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Abstract

In this work | have studied the conductivity safdium (polystyrene sulfonate) (NaPSS) aqueous
solutions as a function of NaPSS concentration in thger&nl5 g- 2.0 g NaPS in 100 ml of
distilled water and irsodium chloridesolutions atoncentratiosin the range of 0.1 M 0.4 M

and temperature in the range of 278-K328 K. The conductivity is found to increases with
increasing NaPSS concentratiooth in pure water and in salt solutsft is also found thathe
conductivity increases with increasing either NaCl concentration or temperature. The interesting
findings here ighe additivity rule: that the conductivity of the polyelectrolyté in the salt

solution is the sum of its conductivitfe  in pure water plus the conductivity of the sadft

holds only at low NaPSS concentration and deviates at higher NaPSS concentiidtien
additivity rule holds better the higher the tempera and the higher the salt concentration. What

is more interesting is that the contribution of NaPSS to the conductivity of the solution is more in
pure water than in salt solution and that its contribution is higher the lower the NaCl
concentration inat solutions. This latter behaviour is only found at high NaPSS concentration
while it is inverted at low NaPSS concentration. These findings will certainly contribute to a
better understanding of the complex behaviour of the conductivity of polyeleéesinlyaqueous

solutions.
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Chapter 1

1.1. Introduction

1.1.1. Polyelectrolytes

Polyelectrolytesare polymerdhave repeating units that are dissociating groups. They are either
polycation,polyanionsandpolysalts [12]. They dissociated in aqueous solutions, when the
solvent is water just ke ordinary electrolytes (acids, bases and salts), and carry one or more
charges depending on the pH valAs.polyelectrolytescarry dual properties that are similar to
both electrolytes and polymeitseyare called polyelectrolytes [3]. Pebalts are th products of

a monomeric base with polyacids (polyanions) and vice versa. In solution, they are electrically
conducting like regular salts and their viscosity, like polymers, depstrdagly on their

polymer concentration and molecular weight [4].

Carboylate (COQ), phosphonate—POsH, -PG:%), and sulfonate {SO3) are the most
common anionic groups for anionic polyelectrolytes. For cationic polyelectrplgtesary,
secondary and quaternary ammoniudfiiiz*, =NH,* &  =)Nare the common groups that one
encounters. The properties of a polyelectrolyte are determined by the structure of its repeating
units, the counter ions it carries and its ionic group. These propextiese their solubility in

polar and hydrogebonding solvents, solution viscosity and their transport properties and their
conductivity. These propertiese alsostronglydependenbn thetype ofsalt added and the pH

of their solution. In this case, they have different properties than their coaritereutral

polymers [5].

Chemical crosslinking gbolyelectrolytes moleculas achieved by incorporating a small amount

of the right crosslinking agent. Creisked polyelectrolytes form thregimensional structures

that when dissolved in water sweblther than dissolving in it [6]. Through hydrogen bond
formation with water molecules, they can retain extremely large amounts of liquid relative to
their own mass. In this crofisked form they are so to speak hydrogels or superabsorbent
polyelectrolytes These superabsorbent hydrogels can absorb water up to 500 times their weight

and from 30 to 60 times their own volume. Thereferdtydrogel may contain more than 99%



liquid. The type and amounbf crosslinks in their structure controls their total absacy and

swelling capacity of these superabsorbent materials.

Synthetic and nosynthetic polyelectrolytes are produced and manufactured on large scale.
Polygalacturonic acid (pectin), alginic acid or alginates, polypeptides and carboxymethyl
cellulose @ examples of natural polyelectrolytes. Polystyrene sulfonate, polyallylamine,
polyacrylic acid and their salts are examptéssynthetic polyelectrolytes. Examples of these

polyelectrolytes with their checal structures are shown in figure 1.
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Figure 1. Names and chemical structure of some polyelectrolytes.

Somre polyelectrolytes contain iona@le groups in their backbonesteadof carrying them as

side groups. These kinds of polyelectrolytes are called polyionenes. Quaternary ammonium
group is the most common charged group in their backbone. Through Menshutkionreéct
ditertiary amines and alkyl dihalides these ionic polyamines or polyionenes are typically

synthesized. This reaction mechanism is shown below:
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The commercial availability of a large number of dihalides and ditertiary enables the synthesis of
a lage number of weltlefined polyionenes. These starting materials are cheap and in
combination with the simple synthesis rquthese special type of polyelectrolytean be
synthesised. Polyelectrolytes with different molecular weights and different cHargities

(ionic spacing on the polymerbackbone can be easily synthesis. Furthermore, different
functional groups can be incorporated. This allows for tailoring the physical and mechanical
properties and crosslinking. Chemical structures of some amigelgarolytes are shown in

figure 2 below.

~|EN—(—CH2 N—CHZO E|— +N—(—CH2)—N—€CH2§—J~

Semi-aromatic Ammonium lonenes Aliphatic Ammonium lonenes

‘Ei@:;;c"b% ~|E{€CH2-)—0}—(CH29—JJ~:|—

Heterocyclic Ammonium lonenes

Alkylether A ium |
(DABCO-based lonenes) yiemner i monium fonenes

X =4 —-> PTMO-based lonenes
Figure 2. Chemical structud some amine polyelectrolytes

1.1.2. Physicochemical Properties

The properties of polyelectrolytes in a solutiendeterminedby the electrostatic interaction
between the charged groups in the chain and the low molecular weight itmes solution.

These charges in the polyelectrolyte generate a strong electrostatic field that has a significant
effect on molecule structure. It substantially alters the macromolecular conformations. With
increasing dissociation, the effective size of ¢thains (e.g. hydrodynamic radius, distance from
end to end) increases, and the coiled molecules straighten out reaching an almost likar, rod

shape at high degrees of polyelectrolyte dissocigin



The physicochemical properties are significaiered with a changing degree of dissociation.
For example: the viscosity of the solution will increase by a factor of a hundred or even more
depending on polyelectrolyte concentration, degree of dissociation, and free ion (salt)

concentration (low moledar weight ions irthe solution)[ 59|

The theory established for solutions of low molecular weight electrolytes is not valid for
polyelectrolyte solutions. A diffuse countien cloud around the oppositely charged surface of
the polymers is created, byethow molecular weight ions appearing during the dissociation of
polar groups of the polyelectrolytes. The composition (solvation) and size of this diffuse €ounter
ion cloud affects the structure and dynamics of the polyelectrolytes in the s@ntoale the

swelling capacityandthevisco-elastic response of polyelectrolyte gels.

