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Abstrakt: Nabité makromolekuly, znamé jako polyelektrolyty, se chovaji odlisné
nez jejich neutralni protéjsky. Popis slozitého chovani nabitych polyelektrolyti
byl predmétem rady teoretickych modelt vyvinutych v priabéhu let. Tato préace se
zaméruje na dialyzu roztoku polyelektrolyti, s cilem kvantifikovat Donnantv efekt.
Donnanitiv efekt vychazi z nerovnomérného rozlozeni iontti mezi roztoky oddélené
semipermeabilni membranou, kterda brani prichodu vétsich makromolekul. Tato
préace usiluje o propojeni teoretickych modell s experimentalnimi pozorovanimi,
¢imz prispiva k hlubsimu pochopeni chovani polyelektrolytt v praktickych ap-
likacich.

Klicova slova: Dialyza, polyelektrolyty, Donnantv efekt, molekulové simulace

Abstract: Charged macromolecules, known as polyelectrolytes, behave in a dis-
tinct way compared to their neutral counterparts. The description of complex
behavior of charged poylelectrolytes has been the subject of numerous theoretical
models developed over the years. This thesis focuses on the dialysis of polyelec-
trolyte solutions, with an emphasis on quantifying the Donnan effect. The Donnan
effect arises from the unequal distribution of ions across a semipermeable mem-
brane, which restricts the passage to larger macromolecules. By quantifying the
Donnan effect and its impact on polyelectrolyte dialysis, this work aims to bridge
the gap between theoretical models and experimental observations, contributing
to a deeper understanding of polyelectrolyte behavior in practical applications.
Keywords: Dialysis, polyelectrolytes, Donnan effect, molecular simulations
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1 Motivation

Charged macromolecules, known as polyelectrolytes, behave in a distinct way
compared to their neutral counterparts. The description of their complex behavior
has been the subject of numerous theoretical models developed over the years.
Each model relies on specific assumptions and simplifictions, which inevitably
limits its accurancy in predicting the behavior of real systems. [1]

This thesis focuses on the dialysis of polyelectrolyte solutions, with an em-
phasis on quantifying the Donnan effect. The Donnan effect arises from the
unequal distribution of ions across a semipermeable membrane, which restricts
the passage to larger macromolecules. Membrane separation processes, such as
ultrafiltration/diafiltration (UF/DF), are widely used techniques in manufacturing
pharmaceutical proteins. These processes rely on principles of selective ion and
molecule transport, where the Donnan effect can cause notable differences between
the pH and ion concentrations of the retained protein solution and the DF buffer,
impacting the quality and stability of the final product.[2]

The primary objective of this thesis is to investigate the Donnan effect in
polyelectrolyte solutions using poly(methacrylic acid) (PMAA) under varying
conditions, and compare measured pH differences with predictions from ideal
Donnan theory and additionally from molecular simulations. Ideal Donnan theory
provides useful approximations but has limitations in precision, which is critical in
applications such as monoclonal antibody production, where high concentrations
demand precise control of solution pH.[2] By quantifying the Donnan effect
and its impact on polyelectrolyte dialysis, this work aims to bridge the gap
between theoretical models and experimental observations, contributing to a
deeper understanding of polyelectrolyte behavior in practical applications.



2 Introduction

2.1 Charged macromolecules

In general, charged macromolecules are formed by linking of many charged
monomers to create long polymer chains.[1] This chapter will focus on a limited
selection of types of charged macromolecules that are directly related to the topic
of this work.

2.1.1 Polyelectrolytes

Polyelectrolytes are macromolecules that can dissociate in water, resulting in
distributed ionized groups along the chain. In equilibrium, the polyelectrolyte
solution must remain electrically neutral with the number of counterions equal to
the number of charges on the polyelectrolyte chain in the solution.[3, 4]

The behavior of polyelectrolytes is affected by the properties of both the
polymer and the ions present in the solution.[l] In particular, the ionized groups
within the polyelectrolyte chains interact with each other under the influence
of the Coulomb potential.[5] Their conformation is determined by the Coulomb
interaction between two charges ¢; and g; separated by a distance r;; and can be
expressed as the Coulombic potential energy U [6]:

qiq;
Admegery;

U= (2.1)
where €y is permittivity of vacuum and e, is the relative permittivity of medium.
The distance at which the Coulomb potential energy between two elementary
charges e is equal to thermal energy kT, is called as the Bjerrum length Ag[7]:

62

AB= ————
B drege kT

(2.2)

where kg is the Boltzmann constant, 1" is temperature.

Additionally, small ions present in the solution affect the interaction between
charged groups on the polyelectrolyte. As the ionic strength of a solution increases
with added salt, Coulomb forces are more effectively screened by ions, depending
on their concentration and type. As a result, at high ionic strength, the charges
on the polyelectrolyte chain are more screened, which leads to the contraction
of the polymer molecule compared to a salt-free solution. On the other hand,
at low ionic strength, reduced screening allows stronger electrostatic repulsion
between charged groups resulting in more expanded structure. The conformation
of polylelectrolyte chain is also influenced by the excluded volume interaction
between two monomers. Each occupies a specific volume limiting the approach of
another monomer. |1, 8, 9]

Weak polyelectrolytes

As mentioned above, polyelectrolytes carry ionizable groups that can dissociate
in water. These groups are either acidic or basic. Similar to monomeric acids



and bases are classified as strong or weak, the degree to which a polyelectrolytes
dissociate determines their classification. Strong polyelectrolytes completely
dissociate in a solution over a wide range of pH, unlike weak polyelectrolytes,
whose dissociation depends on the pH. This subsection will be limited to weak
polyacids which consist of weakly acidic groups.|3, [10] The dissociation of the
groups is represented by the following reaction

HA = H" + A (2.3)

resulting in a formation of H and the ionized form of the acid cy—. This process
is quantified by the degree of ionization, that is defined by the equation

CA—
CA— + CHA
where cp- refers to the equilibrium concentration of cy- groups, while cga repre-
sents the equilibrium concentration of cys groups. The ionization degree can be
related to pH by the Henderson-Hasselbach equation

o
log g T-a"t pKy =pH (2.5)

where pKa corresponds to the acidity constant and is defined by the equation [11}
12]:
pKa = —logyg Ka (2.6)

At pH > pKy, the degree of ionization approaches 1. At high pH values,
where o = 1, weak polyacids exhibit behavior similar to that of strong polyacids,
due to near-complete ionization.

Charge regulation

In aqueous solutions containing polyelectrolytes, each molecule interacts with
every other molecule present in the system. In this context, an important charac-
teristic of polyelectrolytes is charge regulation, which refers to a change in the
charge state of a molecule in response to its local environment, for example, the
change of pH and salt concentration.|1} |13]

The HH equation (Equation cannot be used for polyelectrolytes, as their
titration curves qualitatively differ from those of their corresponding monomers.
The ionization of weak polyelectrolytes is better described by an effective acidity
constant pK.g, that depends on ionization degree, polymer chain length and
concentration as well as ionic strength and reflects non-ideal behavior of spe-
cific system and conditions The effective acidity constant can be derived from
experimentally measured « and is defined as follows|14]:

11—«
pKer = pH + logy, < - > (2.7)

To reduce electrostatic repulsions among ionized groups of the same charge,
polyelectrolytes can regulate the local charge of the ionized groups to decrease
the total (net) charge on the chain. This, in turn, causes a change in the effective
acidity constant, pK.g of weak polyacids to higher values that eventually differ
from the pK, of the corresponding monomer.|[13]
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Figure 2.1 The shift in pKeg from pKa = 4.7 corresponding to the monomer of
PMAA|L5] depending on the value of local electrostatic potential ¥, where ¥ > 0
indicate electrostatic attraction between ionizable groups, whereas ¥ < 0 indicate
electrostatic repulsions between the groups. Adapted from a similar figure authored by
my advisor Sebastian Pineda Pineda.

