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Pectic acid was cross-linked to different degrees by reaction with epichlorohydrin. The series 
of samples thus obtained was characterized by the swelling volumes, cross-linking densities, 
numbers of side chains and ion-exchange capacities. We have investigated the ion-exchange 
C a 2 + —> K + in differently cross-linked preparations and the exchange of K + for Mg2 + , Ca2 + , 
Sr2 + , Co2 + , P b 2 + and Cu2 + in a highly cross-linked preparation. The ion-exchange equi-
librium was characterized by the selectivity coefficient calculated from equivalent fractions 
of the cations in the cation exchanger and in the solution. The C a 2 + —>K+ exchange was further 
characterized by the corrected coefficient of selectivity (AC), calculated from mole fractions 
of the cations in the exchanger and from the single-ion activities in an equilibrious solution. 
Selectivity of the C a 2 + + exchange increased with the increasing cross-linking density 
of the exchanger. Cross-linked pectic acid proved to be a highly selective exchanger of bivalent 
cations, except the pair C a 2 + — S r 2 + . Selectivity of the M e 2 + + exchange increased with 
decreasing portion of Me2 + in the exchanger. Affinity chromatography of endopolygalacturo-
nase proceeded best on the preparation of a medium cross-linking degree, in which enough enzyme 
was bound and no enzymic degradation of the matrix to oligomeric fragments yet occurred. This 
result accords with the findings on the size of the active centre of endopolygalacturonase. 

Po lyu ron ic acids a n d thei r salts (a lginates a n d pecta tes) f unc t i on as highly selective 
cat ion exchangers . Th is p rope r ty m a k e s t h e m very usefu l in medic ine a n d in analyt ica l 
chemis t ry . T h e use of alginic acid a n d a lginates f o r c h r o m a t o g r a p h i c sepa ra t ion 
of ca t ions a n d s o m e organic bases have been descr ibed in m a n y pape r s , whereas 
t o c h r o m a t o g r a p h y on pectic acid h a s been given li t t le a t t en t ion . T h e b ind ing a n d 
exchange of ca t ions on pect in was s tudied main ly in pec t ina te so lu t ions ( e . g . 1 - 3 ) . 

Pect ic (po lyuron ic ) acid to be used as an ion exchanger in analyt ica l chemis t ry 
or to r e m o v e t races of metal l ic ca t ions f r o m was te w a t e r s 4 has t o be app l ied in an 
insoluble f o r m , such as pect ic acid itself (acid m e d i u m ) , i ts salts wi th some b iva lent 
a n d polyva len t cat ions , pec ta tes in sui table p o l a r o rgan ic solvents a n d cross- l inked 
p r e p a r a t i o n s of pect ic acid. 

F i lms of par t ia l ly neu t ra l ized pect ic acid were employed to s tudy the ion-exchange 
capaci ty f o r ca t ions of the a lka l ine ea r ths 5 . T h e selectivity coeff icients of t h e ex-
change f o r these ca t ions were invest igated in gels of t he co r re spond ing p e c t a t e s 6 , 7 . 
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1880 Kohn, Rexova-Benkova, Luknar, Kuniak : 

With suitable organic solvents a column packed with polygalacturonic acid resolves 
racemic bases8 '9. 

A special form of the insoluble polyuronide is protopectin, i.e. pectin bound in tis-
sues of plants. Extracted sugar beet slices, rich in pectin, can therefore be used 
to decontaminate radioactive waste waters10. Their capacity and ion-exchange 
selectivity can substantially be increased by alkaline deesterification11. 

The insoluble ion exchangers were prepared from pectic acid by cross-linking 
with formaldehyde12 '13. On these preparations was studied the effect of esterifica-
tion of carboxyl groups14 and the effect of some anions15 on the exchange selectivity 
of univalent and bivalent cations. Tibensky investigated the effects of the esterifica-
tion degree of protopectin in beet slices16, of pectin cross-linked with formaldehyde 
and of the carboxylic cation exchanger Zerolit 226 on Ca 2 + K + exchange selectiv-
ity17. In contrast to the findings reported by Deuel and coworkers14, Tibensky has 
proved that the affinity of any of these ion exchangers to Ca 2 + decreases with de-
creasing charge density of cross-linked macromolecules. These results fully agree 
with our data on ion exchange in pectinate solutions1 '2. Hydroxamic acids prepared 
from cross-linked pectic acid18 are ion exchangers selective for Fe3 + . 