There is a considerable effect on the structure, stability and interactions of various (biological)
molecular assemblies by the charged molecular chains that are commoniy presestems of

soft matter. The theoretical approaches which goal is to describe the statistical properties of these
assemblies are totally different from the approaches used to describe their electrically neutral
counterparts. Many of existing biologicanolecules are polyelectrolytes, for example

polypeptides and DNA.

1.1.3. Commercial Polyelectrolytes

Commer ci al grade polyelectrolytes (PAA'Ss) cart
Acumer ™) | BASF (Dispex®, Magnaf |l o™ ®) R o nbaoxw™, Ch
Dowex), and Arkema company (Rheoslove™, Terra
O~ _OH
Polyacrylic acid Acusol (copolymer), Acumer, Acrysol,
(PAA) Alcosperse




Polystyrene Resonium, Sorbisterit, Resikali
sulfonate

| S{eXy n

1.1.4. Applications

There are many applications of polyelectrolytes. Most are related to flow modification and the
improvement of the stability of aqueous colloids and gels, or for inducing agglomeration. For
example, they are used for destabilization of eddbsuspensions and for initiating flocculation

and precipitation. Another use case is for imparting a surface charge to neutral particles, so that
they can be dispersed in agueous solutions. For that rghsgnare often used as dispersant
agentsthickenersemulsifiers, conditionersjon-exchangeandclarifying agents. For instance:

in water treatment [G] they are used as flocculation agents [8], in ceramic slurries as stabilizing
agents [10] and in concrete mixtures as superplasticizers. Polggtext can be found in many
cosmetic products, shampoos and soaps. Some polyelectrolytes are used in food products, for
instance as coatings or release agents [11]. Some examples are alginate (alginic acid), pectin

(polygalacturonic acid and carboxymett cellulose.

Sodium polyacrylate epolymers of slightly corsénked which are called hydrogels are used as
superabsorbent. Baby diapers and other personal disposable hygiene products such as adult
protective underwear and sanitary napkins form the $argse of these superabsorbent

polyelectrolytes.

1.1.5. Conductivity of Polyelectrolytes

When dissolved in water polyelectrolytes dissociate into a macro ion and counter idg.[12
When countefons are released in aqueous solutions there is gaimtriopg. The latter effect in
combination with the presence of charged monomers along the polymer chain make
polyelectrolytes systems of fundamental interest in the physical chemistry of soft condensed

matter [15, 16] as well as in biological systems [DA}e to their conducting properties, they are
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largely used for technological applications [18]. Of current interest is understanding the transport
properties of these systems. Electrical conductivity of their solutions is the key for understanding
their transport properties [19]. The transport properties of these systems is fundamentally
governed by their linear charge densjty20-22] and therefore depend on the degree of

di s s o c of the polgelectralyte.

In the last decades, these charged polymaye lattracted much attention [23]. This is due to
charge distribution which creates long range electrostatic interaction and this introduces a new
length scale and new time scale. Thimese systems have unusual properties. The dynamical
properties and #h structure of these is governs by the balance between attractive hydrophobic
interactions and repulsive electrostatic interactions. When the ionisable groups along the chain
are dissociated, the counter ions are partially released into the solutionre3its in an
effective charge of the polymer that is lower than its bare structural charge. This makes these
charged polymers of important properties. The interplay between electrostatic attraction of
counter ions with the polymer chain creates such phenon. In addition to thatthis
phenomenon is also caused by the loss of their conformational entropy. The thermodynamics and
the transport properties of solutions of these charged polymers are largely influenced by counter
ion condensation. To study andderstand the coupling between counter ions condensation and
chain conformation, conductivity is the key parameter. Biological functions of biological
polyelectrolytesareinfluenced by the chain conformation, which makes the previous mentioned
coupling d particular importance. When the electrical conductivity of these systems is studied
as a function of polyion concentration, in absence or presence of added salt, the outcome of these
studies may provide better understanding of the chain mobility athe abupling23].

In order to understand how the conductivity of a polyelectrolyte solution differ from the
conductivity of small electrolyte, it is inevitable to introduce the theory of polyelectrolytes
conductivity. The origin of the electrical condwiy , of an aqueous solution of
polyelectrolytes is the movement of any charged entity. This movement is made in response to
an external applied electric field. This in turn depends on three contributions, the charge carriers
of type i, the numerical concemttion € , their electrical chargea’Q and their mobility6 ,

according to the relationship [23]:

. B QNED (1)



the charge mobilityl is defined as the ratio of the average velocity of the charged carrier to an
applied electric field of uni t strengt h. The

experimental point of view, is given by the linear relationship [23]:

0RO ,Q 2)
whered®0is the volume averaged current density @i the measured electrical field.one
expresses the numerical concentration by the molar concentraticn 0 6 of the

polyelectrolyte, equation (1) can be written in a more usual way through the molar concentration,

where 0 is the Avogadro number and the mobiliby through the equivalent conductance

0 — where’ O ‘() isthe Faraday constantWe obtain:

» B w80_ (3)
The whole transport process is actually given by equation 3 which also forrhadisef any
theoretical description of polyelectrolytes conductivity. It depends on the concen&raimhthe
equivalent conductance of each charge carrier. The partial dissociation of the polyelectrolyte

actually drivexharge and equation 3 canwetten as:

where the subscripts “1” and p” r Becamge oft 0 c o

the counter ion condensation effect, thiofeing relationships holdd 0@ and® 4,

@ 0 "Q and equation 8an be written af23]:

, 00 'gws & _ (5)

The euivalent conductance differs from the value_ of the counter ion in the absence of the

polyelectrolyte and this is given by:
- - - P — (6)

whereO andO are the diffusion coefficients of counter ions in the limit of infinite dilution and

in the presence of polyions, respectivelNow, substituting equation 6 in equation 5 one gets:

oo R0 —_ 0 (7)



The electrical conductivity of polyelectrolytes solution is defined by the following parameters:

the polyion concentrationd, , the fractionf of free un-condensed counter ions, the equivalent

conductance_;, of the polyion chain and the degree of polymerization [23].

