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Abstract

A family of cationic polyelectrolytes possessing defined chain lengths, narrow chain length distributions, uniform charge density, but
substituents of different hydrophilicity at the quaternary ammonium group served as model compounds for adsorption studies. These studies
guantitatively revealed that polymer characteristics and electrostatic parameters affect the adsorption behavior on oppositely charged porous
column materials. The presence of electrostatic exclusion, in addition to size exclusion, was proved comparing molecular, electrostatic and
geometrical parameters. The dominance of electrostatic effects could be concluded evaluating the relation between molecular and electrostatic
dimensions. The results provide a contribution how to estimate the threshold for electrostatic exclusion from pores as a function of dimensions
and experimental conditions.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction exclusion are present and influence, in addition to the
non-hindered adsorption process, the extent of the surface
Interactions of charged macromolecules, polyelectrolytes, availability. Consequently, there is a need for appropriate
on oppositely charged surfaces and interfaces are a classicastudies using more sophisticated surfaces in association
problem of physical chemistry and polymer physics. The with model polyelectrolytes.
broad interest in this problem is stimulated by its tremen-  An accessible situation for such studies exists in chro-
dous importance for many areas of the natural sciencesmatography where the molecules in question interact with a
ranging from material sciences to process sciences and lifecomparatively well-defined surface under controlled condi-
sciences. Advances in the understanding of this complicatedtions. Specifically, ion exchange displacement chromatogra-
topic have found their practical applications, for example, phy serves two objectives. Firstly, the adjustable conditions
in bioengineering, colloid stabilization/destabilization or of the displacement mode offer the opportunity to perform
surface design. The majority of experimental studies, the- basic studies on the interaction of charged molecules with
oretical approaches and simulations relate, however, to thecharged surfaces possessing various characteristics. Sec-
interaction of polymers with flat homogeneous surfaces. In ondly, relationships from such basic studies can be used
comparison, data for the interaction/adsorption of charged to optimize the chromatographic process for specific sepa-
macromolecules on oppositely charged curved surfaces in-ration problems, to develop tailor-made displacers, and to
cluding porous materials are rare. One can also make thepredict optimum combinations of displacer and stationary
same claim regarding physical chemical models. Therefore, phases.
at present, no comprehensive theoretical approach exists to Efficient separation and purification steps determine, to
link molecular parameters and system conditions with the a large extent, the economy in biotechnology and phar-
porous materials characteristics. From the few existing re- maceutical industry. In this context ion-exchange displace-
sults it is evident that size exclusion and/or electrostatic ment chromatography has a high potential as preparative
separation technique for biomoleculds2]. The resolving
mspondmg author. Tels41.21-693-3672: power of the displacement que of chromatography has
fax: +41-21-693-6030. been demonstrated for challenging separation problems and
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alternative to gradient chromatography for protein separa-

tion [3]. The optimization of displacement separation of
macromolecules, on the other hand, poses a complex prob-

lem. Polyelectrolytes possessing a higher affinity are po- n
tential protein displacers. Several types of molecules have

been screened, and tried, related to their performance as dis-

placers for biomoleculepl—7]. However, the lack of rela- C"/
tionships linking the chemical structure, the molecule size, ..N+\ c
and the performance of the displacer under process con-
ditions complicate the process development. Some authors
published the “chemical nature” as deciding parameter for
the efficiency of the separation process without specifying cr Y

this nature, for example, by precise physical parameters such NI~

as chain length, type of charge, charge density, and unifor- ?

mity. Heterogeneity of a displacer concerning chain lengths Fig. 1. structures of the various poly(vinylbenzyltrialkylammonium chio-
and/or charge density will lead to band spreading and, prob-ride) model compounds synthesized from poly(vinylbenzyl chloride). (A)
ably, its dispersion within the protein pef. Trimethylammonium, (B) dimethyfh-butylammonium, (C) pyridinium.

