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ABSTRACT

Empirical adsorption models have been extensively used to design and optimize ion exchange chromatography (IEC) processes for proteins. The equations go 40
years back to the qualitative findings about the electrical double layer (EDL) in ion exchangers and form the basis of the stoichiometric displacement (SD) model
widely used in preparative chromatography. While the SD model reduces the experimental effort to find salt-eluting conditions for the separation, knowledge transfer
is restricted from one system to another. However, this limitation can be overcome by understanding the physicochemical interaction mechanism between the solid
adsorbent and the electrolyte. Via a theoretical and experimental approach, we investigated the physicochemical adsorption mechanism in IEC and developed a
methodology to determine it quantitatively by measuring the effective EDL thickness. We performed negative adsorption experiments in high-performance liquid
chromatography to measure the excluded volume of co-ions, citrate, or oxalate on strong cation exchange resin. Together with the physical specifications of the
column and the deployment of a modified nonlinear Poisson-Boltzmann equation, we identified the effects of the electrolyte composition on the size of the EDL.
While it depends on the concentration, valency, and size of the counterion, we derived that the expansion of the EDL is indicated by different valencies of the
carboxylate co-ions in trace amounts. Our findings provide a self-consistent theory of the transport phenomena in a solid/fluid system with all parameters specified
with the physical properties of the chromatographic process. Further, optimizing the resin design or improving the adsorption and desorption conditions for bio-
molecules may be facilitated. Altogether, our work may improve material designing and process development and, thereby, help to overcome the concurrent
technological and economic bottlenecks of the well-deployed purification step of IEC.

1. Introduction

Ion exchange chromatography (IEC) is essential for the production of
biotherapeutics, as well as other separation technologies. Models of IEC
can be traced to the middle of the past century, notably to the early work
of Neal Amundson [1-3], the “father of modern chemical engineering”
[4,5]. For the past 40 years, process development in preparative ion
exchange chromatography of proteins has heavily relied on the findings
of Kopaciewicz and co-workers about adsorption [6]. The authors [7]
formulated the well-known stoichiometric displacement (SD) model,
which has been very useful to experimentally characterize the adsorp-
tion of differently charged proteins on the stationary phase. In the
empirical SD model, ion exchange is described by a stoichiometric
relationship of a characteristic charge of the protein with the salt con-
centration in the eluent. Nevertheless, the authors deduced the

empirical SD model from electrostatic interaction experiments that they
qualitatively rationalized with the existence of the electrical double
layer (EDL). These unconventional experiments differed from typical ion
exclusion chromatography. They quantified the exclusion volume of
ions in chromatography, which carry the same charge as the stationary
phase, depending on the ionic strength of the buffer in the mobile phase.
Thus, revisiting these principal investigations - the foundation of the
successful SD model - and building current investigations upon them
appears very promising for expanding our understanding of adsorption
in IEC; since, accurate adsorption models are still the technological and
economic bottleneck in process development of ion exchange chroma-
tography [6,8,9].

The great benefit of understanding the adsorption mechanism can be
emphasized through similar technical processes that already exist in the
field of environmental engineering and water remediation. The flow-
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through processes have been optimized towards or built on effective
surface exchange by deployment of the EDL theory. Thereby, the
different process concepts can be subdivided on the basis of pore sizes
that influence the modeling of the double layer. Microporous adsorption
of monovalent neutral salt with Langmuir-type surface charge regula-
tion has been derived in dynamic water desalination processes, experi-
mentally and through analytical mathematical expression [10-16].
Further developed systems include an elevated surface potential due to
permanent surface charges [13] and redox-active charges [15]. More-
over, physics-based simulations of capacitive deionization rationalized
process dynamics, with a binary mixture of monovalent ions [17], of
monovalent and divalent ions [18,19], and solutions including an
organic acid that underlies water association reactions [20]. In elec-
trochemical processes including shock electrodialysis, the different
charging behavior of the EDL with divalent or monovalent counterions
in macroporous materials has been exploited [21-25]. Ultimately, a
more in depth-understanding of the transport mechanism resolved pore-
scale effects that alter macroscopic separations [26,27]. Elucidating
subtle effects of multivalent ions and water associations reactions
facilitated metal ion separations leveraging pH swings in shock elec-
trodialysis, where pH-dependent complexation reactions modify and
even change the sign of multivalent cations in solution including the
conversion of multivalent cations into oxyanions [28]. Such quantitative
insights to the electrosorption process could also be relevant for ion-
exchange chromatography where the separation is dominated by
charge-surface interactions.

Kopaciewicz et al. [7] investigated a macroporous system of small
analytes and ion exchange material of great pore size via electrostatic
interactions experiments but did not quantify their observation in
consideration of the electrolyte composition. In this work, we give
detailed insights on the electrostatic interaction of the electrolyte with
multiple ion species in a strong cation-exchanger. As in Kopaciewicz’s
work, we perform interaction studies via chromatography with a mac-
roporous resin and, examine a great range of ionic strength of a phos-
phate buffer to ensure consistency with the mechanism (Section 4.1).
Our aim is to extend the picture of electrostatic interaction in ion
chromatography by a more direct quantification of the experimental
results in terms of the EDL structure compared to the work by Kopa-
ciewicz et al. In doing so, we deploy the mathematical formulation of the
continuum-based EDL theory. Consequently, we relate the size of the
EDL not only to a specific type of the stationary phase and a specific type
of the bulffer - as the load of the resin in an empirical adsorption isotherm
is related to the specific resin and a specific buffer condition, which
restricts knowledge transfer from one system to another - but to general
physical characteristics of the system. These characteristics are the
surface charge density of the stationary phase and the ion identities of
the electrolyte. Concretely, we consider the concentration, valency and
size of the counterions to the surface charge and the concentration and
valency of the co-ions. In other words, we carefully take into account the
water association reactions of buffer ions and analytes. As we investigate
three different buffer conditions, the molar ratio of protonated to
dissociated species is different. In the end, our experimental and theo-
retical results lead to a methodology to determine the effective size of
the EDL. The methodology is useful to understand the electrostatic
interaction of different solid materials with different electrolytes in
chromatography that in turn can be useful for designing solid materials
and controlling the adsorption of charged biomolecules.

To investigate the physicochemical adsorption mechanism, we
deploy a modified nonlinear Poisson-Boltzmann equation to explain the
adsorption of positively monovalent counterions and repulsion of
charged co-ions of different negative valency. Here, the valency of the
co-ions varies with the ionic strength and pH of the buffer. The
continuum-based adsorption model is used to quantitatively describe
the structure of the double layer and the excluded volume of oxalate and
citrate charge species from the highly negatively charged stationary
phase (Section 4.2). Eventually, the degree of repulsion depends on the
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electrolyte composition and is quantified via the double layer theory
(Sections 4.2.2-4.2.4). All the model parameters are determined by
direct measurements or from literature values. (Section 4.2.1). Since all
the parameters are specified, no parameter estimation is needed to
describe the chromatographic process.

Eventually, the greater the repulsion the greater the size of the
double layer. In Section 4.2.6, we discuss how the greater expansion of
the double layer increases the interaction range for potential adsorption
of charged biomolecules. Further, the lower the expansion of the double
layer the more favorable is the desorption of the oppositely charged
protein. This case is discussed in Section 4.2.5 and shows the case that
Kopaciewicz et al. observed for proteins under eluting conditions and
described with their empirical SD model.

