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COPOLIMERIZAÇÃO DE COMPONENTES DO LÍQUIDO DA CASTANHA DE CAJU

COM MONÔMEROS VINÍLICOS: ESTUDOS EXPERIMENTAIS E DE MODELAGEM
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Março/2019

Orientadores: José Carlos Costa da Silva Pinto

Amanda Lemette Teixeira Brandão

Márcio Nele de Souza
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O líquido da castanha de caju (LCC) é um sub-produto da indústria de produção de

castanha de caju. Ele é riquissímo em compostos fenólicos que podem ser utilizados

como comonômeros para funcionalização de polímeros. No presente trabalho, é

estudada a polimerização radicalar desses materiais. Inicialmente, foi investigado

a cinética da copolimerização em massa do cardanol ou LCC natural com estireno,

metacrilato de metila, acetato de vinila ou ácido acrílico e diversas análises foram

realizadas para caracterizar os copolímeros formados. Algumas vantagens obtidas

com a copolimerização foram o aumento da estabilidade térmica e a redução da

temperatura vítrea dos polímeros. Com base nos dados obtidos, um mecanismo

cinético foi proposto e um modelo matemático foi derivado e implementado. Os

parâmetros cinéticos do modelo foram estimados de modo a descrever os dados de

conversão dos monômeros, massas molares médias e composição dos copolímeros.

Foi observado que os monômeros renováveis exercem forte efeito inibitório nas

polimerizações, fazendo com que a incorporação deles nas cadeias copoliméricas seja

difícil. Polimerizações em suspensão foram realizadas nas condições que resultaram

no melhor desempenho em massa. Os polímeros obtidos em suspensão foram

mais hidrofílicos e a adição de cardanol nessas polimerizações constitui uma ótima

alternativa para controlar o tamanho médio de partículas e manter as suspensões

estáveis por longos períodos de tempo.
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Cashew nut shell liquid (CNSL) is a by-product of cashew nut industry. CNSL is

rich in phenolic compounds that can be used as comonomers for functionalization

of polymers. In the present study, the radical polymerization of these materials is

investigated. Initialy, the kinects of bulk copolymerization of cardanol or natural CNSL

with styrene, methyl methacrylate, vinyl acetate or acrylic acid was studied and several

analyses were carried out to characterize the obtained copolymers. Some advantages

observed in the copolymerizations were the increase of thermal stability and reduction

of the glass transition temperature of the polymers. Based on the obtained results,

a kinetic mechanism was proposed and a mathematical model was derived and

implemented. The unknown kinetic model parameters were estimated to guarantee

an adequate model prediction of monomer conversion, average molecular weights and

composition of the copolymers. It was observed that the renewable monomers exert

strong inhibition effects on the polymerizations, making the incorporation of them

into the copolymer chains difficult. Suspension polymerizations were performed at

the conditions that resulted in the best bulk polymerization results. The obtained

polymers were more hydrophilic in suspension. Besides, the addition of cardanol in

suspension polymerizations constituted excellent alternative for control of average

particle sizes and stabilization of suspensions for periods of time.
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Chapter 1

Introduction

Due to the increasing environmental concerns, different issues related to green chem-

istry and waste management are being discussed and studied in the 21th century. For

instance, renewable sources are being increasingly used for manufacture of goods, es-

pecially by-product derivatives and wastes. In the polymerization industry, most of

the polymers are still petroleum-derived. Because of this, the polymerization industry

has been suffering harsh criticisms due to the negative environment impacts. Con-

sequently, alternative sources of monomers have been investigated. One of them is

cashew nut shell liquid (CNSL), which is a mixture of phenolic compounds obtained

from the fruit of cashew tree (MUBOFU, 2016).

Even though many people think that the fruit of cashew tree is the cashew apple,

the actual fruit is the nut with a kidney-shaped seed hidden inside, the cashew kernel.

CNSL is found within of the cashew nut shells and can be extracted by thermal, sol-

vent or mechanical processes. Depending on the method, the obtained CNSL can be

classified as natural or technical. Natural CNSL is rich in anacardic acid, while techni-

cal CNSL is rich in cardanol. Cardanol is a salicylic acid with a long side chain, while

anacardic acid contains a carboxylic acid group. The number of unsaturations in the

side chain range from 0 to 3. Both compounds are amphiphilic and manufactured as

a mixture of several closely related organic compounds (LUBI and THACHIL (2000),

LOCHAB et al. (2014), OTSUKA et al. (2017)).

Although CNSL finds numerous applications, it is considered a by-product of the

cashew almond industry, being frequently released to the environment and discarded

as waste. Besides biological applications (as anticancer, antioxidant and antibacterial

agent), CNSL has been used industrially for manufacture of brake linings, coatings,

paints and varnishes. Additionally, CNSL can undergo many polymerization reactions

because its compounds contain at least a phenolic group (polycondensation) and a

long meta-substituted unsaturated aliphatic chain (C15) (polyaddition). Due to the

hydroxyl group, cardanol has been used in polycondensation reactions with formalde-
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hyde (or a less toxic alternative). However, very little is known about the radical addi-

tion polymerization of these monomers (BHUNIA et al. (1999), BALGUDE and SABNIS

(2014), MUBOFU and MGAYA (2018)).

The worldwide annual production of raw cashew nuts stands at approximately 2.1

million tons (CEPAGRO/IBGE (2019)). Knowing that 25 wt% of the total cashew fruit

constitutes the nut, and that 30-35 wt% of the shell is constituted by CNSL, depend-

ing on the method of extraction, 150 tons of CNSL are produced and obtained annu-

ally. However, the commercial demand for CNSL is not high. Therefore, the aim of the

present study is on the use of CNSL and its derivatives (e.g. cardanol) as a comonomer

to functionalize polymers through free radical polymerizations. This new application

of CNSL can constitute a promising alternative to CNSL waste disposal (TIAN et al.

(2012)).

Firstly, bulk copolymerizations of cardanol or natural CNSL with styrene, methyl

methacrylate or vinyl acetate are studied. Kinetic experiments are carried out for

monitoring of conversion data. The following copolymer properties were investi-

gated: molecular weight distributions, copolymer compositions and transitions tem-

peratures. Afterwards, a kinetic model is proposed and the unknown parameters are

estimated. Because of the long side chain, steric hindrance is expected. Also, inhibitory

effects can take place due to the phenolic moiety and generation of stable radicals

(COSTA et al., 2019).

Then, suspension polymerization runs are carried out and the kinetics is investi-

gated. Experiments are performed in suspension based on those obtained previously

in bulk. In this case, functionalized polymer particles were made, and the porosity, hy-

drophobicity and particle size distributions were studied. These particles can be used

for bioconjugation, immobilization of enzyme and as a drug carriers in future applica-

tions.

The present study was performed in the "Laboratório de Engenharia de Polimer-

ização" (EngePol) of the Programa de Engenharia Quimica (PEQ) of the Instituto Al-

berto Luiz Coimbra de Pós-Graduação e Pesquisa de Engenharia (COPPE) of the Uni-

versidade Federal do Rio de Janeiro (UFRJ). We thank the "Laboratório de Ressonân-

cia Magnética Nuclear de Líquidos" (LABRMN 2) of Chemistry Institute (IQ) of UFRJ

and the "Laboratorio Multiusuários de Analised por RMN" (LAMAR) of the Center of

Health Sciences of UFRJ, both for NMR analysis. We also thank the "Laboratório de

Instrumentos e Pesquisa" of IF, UFRJ for FTIR analysis. Nonetheless, we thank "Lab-

oratório de Apoio Instumental" (LAPIN) of the Instituto de Macromoleculas Professor

Eloisa Mano (IMA) for differential scanning calorimetry (DSC) analyses.
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1.1 Motivation

1. The enormous amount of CNSL obtained annually as a by-product of cashew

nut production;

2. CNSL has low selling prices and can have its value aggregated by using it as a

monomer;

3. Cardanol and anacardic acid are amphiphilic (polar and nonpolar functions in

the same molecule) and can stabilize heterogeneous systems;

4. As cardanol and anacardic acid are polar, they can be used for modification of

particle surface properties ;

5. The carboxylic group (anacardic acid) allows for posterior functionalization of

the particles by means of the incorporation of proteins on the surface;

6. Functionalization through the carboxylic group constitutes the easiest and most

efficient polymer functionalization method.
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Chapter 2

Theoretical Foundation

2.1 Introduction

In this chapter, a brief theoretical introduction about polymers is presented. Poly-

mers are macromolecules formed through reactions among smaller building blocks

(monomers). However, there are several ways to build polymer molecules. First, the

polymerization mechanism can follow chain or step-growth polymerizations. Second,

different monomers can be used, enabling the formation of copolymers, terpolymers

and so on. Also, a single monomer can form multiple bonds and create a network.

Besides, a catalyst or a chain transfer agent can be added to control the polymeriza-

tion and the properties of the final product. Additionally, the polymerization can be

performed with different techniques such as bulk, solution, suspension or emulsion

polymerizations. Every single aspect of the reaction changes the final characteristics

of the produced polymer. Therefore, it is important to understand each process. Figure

2.1 shows different ways to classify a polymer.

2.2 Polymerization Types

Polymerization is the process though with molecules known as monomers react

and form covalent bonds, building high-molecular-weight macromolecules (or poly-

mers). Polymers can be made by two fundamental processes: chain-growth polymer-

ization and step-growth polymerization. If the reaction is started by a special reactive

site (a cation, an anion, a metal complex or a radical), then a chain-growth polymeriza-

tion takes place. However, if complementary chemical functions are present, enabling

the occurrence of chemical reactions between them, then a step-growth polymeriza-
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Figure 2.1: Some ways to classify a polymer material

tion takes place (ODIAN, 2004).

Chain-Growth Polymerization

Chain-growth polymerization (also called vinyl, olefin or addition polymerization)

starts when a special reactive site (a cation, an anion, a metal complex or a radical)

is formed. It represents 40% of the worldwide resin production (RODRIGUEZ et al.,

2015). Basically, three reaction stages take place, and high molecular mass polymers

are formed during the first instants of the polymerization. These fundamental stages

are:

• Initiation: this stage regards the creation of an active center - a free radical, a

metal complex, a carbanion or a carbocation ion. The active specie reacts then

with a monomer molecule through the double bond, generating another ac-

tive species and initiating the polymerization. In the case of radical polymer-

ization, radicals can be formed by thermal dissociation of peroxides (such as

benzoyl peroxide, BPO) or azocompounds (such as azobisisobutyronitrile, AIBN)

(BILLMEYER, 1984). Figure 2.2 summarizes the chemical reactions that take

place during initiation. Monomers that polymerize through free radical polymer-

ization contain at least one unsaturation. Taking the initiation of styrene with

BPO as an example, the reaction happens as can be seen in Figure 2.3 (ODIAN,

2004).
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Figure 2.2: Schematic representation of initiation in the free radical polymerizations
(ODIAN, 2004).

Figure 2.3: Schematic representation of the homolytic scission of BPO, followed by the
initiation of the styrene polymerization (ODIAN, 2004).

In addition, the spontaneous thermal initiation of species, like the thermal initi-

ation of styrene, can also take place as shown in Figure 2.4. Other ways to stimu-

late the creation of radicals include the use of light (ultraviolet, UV, or light emit-

ting diode, LED), which allows for improved control of the polymerization rates

(RODRIGUEZ et al., 2015).

Figure 2.4: Schematic representation of the spontaneous thermal initiation of styrene
(ODIAN, 2004).

• Propagation: this stage regards the repetitive addition of monomer molecules

to the reactive site (or active center) at the growing chain end. A common hy-
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pothesis is that the propagation rate constant (kp ) is the same for every living

chain and does not depend on the chain length (long-chain hypothesis) (ODIAN

(2004)). This is based on the idea that the reactivity of a growing polymer chain

depends only on the last unit added. Again, taking the polymerization of styrene

as an example, propagation takes place as shown in Figures 2.5 and 2.6.

Figure 2.5: Schematic representation of propagation

Figure 2.6: Schematic representation of propagation in styrene polymerizations
(ODIAN, 2004).

• Termination: this stage regards the disappearance of living chain (active center)

when they one react with each other. As the resulting chains lose the radicals ac-

tivity, they cannot grow any longer and are called dead chains. In general, two

types of termination can occur in free radical polymerization. If termination

happens through combination (coupling), two living molecules form a single

dead chain. However, if termination happens through disproportionation, two

living molecules give birth to two distinct dead chains. Figure 2.7 illustrates the

termination reaction. Disproportionation happens because one polymer chain

transfers a hydrogen atom to another living chain, forming one saturated and

one unsaturated dead chain. The final molecular weight of a dead polymer chain

formed through combination is higher than the one obtained through dispropor-

tionation (RODRIGUEZ et al., 2015). Termination reactions by disproportiona-

tion and coupling is shown in Figure 2.8 for the styrene polymerization.

Step-Growth Polymerization

If two monomers have complementary chemical functions and functionality equal

or greater than two, the step-growth polymerization can take place. However, some-
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Figure 2.7: Schematic representation of termination in free radical polymerizations
(combination or disproportionation)

Figure 2.8: Schematic representation of termination in styrene polymerizations

times, a single monomer contains more than two reactive functional groups so that the

presence of a second monomer may not be necessary. Figure 2.9 illustrates the synthe-

sis of Nylon 66 by step-growth polymerization, where the carboxylic acid group reacts

with the amine group, forming a polyamide.

Figure 2.9: Schematic representation of the synthesis of Nylon 66 through step-growth
polymerization.

The use of an initiator is not required in step-growth polymerizations, as the

monomer molecules present reactive chemical functions. However, a catalyst can be

used to accelerate the polymerization. The biggest difference between step-growth

polymerization and chain-growth polymerization is the fact that polymer chains with

large molecular weights are formed during step-growth reaction only when conver-

sions are high. Moreover, throughout the step-growth process, small molecules are

usually eliminated. For example, during esterification, which is a reaction between

alcohol and acid groups, water molecules are formed. Therefore, conversion can be
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controlled through the rate of removal of condensate molecules to force the shifting of

the equilibrium towards the production of polymer products (BILLMEYER, 1984).

Initiator and Half-Life Time

Initiators are used to initiate the polymerization, as show in Figure 2.2. Benzoyl

peroxide (BPO) and azobisisobutyronitrile (AIBN) are the commonest initiators used.

Their chemical structures are shown in Figure 2.10. The peroxide and azo bonds cleave

in the presence of an external stimulus (temperature or light), generating two radicals.

The decomposition constitutes a first-order process (RODRIGUEZ et al., 2015). Equa-

tions 2.1 and 2.2 show the initiator mass balance and respective solution.

Figure 2.10: Schematic representation of decomposition of BPO (a) and AIBN (b).

−d [I ]

d t
= ki [I ] (2.1)

l n
[I ]

[I0]
=−ki t (2.2)

When half of the initial initiator concentration is attained, the resulting reaction time

is known as the initiator half-life time. In this case:

t1/2 = 0.693/ki (2.3)

ki can be correlated with temperature through the Arrhenius expression, as one can

see in Equation 2.4, where Ei is the activation energy for the decomposition process, A

9



is the collision frequency factor, R is the universal gas constant and T is the absolute

temperature (K ).

ki = Aexp

(−Ei

RT

)
(2.4)

However, not every initiator molecule generates radicals that successfully react with

the monomer, as only a certain fraction f of the initiator starts the polymerization.

Equation 2.5 shows how f is defined. In general, f values are in the range of 0.8±0.2

(RODRIGUEZ et al., 2015); however, f decays when the viscosity increases and the

monomer concentration decreases (ODIAN, 2004).

f = i ni t i at i on r ate

n ∗ i ni t i at i or decomposi t i on r ate
(2.5)

Where n is the number of radicals generated by the initiator molecule.

Chain Transfer

Sometimes, the obtained molecular weights are smaller due to the occurrence of

chain transfer reactions. In this case, some species present in the polymerization

medium can act as chain transfer agents (CTAs): solvent, initiator, monomer, impuri-

ties or even the polymer. CTAs can capture, in an irreversible manner, the radical func-

tion through suppression of some weakly bound atom (normally, a hydrogen atom),

resulting in a dead polymer chain and a new living radical (RODRIGUEZ et al., 2015).

Transfer to monomer with subsequent polymerization of the pendant double bond of

the dead chain can lead to formation of branched molecules, broadening the molecu-

lar weight distribution (BILLMEYER, 1984).

Inhibition and Retardation

A retarder is a substance that can react with a radical to form products that are inca-

pable of adding monomer, leading to reduction of the rates of polymerization and pro-

duction of short chains. The induction period is the time needed to normalize the reac-

tion rate (without retarders). If the retarder is very effective, it is called as an inhibitor.

Therefore, inhibitors are species that react with radicals and form stable species, so

that the polymerization rate ceases. Hydroquinone and diphenylamine are frequently

used to prevent undesired polymerization reactions or to stop the reactions. Oxygen

can also act as an inhibitor, so that the total removal of oxygen can be a key factor in

some polymerizations systems (BILLMEYER, 1984).
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Gel and Glass Effects

At high polymer concentrations, the overall reaction rate increases with time as

monomer and initiator are consumed. This behavior is known as the gel effect (or au-

toaccelaration or Trommsdorff effect) (ODIAN, 2004). Gel effect happens because, as

the conversion increases, viscosity also increases, causing the decrease of the rate at

which polymer molecules diffuse through the medium, leading to reduction of termi-

nation and increase of propagation rates (BILLMEYER, 1984). The propagation rate is

also affected by diffusion constraints, which is known as the glass effect (ODIAN, 2004).

During the glass effect period, rates of monomer consumption decrease dramatically.

Homo- and copolymerization

Figure 2.11: Schematic representation of the terminal model for copolymerization.

When more than one monomer is present in the reaction medium, polymers with

different types of mere in the backbone are formed. Depending on the technique used

and the reactivity of the monomers, different types of copolymers can be formed.

A possible way to represent a polymerization is the terminal model, which consid-

ers that the reactivity of the polymer radical depends only on the nature of the last

monomer added to the chain. This model is very popular for representation of copoly-

merizations, as illustrated in Figure 2.11. However, sometimes the penultimate model

must be used (Figure 2.12). The penultimate model considers that the reactivity of the

chain depends on the last pair of meres added to the chain. Instead of four propa-

gation reactions, eight propagation reactions must be defined in this case; therefore,

eight kinetic parameters must be known, which is not easy to determine experimen-

tally (BILLMEYER, 1984). The use of the penultimate model becomes necessary when

strong electronic and/or electrochemical effects can be assigned to the different chain

configurations.

After writing the mass balance equations for the monomers and assuming the

quasi-steady state for living chains, the copolymer equation (Equations 2.6, 2.7 and

2.8), also known as the Mayo-Lewis equation (MAYO and LEWIS, 1944) can be used to
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Figure 2.12: Schematic representation of the penultimate model for copolymerization

determine the composition of the copolymer. This equation shows that the copoly-

mer composition does not depend either on the initiation and termination rates or the

presence of inhibitors, CTAs or solvents. Therefore, in principle the same reactivity ra-

tios obtained in bulk polymerizations can be used in heterogeneous reaction systems

(BILLMEYER, 1984).

d [M1]

d [M2]
= [M1]

[M2]

r1[M1]+ [M2]

[M1]+ r2[M2]
(2.6)

r1 =
kp11

kp12
(2.7)

r2 =
kp22

kp21
(2.8)

The reactivity of monomers and radicals in copolymerizations is determined

mainly by the nature of the substituents on the double bond of the monomer ODIAN

(2004):

• The substituents may activate the double bond, making the monomer more re-

active;

• The substituents may stabilize the resulting radical by resonance, making the

radical less reactive;
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• The substituents may provide steric hindrance at the reaction site, making the

radical less reactive.