In addition, there is a lack of understanding the effect of

various stationary phase characteristics (chemistry, CapaCity’polymerization, previously describeld3], has been ap-
pore size, transport properties) on displacement separationsp"ed for the synthesis of the narrowly distributed precur-
Stationary phase characteristics are expected to impact tWosor poly(vinylbenzyl chloride) (PVBC)Mw/Mn = 1.15
aspects of displacement chromatography: the affinity of dis- tor p. = 25 andM,/M, = 1.31 for P, = 90). Re-
placer molecules and the yield and production rates achiev-gction of PVBC with tertiary amines—trimethylamine,
able with displacement separatioS§. . dimethyln-butyl, pyridine (Aldrich, Switzerland) results
Qn the other hand models, for exam.ple the stenc. massin cationic polyelectrolytes A, B, CRig. 1) with a charge
action model, have been established which try to predict op- gistance of 0.25nm and final molar masses M§ =

timum conditions for displacement proces$&8]. In gen- 5300, 5800, 6300 g/mol foP, = 25 and 19100, 21000,
eral, the separation process of this type of chromatography is>5 9o g/mol forP, = 90.

based on interactions of charged molecules with oppositely  Tapje 1 summarizes the molecular characteristics of all
charged surfacgd1]. _ ~ investigated samples.

Elgctrostatlc interactions of pply(vmylbenzylammomum Strong acidic cation-exchange (SAC) columns (MCX)
chlorldg) (P\/BAC) compounds in aqueous solutions, pro- \yere supplied by PSS (Mainz, Germanyable 2contains
posed in this paper as a model compound to study thethejr dimensions and characteristics. NaCl (Fluka, Germany)
adsorption on negatively charged porous surfaces, haveyas added to adjust the ionic strength. NaNMH4)2SC0x,
been investigated and reported recently as a function of kNO5, HCI (Fluka), NaOH (Merck, Germany) were used

chain length, concentration, and chemical structiir2]. for the determination of the dead volume and ion capacity
The availability of these basic data was the reason to selectyf the columns, respectively.

this type of positively charged macromolecules for the ad-
sorption studies herein. Moreover, the synthesis route is rel-
atively simple and offers the possibility to yield differently

substituted molecules of the same degree of polymerization

for which also the charge density can be modifié8, 14] sor were determined by size exclusion chromatography

A_S to the aut_ho_rs’ knoyvledge this paper, for th_e first time, (SEC) column combination: poly(styrene-divinylbenzene)
aims at quantifying the importance of electrostatic exclusion, (PS-DVB) 1¢, 103, 10 (Knauer), 300 mmx 7.4 mm, elu-

in addition to size exclusion in chromatographic processes, . tetrahydrofuran (THF), flow rate: 1 ml/min, standard:

yvhere Fhe separa_ltic_)n_is primarily based on electrostatic polystyrene. After quaternization the polymers were di-
mteraf;tlons, and it is intended to employ porous column alyzed against water [molecular mass cut-off (MWCO):
materials. 1000 and 6000] and freeze-dried. The degree of quaterniza-
tion was determined recordinftH NMR spectra. Density

) measurements were carried out in water atQQusing a
2. Experimental Digital Precision Density Meter DMA60/DMA602 (Anton
Paar, Graz, Austria). From concentration series, in the range
of 2 x 10~* to 4 x 10-3g/ml, the partial specific volume

of the polymers was obtaindd5] according toEq. (1
Differently substituted PVBAC samples have been poly 4d5] g toEg. (1)

used to monitor adsorption isotherms. Controlled radical p = pg + (1 — vpg)c (1)

'

2.2. Polymer analysis and purification

Molar masses and polydispersity of the PVBC precur-

2.1. Materials
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Table 1
Molecular characteristics of the PVBAC structures, trimethylammonium-A; dimethyltylammonium-B; pyridinium-C
Parameter PVBAC-A PVBAC-B PVBAC-C
Mmonomer (g/mol) 211.73 253.81 231.72
Degree of polymerization 90 25 920 25 20 25
Degree of quaternization (%) 90 100 90 85 95 100
Contour length (nm) 22 6 22 6 22 6
Molecule volumé (nn) 26.27 7.5 32.07 8.95 26.95 7.4
Molecule radius (hm)

Sphere model 1.84 1.2 1.97 1.3 1.86 1.2

Rod model 0.60 0.62 0.68 0.68 0.62 0.62

@ Calculated from the partial molar volumes Table 4

wherep and pg are the density of the solution and the sol-
vent, respectively, and designates the polymer concentra-
tion in g/cn®.