By understanding the interfacial electrolyte structure, we want to
advance this current empirical picture. We believe that a better under-
standing of the adsorption mechanism in ion chromatography will be
useful to base the separation process on optimal surface exchange as it
has been beneficial in similar technical applications [24]. Via the model
with specified parameters, the size of the EDL can be determined —
directly in the dynamic chromatographic process and under actual
buffer conditions — by considering the surface charge density of the
resin, the concentration, size and valency of the counterions and, the
concentration and valency of the co-ions.

2. Theory

In this work, experimental retention times of co-ions in chromatog-
raphy are explained by the EDL theory. As co-ions have the same charge
as the stationary phase, they are repelled from its surface. The descrip-
tion of the transport phenomena is based on the ideal model of chro-
matography in combination with quasi-equilibrium electrosorption.
Concretely, we derive differential partition coefficients with units of
length from experimental retention times and compare them with the
effective thickness of the double layer. The expansion of the double layer
depends on the composition of the electrolyte and is defined by a
modified Poisson-Boltzmann theory. The theory describes the accumu-
lation of counterions and the decrease of co-ions near to the surface in
comparison to the bulk concentration further away. Hence, counterions
are adsorbed to the surface while co-ions are repelled and negatively
adsorbed [29,30].

2.1. Electrostatic adsorption in chromatography

As we are interested in the retention times, the ideal chromatography
model is adequate to describe the mass balance in the mobile phase.
Neglecting axial dispersion and mass transfer and, assuming instanta-
neous adsorption equilibrium, the local concentration of solute c; (mol
m’3) in the chromatographic column is described by [31],

dc; dq; dc;

¢E+SE+¢L{3_Z:0 (€8]
when u (m s~ 1) is the local average mobile phase velocity and, ¢ (—) is
the porosity, the ratio of the void volume to column volume (CV).
Compared to the literature, we redefine g;, the equilibrium concentra-
tion of component i on the stationary phase. Instead of relating the molar
mass of the adsorbed species to the volume of the stationary phase in the
column (column volume), we relate it to the surface area of the sta-
tionary phase in the column and obtain g; (mol m’z). Consequently, the
phase ratio is reformulated as S (m’l), the ratio of the surface area of the
stationary phase to the column volume. As we divide by porosity ¢, we
obtain S/¢, surface area per volume of mobile phase which has also been
defined in a well-known work about experimental characterization of
ion-exchangers [32].

Once we assume quasi-equilibrium of the adsorption and indepen-
dence of the adsorption from hydrodynamics, the concentration in the
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stationary phase depends on the local concentration in the mobile phase,
0qi/dc; = (dq;/at)/(dc;/dt), we derive

dc; u dc;
=i —L—0 2
ot 1+%% 0z 2)

and point out that the solute concentration travels axially (direction 2)
through the column while depending on the adsorption equilibrium.
Therefore, solutes with different adsorption equilibria evolve through
the column with different speed that result in different retention times.

Stated the other way around, the adsorption equilibrium can be
determined by the retention time ¢; (s). When we reference the retention
times to a non-adsorbing species, which is only influenced by hydro-
dynamic interaction without adsorption, we are able to quantify the
adsorption equilibria of different solutes. As the inert solute travels
through the column of length L with

L
Lef = o 3)

via Eq. (2), we determine the differential partitioning coefficient of the
adsorption equilibrium
ti =ty S dg;

Lref B ¢ dc; “

When the concentration perturbation of the solutes is small enough such
that adsorption is linear, no shocks or discontinuities emerge. For the
differential partitioning coefficient, we finally obtain

dg; @ (1 — tes
/cx = =<\ 5
! <d0i>gxp S ( Lref ®

and define length /., (m) that is experimentally derived by the reten-
tion time shift. Effectively, porosity of the column ¢ and the dead time of
the plant t4..4 cancel out (see Eq. S1 in Supporting Information). Latter is
the measured time from the injector to the detector of the plant when the
chromatographic column is removed. In Eq. (5), positive length values
relate to positive differential partitioning coefficients and greater
retention times of the solute than the inert species. The solute adsorbs to
the stationary phase. Negative length values correspond to negative
differential partitioning coefficients, which means faster elution times of
the interacting solute compared to the inert species. Consequently, the
solute experiences negative adsorption, which corresponds to less fluid
volume that is accessible to the solute in comparison to the inert species.
The negative adsorption configuration is not the typical configuration of
IEC processes, but the negative adsorption provides valuable informa-
tion about the underlying electrosorption phenomenon. Such observa-
tions supported the formulation of the SD model.

2.2. Electrical double layer theory via nonlinear modified Poisson-
Boltzmann equation

The electrical double layer theory describes the electrostatic
screening of a charged surface by accumulated counterions and depleted
co-ions in the vicinity of the surface that both differ from the bulk
electrolyte concentration far away from the surface. The counterions
carry the opposite charge to the surface, while the co-ions are of like-
charge. Unspecific attraction of the counterions and unspecific repul-
sion of co-ions occurs diffusely near the interface due to the electric field
distribution in the double layer that counteracts the entropy of mixing.
On the other hand, specific interactions of the solvent and ions with the
surface are accounted for by the compact Stern layer that lies between
the surface and the diffuse layer [33].

In this work, we neglect specific interactions as the physical pa-
rameters that we determine experimentally account for the diffuse layer.
Therefore, the interactions of the solutes provoked by the electrostatic
field are reversible and unspecific. Beyond the dilute Poisson-Boltzmann
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theory, we consider a modified Poisson-Boltzmann equation (Eq. (6),
equivalent to the original mean-field theory of Bikerman [34], which
accounts for ion crowding at highly charged surfaces within a lattice-gas
approximation, as first proposed by Grimley and Mott for solid elec-
trolytes [35]. Regardless of the details of the model, at highly charged
surfaces, the structure of the double layer is strongly affected by coun-
terion crowding, which is dependent on the ionic characteristics
including the ion valency and ion size [34,36].

In this work, all ion sizes are assumed equal here since the most
important packing effect comes from the counterions, although exten-
sions to asymmetric systems are possible [37-39]. The modified Poisson-
Boltzmann equation is:

—eNy Y z,vecoi,-exp< - k;‘”)
14> vco, {exp( - “;T"’) -1 ]

(ew') )

The model describes the relationship of ions with valency z; (—) and
equilibrium concentration in the bulk ¢ ; (mol m~>) far away from the
surface with the potential y (V). Other parameters are natural constants
and macroscopic system parameters. There is the product & of the
dielectric constant of water and the vacuum permittivity (80 - 8.85 -
10712 ¢ v-! m™1), which is assumed to be constant, the elementary
charge e (1.6 - 1071 C), the Boltzmann constant k (1.38 - 1072 JKk™YH
and the absolute temperature T (300 K), respectively. Further, a steric
factor v (m° mol ') accounts for ion crowding of solvated counterions of
radius a (m) and follows v = %ﬂa3NA /p with Avogadro number Ny
(6.022 - 10%% mol™!) and, packing density p = 0.52 for random close
packing. This parameter could be adjusted to capture slightly higher
packing fractions of random close packing (p = 0.64) or close packing on
a lattice (p = 0.74) [40]. For v = 0, the Bikerman model reduces to the
Poisson-Boltzmann equation. Moreover, we assume electroneutrality of
the double layer as the condensed and diffuse layer compensate the
charge density of the surface.

Once we make the mean-field approximation and non-
dimensionalize the modified Poisson-Boltzmann equation (Eq. (6)) by

scaling to the Debye length Ap = |/kTe/(e2Na>_;zi%co;), we obtain

725’:1‘;0‘ exp( — i)
7

= 1+ ZUCOJ[@XP( —zp) — 1 ] 7

To solve the nonlinear second-order differential equation numerically,
two boundary conditions are necessary. These are based on the
exchanger charge and the bulk conditions.