Besides the Mayo-Lewis equation, other methods can be used to calculate the

copolymer composition using other models, such as the ones proposed by KELEN

and TÜDŐS (1974), TIDWELL and MORTIMER (1965) and FINEMAN and ROSS (1950).

These methods can provide distinct reactivity ratio values as shown by TIDWELL and

MORTIMER (1970). Also, the experimental design and the technique used to analyze

the data can affect the determined reactivity ratios (ZALDÍVAR et al., 1998).

2.3 Polymerization Processes

Depending on the final desired application of the polymer, several polymerization

methods can be used. If the polymerization occurs in a single phase, it is called homo-

geneous, as in bulk and solution polymerizations. If more than one phase is present,

the polymerization is heterogeneous as in suspension and emulsion polymerizations.

In this work, only bulk and suspension polymerizations were performed.

2.3.1 Bulk Polymerization

The main advantage of bulk polymerizations is the use of monomer and initiator

only. Therefore, the final polymer has high purity. However, as the polymerization is

exothermic and viscosity increases fast with the polymer concentration, the control of

this system is very difficult. Heat removal is limited by the high viscosity and the low

thermal conductivity. Also, the removal of unreacted monomer from the final prod-

uct is difficult because of low diffusion rates and low surface-to-volume ratio of the

reacting mass, compromising the purification of the final product (RODRIGUEZ et al.,

2015). As a consequence bulk polymerization are not performed frequently in indus-

trial environments.

2.3.2 Solution Polymerization

The use of a solvent can be very beneficial for the polymerization process because

it can allow for improved control of temperature and viscosity of the reacting system.

The kinetics of the solution polymerization is similar to the kinetics of bulk polymer-

ization, although the importance of the gel and glass effects is minimized. However,

depending on the solvent that is used, undesired chemical reaction can take place be-

tween the living species and the solvent. Besides, purification and recirculation of the

solvent increases the costs of the polymer production and reduces the productivity of
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the process (CANEVAROLO JR., 2006).For these reasons, solution polymerization are

rarely used in industrial environments.

2.3.3 Suspension Polymerization

If the monomer is insoluble in a dispersing continuous phase, bulk polymerization

can occur inside droplets suspended in a suspension medium, such as water, which

also acts as a heat transfer medium. Moreover, even though the viscosity inside the

beads rises, increasing the reaction rate due to the gel effect, the viscosity of the con-

tinuous phase does not change much, improving the heat transfer. To avoid droplet co-

alescence, a suspension agent is commonly added to the system, frequently poly(vinyl

alcohol) (PVA). Polymer particles produced through suspension polymerizations nor-

mally present average diameter of 10 to 1000 µm. Particle diameters can be changed

through manipulation of the concentration of suspending agent and the stirring rate

(PINTO et al., 2013).

A typical suspension polymerization produce is described in the sequence. The re-

actor is initially filled with water contaning PVA (0.25% w/w in relation to H2O). The

solution is heated up to the reaction temperature under continuous stirring. Then the

mixture of monomer and initiator is added to the reactor. After the specified reac-

tion time, when the conversion is close to 100 %, heating and stirring can be turned

off. Finally, the suspension can be filtrated to obtain pearl-like beads of polymer (RO-

DRIGUEZ et al., 2015).

2.3.4 Emulsion Polymerization

As in suspension polymerization, the monomer is initially dispersed in a continu-

ous phase, frequently water . However, emulsion polymerizations also make use of an

emulsifier (surfactant) which form micelles - with hydrophobic tails oriented inwards

and hydrophilic head oriented outwards. Micelles appear when the concentration is

higher than the critical micelle concentration (CMC). However, as the initiator is hy-

drophilic in this case and because the micelles are smaller than droplets, the surface

area of micelle is high and enables the capture of free radicals generated in the aque-

ous phase. Therefore, in emulsion polymerization, the system comprises monomer-

swollen polymer particles and monomer droplets that act as reservoirs of monomer

for the reacting polymer particles. Polymer particles with characteristic diameters be-

tween 50 mm and 5 µm can be obtained by this method (RODRIGUEZ et al., 2015).
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2.4 Molecular Weight Distribution (MWD)

Even when only homopolymerization reactions are considered, infinite reactions

take place simultaneously. Although it is not possible to certainly know if a living chain

is going to propagate or terminate, a certain probability can be associated with each

effect. Therefore, some of the living chains propagate, while others terminate "pre-

maturely". Thus, each reaction produces a mixture of polymer chains with the same

composition, but different degrees of polymerization. Chain length distribution is a

property that relates the chain size i with the frequency of chains with size i , Pi . In

terms of mass, the distribution becomes:

Wi = Pi i M M (2.9)

where MM is the molar mass of the repeating unit.

Experimentally, the chain size distribution is determined through high perfor-

mance liquid chromatography (HPLC) or size-exclusion chromatography (SEC). The

chain frequencies are frequently normalized, enabling comparison between different

distributions. Therefore, it is possible to define a probability density function (PDF)

that treats the size of polymer chains as a random variable with a certain assigned

probability (LEMOS, 2014).

P nor m
i = Pi∑∞

i=1 Pi
(2.10)

W nor m
i = Wi∑∞

i=1 Wi
(2.11)

The chain size distribution (known as the Most Probable Distribution, or the

Schulz-Flory Distribution) is frequently found in many polymer reaction systems

(Equation 2.12). The variable q is the propagation probability and Ptot is the total

amount of polymer chains that follow the distribution (ODIAN, 2004).

Pi = Ptot q i−1(1−q) (2.12)

In order to simplify the representation of the distribution, it is common to use the

moments of the distribution for comparative purposes, although the moments may

be ambiguous, as different distrubitions can present similar moments. The number
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average length in and the weight average length iw are:

in =
∑∞

i=1 i Ni∑∞
i=1 Ni

(2.13)

iw =
∑∞

i=1 iWi∑∞
i=1 Wi

(2.14)

Therefore, the number average molar mass Mn and weight average molar mass Mw

can be calculated as:

Mn =
∑∞

i=1 Mi Ni∑∞
i=1 Ni

= in M M (2.15)

Mw =
∑∞

i=1 Mi Wi∑∞
i=1 Wi

= iw M M (2.16)

Finally, the polydispersity index (PI) is a measure of the variance of the chain size distri-

bution, defined by Equation 2.17, where σ2 is the variance of the distribution (ODIAN,

2004).

PD I = Mw

Mn

= iw

in

= 1+ σ2

in
2 (2.17)

2.5 Concluding Remarks

Polymerization is a very well studied field. And there are several ways to produce

polymers, depending on the reaction mechanism and the polymerization process. The

kinetics of the polymerization reaction is complex and thousands of reactions may take

place simultaneously, forming mixtures of macromolecules. In short, if a molecule

presents unsaturated bonds or two reactive chemical groups, it is subject to polymer-

ization. Such molecule can act as a monomer if the reaction is activated somehow

and favorable conditions are present (for example, if a source of radicals is present,

if enough thermal energy is provided, if inhibitors are absent). It is important to un-

derstand all aspects of the polymer synthesis because slight changes of the reaction

conditions can affect enormously the properties of the final product. In the present

study, the polymer is produced through chain-growth polymerization in bulk or aque-

ous suspension. The renewable chemical, cardanol or CNSL, can act as a comonomer,

but also as an inhibitor and a chain transfer agent, as discussed in the next chapters.
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Chapter 3

Cashew Nut Shell Liquid

3.1 Introduction

The cashew tree is a plant native to the Brazilian northeast, which was taken in

the 16th and 17th centuries to India, Africa and other tropical countries. It belongs to

the family Anacardiaceae and the species Anacardium occidentale is the most explored

variation. From the cashew tree, one obtains the pseudo fruit (popularly known as

cashew apple) and the cashew nut (the almond), two products of high economic in-

terest. For illustrative purposes, Figure 3.1 shows the combination of the cashew nut

(true fruit) and the peduncle (pseudo fruit), which is consumed as a fruit in nature or

used to produce juices (such as cajuína), sweets and others (SERRANO, 2016).

Figure 3.1: The cashew fruit
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In order to obtain the cashew nut, it is necessary to remove the shell (pericarp)

that surrounds it. In Brazil, this process is about 90% mechanized. An example of

this process is shown in Figure 3.2. However, mainly in the rural areas of the Brazilian

Northeast, the artisan process is still very used.

Figure 3.2: Schematic representation of the beneficiation process for Cashew Nut

Figure 3.3 illustrates the cashew nut, formed by the shell and the almond. The shell

is constituted by the epicarp (outer layer), endocarp (inner layer) and the mesocarp

(middle layer). It is in the mesocarp the cashew nut shell liquid (CNSL) is found, as an

oil composed of several phenolic lipids, including anacardic acid and cardanol.

Figure 3.4 reveals the richness and diversity of products that can be obtained from
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Figure 3.3: Cashew nut: the shell and the almond (adapted from SERRANO (2016)).

the cashew fruit (GONDINS (1973), PAIVA et al. (2000), SERRANO (2016)). Looking at

the cashew nut ramification, followed by the shell, many different CNSL applications

are described. However, while CNSL has the potential to be a valuable raw material, it

is still regarded as a low value-added waste in the country. Therefore, research is this

field is highly demanded, so innovative and sustainable products can be developed by

the Brazilian industry and open room for new uses of CNSL.

Regarding the cashew production, since 1990 there were about 582 thousand

hectares of plantations (IBGE 2018). Today, there are more than 607 thousand hectares

of cashew plantations in Brazil. In relation to other fruits, the area planted with cashew

trees only loses to the area planted with orange trees (IBGE, 2016). 75% of the cashew

trees are located in the states of Ceará, Rio Grande do Norte and Piauí (IBGE, 2016).

According to the IBGE census of 2016, Ceará represents approximately 61% of the

total amount of cashew nuts produced in Brazil, followed by the states of Rio Grande do

Norte (19%), Piauí (13%), Bahia (3%), Maranhão (2%) and Pernambuco (1%). For 2018,

141.388 tons were produced in Brazil. However, due mainly to climatic conditions,

production varies annually (Figure 3.5). In 2006 and 2008, the maximum production

was obtained and corresponds to 243 thousand tons.

In relation to the world market, according to the latest data from Food and Agri-

culture Organization of the United Nations (FAOSTAT), Brazil is the 4th largest ex-

porter of cashew nuts, behind Vietnam, India and the Gulf of Guinea (MUBOFU, 2016).

The largest importers of the Brazilian cashew nuts are the United States, Canada, the

Netherlands, Italy and Germany (SECEX/MDIC, 2019).
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Figure 3.4: Products obtained from the cashew fruit (adapted from GONDINS (1973)).

Figure 3.5: Production of cashew nuts between the years of 2006 and 2018
(CEPAGRO/IBGE, 2019)

3.2 Cashew Nut Shell Liquid (CNSL)

CNSL accounts for approximately 25% of the nut weight and is a by-product of

cashew nut production (MAZZETTO et al., 2009). Currently, CNSL has low added value
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and is used commonly as an energy source (furnace fuel). However, the liquid is rich in

non-isoprenoid phenolic lipids and is a good material for syntheses of organic prod-

ucts. Since 1970s, CNSL has been used as a raw material for manufacture of insecti-

cides, germicides, antioxidants, thermal insulators, plasticizers, paints, vanishes and

other materials (GEDAM and SAMPATHKUMARAN (1986), LUBI and THACHIL (2000),

MUBOFU (2016)).

Figure 3.6: Typical components of the CNSL.

Figure 3.6 shows some of the phenolic lipids found in the CNSL. All of them have a

side chain with fifteen carbon atoms located at the meta-position, in respect to the aro-

matic ring. The side chain may be saturated (C15H31) or mono- (C15H29), di- (C15H27)

or tri- (C15H25) unsaturated, with double bonds placed at carbon 8, 11 and 14. Because

of this side chain, polymers formed partially with these lipids are flexible, since the

chain acts as a “plasticizer”.

Cardanol (3-n-pentadecylphenol) has a hydroxyl group in the aromatic ring, as the

other compounds have. However, anacardic acid (3-n-pentadecylsalicylic acid) has a

carboxylic group in the ortho position; cardol (5-npentadecylresorcinol) has a second

hydroxyl (diphenol) and 2-methyl-cardol (2-methyl-5-n-pentadecylresorcinol) has a

methyl group located between two hydroxyl groups. These compounds are very in-

teresting because of their multiple reactive sites, which can generate many derivatives

and impart various functionalities to the target product. Figure 3.7 shows characteris-

tics of cardanol and anacardic acid that can be related to their functional groups and

final applications.

In order to extract the CNSL from the nut, the cold extraction method can be used,

utilizing mechanical pressure or solvents. In this case, the CNSL is classified as nat-

ural. However, it can also be extracted with help of a thermal methods, such as hot

oil bathing, roasting or solar cooking. In the former case, the hot CNSL can be used

to heat the nuts and is the commonest method applied industrially (KUMAR et al.,
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Figure 3.7: Practical properties than can be related to the functional groups of
cardanol and anacardic acid.

2018). According to these methods, the cashew nuts are submitted to high tempera-

tures (higher than 180 °C ). As a consequence, the anacardic acid is decarboxylated and

converted into cardanol, releasing carbon dioxide and providing the “technical CNSL”

(Figure 3.8).

Figure 3.8: Schematic representation of the decarboxylation of anacardic acid.

In addition, during heating, at temperatures above 150 °C and in the presence of

oxygen, polymeric substances can be produced. This means that thermal and oxida-

tive polymerization occurs (MAHANWAR and KALE, 1996). Figure 3.9 shows a possible

mechanism for the thermal polymerization of cardanol. Supercritical CO2 extraction

has also been reported, leading to the highests yield among the analyzed methods.

However, the extract did not contain anacardic acid (PATEL et al., 2006) and the pro-

cess is not very common (KUMAR et al., 2018).

Table 3.1 shows the typical compositions of natural and technical CNSL. In Brazil,

the thermal-mechanic process is commonly used for production of CNSL, providing

the technical CNSL that is rich in cardanol. The Table 3.1 also shows that anacardic

1The percentages describe the lower and upper limits using different analytical techniques. New,
distilled and aged samples were analyzed. The dashed line represents absence of the material.
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Figure 3.9: Schematic representation of the thermal polymerization of cardanol.
Adapted from OLIVEIRA, L. D. M. DE (2007)

acid constitutes about 77% of natural CNSL. If solvent is used for cold extraction it is

possible to obtain approximately 90% of anacardic acid and 10% of cardanol in CNSL
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Table 3.1: Typical compositions of natural and technical CNSL (values are in wt%)
(adapted from MAZZETTO et al. (2009)).

Phenolic Compounds Natural CNSL (%) Technical CNSL (%)

Anacardic Acid 71.70 – 82.00 1.09 – 1.75
Cardanol 1.60 – 9.20 67.82 – 94.60

Cardol 13.80 – 20.10 3.80 – 18.86
2-Methyl Cardol 1.65 – 3.90 1.20 – 4.10

Minority Components 2.20 3.05 – 3.98
Polymeric Material - - - 0.34 – 21.63

1

Table 3.2: Detailed compositions of natural CNSL as measured by coupled gas
chromatography and mass spectroscopy (GC-MS) (values are in wt%) (adapted from

MAZZETTO et al. (2009)).

Constituent Anacardic Acid (%) Cardanol (%) Cardol (%) 2-Methyl cardol (%)

Saturated 2.2 – 3.0 3.9 - 4.4 0.2 - 2.7 0.9 - 1.3
Monoene (8’) 25.0 - 33.3 21.6 - 32.2 8.4 - 15.2 16.3 - 25.3
Diene (8’, 11’) 17.8 - 32.1 15.4 - 18.2 24.2 - 28.9 20.6 - 24.4

Triene (8’, 11’, 14’) 36.3 - 50.4 45.2 - 59.0 36.5 - 67.2 49.8 - 62.2

(PATEL et al., 2006).

Anacardic acid has called attention because of its antimicrobial, anticoagulant, an-

titumor, antifungal and molluscicide properties (CORREIA et al. (2006), MAZZETTO

et al. (2009)). These properties are affected by the side chain. Cardanol and its deriva-

tives have been used as plasticizers, surfactants, curing agents, doping agents, and for

manufacture of phenolic and epoxy resins and in nano-composite films (LI et al., 2018).

The components of natural CNSL depending on the number of unsaturations is pre-

sented in Figure 3.10.

Table 3.2 presents the detailed composition of natural CNSL. Regarding the num-

ber of unsaturations present in the side chain, the triene is the side chain present more

often in every phenolic compound. Values change inside an interval due to the reg-

ular variations of CNSL. The large quantities of trienes encourage the use of CNSL in

polymerization reactions.

Monoene anacardic acid can be obtained by boiling the acid mixture in a solu-

Table 3.3: Physical properties of cardanol and anacardic acid.

Property Value

Cardanol Anacardic Acid
Molecular Weight (Da) 298.0 – 304.0 342.5- 348.5

Density (g/cm3) 0.927 – 0.934 (30 °C ) 1.028
Boiling Point (°C ) 228 – 235 496.4

Viscosity (cP) 95 (25 °C ); 45 – 60 (30 °C ) 150 – 600 (25 °C )
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tion of isopropyl alcohol and ruthenium (III) chloride (catalyst) in acetone. Under

these conditions, the diene and triene are hydrogenated to monoene (PERDRIAU et al.,

2012). The attained temperature reached does not promote the decarboxylation of the

anacardic acid to cardanol (MUBOFU, 2016). Molecular weight, density, boiling point

and viscosity of cardanol and anacardic acid are presented in Table 3.3 (RODRIGUES

et al. (2011), MAZZETTO et al. (2009), BALGUDE and SABNIS (2014).

Figure 3.10: Anacardic acid: (i) 1-hydroxy-2-carboxy-3-pentadecyl benzene,
(ii) 1-hydroxy-2-carboxy-3-(8-penta-decenyl)benzene,

(iii) 1-hydroxy-2-carboxy-3-(8,11-pentadecadienyl)benzene, and
(iv) 1-hydroxy-2-carboxy-3-(8,11,14 pentadecatrienyl)benzene.

3.3 Synthesis of Polymers Using CNSL

Reports of polymer syntheses based on CNSL mainly describe condensation reac-

tions in presence of electrophilic agents (such as formaldehyde), polymerizations of

the side chains using acid catalysts and functionalizations of the hydroxyl group in or-

der to obtain oligomers as functionalized prepolymers (BALGUDE and SABNIS, 2014).

The polymers derived from the CNSL are known to present good flexibility, because of

the long aliphatic chain, low wear, and high resistance to friction and impact. LUBI
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and THACHIL (2000) reviewed most of the reactions (including polymerizations) and

applications developed with CNSL until the late 1990s.

However, instead of using the mixture of compounds (CNSL), purified cardanol

has been the most studied and used as substance obtained from CNSL for polymer

syntheses. In the literature, one can find reports of oxidative (using acid catalysts),

cationic, polycondensation and enzymatic polymerizations (IKEDA et al. (2000b), KIM

et al. (2003)) used cardanol directly. Furthermore, cardanol derivatives, such as other

monomers manufactured from cardanol, have also been used (BHUNIA et al., 1999) as

due to the hydroxyl moiety, many chemical transformations are possible with cardanol

(Figure 3.11). A good review related to cardanol applications in the coating industry

was prepared by BALGUDE and SABNIS (2014). LOCHAB et al. (2014) also prepared

a great review regarding applications of natural phenolic compounds in the polymers

field.

