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Abstract

The objective of this study was to develop a fast, simple, non-destructive, non-toxic and low-priced method for determining the amount
of ionic groups on resins, since the conventional titration method fails to give proper results on methacrylate monoliths. After the column
had been pre-saturated with a high concentration buffer solution, a low concentration buffer solution of the same pH value was pumped
through the column. Measuring pH and absorbance, the profiles with a shape of typical break-through curve were obtained. It was shown that
the time of the pH transient, which appeared under such conditions, could be used as a measure of the total ionic capacity of ion-exchange
monolithic columns. The effect of the column length, linear velocity and varying concentrations of buffer solutions on the time of the pH
transient was examined. The method was shown to be suitable for determining the amount of ionic groups on both anion and cation monolithic
columns. In addition, it could also be applied to particle bed columns. The time of the pH transient and the protein dynamic binding capacity
were also compared and it was concluded that for a given monolith the protein capacity can be derived from the data obtained by the new
method.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction besides the structure of the matrix precise control of the lig-
and density is crucial to preparing chromatographic resins
lon-exchange chromatography is one of the most fre- with reproducible properties.
quently used techniques for the purification and separation A quantitative measure for characterizing anion-exchange
of samples consisting of charged biomoleculeg]. The support’s ability to take up exchangeable counter-ions is ca-
technique is based upon the reversible binding of a chargedpacity. There are several methods for determining the ionic
species to oppositely charged groups attached to an insol-capacity. The total ionic capacity is defined by the number of
uble matrix. The weak van der Waals forces and non-polar charged substituent groups per gram of dry ion exchanger or
interactions make a minor contribution in an ion-exchange per milliliter of swollen ge[1] and itis a constant based upon
separatiorfl]. The retention and separation of the charged the material’s character and is independent of the experimen-
molecules onthe ion-exchanger depend on sample moleculestal conditions[4]. It is usually measured by potentiometric
mobile phase composition and type of ion exchanfg@] as titration with a strong acid or base solutifj. However, the
well as on the properties of the matrix. Separation efficiency time to achieve equilibrium (the stationary state the poten-
is related to the matrix structure, which to a large extent de- tiometric titration is based upon) is very loifg,5] and the
termines surface accessibility and consequently binding ca-procedure involves a large number of preparation sféps
pacity, as well as to the amount of the surface ligand, which making it relatively complicated.
influences capacity, selectivity and recov§sy. Therefore, Due to the above-mentioned limitations, a few other meth-
ods have been developed to characterize chromatographic
* Corresponding author. Tel.: +386 1 426 56 49; fax: +386 1 426 56 50. SUPPOrts. The ionic capacity can be calculated from elemen-
E-mail addressales.podgornik@monoliths.com (A. Podgornik). tal analysis dat46]. To determine ionic capacity also in-
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column frontal analysis has been used. A method commonly groups present on the matrix, we speculated that a method

used for determining the amount of anion-exchange groupscould be developed to determine the ionic group density.

is performed by pumping a mobile phase containing NgNO Recent experiments showed that such a pH front can be

through the resin and observing when saturation occurs byachieved by a stepwise change of a high concentration buffer

measuring absorbance at 254 f&h For certain resins, those  solution to a low one having the same pH vaju#].

mainly intended to separate large molecules, resin capacity During the course of our study, similar observations were

can also be determined, e.g. by bovine serum albumin (BSA) reported by Brez and Frej12] and a local-equilibrium the-

dynamic capacity which more closely approximates the ca- ory was used to explain this phenomenon and to predict pH

pacity under operating conditiori&]. However, this value  profiles.

does not necessarily reflect the density of the ionic groups as  The objective of this study was to develop a fast, sim-

it is influenced by surface accessibility, too. ple, non-destructive, non-toxic and low-priced method for
While in principal any of the suggested methods can be determining the capacity of ion exchangers. A classic titra-

applied to any conventional resins, applying them to mono- tion method was tested and a new method based upon the

lithic stationary phases seems to be more problematic. In thephenomenon of an internally produced pH transient is intro-

case of particulate resins, a small representative sample camuced.

be taken from the entire batch and analyzed according to the

selected method. Monoliths, on the other hand, consist of a

single block of material and each block is considered a single 2. Theoretical background

batch. This is why characterization data are only valid for

the tested monolith and the results cannot be extrapolated to  From a steady state material balance relation for buffer-

other monoliths, so elemental analysis is not a proper methoding species inside the column, using the boundary itself as

to determine the capacity of the monolithic columns. The in- the frame of reference, the velocity of a stepwise change

column frontal analysis using NaNG®olutionisveryfastand  in composition can be developf]. Assuming sufficiently

elegant and gives similar results to elemental analysis and pofast mass transfer, resulting in equilibrium conditions at each

tentiometric titration butitis limited to anion-exchange resins point throughout the column, and negligible effects of axial