2.3. Boundary conditions

Once we determine the ionic capacity of the material through the
specifications of the chromatographic column, we are able to define the
surface charge density as one boundary condition. The second boundary
condition is of Dirichlet type at far distances from the surface, where the
potential is set to zero.

The ionic capacity of the column is determined by the equilibration
of the ion-exchanger with protons and subsequent exchange by a neutral
salt. During the procedure, the protons are captured and are quantified
via pH-meter and via titration afterwards. The concentration ¢, (mol
m~3) and the volume Vi (m?) of the base titrant result in the amount of
hydronium ions as monovalent counterions. According to Eq. (8), we
can calculate ionic capacity A (meq g 1) of the strong cation exchange
material in the column with volume V., (m®) and bed density pp.q (g
m~%)
smeq ¢V,

A =10 (¥

mol pp.qVeol

Via Eq. (9) and through the specific surface area A; (m? g™!), we
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calculate the amount of ions adsorbed to the material as the area-related
ionic capacity and define it as surface charge density afxp (Cm™2).

AeN,
() = Tz 1, ©)

mol *7S
Since the material is a strong cation exchange resin, the surface charge
does not change with the concentration of the protons over the pH range
of the experiments [41]. Consequently, we define the boundary condi-
tion on the surface to be of Neumann type using Gauss’ law [33] and

obtain
_oe (dy
o KT \dx

().

2.4. Negative adsorption of co-ions

e Ly 10

=0 kT &pe

From the solution of the modified Poisson-Boltzmann equation, the
surface excess concentration g; of species i in the double layer can be
calculated. For a negatively charged surface, the accumulation of
counterions and depletion of co-ions follows the surface potential:

_ ki o\ li coiexp( — ziY) o
qi_[ (@ =eac= [ (1+Zvco,f[exp<—zn7)—u )dx v

0

In case of cations on the negatively charged surface, the term —z; > 0,
and therefore holds g; > 0. On the other hand, co-ions follow —zy < 0
and the surface excess concentration is negative. From there, we are able
to calculate numerically the differential partition coefficient of the
repelled co-ion,
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P (12)
dC,' theory

which has the units of length and has a negative sign. Through this
expression, we are able to bring together the adsorption equilibrium
proposed by the double layer structure with the adsorption equilibrium
derived from the retention times in chromatography (Section 2.1).
While the adsorption of the solute can be linear, it depends nonlinearly
on the double layer structure. Thereby, we assume that the bulk con-
centration is in quasi-equilibrium with the double layer at the surface.
Further, we neglect overlapping of double layers within pores and the
complexities of electrokinetics. Here, electrostatic potential gradients at
the pore scale are decreased by the presence of a supporting electrolyte
buffer which allows us to consider the depletion of individual ionic
species independently.

The supporting electrolyte suppresses electromigration of the ionic
species. As the ion concentration of the supporting electrolyte is greater
than those of the co-ions of interest, the macroscopic pore-scale poten-
tial is minimized [42].

From Eq. (11) and Eq. (12), the model predicts that different co-ion
valencies lead to different retention time shifts. Therefore, a pulse as it
evolves through the column, will eventually split into two populations
according to the valencies, although in a dynamic manner, these pulses
will be subject to the local chemical equilibrium of the given ionic
species.

In Fig. 1, the principle of negative adsorption on the stationary phase
in the chromatographic column is visualized. Higher charged species of
citrate are more repelled from the surface than lower charged species
according to the double layer structure, which is determined by
crowding and accumulation of counterions on the highly charged
surface.

s

A
v

v

Citrate (2-)

O

N e SIS
IR DR VA R
EEEES

|

Highly charged Condensed
hydrophilic Layer
solid surface

Diffuse Layer

Fig. 1. Repulsion of different citrate charge species from the surface according to the double layer theory as negative adsorption equilibrium in chromatography.
Positively charged counterions screen the highly negatively charged hydrophilic surface in a condensed and a diffuse layer. Negatively charged citrate co-ions are
repelled according to their valency. The higher the co-ion valency z, the greater is the excluded distance / from the surface corresponding to a greater excluded

volume in the three-dimensional chromatographic column.
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3. Materials and methods
3.1. Negative adsorption experiments

Negative adsorption experiments were performed in a strong cation
exchange column (PL-SCX 1000 A, 150 mm x 4.6 mm, 0.39 g mL ™, 10
um) (Agilent, Cheadle, UK) under varying ionic strengths from 0.002 to
0.278 M and pH 6, 7 and 8 of phosphate with monovalent potassium, as
counter-ion, as buffer and supporting electrolyte.

Potassium phosphate buffer was manufactured by weighting di-
potassium hydrogen phosphate (VWR, Leuven, Belgium) and potas-
sium phosphate monobasic (VWR, Leuven, Belgium) to reach different
ionic strengths and pH values. No addition of other ions was performed
to adjust the pH. Samples were prepared with the according buffer and
different concentrations of potassium citrate (Carl Roth, Karlsruhe,
Germany) or glucose (AppliChem, Darmstadt, Germany). Samples of
potassium oxalate were made by addition of potassium hydroxide
(Sigma Aldrich, Steinheim, Germany) and oxalic acid (Sigma Aldrich,
Steinheim, Germany) to the buffer. Buffers used for chromatography
were filtered (0.2 pm @) and degassed, samples were filtered.

Chromatography was performed in an Agilent 1100 Series HPLC
system at 0.5 mL min~! and 27-30 °C with different buffer conditions.
Inject volume of the samples is 5 pL. and the elution of the species is
measured via refractive index detector (G1362A, Agilent, Santa Clara,
CA, USA).

In Table 1, the acid dissociation constants of the buffer and the
analytes are listed to better follow the discussion of the results.

3.2. Ionic capacity

The ionic capacity of the strong cation exchange column was ob-
tained in the Agilent 1260 Infinity II. Therefore, the column was trans-
ferred in its H-form and eventually the amount of bound ions was
quantified via titration of a base. We equilibrated the column with 0.5 M
HC], prepared from stock solution (37 %, VWR, Leuven, Belgium), for 5
CV followed by flushing of DI water for another 5 CV to elute unbound
protons. The equilibration times are in accordance with the supplier’s
user manual. Subsequently, we rinsed with 1 M KCl, manufactured from
weighting the solid (Griissing, Filsum, Germany), for 12 CV to assure the
complete elution of protons. During the procedure, we collected the
effluent from the column in an Eppendorf flask. Before application, the
solutions were sterile filtered.

The effluent was titrated with 0.1 M KOH, prepared from weighing
the solid (Sigma-Aldrich, Steinheim, Germany), until the collected hy-
dronium ions were neutralized at pH 7. We used a pH-meter Lab 845 (SI
Analytics, Rye Brook, NY, USA) to track occurrence of the transition
point and to confirm the calculated amount of hydronium ions by
measuring the effluent before titration.

3.3. Specific surface area

The specific surface area was determined with a Gemini VII 2390
Surface Area Analyzer (Micromeritics Instrument Corporation, Nor-
cross, GA, USA). Prior to analysis, the samples were dried in vacuum at
100 °C and weighed. The measurement included a determination of the
sample volume with the inert gas helium and the gas adsorption
isotherm of nitrogen at 77 K. The range of the relative pressure was 0.05

Table 1
Acid dissociation constants of species in the investigated electrolyte.