Regarding the oxidative polymerizations, the synthesis of polycardanol has been

performed with the use of Fe-salen (iron-N,N-ethylenebis(salicylideneamine) complex

as catalyst. IKEDA et al. (2000a) used Fe(II)-salen, which was posteriorly oxidized to

Fe(III)-salen, the real catalyst of the polymerization. On a first study, the authors uti-

lized pyridine to increase the yield, and tetrahydrofuran (THF) or 1,4-dioxane as sol-

vents. After NMR and FTIR analyses, the obtained polymers were found to be a mix-

ture of oxyphenylene and phenylene, classes of crosslinkable polyphones. Figure 3.12

shows the reaction done by the authors and Figure 3.13 illustrates the structure of Fe-

salen complex.

In a second publication, IKEDA et al. (2000a) studied the same polymerization in

bulk. They investigated the effects of concentration of catalyst, type of catalyst, con-

centration of hydrogen peroxide, time and additives (water or pyridine). It was found

that the highest yield (80%) was obtained with the Fe-salen complex when the concen-

tration of catalyst and hydrogen peroxide were high. However, the effect of time was

not very significant in the range from half an hour to two hours. When compared to

other metallic complexes, Fe-salen allowed for the highest polymer yields.

OTSUKA et al. (2017) reported the oxidative polymerization of cardanol in w/o

emulsions, using larger amounts of cardanol is respect to water. To keep the system

stable, polyamine and acetic acid were used. After 24 hours, depending on the ana-

lyzed conditions, 50% of conversion were achieved, average molecular weight of 6800

Da e polydispersity of 2.3 were achieved.

Besides the oxidative route, poly(cardanol) can be obtained through enzymatic

polymerizations using peroxidases. The product is a mixture of oxyphenylene and

phenylene units. Using soybean peroxidase, IKEDA et al. (2000b) obtained the high-

est yield (69%) with isopropanol as solvent (Mn = 6100 Da and PI = 1.8). Doubling the

amounts of enzymes, KIM et al. (2003) studied the same polymerization reaction. They
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Figure 3.11: Possible chemical transformations of cardanol (BALGUDE and SABNIS,
2014)

obtained 62% of yield, Mn of 3411 Da and Mw of= 8221 Da (PDI of 2.41). The structure

of the obtained polymer was similar to those obtained using the oxidative route.

Another possible route is polycondensation, which leads to oligomerization and

production of functionalized pre-polymers. CNSL step-growth polymerization can

be performed with electrophiles for reactions with hydroxyl group and an aldehyde

(formaldehyde). In this case, a formaldehyde-cardanol resin can be obtained, form-

ing a phenolic thermosetting resin. For example, MISRA and PANDEY (1984) (and also

in a latter study: MISRA and PANDEY (1985)) studied this polymerization with help

of a alkaline catalysis (NaOH). BISANDA and ANSELL (1992) found that the obtained

material presented the strength for roofing applications.
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Figure 3.12: Schematic representation of oxidative polymerization of cardanol using
Fe-salen as catalyst (IKEDA et al., 2000a)

Figure 3.13: Structure of Fe-salen complex

In general, cardanol resins are more flexible and soluble in organic solvents than

other phenol-formaldehyde resins. In addition, cardanol resins are hydrophobic

and present better resistance to acids and bases. However, they present lower ten-

sile strength and thermal stability than the traditional phenol-formaldehyde resins

(LOCHAB et al., 2014). This may be attributed to the side chain, which imparts steric

hindrance and reduces the intermolecular interactions. Thus, an optimum replace-

ment of phenol by cardanol can be required. For example, phenolic resins containing

less than 15 wt% of cardanol present distinctly improved chemical resistance and me-

chanical properties, when compared to neat phenolic resins.

Cardanol polycondensations using acid catalysis have been reported using oxalic,

succinic, citric and other acids (SATHIYALEKSHMI (1993), YADAV and SRIVASTAVA

(2007a), LOUREIRO et al. (2017)). For example, SOUZA JR. et al. (2008a) prepared the

resin in one step with H2SO4. The analyses of FTIR and XPS confirmed the polymer-

ization. The presence of sulfur was also noticed in the polymer, which affects its acidity

and was advantageous for preparation of mixtures with polyaniline (conductive poly-

mer). In another work, SOUZA JR. et al. (2008b) used the cationic route to produce the

same resin with H2SO4 catalysis.
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Cationic polymerizations can also be used to synthesize poly(cardanol) with boron

trifluoride etherate (BF3O(C2H5)2) as initiator (ANTONY et al. (1990), LOUREIRO et al.

(2017)). Sulfuric or phosphoric acids can be used as catalysts (MANJULA et al., 1992).

The polymerization occurs on the side chain (Figure 3.14).

Figure 3.14: Schematic representation of the cationic polymerization of cardanol
(adapted from ANTONY et al. (1990).)

BESTETI (2009) and GALVÃO (2016) studied the direct use of cardanol as

comonomer using several polymerization methodologies: bulk, solution, suspension

and emulsion polymerizations. However, due to the poor reactivity of the C15 unsat-

urations, obtained conversions were not very high, but the obtained products were

shown to present attractive properties for some applications, mainly for enzyme im-

mobilization, inspiring the present study.

Figure 3.15: Schematic representation of the synthesis of poly(cardanyl acrylate) and
respective films (MANJULA et al., 1992).

As previously mentioned, cardanol can be used to prepare new monomers. Acry-

lates and methacrylates derived from cardanol have found more successful use as
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monomers in radical polymerization than cardanol (LI et al., 2018). For example ex-

ample, cardanyl acrylate and cardanyl methacrylate polymerize through free radical

polymerization to form lattice structures when exposed to air or ultraviolet light, re-

sulting in thermoplastic and colorless polymers (MANJULA et al., 1992). Figure 3.15

shows the chemical structure of cardanyl acrylate and its polymer.

Several companies have been using CNSL and cardanol to produce cardanol

derivatives, polycarbonates, epoxy resins, detergents, foams, surfactants and other

products. Table 3.4 presents some patents that use CNSL or cardanol as reagents. A

prominent company is this field is Cardolite Inc. This American company is the world’s

largest cardanol producer. Besides cardanol (commercially available under the trade

name Cardolite NC-700 or NX-2026), their most relevant products are cardanol deriva-

tives, such as reactive diluents and flexible resins (NC-513, NC-514, NC-514 LV); epoxy

novolac resins (NC-547), see Figure 3.16; phenalkamine curing agents, condensation

product of cardanol, formaldehyde and polyamine (NC-540, NC-541, NC541LV, NC-

556, NC-558, NC-559, NC-560, NX 2015) and polyols (NX-9001LV, GX-9005, GX- 9007,

GX-9201, NX-4670).

Figure 3.16: Schematic representation of an epoxy novolac resin structure sold by
Cardolite.

Polyurethane resins have also been made with cardanol derivative polyols

with a wide range of polyisocyanates (SURESH and KISHANPRASAD (2005);

WO2006003668A1). There are several patents discussing this type of application (Ta-

ble 3.5). A company that has been growing commercializing cardanol polyols and

polyurethanes is Covestro, a Germany company and a spin-off of Bayer. The Dow

Chemical Company (now DowDuPont, after merging with DuPont in 2017) is an Amer-

ican company that also works in this field.

Finally, very few studies can be found regarding the use of anacardic acid as a

monomer. Even when the mixture of CNSL is used in polymerizations, normally it

is the technical CNSL, which contains a small percentage of anacardic acid. CHE-

LIKANI et al. (2009) polymerized anacardic acid through free radical oxidative cou-

pling process, using soybean peroxidase for 24 hours (Figure 3.17). A redox media-

tor (phenothiazine-10-propionic acid, PPA) and hydrogen peroxide (as oxidant agent)

were used in methanol or propanol in pH 7. Analyses of 1H-NMR and FTIR showed
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Table 3.4: Patents using cardanol as a reactive molecule.
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Table 3.5: Patents using cardanol to produce polyurethanes.
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the polymer contained a mixture of oxyphenylene and phenylene units and that some

decarboxylation took place during the polymerization. Therefore, the polymerization

did not happen on any unsaturation of the pentadecyl side chain, being very selec-

tive. When methanol was used as solvent, the average molecular weight of the ob-

tained polymer was equal to 5000 Da with 43% of yield. When propanol was used,

the molecular weight was equal to 3900 Da with 61% of yield. Moreover, the polymers

were crosslinked, and films were produced and submitted to biofouling tests for gram-

negative or gram-positive bacteria, being more effective against gram-negative bacte-

ria. In a similar study, YOON and KIM (2009) showed that both polymer films could

reduce the number of adherent cells to its surface, but not presenting any antimicro-

bial activity.

Figure 3.17: Reaction scheme of anacardic acid polymerization catalyzed by
peroxidase (adapted from CHELIKANI et al. (2009))

PHILIP et al. (2007) tried to obtain molecularly imprinted polymers (MIPs), uti-

lized the anacardic acid as monomer in toluene solution in presence of azobisisobu-

tyronitrile (AIBN) and ethylene glycol dimethacrylate (EGDMA) or divinylbenzene

(DVB) as crosslinking agent at 60 °C . In order to synthesize the MIP, (R,S)-propranolol

hydrochloride, (R)-propranolol hydrochloride or (S)-propranolol hydrochloride were

added as templates. The copolymerization was confirmed by FTIR analyses. However,

the authors modified the anacardic acid through acylation and methacrylation, ob-

taining anacardanyl acrylate and anacardanyl methacrylate, respectively (Figure 3.18).
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New copolymerizations were carried out in the same system successfully with these

new monomers.

KAEWCHADA et al. (2012) copolymerized anacardic acid with divinylbenzene

(DVB), utilizing benzoyl peroxide (BPO) and toluene, for 48h at 60 °C . As the main

target was to synthesize a MIP, the authors added rice brain oil as template. At the end,

a rigid mass of polymer was obtained. More detailed characterizations analyses were

not mentioned.

Figure 3.18: Schematic reperesentation of the synthesis of anacardanyl acrylate (a)
and anacardanyl methacrylate (b) (adapted from PHILIP et al. (2007)).

3.4 Polymer Functionalization

Functionalization of polymers can be defined as the introduction of desired func-

tional groups into the polymer structure to create specific chemical, physical, biologi-

cal or pharmacological properties. Functionalization is important to enable further re-

actions, like bioconjugation, the selective binding of particular species, the transport

of drugs, the catalytic activity and some specific final applications (PICHOT (2004),

TIAN et al. (2012)). Functionalization can be implemented through physical adsorp-

tion by hydrophobic, hydrophilic or electrostatic interacting, through hydrogen and

Van der Walls bonding and through covalent chemical bonding, due to the existence of

chemical reactive groups such as amine, thiol, carboxyl and hydroxyl groups.

Functionalization through non-specific (physical) adsorption is the weakest one,

since the molecule can be desorbed when the medium conditions like pH, tempera-

ture and ionic strength (WELSCH et al., 2013) are changed. Conjugation through co-

valent bonding is more permanent and attractive because it provides a route for the

formation of biofunctional layers, that are irreversibly and stable bounded (RAMOS,

2018).
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As defined by IUPAC, a functional polymer is one that (MCNAUGHT and WILKIN-

SON, 1997):

• bears specified chemical groups or;

• has specified physical, chemical, biological or pharmacological properties de-

pending on specific chemical groups.

PICHOT (2004) specified the most used methods for fabrication of functionalized

particles. Two of them are:

• heterogenous polymerizations, usually in aqueous medium and performed

through free-radical polymerization, which enable the manufacture of particle

dispersions with a wide size range that depends on the particular analyzed tech-

nique.

• self-organization of block or grafted copolymers by means of molecular or elec-

trostatic interactions.

HERMANSON (2013) confirmed that reactive or functional groups can be created

at the surface of particles for the subsequent coupling of binders with the aid of the

monomer mixture in the polymerization. In this case, multiple factors, such as size

and curvature of the particle surface and the chemical nature of the surface and the

particle cores, can determine the final arrangement of the biomolecules and the extent

of the functionalization (MAHON et al., 2012).

PEIXOTO (2013) studied the functionalization of poly(methyl methacrylate) par-

ticles by copolymerizing methyl methacrylate with acrylic acid, methacrylic acid, 2-

dimethylamino ethyl methacrylate and 2-hydroxyethyl methacrylate. The author ob-

served the comonomers were concentrated in the particle surface due to their affinity

with the aqueous medium, functionalizing the particle surfaces. Absorption tests with

bovine serum albumin (BSA) indicated that 15 to 35% of the initial protein load was

immobilized on the particle surfaces.

WAY (2017) studied click chemistry routes for functionalization of polymer parti-

cles. Successful thiol-ene reactions between styrene and 3-mercaptopropionic acid

and between maleimide and functionalized polymers produced by RAFT polymeriza-

tion were performed. The author detected the use of bioconjugated copolymer sys-

tems could cause the increase of nanoparticles uptake by cells, constituting promising

alternatives for use in targeted drug delivery applications.

In the present study, suspension polymerizations are performed to functional-

ize polymer particles. Besides cardanol, the use of anacardic acid can be inter-

esting due to the presence of the carboxylic group that can react with the amine

groups of biomolecules, forming a peptide bound. This can be easily done with a
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carbodiimide, such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-

hydroxysuccinimide (NHS). The formation of the amide group can be detected by FTIR

analyses (RAMOS, 2018).

3.5 Concluding Remarks

Based on this literature review, it can be said that detailed experimental studies

about the free-radical polymerization of cardanol or acid anacardic are not available.

GALVÃO (2016) started investigating the copolymerization kinetics of cardanol with

styrene in homogeneous and heterogeneous systems, confirming that cardanol can be

incorporated into the polymer chains through one of its characteristic unsaturations.

Besides, cardanol was shown to exert a stabilizing effect on suspension polymeriza-

tions. However, it also inhibited the polymerization, reducing the overall rates of poly-

merization. BESTETI et al. (2014) produced core-shell polymer particles containing

cardanol through semibatch combined suspension-emulsion polymerizations for pos-

terior enzyme immobilization. However, the authors were not able to copolymerize

cardanol with styrene at usual suspension operation conditions. Regarding anacardic

acid, only syntheses of MIPs have been reported. Therefore, comparative analyses of

the kinetics of copolymerizations performed with anacardic acid and cardanol have

yet to be done. Finally, the use of these renewable monomers for polymer functional-

ization sounds interesting as they can introduce long unsaturated aliphatic side chains

and hydroxyl and carboxylic reactive groups into the polymer backbone, although this

has not been performed in the literature yet.
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Kinetic Studies of Bulk

Copolymerizations

1st Section
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Chapter 4

Bulk Copolimerizations: Methodology

4.1 Materials

Cardanol (Taian Health Chemical, minimum purity of de 99.5 wt%, Taian, China),

natural CNSL (donated by Embrapa, Brazilian Agricultural Research Corporation, For-

taleza, Brazil), acrylic acid (AA) (VETEC, Rio de Janeiro, Brazil, with minimum purity

of 99%), methyl methacrylate (MMA) (VETEC, Rio de Janeiro, Brazil, minimum purity

of 99.5 wt%), styrene (Sty) (Sigma-Aldrich, Rio de Janeiro – Brazil, with minimum pu-

rity of 99.5 wt%) and vinyl acetate (VAc) (Sigma-Aldrich, Missouri - United States, with

minimum purity of 99.5 wt%) were used as monomers. Hydroquinone (Tedia, Rio de

Janeiro, Brazil, with minimum purity of 99 wt%) was used to halt the polymerization in

solutions of ethanol (VETEC, Rio de Janeiro, Brazil, with minimum purity of 99.8 wt%).

Benzoyl peroxide (BPO) (VETEC, Rio de Janeiro, Brazil,with minimum purity of 99 wt%,

containing 25 wt% of humidity) was used as a initiator of the polymerizations. Tetrahy-

drofuran (THF) (Tedia, Rio de Janeiro, Brazil, with minimum purity of 99.5 wt%) was

used as solvent for gel permeation chromatography analyses. Deuterated chloroform

(Cambridge Isotope Laboratoies Inc., United States, minimum purity 99.8 wt%) was

used as solvent for 1H-NMR analyses.

4.2 Set up for bulk polymerization

Reactions were performed in glass tubes. The reaction mixture (roughly 2 mL) was

purged with nitrogen for one minute and placed in a silicone bath kept under constant

stirring at the desired reaction temperature. The sample collected at time zero was

taken when the temperature of the reaction mixture (measured with a thermocouple
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placed inside the tube) reached the desired value. At specified sampling times, tubes

were removed, cooled quickly and the reaction was interrupted by adding 10 droplets

of ethanolic solution of hydroquinone (1 wt %).

Figure 4.1: Schematic representation of the experimental set up used to perform bulk
copolymerizations.

4.3 Kinetic Experiments

All reaction mixtures (regardless of the comonomer) were prepared with 1 wt% of

BPO. For each system, the concentration of cardanol or natural CNSL (0, 2.5, 5, 10

wt%) and the reaction temperature (85 - 110 °C ) were manipulated. Depending on

the comonomer and the concentration of cardanol/CNSL, the reaction time was also

changed. When the reaction system presented smaller reactivities, longer sampling
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Table 4.1: Experimental design of bulk copolymerizations

Experiments
Monomers (% wt/wt)

Initiator (% wt/wt) Temperature (°C)
Cardanol Y

X.Y.T.1 0.0 99.0 1 85
X.Y.T.2 2.5 96.5 1 85
X.Y.T.3 5.0 94.0 1 85
X.Y.T.4 10.0 89.0 1 85
X.Y.T.5 0.0 99.0 1 110
X.Y.T.6 2.5 96.5 1 110
X.Y.T.7 5.0 94.0 1 110
X.Y.T.8 10.0 89.0 1 110

times were taken. Table 4.1 summarizes the experiments that were performed. In total,

at least 38 bulk polymerizations were carried out. In Table 4.1, X corresponds to car-

danol and Y corresponds to the comonomer: MMA, Sty, VAc or AA, while T corresponds

to the specified temperature. The reactions performed with MMA were repeated with

natural CNSL, because PMMA is widely applied for many utilities. The obtained poly-

mer samples were characterized by gravimetric analyses (for determination of overall

monomer conversions). The polymer properties were characterized by GPC, NMR,

FTIR, DSC and TGA analyses, as described below.

When necessary to remove residual cardanol, the polymeric samples were re-

precipitated. For this, the sample was dissolved in toluene for a few hours until com-

plete dissolution. Then, methanol was added to precipitate the polymer. Thus, the

solid polymer phase was separated from the liquid phase and dried in a recirculating

oven under vacuum. When this was performed, it is mentioned during the results dis-

cussion, naming re-precipitated copolymer.

4.4 Gravimetric Analysis

Monomer conversion was monitored by gravimetric analyses. The glass tube was

weighed before the addition of the sample and the mass of hydroquinone added into

each tube was recorded. The tubes containing the polymer material were dried in a

recirculating oven under vacuum at ambient temperature, and weighed several times

until constant mass. The overall monomer conversions were calculated in the form:

mmonomer = mi ni t i al −mtube −mBPO (4.1)

mpol ymer = mdr y −mtube −mBPO −Csol .hydr oqui none ∗mhydr oqui none (4.2)
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conver si on (%) = mpol ymer

mmonomer
∗100% (4.3)

where mmonomer is the initial mass of monomer, mBPO is the mass added of droplets of

ethanolic solution of hydroquinone, mpol ymer is the mass of the polymer formed and

Csol .hydr o is the alcoholic solution of hydroquinone concentration (0.01 g/L).