1.1.6. Literature Review on Polyelectrolytes Conductivity

The conductivity ofpolyelectrolytes solutions pure water and wlit the addition of sadthad

been studied by a number of authors. Vink et al [21] studiedctreluctivity of the
polyelectrolytes poly(methacrylic acid), carboxymethylcellulose, poly(vinylsulfonates) and
poly(styrenesulfonates). The conductivity as a tioncof polyelectrolyte concentratiowas
measured to determiribe limiting equivalent conductivityQ . According to their workwith

dilute solutions a rapid increase of the conductivit§th increasing concentration was observed

This behaviour wagxplainedby a decreased counterion binding. RiOS [24] investigated the
electrical conductivity of dute solutions of four prepared cationic polyelectrolytes. They
calculated the distances between neighbouring charges from their experimental data and found a
good agreement with those <calculated accordi
strong pdymers in dilute and sendilute solutions were studied theoretically by Wandrey [26]

and the electrical conductivity was calculated. Their study was the first one to consider the
influence of the charge density, polyelectrolytes concentration, the idnéngth and
concentration of added salts. He found that the equivalent conductivity increases with decreasing
polyelectrolyte concentration. He also found out that the effect of molar mass above the overlap
concentration ¢) is weak. A strong increase dfie equivalent conductivity with decreasing
polyelectrolytes below this overlap concentration was also found. With an additional change of
the interaction parameter and wusing the Mant
gualitatively. He derived aempirical dependence of the interaction parameter on the ratio of the
Debye length to the contour length. He also identified three concentration regimes differing in
the polyelectrolytecounterion interaction. Solutions of these polymers without addéidasa

well as solutions with any ratio of polyelectrolyte to salt concentration was considered. Zhiyong
Hu et al [27] studied three different polyacrylamides with three different amination degrees by
conductometric measurements. Their results show thdt mwdreasing amination degree of

polyvinylamine value (a measure of electrostatic interactions of naighigogroups on the



chains) the electrostatic interaction parameter increased. They also found out &t tadue
of these polyelectrolytess decease with increasing amination degree. Finally, they found a
gradual decrease of the equivalent conductivity with increasing concentration of the polymer and

the conductivity was enhanced with increadilegree of amination.

The electrical conductivitiesf @queous solutions of sodiuntarrageenan, sodium heparin, and
sodium dextran sulfate in NaCl and #8& solutions at room temperature was studied by
Douglas et al [28]. They found anomalous behaviour for sodium dextran sulfate. They discussed
the correhtion between the Manning law with their experimental results. They found theoretical
justification using a modified model for the additivity of simple salt and polyelectrolyte
conductivities. Their theoretical equations for the conductivity were develépedsalt
containing polyelectrolyte solution and for the case where the charge density of the
polyelectrolyte is less than the critical charge density. The variation of mobilities of the eounter
ions in aqueous solutions of sodium polystyrenesulfonic acét a wide concentration range

was studied at room temperature by Fernandez et al [29]. They attributed the enhancement of
mobilities to an increase in the degree of apparent dissociation due to purely electrostatic
interactions among neighbouring chainBhey found out that this interaction should be
accompanied by sherange interactions which would produce entanglements among
neighbouring chains. This was evident as concentration increased and chains approached each
other. They found that this may besponsible for the appearance of a maximum in mobilities as
the concentration increased. In addition, they found out that the counteribhadCa slightly

larger degree of association than"Nahey explained the behavoof Ca™ by the very strong
as®ciation due to its double charge and for silver as partially due to the presence of complexes.
Different salts of polystyrenesulfonic acid in sf#te aqueous solutions were studied by
Szymczak et al [30]. They determined the conductivities infesdtaqueous solutions in the
concentration range from 0.0@302 N. The conductivity was found to increase with dilution,
gradually at first, followed by a rapid increase at higher dilutions. The order of change in
conductivity was found to be 1& Na'< K" =NH;'<Rb'= Cs". Good agreement was found when

they compared their experimental data with t

h



Benmansour et al [31] determined the conductivities of po(de,Strioxadecyl}4-
vinylpyridinium)] bromide and itghlorate and tosylate derivatives. Their method of preparation
gives a grafted polyelectrolyte having a positive charge on each pyridinic moiety on the
backbone. The polyelectrolyte concentration raingbe aqueous solution was 1o 10" 2V at

25 °C. A typical polyelectrolytes behaviour of the conductivity versus concentration was found.
They also found out that the polyelectrolyte conductivity increases with the ion sizg. The
showed in their analysis th&ig ions are weakly onot associated to the backbone. They
suggested that countem mobility is mainly influenced by steric effect. Values of the
conductivity predicted from Manning rdidke polyelectrolyte model were compared with their

experimental results and good agreataavas found.

Rios [32] studied the interactiasf alkaline ions with an anionic dicarboxylic polyelectrolyte by
means of electrical conductivity measurements. His results show that lithium, sodium and
potassium countdons interact in a very differentay with this polyelectrolyte. He found out

that the Kohlrausch plots bend downwards in the-didiition zone. He determined the limiting
equivalent conductivities of these polymers according to Vink's method using a polynomial
adjustment of his data. Halso found out that although the dissociation order follows the
sequence Li > * N>d, tKe trend in equivalent conductivity follows the reverse order. This is
mainly determined by the equivalent conductivity of the couiotes. He determined the
interaction parametearsing the Manning theory for the limiting equivalent conduitstiof the
polyion species. His values of the latter parameters, the average distance between charges agreed
well with that calculated from simple geometrical calculations for a mesomeric configuration. He
used an alternative method to obtain the relatiteraction parameter as a function of polymer
concentration. He explained the results in terms of the hydration parameters and the limiting

equivalent conductivities of the couniens.