2.3. Column characterization

The stationary phase volume of the columns was deter-
mined by equilibrating with water at a flow rate of 0.1 ml/min
and subsequent injection of f®of 1% NaNG;. In order to
calculate the dead volum¥y, of the column, the retention
time for NaNQG with and without the column was recorded.
Stationary phase volumes were calculated subtradting

The ion-exchange capacity of the stationary phase hasfrom the total column volumeTable 2.
been determined by two independent techniques, atomic ab-

sorption spectrometry (AAS)16] and a specific titration
method[17].

2.3.1. AAS
All columns were first equilibrated with 0.1 M NacCl for

approximately 10 column volumes, followed by a front of
1.0M (NHz)2SOy. The sodium content of the column ef-
fluent was analyzed by AAS (Model 1100A, Perkin-Elmer,
Norwalk, CT, USA). Effluent fractions were diluted 1000
times in deionized water prior to the measurements™ Na
standards (5, 10, 15, 20M) served for calibration.

2.3.2. Titration

The columns were equilibrated with 0.1 M HCI for ap-
proximately 10 column volumes, washed with 10 column
volumes of deionized water and followed by a front of
1M KNOs3. The column effluent was collected and titrated

against 0.01 M NaOH and phenolphthalein as an indicator.

2.4. Adsorption isotherm measurements

Adsorption isotherms were measured as described else-
where[18]. They monitor the stationary phase concentra-
tion (SPC) as a function of the mobile phase concentration
(MPC). The chromatography system to record the break-
through curves was assembled from a degasser (Merck,
Switzerland), a HPLC pump (Merck—Hitachi L-7110,
Switzerland), a Valco 10-port valve (Valco, VICI, Switzer-
land) and diode array detector (Hitachi L-7450, Switzer-
land). Five and two milliliters loops were employed for
sample injection. A flow rate of 0.1 ml/min and a mobile
phase of 0.075 and 0.225M NaCl were used. The tem-
perature of the columns was controlled to °Z5 (Oven
L-7300 Hitachi, Switzerland). Two molar NaCl was used
for column regeneration. Data collection and interpretation
were carried out with Merck—Hitachi software. Adsorbed
amounts were calculated using equation:

Table 2summarizes the results for the ion capacity of both Cup(Va — Ve
- mp(Ve — Vo)
the material in Na and H form. ST= (2)
Table 2
Column parameters of sulfonated PS-DVB columns, MCX
Column type
10/5 100/5 10/10 100/10
Pore size (nm) 10 100 10 100
Particle size jm) 5 5 10 10
Column dimensions (mm) 2.% 125 2.1x 125 4.6x 30 4.6 x 30
Total column volume (ml) 0.4329 0.4329 0.4986 0.4986
Stationary phase volume (ml) 0.2529 0.1539 0.2386 0.1186
lon capacity (mmol/ml SP)
AAS (Na form) 2.62 2.62 251 6.86
Titration (H form) 1.92 1.75 2.12 4.54
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whereQsT is the amount of polymer adsorbed on the sta- 7
tionary phaseCyp the concentration of the polymer in the 6 -~ "
mobile phaseVg, Vo and Vst are the breakthrough vol-
ume of the substance, the dead volume of the column and z s : - : -
the volume of the stationary phase. The variation of the o 4
polymer concentration was within the range ok 80 to E 3
3 x 102 monomol/l (0.2—8 mg/ml). %
2 AN, v}
1
3. Results 0 . . .
0 2 4 6 8
3.1. Adsorption isotherms MPC mg/ml

Various parameters are known to nfuence the adsorpon’,  JePler Soes b P sonmitnbon, 57 1o
behav!or of charged macromolecules, polyelectrolytes, on P — slaoo: ) PVBAC-B, ’(A) PVBAC-C: in 0225M NaCl: ®) '
oppositely charged surfacgkl]. Some of them have been  pypac.a, (W) PVBAC-B, (A) PVBAC-C. T = 25°C.
selected and systematically varied in relevant ranges in or-
der to identify their influence on the adsorption behavior on 200
porous materials, such as represented by column materials.