4.5 Characterizations

4.5.1 Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) was used to determine the molecular

weight distribution and average molecular weights of polymer samples. The sample

was dissolved in THF and injected into a porous column filled with polymer. It takes

longer times for small molecules to leave the column as they penetrate the interior of

the porous gel phase. Bigger molecules are detected first because they do not penetrate

the pores. As the operation was calibrated with standards of known molecular weights,

it was possible to determine the molecular weight distribution of the polymer sample

by analyzing the retention time inside the column.

Analyses were performed with a GPC chromatograph (Viscotek GPCmax, Malvern,

Worcestershire, United Kingdom) equipped with Shodex GPC HFIP-803, Shodex GPC

HFIP-804 and Shodex GPC HFIP-805 (Showa Denko, Tokyo, Japan) columns and a Vis-

cotek refractive detector model VE3580 and Viscotek model 2500 UV detector, set to

255 mm and equipped with deuterium lamp. The equipment was calibrated with

polystyrene standards having molecular weights ranging from 500 and 1.8 · 106 Da.

Sample preparation consisted in solubilizing about 5 mg of the polymer in about 5 mL

of THF. The solution was filtrated through a Teflon filter with pores of 0.45 µm pores.

The filtrate was then injected into the chromatograph. The temperature of the columns

was kept constant at 40 °C . 200 µl of the sample solution were injected into the mobile

phase, flowing at volumetric flow rate of 1 mL/minute.

GPC data were also used to evaluate the conversion of homopolymers containing

cardanol or CNSL. The characteristic monomer chromatograph was used as a bench-

mark for comparisons with the chromatographs of the copolymers. When a shoulder

appeared in the region of higher molecular weights, indicating formation of polymer

molecules, the mass fraction reported by the GPC of that fraction was assumed to cor-

respond to the monomer conversion. However, as cardanol or CNSL were not purified,

they also contained small fractions of oligomers which were subtracted from the value.

A detailed explanation is presented in the Appendix.
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4.5.2 Nuclear Magnetic Resonance (NMR)

The chemical structure of a material can be detected by nuclear magnetic res-

onance. This technique is based on the energy absorption at discrete frequencies

when a compound is placed in a strong magnetic field and irradiated with a radio-

frequency signal. The frequency is very sensitive to the atomic environment of the

proton (ODIAN, 2004).

Samples for 1H-NMR were prepared solubilizing 15 mg of the polymer sample in

0.8 mL of deuterated chloroform. Analyses were performed at room temperature in a

Varian Mercury, model VX300, 300.2 MHz of frequency and probe of 5 mm (California,

the United States). In addition, for some samples (when announced in the discussion),

the dry polymer material was redissolved in toluene, reprecipitated in methanol, fil-

trated and dried a second time in a drying oven under vacuum at 50 °C until it reaching

constant weight.

4.5.3 Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) is based on the fact that atoms vi-

brate at specific frequencies of the electromagnetic spectra, depending on their chem-

ical structure. The vibration changes when the chemical neighborhood changes. For

this reason, this technique is used to detected chemical compounds and detect the

appearance or disappearance of functional groups (ODIAN, 2004).

FTIR analyses were carried out in the range of 4000 – 400 cm−1, with resolution

of 4 cm−1, in a Thermo equipment, model Nicolet 6700 (Madison, the United States)

equipped with a ATR Smart Orbit in reflectance mode, that ensures application of a

constant pressure in the samples.Soectra were reported as averages of 128 scans. KBr

pellets were prepared according to the Standard Practice for Rubber Chemicals (ASTM

D2702).

4.5.4 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a destructive technique used to determine the

thermal stability of polymer samples placed under inert reactive atmospheres. It can

also be used to evaluate the presence of solvent, residual monomer or any other volatile

compound in the sample. During the analysis, temperature increases at specified rates

and the mass of the sample decreases. Then, the equipment provides a mass graph

(thermogram) as a function of the temperature.

Samples of 10 mg were analyzed in a Perkin Elmer STA 600 equipment (Mas-

sachusetts, the United States) with temperature ranging from 30 to 700 °C with a heat-

ing rate of 10 °C /min under inert nitrogen atmosphere.
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4.5.5 Differential Scanning Calorimetry (DSC)

To determine the Tg and and Tm of a polymer, Differential Scanning Calorimetry

(DSC) analyses can be used. DSC reflects the change in heat capacity of a sample as a

function of temperature by measuring the heat flow required to maintain a zero tem-

perature differential between an inert reference material and the polymer sample. This

analysis is interesting because the values of Tg and and Tm for a polymer affect its

mechanical properties at any particular temperature and determine the temperature

range in which that polymer can be employed. As the two thermal transitions are gen-

erally affected in the same manner by the molecular symmetry, structural rigidity, and

secondary attractive forces of polymer chains, the presence of a plasticizer increases

the mobility of macromolecules, reducing the transition temperatures (ODIAN, 2004).

For Differential Scanning Calorimetry (DSC) analyses, polymer samples of 5 mg

were placed in aluminum pans under nitrogen atmosphere. Analyses were performed

in the range from 0 to 280 °C at heating rate of 10 °C .min−1. As usual, the second

heating scan was used to record thermal transition temperatures in order to erase the

thermal history of the sample.
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Chapter 5

Bulk Copolymerizations: Experimental

Results

5.1 Introduction

As far we have knowledge, kinetic studies about the free radical copolymerization

of cardanol with vinyl monomers had never been reported before the work of GALVÃO

(2016). The author studied the copolymerization of cardanol with styrene in bulk, sus-

pension and emulsion reactors. As previously detected, several problems may arise

when cardanol is used as a comonomer. Firstly, steric hindrance is expected to oc-

cur due to the long side chain of cardanol. Secondly, the hydroxyl group may interact

with other compound and lead to secondary reactions. Thirdly, stable radicals may be

formed due to internal unsaturations, retarding the polymerization (RODRIGUES et al.

(2006)). Figure 5.1 shows the reactivity sites of cardanol.

Figure 5.1: Reactive sites of cardanol

The bulk copolymerizations of cardanol with methyl methacrylate, vinyl acetate,

acrylic acid and styrene are studied in this first section. As these monomers present

different functional groups, reactivities and applications, it may be interesting to check

if copolymerizations are possible in these systems.

50



It is important to observe that free radical copolymerizations of anacardic acid with

these monomers have never been reported. For this reason, copolymerizations of nat-

ural CNSL with methyl methacrylate is also studied in this section. This copolymeriza-

tion can be even more challenging due to the presence of a carboxylic group. Theoret-

ically, as it is expected the polymerization will occur through one of the double bonds

of the side chain, the reactivity ratios should be similar to the ones obtained when car-

danol is used as a comonomer.

5.2 Homopolymerizations of Cardanol and Anacardic

Acid

Cardanol and anacardic acid are very similar phenolic compounds as both com-

pounds have side chains with 15 carbon atoms and 0 to 3 unsaturations, but anacardic

acid presents a carboxylic group in the ortho position in respect to the hydroxyl group.

Although anacardic acid can be purified from CNSL (PARAMASHIVAPPA et al. (2001)),

this increases the cost of the reagent and, consequently, of the homo- and copolymer-

izations performed with this compound. Therefore, in order to evaluate the effect of

the functional groups of CNSL on the copolymerizations, natural CNSL was used as

reagent.

The homopolymerization of cardanol and natural CNSL were performed with 1

wt % of BPO at 85 and 110 °C , using the same reaction procedure already described

for copolymerizations. However, as the boiling point of CNSL is very high (225 °C at

0.013 atm) (HARVEY), monomer may not be removed efficiently under vacuum at low

temperatures. Therefore, monomer conversions for this polymerization systems were

obtained from gel permeation chromatograph (GPC) data, as shown in Table 5.1. More

explanation about the calculation is present in the Appendix.

Table 5.1: Conversions for homopolymerizations of cardanol with 1 wt% of BPO.

85 °C 110 °C
Reaction Time (h) Conversion (%) Reaction Time (h) Conversion (%)

2 1.6 1 4.4
4 2.1 3 7.6
7 2.1 5 7.8

8.5 1.8 6 4.5
10.5 1.5 8 8.4

Even though the conversion values were small (Table 5.2), it indicates that some

oligomerization took place. The fast stabilization of monomer conversions at 110 °C is

related to the fast decomposition of BPO and absence of spontaneous initiation at this
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Table 5.2: Conversions for homopolymerizations of natural CNSL with 1 wt% of BPO.

85 °C 110 °C

Reaction Time (h) Conversion (%) Reaction Time (h) Conversion (%)
2 3.00 1 10.25
4 2.90 3 9.25
7 4.93 5 9.45

8.5 3.90 6 5.65
9 2.90 8 5.85

Table 5.3: Average molecular weights for cardanol and natural CNSL with 1 wt% of
BPO.

85oC
Mn Mw PDI

Cardanol 971 ±24 1217 ± 66 1.25±0.04
Natural CNSL 1130 ± 45 1499 ± 52 1.33±0.02

110oC
Mn Mw PDI

Cardanol 1185 ±64 1690 ± 64 1.43±0.06
Natural CNSL 1179 ±37 1684 ±103 1.43±0.06

condition. Figure 5.2 show characteristic GPC chromatograms of samples collected at

85 and 110 °C . Oligomers were obtained at both temperatures as can be seen in Table

5.3 (the average molecular weights for each point of a same reaction is similar, thus, for

each point, values of Mn and Mw are present in the Appendix). It is possible to observe

in Figure 5.2 the presence of small shoulders positioned in the region of low molecu-

lar weights that may be due to impurities, as also observed for natural CNSL and il-

lustrated in Figure 5.3. Conversions for CNSL homopolymerizations are presented in

Table 5.2. As one can see, conversions were similar for cardanol and natural CNSL ho-

mopolymerizations, as one might already expect if reactions involve the unsaturations

of the pendant side chains. However, conversions appeared to be consistently larger

for CNSL samples, which may indicate that the functional group exert some influence

on the course of the reaction.
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(a) (b)

Figure 5.2: GPC chromatographies of samples collected at 85 °C (a) and 110 °C (b) for
cardanol homopolymerizations (differential molecular weight distribution versus

retention volume).

(a) (b)

Figure 5.3: GPC chromatographies of samples collected at 85 °C (a) and 110 °C (b) for
natural CNSL homopolymerizations (differential molecular weight distribution versus

retention volume).

1H-NMR analyses for cardanol samples were performed to evaluate the chemi-

cal bonds present and propose a possible reaction mechanism. However, the ob-

tained spectra were very complex, with many signals (GALVÃO (2016), FERREIRA et al.

(2015)). Figure 5.4 shows the 1H NMR spectrum of cardanol with identified peaks. The

formation of higher molecular weight compounds can be monitored through the peak

placed at δ = 2.5 ppm (f ). Hydrogen (2H) related to peak f were selected because they

are present in all analyzed molecules. Figure 5.5 shows the spectrum of a sample col-

lected after 4h of polymerization, while Figure 5.6 shows the spectrum of a sample

collected after 8h of reaction at 110 °C. One can observe that peaks c, e, g and j expe-

rience a relative increase while peaks b or d that correspond to the terminal double

bonds remained constant. So, as it seems that the relative proportion of saturated car-
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danol decreased, while the mono and diene fractions increased, reactions did not take

place through the terminal double bond. Similarly, peaks a did not change, showing

that a mechanism similar to the oxidative or enzymatic polymerization of cardanol did

not happen. The appearance of a very broad peak within the range of 3 to 5 ppm,

which corresponds to the R-O-R (ether) bonds, indicates that some reaction with the

hydroxyl group may have happened (PRETSCH et al., 2000). Analyses were performed

in duplicates and the obtained results were essentially the same.
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For natural CNSL, the composition of the mixture and the respective 1H NMR spec-
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trum was even more complex than the observed for cardanol. The 1H NMR spectrum

is presented in Figure 5.7 and identification of the peaks is similar to the one presented

for cardanol. However, after 8 hours of reaction at 110°C , a reference peak could not be

selected as the intensities of all peaks seemed to have changed, as pointed by the ar-

rows of Figure 5.8. Also, a peak located in the region between 4.0 and 4.9 ppm appeared

indicating the ether function.
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Figure 5.7: 1H NMR spectrum of CNSL.

The 1H NMR spectra of cardanol and CNSL can be used to evaluate the percentage

of the triene component(s), by comparing the peaks f or h with peaks b or d. Therefore,

the triene fractions were equal to 44.41±7.8 % in cardanol and 49.69±6.0 % in natural

CNSL. Monoene and diene fractions cannot be obtained only by 1H NMR analysis. Gas

chromatography can be used to obtain their compositions in further investigations.
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Figure 5.8: 1H NMR spectrum of sample collected after 8h of reaction at 110 °C with
CNSL.

FTIR analyses were also performed to detect functional groups present in the sam-

ples. FTIR spectra of samples collected at 110 °C (Figure 5.9) show that the relative

intensity of peaks decreased with time, indicating consumption of functional groups.

Reduction of intensity took place mainly at 3300, 1250 and 1150 cm−1, which are re-

lated to the hydroxyl moiety (SMITH, 1998). Therefore, reactions with this group may

have happened. Moreover, the relative intensity of peaks related to double bonds also

diminished with time, such as the one related to the terminal double bond at 3050

cm−1 and those located at 1000 - 600 cm−1 corresponding to internal and terminal un-

saturations (SMITH, 1998). FTIR spectra of samples collected after 4 hours and 8 hours

of reaction at 110 °C were not different with linear correlation of 0.9563 (Figure 5.10).

The FTIR spectra were similar to the one of pure cardanol reported by YADAV and SRI-

VASTAVA (2007b). Therefore, cardanol may present multiple reactive sites: hydroxyl

groups, internal and terminal unsaturations. All of them can react in the presence

of a suitable initiator (such as BPO) in different magnitudes. The reaction with the

hydroxyl moiety can happen because phenolic compounds are donors of hydrogen

atoms, as shown in Figure 5.11 (TYCHOPOULOS and TYMAN, 1990). This reaction is

faster than the transfer reaction of an alkyl radical (LARTIGUE-PEYROU (1996). More-

over, the presence of oxygen can cause the formation of peroxy radicals, reinforcing the

need for nitrogen purging before reaction.

For natural CNSL, it is hard to analyze the FTIR spectra because the peaks were

57



3 6 0 0 3 2 0 0 2 8 0 0 2 4 0 0 2 0 0 0 1 6 0 0 1 2 0 0 8 0 0 4 0 0
0

2 0

4 0

6 0

8 0

Tra
ns

mi
tta

nc
e (

%)
     C = C

= C - H= C - H
- O HO - H

W a v e l e n g t h  ( c m - 1 )

 4 h
 8 h

Figure 5.9: FTIR spectra of samples collected after 4 and 8 hours of reaction at 110 °C
with cardanol.

R² = 0.9563

8
 h

o
u

rs

4 hours 

Figure 5.10: Graphic comparison between FTIR transmittance of collected cardanol
samples at 110 °C after 4 hours and 8 hours.

overlapped and very broad. As one can seen in Figure 5.12, FTIR spectra of samples

collected after 4 and 8 hours of reaction at 110 °C were not very different, with lin-

ear correlation of 0.9291 (Figure 5.13). However, absorption at 1600-1700 cm−1 appar-

ently indicate consumption of double bonds. Even though unsaturated internal C=C

bonds permits radical addition for subsequent polymerization, the formed radical is

very stable, retarding the polymerization by trapping of free radicals. Therefore, a way
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Figure 5.11: Schematic representation of the inhibition mechanism of cardanol.

to enhance the reactivity could make use of activation functionalization or conjuga-

tion strategies. Acrylation and epoxidation are some options. Cardolite NC 513 or NC

2513 (from Cardolite, Inc), for example, are epoxidized cardanol materials (ECL) used

as reactant (CHISHOLM et al., 2014).

Figure 5.12: FTIR spectra of samples collected after 4 and 8 hours of reaction at 110 °C
with natural CNSL.

Thermogravimetric analysis were performed to evaluate the thermal stability of

the raw materials. CNSL presented higher thermal stability than cardanol, although

volatilization started at 150 °C in both cases. However, while cardanol presented a sin-

gle volatilization stage, CNSL presented three. The first stage of CNSL volatilization
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Figure 5.13: Graphic comparison between FTIR transmittance of collected CNSL
samples at 110 °C after 4 hours and 8 hours.

may be related with the descarboxylation of anacardic acid, which happens at tem-

peratures above 180 °C and transforms anacardic acid into cardanol while liberating

carbon dioxide (MAZZETTO et al., 2009). The second stage of CNSL degradation may

be related to cardanol, which is present in small amounts in natural CNSL (< 10 wt

%), but it is also generated by descarboxylation of anacardic acid. While cardanol is

fully volatilized at 325°C, the presence of impurities in CNSL extends volatilization and

degradation to higher temperature, over 500 °C . The TGA analysis for CNSL is similar

to the obtained by RODRIGUES et al. (2011).

Figure 5.14: TGA and DTG thermograms of cardanol and natural CNSL.
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5.3 Copolymerization of cardanol and styrene

Polystyrene is a very known polymer, being transparent, it is used in a large variety

of applications, including food packaging and appliances. Polystyrene is also used for

manufacture of foams as expanded polystyrene (EPS), which are used for thermal in-

sulation and protective packaging (RODRIGUEZ et al., 2015). The chemical structure

of polystyrene is presented in Figure 5.15.

Figure 5.15: Chemical structure of polystyrene.

Figure 5.16: Photographs of samples of polystyrene and poly(styrene-co-cardanol)
prepared at 110°C

Reactions between cardanol and polystyrene were performed with 2.5, 5 and 10

wt% of cardanol at 85 and 110 °C using 1 wt % of BPO. Figure 5.16 shows photographs of

the copolymers produced at 110 °C , showing the color of the material changes with the

increase of the cardanol concentration and indicating the copolymerization may have

happened. For copolymer samples re-precipitated (photographs were not taken), the

brownish color for copolymers was also noticed. Conversions and molecular weights

of polymer samples collected for reactions performed at 85 °C are presented in Fig-

ure 5.17. Although styrene reactions achieved very high conversions in less than three

hours, it took longer times for reactions with cardanol to achieve high conversions. Re-

action performed with 10 wt % of cardanol reached a plateau just after 30 minutes of
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reaction, which can indicate the presence of unreacted cardanol. As one can see in

Figure 5.17, cardanol acts retarding and inhibiting the styrene polymerization. As ex-

pected, the average molecular weights of the polymer samples diminished. This may

have happened because the phenolic group and the internal unsaturations form sta-

ble radicals very stable, retarding or stopping the polymerization. Therefore, cardanol

consumes living radicals, reducing the radical concentration in the reaction medium.

For reactions with 10 wt% of cardanol, average molecular weight data indicated that

polymer was not formed.

Figure 5.17: Conversions and average molecular weights of polymer samples collected
at 85 °C in copolymerizations of styrene and cardanol.

At 110°C , a similar behavior could be observed, as shown in Figure 5.18, although

reaction rates were higher. Molecular weights were also reduced, but the PDI values

were higher because of the faster decomposition of initiator and the continuous ther-

mal initiation of styrene, which becomes more relevant at this temperature and kept

the continuous growth of monomer conversions.