The local electrostatic potential ¥ governs interactions between ionizable
groups on polyelectrolyte chain: ¥ > 0 indicates electrostatic attractions, while
¥ > 0 indicates repulsion between the groups. In relation to the pK of corre-
sponding monomer the pK.q is given by:

e
Keg = pKp + —— 2.8
pKeg = pKa T (2.8)
where e is the elementary charge. The shift from the pK, corresponding to the
monomer of the polyelectrolyte used in this thesis[15], PMAA depending on the
value of local electrostatic potential ¥ is showed in Figure [2.1

2.1.2 Proteins

In many biological systems, polyelectrolytes in electrolyte solutions play an
important role. For instance, DNA, RNA and proteins — charged macromolecules
— are often found in aqueous solutions containing simple ions.|16]

Proteins are usually linear heteropolymers composed of different amino acid
monomeric units, connected by peptide bonds. Depending on the type of amino
acid, monomeric units can be acidic, basic, neutral, and hydrophobic. Because
the acidic and basic groups undergo dissociation reactions, the net charge and
distribution of charges in protein molecules are heavily influenced by their envi-
ronment.[1] In molecules that have acidic and basic groups, the net charge and
distribution of the groups in the protein can cause a shift in the effective pK in
one direction or another.|17]

In addition to naturally occurring proteins, recombinant proteins (artificially
produced proteins) such as monoclonal antibodies, have become very important

7
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Figure 2.2 Schematic illustration of the dialysis setup, showing the initial state with
a polymer and dialysate solution separated by a semipermeable membrane, and the
equilibrium state with retentate and permeate solution. Adapted from a similar figure
authored by my advisor Sebastian Pineda Pineda.

in biopharmaceutical field. These engineered proteins are designed for treatment
and prevention of numerous diseases and require high protein concentration, often
greater than 100 g/L. These protein solutions are concentrated to these high
values using membrane separations processes, while removing small solutes., ,

i

2.2 Membrane separation processes

In industrial membrane separation processes, ultrafiltration and diafiltration
are among the most widely used techniques. Before ultrafiltration membranes
became available, dialysis was the standard laboratory method for purifying
biological solutions.[19] Although the mechanisms of the separation methods
differ, ultrafiltration and diafiltration are conceptually similar to dialysis. All
use semipermeable membrane to selectively allow passage of small molecules and
ions while retaining larger molecules. However, unlike dialysis, which relies on a
concentration gradient (difference in concentration across a given distance), both
ultrafiltration and diafiltration are pressure-driven techniques.@,

2.2.1 Dialysis

Dialysis serves as an important example of osmosis — the diffusion of solvent
molecules through a semipermeable membrane due to the difference in concen-
trations. Osmotic pressure, defined by the van’t Hoff equation, is the pressure
difference between the two sides of the membrane that controls the flow of sol-



vent|[6]:
u_ -

where n represents number of moles of solute, R is the universal gas constant
(8.314JK 'mol™), T is absolute temperature and V is the volume of the pure
solution.

In the initial state of dialysis, the polymer solution, and the dialysate are
separated by a semipermeable membrane. During dialysis, small molecules and
ions diffuse across the membrane to maintain electroneutrality, while the larger
polymer chains are retained. In this thesis, at equilibrium, the retained solution is
referred to as the retentate and the outer solution as the permeate, as illustrated
in Figure

The chemical potential ug of the dissolved solute S is related to its activity by:

ps = pg + RTnag (2.10)

where pg is the standard chemical potential and ag is the activity of S, which is
the effective concentration of a solute:

C
ag = ysgf (2.11)

where ~g is the activity coefficient of S, cg is the concentration of S and ¢° is
the standard concentration (equal to 1mol/L). In dialysis, the system reaches
equilibrium when the chemical potential of S becomes equal in both solution phases,
retentate ret and permeate perm, separated by the semipermeable membrane[6]:

(ns)™ = (pg)P™ (2.12)

At equilibrium, the chemical potentials are related by:
()™ + RTInax* = (ug)P™ + RTInal™ (2.13)

where pg is the standard chemical potential for the solute, which is equal in
phases ret and perm. As a result, the activities a§* and %™ are also equal at

equilibrium. [20]

2.2.2 Ultrafiltration

Ultrafiltration (UF) is used for concentrating solutions containing dissolved
macromolecules, such as proteins, by separating them from smaller particles or
molecules. Ultrafiltration depends on the pore size of the membrane, which is
smaller than the molecular weight of targeted macromolecules, retaining them for
separation from the smaller components of the solution, that are allowed to pass
through the membrane. It has a wide range of applications, one of which is the
concentration and purification of target biomolecules, like proteins or DNA.[19,
21]



2.2.3 Diafiltration

After purifying the target protein from smaller particles and molecules of the
solution, diafiltration (DF) is used to further separate the target protein from
other components in the solution with similar sizes. Typically, both steps are
carried out together in a combined ultrafiltration/diafiltration (UF/DF) process.
12, (19

During DF| partially permeable proteins are gradually washed out from the
protein solution through the membrane, typically by replacing the solution with a
DF buffer, while the proteins that cannot pass through are retained. The permeate
solution is then reconcentrated by UF with a membrane retaining all proteins.
Finally, a second DF step is performed to separate the target protein from the
unwanted components in the solution, from the reconcentrated permeate solution.
[2, 119]

2.3 Donnan effect

When a polyelectrolyte solution is separated by a semipermeable membrane
from a salt solution, small ions redistribute across the membrane to maintain
electroneutrality, while the polyelectrolyte ions remain inside the membrane. At
equilibrium, the concentration of small cations and anions (such as H", OH™, Na™
and Cl ) in the retentate either increases or decreases compared to the initial state,
while their concentration in the permeate adjusts to maintain electroneutrality.
The final difference in concentrations occur due to the Donnan effect.

The resulting distribution of small ion 7 across the membrane can be described
by distribution ratio[22]:

ret

c
K

where ¢ and "™ are the concentrations of 7 ion in the retentate and permeate,

respectively.

Generally, the distribution ratio of ions in relation to theelectrostatic potential
¥ is given by:
zWe
k;BT)
where z is the charge of the ion. The distribution ratios of monovalent cations
(z = +1) are equal in the ideal case, since the ratio of concentrations of monovalent
cations such as Na'is directly proportional to that of H". In contrast, in the
ideal case, the distribution ratios of monovalent anions (z = —1) are inversely
proportional to those of the cations. Therefore|11]:

D = exp( (2.15)

11 1
D_ Do~  Dq-

D+ - DH+ - DNa+ (216)

The distribution ratio of H*ions can be related to pH, which is given by:

pH = —log g ag+ = —log, T+t (2.17)

where ag+ is the activity of hydrogen ions.