[6,7]. On the other hand, the application of the methods us- dispersion, the time at which the pH front exits the column

ing proteins is problematic since they contaminate the matrix is given by equatiofi8,9,13}

making them unusable for the separation or purification of

target compounds. This is the case especially for medical or y(pp) — = [1 L - (A—e)d—e) dga ] 1)

pharmaceutical applications where chromatographic media Vluid o o dCa

must be contaminant free, so such matrix would be unac-, el represents the column lengthig is the linear ve-

ceptable or would need an intensive validated cleaning. Be- locity of unadsorbed solute, ande are column and particle

cause of this, a different method for detgrr_nining the amount porosities, respectively, anajg/dCa is the slope of the ad-

of ion-exchange groups W,OUId be_beneflmal. . , sorption isotherm for the buffering species A that depends
A n_\ethod that is qune |mpract|cr_:1I for particulate resins, on the adsorbing compound and the matrix. The methacry-

but might be well suited for monoliths, could be to deter- late monoliths are continuous homogeneous phases, i.e. made

mine the amount of .introguced grouhps durinfg the activatitl).nhfrom one piece, with particle porosity)(0, so the second term
process by measuring the mass change of a dry monolithiy g4 (1) hecomes 0 and the equation simplifies into:
before and after the reaction. Knowing a reaction stoichiom-

etry, the amount of the introduced groups can be accuratelyt(pH) L [1 N (1— o) dga }
determined. While this can be easily applied on small mono- " Vfiuid a dCa
liths[3], larger ones are much more sensitive towards drying,
which might cause cracks in the structure thus practically AS ¢an be seen from E2), all terms,L, vauig anda, are
destroying the monolith. independent of the mteracpon between the solute and the
For the separation of macromolecules, mobile phase gradi-SUPPOrt, exceptah/dCa, which represents the slope of ad-
ents (ionic strength or pH) are routinely used for elution from SOrption isotherm. If the gradient is strongly retained by the
an ion exchangefl]. If a non-adsorbed buffering species column packmg,. the term inside the square brackets_ls large
is used for that purpose, changes in ionic strength or pH compared to unity ant{pH) becomes directly proportional
propagate throughout the column with the velocity of a non- to dga/dCa [10]:
adsorbed solute. On the other hand, ionic strength and pH gra- L [(1—a) dga
dients can be retained by a column if an adsorbed buffering #(PH) = [ dc ]
species is present or if an adsorbent with a buffering capacity ¢ A
is used8]. The time at which the pH front exits the column Adsorption isotherm describes the equilibrium of the adsorp-
is proportional to the slope of the adsorption isotherm of the tion process at a defined temperature and can also be ex-
buffering specie$9,10]. Since the slope of the adsorption pressed by the fractional coveragéi.e. the fraction of the
isotherm implicitly involves the total amount of the ionic number of occupied sites) as a function of equilibrium con-

()
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centration (activity) of solute in the solutid(Ca): pH meter (Schott, Stafford, UK). Both the pH meter and the
ga UV detector were connected via a Knauer interface box and
O = E = f(Ca) (4) Eurochrom 2000 software to a personal computer for real

_ _ ~time data acquisition. To determine the mass of dry mono-
whereqa is adsorbed phase concentration of buffer species |ithic columns, the monolithic columns were dried in an SP 8
A and g; represents the total ionized functional group con- dryer (Kambg, Semg, Slovenija) and weighed by Chyo JL-

centration in the stationary phase. Differentiation of &). 180301503 analytical balance (Chyo Balance Corporation,

gives: Japan).

d

A — G f'(Ca) ) 3.2. Materials

dCa

and the combination of the Eq®) and(5) results in: Measurements were carried out on Convective Interaction
(1-a) Media (CIM) diethylaminoethyl (DEAE), CIM quaternary

t(pH) = . [ qtf/(CA)i| (6) amine (QA), CIM sulfonyl (SO3) and CIM carboxymethyl

fluid

(CM) ion-exchange monoliths of different volumes (0.34,
For a particular solute/ion exchanger system at a defined8, and 80 ml) packed into a CIM polyether ether ketone
temperature the fractional coverage and the slope of the  (PEEK) disk housing, CIM 8 and 80 ml tube housings all
isotherm at a chosen point is defined by the solute concentrafrom BIA Separations (Ljubljana, Slovenia). Additionally,
tion Ca (sometimes the ratio of equilibrium concentration of measurements were made on two particle based ion exchang-
solute in the solution near the surface and the concentration ofers: HiTrap Q HP (quaternary amine, bed volume 1 ml) from
soluteinthe bulk solution’; / Ca is used). Ifall variables (the ~ Amersham Biosciences (Uppsala, Sweden) and Econo-Pac
type of interaction solute/ion exchanger, temperature, soluteHigh Q Cartridge (quaternary amine, bed volume 1 ml) from
concentration) are fixed, than the ratjg/q; is constant and  Bio-Rad Labs. (Hercules, CA, USA).