Thermogravimetric analyses were used to compare the thermal stabilities of the

copolymers produced with pure polystyrene and cardanol. For reactions performed

at 85 °C (Figure 5.19), the addition of cardanol shifts the TGA curve towards the TGA

curve of pure cardanol located below 400 °C , showing that weaker chemical bonds
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Figure 5.18: Conversions and average molecular weights of polymer samples collected
at 110 °C in copolymerizations of styrene and cardanol.

were formed with the addition of cardanol or indicating the decomposition of the side

chain of cardanol takes place first. This suggests that the presence of cardanol reduced

the thermal stability of the copolymer and indicates the occurrence of the copolymer-

ization. However, at higher temperatures, the presence of cardanol increased the resid-

ual thermal stability of the copolymer, which can also indicate the occurrence of the

copolymerization. This can be due to the addition of the phenolic group of cardanol to

the copolymer chains. For 10 wt% of cardanol, higher amounts of residual monomer

might be present in the sample (styrene boils at 145 °C ). However, almost 20 wt % is

left afterwards, which corresponded to the copolymer, leading to the highest residual

thermal stability. Similar behavior could be noticed at 110 °C (Figure 5.20), although

the shifting effect towards the curve of cardanol was less pronunced, maybe due to the

significant increase in styrene conversions and reduction of the cardanol content of

the copolymer.
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Figure 5.19: TGA and DTG thermograms of samples collected after 5 hours of reaction
at 85 °C in copolymerizations of styrene and cardanol.

Figure 5.20: TGA and DTG thermograms of samples collected after 5.5 hours of
reaction at 110 °C in copolymerizations of styrene and cardanol.
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Although some effects on the thermal stability of the obtained copolymers could

be noticed with the introduction of cardanol, the observed effects were very subtle,

probably indicating the low incorporation of cardanol into the copolymer chains. For

this reason, DSC analyses were carried out, as shown in Table 5.4. The obtained results

showed the significant reduction of the glass transition temperature (Tg ) with the in-

crease of the cardanol feed content, indicating the incorporation of cardanol molecules

into the copolymer chains. The reduction of the Tg values is related to the large sizes

of cardanol molecules and incorporation of long pendant groups, which enhance the

mobility of the polymer chains.
1H-NMR analyses were carried out to evaluate if cardanol had been in fact incorpo-

rated into the copolymer chains. Figure 5.21 shows the 1H-NMR spectrum of the poly-

mer sample produced with 5 wt% of cardanol at 110 °C as an example and indicates

the occurrence of styrene-cardanol bonds. It is important to emphasize that residual

styrene was removed from polymer samples through vacuum drying and residual car-

danol was removed by reprecipitation in methanol . The 1H-NMR spectra of the other

polymer samples are present only in the Appendix because they were qualitatively sim-

ilar to the 1H-NMR spectrum of polymer sample presented in Figure 5.21. Based on the
1H-NMR spectrum, it is possible to calculate the mol and weight cardanol copolymer

compositions respectively as:

ϕC (mol %) = ( f /2)

( f /2)+q
(5.1)

ωC (w t %) =
ϕC

MWST y

1
MWC

+ϕC ( 1
MWSt y

− 1
MWC

)
(5.2)

where f and q are the areas of the corresponding peaks. The obtained degrees of car-

danol incorporation are shown in Table 5.5. Samples collected after 3 and 5 hours of

reaction were selected for modeling purposes. In order to evaluate the possible effect

of the purification procedure, 1H-NMR analyses were performed for samples obtained

Table 5.4: Glass transition temperatures of samples collected after 5 hours of reaction
in copolymerizations of styrene and cardanol.

Tg (°C )

85 °C 110 °C
0% C 97.5 92.1

2.5% C 78.4 83.0
5.0% C 44.3 66.6
10% C - - - 57.2
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after 5 hours of reaction before and after reprecipitation in methanol. As one can see,

most results were similar and within the expected experimental fluctuation of 1%. In

one case, however, the observed difference was significant, indicating the incomplete

removal of cardanol during the initial drying step or loss of copolymer during the sec-

ond reprecipitation step. For 10 wt% of cardanol at 85 °C , it was clear from TGA and

DSC analyses that the amounts of residual cardanol were high. Therefore, it is possible

that the value reported in Table 5.5 does not correspond to the true cardanol content of

the sample. Moreover, a value was not reported for this point because nothing precip-

itated with methanol, indicating the low polymer content of the sample. Nevertheless,

it seems clear that cardanol was incorporated into the polymer chains during the poly-

merization trials.

Figure 5.21: 1H-NMR spectrum of polymer sample collected after 5 hours of reaction
and prepared with 5 wt% of cardanol at 110 °C .

When the 1H-NMR spectrum of Figure 5.21 is compared with the 1H-NMR spec-

trum of cardanol, shown in Figure 5.4, one can see the characteristic polystyrene peaks

are present at 1.8, 2.2 and 7.1 ppm, although confounded with peaks that are character-

istic of cardanol. Moreover, the relative intensities of peaks corresponding to protons

b and d decreased due to the incorporation of cardanol through the terminal double

bond. It is important to observe that the peaks placed between 6.5 and 7.0 ppm in the

cardanol spectrum became much broader, which may indicate the reaction of the hy-

droxyl group and the occurrence of inhibition and chain transfer reactions. Finally, the
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Table 5.5: Cardanol contents of copolymer samples collected after 3 and 5 hours in
copolymerization of styrene and cardanol.

Exp. Cond. 85 °C 110 °C

2.5% C 5% C 10% C 2.5% C 5% C 10% C
3h 6.83 5.78 - - - 6.13 8.24 8.67
5h 5.60 20.16 74.32 5.60 8.24 22.98

5h (reprecipitated) 5.54 5.38 - - - 5.33 7.35 7.26

presence of additional peaks in the spectra of cardanol and poly(styrene-co-cardanol)

probably indicates the existence of other impurities in the comonomer feed (which is

provided as a complex mixture of cardanol derivatives, as already explained), which

may also affect the kinetics of the copolymerization reactions. Nevertheless, it is im-

portant to emphasize that additional purification of available commercial feed streams

is not feasible, due to both economical and technical constraints, imposing the use of

similar commercial feeds to perform the polymerizations.

One may raise the question whether the terminal unsaturation is most reactive

group and responsible for the copolymerization. In this case, only 40 wt% of the car-

danol load should be accounted, as this is roughly the weight fraction of the cardanol

triene. However, in addition to changes detected in the 1H-NMR spectrum of the

copolymer, the styrene-cardanol polymer produced with 2.5 wt % at 110 °C reached

very high conversions while the composition data for samples collected after 5 hours of

reaction showed that 5.33 wt% of cardanol was present in the copolymer, which would

correspond to total consumption of cardanol. Therefore, the whole cardanol stream

seems to be reactive.

Finally, FTIR analyses were carried out to verify the presence of functional groups.

As both cardanol and styrene have aromatic rings, many peaks overlap. Regions in-

dentified in green are present mainly in cardanol, while those in black are present in

both monomers. In Figure 5.22, it is possible observe the hydroxyl group of cardanol

between 3600 and 3200 cm−1, which also appears with smaller intensity between 1350

and 1050 cm−1. Figure 5.23 presents the FTIR spectra of samples collected in reactions

performed at 110 °C. The less intense hydroxyl peaks in samples collected at 85 °C may

indicate that inhibition may have happened due to reaction with hydroxyl groups.

As it can be noticed the relative intensity of hydroxyl peaks changed, samples col-

lected at earlier reaction times (1, 3 and 5 hours) for the same reaction were also an-

alyzed. For reaction performed with 2.5 wt% of cardanol at 85 °C (Figure 5.24), for

example, from one to five hours, the band located at 3600-3500 cm−1 (O-H bond) dis-

appeared completely, while the peak located at 1250-1180 cm−1, also related with the

phenolic moiety, became less intense too. One may notice that the main difference

between samples collected after 3 and 5 hours of reaction was the intensity of the peak
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Figure 5.22: FTIR spectrum of poly(styrene-co-cardanol) prepared with at 85 °C .

Figure 5.23: FTIR spectrum of poly(styrene-co-cardanol) at 110 °C .
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placed at 3600 - 3500 cm−1, so that the phenolic ring may have been suppressed by

newly formed radicals. Moreover, the peak placed at 900 cm−1 decreased, which may

indicate that the terminal double bond was consumed. The peak located at 1700 cm−1,

not present in styrene, was reduced as well. As the conversion increased throughout

the reaction course, this may be related with the styrene incorporation. However, the

formation of a C=O bond due to hydrogen donation from the phenolic group should

appear around this same range. Nonetheless, the intensities of the peaks between 3100

and 2800 cm−1 were much higher than for styrene, showing that cardanol was incor-

porated into the molecules.

Figure 5.24: FTIR spectra of poly(styrene-co-cardanol) samples prepared with 2.5 wt%
of cardanol at 85 °C and different reaction times.

For reactions performed with 2.5 wt % of cardanol at 110 °C (Figure 5.25), the reduc-

tion of the hydroxyl peak around 3500 cm−1 did not occur. However, peaks from 3200 -

2800 cm−1 resembled the peaks of pure polystyrene, indicating higher styrene incorpo-

ration in the polymer molecules. The increase of the intensity of peaks placed between

2000 - 1650 cm−1 and related to the aromatic ring also shows the higher styrene in-

corporation. One cannot notice the increase of the peak located at 1700 cm−1, which

corresponds to the carbonyl bond that would be formed by the phenolic inhibition.

Peaks at 750 and 550 cm−1 were not present in the polystyrene spectrum, showing that

a different structure was present. Therefore, these peaks might be related with the for-

mation of different chemical bonds with cardanol. The peaks placed at 1000-800 cm−1
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should present lower intensities, as they are related with the terminal double bonds

and the cardanol concentration. The observed increase may indicate the incorpora-

tion of cardanol though unknown reaction mechanisms. A similar behavior was ob-

served with 10 wt% of cardanol at 110 °C (Figure 5.26) and with 5 wt% of cardanol at

the same temperature. But, for these cases, a slight reduction of the peaks placed at

3600, 1250 and 1190 cm−1 was observed. One cannot notice the increase of the peak at

1700 cm−1, which corresponds to the carbonyl bond. So, the obtained FTIR data sug-

gest that the hydroxyl group is a radical inhibitor and is consumed during the reaction

course.

Figure 5.25: FTIR spectra of poly(styrene-co-cardanol) samples prepared in reactions
with 2.5 wt% of cardanol at 110 °C .

Finally, as purified copolymer samples were needed to evaluate the copolymer

composition (as calculated by 1H-NMR), additional FTIR analyses were performed

with the reprecipitated copolymer samples for reactions performed at 110 °C. The new

FTIR spectra were very similar to each other and the peak placed at 3600 cm−1 disap-

peared, although the other peaks located at 1400 – 800 cm−1 remained with smaller in-

tensity. Besides, when comparative analyses were performed between the FTIR spectra

of polystyrene and of the copolymers, significant differences were observed because

the linear correlations (R2) calculated were very far from 1 (0.30 for 2.5 wt%; 0.21 for

5.0 wt%; 0.43 for 10 wt%). Graphic comparisons are present in the Appendix. There-

fore, despite the difficulty to analyze the FTIR spectra of the copolymers, as peaks over-
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Figure 5.26: FTIR spectra of poly(styrene-co-cardanol) samples prepared in reactions
with 10 wt% of cardanol at 110 °C .

lapped, it seems clear that structural modifications of the molecules were caused by

the copolymerization.
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Figure 5.27: FTIR spectra of reprecipitated poly(styrene-co-cardanol) samples
prepared at 110 °C .

5.4 Copolymerization of cardanol and MMA

MMA (Figure 5.28) is a vinyl monomer used for manufacture of PMMA. PMMA is

amorphous, presents high strength and has excellent dimensional stability due to its

rigid polymer chains (ODIAN, 2004). Additionally, PMMA has exceptional clarity, very

good weatherability, good impact resistance, it can be machined and is resistant to

most chemicals, although it can be attacked by different organic solvents. For these

reasons, PMMA finds inumerous commercial applications, particularly in the biomed-

ical field.

Figure 5.28: Molecular structure of methyl methacrylate

Copolymerizations of cardanol with MMA were performed at 85 and 110 °C . Figure

5.29 presents monomer conversions and average molecular weights for P(MMA-co-C)

at 85 °C . Although complete MMA conversion could be obtained in less than one hour,
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it took almost 2 and 4 hours to reach complete monomer conversion when for 2.5 wt %

and 5 wt % of cardanol were added, respectively. The average molecular weights were

also reduced when cardanol was added due to cardanol inhibitory effect. Therefore,

the observed kinetic effects were similar in reactions performed with styrene.

Figure 5.29: Monomer conversions and average molecular weights of samples
collected at 85 °C in copolymerizations of MMA and cardanol.

At 110 °C , the retardant effect could also be noticed, although reaction rates were

higher. When 10 wt% of cardanol was added, conversions reached 60% and stabilized,

as MMA does not polymerize spontaneously like styrene. Reactions with the internal

unsaturations and the phenolic group are the causes for retardation and inhibition as

they form stable radicals.
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Figure 5.30: Monomer conversions and average molecular weights of samples
collected at 110 °C in copolymerizations of MMA and cardanol.

Despite the decrease of the reaction rates, the addition of cardanol increased the

polymer thermal stabilities as detected by TGA analyses. Figures 5.31 and 5.32 show

that cardanol volatilizes around 250 °C , which is roughly the same temperature at

which PMMA begins to degrade. However, for copolymers, the degradation starts af-

terwards and fully degrades around 450 °C , which is a very positive and interesting

effect that has never been reported before. Therefore, TGA curves are shifted to the

right (in direction of higher temperatures). The observed degradation of PMMA was

similar to others reported in the literature (FERRIOL et al., 2003). Although two degra-

dation stages can be clearly seen, there are in fact three degradation stages. The first

step (close to 165 °C ) is initiated by scissions of head-to-head linkages, as the bond dis-

sociation energy of these linkages are lower due to occurrence of steric hindrance and

inductive effect of vicinal ester groups (KASHIWAGI et al., 1986). The second degrada-

tion step for PMMA (around 270 °C ) is related to the unsaturated ends (resulting from

termination by disproportionation) and involves the homolytic scission of the vinyl

group (MANRING et al., 1989). The last degradation step for PMMA (around 350 °C ) is

related to the random scission of the polymer chain. Apparently, the presence of small

amounts of cardanol in the backbone causes significant changes of the PMMA ther-

mal degradation mechanism preventing the homolitic β-scission of the terminal vinyl

group. Due to the inhibitory effects, it is plausible to assume that cardanol molecules
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occupy the extremities of many polymer chains, inhibiting the second characteristic

PMMA degradation step.

Figure 5.31: TGA and DTG thermograms of samples collected after 2 hours for 0 and
2.5 wt% of cardanol, after 4 hours for 5 wt% of cardanol and after 6 hours of reaction

for 10 wt% of cardanol at 85 °C in copolymerizations of MMA and cardanol.

In addition, due to the long side chain of cardanol, it exerts some plastificant ef-

fect, reducing the glass transition temperature (Tg ) of copolymer samples, as shown in

Table 5.6. When 10 wt % of cardanol was used, the Tg could not be detected, as it was

probably lower than 0 °C (the polymer was completely flexible at room temperature).
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Figure 5.32: TGA and DTG curves thermograms of samples collected after 2 hours of
reaction at 110 °C in copolymerizations of MMA and cardanol.

Table 5.6: Glass transition temperatures of samples collected after 2, 4 and 6 hours of
reaction for 0 and 2.5 wt%, 5 wt% and 10 wt% of cardanol respectively at 85 °C in

copolymerizations of MMA and cardanol, and also for samples collected after 2 hours
of reaction at 110 °C .

85 °C 110 °C

0% 104.8 105.3
2.5% 84.92 84.13

5% 72.36 71.25
10% - - - - - -
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FTIR analyses of the final reaction products were performed (Figures 5.33 and 5.34).

The largest difference between the FTIR spectra of PMMA and of the copolymers was

the presence of the peak at 3450 cm−1, related to the phenolic group. It was not possible

to see the presence of the carbonyl group (C=O) that might have been formed after

hydrogen donation by the phenolic moiety around 1700 cm−1, as this bond overlap

with characteristic bonds of PMMA. At 85 °C (Figure 5.33), although some reaction with

the hydroxyl group may have taken place, the peak was still present with 5 wt% (that

reached full conversion) and for 10 wt% of cardanol. So this functional group may still

be used for functionalization of the polymers. However, at 110 °C (Figure 5.34), the

presence of the phenolic group was much less significant, indicating additional -OH

consumption. Thus, although the inhibitory effect was not so intense, radicals were

probably suppressed through reactions with the phenolic group.

Figure 5.33: FTIR spectra for the final reaction product at 85 °C in copolymerizations
of MMA and cardanol.

Comparing FTIR spectra collected at different times for reactions performed with

5 wt% of cardanol at 85 °C, the peaks remained essentially constant, with linear cor-

relation of 0.99 between spectra collected after 30 minutes and 1h 30, and of 0.96 for

spectra collected after 30 min and 3h of reaction. Graphic comparisons are present

in the Appendix. The main difference was observed at 1700 cm−1, which corresponds

to the unsaturation of cardanol and the C=O bond of MMA, indicating changes of the
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Figure 5.34: FTIR spectra for the final reaction product at 110 °C in copolymerizations
of MMA and cardanol.

copolymers composition. Therefore, this indicates the increase of the MMA composi-

tion in the copolymer, meaning that cardanol is incorporated faster initially and that

MMA molecules are incorporated more efficiently after consumption of cardanol.
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Figure 5.35: FTIR spectra for the samples collected after 30, 1h 30 and 3 hours of
reaction at 85 °C in copolymerizations of MMA with 5 wt% of cardanol.

In order to evaluate the copolymer composition, 1H-NMR analyses were performed

and the areas of the peaks m and f of cardanol were compared. Figure 5.36 shows the

spectrum of P(MMA-co-C) prepared at 85 °C with 5 wt% of cardanol as an example.

The other spectra are presented in the Appendix. As m represents three hydrogens,

while f represents two, the following equations were used to calculate the copolymer

composition as molar and mass fractions:

ϕC (mol %) = ( f /2)

( f /2)+ (m/3)
(5.3)

ωC (w t %) =
ϕC

MWM M A

1
MWC

+ϕC ( 1
MWM M A

− 1
MWC

)
(5.4)

However, as some unreacted cardanol could still be present within the polymeric

samples, they were dissolved in toluene and precipitated in methanol. The values of

the copolymer compositions before and after purification are shown in Tables 5.7 and

5.8. Significant differences were observed for reactions performed with 10 wt% of car-

danol. Surprisingly, reactions performed at 110 °C incorporated less cardanol than
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Table 5.7: Copolymer compositions of final polymer samples collected at 85 °C in
copolymerizations of MMA and cardanol.

Not Reprecipitated Reprecipitated

Mol (%) Mass (%) Mol (%) Mass (%)
2.5 0.01 1.32 0.01 1.30
5 0.03 2.87 0.03 2.87

10 0.19 18.93 0.02 2.40

Table 5.8: Copolymer compositions of samples collected after 2 hours of reaction at
110 °C in copolymerizations of MMA and cardanol.

Not Reprecipitated Reprecipitated

Mol (%) Mass (%) Mol (%) Mass (%)
2.5 0.02 1.79 0.01 1.32
5 0.04 4.38 0.01 1.44

10 0.12 13.29 0.01 1.20

reactions performed at 85 °C , due to the higher MMA conversion. One must notice at

every spectrum that the relative proportion between peaks d/f, c/f or b/f decreased in

the copolymers, meaning that reactions through cardanol unsaturations took place. It

is interesting to observe, though, that although the cardanol incorporation at 110 °C

was relatively smaller, similar Tg values were obtained for copolymers prepared with

similar cardanol contents at both temperatures. This possibly indicates the plasticizing

effect of the pendant side chain of cardanol.