Chemicals Acid Dissociation Constants

pKa; pKay pKag
Phosphate [43] 2.15 7.09 12.32
Citrate [44] 3.13 4.76 6.40
Oxalate [45] 1.46 4.40 -
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to 0.25. From the gas adsorption isotherms, the specific surface area was
determined by the BET-method.

3.4. Computation

Calculations were performed in Matlab R2021b. The solver bvp4c
was used to numerically solve the modified Poisson-Boltzmann
equation.

4. Results and discussion

4.1. Dynamic negative adsorption on ion exchange resin in potassium
phosphate buffer

The high throughput approach in the HPLC system enables an
effective way to investigate the electrostatic interaction of the resin
under variation of the mobile phase conditions in terms of ionic strength
and pH. The apparent negative adsorption of injected carboxylic acids as
co-ions is highly significant and reproducible, as it will be set out in
detail in the results section. Consequently, it indicates a high sensitivity
of this measurement method.

As in the pioneering work of Kopaciewicz et al. [7], we investigate
the negative adsorption of citrate and oxalate with potassium phosphate
buffer at pH 6, however, extend it to buffer values of pH 7 and 8 and lay
out the chromatograms in detail. Actually, at pH 7 and 8, phosphate
works as a buffer as it is close to its pKay value compared to weak buffer
conditions at pH 6. The counterion is monovalent potassium, as it is in
the mobile phase and in the injected sample with oxalate and citrate.
These negatively adsorbed species indicate the size of the electric double
layer when related to uncharged glucose, which does not electrostati-
cally interact with the surface and permeates the complete fluid volume.
The investigated resin has a large pore size to show the electrostatic
effects also in relevance to chromatography of biomolecules of greater
size while size exclusion of the small analytes is prevented. As well, the
sufficiently wide pore sizes avoid the formation of the Donnan potential
of the pore volume, so that the negative adsorption appears on the
surface within the pores as deduced from a more detailed discussion in
Section 4.2.6.

4.1.1. Four aspects of co-ion repulsion in chromatography

Fig. 2 includes chromatograms of six (four) injected samples, tripli-
cates (duplicates) of oxalate and glucose, under isocratic conditions with
potassium phosphate at pH 6. We find measurements with ionic strength
of the buffer of 0.01 M and 0.1 M and locate the signal of the detector
(nRIU) for process times of 4.5 min. The chromatograms represent an
expanded dataset consisting of more technical replicates and varying
values of ionic strength. The overlap of the chromatograms shows high
reproducibility, and point to the high significance of the retention times
of the analytes. The prior elution of oxalate compared to glucose in-
dicates the negative adsorption of the carboxylic acid, which is a mea-
sure of the expansion of the electric double layer. In other words, due to
ion exclusion, less volume is accessible to the like-charge co-ion to the
surface than to the uncharged glucose. As we compare the upper and
lower chromatograms, we point out the extent of the adsorption depends
on the composition of the mobile phase. When referencing to the
retention time of glucose, we derive different shifts of the major signal
with —0.43 £ 0.01 min and —0.27 £ 0.02 min at the ionic strength 0.01
M and 0.1 M, respectively.

In the chromatograms, some irregular perturbation of the oxalate
and the glucose signal, including negative RI values, appears around the
retention time of oxalate’s major peak. These derive from subtracting
buffer blanks from the analyte signal to diminish the injection event. On
the other hand, the consistent small peak ahead of the major oxalate
signal also derives from electrostatic repulsion, as we further elaborate
in comparison with the citrate results. Remarkably, at great repulsion,
elution of the co-ion even takes place, before the injection event is
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Fig. 2. Two compiled chromatograms with negatively adsorbed oxalate and permeating glucose. Increasing ion strength from 0.01 M phosphate buffer to 0.1 M leads
to a significant change of the elution time shift from —0.27 + 0.02 to —0.43 £ 0.01 min when referenced to glucose, respectively. Duplicates and triplicates of
samples with 2.7 mM potassium oxalate or 2.5 mM glucose are demonstrated representatively. Average values and standard deviations stem from additional
technical replicates, which involve additional chromatographic runs of injected samples at various oxalate concentrations. Inject volume: 5 pL. Flow rate: 0.5 mL

min~!. Signals after subtraction of buffer blank.

visible in the chromatogram.

Fig. 3 contains chromatograms of four (six) injected samples,
representative duplicates (triplicates) of citrate and glucose under iso-
cratic conditions with potassium phosphate with ionic strength of 0.1 M
at pH 6 and 8, respectively. In both cases, the injection of citrate leads to
two great signals that together hold information about the thickness of
the EDL. The two peaks form due to the equilibrium of different charged
species of the co-ion. In the next paragraphs, we will carefully divide
apart four qualitative aspects in what way the carboxylic acids indicate
double layer expansion. In Section 4.2, the consideration of more
experimental results together with the theory will explain them
quantitatively.

As we compare the citrate peaks at pH 8 and at pH 6 (Fig. 3), we see
that latter ones have lower elution times at first sight. After referencing
to glucose, respectively, the shift of the second peak at pH 8 results in
—0.33 + 0.03 min and is slightly greater than at pH 6 (—0.28 + 0.01
min), while the shifts of the first peaks are the same with —0.46 + 0.02
min at pH 8 and —0.47 + 0.03 min at pH 6. As these shift quantities
show barely a difference, they are still not the same, and indeed, four
qualitative differences influence the signals.

First, at exactly 0.111 M ionic strength, the buffer at pH 8 consists of
76 mM potassium ions, while at exactly 0.115 M at pH 6, it consists of
108 mM potassium ions. As the counterion at these mediate concen-
trations sensitively determines the thickness of the electrical double
layer, the double layer at pH 8 is greater than at pH 6. However, the
retention time shifts of the first citrate peaks indicate otherwise. The
shifts are almost the same, what actually would indicate almost equal
double layer thicknesses.

The second effect influences the shift in the opposite way, so that it
apparently almost neutralizes the first effect. Due to the different pH
values, different species of citrate form. At pH 8, almost all the co-ions

are trivalent, while at pH 6, more divalent than trivalent citrate ions
are theoretically prevalent. As co-ions of higher valency are more
expelled, the effective double layer expansion for the higher valency
ions apparently is greater. Consequently, to measure the thickness of the
EDL, the co-ion valency has to be considered. Later, the theory in-
corporates these qualities by incorporating the formation of the elec-
trical double layer and the implicit negative adsorption of the co-ion
species of different valency.

Moreover, clearly visible is the occurrence of two peaks that indicate
the thickness of the EDL. The peak splitting, the third effect, is a result of
the prevalence of the two charge species of citrate at the investigated pH
values. At pH 8, the trivalent citrate species is repelled from a greater
volume than the divalent citrate species. Theoretically, the trivalent
species and the divalent species diverge axially in the column if they did
not form new equilibria with water according to the impact of the buffer.
As the trivalent species go ahead, a new equilibrium of trivalent and
divalent species establishes. The newly formed divalent species will be
less repelled and slow down relatively to the trivalent ones. Then, they
meet the trivalent ions that have been formed by the new equilibrium of
the dragging divalent ions of the first population. Ultimately, the two
peaks in the chromatogram can be understood as a manifestation of the
equilibrium of trivalent and divalent citrate species, while both signals
incorporate the same equilibrium. The underlying kinetics are complex
and base on the kinetics of the water association reaction and the ki-
netics of electrostatic repulsion. In Section 4.2, we will describe the peak
splitting by two limits of the theory: fast equilibrium and no equilibrium
of the charged species.