Rios et al [33] studied the intermolecular association of amphdpatblyelectrolytes using
fluorescence and conductivity methods. In their study, as the polyelectrolytes chain increases in
length there is a decrease in the average distances between charges. As a consequence, the

degree of dissociation and the linear rgfeadensity are modified. They calculated the average

10



distances with the Manning counien condensation theory for the conductivity of
polyelectrolyte solutions. Their calculated distances were found to vary with polelectrolyte
concentration. Their valgeof the conductivity were also found to depend on the size of the side
chain of the polyelectrolyte. They explained the experimental balravidghe solution electrical
conductivity of polyelectrolytes, which increase drastically with dilution, as antamts change

in the average distances between charges which produce conformational changes.

Vuletic et al [34] studied the Manning free, uncondensed, countens fracti on 0
agueous solutions of rodlikeolyions: 150 bp DNA fragments, in the presence of a very low
concentration of monovalent séir concentration < 0.05 mM. They measured the conductivity

of these solutions for DNA base pair concation range 0.0:28 mM. Their conductivity values

were complemented by fluorescence correlation spectroscopy (FCS) measurements of the DNA
polyion diffusion coefficient. They observed a crossover in the normalized conductivity that
nearly halved acroské ¢ = 0.051 mM rangeThroughanal ysi s of their data
= 0.30-0.45. By taking the Manning asymmetry field effect on polyelectrolyte conductivity into
account they0g60. 6They=r €l d40ed the ©O6(c) vari a
occurring, in the verjow salt environment, with the decrease in DNA concentration itself. They
found out that the extremes of the experi men
mM, and the lowest, below 0.05 mM, DNA concentrations and correspond to the thedretical

values for dsDNA and ssDNA, respectively. They confirmed Manning condensation and

conductivity models to be valuable in description of dilute solutions of ropbkgons.

The electrekinetic properties of carboxymethyldextran, a soft and anionic paipsaide, in
aqueous NaNgxsolutions were analysed through measurements of the electrical conductivity of
the suspensions hleanPierreet al [35]. Their result actually furnish new experimental support

for the structure of soft polysaccharides in electrolyte solution. They showed that the polyion
concentration governs the conductance behavaf the suspension as the ionic strength
decreases. They found outaththis particularly evident for large polymer concentrations, for
which electrical double layer overlap is more likely. They found that the electrical conductivity

of the suspension at high ionic strength reduces to the contribution of the ions innsastio
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screening of the polyion charges is more efficient in such conditions. They examined
applicability of Ohshi ma’ s gener al conductiv
measurements, and observed a major discrepancy against the theorgaltuated values of

the electrical conductivity deduced on the basis of this theory were found to be lower than the
experimental ones. They discussed the possible reasons for this discrepancy and found out that a
numerical model, based on the use of damgbroach to account for hydrodynamic and electrical

interactions between patrticles, to be a good description of the experimental electrokinetic data.

The conductance of polanetholesulfonic acid) and its lithium, sodium and caesium salts in the
concentation range of 0.000.20 mmol/L and in the temperature range of 2788 K were
studied by Ilrna et al [ 36] . They found that
alkaline salts of the polyelectrolytes but not for the polyacid itself. Tdetermined the
concentration dependence of the polyion transference number at 298 K. From their
measurements they calculated the fraction of the free sodium ions in the solution. They also
compared their results with the existing ones for gstyrenesubnic acid). They found out that

the conductivities of the studied polyion and its salts are higher than that of the poly
(styrenesulfonic acid). They explained this difference by a smaller fraction of free conducting
counter ions. They found out that théhdingsareconsistent with thermodynamic data for these

solutions.

Nagy [37] measured the conductivity of dilute, salt free solutions of (atyl alcohol) (PVA)

and poly(vinyl alcohol, vinyl sulphate ester) copolymer salts in order to get informati
transition from a neutral to charged macromolecules. He found out that with increasing linear
charge density from a very low value to a moderate one alimear dependence of
polyelectrolyte effect on copolymer composition. He also found out teet th a close analogy
between the expansion of polyanions and swelling of polyelectrolyte networks at comparable
linear charge density range. He revealed by the electric conductance measurements that the
transition from a neutral to charged macromolecutadd be a very complex one calling for a

new and more detailed theoretical consideration of polyelectrolyte solutions.

12
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Bratko et al [38Jstudied the effect of the temperature on the electrolytic conductivity of aqueous
poly (styrenesulfonate) solutionshe molar conductivities of the polgtyrenesulfonic acid)

(poly [1-(4-sulfophenylethylene)])(HPSS) and its sodium (NaPSS) and magnesium salts
(MgPSS) were determined as functions of the concentration at different temperatures ranging
from 0 to 40°C. The Walden rule was shown to apply approximately to the overall conductivity
of the two polysalts as well as to the molar conductivity of the polyion. They found out that the
estimated relaxation effect on the conductivity, presumably mainly determined eby th
equilibrium structure of the polyelectrolyte found not to depend on the temperature within the

accuracy attained.

Bhattarai [39] measured the specific conductance for sodium polystyrene sulfonate in water and
methanolwater mixture. The equivalent condivdy data against concentration were evaluated

by scaling concept. He calculated the effects of the solvent composition and the polyelectrolyte
concentration on the fractions of uncondensed counterions, the polyion conductivities, the
standard state fremnergies of counterion association, and the polyion transference number. The
charge density of sodium polystyrene sulfonate was used for the research article to see the
variation of the critical aggregation concentration of cetyltrimethyl ammonium bromide

sodium polystyrene sulfonate against the charge density of sodium polystyrene sulfonate.

Recently, Ranjit De [§7studied aqueous solutions of sodium polystyrenesulfonate in the
presence of NaCl by electrical conductivity. The study meant to undertanchteraction
between counteions with the polyion. By an equation developed by them and by considering
the scaling description for the conformation of a polyion chain, they analysed the specific
conductivity versus polyelectrolyte concentration. Thesestigated the influences of added salt,
polelectorlyte concentration, temperature and molecular weight. Both, the concentration of the
polyelctrolyte and its molecular weight were found to greatly influence coionter

condensation.

