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Abstract

The aim of this thesis was to study the factors affecting cationic polymerization of acrylamide and

by performing polymerizations with alternating reaction parameters.

Polyacrylamides are widely utilized as additives and auxiliary substances in paper industry, water
treatment, and other industrial processes. The diverse utility of these polymers is linked to their
functionality, structure, and molecular mass. Ionic copolymers of acrylamide can be used as
flocculants as they are able to agglomerate particles due to their chemical properties. Polyacrylamide
is also highly soluble in aqueous solutions and this promotes its usage in various applications in

chemical industry.

Although the polymerization of acrylamide has been studied extensively, a comprehensive kinetic
model for predicting propagation of the reaction has not been successfully established. In this report
several polymerizations of acrylamide were conducted with varying initial temperature, monomer
concentration, cationicity and initiator concentration in order to study the effects of specific factors
on reaction rate, standard viscosity of the product, and conversion. The results were applied in

constructing a kinetic model for polymerization of acrylamide.

According to the obtained data, moderate monomer concentration and initiation temperature, low
cationicity, and high initiator concentration promote rapid polymerization rate and decrease

monomer residues.
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Tiivistelma

Tamén diplomityon tavoitteena oli tutkia akryyliamidin kationiseen polymerointiin vaikuttavia

tekijoitd. Tutkimuksessa suoritettiin lukuisia polymerointeja eri reaktioparametrein.

Polyakryyliamideja kdytetdan laajasti lisd- ja apuaineina paperiteollisuudessa, veden puhdistuksessa
ja monissa muissa teollisissa prosesseissa. Polyakryyliamidien laajat kdyttomahdollisuudet johtuvat
niiden funktionaalisuudesta, rakenteellisista ominaisuuksista ja molekyylimassasta. Akryyliamidin
ionisia kopolymeerejd voidaan kayttda esimerkiksi selkeyttdjind niiden kemiallisten, agglomeroivien
ominaisuuksien vuoksi. Polyakryyliamidin monipuolista kdyttod kemianteollisuuden sovelluksissa

tukee my0s sen vesiliukoisuus.

Vaikka akryyliamidin polymeroitumista on tutkittu laajasti, ei laajamittaista kineettistd mallia
reaktion etenemiselle ole onnistuttu kehittdmdidn. Tassd tyossd tutkittiin yksittdisten tekijoiden
vaikutusta reaktionopeuteen, tuotteen viskositeettiin ja konversioon suorittamalla useita
akryyliamidin polymerointia vaihdellen alkuldmpoétilaa, monomeerin konsentraatiota, kationisuutta
ja initiaattorien konsentraatiota. Tuloksia kéytettiin apuna akryyliamidin polymeroinnin kineettisen

mallin muodostamiseen.

Saavutettujen tulosten mukaan maltillinen monomeerikonsentraatio ja alkuldmpdtila, matala
kationisuus seké korkea initiaattorien konsentraatio edistdd nopeaa polymerointinopeutta ja kasvattaa

konversiota.

Keywords Polyakryyliamidi, kineettinen mallinnus, redox-polymerointi, kationinen polymerointi
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Abbrevations

AM
APAM
CM
CPAM
CR
DLS
DTPA
ESR
FIR
FTIR
GC
GPC
HPLC

MIR
mol-%
mPas
MS
MW
MWD
NIR
NMR
NPAM
PAM

Acrylamide

Anionic polyacrylamide
2-(acryloyloxy)ethyl) trimethyl ammonium chloride
Cationic polyacrylamide
Cationicity ratio

Dynamic light scattering
Diethylenetriaminepentaacetic acid
Electron spin resonance
Far-infrared

Fourier-transform infrared

Gas chromatography

Gel permeation chromatography
High-performance liquid chromatography
Infrared

Disproportion rate coefficient
Propagation rate coefficient
Termination rate coefficient
Transfer rate coefticient

Laser diffraction

Number-average molecular weight
Mid infrared

Molar percent

Millipascal

Mass spectrometry

Molecular weight

Molecular weight distribution
Near infrared

Nuclear magnetic resonance
Nonionic polyacrylamide

Polyacrylamide



PLP
R1

RSD-%
SEC
SP-PLP
SV

To

Trmax

T1

uv

wt-%

Pseudostationary pulsed laser

Ammonium iron(IT) sulfate hexahydrate
Ammonium persulfate

Relative standard deviation percent

Size exclusion chromatography

Spectroscopic measurement of single laser pulse
Standard viscosity

Initial temperature

Maximum temperature
2,2'-azobis(2-methylpropionamidine) dihydrochloride
Ultraviolet

Weight percent
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1  Introduction

Polymerization is one of the most essential reaction types in chemical industry. In
polymerization, a monomer is attached to another monomer forming a larger unity,
polymer. Among many other compounds, plastics and proteins can be classified as

polymers. The properties of reaction conditions and compounds affect the outcome.