Tibensky and Kuniak19 have worked out a procedure for the preparation of cross-
-linked pectic acid by the action of epichlorohydrin in the gaseous phase; a very 
even cross-linking was attained. Epichlorohydrin was also used to prepare a co-
polymeric cation exchanger (polymethacrylate-pectin)20. The exchange capacity 
of pectic acid, whether free or cross-linked, can be increased by oxidation of its 
secondary alcoholic groups to carboxyl g roups 2 1 - 2 3 . The effect of the cross-linking 
degree of pectic acid and alginic acid on their ion-exchange equilibria has not yet 
been studied. 

Rexova, Tibensky and Markovic24 '25 have further shown that cross-linked pectic 
acid lends itself very well to affinity chromatography of pectic enzymes, of both 
microbial and plant origins, for a selective purification of endopolygalacturonase. 

Since cross-linked pectic acid finds use as an ion exchanger (in analytical chemistry, 
food-stuff chemistry, etc.) and as an insoluble substrate in affinity chromatography 
of pectic enzymes it has turned out necessary to characterize the exchange selectivity 
for various cations and to elucidate the effect of the cross-linking degree of pectic 
acid on cation exchange, on the binding of endopolygalacturonase and on biode-
gradability of this substance. 

EXPERIMENTAL 

Chemicals and Apparatus 

Potassium pectate and cross-linked pectic acid were prepared from a commercial citrus pectin 
(Genu Pectin-Type B, Rapid set, Kobenhavns Pektinfabrik, Denmark). 
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Cross-linked Pectic Acid 1881 

The preparation of pectic enzymes was a partially purified mixture of enzymes isolated 
from microorganisms Aspergillus niger. It contained hydrolases, exo- and endopolygalacturonase 
and pectinesterase. Isolation and characterization of the preparation were decribed earlier2 6 . 

Complexon IV (diaminocyclohexanetetraacetic acid) was an imported chemical (Lachema). 
Solutions of K O H (0-2M and (MM) were carbonate-free. Solutions of MgCl2 were prepared 
by dissolution of MgO (A.G.) in hydrochloric acid. The excessive (unreacted) MgO was filtered 
off and the clear solution was brought to pH 7-0—7-1 with hydrochloric acid. The other chemicals 
were commercial A.G. products. Distilled water had a conductivity of 2 . 1 0 - 4 S/m. 

The apparatus employed included a potentiometer Radelkis OP-205 with an antimony and 
a glass electrode (Radiometer), a compensation spectrophotometer UVISPEC-Hilger and a spe-
cial photometer for chelatometric titration, constructed in Development Workshops of the Insti-
tutes of Chemistry, Slovak Academy of Sciences. The apparatus was equipped with a set of inter-
ference filters (Zeiss, Jena) and a galvanometer Multiflex D G 20 (Metra, Blansko), sensitivity 
9 . 10~ 9 A/mm. 

Analytical Methods and Procedures 

Pectic substances were analysed (polyuronide content, esterification degree E and average mole-
cular weight of pectin) by methods described previously27. 

Concentrations of Mg2 + , Ca2 + , Sr2 + , Co 2 + , P b 2 + and C u 2 + in dilute equilibrium solutions 
were determined chelatometrically by photometric titration with 0 01M Complexon IV. To de-
termine concentrations of Ca2 + , Co 2 + and Cu 2 + an interference filter I F 600 nm and murexide 
as indicator were used. With ions Mg2 + , S r 2 + and Pb2 + we used eriochrome black T and the 
interference filter IF 650 nm. Unless otherwise stated the analytical procedure was as previously 
described28. Sr2 + ions were determined with the addition of a magnesium salt. In determining 
a concentration of Co 2 + ions we alternated small additions of OTm-NH4OH and the Complexon 
solution. In a Pb 2 + determination the solution was first mixed with an excess of Complexon IV, 
followed by the addition of an ammonium buffer solution (pH 9-5); the excess of Complexon IV 
was then determined by titration with a solution of MgCl2 . 

Photometric indication of the titration end point made it possible to determine concentrations 
of the given cations with a high accuracy, depending almost exclusively on the error in reading-
-off the volume of the titrant. 

Preparation of Cross-linked Pectic Acid 

Potassium pectate (87 to 90% of polygalacturonate in the dry substance) was obtained by alkaline 
deesterification of citrus pectin in a heterogeneous phase (60% ethanol)2 9 ; the remaining degree 
of esterification was 1 to 4%, the average molecular weight Mr|, determined viscosimetrically, 
was 17000-23000. 

The potassium pectate, finely pulverized, was then cross-linked to different degrees by expo-
sure to different amounts of gaseous epichlorohydrin in an alkaline medium1 9 . The preparations 
were washed with distilled water until the washings were neutral, then with acetone, followed 
by drying at 60°C. They were yellowish and had a powder consistence similar to that of the starting 
potassium pectate. All the cross-linked preparations were insoluble in dilute acids or bases. 