10



The difference in pH between the retentate and permeate is defined as:

ApI—I = pHret - pHperm (218)

This difference can be expressed in terms of the activities of H*ions in both phases:

aret

ApH = —logy, p%rtn (2.19)
Qppr
By substituting the formula for activity:
it Gt
ApH = —log, ~—perm _perm (2.20)
HT “Hf

If the activity coefficients of hydrogen ions in the retentate and permeate are

approximately equal
ret

T o (2.21)

perm
7H+

the Equation could be simplified to:

ret
ApH = —logy, % (2.22)

Due to the Donnan effect, during UF /DF processes of charged protein solutions,
their pH can shift significantly from the value set in the DF buffer.[23] Predicting
the difference between pH of the retentate and the permeate is a major challenge
in protein purification and can be modeled using simple analytical models[2] or
models based on Poisson-Boltzmann theory.|[24]

2.4 Molecular simulations

Although results from molecular simulations are used in this work, they are
not the primary focus of this thesis. In the following section, the basic principles
are briefly mentioned to provide the necessary context.

To predict the behavior of isolated polyelectrolyte chains remains a significant
challenge by simple models. Specifically, because their size, counterion distribution
and changes in electric potential within and around the polymer coils, cannot be
measured directly. Instead, these characteristics are concluded from measurements
of other features, whose interpretation relies strongly on accurate theoretical
descriptions. In this regard, molecular simulations have proven to be a valuable
tool for understanding how charges behave in polyelectrolyte solutions.|1]

2.4.1 Simulation models

Before performing a simulation, a suitable model must be chosen that accu-
rately reflects the behavior of the real system. To model complex systems like
polyelectrolytes, the two main groups of models include atomistic and coarse-
grained models. Atomistic models describe the system in detail by simulating
each atom explicitly. However, their use remains impractical for complex systems

11



such as proteins and polymers, especially due to high computational demands.
In contrast, coarse-grained (CG) models have gained prominence over the last
years, offering broader description than classical atomistic models. In CG models,
beads represent groups of atoms or number of monomeric units, reducing the
computational demands while aiming to preserve the key parameters of the system.
[25-27]

2.4.2 The Grand Reaction Monte Carlo Method

The Grand Reaction Monte Carlo Method (G-RxMC), developed by Landgesell
et al. |24} 28], is applied to study acid-base equilibria in a two-phase system, where
charged macromolecules are located in one phase (system) interacting with the
other phase (reservoir). In dialysis, poylelectrolyte is restricted to the system
phase by a semi-permeable membrane, whereas small ions can transfer without
constraint across the semi-permeable membrane to maintain electroneutrality (see
also Section .

In the simulated system for dialysis, the system contains a weak polyelectrolyte
consisting of ionizable groups, that undergo dissociation. In the case of weak
polyacid, the dissociation involves HT ions. As mentioned above, the presence of
polyelectrolyte alters how ions are distributed between the retentate and permeate.
The distribution of H', in turn, influences the ionization equilibrium of the
polyelectrolyte. Apart from the Donnan effect, the presence of charged monomeric
units along the polyelectrolyte chain suppresses their ionization. This occurs due
to strong electrostatic repulsion between like charges, which shifts the equilibrium
towards the uncharged form of the monomeric units.[14} 24} |29]

In the G-RxMC, the reservoir is assumed to be sufficiently bigger than the
system, meaning that the ionic composition of the reservoir remains constant
despite the exchange of ions with the system, which reflects the conditions of
dialysis. The composition of the reservoir is defined by the chemical potentials
of the small ions it contains, and ion exchange between the system and reservoir
occurs through the insertion and removal of electroneutral ion pairs. This ensures,
that in result, the chemical potentials of all small ions are equal in the system
and reservoir. This exchange is defined by the following reaction involving ion
pairs consisting of ions such as Na*, C17, H" and OH . The following reactions
define the insertion of ion pairs|11} |24} 30]:

) == Na® + CI~ (2.23)
) = H"+ClI” (2.24)
) == Na® +OH" (2.25)
) = H"+ OH" (2.26)

where () symbolizes an empty set. In the forward reaction, () corresponds to the
insertion of an ion pair in the system, whereas in the backward reaction, an ion
pair is removed from the system.

To account for non-ideal behavior arising from interactions in the system, it is
necessary to include activity coefficients that is related to the equilibrium constant
K; - for each ion pair ij is defined by the equation|30]:

2 _res .res
Y16 G

Bo= ey

(2.27)
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where ' corresponds to concentration in the reservoir, ¢ and j refer to each ion
of the ion pair and v+ = /7775 is the mean activity coefficient.

13



3 Aims of the thesis

The primary goal of this thesis is to experimentally quantify the Donnan
effect from dialysis of polyelectrolyte solutions, with a focus on developing an
experimental protocol and examining the behavior of PMAA under varying
conditions. Dialysis was selected for its simpler experimental setup compared to
more complex industrial membrane separation processes. PMAA was chosen as the
model polyelectrolyte due to its ready availability and inexpensive cost, making
it a practical choice for this study. Proteins are significantly more expensive
and complex — by first investigating the Donnan effect in PMAA solutions, we
can develop and validate our experimental and theoretical approaches using
simpler and cheaper system. The experimental results will be compared with the
predictions from ideal Donnan theory and molecular simulations to evaluate their
precision. However, molecular simulations are not the primary focus of this thesis.
The specific aims were:

o Develop and validate a protocol for dialysis of a polyelectrolyte solution,
ensuring reliable and reproducible measurement of pH differences.

o Quantify the Donnan effect from dialysis of PMAA at different pH values
and ionic strength.

o Compare experimental values of ApH with theoretical predictions from ideal
Donnan equilibrium theory and with predictions from molecular simulations
of ideal and interacting systems.

By achieving these objectives, this thesis aims to enhance the understanding
of polyelectrolyte behavior in membrane separation processes.

14



4 Materials and methods

4.1 Materials

4.1.1 Poly(methacrylic acid)

The polymer used in this thesis was poly(methacrylic acid) (PMAA), purchased
from Polysciences, Inc., with molecular weight ~ 100 000 g/mol, as reported by
the manufacturer. The dispersity was not specified, however, for our experiments
was not required, as the calculations did not depend on the polymer’s molecular
weight. For PMAA to be retained by the membrane, its molecular weight must
be significantly higher than the membrane’s molecular weight cut-off (MWCO).

PMAA consists of ionizable carboxyl groups, which carry charge, depending
on the pH. The reported pKa value of the PMAA is typically around 4.7[31],
though values vary across references. However, the effective acidity constant pK.g
of the PMAA polymer depends on factors such as molecular size and solution
conditions, influencing its ionization behavior.|14]

4.1.2 Other chemicals

Milli-Q water was produced by the Barnstead MicroPure water purification
system (Thermo Scientific).

NaCl was purchased from Lach-Ner, s.r.o. (99.97% purity) and from SIGMA-
ALDRICH s.r.o. ( > 99.5% purity).

Solutions of HCl and NaOH were prepared using ampoules intended for the
preparation of 1000 mL 0.1 M volumetric solutions, purchased from Penta s.r.o.

4.2 Equipment

4.2.1 Membranes

Dialysis experiments were performed using semipermeable membranes Spec-
tra/Por 3 (Spectra Laboratories Inc.) with 3.5kDa molecular weight cut-off
(MWCQO). They were wetted by stirring in deionized water for 30 minutes to
remove the preservative, then rinsed thoroughly with deionized water and placed
in a 0.1 % aqueous solution of sodium azide for storage. The role of sodium
azide is to prevent bacterial growth. Before dialysis, membranes were rinsed and

conditioned as described in Section [4.3.2]

4.2.2 Titrator

The adjustment of pH and titrations were performed on a Metrohm 888
Titrando Compact titrator equipped with a magnetic stirrer, a Pt1000 temperature
sensor and LL Biotrode 3.0 mm glass electrode for measuring pH, was used for pH
adjustment and automated titrations. The titrator is programmable, allowing to
customize methods of pH adjustment or control of added volume of stock solution.