Homo- and copolymers of acrylamide are commonly known by the name
polyacrylamides. Utility of acrylamide is related to its chemical structure, functionality,
and molecular mass. Applications, such as water and sewage treatment, mining,

papermaking and oil production use polyacrylamide mainly in separation processes.

Like most chemical reactions, a wide range of process parameters has an effect on
polymerization. Minor alternations in the reaction conditions can influence the product
and reaction extensively. Therefore, various experiments with altering variables one at a

time are needed to observe the effect of the specific conditions.

The purpose of kinetic modelling of acrylamide polymerization is to generate a model
that can be applied in process simulation, process and product optimization, and to create
modeling strategies for more complex polymerizations. Polymerization of acrylamide has
been widely studied but a kinetic model for the polymerization of acrylamide that would

take all reaction parameters in account is not yet been developed.

In this study, several process parameters, such as initial temperature, monomer
concentration, and initiator concentration were altered, and properties of the polymer
products measured. The aim of this study was to study the effect of the parameters on the

reaction kinetics and to conduct data for kinetic modelling of the polymerization.



Literature part

2 Properties of polyacrylamide
In this chapter, polyacrylamides are presented and their most common applications in

industrial scale are discussed. The markets of the compound are also briefly reviewed.

2.1 Polyacrylamide (PAM)

Polyacrylamide (PAM) is formed in polymerization reaction of acrylamide (AM,
C3HsNO), which is a molecule that contains a vinyl and an amine group. Homo- and
copolymerization and reactions of acrylamide can form nonionic, anionic and cationic
polymers (Huang et al., 2000). Anionic copolymers consist of acrylic acid and its salts,
whereas cationic esters of acrylic acids are known by the term cationic acrylamides

(Herth et al., 2000).

Acrylamide is produced either by the hydrolysis of acrylonitrile by nitrile hydratase or by
using copper salts as a catalyst. Nitrile hydratase is an enzyme which can be found in
various microorganisms and the first method is considered more sustainable as the waste
stream of the latter method contains environmentally harmful components. Therefore, the
use of microbial enzymes has become widely approved method for the production of

acrylamide (Endo, 2001).

The unique chemical structure, molecular mass and functionality with solubility in
aqueous solutions leads to wide-scale utility of PAM. Reaction temperature,
concentration of monomer, initiator and other compounds, and amount of oxygen the
main factors affecting the reaction properties of acrylic acid containing polymers (Herth
et al., 2000). Solubility in water and in a few other solvents stems from acidity and the

amide group (-CONH>) (Huang et al., 2000).

Acrylamide monomer and its repetitive polymer unit are presented in Figure 2.1.



Figure 2.1. Acrylamide (left) and its polymer unit.

Since anionic and cationic PAM are copolymers, they consist of two different monomers.
Anionic and cationic PAM are formed when acrylamide polymerizes with an anionic

monomer or a cationic monomer, respectively (Huang et al., 2000).

Acrylamide monomer is toxic and carcinogenic (Fisher Scientific, 2007). PAM 1is

classified as irritating compound (Fisher Scientific, 2008).

2.1.1 Nonionic polymerization
Nonionic polyacrylamides (NPAM) can be either homopolymers or copolymers.
Nonionic polyacrylamides are neutral. The polymerization occurs via radical

polymerization, which is described in Chapter 3.1.

NPAM can have a high range of molecular weights and production costs are generally
low. Hence, NPAM is widely used in industrial scale. However, the nonionic composition
limits the use in different applications. Ionic PAM have much larger scale of functionality

(Huang et al., 2000).

2.1.2 Anionic polymerization

Anionic polyacrylamides (APAM) are result of copolymerization between a neutral
acrylamide monomer and an anionic monomer. A carbon attached to the double bond of
the acrylamide stabilizes the negative charge of the anionic monomer through charge
delocalization. The substituent acts as an electron-withdrawing agent. Activation energy,
E,, of anionic polymerization is smaller than the E, of nonionic polymerization (Hsieh,
1996). Typically, APAM is formed by hydrolysis of the amide group to a carboxylic
group. An example of anionic polymerization is copolymerization of acrylamide and

sodium acrylate, presented in Figure 2.2.
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Figure 2.2. Acrylamide/sodium acrylate copolymer.