the concentration of adsorbed speciegjA, is proportional All solutions were prepared using water purified by a
to the total concentration of ion-exchange sitgs, Watek IWA-80 roi (Ledé nad $zavon, Czech Republic)
L water purification system and analytical grade reagents.
t(pH) = kqt (7 Sodium dihydrogenphosphate dihydrate, disodium hydro-
Ufluid genphosphate monohydrate, sodium hydrogencarbonate, am-

wherekis the constant, defined by column porosity (void vol- monium sulfate, sodium hydroxide, potassium hydroxide,

ume) and solute/ion exchanger system (for various solute/ionsodium chloride, potassium chloride, hydrochloric acid

exchanger systems the adsorption isotherms and therefor€37%) and tris(hydroxymethyl)aminomethane were obtained

f'(Ca) are different). from Merck (Darmstadt, Germany). Bovine serum albumin

According to Eq(7) total ionic capacity of ion-exchange was purchased from Sigma (St. Louis, MO, USA). Nitrogen

resins could be estimated by measuring the time at which thewas obtained by Messer (Re, Slovenia).

retained pH front exits the column. Buffer solutions were made by adding a known mass of
each buffering species to a known volume of deionized water.
Phosphate and hydrogencarbonate buffer solutions were than

3. Experimental titrated with sodium hydroxide (so no other contaminant ions
were introduced into the solution) and Tris—HCI buffer solu-
3.1. Instrumentation tion was titrated by HCI to the appropriate pH. All solutions

were passed through a 0.4B pore size filter composed of

For potentiometric measurements MA 5736 pH meter sartolon polyamide (Sartoriusd@ingen, Germany) and de-
(Metrel, Horjul, Slovenia) with InLab 406 combination pH gassed in an ultrasound chamber.
electrode (Mettler Toledo, Urdorf, Switzerland) and one
Knauer Type 64 analytical pump (Knauer, Berlin, Germany) 3.3. Methods
were used. Capacity measurements were obtained by two
HPLC systems; the first was built with two Knauer Type 64 3.3.1. Potentiometric measurements
analytical pumps and the second with two Knauer K-1800  The first potentiometric measurements were performed
preparative pumps. The detectors used were Knauer UV-Visusing cation exchangers in*Horm, which is obtained dur-
absorbance detectors model K-2500 with a 10 mm optical ing activation of the monolithic support using a strong acid
path (analytical system) and 2 mm optical path (preparative solution. Aknown amount of base solution, whichwas purged
system), operated at 210 nm for ionic capacity measurementsy nitrogen before use, was continuously circulated through
and 280 nm for protein capacity measurements. The pH ofthe CIM cation-exchange disk monolithic column for vari-
the eluent was measured using a low-volume on-line sam-ous periods of time. During circulation,*Hons were ex-
pling cell and a Model 450 CD combination pH electrode changed by cations and the pH of the circulated solution
(Sensorex, Stanton, CA, USA) attached to a Model CG 843 decreased. The solution was then titrated by an acid solu-
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tion. The difference between the amounts of used acid so-
lution for the blank experiment and the experiment with
the ion-exchange column represented the amount of ex-
changed cations. For CIM anion-exchange disk (in"OH
form) monolithic columns the circulation was performed by
an acid solution which was titrated by a base solution af-

terwards and the amount of exchanged anions was calcu-

lated.

In the second part of the potentiometric measurements, a <

defined amount of salt solution, purged by nitrogen, of known
pH was pumped through the ion exchanger in(eation ex-
changer) or OH (anion exchanger) form. After pumping,
the solution was titrated by a base (for cation exchanger)
or acid (for anion exchanger) solution. The amount of ex-

changed ions was calculated from the difference in used base

(acid) for the blank experiment and the experiment with an
ion exchanger.

3.3.2. Mass conversion measurements

For the determination of the total ionic capacity of CIM
ion-exchange monolithic columns, mass conversion mea-
surements were performed. The difference in mass of dry
monolithic support before and after the chemical modifi-
cation was calculated and normalized on the initial mono-
lith mass. Dividing the normalized mass difference with the
known stoichiometry of the reaction the amount of introduced
groups per gram of monolith was obtained. This value was
considered as a total ionic capacity.

3.3.3. pH transient time measurements

The pH transient time measurements were performed by
using two buffer solutions that varied in concentration, but
had the same pH. The column was first equilibrated with
a high concentration solution until the pre-saturation ab-
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Fig. 1. Determination of the time of the pH transieAt or t(pH) in the text)

for a CIM QA disk monolithic column. Method: 0.5M NaHGOpH 8.8
(5min), 20 mM NaHCQ, pH 8.8 (60 min). Flow rate: 4 ml/min. Detection:
absorbance at 210 nm. Time of the transient was estimated at 50% of the
absorbancey is the dead time of the chromatographic system.

4. Results and discussion

4.1. Determination of ionic capacity by potentiometric
titration

To determine the amount of ion-exchange groups on CIM
monolith ion exchangers, a classical titration method was
used. The experiment was performed by pumping a titra-
tion solution through the monolithic column in a closed cir-
cle while continuously measuring the pH value. When the
equilibrium was established, a drop of acid or base solution
(depending on the type of resin and the starting pH value)
was added to the circulating solution. In this way, a titra-
tion curve was obtained and the amount of groups was easily
calculated. However, it took a very long time to reach the