These included the contour length of the polyion, the hy- 160 -
drophobic character of the substituent at the quaternary am-
monium group and the polymer concentration. Furthermore,
the total ionic strength has been adjusted at different levels
by addition of NacCl, intending to change the coil dimen-
sions as well as the electrostatic interactions in solution. As
indicated inTable 2 also the influence of the column mate-
rial characteristics such as the pore size and the particle size
were variables of interest for the adsorption experiments.

Figs. 2—6illustrate, for selected experimental results, the
tendencies of the adsorption behavigig. 2 clearly reveals
the influence of the chain length/molar mass of the moleculesrig. 4. Adsorption isotherms (stationary phase concentration, SPC, vs.
on the adsorbed amount on a 100 nm pore size column ofmobile phase concentration, MPC) on MCX 100/10 in 0.075M NaCl,
5um particle size. Smaller molecules adsorb with higher P = 25: (O) PVBAC-A, (L)) PVBAC-B, (A) PVBAC-C; in 0.225M
amounts on this material but with differences concerning the NaCl: (@) PVBAC-A, (M) PVBAC-B. 7' = 25°C.
substituents. The polyelectrolytes adsorb in the ordep A
B > C. Whereas for molecules witB, = 90 the adsorbed in the range of 11-20 mg/ml varying with the type of the

amounts do not exceed 2 mg/ml, the adsorbed amounts ofsubstituent.
the smaller moleculesP, = 25, are remarkably higher, Similar adsorbed amounts have been obtained for the

adsorption of theP, = 90 polymer series if a column of
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Fig. 2. Adsorption isotherms (stationary phase concentration, SPC, vs.
mobile phase concentration, MPC) on MCX 100/5 in 0.075M NaCl, Fig. 5. Adsorption isotherms (stationary phase concentration, SPC, vs.
P, = 25: (@) PVBAC-A, (ll) PVBAC-B, (A) PVBAC-C; P, = 90: (O) mobile phase concentration, MPC) on MCX 10/10 in 0.075M NacCl,
PVBAC-A, () PVBAC-B, (A) PVBAC-C; in 0.225M NaCl,P, = 25 P, = 25: (@) PVBAC-A, (ll) PVBAC-B, (A) PVBAC-C; P, = 90: (O)
(--@--) PVBAC-A. T = 25°C. PVBAC-A, () PVBAC-B, (A) PVBAC-C. T = 25°C.
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15 Table 3
Influence of pore size, particle size, salt concentration and degree of
polymerization,P,, on the breakthrough time of PVBACs at saturation
E - concentration
= L m— - -
oh Py Column typé Breakthrough time (min)
E ——Wo—"
@) 0.075M NaCl 0.225M NaCl
A
72 P,=25 Pn=90 Phn=25 Pn=90
10/5 3.4-5.6 25-5 3-4 2.8-7
10/10 3.2-5 3-4 3.4-45 3-35
100/5 7-12 3-4.7 12 5-6
T T 100/10 40-105 7-15 90-260 16-18
0 2 4 6 8 - - -
MPC mg/ml a Pore size (nm)/particle diametgurq).

Fig. 6. Adsorption isotherms (stationary phase concentration, SPC, vs.

mobile phase concentration, MPC) on MCX 10/10 in 0.075M NaCl, . .
P, = 90: (O) PVBAC-A, (O) PVBAC-B, (A) PVBAC-C; in 0.225M 3.2. Adsorption velocity
NaCl: (@) PVBAC-A, (Hl) PVBAC-B, (A) PVBAC-C. T = 25°C.