FTIR analyses were performed for the purified copolymer samples prepared at 110

°C (Figure 5.37) and the three spectra looked similar. Although the peak placed at 3600

cm−1 disappeared, other peaks were more intense than in the spectrum of pure PMMA.

For example, peaks placed at 3100-2800 cm−1 are clearly present. Comparing the FTIR

spectra of samples with different cardanol concentrations, the linear correlations (R2)

were high (R2 = 0.9487 for 2.5 wt% and 5 wt%, R2 = 0.9249 for 2.5 wt% and 10 wt%, R2 =

0.9872 for 5 and 10 wt%), showing the copolymers presented similar compositions, as

shown in Tables 5.7 and 5.8. Comparing the linear correlation values of FTIR spectra of

samples that were reprecipitated versus not-reprecipitated, the observed values were

R2 = 0.9196 for 2.5 wt%, R2 = 0.9727 for 5 wt% and R2 = 0.2989 for 10 wt% of cardanol.

Graphic comparisons are presented in the Appendix. The obvious non-linear corre-

lation for samples prepared with 10 wt% of cardanol is due to the presence of excess

residual cardanol before purification.
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Figure 5.36: 1 H NMR spectrum of P(MMA-co-C) prepared with 5 wt% of cardanol at
110 °C after 2 hours of reaction.

Figure 5.37: FTIR spectroscopy for purified samples of P(MMA-co-C), 110 °C
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5.5 Copolymerization of natural CNSL and MMA

In order to compare the reactivities of anacardic acid and cardanol, copolymeriza-

tions with natural CNSL and MMA were performed at the same conditions analyzed

previously. Figure 5.38 shows the conversions at 85 °C and 110 °C . Although conver-

sions were similar for cardanol and natural CNSL at both temperatures (Figures 5.39

and 5.40), the copolymerizations with natural CNSL were faster at 85 °C , when the

highest inhibitory effect was observed. This is interesting because natural CNSL also

contains cardol (< 21 wt %) and 2-methyl cardanol (< 4 wt %). Perhaps, the presence of

the carboxylic group affects the inhibitory effect of the phenolic group, as both groups

are electronegative and prone to proton donation. Tables 5.9 and 5.10 presents the av-

erage molecular weights for MMA/CNSL copolymer samples. The average molecular

weights obtained for the this system was similar to those average molecular weights of

samples in copolymerizations of MMA and cardanol.

Figure 5.38: Monomer conversions of samples collected at 85 and 110 °C in
copolymerizations of MMA and CNSL.

Table 5.9: Average molecular weights for samples collected at 85 °C in
copolymerizations of MMA and CNSL.

2.5 wt% of CNSL
Time (min) Mn (Da) Mw (Da) PDI

300 47187 96736 2.05

5 wt% of CNSL
Time (min) Mn (Da) Mw (Da) PDI

300 27906 42938 1.539

10 wt% of CNSL
Time (min) Mn (Da) Mw (Da) PDI

300 20785 27509 1.323
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Figure 5.39: Monomer conversions of samples collected at 85 °C in copolymerizations
of MMA and CNSL and also MMA and cardanol.

Figure 5.40: Monomer conversions of samples collected at 110 °C in
copolymerizations of MMA and CNSL and also MMA and cardanol.

When it comes to thermal stability, CNSL helps to improve the thermal stability

even more than cardanol. Figures 5.41 and 5.42 present TGA curves for the polymers

prepared at 85 °C and 110 °C respectively. While PMMA degrades at approximately

400 °C , the copolymers degraded only over 425 °C , shifting the TGA curves to the right
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Table 5.10: Average molecular weights for samples collected at 110 °C in
copolymerizations of MMA and CNSL.

2.5 wt% of CNSL
Time (min) Mn (Da) Mw (Da) PDI

90 30453 79561 2.613

5 wt% of CNSL
Time (min) Mn (Da) Mw (Da) PDI

30 33075 64521 1.951
90 34208 74503 2.178

10 wt% of CNSL
Time (min) Mn (Da) Mw (Da) PDI

90 33697 54915 1.63

(in direction of higher temperatures). Also, the first stage of degradation of PMMA

was significantly reduced. Based on the TGA thermograms, it can be affirmed that a

copolymer was formed due to the significant changes observed in the TGA curves.

Figure 5.41: TGA thermograms of final reaction products collected at 85 °C in
copolymerizations of MMA and natural CNSL and also for copolymerizations of MMA

and cardanol.
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Figure 5.42: TGA thermograms of final reaction products collected at 110 °C in
copolymerizations of MMA and natural CNSL and also for copolymerizations of MMA

and cardanol.

DSC analyses (Table 5.11) showed the glass transition temperature (Tg ) decreased

with the addition of CNSL because of the incorporation of anacardic acid and the other

CNSL compounds. This occurred due to the presence of the long side, which increases

the mobility of the polymer chains, reducing the Tg . The Tg for sample prepared with

10 wt% of CNSL at 85 °C was not obtained because it was lower than 0 °C . 1H-NMR was

performed for only one sample of P(MMA-co-CNSL) prepared with 10 wt% of CNSL at

110 °C (Figure 5.43). Using Equations 5.3 and 5.4, the CNSL composition in the copoly-

mer corresponded to 2.75 wt% in mass, roughly the double of the composition ob-

tained with cardanol. This constitutes an additional evidence of the slightly higher

reactivity of the CNSL mixture in respect to cardanol.

Table 5.11: Glass transition temperatures of the final reaction products collected at 85
and 110 °C of MMA and CNSL polymerizations.

85 °C 110 °C

0% 104.8 105.3
2.5% 101.67 98.00

5% 68.37 88.08
10% - - - 60.43
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Figure 5.43: 1H-NMR spectrum of P(MMA-co-C) prepared with 10 wt% of cardanol at
110 °C after 5 hours of reaction

5.6 Copolymerization of cardanol and vinyl acetate

Poly(vinyl acetate) (PVA or PVAc) is a polymer known for its adhesive properties.

Its molecular structure is presented in Figure 5.44. It belongs to the poly(vinyl es-

ters) family and is a type of thermoplastic. Copolymerizations of vinyl acetate and

cardanol were performed at 70, 85 and 110 °C . However, at 110 °C the acquired conver-

sion and average molecular weight data were bad because the boiling temperature of

vinyl acetate is 72.7 °C and the glass tubes, although threaded, could not avoid evap-

oration. For this reason, some characterizations revealed irregular patterns were and

not trustable. Some results obtained at 85 °C were also poor and were removed from

the discussion. At 70 °C , the reaction rates were significant low and monomer conver-

sion reached a maximum of 20% after 5 hours of reaction even without the presence of

cardanol. Figure 5.45 shows the monomer conversion and average molecular weights

of samples prepared at 85 °C . As also noticed for copolymerizations with styrene and

methyl methacrylate, cardanol retards the polymerization, limiting the monomer con-

version to 50% even when the smallest concentration of cardanol was used. Values of

average molecular weights were also very small in presence of cardanol. Therefore, the

cardanol inhibition effect was much more pronounced in vinyl acetate copolymeriza-

tions than in other analyzed reactions.
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Figure 5.44: Molecular structure of poly(vinyl acetate)

Figure 5.45: Monomer conversions and average molecular weights for samples
collected at 85 °C in copolymerizations of VAc and cardanol.

Based on the NMR data, copolymer compositions could be calculated with help

of Equations 5.5 and 5.6, as shown in 5.12. The 1H NMR spectrum for the copolymer

prepared with 5 wt% of cardanol is shown in Figure 5.46. The higher amounts in the ob-

tained products can indicate a strong inhibitory effect of cardanol in the VAc polymer-

ization. For 10 wt%, a high amount of residual cardanol is present because conversion

was small and the vinyl acetate not reacted, but cardanol remained in the copolymer

sample.

ϕC (mol %) = ( f /2)

( f /2)+ (m/3)
(5.5)
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Table 5.12: Copolymer compositions of samples collected at 85 °C in
copolymerizations of VAc and cardanol.

mol (%) mass (%)

2.5% C 0.04 3.85
5.0% C 0.12 12.96
10% C 0.49 76.32

ωC (w t %) =
ϕC

MWV Ac

1
MWC

+ϕC ( 1
MWV Ac

− 1
MWC

)
(5.6)
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Figure 5.46: 1H NMR for P(VAc-co-C), 5% w/w, 85 °C

According to the TGA analyses, the copolymers presented lower thermal stability

than PVAc, as shown in Figure 5.47. PVAc thermal degradation presents two character-

istic stages, one close to 350 °C and another one close to 475 °C. Addition of cardanol

shifts the TGA curves downwards, below the volatilization temperature of cardanol and

suggesting the formation of volatile oligomers (CERVANTES-UC et al. (2006)). DSC

analyses were not performed because the obtained copolymers were viscous liquids at

room temperature.

FTIR analyses showed that both vinyl acetate and cardanol groups were present in
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Figure 5.47: TGA and DTG thermograms for P(VAc-co-C) samples prepared in
reactions at 85 °C .

samples prepared with 2.5 and 5 wt% of cardanol. However, at 10 wt%, the presence of

high concentrations of residual cardanol was likely because the peaks related to PVAc

were weak.

In summary, copolymerizations of cardanol with vinyl acetate were not performed

successfully at the analyzed conditions. Cardanol exerts a very strong inhibitory effect

on vinyl acetate polymerizations and conversions were always small. Moreover, the

thermal stability of the copolymer was also prejudiced by addition of cardanol. Per-

haps reactions should be performed at higher temperatures and pressures in the fu-

ture, although these are not the conditions normally employed for production of PVAc

products commercially.
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Figure 5.48: FTIR spectrum for P(VAc-co-C) samples prepared in reactions at 85 °C .

5.7 Copolymerization of cardanol and acrylic acid

Poly(acrylic acid) (PAA) is a water soluble, hygroscopic, brittle and colorless poly-

mer, with Tg of 106 °C . Its molecular structure is presented in Figure 5.49. As PAA

is an anionic polymer, it has the ability to absorb and retain water and swell to many

times its original volume. This explains why PAA is used in diapers and menstrual pads.

When it is dry, PAA is used in paints, cosmetics, pharmaceutical and personal care

products as thickener, dispersing agent, suspending agent, and emulsifier agent. How-

ever, many polymer products contain acrylic acid as a comonomer, including polymers

that respond to modification of temperature or pH.

Figure 5.49: Molecular structure of poly(acrylic acid).

Reactions of cardanol and PAA were performed at 85 and 110 °C . However, reac-

tions were so fast that was not possible to analyze the kinetics behavior of the reacting
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systems. As Figure 5.50 shows, the monomer was completely consumed almost instan-

taneously even when 10 wt % cardanol was added to the reacting media. Figure 5.51

presents TGA thermograms of the obtained copolymer samples. As one can see, the

addition of cardanol shifts downwards in the direction of the TGA of pure cardanol.

Therefore, addition of cardanol did not increase the thermal stability of the copolymer.

The first stage of degradation matches with the boiling point of acrylic acid, equal to

139 °C . So this first stage seems to be related to the loss of residual acrylic acid. The

second stage matches with the cardanol curve, suggesting that it correponds to loss

of residual cardanol. The third stage is similar to the PAA degrdation curve and might

represent the degradation of pure PAA without incorporation of cardanol. So, it can be

speculated that cardanol incorporation was not high even at high conversions.

As the reaction was very fast even at 85 °C , another reaction was performed at 60

°C . However, as the initiator decomposition rate also decreased, the kinetics became

much slower, and the monomer conversion did not reach 40% after 6 hrs of reaction.

Therefore the much slower kinetics makes the inhibition of cardanol more significant.

Therefore, copolymerizations of AA and conditions were unsuccessful at the analyzed

experimental conditions and should be studied at alternative polymerization condi-

tions with more detail in the near future (MINARI et al. (2011), SILVA et al. (2004)).

Figure 5.50: Monomer conversions for samples collected at 85 °C in
copolymerizations of AA and cardanol.
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Figure 5.51: TGA and DTG thermograms for P(AA-co-C) samples prepared in reactions
at 85 °C .

5.8 Concluding Remarks

In the present chapter, it was shown that cardanol and natural CNSL can react suc-

cessfully through free radical mechanisms. In the case homopolymerizations reactions

were very slow and reached very small conversions. However, 1H-NMR, FTIR and TGA

analyses proved there are differences between the reaction product collected after 8 or

10 hours of reaction. When added to styrene and MMA polymerizations, both cardanol

and natural CNSL inhibit the polymerizations. Nonetheless, the obtained conversions

can be close to 100% and cardanol and CNSL incorporation can be high, allowing for

functionalization of the polymer molecules. The addition of cardanol or natural CNSL

can also be used to reduce the Tg or increase the thermal stability of the material. How-

ever, the copolymerization experiments performed with vinyl acetate and acrylic acid

were not satisfactory as addition of cardanol did not enhance the thermal stability of

the products.

Based on available 1H-NMR and FTIR spectra, it was shown that the phenolic com-

pounds were able to react with free radical through several reactive sites. The hydroxyl

group was responsible for inhibition as its concentration was sensitive to reaction con-

ditions. Despite the steric hindrance, the internal unsaturations probably reacted as
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detected by 1H-NMR and FTIR analyses. The terminal unsaturation was the functional

group most likely to continue propagation and incorporate cardanol and natural CNSL

in polymer chains. Although they are present in less than 50% in phenolic lumps, it is

considered that the whole lump is reactive because the compounds have many reac-

tive sites. The carboxylic group of anacardic acid apparently did not affect the poly-

merization kinetics very significant, although carboxylic moiety reduce the inhibition

for reactions performed with MMA at 85 °C.
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Chapter 6

Bulk Copolymerization: Modeling

6.1 Introduction

In this chapter, a mathematical model is proposed for the copolymerization in

bulk through free radical bulk polymerization. The terminal model and quasi-steady

state assumption are used. Based on experimental results, model parameters are esti-

mated to allow for appropriate description of monomer conversions, average molec-

ular weights and copolymer compositions of the produced copolymer. For methyl

methacrylate or styrene, classical thermal-kinetic parameters available in the literate

were used. As cardanol behaved similarly to natural CNSL, the model parameters are

also expected to be similar. Regarding the model parameters related to cardanol, the

parameters are not available in the literature. Besides, it was shown that the phenolic

compounds exerted strong inhibitory effects on the polymerizations, so that this effect

must be take into account. Therefore, a parameter, referenced as fi nh , that describes

the decreasing concentrations of living free radicals in the system is estimated.

Given the fact that other molecules may be eventually present in the naturally

occurring cardanol stream and different reactive sites (such as the phenolic group)

can take part in the reaction mechanism, the whole cardanol stream was treated as

a lumped monomer stream for purposes of kinetic modeling. However, as cardanol

polymerizes at slow rates and only produces oligomers at the analyzed reaction condi-

tions through free-radical polymerizations, as observed experimentally, for the sake of

simplicity, some model parameters were initially assumed to be either null or equal to

the styrene polymerization parameters.

The parameter estimation procedure was performed with the computation pack-

age ESTIMA, implemented in Fortran, which combines particle swarm optimization

(PSO) and Gauss-Newton algorithms (SCHWAAB et al., 2008). 180 particles were used

and a thousand iterations were carried out with statistical confidence level of 95 %.
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6.2 Kinetic Mechanism

The proposed dynamic model describes the copolymerization in bulk via the stan-

dard free radical mechanism. The terminal model assumes that only the last species

added to the living chain controls the reactivity of the living active molecule. There-

fore, the propagation step is extended to represent the different reactions between

monomers and the reactive macro-radicals presented in the reaction medium. Sim-

ilarly, other steps that involve the reaction of a living species with another molecule

are also extended (ODIAN, 2004).

Every free radical chain initiated thermally by an initiator (BPO or AIBN) is subject

to initiation, propagation and termination steps. Depending on the monomer, ther-

mal initiation may take place and should be included. Chain transfer reactions (to

one of the monomers or to impurities) do not affect the monomer conversion; how-

ever, change the average molar mass of the final products. Therefore, a generic kinetic

mechanism is represented below with 18 mechanistic steps. One must notice that the

thermal initiation is represented in the form usually considered for styrene (Equation

6.4).

Initiation:

I
kd−→ 2R (6.1)

R +M1
kr1−−→ P1,0 (6.2)

R +M2
kr2−−→Q0,1 (6.3)

3M1
kdm−−−→ 2P∗

1,0 (6.4)

Propagation:

Pi , j +M1
kp11−−→ Pi+1, j (6.5)

Pi , j +M2
kp12−−→Qi , j+1 (6.6)

Qi , j +M1
kp21−−→ Pi+1, j (6.7)

Qi , j +M2
kp22−−→Qi , j+1 (6.8)
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Transfer to monomer:

Pi , j +M1
ktm11−−−→ P1,0 +Γi , j (6.9)

Pi , j +M2
ktm12−−−→Q0,1 +Γi , j (6.10)

Qi , j +M1
ktm21−−−→ P1,0 +Γi , j (6.11)

Qi , j +M2
ktm22−−−→Q0,1 +Γi , j (6.12)

Termination:

Pi , j +Pm,n
ktc11−−−→ Γi+m, j+n (6.13)

Pi , j +Qm,n
ktc12−−−→ Γi+m, j+n (6.14)

Qi , j +Qm,n
ktc22−−−→ Γi+m, j+n (6.15)

Pi , j +Pm,n
ktd11−−−→ Γi , j +Γm,n (6.16)

Pi , j +Qm,n
ktd12−−−→ Γi , j +Γm,n (6.17)

Qi , j +Qm,n
ktd22−−−→ Γi , j +Γm,n (6.18)

In the proposed mechanism, I represents a molecule of initiator, R∗ is a dissoci-

ated initiator radical, M1 is a molecule of styrene (Sty) or methyl methacrylate (MMA),

depending on the analyzed system. M2 is a molecule of cardanol or a molecule that

represents the mixture of natural CNSL.

P∗
i , j represents a living chain with i units of monomer 1 (Sty or MMA) and j units

of monomer 2 (cardanol or CNSL) with active center located in a Sty/MMA-terminated

unit. Q∗
i , j represents a living chain with i units of monomer 1 and j units of monomer 2

with active center located in a CNSL molecule-terminated unit.

Although dead chains are different from each other in terms of composition and

molar mass, they are represented by one unique species Γi , j , with i units of monomer

1 and j units of monomer 2.

In addition, the reactivity ratios (r11 and r22) are used to relate the specific homo-

propagation reaction rates to the hetero-propagation reaction rates in the form:

ri , j =
kp,i i

kp,i j
(6.19)

r j ,i =
kp, j j

kp, j i
(6.20)

Moreover, the relative efficiency factor of hetero-termination measures how fast
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hetero-termination is in relation to a reference value (OECHSLER (2016)), in the form:

ψi i = kt i i√
kt i i kt j i

(6.21)

ψ j j =
kt j j√

kt i i kt j j

(6.22)

The gel (g t i j ) and glass (gpi j ) effects cannot be ignored either. They multiply the

propagation/termination rates constant (Equations 6.23 and 6.24). k0
pi j and k0

t i j rep-

resent the specific rates of propagation and termination in the absence of polymer,

while gpi j and g t i j are the correlations for glass and gel effects, respectively. These can

be calculated by Equations 6.25 to 6.27, which are based on the Free Volume Theory

(PINTO and RAY, 1995).

kpi j = k◦
pi j gpi j (6.23)

kt i j = k◦
t i j g t i j (6.24)

gpi j = 1 (υ f ≥ v f cr ) (6.25)

gpi j = exp

[
−A

(
1

υ f
− 1

υ f cr

)]
(υ f < υ f cr ) (6.26)

g t i j = exp

[
−A

(
1

υ f
− 1

υ f 0

)]
(6.27)

While υ f cr values are tabulated for each monomer, the free volumes calculated at

the beginning of the reaction (υ f 0) and at time t (υ f ) can be obtained with Equations

6.28 and 6.29, where σi is the volume fraction of species i , time t and σ f i is the volume

fraction of species i at the initial time.