;orb_anci at 21h0 r;}m anld pH were Leaqhed. TTe mqb':]e phas"i‘equilibrium. In fact, after each drop addition, it sometimes
owing through the column was then instantly switched to took several hours for equilibration to occur. While this is an

the low concentration solution of the same solute having the
same pH in order to form the inadvertent pH transia2{.
The experiment ended when the absorbance and the pH o

extremely time consuming process, instrument drift might
additionally contribute to inaccuracy of the measurement.
0 avoid these problems, we narrowed our experiments to

the effluent reached the absorbance and the pH of the SO'“tiO'hetermining only the total amount of groups present on the

at the column inlet. The time between switching the mobile

phases and reaching 50% absorbance of the “breakthrough’

was determined as describedHig. 1

3.3.4. Protein dynamic capacity measurements

The protein dynamic capacity of the CIM DEAE mono-
lithic columns was determined using frontal analysis exper-
iments. The column was first equilibrated with a standard
buffer solution (20 mM Tris—HCI, pH 7.4) and then switched
to a protein solution (1 mg/ml BSA disks or 3mg/ml tubes
in 20 mM Tris—HCI buffer solution, pH 7.4) at a flow rate
of 3ml/min (disks), 16 ml/min (8 ml tubes) or 160 ml/min

(80 ml tubes). The absorbance at 280nm was measured’ SD?:

and the protein capacity at 50% breakthrough was calcu-
lated.

monolith. This was done by circulating a solution through ini-

i

tially conditioned monolithic columns for several days and
then retitrating afterwards. The results presentetaible 1

Table 1

Percentage of total ionic capaditgbtained by continuous circulatirmof
base solutiohthrough CIM SO3 disk monolithic column for different period
of time and retitration with acid solutidrafterwards

Time (day)
1

Percentage of total ionic capacity (%)

28.0
52.2

2 Total ionic capacity was determined by mass conversion (see Section

low rate: 2 ml/min.
¢ 20 ml of 0.03 M KOH solution was used.
d 0.1 M HCI solution was used.
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demonstrate that even after 4 days of continuous circulation 7.0
only approximately one-half of the groups, determined by

mass conversion (see Secti®3.2for method description), 6.5
were titrated. To eliminate possible diffusional limitations, <
the monolith was grinded up and the reaction was allowed to
proceed in a batch mode for up to 7 days. In this case, almost

a total titration of the groups was achieved (over 90%). Based

on these results it can be concluded that practically all groups
present on the resin can contribute to the titration process but 2 5, |
the time required to perform such experiments is extremely =,
long. However, due to the necessary monolith destruction, £ 200
this method cannot be used for quality control. Furthermore,
in the case of anion exchangers, exposure to strong acidic
conditions for several days results in the generation of an
amine smell indicating degradation of the resin.

Obviously, not all of the groups can be titrated in a short rig. 2. pH (a) and absorbance (b) measurement of the step change from
time, but there might still be a certain percentage, which high to low concentration buffer solution on a CIM DEAE disk monolithic
could react quickly. We speculated that maybe pumping a de-column. Method: 0.5M phosphate buffer solution, pH 6.8 (5 min), 20mM
fined amount of acid or base solution through the conditioned phosphate buffer solution, pH 6.8 (60 min). Flow rate: 4 ml/min. Detection:
monolithic column causes titration of a constant percentagepH and absorbance at 210 nm.
ofthe total ionic groups regardless of the amount or density. If HPQ,2-. Since they are charged differently, their strength of
this would be the case, the total amount of the groups could be. N . LT Ay .
simply calculated. A set of experiments using QA and DEAE interaction wnh_the matrix is dlﬁereqt. During the desorpt!on
anion-exchange monoliths was performed to verify this ap- process, _IjPO4 lons are _preferenhally d_esorbed resulting
proach. Anion-exchange monolithic columns with different in their higher conce_ntrat|0n in the solution. Therefore, the
ligand densities were prepared and the ratio of the groups thatpHg:(L:e ;fa tze ;O(Ijlg;ggtgfgizsteaﬁ' avs available in a chro-
were titrated versus all ionic groups was calculated. It was matogral;)hic SF;/stem a U\I/ detectvt\)lr >\l/vasvulsed té find out
found that the ratio was far from being constant ranging for ’

QA monolithic columns between 1 and 50% and for DEAE whether th_e change of pH also rgfle_cts a cr_\ange of the ab-
monolithic columns between 5 and 15%. Interestingly, the sorbanceFig. 2 shows a very S'”?"ar profile of the ab-
sorbance measured at 210nm as it was observed from pH

trends for weak and strong anion exchangers were opposite; .
. . . measurements. To answer the question whether the change
Currently we have no explanation for this behavior.

. . in absorbance is really representative and is a consequence
From the results of the performed experiments, it can be .
Sk : mostly of pH changes or also some concentration changes,
concluded that using titration to determine the amount of
) - . the effect of the pH value on absorbance at 210 nm was deter-
ion-exchange groups cannot be efficiently implemented for

; . : mined by buffer solutions having the same concentration but
methacrylate monoliths. Because of this, a different method ... "=~ : .
. differing in pH value. The results are shownkig. 3. Using
has to be developed. We speculated that it can be based on Lo :
. . a calculated calibration curve (sEmg. 3b), the pH curve was
the formation of the pH transient.
convertedto an absorbance curve and compared to the real ab-
sorbance measuremenEd. 4). The calculated absorbance
curve coincides with experimental data in terms of amplitude.