For technical processes as represented, for example, by

the same pore size but possessingui®particle size was  Protein displacement chromatography, the time scale at
employed. This is plotted iffig. 3 However, the adsorbed ~ Which a certain polymer acts as displacer is important.
amount increases approximately three-fold if the ionic Therefore, also the breakthrough times of the investigated
strength increased performing the measurements in 0.225 MPolymers in 0.075 and 0.225M NaCl for both 10 and

NaCl instead of 0.075M NaCl. The order of adsorbed 100nm pore size have been determined. For this purpose the
amount here is G B > A in 0.225M NacCl. mobile phase concentration at which the saturation polymer

The investigation of the salt influence in the case of concentration appears has been selected. All data specified
the P, = 25 series shows that the already high adsorbed for the column type and the experimental conditions are
amounts further increas€ig. 4 employing the same col- ~ Summarized irfable 3

umn (100/10). They have been calculated directly from the chro-
Concomitantly, at 0.075 M NaCl, a remarkable difference matogram for the breakthrough at saturation concentration.
is visible for the adsorbed amounts of A and B withsAB. The latest breakthrough occurs for the large pores, high salt

This was already evident on MCX 100/5 (compare the plots concentration and lower molar mass of the polymer, in the
in Figs. 2 and % Increasing the salt concentration up to fange of 90-260 min. The time is relatively short for small
0.225 M NaCl leads to a strong increase for B but a moderatePores, for both degrees of polymerization and salt concen-
one for A (Fig. 4). In total, the increase is approximately {trations (2.5-7min). The increase of the salt concentration
four-fold for B and approximately 20% for A. This agrees ©f the solution does not lead to any significant change in the
with the salt influence plotted iRig. 2for A where only an ~ breakthrough time in the case of 10 nm pores and also not
increase of approximately 20% is visualized, too. for 100/5. In the case of MCX 100/10 the time increases by
Figs. 5 and 6summarize the results for the lower pore factor 2 only for shorter chains. The influence of the sub-
size 10nm and particle size of @ (MCX 10/10). Both stituents has not been considered separately. It is included
molecule sizes adsorb on this material in a similar range with In the ranges presented rable 3 No general trend was
low amounts, less than approximately 2 mg/ml. Concerning Obvious.
the influence of the substituent the adsorbed amounts are
slightly different. The initial slopes are not so steep, com- 3.3. Partial molar volumes
pared to the isotherms recorded for the pore size of 100 nm

(Fig. 3. Adsorbing theP, = 25 and 90 polymer series on The partial molar volume, as a measure of the volume oc-
the 10/10 column in 0.075M NaCl exhibits maximum ad- cupied by the molecules in solution, was calculated from the
sorbed amounts in the range of 1.5-2 mg/ml%AB > C) experimentally obtained partial specific volume by multiply-
and 0.9-1 mg/ml (A= B ~ C), respectivelyFig. 5). ing with the appropriate molar mafib]. In addition, partial

Increasing the salt concentration three times does notmolar and specific volumes have been calculated applying
significantly increase the adsorbed amounts fgr= 90 the Durchschlag—Zipper (D-Z) proced(it®]. Table 4sum-
(Fig. 6). All maximum values can be found in the range of marizes all experimental and calculated values. The theoret-
0.9-1.1 mg/ml, with somewhat steeper initial slopes for the ical calculations consider the slight variation of the degree of

higher salt concentration. guaternization. Nevertheless the resulting differences, less
For the MCX 10/5 column very similar adsorbed amounts than 0.5%, are in the range of the experimental error. As ex-
were obtained as shown for the MCX10/10 columfigs. 5 pected, the experimental data do not reveal any molar mass

and 6 Therefore, the data are not presented as graphs hereinfluence. It has to be mentioned that the values include the
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Table 4

Experimental and calculated partial molat, and partial specific volumes, of PVBAC in watef

Structure Pn Experimental volumes Calculated volumes AV (%)

Vexp (cm*/monomol) Texp (CM/Q) Veal (cm?/monomol) Teal (cM®/g)

A 90 175.7 0.830 180.4 0.852 2.7
25 180.6 0.853 181.0 0.855 0.2

B 90 2145 0.845 227.4 0.896 6.0
25 2155 0.849 226.4 0.892 5.1

Cc 90 180.3 0.778 183.8 0.793 1.9
25 179.6 0.775 183.3 0.791 21

aAV = (Vcal - Vexp)/vexp x 100.