15
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Figure 4.1 Two configurations: a dialysis setup with a magnetic stirrer (a) and
dialysis setup of the polymer solution (b).

For data collection and manual control of the titrator, Titrando software "tiamo"
was used.

4.3 Methods

4.3.1 Experimental setup for dialysis

Dialysis was carried out using an experimental setup consisting of the sample
container holding the polymer solution, separated by a semipermeable membrane
from the dialysate solution, as shown in Figure Figure shows a close
picture of the sample container, which consists of a container for the polymer
solution, the membrane positioned on top of it and the enclosing lid.

4.3.2 Optimization of the dialysis protocol

To ensure reliable and reproducible results from dialysis experiments, numerous
aspects of the protocol were optimized in the process. This included determining
the time required to reach equilibrium, minimizing carbonization effects and
introducing a membrane rinsing procedure, and optimizing the pH conditions
for polymer and dialysate solutions. These optimizations were the most time-
consuming part of the experimental work.

Dialysis duration

Preliminary experiments were performed to determine the time required for
the system to establish equilibrium. In total, 8 dialysis setups were prepared. For
that, PMAA solutions at concentration 1g/L were dialyzed against a 107> M NaCl
dialysate solution. The initial pH for both the polymer and dialysate solutions

16



were set to 10. The pH of the retentate and permeate solutions was measured for
each setup over 4 days and the measurements were taken every 12 hours. First
setup pH was measured after 12 hours, the second after next 12 hours and so on
for all eight samples. Based on the results discussed in Section [5.3.2] a duration
of 72 hours was selected for the subsequent experiments.

Initial dialysis experiments

Initial dialysis experiments were conducted to explore the effect of different pH
on dialysis using PMAA solutions at a low degree of ionization - PMAA dissolved
in water resulting in pH values around 3. Then, NaOH was added to set the
pH to 4. The pH of the dialysate was set to pH around 10. These conditions
produced results that were consistent with the ideal Donnan theory. For the data
not shown, further experiments working with initial pH values of the polymer
solution, where the PMAA degree of ionization was lower than 1, led to several
challenges interpreting the results due to uncertainties in determining PMAA’s
ionization degree. Additional difficulties arose from inconsistent pH stability in
the dialysate at high pH, requiring further optimization.

To eliminate the uncertainty in the ionization degree of PMAA at pH values
where the degree of dissociation « is less than 1, we performed experiments with
the initial pH of both the polymer solution and the dialysate set to 10, where the
ionizable groups on the polymer chain could be considered fully ionized.

Uptake of atmospheric CO,

During the preparation of NaCl dialysate solutions at high pH, a decrease
in measured pH was observed corresponding to an uptake of atmospheric CO,
(carbonization). This was significant in solutions stored with larger air volumes.
To minimize this effect, solutions were stored in nearly full, tightly sealed bottles
and handled minimally when exposed to air. This reduced the pH drift due to
carbonization.

Rinsing of the membrane

Additionally, a rinsing step for the membrane was introduced to further
minimize the the inconsistent pH stability in the dialysate at high pH. Aside
from standard rinsing to remove residual azide, the membrane was submerged in
NaCl solution intended for the permeate and reserved during the rest of the setup
before dialysis.

4.3.3 Dialysis protocol

To perform dialysis, a series of NaCl dialysate solutions with defined concentra-
tions were dialyzed against PMAA solutions of concentrations 10g/L and 1g/L.
To ensure reliability of the experimental setup and consistency of the measured
pH values, all dialysis preparations were performed in duplicate. Dialysate and
polymer solutions were prepared using Milli-Q water.

17



Preparation of dialysate solutions

Dialysate solutions with concentrations of 1073 M, 1072 M and 10~ M NaCl
were prepared by diluting a concentrated stock solution. First, 1 M NaCl stock
solution was prepared by dissolving solid NaCl. Afterwards, the 1 M NaCl solution
was diluted to the desired working concentrations.

For pH adjustment, 0.1 M NaOH solution was used. Most of the estimated
NaOH volume was added beforehand from the titrator in manual mode, and
then the titrator was used in an automated mode to adjust the pH precisely. All
solutions were stored in tightly closed bottles to avoid carbonization.

Preparation of polymer solutions

The polymer solutions were prepared so as to reach the final PMAA concen-
tration of 1g/L and 10g/L. Slightly different approach was used for preparation
at each concentration, due to the increasing buffering capacity of PMAA at higher
concentration, which affected the pH adjustment process. For both cases, the
required amount of PMAA was dissolved in approximately 90 % of the total
volume of solution and left to dissolve overnight to allow full dissolution. The
remaining volume was added next day, using the titrator in automated mode to
adjust the pH to the desired value. All solutions were stored in tightly closed
flasks to avoid carbonization.

Dialysis sample setup

The sample setup consisted of the sample container holding the polymer
solution, separated by a semipermeable membrane from the dialysate, as illustrated
in Figure A blank setup, containing only dialysate without polymer, was
also used for comparison.

The dialysate solution was stirred at 300 rpm using a magnetic stirrer. The
pH values of both the polymer and dialysate solutions were measured before the
start of dialysis and after 72 hours.

The ionic strength the permeate solution, I,emm, was calculated for each system
using the following equation:

1 2

Iperm = i Z(Cier') (41)

where ¢; is the concentration and z; is the charge of each ion, contributing to
the ionic strength. The calculation accounted for the concentration of NaCl
(where cxac1 = [Nat] = [C17]) and the concentration of OH™ ions, which was
calculated from the pH of permeate at equilibrium using the expression [OH™ |
= 10~ (=PHperm) - The contribution of HT ions was neglected due to its minor
magnitude at pH ~ 10.

4.3.4 Calculation of theoretical values

The theoretical values for the system described above were calculated based on
the ideal Donnan theory to predict ApH between the retentate and permeate. The
ionic strength of the permeate solution was calculated using the same approach
as for the experimental ionic strength, as described in Section [4.3.3
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The distribution ratio of cations, D, representing the concentration ratio of
small cations between retentate and permeate, was calculated using:

Cret CA- Ca-
D, =t = 241 4.2
+ Clierm 2]-perm + (2]perm ) + ( )

where cy-is the concentration of the ionized form of the acidic groups of the
poylelectrolyte (PMAA) in the retentate, related to the total PMAA concentration
ca by:

CaA- = Qcp (4.3)

Here, ca represents the total concentration of PMAA monomeric units, with ca-
being the ionized form and cgpy = (1 — a))ca as the non-ionized form. The degree
of ionization is defined by Equation and assumed to be a =~ 1 at pH > 10
based on the titration data (Section [5.1). The ApH was then calculated as:

ApH = —log D, (4.4)

indicating the pH difference between retentate and permeate caused by the Donnan
effect.

For context, under conditions where the polyelectrolyte concentration signifi-
cantly exceeds the ionic strength (ca- > Iyerm), Equation can be simplified
to[11]:

D, ~ A (4.5)

[perm
Additionally, the ideal Henderson-Hasselbalch (HH) equation ({2.5)) relates the pH
of retentate, pH, ., to the degree of ionization:

(6%
loglo m + pKA = pHret (46)

Incorporating the Donnan effect, this can be modified to account for the
permeate pH (pH,,,,) and ApH:

«
logyg 7—— + PEa = PHper + ApH(0) (4.7)

While Equations (4.5)) - (4.7) provide useful approximations and alternative
formulations, the theoretical ApH values in this work were calculated directly from
Equations (4.1)) - (4.4]), using ionic strength Ipem, consistent with the experimental
conditions.