A slight time shift of the data can be attributed to the time de-

400+

100+

Time, min

4.2. pH and UV absorbance measurements

To verify the applicability of the above conclusions, an
experiment using CIM DEAE disk monolithic column was

performed. After the column was pre-saturated with a high- 6001 !

concentration buffer solution (0.5 M phosphate buffer solu- 5004 6

tion, pH 6.8), the low-concentration buffer solution (20 mM 2 400l . 51

phosphate buffer solution, pH 6.8) of the same pH value was & 4

pumped through the column and the pH was measured to find  £3001 < £

whether the inadvertent pH transient is formBay( 2a). The < 200 B 5

pH transient produced by two solutions of the same salt dif- 100l ) |

fering in concentration, but having the same pH, is clearly in- . InA=0.60 pH-0.92
dicated by a decrease of approximately 1 pHunit. Thechange %] “* ° B R A

of the pH value might be a consequence of selective anion 2 4 GpHé 10 12 ©) 4 6 pH5 1o 12

desorption. In the case of the buffering salt, e.g. phosphate
buffer pH 6.8 we used for CIM DEAE monolithic columns,  Fig. 3. Dependence of absorbance (a) anéi b) on pH for 20 mM phos-
adsorbed molecules are mainly in two formsRD,~ and phate buffer solutions. Absorbance was measured at 210 nm.
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7.0l 60 Table 2
Dependence of the time of the pH transient on the column length for CIM
™ 5ol DEAE disk monolithic columrs
6.5 | 2
T I‘ ‘é Column length (mm) Time (min)
[=% 40
\ < . .
30 _Easlu::ansomance 5.0 3.7
5.5 ' i ' — calculat ansx‘:rban:e 6.0 4.0
5 6 7 8 9 10 11 5 6 7 8 9 10 11 - -
(a) Time. min (b) Time. min a Method: 0.5 M phosphate buffer solution, pH 6.8 (5 min), 20 mM phos-

phate buffer solution, pH 6.8 (60 min). Flow rate: 4 ml/min. Detection: ab-
Fig. 4. Measured pH transient curve (a) and comparison of measured Sorbance at210nm.
(solid line) and calculated (scattered line) absorbance (b) for a CIM DEAE
disk monolithic column. Method: 0.5 M phosphate buffer solution, pH 6.8 monolithic columns was varied by placing several disks in
5 min)', 20mM phosphate buffer solution, pH 6.8 (60 min). Flow rate: a single hOUSinq14]. Data summarized ifable 2shows
4mi/min. Detection: pH and absorbance at 210nm. the time of the transient using columns of different lengths.
Fitting the data gives a linear proportion of the pH transient

lay between the two detectors. Additional confirmation, that .
time to the column length:

a change in absorbance is mainly due to the change in pH

of the buffer solution, was shown by negligible changes in ¢(pH) = 0.7L — 0.025

the conductivity of the effluent solution. Therefore, it can be ) ] )

concluded that in this case, the pH and absorbance measureVNeret(pH) is the time of the pH transient (see also &)

ments are basically equivalent and therefore, absorbance ca@"dL represents the column length. The correlation coeffi-

be used to monitor the formation of the pH transient. cient /) is 0.982. . _
While for a single CIM disk monolithic column the pH Secondly, various flow-rates were applied reflecting a

transient resembles more like a pulse response, i.e. the timghange of the linear velocity. According to K@) the time at

of the transient is quite short due to a low amount of ionic Which the pH front exits the column should be inversely re-

groups. For larger units, e.g. 80 ml CIM DEAE tube mono- lated to the linear velocity (flow rate) of the solution. Data of

lithic columns, an obvious “breakthrough curve” is obtained thetime of the pH transient for a CIM DEAE disk monolithic

(Fig. 5, indicating a much higher amount of anion-exchange column are summarized fable 3 Fitting with a rational re-
groups. ciprocal function gives the following equation:

t(pH)py = 9.26
4.3. Influence of column length and linear velocity ] ) . )
wheret(pH) is the time of the pH transient ang, is the

First, to verify whether the data can be described by Eq. Volume flow rateR? is 0.994. .
(7), the pH transient times for weak-base anion-exchange Fromthese two sets of measurements, it can be concluded
CIM DEAE disk monolithic columns having different bed that the results are in accordance with EA).