υ f =σm1υ f m1 +σm2υ f m2 +σpυ f p (6.28)
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υ f 0 =σ f m1υ f m1 +σ f m2υ f m2 +σ f pυ f p (6.29)

Finally, the free volumes (υ f i ) for monomers and polymer were calculated with

Equation 6.30. αi is the thermal expansion coefficient and Tg i is the glass transition

temperature of species i.

υ f i = 0.025+αi (T −Tg i ) (6.30)

6.3 Mass Balances

First of all, the glass and gel effects were only considered for styrene or methyl

methacrylate homo-polymerization steps, as there is not any information about these

effects for cardanol/CNSL. Also, the phenolic compounds exert strong inhibitory

effects on the course of the polymerization and do not polymerize to high conversions

at the analyzed conditions utilized. Moreover, the validity of volume additivity and of

the long chain assumption was assumed.

Mass balance for initiator I :

d I

d t
=−kd I (6.31)

Mass balance for monomer 1, M1:

d M1

d t
=−

[
Rckr

M1

V
+ (kp11 +ktm11)

M1

V
γ0,0 + (kp21 +ktm21)

M1

V
Π0,0

]
V −2kdm

[
M1

V

]3

V

(6.32)

Mass balance for monomer 2, M2:

d M2

d t
=−

[
Rckr

M2

V
+ (kp12 +ktm12)

M2

V
γ0,0 + (kp22 +ktm22)

M2

V
Π0,0

]
V (6.33)

Mass balance for radicals, R∗:

dR∗

d t
=

[
2 f kd

I

V
−kr 1

M1

V

R

V
−kr 2

M2

V

R

V

]
V (6.34)

Assuming the quasi-steady state assumption and that kr 1 = kr 2, it is possible to
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obtain the normalized rate of initiation for kr 1 = kr 2 as:

Rckr = kr
R

V
= 2 f kdCi

Cm1 +Cm2
(6.35)

where Ci = I/V , Cm1 = M1/V and Cm2 = M2/V .

Mass balance for living chains, P1,0:

dP1,0

d t
=

[
kr 1

(
R

V

)(
M1

V

)
−kp11

(
P1,0

V

)(
M1

V

)
−kp12

(
P1,0

V

)(
M2

V

)]
V

+
[
−ktm11

(
P1,0

V

)(
M1

V

)
−ktm12

(
P1,0

V

)(
M2

V

)]
V

+
[

ktm11

∞∑
i=1

∞∑
j=0

(
Pi , j

V

)(
M1

V

)
+ktm21

∞∑
i=0

∞∑
j=1

(
Qi , j

V

)(
M1

V

)]
V

+
[

2kdm

(
M1

V

)3]
V

(6.36)

Considering:

i = 2, . . . ,∞ (6.37)

j = 0, . . . ,∞ (6.38)

Mass balance for living chains, Pi , j :

dPi , j

d t
=

[
−kp11

(
Pi , j

V

)(
M1

V

)
−kp12

(
Pi , j

V

)(
M2

V

)]
V[

kp11

(
Pi−1, j

V

)(
M1

V

)
+kp21

(
Qi−1, j

V

)(
M1

V

)]
V

+
[
−ktm11

(
Pi , j

V

)(
M1

V

)
−ktm12

(
Pi , j

V

)(
M2

V

)]
V

+
[
−ktc11

(
Pi , j

V

) ∞∑
m=1

∞∑
n=0

(
Pm,n

V

)
−ktd11

(
Pi , j

V

) ∞∑
m=1

∞∑
n=0

(
Pm,n

V

)]
V

+
[
−ktc12

(
Pi , j

V

) ∞∑
m=0

∞∑
n=1

(
Qm,n

V

)
−ktd12

(
Pi , j

V

) ∞∑
m=0

∞∑
n=1

(
Qm,n

V

)]
V

(6.39)
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Mass balance for living chains, Q0,1:

dQ0,1

d t
=

[
kr 2

(
R

V

)(
M2

V

)
−kp21

(
Q0,1

V

)(
M1

V

)
−kp22

(
Q0,1

V

)(
M2

V

)]
V

+
[
−ktm21

(
Q0,1

V

)(
M1

V

)
−ktm22

(
Q0,1

V

)(
M2

V

)]
V

+
[

ktm12

∞∑
i=1

∞∑
j=0

(
Pi , j

V

)(
M2

V

)
+ktm22

∞∑
i=0

∞∑
j=1

(
Qi , j

V

)(
M2

V

)]
V

(6.40)

Mass balance for living chains, Qi , j :

dQi , j

d t
=

[
−kp21

(
Qi , j

V

)(
M1

V

)
−kp22

(
Qi , j

V

)(
M2

V

)]
V

+
[

kp12

(
Pi , j−1

V

)(
M2

V

)
+kp22

(
Qi , j−1

V

)(
M2

V

)]
V

+
[
−ktm21

(
Qi , j

V

)(
M1

V

)
−ktm22

(
Qi , j

V

)(
M2

V

)]
V

+
[
−ktc12

(
Qi , j

V

) ∞∑
m=1

∞∑
n=0

(
Pm,n

V

)
−ktd12

(
Qi , j

V

) ∞∑
m=1

∞∑
n=0

(
Pm,n

V

)]
V

+
[
−ktc22

(
Qi , j

V

) ∞∑
m=0

∞∑
n=1

(
Qm,n

V

)
−ktd22

(
Qi , j

V

) ∞∑
m=0

∞∑
n=1

(
Qm,n

V

)]
V

(6.41)

Mass balance for dead chains, Γi , j :

d

d t

[
Γi , j

]= ktm11
M1

V
Pi , j V +ktm12

M2

V
Pi , j V +ktm21

M1

V
Qi , j V +ktm22

M2

V
Qi , j V

+ ktc11

2

i−1∑
r=1

j∑
q=o

Pr ,q Pi−r , j−qV +ktc12

i−1∑
r=1

j∑
q=o

Pr ,qQi−r , j−qV

+ ktd11

2
Pi , j

∞∑
i=0

∞∑
j=o

Pi , j V +ktd12

[
Pi , j

∞∑
i=0

∞∑
j=o

Qi , j +Qi , j

∞∑
i=0

∞∑
j=o

Pi , j

]
V

+
[
−ktc12

(
Qi , j

V

) ∞∑
m=1

∞∑
n=0

(
Pm,n

V

)
−ktd12

(
Qi , j

V

) ∞∑
m=1

∞∑
n=0

(
Pm,n

V

)]
V

+ ktd22

2
Qi , j

∞∑
i=0

∞∑
j=o

Qi , j V + ktc22

2

i∑
r=1

j−1∑
q=o

Qr ,qQi−r , j−qV

(6.42)

As the volume changes on the course of reaction, volume balance was calculated
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as:

dV

d t
=

[(
1

ρm1
− 1

ρp

)
Rm1 +

(
1

ρm2
− 1

ρp

)
Rm2

]
V (6.43)

Thus, the overall monomer conversion (X) can be obtained as:

X = ρpυP

ρm1υm1 +ρm2υm2 +ρpυp
(6.44)

where ρi is the density of the component i (g .L−1) and υi is the volume fraction of

component i .

6.4 Numerical Solution

There are seven types of reacting species in the system (not counting the radical,

R(∗)), although it is necessary to account for volume changes in the batch reaction.

Moreover, eighteen specific reaction rates must be found. Hetero-propagation rates

can be defined in terms of the reactivity ratios. Hetero-termination rates can be de-

fined in terms of the relative efficiency factor of hetero-termination. Mn, Mw and PDI

values must be calculated along the polymerization course. In order to do that, the

moment technique is very popular, using the statistical moments of the molar mass

distributions. An advantage is the fact that an infinite number of balance equations

of the method is transformed into a finite set of moment equations. The moments for

living and dead chain size distributions can be defined as (OECHSLER (2016)):

γk,l =
∞∑

i=0

∞∑
j=o

i k j mPi , j (6.45)

πk,l =
∞∑

i=0

∞∑
j=o

i k j mQi , j (6.46)

λk,l =
∞∑

i=0

∞∑
j=o

i k j mΓi , j (6.47)

However, if one is interested in the average molar masses, few moments are needed

considering that:

kt12 = (ktc12 +ktd12) (6.48)
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kt11 = (ktc11 +ktd11) (6.49)

kt22 = (ktc22 +ktd22) (6.50)

Considering the quasi-steady state assumption, γ0,0 and π0,0 are defined as:

γ0,0 =
√

Rckr (M1/V )(M2/V )+2kdm(M1/V )3

kt11 +kt12Ks +kt22K 2
S

(6.51)

π0,0 = Ksγ0,0 (6.52)

With:

Ks =
(kp12 +ktm12)(M2/V )

(kp21 +ktm21)(M1/V )
(6.53)

Then γ1,0 & π1,0:

dγ1,0

d t
= kp21

(
M1

V

)(π1,0

V

)
V

−
[(

kp12 +ktm12
)(M2

V

)
+ktm11

(
M1

V

)
+kt11

(γ0,0

V

)
+kt12

(π0,0

V

)](γ1,0

V

)
V

+
[

kr 1

(
R

V

)
+ktm11

(γ0,0

V

)
+ktm21

(π0,0

V

)
+kp11

(γ0,0

V

)
+kp21

(π0,0

V

)](
M1

V

)
V

(6.54)

dπ1,0

d t
=−

[(
kp21 +ktm21

)(M1

V

)
+ktm22

(
M2

V

)
+kt22

(π0,0

V

)
+kt12

(γ0,0

V

)](π1,0

V

)
V

+kp12

(
M2

V

)(γ1,0

V

)
V

(6.55)

γ0,1 & π0,1:
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dγ0,1

d t
= kp21

(π0,1

V

)(
M1

V

)
V

−
[(

kp12 +ktm12
)(M2

V

)
+ktm11

(
M1

V

)
+kt11

(γ0,0

V

)
+kt12

(π0,0

V

)](γ0,1

V

)
V

(6.56)

dπ0,1

d t
=−

[
ktm22

(
M2

V

)
+ (

kp21 +ktm21
)(M1

V

)
+kt22

(π0,0

V

)
+kt12

(γ0,0

V

)](π0,1

V

)
V

+kp12

(
M2

V

)(γ0,1

V

)
V

+
[

kr 2

(
R

V

)
+ (

kp22 +ktm22
)(π0,0

V

)
+ (

kp12 +ktm12
)(γ0,0

V

)](
M2

V

)
V

(6.57)

γ2,0 & π2,0:

dγ2,0

d t
= kp21

(
M1

V

)(π2,0

V

)
V

−
[

ktm11

(
M1

V

)
+ (

kp12 +ktm12
)(M2

V

)
+kt11

(γ0,0

V

)
+kt12

(π0,0

V

)](γ2,0

V

)
V

+
[

kr 1

(
R

V

)
+ktm11

(γ0,0

V

)
+ktm21

(π0,0

V

)
+kp11

[
2
(γ1,0

V

)
+

(γ0,0

V

)]](
M1

V

)
V

+kp21

[
2
(π1,0

V

)
+

(π0,0

V

)](
M1

V

)
V

(6.58)

dπ2,0

d t
=−

[(
kp21 +ktm21

)(M1

V

)
+ktm22

(
M2

V

)
+kt22

(π0,0

V

)
+kt12

(γ0,0

V

)](π2,0

V

)
V

+kp12

(
M2

V

)(γ2,0

V

)
V

(6.59)

γ0,2 & π0,2:

dγ0,2

d t
= kp21

(
M1

V

)(π0,2

V

)
V

−
[(

kp12 +ktm12
)(M2

V

)
+ktm11

(
M1

V

)
+kt11

(γ0,0

V

)
+kt12

(π0,0

V

)](γ0,2

V

)
V

(6.60)
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dπ0,2

d t
=−

[(
kp21 +ktm21

)(M1

V

)
+ktm22

(
M2

V

)
+kt22

(π0,0

V

)
+kt12

(γ0,0

V

)](π0,2

V

)
V

+kp12

(
M2

V

)(γ0,2

V

)
V

+
[

kr 2

(
R

V

)
+ktm22

(π0,0

V

)
+ktm12

(γ0,0

V

)
+kp22

[
2
(π0,1

V

)
+

(π0,0

V

)]](
M2

V

)
V

+kp12

[
2
(γ0,1

V

)
+

(γ0,0

V

)](
M2

V

)
V

(6.61)

γ1,1 & π1,1:

dγ1,1

d t
= kp21

(
M1

V

)(π1,1

V

)
V

−
[

ktm11

(
M1

V

)
+ (

kp12 +ktm12
)(M2

V

)
+kt11

(γ0,0

V

)
+kt12

(π0,0

V

)](γ1,1

V

)
V

+
[

kp11

(γ0,1

V

)(
M1

V

)
+kp21

(π0,1

V

)(
M1

V

)]
V

(6.62)

dπ1,1

d t
=−

[
ktm22

(
M2

V

)
+ (

kp21 +ktm21
)(M1

V

)
+kt22

(π0,0

V

)
+kt12

(γ0,0

V

)](π1,1

V

)
V

+kp12

(
M2

V

)(γ1,1

V

)
V

+
[

kp22

(π1,0

V

)
+kp12

(γ1,0

V

)](
M2

V

)
V

(6.63)

The moment balances for dead chains are:

d

d t

[
V λk,l

]= ktm11
M1

V
γk,l V +ktm12

M2

V
γk,l V +ktm21

M1

V
πk,l V

+ktm22
M2

V
πk,l V +ktd11γk,lγ0,0V

+ktd12
[
γk,lπ0,0 +γ0,0πk,l

]
V +ktd22πk,lπ0,0V

+ ktc11

2

k∑
i=o

l∑
j=0

((
k

l

)(
l

j

)
γi , jγk−i ,l− j V

)

+ktc12

k∑
i=o

l∑
j=0

(
k

i

)(
l

j

)
γi , jπk−i ,l− j V

+ ktc22

2

k∑
i=o

l∑
j=0

(
k

i

)(
l

j

)
πi , jπk−i ,l− j V

(6.64)

Making k and l equal to 0, 1 or 2, the following moments of the dead chain size
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distributions can be obtained:

d

d t

[
λ0,0

]= ktd11

(γ0,0

V

)2
V +ktm11

M1

V

γ0,0

V
V

+ktd12

(γ0,0

V

π0,0

V
+ γ0,0

V

π0,0

V

)
V +ktc12

γ0,0

V

π0,0

V
V

+ ktm12

2

M2

V

γ0,0

V
V +ktm21

M1

V

π0,0

V
V +ktm22

M2

V

π0,0

V
V

+
(
ktd22 +

ktc22

2

)(π0,0

V

)2
V + ktc11

2

(γ0,0

V

)2
V

(6.65)

d

d t

[
λ1,0

]= ktd11

(γ1,0

V

)(γ0,0

V

)
V +ktd12

(γ0,0

V

π1,0

V
+ π0,0

V

γ1,0

V

)
V

+ktm11
M1

V

γ1,0

V
V +ktm12

M2

V

γ1,0

V
V +ktm21

M1

V

π1,0

V
V +ktm22

M2

V

π1,0

V
V

+ktc11
γ0,0

V

γ1,0

V
V +ktc12

(γ0,0

V

π1,0

V
+ π0,0

V

γ1,0

V

)
V

+ktc22
π0,0

V

π1,0

V
V +ktd22

π0,0

V

π1,0

V
V

(6.66)

d

d t

[
λ1,1

]= ktd11

(γ1,1

V

)(γ0,0

V

)
V +ktd12

(γ1,1

V

π0,0

V
+ π1,1

V

γ0,0

V

)
V

+ktd22
π1,1

V

π0,0

V
V +ktm11

M1

V

γ1,1

V
V +ktm12

M2

V

γ1,1

V
V

+ktm21
M1

V

π1,1

V
V +ktm22

M2

V

π1,1

V
V

+ktc11

(γ0,0

V

γ1,1

V
+ γ1,0

V

γ0,1

V

)
V +ktc22

(π0,0

V

π1,1

V
+ π1,0

V

π0,1

V

)
V

+ktc12

(γ0,0

V

π1,1

V
+ π0,0

V

γ1,1

V

)
V +ktc12

(γ1,0

V

π0,1

V
+ π1,0

V

γ0,1

V

)
V

(6.67)

d

d t

[
λ0,1

]= ktd11

(γ0,1

V

)(γ0,0

V

)
V +ktd12

(γ0,1

V

π0,0

V
+ π0,1

V

γ0,0

V

)
V

+ktm11
M1

V

γ0,1

V
V +ktm12

M2

V

γ0,1

V
V +ktm21

M1

V

π0,1

V
V +ktm22

M2

V

π0,1

V
V

+ktc11
γ0,0

V

γ0,1

V
V +ktc12

(γ0,0

V

π0,1

V
+ π0,0

V

γ0,1

V

)
V

+ktc22
π0,0

V

π0,1

V
V +ktd22

π0,0

V

π0,1

V
V

(6.68)
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d

d t

[
λ2,0

]= ktd11

(γ2,0

V

)(γ0,0

V

)
V +ktd12

(γ0,0

V

π2,0

V
+ π0,0

V

γ2,0

V

)
V

+ktm11
M1

V

γ2,0

V
V +ktm12

M2

V

γ2,0

V
V +ktm21

M1

V

π2,0

V
V +ktm22

M2

V

π2,0

V
V

+ktc11

(
γ0,0

V

γ2,0

V
+

(γ1,0

V

)2
)

V +ktc12

(γ0,0

V

π2,0

V
+ π0,0

V

γ2,0

V

)
V

+2.0 ·ktc12
γ1,0

V

π1,0

V
V

+ktc22

(
π0,0

V

π2,0

V
+

(π1,0

V

)2
)

V +ktd22
π0,0

V

π2,0

V
V

(6.69)

d

d t

[
λ0,2

]= ktd11

(γ0,2

V

)(γ0,0

V

)
V +ktd12

(γ0,2

V

π0,0

V
+ π0,2

V

γ0,0

V

)
V

+ktd22
π0,0

V

π0,2

V
V

+ktm11
M1

V

γ0,2

V
V +ktm12

M2

V

γ0,2

V
V +ktm21

M1

V

π0,2

V
V +ktm22

M2

V

π0,2

V
V

+ktc11

(
γ0,0

V

γ0,2

V
+

(γ0,1

V

)2
)

V +ktc12

(γ0,0

V

π0,2

V
+ π0,0

V

γ0,2

V

)
V

+2.0 ·ktc12
γ0,1

V

π0,1

V
V

+ktc22

(
π0,0

V

π0,2

V
+

(π0,1

V

)2
)

V

(6.70)

Because of the fast dynamic responses of the living chains when compared to the

other species present in the polymerization system, the quasi-steady state hypothesis

can be used for Pi , j and Qi , j . Finally, average molecular weights can be calculated

with Equations 6.71 and 6.72, where Mn and Mw are the number and weight average

molecular weights and M1 and M2 are the molecular weights of monomer 1 (Sty or

MMA) and cardanol, respectively.