4.4 Potentiometric titration

To obtain titration curves and determine the dependence of the ionization
degree of PMAA on pH, potentiometric titrations were performed. The titrations
were carried out using PMAA solutions at concentrations of 1g/L and 10g/L.

For each titration, 2.0 mL of the PMAA solution was transferred to the titration
vessel and titrated with 0.1 M NaOH solution until the pH reached approximately
12.5. For the titration of 1g/L PMAA, 0.1 mL of 0.1 M HCI was added before the
titration, to adjust the pH to a lower value. For the titration of 10 g/L PMAA,
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no HCI was added beforehand. To minimize COq absorption during the titration,
the titration vessel was kept under soda lime.

Additionally, the dependence of degree of ionization of the PMAA as a function
of solution pH was obtained from titration data. The measured pH values and the
volume of NaOH added, provided by the titrator, were processed using a Python
script that extracted the data and generated the corresponding plots.

The degree of ionization was calculated based on the charge of the monomeric
unit, zmen, expressed in units of the elementary charge e, according to the following
equation:

_ MHEC — NNaOH T N+ — NoH~ (4.8)

Zmon
Nmon Cfactor

where nyci, NaoH, N+ and ngp- represent the amounts in moles of HCl, NaOH,
HT, and OH ", respectively, and nyon is the number of moles of monomeric units.
Finally, the degree of ionization, a, was calculated as:

a = Zmon/zmax (49)

where 2., is the maximum charge of a monomeric unit, equal to -1 for PMAA.

The concentration factor cg,eior Was introduced to scale the dependence of o on
pH, as pH measurements alone cannot distinguish the specific charges of ionized
groups in the polyelectrolyte. cpetor Was set to a value 0.85.

4.5 Molecular simulations

4.5.1 System description

The simulated system includes a weak polyelectrolyte (retentate) solution
in equilibrium with a permeate solution of specific pH and salt concentration.
The weak polyelectrolyte, in this case consisting of acidic groups, undergoes
dissociation involving H* ions and remains in the retentate, while small ions move
freely between the retentate and the permeate, as shown in Figure .2 As a result
of the Donnan equilibrium, the pH and concentration of small ions differ between
the two compartments. [24]

- —— @_ —— o W m ——————— 7/
O& M _ o X
Reaction in the retentate Exchanged ions
Figure 4.2 The scheme of the simulated system consisting of a weak polyelectrolyte

solution and permeate solution at equilibrium. Adapted from Landsgesell et al., Macro-
molecules, 2020, 53 (7), 3009-3021. © 2020 American Chemical Society. [24]
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Figure 4.3 The scheme of a two-bead model of PMAA with m monomeric units, used
with kind permission from my advisor Sebastian Pineda Pineda.

4.5.2 Simulation model

A dialysis equilibrium between the simulation box with a PMAA solution
(retentate) coupled to a virtual reservoir with small ions (permeate), was simulated
using a coarse-grained bead-spring (CG-BS). The model features an implicit solvent
and includes explicit ions. The PMAA was represented by two-bead model, where
each monomeric unit consists of a central backbone bead and a side chain carrying
the ionizable group, as illustrated in the Figure [4.3]

In the model, PMAA was represented as a single polymer chain composed
of 50 monomeric units, with pK, value set to 4.7. Following this, the titration
curve for PMAA was modeled to study its ionization behavior at different pH
values. Apart from PMAA, small ions Na™, Cl and H", OH™ were included in
the system to establish different ionic strengths I equal to 1073, 1072 and 10~ M.

Every bead displayed excluded volume interactions, represented through the
conventional Weeks-Chandler-Andersen (WCA) potential model defined by equa-

tion:
4 o\ 12 o\¢ 1 <
Uwea(r) = ‘ [(r) B <r) * 4] "= et (4.10)

0 r > Teut

where r is the bond length, € is the depth of the potential well, o is the effective
size of particle and ry is the cutoff distance at which the interaction disappears.
For this work, the WCA potential featured a depth of the potential well e = 1 kT,
an effective size of o = 0.355nm, and a cutoff distance rq, = 2"/%0.

The bond between a pair of beads in PMAA chains, is modeled using harmonic
potential, described by the expression:

K on
Ubond(r) = =3 (r = 10)’ (4.11)

where Kyong is the stiffness constant of the bond rq is the equilibrium bond length.
In this work, the stiffness constant Kyong = 50 kgTnm =2 was assigned to all
bonds. The equilibrium length for the backbone and side chain of the PMAA was
set to ro = 0.150 nm.

Furthermore, all small ions and the ionized side chains of PMAA engaged in
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interactions governed by the Coulomb potential, now expressed as:

UCoulomb(r) = kBTzlzj)\—é (412)
ij
where z; and z; are the charge numbers of ions ¢ and j, r;; is the distance between
them, and Ap is the Bjerrum length, previously defined in Equation 2.2 building
on the Coulombic potential energy introduced in Equation 2.1} For this work,
the relative permittivity was set to ¢, = 78.5, which is the value for water at
T = 298 K. With these parameters, the Bjerrum length corresponds to 0.71 nm.

4.5.3 Simulation method

Polyelectrolyte ionization was modeled by simulating the acid-base equilibrium
through trial moves. Specifically, a protonated group HA may be converted to its
deprotonated form A~, or the other way around, with a corresponding insertion
or a removal of an H' in the simulation box. [32]

To account for ion exchange between the two compartments, the simulation box
was coupled to a virtual reservoir. The exchange of ions between the simulation box
and the reservoir also included the insertion and removal of ion pairs consisting of
Na™, CI", H"and OH " ions, and was simulated using the Grand-Reaction Monte
Carlo method (G-RxMC).[11], 24} 2§]

To ensure that the chemical potential of each ion pair in the system matches
those in the reservoir, the acceptance probabilities for insertion and deletion of
ions are defined based on the chemical potential of the involved ions [30]:

P = min{l, <KA (CevboxNA)V>£1:[ [W;YFP;L@] X exp (—2;;) } (4.13)

where N, is the Avogadro number, N; is the number of particles 7, and v;
correspond to their stoichiometric coefficient. AU corresponds to the change in
potential energy between the original and new configurations, and ¢ specifies the
reaction direction, taking a value of +1 for deprotonation and -1 for protonation.

4.5.4 Simulation protocol

Every simulation cycle included 51 reaction trial moves and 5000 steps of
Langevin dynamics integration. Typical simulations involved 16 600 cycles, where
tém = 8.3 x 10° 7. Observables and particle coordinates were recorded at intervals
of tops = 507 and teoorqa = 250 7. The sampling was estimated using the slowest-
changing observable - the end-to-end distance of the PMAA.

4.5.5 Processing data from simulations

The ApH between retentate (pH,) and permeate (pH,,,) was calculated
for PMAA concentrations of 1 and 10g/L with varying NaCl concentrations.
The simulations used the same theoretical foundation as the experimental data
processing, based on the ideal Donnan equilibrium theory, with the key difference
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that ApH was computed using a general Equation for the distribution ratio
of ions. The distribution ratio of Na® ions Dy,+ is equal to:

ret
Nat (4.14)
Nat

DNa+ =

And the distribution ratio of Cl” ions D¢~ is equal to:

crcelt_
DCF — “perm (415)
CCI’

The processed simulation data, expressed as distribution ratio Dy,+ and D¢~
and derived ApH were compared with experimental results to validate the model.