Temperatures and activation energies of anionic polymerization reactions are generally
lower than in free radical polymerization. Resulting possible rapid exothermic reactions
are usually prevented with using diluents (Schildknech, 1958). At high pH the reactivity
ratio for acrylamide is high (Huang, 2000).

Initiator should have a reactivity similar to that of the anionic species to avoid side
reactions or inefficient initiation reaction. The stability is deduced from the p K, values of

the conjugate acids (Quirk, 2002).

2.1.3 Cationic polymerization

In contrary to anionic polymerization, cationic polymerization is done by polymerizing
acrylamide with a cationic initiator or monomer. An electron-donating substituent is
essential to activation of cationic initiation and propagation. Propagation occurs by
addition of the growing chain to double bond of the monomer. Resulting product is called

cationic polyacrylamide (CPAM) (Matujaszewski, 1996).

Typical example of a cationic PAM is polyacryloyloxyethyltrimethyl ammonium
chloride (PDAC) which is a polymerization product of acrylamide and [2-
(acryloyloxy)ethyl) trimethyl ammonium chloride] (CM). A PDAC unit is presented in

NH, O—(-CHZ—)z—N

Figure 2.3.

cl s

N

Figure 2.3. Polyacryloyloxyethyltrimethyl ammonium chloride.

Like APAM, CPAM requires less activation energy for a reaction than a nonionic

polyacrylamide. The solvent is also in a major role in polymerization reaction as the



ability of a solvent to form free ions affects the reactivity of the propagating chain

(Matujaszewski, 1996).

2.1.4 Copolymerization

In copolymerization a mixture of different monomers are polymerized to produce
polymers that consist of units from each monomer. The resulting polymer has properties
that are combined from the parent monomers. This provides a diverse range of materials
and polymer properties. Copolymerization can be applied when anionic or cationic

polymer of acrylamide is desired.

Similar to homopolymerization, free-radical copolymerization has initiation,
propagation, chain transfer and termination steps. The presence of multiple types of
monomer add more complexity to the reaction kinetics. At propagation steps, different
monomers can be attached into the growing polymer radical and this can result in
countless different propagating radicals that have alternating composition and distribution

also affecting the chain-end composition (Buback et al., 2007).

2.2 Applications for PAM

Solid-liquid separations are major application segment for polyacrylamides. High
molecular mass is attainable due to high polymerizability of acrylamide, which is useful
when using the polymer as a flocculant or a thickener in wastewater industry. In
flocculation, individual polymer particles form larger agglomerates. Reducing the

molecular mass allows usage as dispersant and scale inhibitor (Herth et al., 2000).

Since environmental issues have become increasingly important in water treatment,
technologies for producing cationic PAM have addressed this need. The effective
dewatering properties of cationic PAM has enabled drier dewatered solids. Hence, the

costs of landfill and solid incineration have decreased (Huang et al., 2000).

In paper industry, polyacrylamides have vastly been used in on-machine wet-end
processes. They are used as flocculants, bind fillers, fibers and pigments in paper retention
and drainage. Glyoxalated cationic polyacrylamide can be used for paper sizing as

promoters and strengthening aids (Huang et al., 2000).



Polyacrylamide is used in mineral and mining industry as a flocculant. The wastewater
produced in mining contains environmentally problematic compounds such as kaolinite
which must be separated from the water (Kutsevol et al., 2017). Ultra-high molecular
weight technology and novel anionic polyacrylamides have become well-known
flocculants in coal mining, precious metals recovery and in the Bayer process. Low
molecular weight polyacrylamides are used as modifiers in metal sulfide and magnetite

separation (Huang et al., 2000).

For anionic polyacrylamides having carboxyl contents of approximately 30 % and high
molecular weight, polymer flooding in oil recovery is an important use. Polymeric
hydrogels are used in profile modification process, where the flooding water is diverted
from high permeability areas to lower permeability oil areas. Other oilfield applications
for polyacrylamides include cement additives for fluid loss control and viscosity control
additives for drilling muds. Copolymers of acrylamide are used for fracturing fluids

(Huang et al., 2000).

Other applications for PAM are, e.g., super absorbent, soil modification. humidity control

and protein purification (Hansora, 2013).

2.3 Market review

In 2016, the global market size of polyacrylamide was estimated USD 4 billion. Since
polyacrylamide has become relatively profitable to use in large-scale operations, the
demand for the product in wastewater treatment, oil & gas industry, paper production and
food industries has increased in recent years and is predicted to continue growing. The
market is estimated, depending on the source, to achieve USD 6.8-7.7 billion by 2025.
Multinational companies including CNPC, SNF Group, BASF and Kemira account for
50 % of'the overall market (Grand View Research, 2017; Transparency Market Research,
2017).

