate
buffer at pH 6 (ref. i20).

- Chromatography on a 0.9 =~ 58 cm column of DEAE-Sephadex A-25. using
elution with a linear gradient (0-0.4 Af) of sodium chloride. resulted in good separa-
tion of three monoglucosiduronates (estrone-3-glucosiduronate. 17p-estradiol-3-
glucosiduronate and 17p-estradiol-17-glucosiduronate). This procedure has proved
to be of particular value in the study of estrogen glucosiduronate metabolism'*!.

DEAE-cellulose columns can be used for the eflicient chromatographic frac-
tionation of polysaccharide mixtures. At about pH 6. neutral polysaccharides are
not sorbed or are only weakly sorbed by DEAE-cellulose (Cl~ or SO,*7), and can be
readily eluted at the same pH by using buffers of increasing strength or dilute hydro-
chloric acid. Acidic polysaccharides such as pectic acid are sorbed readily at neutral
and weakly acid pH. but can be eluted only by increasing the pH. The neutral poly-
saccharides are strongly sorbed on DEAE-cellulose (OH ™) and can ke fractionated by
clution with sodium hydroxide solutions, gradually increasing in conceniration'?:.

Wheat starch dextran was separated into three fractions by chromatography
on a column of DEAE-cellulose (OH™) using stepwise elution with water. 0.01. 0.05
~and 0.1 N sodium hydroxide solution. A mixture of sugar keet araban and pectic acid
was separated on a column of DEAE-cellulose (PO.*~). Araban was eluted gradually
with 0.025, 0.05.0.1 and 0.25 M sodium phosphate solution at pH 6.1. while gradient
elution with sodium hydroxide concentraiion changing from 0.01 to 0.5 N was used
for pectic acid. Both araban and pectic acid appeared in the effluent clearly resolved
into several further peaks. Using the same elution technique. sugar keet pectic acid
was further fractionated. Wheat pentosan was separated from serum albumin on
DEAE-cellulose (PO;>™) by stepwise elution with 0.605 A7 sodium phosphate buffer
(pH 8). The proteins remained sorbed on the column under these conditions and could
be recovered at a lower pH and higher ionic strength by subsequent elution with 0.01
M sodium phosphate buffer (pH 6) and a solution 0.1 M in sodium chloride and 0.05
M in sodium dihydrophosphate*>*
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The fractionation effect was increased when DEAE-cellulose (BO;™) and elu-
tion with sodium borate of increasing strength was used. Using this method, cold
water-soluble wheat flour polysaccharides could be fractionated. Elution with water
vielded a fraction of pentosan composed of xylose and arabinose only. and 0.01 M
borate eluted a main pentosan fraction. containing small amounts of galactose and
“spots™ of protein. The fraction eluted with 0.1 Af borate consisted of about 50,
protein. 209, pentosan and 307, hexosan. Finally. a fraction of hexosan composed
of only glucose was eluted with 0.5 M borate solution!?*.

When a column of DEAE-cellulose (OH™) was used for the chromatography
of the hemicelluloses from black spruce. elution with water and 2 A ammonium acetate
solution did not separate the xylan and mannan components. Elution with 7 M aque-
ous urea minimized hydrogen bonding between polvsaccharides and cellulose and
vielded a traction free from xylose. By subsequent use of ammonium acetate in 7 Af
urea. mainly xvlose polymers were eluted®'*3. :

Five different polysaccharides (hyaluronic acid. chondroitinsulphuric acid A.
heparin. g-heparin and a polysaccharidic by-product obtained during heparin prepa-
ration) were chromatographed on a 10 < 1 em column of ECTEOLA-cellulose. For
good separations, it-was necessary to work at an acidic pH. The column was eluted
stepwise with buffers of increasing chloride concentration (equimolar amounts of
sodium chloride and hyvdrochloric acid, 0.1. 0.5, 0.7. 1.1. 1.4 and 2.5 A). Hyvaluronic
acid, chondroitinsulphuric acid and heparin had very different atfinities for ECTEOLA-
celiulose. which allowed their separation. Polysaccharidic by-product could be
separated into four distinct fractions. Similar results were obtained when a constant
concentration of 0.05 Af hydrochloric acid was used in all steps, while the chloride
concentration was regulated by increasing the amount of sodium chioride in the eluent.
All separations were performed at 0-5° (ref. 124).

6. SUMMARY

A systematic survey of applications of ion-exchange chromatography in the
analysis of aldehydes. ketones. ethers. alcohols. polvols and saccharides is given.
The main part is concerned with the separation of saccharides on anion-exchange
resins in the borate and hydrogen sulphite forms. and the separation of saccharides.
aldehvdes. ketones. ethers and alcohols by salting-out and solubilization chromato-
graphy on 1on-exchange columns. Other ion-exchange chromatographic methods, the
sorption behaviour of the compounds on ion-exchange resins and chromatography
on ton-exchange papers and thin layers are also covered. The survev deals mainly
with the literature for the period 1962-1970.
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