1.1.7. Sodium (Polystyrene sulfonate) and its Uses
Sodium polystyrene sulfonate is an organic compound, light amber liquid, odolrlessa
watersoluble polymer with a unique effect, used reactive emulsifiers [40], wateoluble

polymers (coagulants, dispersants, eowdr cleaning agents and cosmetics), water treatment
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agents (dispersion Chemicals, flocculants), sulfur exchange resins (membrane), photographic
agents (membrane), semiconductors, imaging famdheat conduction products [40]. It is well
known that Sodim polystyrene sulfonate (PSS) has strong hydrophilic properties. It is used to
prepare adsorption ultrafiltration membranes and is also used to treat heavy metal water
pollution. It will migrate to the surface of particles when it is gelled with watahdgecasss, it

will be mainly fixed on the surface of the particles or the surface of the pore channels. It is used
in the preparation of ultrafiltration membrane that on not only removes water, macromolecules,
colloids and other substances, but is cépalb can simultaneously removing various toxic and

harmful cations in the water [41].

1.1.8. Synthesis of NaPSS

The sodium salt of the polyelectrolyte polystyrene sulfonate can be preparednisaggeous
reversibledeactivation radical polymerization [RP) approach to synthesize directly from
functionalized monomers to give uniformly and completely sulfonated materials. This was done
by Balding et al [42, 43]. Under simple one pot reaction conditiogysoducible gram scale
syntheses are achieved. Indd#&ion, full monomer conversions are achieved within
approximately 3 h. They found out that reaction variables such as pH, sodium chloride
concentration, and methanol -solvent have a significant effect on the molecular weights
obtained by gel permeatioohromatography coupled with multi angle light scattering. A
parametric optimization, rather than direct variation of the monomer to initiator ratio, resulted in
some of the highest molecular weight polymers. Linear progression betwedrer average
molar massand monomer conversion occurs at a neutral reaction pH, which results in narrow
polymer molecular weight distributions, along with high-gmdup fidelity as demonstrated with

chain extension reactions. This is an up to date method of NaPSS synthesis

1.1.9. Importance of the study

Despite thepreviouslymentioned studieghe effect of different salt concentrations and wide
temperature range on the conductivity of sod{pmlystyrenesulfonate) aqueous solutions have
never beerthoroughlyinvestigated The scientificcontribution of this work is obtaining the
electrical conductivity oNaPSSsolutions in wié rangeof concentratios of NaCladded sa#iat
different temperature The effect of temperature on the conductivity of this polyion has been

studied only by one author and up td@0n pure water [38]. It has to be noted here that only
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few studies on the conductivity of this polyion have been carried out. However, the only study
that directly measured the conductivity of this polyion was atewas a solvent and this study

was indeed an old one [38]. Conductivity measurements are extremely important for the
understanding of the dynamics and ion mobilities of this polyion in particular and of
polyelectrolytes in general. Knowledge of the cartokity of NaPSS deepen our understanding

of its behaviour and could lead to new applications of NaPSS. Through measurement of
electrical conductivity, challenges for the existing theories are provided. So in this thesis work
have studied the effect dfaCl addition in the concentration range of-@X4 M and the effect of
temperature in the range of-555 °C on the electrical conductivity of the polyion Sodium
(polystyrenesulfonate) (NaPSS). To our knowledge, such a study has never been conducted so

far and will certainly contribute to the field of interest.
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Chapter 2

2.1. Experimental Part

2.1.1. Materials

NaPSS was supplied by Signrddrich, with purity of 99.8% ané weight average molar mass
of Mw = 70000 g/mol. It is an organic comynd with the molecular formula §87-NaG:S)n ).
The anionic polyelectrolyte is a white to light yellow crystal. This NaPSS sample was pre

dialysed by the producer.

NaCl from SigmaAldrich with purity that exceeds 99% and molar mass of 58.44ngin

2.1.2. Conductivity Meter

Conductivity measurements were carried out by a modern Orion Star A212 Conductivity
Benchtop Meter (Thermo Scientifi¢) with high precision. The uncertainty of the measurement
was 0.01%.

Figure 2.1. Orion Star A212 Conductivity Benchtop Mef€hermo ScientifiI:M) with high

precision. The uncertainty of the measurement was 0.01%.
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Measurements were carried out in a test tiiat wasimmersedin the water bath until the

temperature in question was reached.

2.1.3. Furnace

A Lab furnace manufactured by CM Furnaces and has a maximum operating temperature up to
¢ 1t rerTwas used for drying salts. The furnace shown in the figumewveas sealed designs that
support atmosphere control necessary for advanced processes including heat treating, sintering,

annealing, glass or ceramic firing.

Figure 2.2. A Lab furnace by CM Furnaces with heating temperaturequprtoe8

2.1.4 Preparation of Solution

In this work, preparation of different concentrations of sohgiwas carried out either by direct
weighing or by successive dilution. In both cassdutionsgive us the sameonductivity
reading exactly. Measurement of each samyds repeated three times and the average value
was tabulatedThe solutionswere prepared and then left them to the next day to made the

conductivity measurments.

To control the temperature of the sample, it was putted in a refrigerated circulating water bath

and its temperature waseasured manually with a thermometer to check it.
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NaCl wsed is a hygroscopic salt, so it was putted in the furnace for two hours to drying and then

waited until it cooled to use.

All glassware (beakers, volumetric flasks, tedtes) were carefully cleaned by filling them with

hot distilled water for several hos and then rinsed thoroughly with distilled. Freshly prepared
distilled water that was used to prepare solutions throughout this work was tested repeatedly for
the values of conductivity to ensure its purity. Distilled water conductivity was measurea@to

the order of 18 S/cm at 298 K. This method of cleaning proved to yield good results.

Figure 2.3. Refrigerated circulating water bath with temperature controllerafainh

accuracv of T3 8
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Chapter 3

3.1. Results and Discussions

3.1.1. Conductivity Results of NaCl in Pure Water

Figure 31a. shows the conductivity of NaCl aqueous soluticas,a function of NacCl
concentration at 298 K. Open circles are the experimental points while the solid line is a linear fit
to the data. Figurd.1b. shows the conductivity of NaCl aqueous solutions as a function of NaCl
concentratiorreported byHervas efal. [43]. The experimental data of this woikin excellent
agreement with that of Hervas @t As can be seen from figureld, theconductivity of NaCl

increases.

40 |-
T = 282 K

Conductivity {rrSferm)
[
T
|

T T T T T T T T T T T T
a.10 0.18 2.20 028 .20 0.35 0.40

Concentration of NaCl {mol /L)

Figure 3.1a. Conductivity of NaCl aqueous solutions as a function of NaCl concentrat
298 K. Open circles are experimental data and the solid line is a linear fit to the data.