Characterization of Preparations of Cross-linked Pectic Acid 

The swelling volumes of the cross-linked preparations in water (ml of swollen gel per gram of the 
dry substance in K + form) were determined as previously described30 . 
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The numbers of cross-links were calculated f rom the total amount of the reacted epichloro-
hydrin and f rom the portion of epichlorohydrin bound in side reaction as monoglycerol ethers. 
The numbers of the monoether groups were determined after periodate oxidation of the cross-
-linked preparations by quantitation of formaldehyde as the oxidation p roduc t 3 0 . 

Ion-exchange capacity of cross-linked pectic acid ( H + form) was determined alkalimetrically 
in 0-5M-KN0 3 by potentiometric titration of the hydroxide excess with hydrochloric acid. In the 
course of the titration the alkaline suspension was protected f rom atmospheric carbon dioxide 
by a layer of toluene. 

Ion-exchange capacities of the cross-linked preparations were determined specially for each 
M e 2 + cation. In the exchange of K + for Co 2 + , P b 2 + and Cu 2 + resp., the capacity and the 
exchange equilibrium were investigated at lower p H (pH 6-0 with C o 2 + and p H 5-0 with Pb 2 + 

and C u 2 + ) . The cross-linked preparations were first brought to the desired p H by washing 
with a 0-IM acetate buffer ( K + salt) and C0 2 - f r ee distilled water. The solutions employed were 
0T5M-CO(NO3)2 , 0-15M-Pb(N03)2 and 0-02M-CU(N03)2, the p H values being adjusted to 6-0, 
5-0 and 5-0 respectively. 

Determination of the Selectivity Coefficients of Cation Exchange 

The cation exchange selectivity coefficients of cross-linked pectic acid were determined by the 
batch procedure. The preparations were first brought to K + and H + forms by percolation with 
OTM-KOH and 0TM-HC1. Swollen samples in the K + form were employed. The ion-exchange 
equilibria were investigated in suspensions; 100- ml samples of these contained: a cross-linked 
preparation in the quantity corresponding to an exchange capacity of 1 mequiv. [Me2 + ], 
increasing amounts of the Me-salt and such an excess of KC1 (or K N 0 3 ) that the ionic strength 
of the solution, I, was 0-15. The salts employed were MgCl 2 , CaCl2 , SrCl2 , KC1; C o ( N 0 3 ) 2 , 
P b ( N 0 3 ) 2 , C u ( N 0 3 ) 2 and K N 0 3 . The ion-exchange equilibria were measured after 24 hours ' 
stirring of the suspensions at 22—25°C. 

The coefficients of selectivity of the exchange M e 2 + - > K + were calculated f rom the equation 

r Me _ XMe(XK)2
 m 

ULR/ Me 

where ~X and X are equivalent fractions of the corresponding cation in the ion exchanger and in the 
equilibrium solution, respectively. 

In the exchange Ca 2 + - > K + we calculated not only the selectivity coefficient defined by equa-
tion (i), but also the molar corrected coefficient of selectivity, ^ a ( A C ) ( see 3 1 ' 3 2 ) . 

^ a
( A C ) = , (2) 

C*K(m)) a C a + 

where designates the mole fractions of the corresponding cations in the ion exchanger, 
and a K + and oC a2 + the single-ion activity of K + and Ca 2 + , respectively, in the equilibrium solu-
tion. 

Ionic strength, I, was calculated for each equilibrium solution. The single-ion activity coeffi-
cients yK + and yCa2 + for a ionic strength / were calculated f rom tabulated values of the mean 
activity coefficients33 , y ± K C 1 and y ± C a C l z , determined experimentally at 25°C, according to 
the equations 

yca*+ = O' + C a C l Z / O + KCl ) 2 & 
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= ^ci- = KCI (Mac Innes convention) . (4) 

Activities oK and aCd2+ were calculated from molar concentrations of the ions K + and Ca2 + 

in equilibrium solutions. (Theoretical ground of the method will be given further). 
The selectivity coefficients e and K£a(AC) given in this paper are averages from two paral-

lel determinations, the analytical error being ± 5%. 
The corrected selectivity coefficient of ion exchange can also be expressed by means of the 

selectivity coefficient (K'), which can be calculated from the molar cation concentrations (mol/1) 
used instead of the mole fractions of the cations in the ion exchanger The two selectivity 
coefficients are correlated by the equation 

K' = ~ K£\AC) = , (5) 

where m is the total molar concentration of cations in the ion exchanger. 