The fourth qualitative aspect is the identification of the valencies. As
the pH is close to the pKa value of the buffer, the charged co-ion species
are prevalent according to the equilibrium constant of the buffer. At pH
8, mostly trivalent and few divalent citrate ions are prevalent. On the
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Fig. 3. Two compiled chromatograms with negatively adsorbed citrate and permeating glucose. Increasing pH value of phosphate buffer with ionic strength of 0.1 M
from pH 6 to pH 8 leads to no change of the first of the double peaks with —0.47 + 0.03 min and —0.46 + 0.02 min, respectively. The elution time shift slightly
changes from —0.28 + 0.01 min at pH 6 to —0.33 &+ 0.03 min at pH 8 when referenced to glucose, respectively. Duplicates of 1.0, 2.5 mM of potassium citrate or
glucose and triplicates of samples with 30 mM potassium citrate or glucose are demonstrated representatively. Average values and standard deviations stem from
additional technical replicates, which involve additional chromatographic runs of injected samples at various citrate concentrations. Inject volume: 5 uL. Flow rate:

0.5 mL min . Signals after subtraction of buffer blank.

other hand, at pH 6, it is actually an equilibrium of divalent and
monovalent citrate ions as we will thoroughly elaborate by comparing
the results of citrate and oxalate in Section 4.1.2.

4.1.2. Determination of the extent of repulsion by co-ion valency

In comparison of citrate and oxalate at 0.1 M and pH 6 (Fig. 2 and
Fig. 3), we point out that the shift of the second peaks is the same. At a
closer look, also the shifts of the first citrate peak and the small first peak
of oxalate are equal. This observation was also made at any other
investigated ionic strength at pH 6. Here, it is to solve why monovalent
oxalate and citrate species occur although the low pKa, values of 4.40
and 4.76, respectively, dictate otherwise. The reason is that phosphate at
pH 6 is a weak buffer, and therefore the carboxylic acids establish
monovalent charges to some extent as the differences to the pKa, values
are not too great.

Ultimately, the match of the peaks are quite significant indications
that on one hand, the two peaks imply the equilibrium of divalent and
monovalent co-ions and on the other hand that the negative adsorption
is not specific for one molecule but related to valency. One could hy-
pothesize that the ratio of the peak area should follow the ratio of
charged species in the equilibrium. However, the interplay of the four
effects is very complex and such a distinction could not be made via the
comparison of the peak areas. Lastly, for the comparison of the citrate
results at pH 6 and pH 8, we conclude that two peaks of two different
equilibria indicate the thickness of the electric double layer. At pH 8, the
double layer expansion is indicated by two equilibria of trivalent and
divalent citrate and at pH 6, by two equilibria of divalent and mono-
valent species.

The consideration of more experimental results will strengthen the
statements. Together with the theory that quantitatively describes the

peak splitting due to the establishment of different charged species in
dependence on pH and ionic strength, we will give a coherent picture of
the mechanism in Section 4.2.

4.1.3. Sensitivity analysis of species concentrations

Varying the analyte concentration, as exemplary demonstrated with
2.5 mM and 1 mM does not influence the retention times (Fig. 3). Higher
concentrations may lead to lower resolutions, as we compare the peak
splitting at pH 6 and pH 8. For low ionic strengths at pH 6, the injected
concentration is more crucial. Clearly, high concentrations of potassium
ions in the sample would locally affect the composition of the double
layer. Further, as the concentration of the detected co-ions increases
relatively to the concentration of the supporting electrolyte, which is the
phosphate buffer, the contribution of electromigration to the transport
phenomena may increase (see Section 2.4). Moreover, high concentra-
tions of the injected carboxylic acid would compete with the weak
phosphate buffer and influence the charge prevalence of the co-ions.
Consistent results were obtained when the injected concentration of
the carboxylic acid was maximally in parity at weak buffer conditions
with pH 6 with ionic strengths of 0.01 M and lower (Supporting Infor-
mation). Within this upper limit and the minimal resolution for identi-
fying a peak from the baseline (order of 10~* M), the repulsion was not
sensitive to the variation of the carboxylic acid concentration in the
sample.

As the injected pulse spreads out in the column due to axial disper-
sion, the effective equilibrium concentration is lower than the concen-
tration in the sample and at least one order of magnitude lower than the
concentration of the buffer. Therefore, in the concentration range of
consistent results the contribution of the analyte to the ionic strength is
neglectable as well as linear negative adsorption can be expected.
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4.2. Quantification of electrical double layer thickness

After verification of the integrity of the physical parameters in Sec-
tion 4.2.1, the adsorption mechanism in the chromatographic column is
thoroughly described based on the quantification via the modified
Poisson-Boltzmann theory. Hereby, the negative adsorption of oxalate
(Section 4.2.2) and citrate (Sections 4.2.3 and 4.2.4) is outlined in
dependence of the pH value and a great range of the ionic strength of the
buffer. Subsequently, these fundamental findings are not only mapped
to the elucidation of the functionality of the stoichiometric displacement
model (Section 4.2.5) but also applied to resin design and, adsorption
and desorption conditions of bioseparation systems (Section 4.2.6).

4.2.1. Verification of parameters: phase ratio, surface charge density and
electrolyte species

We determined a phase ratio related to the mobile phase, S/¢, with
25 m2 mL7}, or 2.5 - 10’ m™! for the applied macroporous resin. The
value lies in the order of magnitude of various reported cation exchange
materials in the literature extracted from Table 1 and Table 3 in the work
by DePhillips and Lenhoff [32]. Our value of 25 m? mL™! agrees with
that of all the tentacle-free and dextrane-free resins, which also have a
reported pore size of 1000 A by the manufacturers ([32], Table 1). All
three cation exchange resins, based on a methacrylate matrix, fit
perfectly with values of 23.1, 27.1 and 28.8 m? mL~! while the value of
non-functionalized silica with 13.8 m? mL ™! lies still in the same order of
magnitude; these values apply to small molecules with molecular
weights around 180 g mol ! ([32], Table 3). In conclusion, the phase
ratio that we determined for the applied cation exchange resin seems
very reasonable; even so, in our case, the resin is based on a matrix of a
polystyrene copolymer with a hydrophilic coating. Simultaneously, it
supports our assumption, which was also made in the work by Kopa-
ciewicz et al., about high accessibility of the surface for carboxylate
anions.

Finally, we obtain —58.4 uC cm™2 for the surface charge density;
here, we determined experimentally the specific surface area and ionic
capacity of the cation exchange material and considered the provided
bed density by the manufacturer with 40 m? ¢!, 0.24 meq g ! and 0.39
g mL~! respectively. The calculated ion exchange capacity of 0.24 meq
g ! agrees with those that other manufacturers provide [41]. The
integrity of the determined value of the surface charge density, the ion
exchange capacity in terms of area, is verified by additional literature;
since functionalized groups are synthesized onto the surface, we ex-
pected and consequently demonstrate elevated surface charge densities
of the investigated material compared to bare, non-functionalized ma-
terials exhibiting only few uC cm™2 [33]. The order of magnitude that
we determined agrees with high surface charge densities of strong
cation-exchangers that have been reported elsewhere [46].

For the experimental determination of the surface charge density in
chromatography, the amount of bound protons is defined as the amount
that is adsorbed to the surface when in equilibrium with DI water;
therefore, the column is transitioned into its H-form, and subsequently,
flushed with DI water. The step of rinsing guarantees that the bulk is
replaced by water and unbound protons in the interstitial and the pore
bulk volume from the prior transition step are removed. Otherwise, the
ionic capacity would erroneously lead to higher values. As fresh water
flushes the column and diffuses into pores during equilibration, protons
remain bound to the highly negative surface while the bulk concentra-
tion stays negligible. Finally, we quantify the amount of these ions by
exchanging them with a neutral salt and then conducting an acid-base
titration. This allows us to determine both the ionic capacity and, in
combination with the specific surface area, the surface charge density of
the double layer.