The market forecast for acrylamide in different application segments is presented in figure

2.4.
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Figure 2.4. Polyacrylamide market forecast from 2014 to 2025. (Grand View Research, 2017)

The environmental regulation has speeded up water treatment and therefore consumption
of polyacrylamide. Paper making and mining industries are also expected to develop and
gain growth in the next ten years (Grand View Research, 2017). Among polyacrylamide
market segments, powder form is the leading part. The selling prize vary depending on

the form and type of the product (Transparency Market Research, 2017).

The polyacrylamide market can be divided into five regions: North America, Europe,
Asia Pacific, Latin America and the Middle East & Africa. In 2016, Asia Pacific had the
greatest market size with North America followed by Europe holding the second and third
places, respectively. It is predicted that the demand will dip by 1.4 % in Europe by 2025
whereas North America will gain even more market share (Transparency Market

Research, 2017).



3  Polymerization of acrylamide
In this chapter, the basics of acrylamide polymerization are presented. Variables that

influence operation and product are also discussed.

3.1 Free-adical polymerization

Free-radical polymerization is one of the most common polymerization method in
industrial scale. Almost 50 % of all synthetic polymers are produced by radical
polymerization. The reaction can be divided into four main steps (Huang et al., 2000).

The steps are presented in Scheme 3.1.

Initiator decomposition [, — 2I*

ki
Chain initiation I'+M - Rj
) . . kp .
Chain propagation Ri+M - R,
. ktr
Chain transfer Ri+S — Ri+P
Kec,
Chain termination R; + R]’f‘ —ted Pi,j or P+ P

where R;" is a radical of chain length i, I is initiator, M is monomer, S is

transfer agent and P is polymer.

Scheme 3.1. Polymerization steps

A free radical is generated in initiation step. Radical initiators are substances that produce
radical species either by thermal or photochemical decomposition. Typical initiators are
azo or diazo compounds and peroxides. Free radicals can also be generated by redox

reactions, i.e. dissociation by irradiation and oxidation-reduction reactions (Ebewele,

2000).

A free radical attacks the double bond of'a molecule in propagation step. The active center

is transferred to a new monomer when an electron is shifted to an “unattacked” atom



which now becomes a new radical. These stages continue until termination step (Ebewele,

2000).

The propagation comes to its end when termination occurs. If the termination happens via
combination, two polymer chains combine, and the active sites are terminated.
Termination can also occur as disproportionation, where a hydrogen atom is transferred
from one polymer to another and two polymers with a saturated end and, in most cases,

an unsaturated terminal olefin are formed (Ebewele, 2000).

In addition stage chain transfer can also occur in radical polymerization. In chain transfer
radical reactivity is transferred to another species such as a monomer, a polymer, a

solvent, an initiator

The polymerization rate of acrylamide depends on monomer concentration, initiator
concentration and solvent. The pH also influences the polymerization kinetics by

affecting the rate of the initiator decomposition (Herth et al., 2000).

3.2 Operation variables
3.2.1 Initiation temperature
When polymerizing acrylamide adiabatically with a thermal initiator, the temperature
determines the rate at which radicals are produced. Different thermal initiators decompose
at different temperatures and the reaction will not begin until the decomposed initiator
starts to react with a monomer. Azo- and peroxy-type molecules are the main classes of

thermally decomposing initiators (Thomas et al., 1985).

Initial temperature has an effect on molecular weight and polymerization rate. The
polymer structure is also affected by the temperature since the branching may occur above
a certain temperature. Increased initial temperature may result in decreased viscosity and
molecular weight of the polymer (Wu et al., 2009). In case of redox-initiation, the
polymerization reaction begins earlier by increasing the initial temperature and at higher
temperatures less time is needed to achieve high conversion (Mahdavian et al., 2004).
However, too low initial temperature may prevent the initiation, especially when thermal

initiator is used.



3.2.2 Monomer concentration and cationicity ratio

Monomer concentration affects the molar weight of the product. The higher the
concentration of the acrylamide monomer in initial solution is in batch reactors, the higher
the conversion rate of the polymerization is. With higher polymerization rate, the time to
achieve certain conversion from monomer to polymer is also higher (Preusser et al.,
2016). However, with overly high monomer concentrations (over 40 wt-%) the
polymerization may not reach the optimal rate due to sharp and uneven initiation reactions

especially with photoinitiation (Wu et al, 2009).

The rate of free-radical redox polymerization has been found to be proportional to the
monomer concentration to the power 1.2-1.5 the rate constant at 25 °C and pH 1. The rate

may, however, vary depending on the initiator and reaction conditions (Hansora, 2013).