Determination of Biodegradability of Cross-linked Pectic Acid 

The effect of pectic enzymes on a suspension of cross-linked pectic acid was investigated at room 
temperature in a (MM acetate buffer, pH 4-2, the concentration of carboxyl groups being 0-025M. 
A suitable quantity of the enzyme preparation was determined beforehand by its action on a solu-
tion of sodium pectate of the same concentration. At time intervals aliquot portions of the sub-
strate were withdrawn. The enzyme was inactivated by boiling; after centrifugation the superna-
tant was analysed for concentration of reducing terminal groups (—CHO) and tested for the 
presence of oligomeric fragments of polygalacturonic acid. 

The reducing terminal groups were determined by Somogyi-Nelson's method34. Oligomeric 
fragments of polygalacturonic acid were detected chromatographically35 on a thin layer of silica 
gel (Silufol plates) in a system n-butyl alcohol-formic acid-water ( 2 : 3 : 1); the spots were deve-
loped by means of an aniline phthalate reagent. The polymerization degrees of the oligomeric 
fragments were determined by RF values in comparison with those of standards of oligogalac-
turonic acids (DP 1 — 7); for details see36. 

Binding of Endopolygalacturonase to Cross-linked Pectic Acid 

Cross-linked pectic acid in a column equilibrated with 0-1M acetate buffer, pH 4-2, was percolat-
ed with a solution containing a mixture of pectic enzymes. Endopolygalacturonase, which got 
selectively adsorbed, was further eluted from the column with an acetate buffer, pH 6-0. The 
amount of the adsorbed endopolygalacturonase was estimated from the activity of this enzyme 
in the eluate brought to pH 4-2; the activity was determined using a 0-5% solution of sodium 
pectate as substrate. The procedure was described in a previous paper37. The specific activity 
of the enzyme is given in micromols of reducing groups liberated by 1 mg of the protein in 1 min. 

RESULTS AND DISCUSSION 

Characterization of Samples of Cross-linked Pectic Acid 

We have prepared a series of samples of pectic acid cross-linked to different degrees 
by the action of epichlorohydrin in gaseous phase. The samples of the ion exchanger 
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in K + form were characterized 2) by their swelling volumes, V (ml/g); 2) by their 
cross-linking degree, expressed as the mean number of cross-links—CH2—CH(OH). 
.CH2—R per unit of D-galacturonic acid (DS(C.L.)); 3) the extent of the side reaction 
was expressed as the number of monoglycerol ether groups—CH2 .CH(OH).CH2OH 
bound to a D-galacturonic acid unit (DS (S.C.)); 4) by ion-exchange capacity in 
mequiv. H + per gram of the dry substance (H + form). 

The results of the analyses are summarized in Table I. The cross-linking degrees 
of a sample and the extent of the side reaction were calculated from the total amount 
of bound epichlorohydrin and from the number of side chains; the calculations are 
based on the assumption that both the cross-links and the side chains include only 
the three-carbon skeleton of epichlorohydrin molecule. In our view this assumption 
is more or less justified, since the reaction of gaseous epichlorohydrin proceeded 
slowly and produced preparations homogeneously cross-linked. The swelling volume, 
V, is related to the cross-linking degree (Fig. 1), so that it can be used as a measure 
of cross-linking. 

The ion-exchange capacities ranged between 3-83 and 4-08 mequiv. H + per gram 
of a dry sample (H + form). The individual samples had the same capacity for H + 

and Ca 2 + ions, the differences being less than 1%. With sample 2, having a high 
degree of cross-linking, the capacities were determined for more cationic species, 
viz. H + , Mg 2 + , Ca2 + , Sr 2 + , Co2 + , Pb 2 + and Cu2 + . The exchange capacities for 
these ions were also practically equal, the differences not exceeding ±1%. These 
results prove that the carboxyl groups of cross-linked pectic acid participating in ion 
exchange are accessible to all the above mentioned cations, irrespective of their size 
and hydration. 

Solutions of Pb(N0 3 ) 2 and Cu(N0 3) 2 , used to determine the exchange capacities 
for Pb 2 + and Cu 2 + , were acid (pH 5-0), as a result of hydrolysis. Since cross-linked 

TABLE I 

Characterization of Samples of Cross-linked Pectic Acid 

Sample 

Swelling 
volume, V 

ml/g 
dry sample 

DS (C.L.) DS (S.C.) 

