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SUMMARY 

Breakthrough capacities of-weak agarose-based ion eschangers were studied 
by using 10 m&I HC1 or KOH eluents to which different amounts of KC1 were added. 

The salt significantly affected the breakthrough capacities at concentrations between 

0.01 and 0.1 M. When gels containing carboxyl groups were titrated with HCl the 
calculated capacities were higher than when KOH was used as the titrant (constant 
KC1 concentration). Conventional acid or base titration yielded capacities corre- 
sponding to the mean of those obtained with the frontal method. Similar results were 
obtained with gels having weakly basic groups. It was concluded that leakage of the 
acidic or basic species into the mobiie phase was an essential factor contributing to 
the results observed_ 

INTRODUCIION 

From a practical point of view, an ion exchanger can be considered as a 
reservoir of exchangeable counter-ions. These ions are put to use in ion-exchange 
operations, and hence the counter-ion content is one of the most important charac- 
teristics of an ion exchanger_ The amount of &ed charge and the counter-ion content 
are not necessarily the same, and therefore various definitions of the ion-exchange 
capacity are needed for different experimental conditions’. 

Agarose-based ion exchangers have become popular in biochemical chromato- 
graphy owing to their macroporous structure and excellent stability. Most a&&y 
chromatographic purifications have been carried out with derivatized agarose. Com- 
monly, either the affinants are ionic, or ionic functions are generated in the gel during 
the activation process. Recently Sluyterman et-~Z.-~ have developed a new, very 
promising technique, termed chromatofocusing. It utilizes buEering properties of 
weak, conventional, agarose ion exchangers or those of specially mod&d agarose5. 
The content of ionic groups needs to be accurately known, particularly with the 
chromatofdcusing m&hod. 

agarose-.based ion exchangers clearly dEer_ in their propekes fro& those 
ha&g a synthetic backbone, but little is known about-them. The probIem is a-ma- 
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vated because the ion-exchange capacities of the gels change from manufacturer to 
manufacturer, and probably from batch to batch as wells. 

Acid-base titration of ion-exchange gels is the most important method of 
studying their properties. Such things as the salt concentration of the titrant. the 
swelling of the gel, the volume of the solvent in which the titration is carried out, the 
time used for the titration. etc. atTect the shapes of the resulting titration curves_ 

This paper reports the titration of weak agarose ion exchange,ers by fronta 
analysis or the breakthrough of appropriate acid and base solutions_ 

ESPERILIENTAL 

Potassium hydroside. potassium chloride and hydrochloric acid were pur- 
chased from E. Merck, Darmstadt, G.F.R., and the reagents were of pro analysis 
grade. Sepharose 4B CL. DEAE- and ClM-Sepharose 6B CL were From Pharmacia, 
Uppssla. Sweden. The manufacturer reported capacities of 13 +_ 2 and 12 & 2 
mequiv. j 100 ml For the latter two gels, respectively. N6-(AminohexyQadenosine-S- 
monophosphate Sepharose was purchased From Si_ma, St. Louis, MO, U.S.A. All 
the solutions were prepared in distilled and ionexchanged water. Cycloserine was 
attached to CNBr-activatd agarose as described previousiy6. ClM-Sepharose was 
derivatized with ethanoiamine by the method of Cuatrecasas’, and a cu. five-fold 
excess of aminoethanol over the carboxymethyl functions of the gel was used. 