Due to effect on the polymerization rate, the feed concentration also affects viscosity. At
low monomer concentrations, the viscosity of the product increases with polymerization
time and achieves a steady plateau at relatively early stage. Moderate acrylamide
concentrations provide for a linear trend in the increase of the polymer viscosity.
However, at high acrylamide concentrations (1 M) the viscosities of the polymer solution
increase exponentially with time. This effect is due to increasing probabilities of
polymerization reactions and intermolecular associations when the amount of monomer

concentration is increased (Lee et al., 2012).

The conversion of the reaction can be evaluated from the amount of monomer
concentration in steady state. To avoid monomer residues and maximize the

polymerization rate, high conversion is desired.

Cationicity ratio (CR) of the monomer is another factor that influences the cationic
polymerization. CR is defined as the percentage of mean number of cationic sites in a
monomer. The optimal ratio of cationicity provides for desired molar weight of the

product and, thus, solubility and the flocculation properties (Klute et al., 1992).

3.2.3 Initiatior concentration
Typically, the rate of polymerization is proportional to the square root of the initiator

concentration (Hansora, 2013). The initiation step continues, and the rate of the
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polymerization increases to a maximum until the monomer or initiator is consumed
(Thomson, 1983). The ionic ratio of a redox-system, however, should not exceed
appropriate limit. When using e.g. ammonium persulfate-sodium bisulfite redox couple
as initiator, the concentration ratio of 2: <1 has been found efficient. Increasing the
sodium bisulfite concentration results in decreased conversion of polymerization (Lee,

2012).

3.2.4 Initiator type

The main initiator types for polymerization are thermal initiators, photoinitiators and
redox-initiators. Thermal initiators promote formation of active species by decomposing
thermally, whereas photoinitiators decay upon irradiation with ultraviolet (UV) or visible
light. Redox-initiators form one radical which increases initiation efficiency (Thomas et
al., 1985). Suitable initiators for polymerizing acrylamide are azo compounds, peroxides,

redox systems, x-rays, gamma rays, persulfates and electro initiation (Hansora, 2013).

The initiator type influences the reaction kinetics and the rate of acrylamide
polymerization. When selecting initiator, reaction type and properties need to be taken in
account. For example, if the initiation temperature is low, thermal initiators are not a
convenient choice since they normally decompose at temperature range of 30-70 °C.
Common thermal initiators are diazenes, hyponitrites, peroxides and persulfates (Thomas
et al., 2000). The reaction is characterized by the half-time ¢, at a certain temperature,

given by equation 3.1. Half of the initiator molecules are decomposed in the half-time.

where 7 is the half-time and 4, is the disproportionation rate coefficient.

The activation energy needed to initiate redox polymerization is relatively lower
compared to thermal polymerization (Lee et al., 2012). This implies that redox systems
are less sensitive to temperature Common redox ion couples are persulfate-bisulfide,
persulfate-thiosulfate,  persulfate-tertiary —amines and peroxide-Fe’". Redox
polymerization is suitable for aqueous solutions, but it can also be carried out in organic
media. Redox system often forms one radical that increases initiation efficiency by

eliminating cage termination. Some systems provide two radicals (Thomas et al., 1985).
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3.2.5 Dissolved oxygen

In polymerization of acrylamide, the presence of oxygen is a significant factor. Oxygen
can react with other compounds such as hydroxy radicals which can attack the polymer
backbone. Oxidizing agents, such as KMnQs, cause degradation that leads to reduced

molecular weight, crosslinking and chain stiffening (Huang et al., 2000).

The monomer solution can be deoxygenated by sintering an inert gas, such as nitrogen,
through the solution. The level of deoxygenation is evaluated by measuring the oxygen
level (Herth et al., 2000). Efficient deoxidizing can be ensured by using large surface area

of inert gas, i.e. small bubbles instead of large bubbles.

3.2.6 Mass transfer and diffusion limitations

The polymer particle exchanges mass and heat continuously during propagation step.
Mass transfer resistance is low in the early phase of polymerization, but increases as the
polymer particle grows and viscosity increases. Polymerization reactions are reaction

limited before gel point, and diffusion limited afterwards (Al-Moameri, 2017).

Diffusion in liquids and solids is relatively low compared to diffusion rate in gases. Value
of diffusion depends on temperature, pressure, solute size and viscosity. In polymers,
diffusion is complex, and the rate lies between those in liquids and solids. Degree of
polymerization, polymer network, viscosity and concentration strongly influence the
diffusion rate. In general, diffusion can be studied with Fick’s law which is presented in

equation 3.2.
= —AD _8c 3.2
] 0z ( ’ )

where J is the flux, 4 the area across which diffusion occurs, D the diffusion coefficient,
¢ the concentration, z the distance and % the gradient of the concentration along the z axis.