Exchange 
capacity 

(H+-form) 
mequiv./g 

1 3-5 0-488 0-022 4-08 
2 4-6 0-392 0-027 4-05 
3 5-6 0-230 0-029 4-05 
4 8-0 0-152 0-037 3-83 
5 11-4 0-095 0-026 3-84 
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Cross-linked Pectic Acid 1885 

pectic acid represents a weak acidic (carboxylic) cation exchanger it would be ex-
pected with the acid solutions of lead(II) and copper(II) nitrates tha t the ion-ex-
change capacities will be lower, which is not the case. In determining the capacity 
an excess of the corresponding solution is passed through the column. In addition, 
as will be shown fur ther , the ions P b 2 + and C u 2 + are bound very firmly to the carbo-
xyl groups of the cross-linked preparat ion. As a result, the equilibrium is shifted 
and the P b 2 + and C u 2 + ions get bound to all carboxyl groups, despite the lower 
p H of the solutions. 

Effect of Cross-linking of Pectic Acid on Selectivity of the Exchange C a 2 + -> K + 

Samples of cross-linked pectic acid, described in Table I, were investigated fo r the 
exchange Ca 2 + -> K + . The ionic strength, I , of the equilibrium solutions ranged 
between 0-150 and 0-146, depending on the exchange degree of the cations. 

The exchange C a 2 + -> K + was characterized by the selectivity coefficient 
according to formula (7). In this definition it is also called the rational coefficient 
of equilibrium (ref.3 1 , p. 149). The C a 2 + -» K + exchange was fur ther characterized 
by the molar corrected selectivity coefficient i f£ a (AC), according to equation (2). 

We have previously shown 2 7 ' 3 8 that the single-ion activity coefficients yCa2 + 

determined with the aid of a metal lochrome indicator in mixed solutions (CaCl 2 + 
+ KC1) of ionic strengths I ^ 0-15 are practically identical with those calculated 

0.2 0.4 _ 0.6 
DS tC.L.) 

FIG. 1 

Swelling Volume, V, of Cross-linked Pectic 
Acid (K + form) in Relation to Cross-linking 
Degree 

V ml of a swollen exchanger per g of the 
dry exchanger. DS (C.L.) number of cross-
links per unit of D-galacturonic acid. 

FIG. 2 

Corrected Selectivity Coefficients, Kg* (AC) 
of Differently Cross-linked Pectic Acid Plot-
ted vs Mole Fraction of C a 2 + in the Ex-
changer, XC a ( m ) 

The samples (1 — 5) are specified in Table I. 

0.4 - 0.6 
XCa(m) 
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from the mean activity coefficients, y ± C a c i 2 a n c * T±KCI> O R F R O M the Debye-Hiickel 
theory of strong electrolytes. These facts show that the corrected selectivity coefficient 
iC£a(AC) can be calculated from the single-ion activity coefficients of C a 2 + and K + 

in equilibrious solutions. The activities were calculated from the molar concentra-
tions of the cations in the solution; in these dilute solutions the molal and the molar 
activity coefficients are practically equal2 7 . In the exchange of bivalent and univalent 
cations it is not yet clear3 2 whether it is better to express the quantity of the cations 
in the ion exchanger by means of equivalent fractions, X , or mole fractions, Z ( m ) . 
Since the activities aca2+. and aK+ were calculated from the molar concentrations 
we decided to calculate the corrected selectivity coefficient AC) from the mole 
fractions X ( m ) . 

The results of the measurements are given in Table II and Fig. 2. The values for 
a sample on a line correspond to the same ion-exchange equilibrium. The corrected 
selectivity coefficients iC£a(AC) are several times lower than the selectivity coeffici-
ents calculated from the equivalent fractions of the cations in the ion exchanger 
and in the solution. However, the two cation-exchange selectivity coefficients depend 
in similar fashions on both the cross-linking degree of pectic acid and on the mole 
fraction of C a 2 + ions bound to the exchanger. The higher the cross-linking degree 
the higher the selectivity for C a 2 + ions. 

The dependence of K£ a(AC) on the cross-linking degree of pectic acid is better 
illustrated in Fig. 3, where the values of AC) correspond to half-saturation 

T A B L E I I 

Selectivity Coefficients Exchange of C a 2 + for Cross-linked Pectic Acid 

Sample 1 2 

DS (C.L.) 0-488 0-392 

^ C a ( m ) 
v C a 

a K K t (AC) f C a K£ a (AC) 

0-171 0-093 382 79-7 0-136 0-073 353 75-3 
0-210 0-117 299 60-7 0-174 0-095 231 47-8 
0-363 0-222 210 38-7 0-318 0-189 154 29-3 
0-467 0-304 161 27-6 0-424 0-269 127 22-4 
0-604 0-433 135 20-8 0-577 0-406 116 18-3 
0-690 0-526 125 17-8 0-647 0-478 114 16-9 
0-723 0-566 104 14-2 0-700 0-539 102 14-4 
0-789 0-652 116 14-9 0-751 0-602 100 13-2 
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of the ion exchanger with C a 2 + ions (^Ca(m) = 0-5). These results are in good ac-
cordance with those obtained with various synthetic ion exchangers (ref.31, p. 156). 
Thus Reddy and Marinsky39 observed a similar dependence of the corrected selec-
tivity coefficients for the exchanges C a 2 + -> H + and Sr 2 + H + on the cross-linking 
degree of a polysulphostyrene cation exchanger, whereas the ion exchange of H + for 
Co2 + , N i 2 + and Z n 2 + was practically independent of cross-linking. This difference 
can be explained by a change in activity coefficients of the cations in the exchanger, 
produced by interaction of hydrated cations with the polyanion. 