In the theoretical picture, we are aware that highly charged surfaces
provoke specific interactions; here, a compact layer of solvent molecules
and specific ion interactions emerge in the form of a Stern-Layer.
However, we only address the effects of high surface charge that are
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reversible in the form of ion crowding as we consider a condensed layer
between the surface and the diffuse layer. Ion exchange chromatography
is a reversible process and therefore, non-specific electrostatic adsorp-
tion in the condensed and diffuse layer is of primary interest. As the
incorporation of ion crowding is crucial to describe adsorption at highly
charged surfaces, the size of hydrated potassium is considered, with a =
3.3A [47]. The co-ions are probably of larger size, but we are not ac-
counting for ion size asymmetry in the model. Consequently, the
microscopic size of the counterion is linked to the macroscopic process
of chromatography.

Furthermore, we derive the equilibrium concentrations of potassium
and the anions via the Henderson-Hasselbalch equation according to
acid dissociation constants in Table 1 and, consider the ratios of the
charged species in the calculations with the modified Poisson-
Boltzmann equation (Eq. (6)).

4.2.2. Elucidation of transport phenomena: repulsion of oxalate

The thickness of the EDL is determined by the counterion and, as we
lined out, can be measured by the degree of repulsion of co-ions. Our
mechanistic model quantifies the interactions of the ionic species of the
buffer and the analyte in the mobile phase with the highly charged
surface. As the experimental sensitivity analysis suggests (Section 4.1.3),
tracer amounts of the co-ions are considered in the calculations to keep
the contribution to the ionic strength neglectable.

Via the modified nonlinear Poisson-Boltzmann equation, we calcu-
late the length for the double layer for different co-ion species under
different buffer conditions and compare them with the length that is
derived from the retention times of the chromatographic negative
adsorption experiments. Fig. 4 shows experimental and theoretical re-
sults of oxalate for different ionic strength and pH of the phosphate
buffer. The scale of the ionic strength is logarithmic. Thereby, it dem-
onstrates a proper investigation of the mechanism for up to two orders of
magnitudes. The intensity of the chromatographic signal from minor
relative peak areas (bright marker) to major relative peak areas (dark
marker) is shown in the derived experimental length. The length is a
negative value, since it derives from the negative derivative (dg;/dc;) for
co-ions. Finally, the corresponding thickness of the double layer lies in
the range of 3 to 11 nm. It is shown that the length decreases nonlinearly
as the ionic strength increases. For low ionic strength, the change of the
length of the double layer is greater than at high ionic strengths. The
change of the pH at high ionic strength does not change the expansion of
the double layer sensitively, as high concentrations of the counterion on
the strong ion exchanger establish thinner double layers.

In the order of hundreds of millimolar, the apparent double layer
thickness approximates the value of 2 nm, which is the thickness of the
condensed layer of the counterions of finite size. While more compli-
cated equations of state can be applied, the Bikerman model describes
already well the complete experimental data set under consideration of
the size of the counterion potassium. It is quite remarkable how the
agreement of experimental and theoretical results shows how the theory
self-consistently connects the microscopic adsorption mechanism and
the macroscopic separation process; thereby, the ion size of a few
Angstrom affects the chromatographic process, which operates in the
length scale of decimeters.

At the two different conditions, pH 7 and pH 8, the self-consistent
theory fits the experimental data well and is able to capture the
nonlinear dependency of the length of the electric double layer and the
co-ion repulsion on ionic strength (Fig. 4). However, at weak buffer
conditions at pH 6, oxalate establishes an equilibrium of divalent and
monovalent species as it is also indicated in the chromatograms.
Therefore, two experimental lengths derive at the same ionic strength.
At pH 8, the buffer conditions are not strong either but no monovalent
oxalate species emerge due to oxalate’s low pKay value.

To interpret the result at pH 6, the theoretical result indicates two
limits where the two solid lines show the limit of slow association of the
charged species. Here, the divalent species is greater repelled than the
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Fig. 4. Lengths / of the valency species of the oxalate co-ion in respect of pH 6, 7 and 8 that indicate the thickness of the EDL according to negative adsorption in the
chromatographic column. The values of the length are negative due to the exclusion of the co-ions from the double layer. Relative intensities of the chromatographic
data go from major signal (bright marker) to minor signal (dark marker). Error bars indicate the propagated error as standard deviations from the retention time
shifts. The theoretical curves show the cases of slow associations (solid lines, greater co-ion valency is the bottom line) and fast associations (dashed line). The phase
ratio is S = 1.6 - 107 m . The crowding in the modified Poisson-Boltzmann equation is considered with the counterion size a = 3.3 A.

monovalent although both indicate the same electrical double layer of
accumulated counterions. The dashed line shows the other theoretical
limit, where the equilibrium of the charged species according to the
prevalent pH and the time shift is the population-weighted average of
the time shifts. We point out that the solid line of the divalent species
and the dashed line overlap at all pH values, which is in accordance to
the pKay value of oxalate. Thereby, the theory clearly identifies that the
prevalent species at pH 7 and 8 is divalent while the second theoretical
limit explains the occurrence of divalent and monovalent oxalate
species.

The proposed interpretation of an apparent equilibrium (2-/1-) at
weak buffer conditions is supported by the results of citrate, where the
prevalence of the charged species even changes within investigated pH
conditions around citrate’s dissociation constant pKag = 6.40 (Section
4.2.4). In these cases, the ineffectiveness of the buffer at low ionic
strength leads to slight intrinsic pH gradients, which could be respon-
sible for the peak splitting. Therefore, the different peaks incorporate
different charge equilibria within. In the end, the expected result falls in
between the two limits we explored with the theory. While the self-
consistent theory overestimates the repulsion at very low ionic
strengths below 10 mM, the resulting solution space that is spun by the
two limits describes quite well the experimental data at pH 6 for two
orders of magnitude of the ionic strength.

4.2.3. Elucidation of transport phenomena: repulsion of citrate at pH 7 and
8
For citrate, peak splitting occurs at any buffer condition (Fig. 5). The

theoretical result shows that the prevalence changes from majorly
divalent to trivalent species as the pH increases from pH 6 to pH 8, by
then the limit of the equilibrium (dashed line) moves relatively to the
limit of no equilibrium (solid lines) from the pure divalent to the pure
trivalent species. At pH 8 better than at pH 7, the theory fits the major
signal of the experimental data (bright markers) well and is able to
capture the nonlinear dependency of the thickness of the electrical
double layer and the co-ion repulsion on ionic strength. At high ionic
strengths above 0.1 M at all pH values, the minor signal agrees more
poorly with the theory as the two theoretical limits come relatively close
together under these conditions. The deviation of theory and experiment
may be accounted to an increased dependence of pKas on ionic strength.
Accordingly, the consideration of an activity coefficient to account for
the influence of the ionic strength leads to a deviated dissociation con-
stant pKa’ of the carboxylic acid that is lower than pKa [48]. Thus, the
kinetics change with increasing ionic strength at all pH conditions by
favoring dissociation of the co-ion species over association. As the
interplay of the kinetics altogether is very complex in IEC, the changing
kinetics influence the accuracy of the model apparently at ionic
strengths above 0.1 M. In fact, this highlights another contribution to the
negative adsorption and would further increase the complexity at strong
buffer conditions. However, our model qualitatively covers the emer-
gence of the small signal by the limit of slow association.