If no convection occurs and the area is unitary, 4 = 1. Several models have been

developed for polymerization reactions (Masaro et al., 1999).

Diffusion may limit initiation, propagation and termination. Termination reaction is
considered as always being diffusion controlled. Termination rate coefficient values

depend, in addition to temperature and pressure, on other earlier mentioned parameters
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that an effect on the diffusive motion or the radicals being terminated. In propagation
step, the diffusion is limited at temperatures below the glass temperature when the
movement of molecules is restricted. This results in decreasing conversion. Diffusion
control does not have a significant effect on initiation step, but it can influence monomer

conversion in bulk polymerization (Achilias, 2007).

3.3 Product variables

3.3.1 Molecular weight

As described earlier, the molecular weight of the product can vary over a wide range
depending on process variables. Initial concentrations of monomer and initiator, initiator
type, temperature and possible inhibitors are the main factors affecting the molecular
weight of the product. The final molecular weight of polyacrylamide can be controlled
by altering process parameters. Generally, high monomer and moderate initiator
concentrations, optimal temperature and removal of impurities and oxygen promote high
molecular weight. However, high molecular weight promotes decrease in the yield of

polyacrylamide (Ozeroglu et al., 1996).

3.3.2 Standard viscosity

Viscosity of a fluid describes its resistance to gradual deformation by shear or tensile
stress. In polymerization, the viscosity usually increases with polymer concentration and
increasing molar weight of the polymer. Standard viscosity (SV) is the viscosity of a
substance at a particular concentration. The properties of the solution affect the SV of the
polymer. Temperature, additives, molecular mass and shear rate influence the rate of
viscosity (Olabisi et al., 1997). SV measurement gives only one value for viscosity which
cannot be extrapolated. If multiple viscosity points are desired, inherent viscosity

measurement is a more reliable method.

The viscosity of polyacrylamide increases rapidly even at low monomer concentrations.

Therefore, mixing and sample collection can prove as problematic.

3.3.3 Monomer residues
Monomer residues are leftover monomers that remains unreacted in the polymerization.
High amount of acrylamide monomer residues refers to lower polymerization rate which

can be caused by unfavorable reaction conditions. Due to hazardous properties of
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acrylamide, high conversion to polymer is preferred. For example, the amount of

acrylamide has been limited to 0.1-0.5 ppm in cosmetics (Int. J. Toxicol., 2005).

3.3.4 Dissolution time of dry polymer

Solubility describes the ability of a solute to dissolve into a solvent at a certain
temperature. Good solubility of PAM is in an important role in its applications as the
undissolved particles affect the performance of the polymer and therefore weaken the
applicability of PAM. Slowly dissolving polymer particles and partly insoluble polymers

may result in decreased dissolution time.

The rate of dissolution of PAM varies with the agitation conditions, dissolved salts, the
form of the polymer, state of hydration, and the presence of other components.
Dissolution time typically increases with mechanical energy (Huang et al., 2000),
whereas it increases with high molecular weight. It has also been found that polydispersity
enhances the rate of dissolution. Also, the velocity of dissolution increases with
increasing stirring frequency. Without any agitation a gel layer is formed due to solvent

molecules penetrating the polymer (Miller-Chou et al., 2003).
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4  Measurement techniques

To conduct a chemical kinetic study for the polymerization of acrylamide, different
aspects of the process need to be evaluated. In this chapter, the measurement techniques
for molecular weight, standard viscosity, amount of monomer residues, and evaluation of

dissolution time are presented.

4.1 Molecular weight measurement
The molecular weight of a polymer can be measured with many techniques. Since the
molecular weight of PAM is typically high, up to over 5 million grams per mole, only

suitable methods for medium to very high molecular masses are discussed in this research.

4.1.1 Number-average molecular weight

In end-group analysis the concentration of an end group is measured and the value for
number-average molecular weight, M,, can be calculated. By potentiometric titration with
appropriate compound, the concentration of functional groups can be determined.
Spectroscopic analyses are also commonly utilized, e.g. uv-visible, infrared techniques,

and nuclear magnetic resonance (NMR) (Cooper, 2002).

Number-average molecular weight can also be evaluated from colligative properties,
which depend on the number of species present rather than on their kind. Typical
properties of which the molecular weight (MW) can be determined are activity, lowering

of vapor pressure, by ebulliometry, and by osmometry (Cooper, 2002).