The selectivity coefficients and JC£a(AC) depended much more on the portion 
of Ca 2 + ions bound to the cation exchanger. With decreasing XCa or XC a ( m ) the 
affinity of cross-linked pectic acid to Ca 2 + ions considerably increased (Table II, 
Fig. 2); for details see further. 

Exchange Selectivity of Some Bivalent Cations Me 2 + Replacing K + Ions 
in Cross-linked Pectic Acid 

Exchange of K + ions in cross-linked pectic acid in K + form for ions Mg2 + , C a 2 + , 
Sr 2 + , Co2 + , P b 2 + and C u 2 + was investigated. These experiments were carried 
out with the highly cross-linked sample 2, DS (C.L.) = 0-392, at an ionic strength 
I = 0-15. 

Solutions of potassium pectate, salt of a weak polyacid and a strong base, have 
pH « 7-5. A similar pH is probable in the phase of the cross-linked pectate. Pre-

Table II 
{Continued) 

3 4 5 

0-230 0 152 0-095 

^Ca Ĉafm) fCa ak K t (AC) ^Ca ^Ca(m) vCa kK (AC) ^Ca(m) 
lyC'd 

K K t (AC) 

0-170 0-093 160 33-2 0-129 0-069 175 37-2 0-132 0-070 174 37-0 
0-300 0-177 104 19-9 0-166 0 0 9 1 144 29-6 0-168 0-092 145 30-2 
0-402 0-251 93 16-7 0-293 0-172 92 17-8 0-293 0-171 88 16-8 
0-539 0-368 80 12-9 0-383 0-237 76 13-7 0-376 0-232 69 12-5 
0-613 0-442 70 10-6 0-514 0-346 66 10-8 0-505 0-338 61 10-0 
0-680 0-515 74 10-4 0-592 0-421 59 9-1 0-576 0-405 52 8-0 
0-732 0-587 67 8-9 0-716 0-558 59 7-9 0-642 0-473 54 7-8 
0-770 0-625 63 8-0 0-764 0-619 60 7-6 0-703 0-543 52 7-0 
0-797 0-663 59 7-1 0-794 0-658 58 7-1 0-750 0-601 52 6-7 

0-776 0-632 45 5-6 
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liminary experiments revealed that at low concentrations of Pb2 + and Cu2+ ions 
in equilibrious solutions basic salts of these cations precipitated in the ion exchanger 
phase. In view of this fact we investigated the exchange equilibria Pb2 + K + and 
Cu2+ -> K + in a cross-linked preparation whose pH was first brought to 5-0; for the 
same reason the exchange Co 2 +—K+ was studied at pH 6-0. 

For most of the enumerated cations we had not enough experimental data to justify 
use of the single-ion activity coefficients, y M e 2 + , by proofs given earlier27'38 for ions 
Ca2+ and Sr2 + . For this reason the cation-exchange selectivity coefficients were 
expressed by equivalent fractions of the cations (X) according to equation (2). Fig. 4 
gives the selectivity coefficients K™s for exchange equilibria Mg2 + -> K + , Ca2 + -> K + , 
Sr2+ K + and Co2+ -> K + . 

Like with the exchange equilibria in Fig. 2, the selectivity coefficient increases 
with decreasing equivalent fraction of Me2 + ions in the exchanger, particularly in the 
region of low values of XMe. A similar dependence of the selectivity coefficient was 
observed with cations of alkaline earths exchanged for Mg2+ or K + on non-cross-
linked gels of alginates40'41 and pectates6'41. Unlike these systems in solutions 
of Ca-pectinates (Ca-salt of partially esterified pectic acid), which do not gellify, 
the interaction of Ca2+ ions with carboxyl groups of the pectinate strictly obeys 
the law of multiple equilibria. The stability constant of Ca-pectinate as well as the 

400 

(AC) 

20 

10 

15 

5 _[ [ L I— 
0-2 0.4 0.6 - 0.8 

Me 

0.2 
DS(CL) 

F I G . 3 F I G . 4 

Selectivity Coefficients, of Exchange 
of Me2 + - > K + for Cross-linked Pectic 
Acid Plotted vs Equivalent Fractions of 