influence of interactions with the solvent, which is assumed A different situation exists for the particles with 100 nm

to be strong for polyelectrolytes. pore size. There, a molar mass/molecule size effect s clearly
evident.P, = 25 molecules adsorb with significantly higher
amounts than the&®, = 90 molecules. Moreover, the sub-

4. Discussion stituent effect is much more pronounced. In detail, the differ-
ences caused by the substituent type were estimated as less

The experimental results clearly reveal the influence of than 1.5 mg/ml if the adsorption occurred only on the outer

the chain length, the type of the substituent at the quaternarysurface. These differences were up to 10 mg/ml for MCX

ammonium group, the polymer concentration, and the ionic 100/5 and even approximately 110 mg/ml for MCX 100/10.

strength on the adsorption of cationic polyelectrolytes on In general, the trimethyl substituted compound PVBAC-A

negatively charged porous particles. Since no appropriateadsorbed with the highest amounts. Only in the cag®, 6t

data have been reported yet, these initial studies have, to é0, but not forP, = 25, an inverse adsorption behavior was

certain extent, a screening character concerning the materialgletected at high added salt amount but with a total differ-

selection. ence of only 1.5 mg/ml. This tendency was found for other
experiments not reported here but needs further investiga-
4.1. Adsorbed amounts tion. With increasing hydrophobicity, the solubility in aque-

ous solution decreases leading to more compact molecule

In general, for porous particles as used in this study, the coils in solution. This effect is supported by the addition
adsorption can occur on the surface of the spherical parti- of salt. Moreover, at the same polyelectrolyte concentration,
cles (outer surface) and inside the pores (inner surface). Thethe effect of added salt is stronger on longer polyion chains
adsorption on the outer surface should follow similar rules than on shorter ond20].
as described for the adsorption on flat surfajdedd. Even The total adsorbed amounts imply the diffusion into pores
for the 5um particles the adsorption of the molecules in- of 100 nm for all P, = 25 molecule types, independent of
vestigated herein, possessing a maximum contour length oftheir chemical structure. Furthermore, the experimental re-
22nm (Table J), can be considered as adsorption on a lo- sults indicate differences for 100/5 and 100/10. These find-
cally flat surface. ings are evident comparingigs. 2 and 4Whereas for the

Adsorption only on the outer surface may be concluded column 100/5 only 4.3% of surface charges are complexed
from the data presented kfigs. 5 and &or the pore size by PVBAC-A, this percentage is increased to 12.4% for
10 nm. Comparably low adsorbed amounts have been de-100/10. The latter possess a higher ion capadigble 2.
termined for both molecule sizes and ionic strengths. The However, it is not clear if the higher ion capacity results
slightly better adsorption foP, = 25 (Fig. 5 may re- from a higher surface charge density or a different ratio of
sult from less sterical hindrance for the smaller polymer the surface area to the stationary phase volume for these two
molecules when they arrange themselves on the surfacecolumns. A higher surface charge density could attract the
A denser package of the smaller molecules is probably molecules more strongly though more molecules can adapt
achieved. Though with maximum values of 2mg/ml the to a larger surface.
SPC is quite low. The situation does not change signif- The salt concentration can have various effects on the
icantly if the salt concentration increases. However, the solution behavior of polyelectrolytes and, consequently,
saturation already occurs at lower mobile phase concentra-on the structure of the adsorbed lay&L]. Increasing the
tions implying advanced arrangement. From the experimentsionic strength by adding salt reduces the Debye length
with 10 nm pore size, adsorbed amounts up to 2 mg/ml may and forces conformational changes. The molecular dimen-
be concluded as complete pore exclusion for both particle sions decrease and the intermolecular repulsion is reduced.
sizes. This yields higher adsorbed amounidgs. 2—4. The salt
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gzli)l;eslengthjg, the ratio of the Debye length to the contour lendtrL, and the overlap concentratioci;, of PVBAC molecules