Gel Permeation Chromatography (GPC), also known as size exclusion chromatography
(SEC) is one of the most common chromatographic technique for number-average
molecular weight determination of soluble polymers. The method is relatively fast, and
the amount of needed sample is low (Cooper, 2002). However, as the molecular weight
of the polyacrylamides produced for this research is too high for SEC measurement, this

technique is excluded.

4.1.2 Weight-average molecular weight
Light scattering is widely used for characterizing polymers. Laser beam is directed
through the polymer solution and the small scattered angles of the beam is analyzed and

the weight-average molecular weight can be thus measured. this technique is applicable
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for molecular weight range from a few hundred to several million. For water-soluble
polymers, multi-angle laser light scattering, and dynamic light scattering have been
proven to be suitable methods. X-ray and neutron scattering are also quite reliable

methods, but they are expensive (Cooper, 2002).

Size exclusion chromatography is one of the most used methods for measuring molecular
weight when combined with light scattering. In this technique the intensity of scattered
light from the polymer is expressed with Rayleigh factor Ry, which is measured response
above a baseline which is the detector output when using no sample. The particles are
separated by their molecular size and, thus, information about different compounds is
attained. SEC can be used as a separation method for molecules prior to other analysis

method (Dawkins et al., 2002).

Ultracentrifuge uses sedimentation to determine molecular weight. The sedimentation
rate can be measured as the sedimentation velocity employs a high centrifugal field. The
movement of solutes in centrifugal fields is interpreted using hydrodynamic theory.

Drawback of this method is its complexity and long duration (Cole et al., 2008).

4.1.3 Viscosity-average molecular weight

Viscometry is one of the simplest and fastest methods used for determining the molecular
weight in dilute solutions. The polymer is separated into molecular weight distribution
factors, which are defined by absolute molecular weight methods. The MW is related to

the intrinsic viscosity by the Mark-Houwink relationship, given in equation 4.1.
[n] = KM* 4.1)
where K is a Mark-Houwink constant and a between 0.5-1.

Either standard or intrinsic viscosities can be determined, depending on how accurate
results are needed. After the viscosity is obtained, the reduced or inherent viscosity of a
series of polymer solutions with various concentrations against the solution concentration

is plotted (Cooper, 2002).
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4.2 Viscosity measurement

Viscosity measurements can be used to show time-dependent effects. On shearing at a
specific shear rate, the viscosity drops sharply at first, but the rate of change decreases
until a constant level, sheared state, is reached. Causes of time-dependent behavior
include cross-linking, degradation, coagulation and mechanical instability. Time-

dependent effects are measured by determining the rate of shear stress.

Commercial viscometers are available for a wide range of viscosities and shear rates. It
is important to select the instrument and settings carefully as the accuracy and precision
varies with the properties of the material. For non-Newtonian fluids, multipoint

measurement techniques are recommended.

Purification of the sample is necessary in order to avoid misleading results. Monomer
residues, salts and other impurities affect the viscosity measurement and therefore
pretreatment of the sample by precipitation in alcohols or acetone, extraction or dialysis

1s recommended.

4.2.1 Rotational viscometers

Rotational viscometers provide a simple approach to measure standard viscosity that can
be applied for continuous measurements. In this method, the required torque to produce
a given angular viscosity in the mixture is measured. For a specific viscosity, the
resistance to flow is proportional to the speed of rotation and is related to velocity, size
and shape of the spindle. The resulting value is dependent on the viscosity of the solution.
However, the use of rotational viscometer may affect the homogenous stirring and
therefore cause accumulation. In addition, the method does not measure the amount of

insoluble polymer (AMETEK Brookfield, Inc.; 2017).

Common rotational viscometers are Brookfield viscometer, EMS Viscometer and
Stabinger viscometer. Schematic view of the major components of a Brookfield

viscometer is presented in Figure 4.1.

17



HOUSING
SYNCHRONOUS h
MOTOR i GEAR TRAIN
CLUTCH —.;_::‘{
[ o
= POINTER
DI.ILL—F
L]
PIVOT SHAFTJ CALIBRATED
g P SPIRAL SPRING
PIVOT CUP
q b L JewELLED
BEARING
GUARDLEG
Y
k
SPINDLE
SAMPLE
CONTAINER =

| S—

Figure 4.1. Schematic view of rotational viscometer (AMETEK Brookfield, Inc.; 2017).

The main case of a viscometer contains a calibrated spring. One end of the spring is
attached to the pivot-shaft and the other end is connected directly to a dial which is driven
by a motor drive shaft. The drive shaft operates the pivot shaft through the spring. Below

the main case is the pivot cup through which the lower end of the pivot shaft extends.