J p n c i n tVio P v ^ l i o n f T A r V 

Corrected Selectivity Coefficient, K£ a (AC), 
Plotted vs Cross-linking Degree of Pectic 
Acid 

^Ca(m) = ° ' 5> D S (C .L . ) is t h e n u m b e r 
of cross-links per unit of D-galacturonic acid. 1 Mg , z ua , j sr , t 
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selectivity coeficient are, in this case, independent of the portion of C a 2 + ions 
bound in the macromolecule of the pectinate (c/.6). Hence we believe that the de-
pendence of the selectivity coefficients and AC) on the portion of cations 
Me 2 + bound in an exchanger is given by the heterogeneous spatial distribution 
of —COO~ groups in the cross-linked preparation. This heterogeneity gives rise 
to differences in charge density in the exchanger, forming loci with different pos-
sibilities of intermolecular binding of bivalent cations to carboxyl groups .of two 
different chains. The mechanism of the binding of cations to polyuronides has been 
given more attention elsewhere3 '42 '43 . 

The folloving Table III the selectivity coefficients K™e for the exchange reactions of 
K + ions for a number of bivalent cations M e 2 + in cross-linked pectic acid (sample 
2) a t / = 0-15: 

Me2 + : Mg Ca Sr Co Pb Cu 

= 0-5): 26 121 120 241 2 580 3 300 

The binding of ions C u 2 + and P b 2 + to cross-linked pectic acid is extraordinarily 
firm, which is important from the practical point of view. Firm binding of C u 2 + ions 
is also typical of other synthetic polyanions containing carboxyl groups. By contrast, 
polyanions containing groups — S 0 3 H exhibit little selectivity7 for C u 2 + ions. The 
selectivity coefficient determined with the cation exchanger Dowex 50W X 2 
(functional groups — S 0 3 H ) under the same conditions had a very low value, = 
= 12-3, compared to that found with cross-linked pectic acid, K£u = 3 300. We believe 
that the very strong linkage of C u 2 + and P b 2 + ions to the carboxyl groups of pectin 
is essentially of a coordinative nature. 

The foregoing results reveal that except the pair C a 2 + — S r 2 + cross-linked pectic 
acid is highly selective for bivalent metallic cations, which is in agreement with earlier 
papers 1 6 , 7 , concerning the ion exchange of non-cross-linked pectin preparations. 

Effect of Cross-linking of Pectic Acid on the Binding of Endopolygalacturonase 
and on Biodegradability of the Preparation 

Cross-linked pectic acid has proved to be very useful for affinity chromatography 
of endopolygalacturonase to isolate this enzyme from a mixture of pectic enzymes, 
whether of a microbial or a plant origin2 4 '2 5 . Cross-linked pectic acid (insoluble 
substrate) binds endopolygalacturonase at the p H of its maximum activity. After 
washing the column endopolygalacturonase is quantitatively eluted with a buffer 
of pH 6-0. A prerequisite for the binding of the enzyme to a cross-linked matrix 
is a minimum segment length of D-galacturonic acid units, carrying no cross-links 
or side chains. This minimum length of a segment corresponds to the size of the active 
centre of the enzyme, involving its binding and its catalytic centres. What is also 
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important with cross-linked preparations is the mutual arrangement of macro-
molecular chains of pectic acid, which has to offer enough space for the enzyme 
to bind to the insoluble matrix. It can, therefore, be expected that with the increasing 
density of the cross-links the binding capacity for the enzyme will decrease, and vice 
versa. 

The effect of cross-linking degree of pectic acid on selective adsorption of endo-
polygaJacturonase was investigated with a mixture of pectic enzymes produced 
by microorganisms Aspergillus niger. The amounts of the bound endopolygalacturon-
ase were assessed from the activity of this enzyme eluted from a column of the cross-
linked preparations, as described in Experimental. The results are given in Fig. 
5. As expected, the amount of the bound enzyme increased with decreasing cross-
-linking DS (C.L.); (samples 2 — 4). With sample 5, having the lowest cross-linking 
degree, the pectic enzymes considerably degraded the matrix, so that the binding 
of endopolygalacturonase was much lower than the expected level ( ). 

What is especially important to take into account in considering the application 
of cross-linked pectic acid in food-stuff industry and affinity chromatography of endo-
polygalacturonase is the biodegradability of the material. In our experiments sus-
pensions of cross-linked samples were exposed to a mixture of pectic enzymes A. 
niger, containing both endo- and exoenzymes, at pH 4-2 The chosen pH is optimum 
for activity of either kind of these enzymes. Increase in the content of oligomeric 
fragments of pectic acid in the solution was investigated in relation to time by de-
termining the reducing terminal groups of the oligomers (—CHO) and by characteri-
zation of the fragments by thin-layer chromatography on silica gel. 