19



ow
o O O

y = 80.959x
R® = 0.9959

Conductivity (mS/cm)
— D W ot e 1 O
o o o o o O

L
L

0.0 0.2 0.4 0.6 08 1.0 1.2
Concentration of NaCl (M)

Figure 3.1b. Conductivity of NaCl aqueous solutions as a functiorNatl
concentration at 298 K taken from ref [43].

with increasing NaCl concentration. The presence of ions in the solution causmtheting

properties oklectrolyte solutionsThe greater the concentration, the greater the number of ions

in solution and the greater is the conductarFigure 2 shows the molar conductiviQ of

NaCl aqueous solutions as a function of the sgjuant of the concentration of NaCl. The molar
conductivity decreases with increasing concentration according to th&kne®hK o hr aus ch’ s
law for the conductivity of strong electrolytes:

Q ¢ WMot o (8)
Conductivity(L)= Conductance tell constant 9) (
Q 0D € & WQE 61 OO QE & (10)

whereQ andC are themolar conductivities at a given concentration and at infinite dilution
respectively ancQis a constantThe molar conductivities decrease as a result of increasing
concentration of the electrolytes, compared to what it was at infinite dilution. Chigpmiciaat

this means is that the iean interaction increases as the concentration of salt in solution
increases. The decrease in the molar conductivity comes from different contributions: first the

ion-solvent and second the solveavent interactionsfahe electrolytic solution. It has to be
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mentioned here that there is no contradictbetween figures 3.1a. and figure2 Jecause
theconductivityof a solution is the conductance asfeunit volumeof the solution, buinolar
conductivityis the condu@nce ofthat volume solution containing one mole of electrolyte. So
the conductivity increases with increasing concentration while the molar conductivity decreases

with increasing concentration.

" —5—T=298K| |
108 —
102 —
100 | \ J
L1 \ a

88 - -

m

A mSfemmal)

030 035 040 045 050 055 060 065
VINalll (molf/L)

Figure 3.2. The molar conductivity of NaCl aqueous solutions as a function of the square root
NaCl concentration. The open circles are the experimental data and the solid line is drawn just 1
the eye.

The temperature dependence of the conductivity of Na@agusolution is shown in figure®

As indicated in the figure, open stars, open triangle, open circles and open squares are for 0.1,
0.2 0.3 and 0.4 Molar of NaCl, respectizeAs can be seen from figure33 the conductivity
increases with increasirtbe temperature. This is due to a number of factors. First of all, there is
decrease in the viscosity of the solution and an increase in the mobility iohthesolution.
Secondly there is gain in energy by the molecules of the electrdlgtes), as temperature
increases. This leads the ions to have higher energy and to be in higher state of energy. The
mobility of the ions increasas the energy gained by them is converted to kinetic energy. As the
ion mobility increase so the conductivity of thdutimn increases. The previous concentration
measurements and the explanation provided is already known in the literature and presented in
chamistry text books. The objebiere is to prove that our experimental set up has produced data
that is consistent ith the published and known.
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Figure 3.3. Temperature dependence of the conductivity of NaCl aqueous solutions in differen
concentrations.

3.1.2. Results for NaPSS in Pure Water

Temperature dependence of NaPSS conductivity at different concentrations of Na@k in
water is shown in figure .8(a+b). The concentration range is 0.15 g NaPSS/160&0 g
NaPSS 100 ml distilled water and the temperaturegeus 278 K— 328 K. As can b&een in

the figure, the conductivity increases with increasing temperature. This could primarily be
explained as mentioned above for Pure NaCl which is due to viscosity desrdagereasing
temperature and due to increase in energy that these ions have acquired due to temperature
increase. In order to compare with limited available data in the lite(8yeczak) the
conductivity per gram NaPSS as a function of NaPS®eanration at 298 K was plotted in
figure 35. It is seen in the figure that the conductivity of NaPSS in pure water increases slightly
in the beginning with increasing dilution or decreasing polyelectrolyte concentration and then

rapidlyincreases at high ldiion.
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Figure 3.5. Concentration dependence of the conductivity pen gf NaPSS in pure water ¢
298. Open circle are experimental data and solid line is just drawn to guide the eye.

Szymczaket al [30] measured the conductivity of NaPSS in pure water at 298 K and found a
similar behavior. Howevetheir NaPSS has been prepared from polystyrene sulfonic acid. So in
this case the behavior of conductivity per gram NaB&sbe compared rather than the exact
conductivity values. The same order of magnitude of conductivity was found here as those found
by Szymczak. The behavior of polyelectrolyte conductivity as a function lgklpotrolyte
concentration carot be explaing as those of simple saln the absence of added salt, the
electrical conductivities of dilute aqueous solutions of polyelectrolyte salts increase with
decreasing polyelectrolyte concentration, slightly first followed by a rapid increase at higher
dilutions. The increase in ionization of the polyelectrolytes with dilution ofdhgion by itself
camot explain the behaviour of theonductivity. But rather a wetlefined charge fraction
parameter that is independem the concentration (the ratmf the number of counteions
moving in the opposit direction in an electric fieltb the total number of countens resulted

from the dissociation of the polyelectrolyte) that plays a decisive role of the transport properties

and thus conductivitpf polyelectrolytes solutiong44]. A positive deviation from the limiting
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law was found byszymczakcomparing theory with experiment. This behaviour was found even
at low concentration. Manning [45] mentioned that the degree of coiling of the polyelectrolytes
could have a huge effect on the polyelectrolytes. This is due to the influence of the frictional
constant of the polyelectrolyte. At higher polyelectrolyte concentration there is coiling of the
polyion which, might be responsible for the increase in the cetortenobility with increasing
concentration [46]. It haseen mentioned here that dueth® strong electrostatic interactions
between counteons in solution and charged groups on the polyelectrolyte chain, electrical
transport properties of aqueous pdbctrolyte solutions, differ from their neutral polymer

solutions and those of simple electrolytes-§%j.