Pn Ip (nm) Ip/L c* (monomol/l)
0.075M NaCl 0.225M NacCl 0.075M NaCl 0.225M NaCl

90 11 6 0.5 0.27 1.3 1072

25 11 6 1.8 1 1.8« 1072

concentration can have a different effect in regard to the expand. The appropriate concentrations calculated for aque-
chemical structure. As presentedriy. 4it causes a strong  ous solutions without the addition of salt are giveffable 5
increase of the adsorbed amount for PVBAC-B, the more If salt is added these concentrations become higher. If, in
hydrophobic molecule, but a comparably moderate one for addition, the Debye length equals or exceeds the contour
PVBAC-A (see alsd-ig. 2). With 44 mg/ml (PVBAC-B) and length, as it is the case faP, = 25, the counterion ac-
32mg/ml (PVBAC-C) the two molecules are in the same tivity increases as the result of the extended ionic atmo-
range at 0.075M NaCl but much lower than PVBAC-A. sphere. Nevertheless, even the full extension offthe- 90
The increased ionic strength at 0.225M NaCl seems to molecules cannot explain the exclusion from 100 nm pores.
affect the solution properties of the molecules possessingTherefore, it can be concluded that strong long-range elec-
more voluminous and/or hydrophobic substituents (B and trostatic effects are the reason for the pore exclusion on
C) stronger than those of the PVBAC-A structure. On the MCX 100nm. As it is known from the process of poly-
other hand, it can also be concluded that the PVBAC-A electrolyte multilayer formation on flat oppositely charged
already enters the pores at 0.075M NacCl resulting in an surfaces, only partial charge neutralization of the polyelec-
almost saturation of the inner surface. trolyte occurs during the adsorption process if a certain
A slight effect of the ionic strength is observed 8 = chain length is exceedgd?]. The remaining excess charges
90 on MCX 100/10 with the inversion of the substituent (loops, tails) act repulsive to the incoming equally charged
influence already discussed above. The comparison of datgpolyelectrolyte molecules and may prevent further pore en-

in Figs. 3 and Guggests minor pore occupation. tering, in particular, if the polyelectrolyte molecules adsorb
first at the outer surface and around the pore entrance. This
4.2. Molecular dimensions repulsion may also cause a limited package density. In addi-

tion, overlapping of the ionic atmospheres at the low ionic

The previous discussion did not separate the two superim-strengths should be discusg§2@,24]
posing effects size/steric exclusion and electrostatic exclu-
sion. For polyelectrolytes both processes are affected by the4.3. lon capacity
concentration and the ionic strength of the solution, which
modify the molecule dimensions and the electrostatic inter-  The comparison of the ion capacity of the columns indi-
actions in solution. Furthermore, also the range of the elec- cated inTable 2with the experimentally determined maxi-
trostatic atmosphere of the surface is influenced. The Debyemum adsorbed amounts reveals that only a low portion of
length, Ip, serves as a measure for the ionic atmospherethe surface charges is complexed by the polyions. One mil-
though it has to be noted that it is strictly valid only for ligram of polymer corresponds taZx 102, 3.9 x 1073,
point-like charges. The calculated Debye lengths summa- 4.3 x 10~2mol monomer units for PVBAC-A, -B, and -C,
rized inTable 5consider both the ions present from the poly- respectively. For the adsorption on the outer surface, pore ex-
electrolyte molecules and the added $48,20,21] Since clusion, only approximately 0.06—0.3% of the binding sites
the salt concentration exceeds the experimental polyelec-are neutralized by the polyions. In the case of adsorption
trolyte concentrations it is obvious that the salt concentration inside the pores this percentage increases up to 12.4% for
dominates the total ionic strength and, therefore, the DebyePVBAC-A on MCX 100/10 or 4.3% on MCX 100/5 if the
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from the electrostatic dimensions that no molecule should
enter pores of 10 nm what is in agreement with the experi- In addition to the static parameters of the discussion
mental results. above, the duration of the adsorption process under specific

The majority of the adsorption experiments have been per- conditions also have to be considered. It was demonstrated
formed below the critical overlap concentratif#®] where that the adsorbed amounts on a defined stationary phase
the single molecules are separated in solution and start tovolume might increase significantly if material possessing
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4.5. General remarks

Evaluating the reliability of the experimental results it has
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