The results of the measurements are given in Fig. 6. For the sake of comparison 
the enzyme action was also measured on a solution of non-cross-linked sodium 
pectate (PA). The thin-layer chromatography showed that at high cross-linking 
degrees (samples 2 and 3) only monomeric D-galacturonic acid split off from the 
non-cross-linked ends of the macromolecule by the action of the exoenzyme, the 
extent of the splitting being inversely proportional to the degree of cross-linking 
(sample 3). At relatively low cross-linking degrees (samples 4 and 5), in which case 
longer segments of uronic acid units are present in the preparations, both endo-
polygalacturonase and the exoenzyme were active. The endopolygalacturonase split 
off oligomeric fragments the more the lesser the cross-linking degree of pectic acid. 
With these samples the thin-layer chromatography detected fragments of poly-
merization degrees DP 1 to DP 7. At the lowest cross-linking degree (sample 5) 
a partial desintegration of the matrix was observed. 

Our findings concerning the binding of endopolygalacturonase to cross-linked 
preparations of pectic acid and the data on biodegradability of the samples are 
in full accordance with the views on the size of the active centre of this enzyme. 
Rexova36 has demonstrated that the smallest oligomer of D-galacturonic acid to which 
the enzyme still binds and which it splits is a tetramer. Consequently, the enzyme 
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will bind to the cross-linked preparations provided their segments contain sequences 
of at least four units of non-substituted D-galacturonic acid. From the degrees 
of cross-linking we calculated the average numbers (n) of non-substituted units 
of the uronic acid between two cross-links in samples 2 — 5; these were 1-6; 3-4; 5-6 
and 9-5 respectively (Fig. 5). 

If the distribution of cross-links in macromolecules of cross-linked pectic acid 
were absolutely even, sample 2 should not bind the enzyme yet and in sample 3 the 
quantity of the bound enzyme should correspond to about 40% of its adsorption 
capacity. As, however, the distribution is random, even the most cross-linked sample 
had a few segments that were long enough for the binding of the enzyme. Samples 2 
and 3 bound 17% and 75%, respectively, of the maximum quantity of the enzyme 
bound to sample 4. However, in these two samples the binding segments were still 
so short that no oligomeric fragments appeared in the solution. In view of the random 
distribution of the cross-links in the samples our results seem to us to be in good 

F I G . 5 

Effect of Cross-linking Degree of Pectic 
Acid on the Binding of Endopolygalacturon-
ase 

f j Activity of bound endopolygalacturo-
nase after its elution from the column 
(nmols of reducing groups liberated by 
1 mg of the protein in 1 min), DS (C.L.) 
number of cross-links per unit of D-galactu-
ronic acid, n the average number of non-sub-
stituted units of the uronic acid between 
two cross-links, 2—5 samples of differently 
cross-linked pectic acid (Table I). 

F I G . 6 

Degradability of Cross-linked Pectic Acid 
by Pectic Enzymes Aspergillus niger at pH 4-2 

A530 Absorbance at 530 nrn, propor-
tional to concentration of the liberated 
reducing terminal groups, 2—5 samples of 
differently cross-linked pectic acid (Table I), 
PA a solution of non-cross-linked sodium 
pectate. 

Col lec t ion Czechos lov . Chem. C o m m u n . [Vol. 41] [1976] 



1892 Kohn, Rexova-Benkova, Luknar, Kuniak : 

agreement with the present-day knowledge of the size of the active centre of endo-
polygalacturonase. 

D a t a on the effect of cross-linking of pectic acid u p o n cat ion exchange, binding 
of endopolygalacturonase and upon biodegradabil i ty of the matr ix are of considerable 
impor tance for practical use of these materials. If they are t o be used as selective 
cation exchangers, highly cross-linked produc ts ( D S (C.L.) = 0-4 to 0-5) of low 
swelling volumes (V = 3-5 to 4-6 ml/g) are useful . Affinity ch romatography of pectic 
enzymes proceeds best at a med ium cross-linking ( D S (C.L.) = 0-20 t o 0-25; V « 
« 5-5 ml/g), at which enough endopolygalacturonase gets bound , while no oligo-
meric f ragments are yet l iberated. The presence of monomer ic D-galacturonic acid, 
split off by the exoenzymes f r o m non-cross-l inked termini of the macromolecules , 
does no t interfere with the isolation of endopolygalacturonase . Besides, the m o n o -
meric acid appears only in the first use of the adsorbent . 

Acknowledgement for technical assistance is due to Mr A. Fekete. 
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