The increase in NaPSS conductivity with temperature is definitely not simple to interpret. The
contribution of the norf€oulombic forces to the thmodynamic quantities have been revealed by
temperature effects and this have been observed in calorimetric studies of the same system [56].
Due to the temperature dependence of the viscosity of water, which is usually the solvent in most
studies, signifiant influence of the temperature is to be expected and indeed have been found in
the case of the transport properties in these systems. This also determines the ionic mobilites and
hydrodynamic interactions, among ions [38].

3.1.3. Results for NaPSS in Salt Solutions

Temperature dependence of NaPSS conductivity in 0.1 M, 0.2 M, 0.3 M and 0.4 M NaCl
solutions is shown in figures 3.6(a+b)3.9(a+b), respectively. These figures are also at
different NaPSS concentration ranging from 0.1.52)0 g NaPSS ii100 ml of distilled water.

Also here the conductivity is seen to increase with increasing temperature, NaPSS concentration
and the concentration of NaCl. The interaction between different polyelectrolytes, polycation and
polyanion and sodium chloride in @@pus solutions have been investigated using electrical
conductivity. The conductivity data in these studies was coupled with a developed model using
the scaling description for the conformation of a polyion chain. It has been found that high level
of courter-ion condensation takes place with decreasing polyelectrolyte concentration. The same
trend was found for increasingmperature and increasing additemple salt concentration. An
increase in the dielectric constant of the solvent was caused bgraase in the concentration

of the polyelectrolyte accompanied by a reduction in cotintecondensation. Higher counter

ion condensation and dehydration of the courties was found with increasing the temperature.
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The role of the monomer size and itdeetive charge explained the variations of polyion

equivalent conductivity with salt concentration, polyelectrolyte concentration and temperature.
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In these systems, the charge effects govern the variation of the polyelectrolyte condudtivity wi
the concentration of simple added salt. On the other hand, the size effecsdogerariation of

the polyelectrolyte conductivity with the concentration of the polyelectrolyte. Recently, Ranjit
De [57] studied aqueous solutions of sodium polystyrnfonate in the presence of NaCl by
electrical conductivity. The study meant to understand the interaction between -Gonsiterth

the polyion. By an equation developed by them and by considering the scaling description for the
conformation of a polyiorchain, they analysed the specific conductivity versus polyelectrolyte
concentration. They investigated the influences of added salt, polelectorlyte concentration,
temperature and molecular weight. Both, the concentration of the polyelctrolyte and its
molecular weight were found to greatly influence cousiter condensation. The molecular
weight and the concentration of the polyelectrolyte was found to influence the extent of the
counterion condensation. From Ranijt De study, information on the importahttee size and
charge of the polyelectrolyte were provided by the conductivity measurements coupled with their
derived friction coefficient (between the polyion monomer units and the solvent). The overall
results have been elucidated taking the mediugtediric constant, the hydration behaviour of

the countefions, and the coiling behaviour of the polyion chains into account. However, Ranjit
De study has been carried out at only three different temperatures, namely at 298 K, 308 K and
318 K and at mucholver NaCl concentrations namely, 0.0001 M, 0.001 M and 0.01 M NacCl.
The work presented in this thesis work has extended the study to a wider NaPSS concentration,

wider temperature rangand more concentrated NaCl salt solution.

Going back to figure§3.6), (3.9), one can see that the difference in conductivity with increasing
NaCl concentration becomes smaller with incnegdNaPSS concentration. Figurel@ shows

the NaPSS solutions conductivities as a function of temperature at different NaCl coleentrat

for constant NaPSS concentration of 2.0 g NaPSS/100 ml solution. It is clearly seen that the
conductivity increases with both temperature and increasing NaCl solution. Of course there is
large contribution to the conductivity due to the presence cfahis. The reason for these effect

can be explained by the same arguments mentioned above. This figure is presented to clarify the
behaviour of conductivity with temperature and NaCl concentration.
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Figure 3.10. Temperature dependence of NaPS&i@olconductivity at different NaCl
concentration for a constant NaPSS concentration of 2.0 g NaPSS / 100 ml of distilled
water.

Figure 311 shows the conductivity per gram of NaPS& &snction of NaPSS concentration at

298 K for NaPSS in pure water and in 0.1 M, 0.2 M, 0.3 M and 0.4 M NaCl as is indicated in the
figure. The conductivity presented in this work is similar to the equivalent conductigggmed

by Ranijit De [57]. Theauthors found the same trend of the conductivity fametion of polyion
concentration, though they carried out their measurements only at three diféengetratures

and at lower NaCl concentrations. Nevertheless, the general behaviour is the sathecasé®

and our conductivity behaviour is in consistent with their data. The general behaviour which
talked about here is the following: in the beginning the conductivity decreases rapidly with
increasing NaPSS concentration and then settles down andtabemomes constant at large
concentration of NaPSS. However, our data show a more significant decrease in conductivity per
gram NacCl than those presents by Ranijt De. Our conductivity curve is steeper than that of
Ranijt. This is probably due to much higr NaCl concentration used in this work. FigBre2

shows NaPSS conductivity as a function of NaPSS concentration in pure water and in different
NacCl solutions as is indicated in the figure at 298K
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As can be seen from the figure the presencelbhaa a significant influence on the conductivity

of NaPSS solutions as conductivity increases largely with increasing NaCl concentration.
Polyelectrolyte conformation and polyelectrolgieunterion interaction change when a salt is
added. The previoudfect will lead to a different degree of counter 4oondensation. In salt
media, the dissociation of the couniens was found to be significantly reduced. Reduction of

the counteiion dissociation was found to occur at different temperatures. An olisarveas

noticed through different studies on the polyelectrolytes solutions that the higher the temperature
the higher the reduction in counten dissociations. Through different studies mentioned in this
thesis the polyelectrolyteounterion interactons was largely influenced by the charge density
along the polyelectrolyte chain. The charge density is greatly affected by the presence of added

salt [58]. It has been claimed that the simple additivity given by:
Q T Q (6.1)

where Q is the conductivity of the polyelectrolyte in the presence of a ®ltjs the
conductivity of the polyelectrolyte in the absence of a salt'@rid the conductiity of the salt
without the polyelectrolyte, does not hold and therefore modification has to be applied [58]. This
modification is given by:

Q 0 0 -— (6.2)

whereO is the diffusion coefficient of the eion in polyelectrolyte salt solution ar@ is that

in a salt solution as the salt concentration approaches zero. My data confirm this assumption and
is represented by figure. B3 which shows the conductivity of NaPSS solutions in pure water and
that in pure water plus the conductivity of 0.1 M NaCl solution without NaPSS and the
conductivity of NaPSS in 0.1 M NacCl. In fact, the additivity rule is valid at low polyelectrolyte
sdution and deviates at high polyelectrolyte concentration. My degaltadds to the existing

data in the literature that the higher the temperature and the higher the polyelectrolyte
concentration the less the deviation from simple additintg. Thisis shown in figure 34

which shows the conductivity of NaPSS solutions in pure water and the conductivity of NaPSS
in pure water plus the conductivity of 0.1 M NaCl without the NaPSS, at two temperatures of
298 K and 323 K, respectively. It is clearly sebat as the temperature increases the difference

between the conductivity of NaPSS solutions and that of the conductivity of NaPSS + the
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conductivity of the 0.1 M NaCl becomes smaller. It is aderesting to note (in figure. B4) that
the conductivityof NaPSS solutions in pure water increases as temperature increases at higher

NaPSS concentration§his is represented in figurel3 by the solid and open circles.
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Figure 3.13. The conductivity of NaPSS solutions in pure Wa}ﬁrc(hnductivity of NaPSS
+ the conductivity of the 0.1 M NaCl in pure watey tkk) and the conductivity of NaPS!
in 0.1 M NaCl at 298K.
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Figure 3.14. The conductivity of NaPSS solutions in pure wa@ar({knductivity of
NaPSS + the conductivity of the 0.1 M NaCl without NaPSS+(H) and the
conductivity of NaPSS in 0.1 M NaCI,pQ(at 298 K and 323 K.

One of thanteresting results this thesis work i@ the results shown in figet315 which shows

the conductivity of NaPSS in pure water and in different NaCl concentration where the
conductivity of the NaCl salt was subtracted. This figure is different fromefig§d4 andin fact
summarises our resulits this thesis work. In tsifigure what is drawn is the pure contribution of
the conductivity due to the presence of the polyelectrolyte only. That is, this figure gives an
indication of the transport of charge by the polyelectrolyte in salt free environment in

comparison to its ality in presence of salt.
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Figure 3.15. The conductivity of NaPSS in pure water and in different N
concentrations where the conductivity of the NaCl salt was subtracted at 298 K.

This interesting result shows that NaPSS is better able to transport charge when no salt is
present. That is in pure water. The conformation of the polyion in pure water differs substantially
from its conformation in salt &ations. In pure water it has an extended conformation due to
chargecharge repulsion on its back bone while in the presence of salt this repulsion is screened.
It seems that the salt hinders the ability of the polyion in transporting charges whiléphlisgr

effect does not exist in pure water. In addition, it seems that the pagibmteractions plays

very important role in charge transport phenomena of polyelectrolyte solutions. What is also
interesting to note in figure.B5 is that the highehe salt concentration the lower the ability of

the polyion to transport charges. This is clearly seen when comparing open stars with open
circles in the figure. To add more to this interesting result, we claim that the higher the salt
concentration the higer the polyiorsalt interaction and the nmrof this crippling effect.lis
alsointeresting to note in figure.B5 is that when one compares the open circles and open stars
below the vertical dashed line at low NaPSS concentration then an oppositesefiestrved.

That is at low NaPSS concentration the contribution of NaPSS to the conductivigysaiitiion
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is higher in the salsolution than in salt free solution and that this contribution increases with
increasing salt concentrationfo make thingsmore clear lgs compare vales of the
conductivity. Table 3 shows a comparison between conductivity values at two different NaPSS
concentration of 0.3 g/100 ml and 2.0 g /100 ml and two different NaCl concentrations. This

table confirms the previousstiussion.

Table 31. Comparison of conductivity values at two different NaPSS concentrations and two NacCl

Concentrations.
NaPSS concentration (g/100 0.3 2.0
NaCl concentration (M) 0.10 | 0.30 | 0.10 | 0.30
Conductivity (mS/ cm) 066 | 1.34 | 5.20 |4.36

It has to be remembered that the accuracy of the conductivity meter is very high and is less than

1% so the g&lues of conductivity in table.B. reflect this accuracy.

4. Conclusions
In this thesis work the conductivity of NaPSS solutions was stadiedfunction of temperature,

NaPSS concentration and NaCl salt concentration. It is found that:

1. Conductivity of NaPSS increases with increasing temperature. This increase can be
explained by many factors. One is the decrease in the solution viscosityevéhsing
temperature, which lead to increase in mobility of the conducting species. The other is the
increase in energy of the conducting species with increasing temperature which enhances
the mobility of the conducting species. A third factor is therekese in the fraction of free
counterions. At higher temperatures, there will be a gradual dehydration of the counter
ions and more dissociated sites on the polyelectrolyte chain. These combined effects
result in more countdon condensation. In additip and as the temperature is raised

there will be higher electrostatic attraction between the surface charges on the polyion
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and the dehydrated. At higher temperatures, there will be lower degree of goanter

condensation.

. The conductivity increases wWitincreasing NaPSS concentration. An increase in
polyelectrolyte concentration will cause an increase in the dielectric constant of the
solvent and this in turn will cause a decrease in the Bjerrum length. The length scale
between the dissociated sites thie polyelectrolyte is set by the value of the Bjerrum
length. This increase in the dielectric constant of the solvent will lead to lower counter
ion condensation. At higher polyion concentration this effect is more important.

. The polyion conductivity ifound to increase as the concentration of the added salt
increases. Countéon condensation is higher as the salt concentration is higher and there

will be also less effective charge on the monomer.

. The contribution of the polyion to the solution condwtyiis more in pure than in salt
solution only at high NaPSS concentration. At very low NaPSS concentration its

contribution is less in pure water and higher at higher NaCl concentration.

. The additivity rule: that the conductivity of the polyelectrolytesalt solution is equal to
the sum of its conductivity in pure water plus the conductivity of the salt alone is not

valid at high NaPSS while it is valid only at low NaPSS concentration.

. The conductivity of NaPSS in water is higher at higher temperatmtgsat high NaPSS
concentration. At very low NaPSS concentrations the temperature effect is weak.
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