lengths were measured. The bed length of the CIM DEAE
4.4. Correlation of pH transient time and maximum

ion-exchange capacity
140~ o0
Lo The effect of the amount of groups present on the monolith
1207 N o was tested. The times of pH transient for CIM DEAE disk and
1004 : / 8 ml tube monolithic columns with different concentrations
2 < 25 _/ of ion-exchange groups using phosphate buffer solutions (pH
E g0l 20) T 6.8) were measured-ig. 6). The amount of ion-exchange
<§ I A R T R groups for each column was determined by mass conversion
60- Time,min as described in Sectiod.3.2 CIM DEAE 80 and 800 ml
40 Table 3
Time of the pH transient at different flow rates, measured for CIM DEAE
20+ disk monolithic columfA
T T U T T T T T
5 10 15 20 25 30 35 40 Flow rate (ml/min) Time (min)
Time,min 11 8.6
. _ 2.0 4.4
Fig. 5. Absorbance measurement of the step change from high to low con- 40 21

centration buffer solution on a CIM DEAE 80 ml tube monolithic column.
Method: 1.0M phosphate buffer solution, pH 6.8 (5min), 20mM phos- 2 Column length: 3mm. Method: 0.5M phosphate buffer solution, pH
phate buffer solution, pH 6.8 (60 min). Flow rate: 80 mi/min. Detection: 6.8 (5min), 20 mM phosphate buffer solution, pH 6.8 (60 min). Detection:
absorbance at 210 nm. absorbance at 210 nm.
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400
184{ = CIM® DEAE disk monolithic column ® .’
® CIM®DEAE 8 ml monolithic column L7 350
154 oy 3
i £ 300+
.- t=105q-9.52 £
< 12 e R?= 0.979 ’z, 250
1S P ‘S
o 94 -7 S
2 - < 200
= - [&]
[ - ‘e 2
6- - © 150-
-~ s
.7 ‘8
4 e_ - =0. - -
3 B t=0.852 q- 0.593 £ 100 K = 1880, - 152
L R? = 0.927 : R = 0.979
0 __.___d.——/r———-.’_.—— 50 )
T T T T T T T T T
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 T T T T T T
0.9 1.2 1.5 1.8 21 2.4 2.7

Total ionic capacity, mmol/g dry support .
Total ionic capacity, mmol/g support

Fig. 6. Time of the pH transient as a function of total ionic capacity for . B - - .
CIM DEAE disk and CIM DEAE 8 ml tube monolithic columns. The total ~ F19- 7- Correlation between “phosphate capacity” and total ionic capacity

ionic capacity was determined by mass conversion measurements. The pHO" CIM DEAE disk and CIM DEAE 8 ml tube monolithic columns. The

transient times were measured using a 0.5 M and 20 mM sodium phosphate PNoSPhate capacity” was calculated by using @). The total ionic capac-
buffer solutions, pH 6.8. Flow rate: 10 column volumes per minute (disks), 'ty Was determined by mass conversion measurements.
1 column volume per minute (tubes). Detection: absorbance at 210 nm.

4.5. Effect of buffer concentration on method sensitivity

tube monolithic columns were notincluded in this partofthe 14 evaluate the applicability of the developed method, the
study since drying of larger monolithic blocks to determine gffect of various parameters that influence the method’s re-

total ionic capacity by mass conversion causes crack forma-g,its should be closer investigated. According to @).in

tion or even breakage of the monoliths. Tested monolithic ipe case of a specific selected column, column length (its

columns demonstrate a good linear relation of the measured\,omme) and column porosity are constant, so only the flow

time of the transient and the total ionic capacity for this type 5te and the slope of the adsorption isotherm affect method

of ion exchangers. This conclusion again confirms that Eq. (esyits. As already shown in Sectidr8, lowering the flow

(7) properly describes experimental results and is especially rate (linear velocity) results in longer transient times and, in

important because it indicates that the proposed method carsome cases, more accurate determination of ionic capacity.

be used for determining the ionic group density. However, if the data acquisition rate is high enough, the flow
To determine the ionic capacity for larger monolithic | 5te has no influence on the method’s sensitivity.

columns, which are cylindrical shape operati_ng in radial  op the other hand, this is not the case for the slope of

mode, proper values for column length) (@nd linear ve- the adsorption isotherm. While for a selected column the to-

locity (vsuia) should be used. Due to a different geometry of (5| jonic functional group concentrationy) is constant, the

the columns such calculation might be time consuming. Since pffer solution concentration plays a significant role ().

the ratioL /viwia (Se€€ Eq(7)) actually represents residence  \jeasurements of the time of the pH transient using different

time of the non-retained molecule in the column, it can be concentrations of the phosphate buffer solutions for a CIM

simply calculated as a ratio of the column volunvg)(and DEAE disk monolithic column are presentedTable 4 It

the floyv rate 45\/)_. For the columns of the same chemistry the 5 gpserved that changing the concentration of the high con-
following equation should be used:

Table 4
K = M (8) Time of the pH transient for different concentrations of buffer solutions,
Ve measured for CIM DEAE disk monolithic colurfin
. . . Concentration of Concentration of Time (min)
wheregy is the volume flow ratet(pH) is the time of the pH solution P (M) solution 2 (M)
transient,C, is the concentration of elution buffer solution 01 0.020 »
andV, is the column volumeK is the measure for “phosphate g5 0.005 10
capacity” and is given in mmol/l. Calculation of “phosphate 0.5 0.010
capacity” enables the direct comparison of the total ionic ca- 0.5 0.020 2
pacity for various CIM DEAE monolithic columns-g. 7). 1.0 0.020 Cad

This is very convenient especially for larger, 80 and 800 ml ~ # Column length: 3mm. Method: high phosphate buffer concentration
CIM DEAE tube monolithic columns where direct measure- solution, pH 6.8 (5min); low phosphate buffer concentration solution, pH

ment of the total ionic capacity by mass conversion becomeSG'S (60 min). Flow rate: 4 ml/min. Detection: absorbance at 210 nm.
p y by b 1 refers to high buffer concentration solution.