The simulation script and protocol used in this thesis were developed under
the supervision of my advisor. A more detailed description of the simulation
model, method and protocol could be found in his doctoral dissertation.[33] All
simulations for this work were performed using the software ESPResSo v4.1.4, a
molecular dynamics tool designed for soft matter research and originally developed

to study charged system, well-suited for simulating polyelectrolyte behavior in
this thesis.|34]
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5 Results and discussion

5.1 Potentiometric titrations of PMAA

Potentiometric titrations of poly(methacrylic acid) (PMAA) were performed
to investigate its pH-dependent ionization behavior, which is governed by the
protonation state of its carboxyl groups. At low pH below the pKs of the PMAA
monomer, the —COOH groups are not ionized. In contrast, at high pH values,
the —COOH groups become deprotonated, resulting in negatively charged COO™
groups that repel each other, as shown in Figure p.1] Although PMAA is a weak
polyelectrolyte, in the selected experimental pH range of approximately 10, it
behaves like a strong polylectrolyte due to near-complete ionization, as indicated
in the Figure 5.1

0.751

o

o

Figure 5.1 The Henderson-Hasselbalch (HH) curve illustrates the degree of ionization
of PMAA as a function of pH, with a pKa of 4.5. The region highlighted in red indicates
where PMAA exhibits strong polyelectrolyte behavior. The ionization of carboxyl groups
in the side chains of PMAA, consisting of m monomeric units, is shown. Adapted from
a figure authored by my advisor Sebastian Pineda Pineda.

The obtained titration curves of PMAA were compared to that of a blank
titration, where 2mL of 0.1 M HCI was titrated with 0.1 M NaOH. The blank
titration curve is shown in Figure[5.2]and exhibits a single inflection point at pH 7.
The titration curves for PMAA solutions at 10 and 1g/L, shown in Figures m
and [5.3D] respectively, differ noticeably from the blank titration curve, reflecting
the complex ionization behavior of polyelectrolyte. The first inflection point at low
pH is not very pronounced, particularly for the 10 g/L solution. That is primarily
due to the preparation of the sample solution. Unlike the blank titration, where
2ml of 0.1 M HCI was used to establish low starting pH, the PMAA solution was
prepared by dissolving the polymer directly in water without adding HClL. As
a result, the initial pH of the PMAA solutions was not sufficiently acidic. For
the 1g/L solution, the pH saturates after approximately 1 mL of 0.1 M NaOH,
indicating complete ionization. The 10g/L solution stabilizes around 2.5 mL
of 0.1 M NaOH. This difference is expected, as the lower concentrated (1g/L)
polyelectrolyte, requires a smaller volume of 0.1 M NaOH to achieve full ionization
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Figure 5.2 The blank titration curve for 2ml of 0.1 M HCI titrated by 0.1 M NaOH,
displays the pH of the solution as a function of the volume of added 0.1 M NaOH, with
a visible inflection point at pH 7.
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(a) 10g/L PMAA solution. (b) 1g/L PMAA solution.

Figure 5.3 Titration curves for PMAA solutions at concentrations of (a) 10 g/L and
(b) 1g/L, showing the pH as a function of the volume of 0.1 M NaOH added.
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(a) 10g/L PMAA solution. (b) 1g/L PMAA solution.

Figure 5.4 Degree of ionization o of PMAA solutions as a function of solution pH
compared with the Henderson-Hasselbalch (HH) curve (Equation[2.5). (a) PMAA at
10g/L. (b) PMAA at 1g/L. Vertical lines indicate the pK, of the PMAA monomer
(4.7) and the effective pKeg for each concentration.
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compared to the higher concentrated (10g/L) polyelectrolyte.

To illustrate how the ionization of PMAA varies with pH and concentration, the
degree of ionization, o, was plotted against pH as shown in Figures and [5.4b]
We anticipate that the titration behavior of PMAA solutions deviates from
the ideal Henderson-Hasselbalch (HH) curve, due to electrostatic interactions
within the polylelectrolyte. Furthermore, we expect pKog to vary with polymer
concentration.

The ideal HH curve assumes a constant pK, of 4.7. At a = 0.5, the effective
acidity constant pKe.s of PMAA solutions is 7.1 for 1g/L and 6.7 for 10g/L,
significantly higher than the pK, of the PMAA monomer (4.7). Notably, the
experimental values exceeds a > 1 at high pH, likely because the calculation
of the charge on the monomeric unit 2., (Equation based on pH includes
contribution from additional ions from CO,, that the pH measurement of the
titrator cannot distinguish.

In summary, the deviation from the ideal HH curve and the pK.g values
determined by our experiments align with our expectations, based on previous
experiments and simulation results from the literature.[14, |35, 36] At high poly-
mer concentrations, the polymer chains are closer together, leading to increased
electrostatic repulsion between ionized groups. To reduce this repulsion, the
polyelectrolyte suppresses ionization, resulting in lower pK.g values compared
to lower polymer concentration. Values of a outside the physically meaningful
range of 0 — 1 are disregarded, as they result from the systematic errors due to
numerical inaccuracies in pH measurements. The inflection points in Figure |5.4
at pH = 10 could be caused by the uptake of CO5 from the air during titration.

5.2 Ionization behavior from molecular simula-
tions

Molecular simulations were performed to investigate the pH-dependent ion-
ization of PMAA at concentrations of 1g/L and 10g/L, complementing the
experimental potentiometric titrations in Section [5.1I} To explore the influence of
ionic strength on the titration curve, simulations included NaCl concentrations of
1073 M, 10=2M and 10! M, which were not present in the experimental titrations.
Figures and show the degree of ionization a as a function of pH for
PMAA at 10g/L and 1g/L, respectively. The figures show simulation results of
an ideal system with no interactions between ionizable groups of PMAA and small
ions, and an interacting system, which includes the Coulomb interactions. In both
systems, the pK 5 of the carboxyl groups was set to 4.7. In the interacting system,
due to charge regulation on polyelectrolyte chain, the effective acidity constant
pK.g is increased as compared to the ideal one, shifting the curves to higher pH.

In the ideal system, the absence of Coulomb interactions result in independent
ionization of carboxylic acid groups, producing a single curve for all NaCl concen-
trations, as in this case, the ionic strength does not influence the ionization. In
contrast, the interacting model gives distinct curves for each NaCl concentration,
with lower NaCl concentrations shifting the curve to higher pH due to increased
repulsions between ionized groups and a higher effective pK g, while higher NaCl
concentrations shift the curve toward lower pH, approaching the ideal model due
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Figure 5.5 Degree of ionization a of PMAA at concentrations (a) 10g/L and (b)
1g/L as a function of solution pH, obtained from molecular simulations. The solid black
line represents an ideal system with no interactions, while colored markers indicate
results for interacting systems with varying concentration of NaCl.

to enhanced electrostatic screening by the NaCl ions.

For the 10g/L PMAA solution (Figure [5.5a), the results from interacting
simulations in general show smaller shift from the ideal curve, with the curves
for 1072 M and 10~! M NaCl almost overlapping. For the 1g/L PMAA solution
(Figure , the interacting curves show larger shifts from the ideal curve
compared to the 10 g/L, with the 107 M NaCl curve most shifted to higher pH,
reflecting higher effective pK.g due to reduced electrostatic screening at low ionic
strength. Therefore, we can conclude that not only pH and ionic strength, but
also the polyelectrolyte concentration affect its ionization at a given pH.