Fig_ 1 shows schematically the system used in the titrations; cu.. 7-10 ml of gel 
were applied to a column of 8 mm I.D. The exact gel volume was observed after the 
gel had been washed for a few hours with 0.1 JI KC1 at a flow-rate ofca. 10 ml/h. This 
gel volume was considered constant in the later calculations in spite of different salt 
concentrations causing some changes within the gel volumes The design of the ap- 
paratus was essentially as described previouslys, except that a Dates Model 555 pH 
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Fig. 1. .4ppararus used with the acid-base titrations of the agarov gels- The acid or base solutions were 
pumped with an Ismatec mpge perisaltic pump (1) Lhro& a three-way valve (2) Lo the Columbus (3) 
contrining the gel_ Potassium bydroxide solution was shielded from atmospheric CO, by a tube containing 
KOH pellets (a)_ The flow cell (5) was made in such a uxy that its internal volume was moderately small. 
The outlet of the cell (6) nas near tbe hole of the &eretxe ekctrod&(7). The ceil also conrained a 
comxction to a syringe (8) for rapid calibration and washing of the ce& 
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meter supplied with a recorder was used to monitor the eluent. The pH meter was 
calibrated at pH 7.00. The extremes of the pH values were thus not necessarily 
perfectly reliable. The eluent flow-rate was eventually checked with a graduated cylin- 
der. The flow cell was made from perspcs (commercial versions also available). The 
des& of the flow cell was not critical when relatively large gel volumes (ca. 10 ml) 
were titrated. 

Titrations of CM- and DEAE-Sepharoses were also carried out with normal 
batchwise methods. The gel titrated in column was quantitatively rinsed with 0.5 ~%f 
KC1 into a beaker. It was then titrated with 0.1 1M HCl or KOH (both in 0.5 izi KCI). 
Appropriate volumes of OS &I KC1 were also titrated_ 

REStiLTS AND DISCUSSION 

Repeatability 
When the same gel was successively titrated the calculated breakthrough capa- 

cities were usually very similar (range below 2 %)_ The composition of the titrant, the 
chemical structure of the ion exchanger and other operational conditions at&t the 
breakthroughs. The errors originate mostly from the measurements of the gel volume. 
the elution volume and the titrant concentration. Ligands did not essentially leak out 
from CM- or DEAE-Sepharose, even though rather drastic elution conditions (25 
m&1 acid or base in 1 1M KCl) were used in some successive titrations_ Usually 10 + 2 
m&f titrants were used in the present study. It was checked with CIM- and DEAE- 
Sepharoses (0.1 1cI KCl) that the small variations in the titrant concentration (CQ_ 2 
mici) did not noticeably affect the calculated capacities. 

Breakthrough cun-es with CM-Sepharose 
Fig_ 2 shows an example of the breakthrough curves obtained in the titration of 

CM-Sepharose. At the beginning of the elution the constant pH plateau attained in 
the previous titration was maintained (e.g. region A-B in Fig. 2). This reflects the 
column volume and the rate of elution. Thereafter the pH smoothly changes until the 
breakthrough with apparent retention volume A-C occurs. The breakthrough capa- 
cities were calculated from the length of B-C, taking in account to the elution rate 
and the acid or base concentration_ 

Because the concentrations of both HCl and KOH were 10 rnlW in the titration 
of Fig. 2, it is clear that the breakthrough was essentially dependent on whether acid 
or base was used. 

Usually small perturbations (see D in Fig. 2) occurred in the breakthrough 
curves. There was evidence that the perturbations became smaller as the salt concen- 
tration in the titration solution increased_ Variation of the how-rate between 10 and 
25 ml/h (0.1 JM KCl, 10 mM acid or base) did not affect the perturbation, the calcu- 
lated breakthrough capacity or the pH levels of the curves. These observations 
indicate that an operational equilibrium existed between the ion exchanger and the 
mobile phase. In the context of chromatofocusing, related perturbations have been 
observed, and they were attributed to a “sluggishness” of the ion exchanger5. It is 
apparent that the slow reactions are connected with conformational movements of 
the gel which thereafter reflect the ionic properties of the gel’. It is known that some 
ion-exchange materiials require very long equilibration times in their pH titrations’. A 
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t=LUTlON VOLUME 