4.2.2 Torque stirrers

Torque stirrers are used similarly to rotational viscometers. They measure the changes in
viscosity by evaluating the torque of the impeller in the solution. Torque stirrer is suitable
for studying the dissolution time of PAM since stirring is required during the dissolution.

Downside of the method is that it may cause accumulation (Jyrkidinen, 2015).

4.2.3 Moving body viscometers

Moving body viscometers apply the motion of a ball, bubble, needle, or rod which is
directed through a monitored material. The viscosity is measured by the Stokes’ law after
the terminal velocity of the moving object is determined. The Stokes’ law is presented in
equation 4.2. The method is quite inaccurate in terms of determining the velocity of the
object and suitability of the Stokes’ law since it is obeyed only by laminar flow in dilute

dispersions. For practical systems an empirical calibration is necessary (Kissa, 1999).
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2 _
n= 2r°g(ds—dy) (4.2)

v

where r is the radius of the object (sphere), g the gravitational constant, ds and d; are the

densities of the object and the liquid, and v is the velocity of the object at steady state.

4.2.4 Capillary viscometers

Capillary rheometers measure pressure flow inside a capillary. The sample is loaded into
a bore of the rheometer under temperature control and a capillary die is mounted at the
bottom of the bore. The sample is extruded through the capillary and the pressure at the
die entrance is measured. Intrinsic viscosity can be calculated from the dimensions of the
capillary and pressure. The calculation method of the viscosity is dependent of the

Newtonian properties of the sample (Yu, 2002).

With capillary viscometers relatively high shear rates can be attained. The downside of
the method is that it cannot be executed continuously. Also, for non-Newtonian fluids the

viscosity may be difficult to determine, and specific expertise is required (Yu, 2002).

Common capillary type viscometers are U-tube viscometers (Ostwald viscometer and

Ubbelohde viscometer) and falling sphere viscometers.

4.3 Monomer residues measurement

Acrylamide monomer residues can be measured by several techniques such as
spectrometry and liquid chromatography. The accuracy of the method needs to be taken
in account since majority of the measurement techniques lack in precision and are
vulnerable to potential interference. Infrared (IR), Nuclear Magnetic Resonance (NMR)
and High-Performance Liquid Chromatography (HPLC), which can be also referred as
High Pressure Liquid Chromatography, are the most common measurement applications
used for evaluating monomer residues. In addition, Gas Chromatography — Mass

Spectrometry (GC-MS) has been used to detect monomer residues in the product.

In most cases, the monomer is removed from polymer by solvent extraction and the

solvent extraction is analyzed with desired method.
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4.3.1 Fourier-transform Infrared spectroscopy (FTIR)

Infrared spectroscopy data converted with Fourier transformed process provides a
spectrum, of which the monomer residue content can be measured. FTIR is widely used
for measurement of conversion. In this technique a beam of many frequencies of light is
modified to contain different combinations of these frequencies. The beams are directed
through the sample and the data of the absorption at each wavelength is processed with
Fourier transformation. Infrared light can be divided into three spectral regions: near
infrared (NIR, 4000-14000 cm™), mid infrared (MIR, 400-4000 cm™) and far-infrared
(FIR, 25-400 cm™) (Griffiths et al., 2007).

With FTIR functional groups and the structure of the sample can be studied in gaseous,
liquid or solid phase. Infrared light causes vibration in chemical bonds and the frequencies
of this vibration is measured. The stiffness, 1.e. degree of bonding, and the masses of
atoms at each end of a bond affect the frequency. The spectral region or regions are chosen
by the properties of the monomer to enable reliable qualitative analysis (Moraes et al.,

2007).

4.3.2 Nuclear Magnetic Resonance (NMR)

Magnetic resonance spectroscopy studies electromagnetic radiation induced quantum-
mechanical transitions in a system. In this method, a sample is placed in magnetic field
and NMR signal is produced when the nuclei sample excites with radio waves into nuclear
magnetic resonance. NMR conducts a spectrum where different molecules peak at

specific rates (Pethric, 2002).

NMR can be used for studying the structure and dynamics on matter, for example, carbon
skeleton size and chemical structure of residues. When used with Fourier transform model
(FT-NMR) it can measure the rate at which nuclei reorientate. The relaxation of'a nucleus

can be used to study the motion of a given group (Pethrick, 2002).
NMR spectrometers are relatively expensive

4.3.3 High-Performance Liquid Chromatography (HPLC)
Liquid chromatography is used to separate individual fractions of polymer by molecular

weight, chemical composition, functional groups and other structural properties. HPLC
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