very problematic. ¢ 2 refers to low buffer concentration solution.
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centration buffer solution only slightly affects the time of the
transient. In contrast, changing the concentration of the low
concentration buffer solution significantly influences the re-
sults (Table 4, while the effect on the slope of the isotherm,
i.e. the value of (Ca) from Eq. (6), is stronger. As shown

in Table 4 the time is increased when the concentration is

decreased which is expected as the buffer capacity of the so-

lution having the same pH raises with the total concentration
of the buffering species; therefore the resistance of the so-
lution to changes in pH is stronggl5] and the retained pH
front moves faster. So, the sensitivity of the method in the
case of the selected column and constant flow rate mostly
depends on the concentration of the low concentrated buffer
solution.

4.6. Other CIM ion exchangers

Although the method was developed on weak anion-
exchange columns, it can be easily transferred to strong
anion-exchange CIM monolithic columns, such as QA. Fur-
thermore, by selection of a proper buffering species, it can
be implemented also on cation-exchange CIM monolithic
columns.

The experiments on CIM QA disk monolithic columns,
having strong anion-exchange groups, showed that time of
the pH transient using phosphate buffer solutions was very
short and the sensitivity of the method was low. Because of
this, some other salt solutions were tested. The best result
were obtained by using sodium hydrogencarbonate buffer
solutions (pH 8.8)Fig. 8shows a good linear correlation be-
tween the transient time and the total ionic capacity of the
resin, determined by mass conversion, and confirms useful-
ness of the method to determine the total ionic capacity of
strong-base anion exchangers.

104

8

Time, min

t=4.95q,-4.12
R?=0.981

1.0

T T T
15 2.0 2.5 3.0

Time ionic capacity, mmol/g dry support

Fig. 8. Time of the pH transient as a function of total ionic capacity for CIM
QA disk monolithic columns. The total ionic capacity was determined by
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Fig. 9. Measurement of pH (a) and absorbance (b) during the step change
from high to low concentration solution on a CIM SO3 disk monolithic
column C=3.0mm). Method: 0.5M ammonium sulfate solution, pH 5.3
(5min), 20 MM ammonium sulfate solution, pH 5.3 (60 min). Flow rate:

4 ml/min. Detection: pH and absorbance at 210 nm.

For measurements of the amount of ion-exchange groups
on cation-exchangers, both weak- and strong-ones (CIM CM
and CIM SO3 monolithic columns), tests were performed us-
ing ammonium sulfate buffer solutions (pH 5.3). By measur-
ing pH and absorbance at 210 nm, inversed transient curves
were observed in comparison to the results on anion exchang-
ers Fig. 9. The correlations between the transient time and
the column length for CIM SO3 disk monolithic columns are
presented ifable 5 Linear fitting to data gives the equation:

t(pH) = 5.40L + 1.50

wheret(pH) is the time of the pH transient ahdrepresents
the column lengthR? is 0.98. The high correlation coeffi-
cient certifies that the method can also be used to estimate
the amount of ion-exchange groups on strong-acid cation ex-
changers.

The pH transient was also obtained using weak-acid cation
exchangers (CIM CM disk monolithic columns) with ammo-
nium sulfate solutions.

4.7. Particle bed columns

As the inadvertent pH transient was first described for
columns comprised of particle shaped regit3], the mea-
surements using strong-base anion-exchange particle bed

Table 5
Dependence of the time of the pH transient on the column length for CIM
SO3 disk monolithic columids

Column length (mm) Time (min)
2.15 11.6
3.0 19.6
5.15 29.4
334

mass conversion measurements. The transient time was measured using a 2 Method: 0.5 M ammonium sulfate solution, pH 5.3 (5 min), 20 mM am-
0.5 M and 20 mM sodium carbonate solutions, pH 8.8 at 4 ml/min. Detection: mMonium sulfate solution, pH 5.3 (60 min). Flow rate: 4 ml/min. Detection:
pH and absorbance at 210 nm. pH and absorbance at 210 nm.
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Fig. 10. Measurements of the time of the pH transient on Econo-Pac High
Q cartridge (1ml) from Bio-Rad Labs. and HiTrap Q HP (1ml) from
Amersham Biosciences. Method: 0.5M NaH§&®H 8.8 (5 min), 20 mM
NaHCG;, pH 8.8 (60 min). Flow rate: 4 ml/min. Detection: absorbance at
210nm.

columns from Bio-Rad Labs. and Amersham Biosciences
were madeFig. 10 to prove the method could also be used
for conventional columnsT@ble §. The time of the pH
transient measured at different flow rates for HiTrap Q HP
column (Amersham Biosciences) again shows an inverse
relationship, i.e. the higher the flow rate the shorter the time
of the transient.