Alike, only a qualitative distinction between the (3-/2-) equilibrium
of citrate and the purely divalent species of oxalate can be made at pH 7
and pH 8. At pH 6, the picture is quite different with a third length at low
ionic strength that derives from a third citrate peak in the chromatogram
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Fig. 5. Lengths / of the valency species of the citrate co-ion in respect of pH 6, 7 and 8 that indicate the thickness of the EDL according to negative adsorption in the
chromatographic column. Relative intensities of the chromatographic data go from major signal (bright marker) to minor signal (dark marker). Error bars indicate
the propagated error as standard deviations from the retention time shifts. The theoretical curves show the cases of slow associations (solid lines, greater co-ion
valency is the bottom line) and fast associations (dashed line). The phase ratio is § = 1.6 - 10” m~’. The crowding in the modified Poisson-Boltzmann equation

is considered with the counterion size a = 3.3 A.
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(see Supporting Information) and, as we point out, the prevalence of
other co-ion equilibria than in the case of pH 7 and 8. In Section 4.2.4,
we thoroughly elaborate the possible reasons underlying this result.

4.2.4. Elucidation of transport phenomena: repulsion of citrate at pH 6

As exemplified in the chromatograms of oxalate (Fig. 2) and citrate
(Fig. 3) at pH 6, the retention time shifts and the derived lengths for the
two peaks are the same for any ionic strength with remarkable signifi-
cance (more examples in Supporting Information). For this reason, it is
possible to identify the co-ion equilibrium of the occurring species. Since
oxalate cannot establish trivalent species and matches the citrate
lengths, we presume that the citrate species have to be monovalent and
divalent. Therefore, only the theoretical limit of monovalent and diva-
lent species (solid lines) is relevant (Fig. 5). Here, the limit of the
equilibrium (dashed line) is already close to the case of divalent citrate
ions.

In this context, another interpretation indicates the occurrence of the
third peaks, hence third length values, at low ionic strength. The
experimental data points are pictured on a contrast scale from small
peak area (dark marker) to great peak area (bright marker). Here, oxa-
late only establishes a small first peak (Fig. 2) and therefore, the data
points are dark (Fig. 4). For citrate, at high ionic strength of any pH
value, the first peak (more repulsion) is also always smaller than the
second peak (less repulsion) (Fig. 5). However, at pH 6 and low ionic
strength, the peak area is more balanced between the first and the sec-
ond peak while also a small third peak appears. A way to interpret these
features is that the equilibria at the other conditions are well established
compared to the equilibrium at weak buffer conditions in terms of pH as
well as ionic strength. Here, in addition to the already complex kinetics
another effect occurs that leads to the third peak. The small length at 12
mM ionic strength indicates little repulsion, while at 6 mM, the length is
zero, what means, that there is no repulsion. And at 2 mM, the length is
even positive, which indicates positive adsorption onto the stationary
phase. It means that some percentage of the citrate is not negatively
charged or has a strong specific, non-electrostatic interaction that is not
captured in our model. The experimental observation can be accounted
to the formation of an additional equilibrium of monovalent and neutral
species. This result strongly agrees with the working principle of ion
exclusion chromatography to separate carboxylic acids.

Ion exclusion chromatography is most commonly used to separate
carboxylic acids [49]. Strong cation-exchangers are used to separate
carboxylic acids according to their pKa; value and to non-electrostatic
interaction of the aliphatic rest of different size [50,51]. The mobile
phase is normally water and consequently, the weak acids form an
equilibrium of monovalent and neutral species. An addition of small
concentrations of 5 mM of e.g., benzoic acid, to the mobile phase can be
used to tune the equilibrium and more consistently support the forma-
tion of the monovalent species to obtain sharper peaks [50].

In general, the mobile phase in ion exclusion chromatography is not
buffering and the equilibrium forms according to the pKa; value of the
weak acid. This is comparable to the conditions with phosphate buffer at
pH 6 and low ionic strengths. In accordance to the mechanism of the
separation of carboxylic acids in ion exclusion chromatography, we
deduce that the equilibrium of monovalent and neutral species forms in
addition to the equilibrium of divalent and monovalent species.
Consequently, pH gradients possibly occur in the column when the
buffer is not functioning properly. Moreover, it is indicated that the
equilibrium determined by pKa; influences the third length value more
the lower the ionic strength (Fig. 5). The lower the ionic strength, the
more the length increases, even leading to a change from negative to
positive length values. In this way, adsorption of the neutral charge
intensifies. In other words, the retention time increases the more neutral
species adsorbs that underlies positive adsorption kinetics. Ultimately,
the kinetic interplay gets even more complicated for citrate at weak
buffer conditions.

The adsorption of neutral species may also apply to the tracer glucose

10
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and increase the reference elution time in the experimental dataset.
Contrarily, the reference time decreases as glucose is sterically repelled
from the condensed layer. Hereby, we are interpreting the experiments
as if the volume of glucose is neglectable while the sensitivity to the
packing constraints in the condensed layer is low (data not shown). The
apparent double layer expansions would increase and decrease,
respectively. Both effects may balance out, which ultimately leads to a
good agreement of theory and experiment.

In the end, the underlying complex kinetics follow the interplay of
co-ion repulsion of different charge species, two water association re-
actions with pKay and pKa; and positive adsorption of the neutral spe-
cies. In conclusion, the microscopic adsorption model explains the
retention in the macroscopic separation process, and especially well at
ionic strengths between 10 and 100 mM. In the investigated framework
of this work, the electrostatic adsorption mechanism in the system is
merely characterized by the determination of the solid surface charge
and the consideration of the counterion size.

Moreover, an increase of pKaj; values leads to more positive
adsorption in ion exclusion chromatography of weak carboxylic acids
[50]. This is important to complete the coherent interpretation of our
results. Concretely, we compare the results of citrate and oxalate at weak
buffer conditions. We derive that oxalate does not establish a neutral
species (Fig. 3) and base it on the fact that its pKa; = 1.46 is much lower
than the pKa; value of citrate with 3.13. Therefore, the buffer at pH 6 is
still strong enough to repress neutral oxalate species but too weak to
suppress neutral citrate species.

4.2.5. Application: comparison to SD model

Our work provides evidence supporting the conclusions made by
Kopaciewicz et al. regarding protein adsorption, which ultimately
contributed to the formulation of the SD model. First, the authors also
investigated the interaction range of the solid surface for varying ionic
strength of the buffer but only indirectly compared it to the EDL theory.
In combination with further results, they deduced that a constant
characteristic charge of the protein is established under eluting condi-
tions of high ionic strength and, validated this phenomenon with protein
adsorption experiments. Concretely, Kopaciewicz et al. experimentally
examined the desorption of proteins on a strong IEC with sodium
chloride concentrations in the order of a few 100 mM. Then, they
formulated an empirical model that relates the capacity factor in chro-
matography to a constant characteristic charge — defined in the model -
and the concentration of sodium chloride ions. Consequently, a meth-
odology is derived that enables the experimental determination of the
characteristic charge for linearly adsorbing proteins. However, the value
of the characteristic charge is only valid for one type of stationary phase
at eluting conditions and, only one type of buffer. As further under-
standing of the mechanism is missing, knowledge transfer is restricted
from one system to another.