Fig_ 7_ ExampIes of the breakthrough curves obtained when CQ. 7 ml of CM-Sepharose 6B CL were 
titrated with 10 mM HCI or KOH in 0.1 -W KC1 with rhe method of frontal anaIysis_ The repeating vertical 
pieces of line arc due to the marking points from a siphon-operated flow meters. The distance betueen lines 
corresponds here to 10 ml of the eluents. 

high concentration of salt in the titrant aids the ion-exchange process itself and, in 
addition, it is apparent that it stabilizes the gel structure into a conformation. Sharp- 
ness of the breakthrough boundary could be used to analyse the ion-exchange rates 
and to study the equilibrium of the ions between the sohttion and gel*_ It could be 
useful to measure the counter-ion concentrations, in addition to the pH, in chromato- 
focusing and related experiments_ 

The concentration of KCI in the titrant largely affected the breakthrough, 
especiaIly between 0.01 and 02 kf of salt (Fig. 3), maximai capacity appearing at zero 
concentration. When the concentration was higher the effect of the salt was reduced. 
The titration reaction itself naturally produced CQ. 10 ml4 of salt into the eluent. 

Fig. 3 also shows pH values a: C(I. IO mI before the breakthrough. These values 
were dependent on the added salt in parallel way as the breakthrough capacities. 

Successive derivatizations and titrations of CM-Sepharose 6B CL with ethanol- 
amine by the carbodiimide method’ indicated that only ca. 213 of the acid groups 
can be masked The masking reaction went that far at the I%rst attempt, and repetition 
of the reaction did not drive it toward completion. Similar okrvations have been 
made earlieP_ It would be interesting to know whether salts in the reaction mixture 
increase the substitution by “opening” the gef structure and making it more accessibie 
to the reagents_ 

Beak-through curves with DEAE-Sepharose 
RincipaIIy the same kind of breakthrough curves as with CM-Sepharose were 

found with DUE-Sepharose. The difference between the breakthrough capacities 
achieved by titration with acid or base were somewhat larger with CM-Sepharose 



ACID-BASE -l-I-l-RATIONS OF AGAROSE GELS 37 

I- O -CH, coo- kc 

, , .i 

6 

+ iK__::_-_-__a-__- _-_-__ I 

PH 

T 
I 

I 
I 

A 

0.2 0.4 0.6 0.6 1.0 
KC1 (Ml 

Fig. -. 1 ne dependence of cafculsted breakthrough capacities (solid line) on the salt concentration in the 
xii. or base titrant when CM-Sepharosr 6B CL was titrated. Thl loner solid line is due to titration xrith 
KCIH and the upper one aith HCI. The broken lines indicate the pH values of the solutions emerging from 
the column as measured appropriately before the breakthrough_ 

tk an with DEALSepharose (Figs. 3 and 4)_ As with CM-Sepharose, the titration 
reaction with the DEAE gel, which was based on the neutralization, produced smaller 
breakthrough capacities than those involving titration of charged groups. The pH 
vaIues in the mobile external solutions of the anion and cation eschangers were 
reversed, as -well. 
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FQ- 3. Dependence of acid or bzse brexkthrough capacitia (lower and upper solid lines. reqectively) 
when DEAESepharose 6B CL was titrated by using di&tznt concentrations of KC1 in the t&ant. The 
broken Lines indicate the pH values of the sob.ttions emerging from the column measured in the same way 
as in Fig. X 







40 T. K. KOFCPEM 

(CNBr coupling was titrated_ The protein apparently Iargely leaked from the 
roiumn, because typically very Jarge pH oscillations at the b=kthrough boundary 
were observed, &pecially on the first few times of titration. Another possible expia- 
nation for the oscillations is sIowly attained ionic equiIibria_ The concentration of 
the ionic groups within the ge1 was measured with l-4 mM t&rants in 0.1 M KCi to be 
co. 4-5 pof/mI of gel. A suitable, stably fixed protein could serve as a cheap im- 
mobilized buffer poiyelectroiyte for the chromatofocusing technique_ 
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