Assuming that the chemistry of the strong anion-exchange
groups for columns frorfiable 6is quite similarf’(Ca) from
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ufacturer[17]. Unfortunately, the calculations could not be
done for Econo-Pac High Q cartridge as there was no informa-
tion about porosity or void volume of the column. However,
assuming that the column porosity is similar to the HiTrap
Q HP column, it can be speculated from the datdable 6
that the total ionic capacity for Econo-Pac High Q cartridge
is higher then the HiTrap Q HP column (column volume was
the same for both).

4.8. Comparison of time of pH transient and protein
dynamic capacity

CIM ion-exchange monolithic columns are largely used
for the purification and separation of macromolecules. Deter-
mining the capacity of large molecules under real application
conditions is more indicative for users of such columns. This
is why a correlation between dynamic binding capacity, de-
termined by a classical method using proteins, and the “phos-
phate capacity”, which represents the ionic capacity, was in-
vestigated. The dynamic binding capacity for bovine serum
albumin and the “phosphate capacity” of CIM DEAE disk
and 8 ml tube monolithic columns were determin€ei. 11
shows that the BSA capacity raises with “phosphate capac-
ity” until a plateau is reached and the capacity for the BSA
becomes independent from the charged ligand density on the
resin’s surface, i.e. the ionic capacity of the resin. This is a
normal consequence of the surface limitation since the large
molecule cannot access all possible binding sites, which are
accessible to small ions. From this data, it can be concluded
that for a given monolithic structure, a protein capacity can

Eq. (6) can be set as a constant and calculated from datape accurately derived from the data obtained by measuring

for CIM QA disk monolithic column. Consequently, the to-
tal ionic functional group concentration (i.e. total ionic ca-
pacity) for other columns can be estimaté@Ca ) for CIM

QA disk fromTable 6is approximately 135 ml/mmoktf de-
termined by mass conversion is 1.3 mmol/ml suppaitid,
calculated from the flow rate and cross sectional area of the
column, is 3.5 cm/mink. is 3mm,« is 0.6). Total ionic ca-
pacity calculated for HiTrap Q HP column, using some ap-
proximations (for example, column porosity,was roughly
estimated by using void volume of the column, 0[28]),
was 0.13 mmol/ml gel. That is very close to the actual total
ionic capacity, which is between 0.14 and 0.20 mmol/ml gel
given in technical specifications of the column by the man-

Table 6
Time of the pH transient for various strong-anion exchange colémns

Column type Flow rate (ml/min) Time (min)
Econo-Pac High Q cartridge 4.0 263
HiTrap Q HF 4.0 83
2.0 151
CIM QA disk 4.0 100

2 0.5M and 20 mM sodium hydrogencarbonate solutions pH 8.8 were
used. Detection: pH and absorbance at 210 nm.

b Manufacturer Bio-Rad Labs. (Hercules, CA, USA).

¢ Manufacturer Amersham Biosciences (Uppsala, Sweden).

d Manufacturer BIA Separations (Ljubljana, Slovenia).
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Fig. 11. Correlation of BSA dynamic capacity and “phosphate capacity” for
CIM DEAE disk, 8 and 80 ml tube monolithic columns. BSA capacity was
determined by frontal analysis, using 1 mg/ml (disks) and 3 mg/ml (tubes)
BSA in 20 mM Tris—HCI buffer solution, pH 7.4 and flow rate 3 ml/min
(disks), 16 ml/min (8 ml tubes) and 160 ml/min (80 ml tubes). The capacity

at 50% of absorbance measured at 280 nm was calculated. “Phosphate ca-
pacity” was calculated from time of the pH transient using @§.Method:

0.5M phosphate buffer solution, pH 6.8 (5 min), 20 MM phosphate buffer
solution, pH 6.8 (2 h). Flow rate: 10 column volumes per minute (disks) and

1 column volume per minute (tubes). Detection: absorbance at 210 nm.
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the time of the pH transient. The latter method is even more Greek symbols
informative, since the amount of ion-exchange groups can bea column porosity (void volume) fraction

determined in a wider interval. e internal particle porosity
ov volume flow rate (ml/min)
Oa fractional coverage of buffer species A

5. Conclusions

A new fast, simple, non-destructive and non-toxic method
for determining the amount of ion-exchange groups on resins Acknowledgements
was developed by measuring a pH transient formed using
a concentration step change of adsorbing buffering species. Supportfromthe Ministry of Education, Science and Sport
The method can be used for anion as well as for cation ex-and the Ministry of Economy of the Republic of Slovenia is
changers. Due to its non-invasivity is especially convenient gratefully acknowledged.
for determining the amount of the ionic groups on monolithic
columns, but it can also be used for particle bed columns as
well. Because the method causes no contamination, it canReferences
serve as a quality control method for produced columns as

well as for monitoring the chromatographic properties of
columns during their use. Furthermore, since it allows char-
acterization and traceability of a monolithic column’s prop-

erties, this method can form the basis for a cGMP test of
monolithic columns, which is required by the pharmaceuti-
cal industry.

6. Nomenclature

A charged form of a buffer (or salt) species

Ca liquid phase concentration of buffer species A
(mol/l)

C concentration of low concentration buffer solution
(mmol/l)

dga/dCa slope of the adsorption isotherm for buffer species
A

k constant, defined by column porosity and solute/ion

exchanger system (= «)f'(Ca)/c) (I/mol)
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