Our study elucidates the connection between the electrolyte condi-
tions and the adsorption characteristics for a given surface charge. As
our experimental and theoretical results show, eluting conditions for
proteins would be in the upper range of the ionic strength that we
investigated. Corresponding to the various co-ion equilibria in this
regime, the thickness of the EDL does not change and approaches the
thickness of the condensed layer as the ionic strength is increases (Fig. 4
and Fig. 5). As the size of the double layer under eluting conditions stays
nearly the same, the interaction of the stationary surface with the pro-
tein assumingly stays the same. Therefore, it is reasonable that the
empirically derived characteristic charge of the protein in the SD model,
which phenomenologically lumps together the electrostatic effects, stays
constant at eluting conditions. In other words, we can give an expla-
nation what physical characteristics of the stationary phase, the elec-
trolyte and the protein led to the success of the empirical SD model and
are able to identify the regime where eluting conditions with a constant
characteristic charge of the protein occur.
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4.2.6. Application: significance of continuum-based model for desorption
and adsorption in bioseparation systems

Potentially, the elucidation of the adsorption mechanism in IEC helps
to design separation systems based on physical properties of the elec-
trolyte and the stationary phase, like charge and pore size. Via the
presented methodology, the behavior of the electrostatic interaction can
be expressed by the derivative partition coefficient as a measure of the
EDL thickness. Consequently, adsorption and desorption conditions in
dependence on the ionic strength of the buffer can be determined for a
system and compared to other systems by determination of the surface
charge and consideration of the counterion size. For each system, the
regime of greater sensitivity at low ionic strength and the regime of
lower sensitivity at high ionic strength can be identified. Concretely, our
results (Fig. 4 and Fig. 5) exemplarily show that the sensitivity of the
EDL thickness is greater at ionic strengths roughly below 50 mM than
above 50 mM. Ultimately, charged surfaces can be characterized and
compared towards their electrostatic interaction behavior with various
electrolyte conditions. In Section 4.2.5, we already have shown that our
findings give an explanation for the successful applicability of the SD
model under desorption conditions. On the other hand, greatest
adsorption probabilities onto the stationary phase can theoretically be
reached by maximal interaction volume of EDL thickness times surface
area. In the following, we elaborate the findings in context of the
adsorption of biological colloids.

In case of proteins, the concentration of the adsorption buffer in
bioseparation systems is in the range of a few mM to a few cM. In this
context, we estimate a trade-off between high buffer concentrations for a
robust protein charge and low buffer concentrations for maximal elec-
trostatic interaction. Here, the lower the ionic strength, the greater is the
EDL and the higher the probability of interaction. Thereby, the design of
the adsorption buffer in terms of electrostatic interaction can be quite
sensitive in the order of millimolars and indicates potential for optimi-
zation. On the other hand, desorption conditions may already be
reached at ionic strengths of 50 mM and above as the EDL thickness does
not change much if the surface charge is high and a condensed layer of
counterions is present. Here, a chance to resource reduction emerges by
application of less elution salt.

We have shown that electrostatic adsorption in chromatography
under biotechnological conditions can be described by a continuum
model and therefore, we are able to put the EDL into context to pore
sizes and protein sizes. Therefore, we estimate maximal Debye lengths in
the pores from the optimized adsorption conditions of proteins. The
underlying concentration regime of a few millimolar leads to Debye
lengths of a few nanometers in case of monovalent counterions. Next, it
is interesting to compare the length scale of electrostatic interaction to
the length scale of hydrodynamic interaction and identify constraints in
resin design and operating conditions. It is known that protein chro-
matography is diffusion-limited. Thereby, diffusion in the pores is hin-
dered once the solute is too big. Macroscopic diffusivity of uncharged
particles in cylindrical pores is reduced by somewhat 60 % compared to
the bulk diffusivity when the ratio particle/pore radius is 1:5 [52]. For
proteins of radii 2-10 nm, that means pore radii of 10-50 nm with such a
reduced diffusivity. This exemplary result suggests that the pore sizes
should not be decreased much further, as the diffusivity decreases
greatly with increasing protein/pore size ratio. Thus, the hydrodynamic
interaction determines the pore size in case of protein adsorption rather
than the electrostatic interaction, as the corresponding length scale is
one order of magnitude greater than the Debye length. In terms of ma-
terial design, the trade-off for pore sizes is between great pores with
unhindered hydrodynamic interaction and small pores with maximal
surface area.

In conclusion, the concentration of adsorption buffers can be as low
as possible as long as sufficient buffering of the protein is guaranteed.
Under the constraints of hydrodynamic hindrance, the EDL spans across
the pore surface what optimally affects protein adsorption. On the other
hand, no overlapping of the EDL occurs that may change the
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accessibility of proteins to the pores, diffusion within the pores and the
native state of the proteins.

The charge- and size-related interpretation in macroporous systems
also holds qualitatively for other bioproducts that are purified via IEC, as
there are plasmid DNA [53], virus-like particles [54], lipid or polymeric
nanoparticles [55] and viral vectors [56].

5. Conclusion

In this work, we elaborate the physicochemical interplay of pH and
ionic strength of the buffer with carboxylic acids in a strong cation-
exchanger. From negative adsorption experiments, we derive retention
times of the carboxylic acids at different ionic strengths and pH values of
the mobile phase which leads to characterization of the interaction of
ions with the resin. Subsequently, we identify how different charge
species of oxalate and citrate are repelled from the highly charged sur-
face. Thereby, we deploy a modified Poisson-Boltzmann theory to
quantify and validate the observations made in the chromatography
studies. While the EDL structure is determined by electrostatic adsorp-
tion and crowding of the buffer counterion of finite size, the length of the
double layer is indicated by different co-ion charge species of the car-
boxylic acids. While more sophisticated models could be employed to
incorporate the ion sizes, the mean-field formulation by Bikerman [34]
already agrees well with the experimental data. We elaborated that the
degree of repulsion is unspecific regarding the molecule type, but de-
pends on the valency of the carboxylate co-ions. Our self-consistent
theory provides an a priori explanation on the unfolding of electro-
static adsorption in the continuum of the chromatographic column. In
detail, we summarize five aspects for the interplay of co-ions with the
electrolyte and the stationary phase in the actual chromatographic
process:

1. The greater the EDL expansion, which establishes at low counterion
concentration, the greater is the repulsion of oxalate and citrate co-
ions of the same valency.

2. The greater the co-ion valency, the more the co-ion is repelled,
leading to a greater effective double-layer thickness for that co-ion.

3. The equilibrium of two co-ion valencies manifests itself as peak
splitting. Behind it, the complex formation of co-ion charge species
bases on the kinetics of co-ion repulsion from the surface and the
kinetics of the water association reaction or intrinsic pH gradients.

4. The greater the difference of the pH value of the buffer from the pKa
value of the buffer, the more the co-ion species are determined by the
pKa values of oxalate and citrate.

5. For a weak buffer, with low ionic strength and the pH value far away
from the pKa value of the buffer, conditions as in ion exclusion are
set. Neutral species of citrate (pKa; = 3.13) form and adsorb to the
stationary phase.

As others did for technical application like capacitive deionization
and shock electrodialysis [24], we managed to pave the way to base
process and material design in ion chromatography on surface exchange.
Also, knowledge transfer from one system to another is enabled through
physicochemical characterization of the separation system. The eluci-
dation of the adsorption mechanism in ion chromatography may be
beneficial to obtain higher resolutions in ion exclusion chromatography
when the surface within the pores also contributes to the repulsion
volume as well as optimized adsorption conditions and desorption
conditions in ion exchange chromatography. Moreover, the experi-
mental methodology via chromatography facilitates the characteriza-
tion of charged materials in a high throughput setup under buffer
conditions. Via the mechanistic model, the interplay of the electrolyte
composition and ion exchange capacity are brought together. Finally,
these investigations may not only be feasible for small ions, but also
biomolecules and particles.
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