5.3 Dialysis of PMAA solutions

The initial dialysis experiments were conducted using PMAA solutions at low
degree of ionization (low pH values - around 3 and 4) and dialysate at pH around
10. Experiments with PMAA at a higher pH of around 8 with different PMAA
concentrations produced uncertain results, as described in Section [4.3.2 We
consider these early findings unreliable, as they came before our optimized protocol,
which later ensured pH stability and measurement consistency. Nevertheless, they
provided important inputs to understand under which conditions we could obtain
more reliable results.
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CPMAA CNaCl PHperm pH,
(g/L) | (mol/L) | Oh 72h | Oh 72h

9.900 [9.9x107* | 10.50 6.40 |2.490 5.17
9.952 1073 10.10 6.490 | 3.0 5.180
9.952 1073 9.90 6.220 | 2.990 5.160
10.210 1073 9.892 5.302 | 2.026 4.573
10.210 1073 9.845 4.629 | 2.110 4.109
10.210 1073 9.660 6.324 | 4.369 5.232
10.210 1073 9.680 6.50 | 4.360 5.10
0.988 1073 9.613 8.462 | 8.048 8.157
0.988 1073 9.571 8.871 | 8.150 8.212
3.298 1073 9.50 7.20 | 8.050 7.70
3.298 1073 9.470 9.470 | 8.012 7.862

Table 5.1 Overview of the preliminary dialysis results from optimization of the
protocol. The table presents pH values of the permeate (pH,,,) and retentate (pH,)
for different PMAA and NaCl concentrations (cpyaa and cnaci), measured initially (0
hours) and after 72 hours.

5.3.1 Theoretical predictions using the ideal Donnan the-
ory

Theoretical ApH values were calculated using the ideal Donnan equilibrium
theory, as detailed in Section for cppaa = 1 and 10g/L, corresponding to
molar concentrations of monomeric units (ca ) of 0.0116 M and 0.116 M, respectively.
The ionic strength of the permeate (Iperm) Was computed using Equation ,
based on cnac1 and [OH™] from the initial permeate pH. The distribution ratio
(D) was determined using Equations [4.2] assuming complete PMAA ionization
(v &~ 1) at pH 10, and ApH was calculated from Equation These predictions,
plotted as functions of Ijemm, are used for comparison with experimental results in

Section [5.3.2

5.3.2 Experimental ApH measurements during dialysis
Optimization of dialysis duration

Expecting that dialysis of PMAA solutions would reach equilibrium over hours
to days, we conducted preliminary experiments using lower concentration of
1g/L to save the valuable polymer sample. These experiments, performed over
4 days with measurements taken every 12 hours, measured the pH of both the
retentate and permeate solutions over time, with results shown in Figure The
experiments were performed using PMAA solutions at a concentration of 1g/L,
with an initial pH around 3.6, dialyzed against NaCl solution, cyxac1 = 1073 M,
with an initial pH set to 10. Significant changes in the ApH were observed after
24 and 60 hours of dialysis. After 60 hours, the ApH values remained stable.
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Figure 5.6 Time-dependent ApH for preliminary dialysis experiments with PMAA at
1g/L (initial pH 3.6) dialyzed against NaCl at 0.001 M (initial pH 10). Measurements
were taken every 12 hours over 4 days, showing stabilization after 60 hours, to determine
the optimal dialysis duration of 72 hours.

Based on these results, a convenient dialysis duration of 72 hours was selected for
the upcoming experiments.

Equilibrium ApH from optimized dialysis experiments

The optimized dialysis experiments were performed to observe the behavior
of PMAA solutions under varying NaCl dialysate concentrations and were set
up carefully to ensure reliable results and check that our protocol worked as
intended. To ensure reliability and consistency of the measured values, dialysis
setups were prepared in duplicate, as detailed in Chapter [df Measured variables
were the concentrations of PMAA (cpymaa) and NaCl (exaci), as well as the pH of
the permeate (pH,,,,) and retentate (pH,,). These pH values were measured at
start of the dialysis (0h), and after 72 h.

The results of these experiments are summarized in Table [5.2 which shows
the initial and equilibrium pH values with corresponding cpyaa and cnacy for each
experimental setup, with all measurements performed in duplicate. Although
the initial pH of permeate and retentate was intended to be set to 10 for all
setups, achieving and maintaining this value for PMAA concentration 10g/L
turned out to be challenging due to the buffering activity of PMAA, resulting in
deviations of up to 0.57 pH units at Oh. In contrast, for the lower concentration
of 1g/L PMAA, the initial pH was more stable and closer to the target value.
These findings indicate that for higher PMAA concentrations, more precise pH
adjustment at a slightly higher pH may be required to ensure consistent starting
conditions. However, based on the data obtained from the titration, the ionization
degree of PMAA at this pH range is expected to exceed 0.9, indicating that the
PMAA remains highly ionized despite these fluctuations.

After 72 hours, pH shifts were recorded in both permeate and retentate com-
pared to initial pH. In the permate, these shifts were relatively small and are most
probably due to carbonization, given the set basic pH. In contrast, the retentate
showed more pronounced pH shifts, particularly at higher PMAA concentration
10g/L and lower NaCl concentration (around 1073 M), corresponding to lower
ionic strength. These results support our expectations, that the observed pH
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CPMAA CNaCl PHerm PH, e
(g/L) | (mol/L) Oh 72h Oh 72h
9.947 9.4 x107* |10.244 9.770 | 9.834  9.040
9.947 9.4 x 107 |10.532 10.060 | 9.790  9.250
9.648 | 9.83 x 1073 | 10.135 9.895 | 9.470  9.320
9.648 | 9.83 x 1073 | 10.182 9.805 | 9.479  9.230
9.648 | 9.83 x 1072 | 10.080 9.874 | 9.470 9.751
9.648 | 9.83x 1072 | 10.082 9.850 | 9.430 9.718
0.963 9.9 x 1074 10.997 10.961 | 11.695 10.667
0.963 9.9 x 1074 11.005 10.998 | 11.710 10.672
1.00 | 9.997 x 1073 | 10.017 9.978 | 9.974  9.896
1.00 | 9.997 x 1073 | 10.017 10.008 | 9.957  9.901
1.00 107! 9.932 9.952 | 9.865 9.943
1.00 107! 9.670 9.949 | 9.810 9.918

Table 5.2 Overview of the optimized dialysis results. The table presents pH values of
the retentate and permeate over 72 hours for various PMAA and NaCl concentrations
(cpmaa and enacl), measured initially (0 hours) and after 72 hours.

changes in the retentate are primarily driven by the Donnan effect, which are
more pronounced at higher PMAA concentrations and lower ionic strength of the
permeate. Meanwhile, the relatively stable pH in the permeate - likely affected
only by carbonization - confirms the effectiveness of the experimental protocol in
minimizing the carbonization at high pH.

Comparison of experimental and theoretical ApH

We anticipated that the ideal Donnan theory would not perfectly match
the experimental data, but we were unsure about the extent of the deviation.
Therefore, from data summarized in Table[5.2] experimental ApH, calculated using
Equation , were plotted in Figure against ionic strength e (logarithmic
scale) calculated for each system using Equation (as described in Section .
These experimental ApH values are compared to theoretical ApH values calculated
from the Donnan equilibrium theory (Section , using Equations and
assuming complete PMAA ionization at the initial pH of 10, for cpyaa = 1 and
10g/L.

On the log scale, the difference between experimental and theoretical ApH
becomes more pronounced at low ionic strengths (Ipem < 1072 M) especially
for cppan = 10g/L. For cpyan = 1g/L, the difference is also evident at low
Tperm though less significant. The ideal theory accurately predicts ApH only for
cpman = 1g/L at Iem = 10~* M, where experimental and theoretical values align
closely, indicating the ideal theory applies, when the polyelectrolyte concentration
is low and the ionic strength of permeate is high. Specifically, for cpyaa =
1g/L, the molar concentration of monomeric units (ca) corresponds to 0.0116 M
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Figure 5.7 ApH as a function of the ionic strength of the permeate Ijerm on a
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(Section , which is lower than the ionic strength of 10~! M.

Although the experimental data do not align with the theoretical curves, they
follow the general trend, deviating more significantly as the difference in ApH
increases. This trend suggests that although the ideal theory does not perfectly
match the experimental data, it still reflects the overall behavior of the system,
serving as a useful approximation.

5.3.3 Comparison of experiments and simulations

Our hypothesis is that simulations including interacting systems should closely
reproduce experimental ApH values. In contrast, ideal simulations, which neglect
these interactions, align with the predictions of ideal Donnan theory.[24]

To test this hypothesis, we compare experimental ApH measurements for
PMAA concentrations of 10 and 1 g/L, as shown in Figures and respectively,
with results from simulations. Both experiments and simulations were conducted
at three NaCl concentrations: 1073, 1072 and 10! M. The simulation data include
three distinct datasets: an ideal system, where interactions are neglected, an
interacting system, where full intermolecular interactions are included, and ApH
calculated from the distribution of Naions and C1~ ions for both the ideal and
interacting systems. We expect the experimental ApH data to be predicted by
the distribution coefficient of Na™ ions, which is inversely proportional to that
of Cl” ions in both systems. However, preliminary analysis revealed deviations,
particularly at low salt concentrations (cxac1 = 1073 M for both 10 and 1 g/L,
and cxac1 = 1072 M for 10 g/L), where finite size effects in the simulations lead to
unusual curve patterns.[37]

These finite size effects primarily come from the limited number of Cl ions
in the simulation box, especially at low salt concentrations.[37] To reduce these
issues, increasing the simulation box size would allow for a larger number of
Cl ions, which would also require much longer simulation times, particularly
for the interacting system, where the dynamics require extended equilibration
runs. However, increasing system size and simulation duration is computationally
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demanding, making these simulations too time-consuming for the thesis deadline.

Interestingly, the ApH of the interacting system derived from the distribution of
Cl ions between the retentate and permeate, aligns more closely with experimental
values. In contrast, ApH derived from Na™ ion distribution tends to follow the
ideal simulation curves, challenging the expected equal distribution of cations and
anions.

The subplots in Figures and present the comparison of experimental
and simulation data for the dependence of ApH and D on the ratio ca/lperm at
fixed polymer concentration of 10g/L and 1g/L. In these subplots, the left panel
displays data calculated from the distribution ratio of Na™ while the right panel
shows data calculated from Cl = ion distributions. These results are expected to
validate our findings from the previous comparisons (Figures and . For a
given cpyaa, data points across different cnacr values are expected to align on a
single curve.

The data obtained from simulations generally follow the trend of one single
curve. However, deviations from this curve are observed, which could be caused
by the finite-size effect[37], or by the asymmetric roles of monovalent cations
and anions in the studied system. Our current simulation results do not allow
us to distinguish these two possible causes. They could be distinguished based
on simulations of bigger systems, where the finite-size effects are suppressed.
However, such simulations could not be completed before submitting the thesis.
At a salt concentration of 107! M, both experimental and simulation data align
closely for both 10g/L and 1g/L polymer concentration. In contrast, at lower
salt concentration of 1072 M, deviations from the single curve become apparent,
particularly for the interacting simulation data obtained from Cl  distribution,
that surprisingly align more with the experimental data, especially at 1g/L
polymer concentration. For the lowest concentration of salt 1073 M the simulation
data deviate the most from experiments. These results are consistent with earlier
figures examining the dependence of ApH on pH in the retentate, where similar
interactions were observed.
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6 Conclusions

The primary goal of this thesis was to experimentally quantify the Donnan
effect during dialysis of polyelectrolyte solutions, using poly(methacrylic acid)
(PMAA) as a model system. A key objective was to develop a reliable and
reproducible experimental protocol measuring pH differences across a dialysis
membrane. This protocol, detailed in Section [4.3] has been successfully established,
enabling systematic investigation of PMAA behavior under varying pH and ionic
strength conditions. However, the optimization process required considerable time
and effort, which limited the number of reliable data that could be collected using
the completed protocol.

The experimental results from dialysis demonstrated measurable pH differ-
ences due to the Donnan effect, confirming that dialysis works as a basic method
to study polyelectrolytes. Comparisons with theoretical predictions from ideal
Donnan equilibrium theory at high pH (where degree of ionization of the PMAA
was approximately 1) showed that experimentally measured values were effectively
lower than the predictions from ideal theory, especially at higher polymer con-
centration and lower salt concentration, where the Donnan effect was the most
pronounced. Despite these deviations, the experimental data and simulations
exhibited quantitative agreement in the trends predicted by ideal Donnan theory.
Since the ideal Donnan theory does not account for any interactions in the system,
these results show, that the interactions are key under such conditions.

To further explore this, predictions from molecular simulations were employed,
although they are not the primary focus of this thesis. While we did not explicitly
verify this, we expect that the results of simulations without interactions would
align with the predictions of the ideal Donnan model, as the ideal simulation model
was derived from the ideal theory.|24] 28] At the same time, we expected simulation
results including interactions to more accurately capture the experimentally
observed ApH, particularly ApH calculated based on the distribution of Na™
ions between the retentate and permeate. However, this was not fully achieved,
potentially due to simplifications in the model that may not accurately reflect the
system. We also dealt with the finite-size effect — an issue we were unable to fully
resolve within the time constraints of this project, as increasing the simulation box
size would require significantly more computational time, especially for interacting
system.

Interestingly, ApH derived from the distribution of Cl~ ions between the
retentate and permeate in the interacting simulations unexpectedly aligned more
closely with experimentally measured values, despite not matching them entirely.
In contrast, ApH derived from Na™ ion distribution followed the trend of the curve
from the ideal systems, deviating further from experimental observations. This
suggest the model may be on the right track for accurately representing non-ideal
polyelectrolyte behavior, but more studies are needed to validate these findings.
On the other hand, the consistent agreement at 10~* M salt across both polymer
concentrations, where ApH is small, indicates that ideal models are sufficient
under these conditions.
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6.1 Outlooks

This thesis provides a starting point for further studying the Donnan effect in
polyelectrolyte dialysis. The findings give a foundation for extending this work to
more complex systems, such as proteins, which are widely used in pharmaceutical
applications at high concentrations like monoclonal antibody production, that
exhibit pronounced Donnan effect.|2]

Future studies will first explore the Donnan effect across a wider range of
pH conditions for both polymer and dialysate solutions, as well as varying ionic
strength, to deepen the understanding of polyelectrolyte behavior in dialysis under
varying experimental conditions. These investigations are directly correlated to
protein dialysis, where precise control of pH is critical for maintaining protein
stability and quality during industrial processes like ultrafiltration/diafiltration
(UF/DF). By first improving our understanding of the Donnan effect in simpler
polyelectrolyte systems like PMAA under these challenging conditions, we can
potentially adapt and optimize the dialysis protocol for proteins, addressing the
pronounced deviations from theoretical predictions that occur at high protein
concentrations. We also plan to use NMR spectroscopy to directly quantify Na™
and Cl~ ion distributions across the dialysis membrane, providing another set of
data to validate experimentally measured deviations from ideal Donnan predictions
and complement our existing experimental methods.
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