Mn =
(
γ1,0 +π1,0 +λ1,0

)
M1 +

(
γ0,1 +π0,1 +λ0,1

)
M2

γ1,0 +π1,0 +λ1,0
(6.71)

Mw =
(
γ2,0 +π2,0 +λ2,0

)
M 2

1 + (γ1,1 +π1,1 +λ1,1)M1M2 +
(
γ0,2 +π0,2 +λ0,2

)
M 2

2(
γ1,0 +π1,0 +λ1,0

)
M1 +

(
γ0,1 +π0,1 +λ0,1

)
M2

(6.72)

Cardanol copolymer composition and cardanol weight fraction in the reaction
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medium can be calculated with Equations 6.73 and 6.74.

CnM2 =
λ0,1

λ1,0 +λ0,1
(6.73)

ωM2 = ρm2υm2

ρm1υm1 +ρm2υm2 +ρpυp
(6.74)

6.5 Parameters for homopolymerization

MMA and styrene have been used for decades, so that the kinetics of these reac-

tions are well known and the kinetics parameters are available. Every parameter is

a function of the reaction temperature and is correlated by an Arrhenius expression

(Equation 6.75). Thus, for each monomer, a set of characteristic kinetic parameters

were used. As reactions were initiated by benzoyl peroxide (BPO), the same dissocia-

tion parameter was used in all simulation. The universal gas constant (R) is equal to

1.987cal .g mol−1.K −1.

ki = A exp

(−E I

RT

)
(6.75)

T (K ) = T (°C )+273.15 (6.76)

Table 6.2 shows the kinetic parameters and physicochemical properties used to de-

scribe the homopolymerization of styrene (M1) with benzoyl peroxide initiator (BPO).

These parameters were obtained from several works published in the literature. Table

6.3 shows the kinetic parameters and physicochemical properties used to describe the

homopolymerization of methyl methacrylate (also labeled as M1). Equations used for

glass and gel effect are presented in Table 6.4 (PINTO and RAY, 1995). Regarding the

parameters related to cardanol, they are not available in the literature. Therefore, they

must be estimated.

Table 6.1: Dissociation parameter used for benzoyl peroxide.

Parameter Unit Reference

k0
d = 6.120 ·1017 exp

(
−30000
RT (K )

)
h−1 KALFAS and RAY (1993)
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Table 6.2: Kinetic parameters of styrene homopolymerizations.

Parameter Unit Reference

ρm1 = 924−0.918(T (K )−273.15) g ·L−1 SCORAH et al. (2006)
ρp = 1080−0.6058(T (K )−273.15) g ·L−1 SCORAH et al. (2006)

kdm = 2.190 ·105 exp
(
−27440
RT (K )

)
L2 ·mol−2 · s−1 KIM and CHOI (1989)

kp11 = 3.816 ·1010 exp
(
−7067
RT (K )

)
L ·mol−1 ·h−1 TSOUKAS et al. (1982)

ktc11 = 1.26 ·109 exp
(
−1680
RT (K )

)
L ·mol−1 · s−1 KALFAS and RAY (1993)

ktd11 = 2.052 ·1018 exp
(
−153000

RT (K )

)
L ·mol−1 ·h−1 MELO et al. (2014)

ktm11 = 2.463 ·105 exp
(
−10280
RT (K )

)
L ·mol−1 · s−1 KIM et al. (1992)

f = 0.70 - SCORAH et al. (2006)
αm1 = 0.001 K −1 VILLALOBOS et al. (1993)
αp = 0.00048 K −1 VILLALOBOS et al. (1993)
Tg m1 = 185.0 K VILLALOBOS et al. (1993)
Tg p = 370.0K K VILLALOBOS et al. (1993)
υ f cr = 0.036 - VIVALDO-LIMA et al. (1998)
Ag el = 0.32 - MELO et al. (2014)
Ag l ass = 1.7 - MELO et al. (2014)

M Mm1 = 104.15 Da
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Table 6.3: Kinetic parameters of MMA homopolimerizations.

Parameter Unit Reference

ρm1 = 0.9654− 1.09
103 (T −273.15)−

9.7
107 (T −273.15)2 g · cm−3 PINTO and

RAY (1995)

ρp = ρm1(0.754− 9.0
104 (T −343.15))−1 g · cm−3 PINTO and

RAY (1995)

kdm = 0.0 L2 ·mol−2 · s−1 Considered in
this work

kp11 = 4.92 ·105 exp
(
−4353
RT (K )

)
L ·mol−1 · s−1

MAHABADI
and

O’DRISCOLL
(1977)

k0
tc11 = 9.8 ·107 exp

(
−701

RT (K )

)
L ·mol−1 · s−1

MAHABADI
and

O’DRISCOLL
(1977)

k0
td11 = 3.956 ·10−4 exp

(
−4090
RT (K )

)
∗k0

tc11 L ·mol−1 · s−1 BEVINGTON
et al. (1954)

ktm11 = 4.66 ·109 exp
(

−76290
8.3144621∗T (K )

)
L ·mol−1 · s−1 PEKLAK et al.

(2006)

f = 0.80 -
LOUIE et al.

(1985)

αm1 = 0.001 K −1 PINTO and
RAY (1995)

αp = 0.00048 K −1 PINTO and
RAY (1995)

Tg m1 = 167.0 K
PINTO and
RAY (1995)

Tg p = 387.15 K
PINTO and
RAY (1995)

υ f cr = 0.04227 -
Considered in

this work
υ f tc =

0.01856−2.965 ·10−4(T −273.15)
-

PINTO and
RAY (1995)

M Mm1 = 100.121 Da -

Table 6.4: Equations used to describe gel and glass effects for MMA.

gT ,M M A

0.10575 ·exp(17.15υ f −0.01715(T −273.15) υ f > υ f tc

2.3 ·10−6 exp(75υ f ) υ f ≤ υ f tc

gP ,M M A

1 υ f > υ f cr

7.1 ·10−5 exp(171.53υ f ) υ f > υ f tc
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6.6 Parameter estimation

As discussed by SCHWAAB and PINTO (2007), parameter estimation consists in

utilizing a reference model and changing the parameters until the predictions of the

model fits the experimental data, respecting the uncertainties of the measurements.

Thus, all balance equations were solved numerically using backward differentia-

tion formula (BDF), as available in the DASSL code with relative and absolute toler-

ances of 10−4. Model parameters were estimated with the computational package ES-

TIMA, implemented in Fortran, which combines particle swarm (stochastic) optimiza-

tion (PSO) and the deterministic Gauss-Newton algorithms (SCHWAAB et al. (2008))

with the accelerator of LAW and BAILEY (1963).

The Gauss-Newton method frequently fails when dealing with ill-posed problems,

making impossible the determination of parameter uncertainties (as the covariance

matrix of parameter uncertainties cannot be obtained). In these cases, first, particle

swarm optimization can be applied. Then, with the point of minimum obtained with

the PSO technique, an identifiability procedure can be applied to determine which

set of model parameters can have the uncertainties evaluated. Afterwards, the Gauss-

Newton procedure can be applied to estimate the selected parameters and refine the

minimum of the previously estimated model parameters (BRANDÃO (2017)).

Figure 6.1: Employed parameter estimation procedure.

One hundred particles were used and ten thousand iterations were carried out with

110



statistical confidence level of 95%. To avoid numerical problems, due to the differences

of orders of magnitude among the parameter values, some model parameters were

estimated in their logarithmic form.

For the sake of simplicity, for each experimental condition, it was executed one

model parameters estimation procedure. Then, the estimated parameters were ana-

lyzed together in order to evaluate the consistency of the obtained results. The objec-

tive function used in the present work was defined as follows:

Fob j =
(
ye − ym (

xm ,θ
))T V −1

y

(
ye − ym (

xm ,θ
))

(6.77)

where y and ym are the vectors of the measured and predicted dependent variables,

respectively; Vy is the covariance matrix of the measured outputs (assumed to be diag-

onal); and xm and θ are the vectors of the measured independent variables and model

parameters, respectively. The measured variables considered were conversion, num-

ber and weight average molecular weights (M̄n and M̄w ).

6.7 Simulations

For poly(styrene-co-cardanol) simulations, besides the data previously reported for

overall monomer conversions and average molecular weights of polymer samples, data

provided by GALVÃO (2016) were also included to increase the degrees of freedom and

the reliability of the estimations, as shown in 6.5.

Regarding the parameters related to cardanol or CNSL, they are not available in

the literature. However, as cardanol and natural CNSL led to similar kinetic behaviors

when copolymerized with methyl methacrylate, the respective kinetic parameters were

assumed to be the same. Also, based on their structures, if one assumes that only ter-

minal double bonds can react through free-radical polymerization mechanisms, one

Table 6.5: Experimental conditions used for parameter estimation for
styrene/cardanol copolymerization, as provided by GALVÃO (2016).

Experimental
Condition

Styrene
(wt%)

Cardanol
(wt%)

BPO
(wt%)

T
(°C )

Reaction
Duration

(h)

Sample
Interval

(min)

A1 96.5 2.5 1.0 110 5 30
A2 94.0 5.0 1.0 110 5 30
A3 96.5 2.5 1.0 90 5 30
A4 94.0 5.0 1.0 90 5 30
A5 99.0 0.0 1.0 90 3 15
A6 99.0 0.0 1.0 110 3 15
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Table 6.6: Parameters used for cardanol

Parameter Unit Reference

ktm21 = ktm12 = kp22 = 0 L ·mol−1 ·h−1 Considered in this work
ktc22 = ktd22 = ktc11 L ·mol−1 ·h−1 Considered in this work

will conclude that just 40% of the phenolic stream can be available as monomer for the

polymerization. Despite that, given the fact that other molecules may be eventually

present in the naturally occurring cardanol or anacardic acid stream and that different

reactive sites (such as the phenolic group) can take part in the reaction mechanism,

the whole stream is treated as a lumped monomer stream for purposes of kinetic mod-

eling.

It is important to emphasize that cardanol polymerizes at slow rates at the analyzed

reaction conditions through free-radical polymerizations, as observed experimentally.

Therefore, for the sake of simplicity, some model parameters were initially assumed to

be either null or equal to the styrene or methyl methacrylate polymerization parame-

ters, as shown in Table 6.6. Particularly, one must observe that kp22 was assumed to be

equal to zero, imposing the modification of the normal reactivity ratio scheme used to

describe the copolymerization.

Therefore, the parameters to be found are kp12 and kp21, which are dependent only

of kp11. Thus r1,2 and r2,1 were estimated as defined:

kp12 = kp11 · r1,2 (6.78)

kp21 = kp11 · r2,1 (6.79)

Although r1,2 and r2,1 resemble the classical reactivity ratios, they are not the re-

activity ratios, as kp22 is assumed to be equal to zero because cardanol practically

does not homopolymerize through regular free-radical polymerizations at the ana-

lyzed conditions. Despite that,r1,2 and r2,1 are parameters that indicate the relative

magnitudes of the rates of cross propagation in respect to the rate of styrene homo-

propagation. Moreover, fi nh is also estimated. This constant corresponds to the in-

hibition effect of cardanol and is used to reduce the number of living radicals in the

reaction media. Thus, the initial initiator concentration is multiplied by this inhibi-

tion factor, which implies that inhibitors can react very fast with the primary radicals

and interrupt the course of the polymerization, reducing the efficiency of the initiation

step.
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Table 6.7: Estimated model parameters for styrene homopolymerization reactions.

Exp. Cond. Fob j χ2
i n f χ2

sup δtm

A5 37.58 16.85 45.72 0.849±0.129
A6 35.40 16.85 45.72 1.211±0.113

6.7.1 Styrene Homopolymerization

Using experimental conditions A5 and A6, the kinetic parameters of Table 6.2 can

be tested. A correction factor δtm was estimated for the kinetic constant for chain

transfer to monomer (ktm11 = δtmkt m11) to account for possible presence of impu-

rities. Table 6.7 presents the estimated parameters for reactions at both temperatures.

As shown in Table 6.7, estimated values of the kinetic constant for chain transfer to

monomer ktm11 were very close to the real reference literature parameter value ktm11,

indicating the adequacy of the proposed modeling approach. The quality of the model

fit was evaluated with the chi-square statistical test. According to this test, the model

can be considered suitable, since the final objective function value, Fob j , lay between

the limits provided by the χ2 distribution. Therefore, as shown in Figures 6.2 and 6.3,

the proposed model fits the available experimental data adequately. Thus, the ho-

mopolymerization model is trustable and ready for copolymerization analyses.

(a) (b)

Figure 6.2: Predicted and experimental results for styrene homopolymerizations
performed at 90 °C (condition A5). (MCI = model confidence interval; MP = model

predictions and ED = experimental data).

Thus, for copolymerization parameter estimation, except for the constant of chain

transfer to styrene, that was fixed as ktm11 = 1.211k0
tm11, which corresponds to the es-

timated value of this kinetic constant for experimental condition A6, all the remaining

kinetic parameters used are the ones presented in Table 6.2.
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(a) (b)

Figure 6.3: Predicted and experimental results for styrene homopolymerizations at
110 °C (condition A6). (MCI = model confidence interval; MP = model predictions and

ED = experimental data).

6.7.2 Styrene/Cardanol Copolymerizations at 110 °C

Table 6.8 presents the estimated model parameters for styrene/cardanol copoly-

merization reactions. At both conditions, A1 and A2, the final objective function values

lay inside the most likely range defined by the χ2 distribution distribution, indicating

the adequacy of the proposed model. Figure 6.4 shows the joint confidence region for

parameters r1,2 and r2,1 when parameter fi nh was fixed at its optimal value shown in

Table 6.8. To generate this figure, a new estimation procedure was run but this time

fi nh was fixed at 0.731. The new objective function obtained was equal to 21.34 and

the estimated values for r1,2 and r2,1 were equal to 1.628 and 0.026, respectively.

As one can see in Table 6.8, fi nh decreased with the cardanol feed concentration,

which caused the simultaneous increase of the inhibitor concentration in the react-

ing medium, as already described. Therefore, the concentration of active radicals is

expected to diminish with the amount of cardanol in the feed. Regarding the esti-

mated values of r1,2 and r2,1, it must be considered that the incorporation of cardanol

Table 6.8: Estimated model parameters for cardanol/styrene copolymerization
reactions performed at 110 °C .

A2 A1

Exp. Cond.
Estimated

Value
Confidence

Interval
Estimated

Value
Confidence

Interval
Fob j 21.34 15.31 - 44.46 41.39 16.79 - 46.98
fi nh 0.731 0.721 - 0.740 0.888 0.814 - 0.962
r1,2 1.627 1.589 - 1.666 r1,2estimated at A2
r2,1 0.023 0.022 - 0.031 r2,1estimated at A2
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Figure 6.4: Joint confidence region for parameters r1,2 and r2,1 when parameter fi nh

was fixed at 0.731. The red center dot is the estimated values of r1,2 and r2,1 (1.628,
0.026).

molecules by propagating chains can cause the steric hindrance of the active centers

of growing macroradicals, justifying the low kp21 values (kp21 = 0.026 ·k0
p11). Also, one

must consider that more stable radicals can be formed due to the presence of the phe-

nolic ring and internal unsaturation, retarding the polymerization rate. It is interest-

ing to observe that the incorporation of cardanol molecules seems preferable than the

incorporation of styrene at initial times because styrene forms radicals that are more

stable and less reactive due to the proximity of the aromatic ring, while cardanol forms

secondary radicals that are not stabilized by the phenolic ring. Moreover, although

only the terminal double bond seems responsible for the usual addition steps, car-

danol presents multiple reactive sites that are also prone to reaction and formation of

radicals (as suggested by the 1H −N MR spectra), which can also retard the polymer-

ization, leading to small kp21 values. Figures 6.5 and 6.6 present the available exper-

imental data and simulation results for monomer conversion and average molecular

weights, illustrating the very good quality of the obtained model fits.

The obtained results are strongly connected to the relative decrease of radical con-

centration (P(i , j )andQ(i , j )) in the reacting system, due to the previously described

inhibitory effects of phenolic compounds. As one can see in Figures 6.5 and 6.6,

monomer conversions were smaller at condition A2 (with 5 wt% of cardanol) than at
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(a) (b)

Figure 6.5: Predicted and experimental results for styrene/cardanol copolymerization
at condition A1. (MCI = model confidence interval; MP = model predictions and ED =

experimental data).

condition A1 (2.5 wt% of cardanol). Nevertheless, as illustrated in Figure 6.7-a, de-

spite the inhibitory effect exerted by cardanol, it was possible to obtain copolymers

with relatively high amounts of cardanol incorporated into copolymer chains at both

conditions, due to the relatively high cardanol reactivity of the polyunsaturated car-

danol molecules. Since styrene thermal initiation is more pronounced at 110°C, re-

action rates were kept almost constant (although at low values) after approximately

1 hour of reaction (Figure 6.5b and 6.6b). Regarding the cardanol composition, it is

possible to observe in Figure 6.7 - a that model simulations indicated that cardanol

copolymer compositions did not change very significantly during the reaction course.

Besides, Figure 6.7 suggests that cardanol was almost completely consumed at experi-

mental condition A1, while at condition A2 a residual amount of nonreacted cardanol

remained in the reacting medium. Despite the larger amount of cardanol incorporated

into copolymer chains at condition A2, higher inhibition effects could also be noticed

at this condition.
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(a) (b)

Figure 6.6: Predicted and experimental results for styrene/cardanol copolymerization
at condition A2. (MCI = model confidence interval; MP = model predictions and ED =

experimental data).

(a) (b)

Figure 6.7: Predicted and experimental results for cardanol compositions at
conditions A1 and A2. (MP = model predictions and ED = experimental data).
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6.7.3 Styrene/Cardanol Copolymerizations at 90°C

At 90°C, all three parameters were selected for estimation again. The constant of

chain transfer to styrene was fixed as ktm11 = 0.849 ·k0
tm11 which corresponds to the es-

timated value of this kinetic constant for experimental condition A5. Table 6.9 presents

the estimated model parameters for styrene/cardanol copolymerization reactions per-

formed at 90 °C. As one can observe, cardanol exerted stronger inhibitory effects at

the lower temperature. At 90 °C, lower concentrations of radicals are expected due to

the smaller decomposition rates of BPO and thermal initiation rates of styrene. In ad-

dition, as radicals react with cardanol due to r1,2, they get stabilized and react more

slowly due to steric hindrance, making more difficult the propagation of cardanol ter-

minated radicals. Figure 6.8 shows the joint confidence region for parameters r1,2 and

r2,1 when parameter fi nh was fixed at its optimal value shown in Table 6.9. To generate

this figure, a new estimation procedure was run, but this time fi nh was fixed at 0.628.

The new objective function obtained was equal to 43.44 and the estimated values for

r1,2 and r2,1 were equal to 3.172 and 0.015, respectively.

As one can see in Table 6.9, the values estimated for the cross-propagation rate

constants at 90 °C were not much different from the ones estimated at 110 °C (Table

6.8), mainly for r2,1. This indicates that the reaction temperature does not seem to

exert a strong effect on the relative kinetic constants for cardanol incorporation. The

apparent increase of r1,2 can possibly be related to more complex mechanistic effects,

such as penultimate cross-propagation and cross-termination effects, which can be-

come more evident at lower rates of reaction. Moreover, other effects, such as the less

intense thermal initiation of styrene and the lower reactivity of benzene radicals, can

also lead to lower rates of reaction. Again, the obtained objective function values lay

in the chi-square confidence interval, showing that the model could predict well the

available experimental data. Figures 6.9 and 6.10 illustrate the obtained experimental

data and simulation results for monomer conversion and average molecular weights.

As previously discussed, conversion and average molecular weights presented

lower values at condition A4 (with 5 wt% of cardanol) than the ones obtained at con-

Table 6.9: Estimated model parameters for cardanol/styrene copolymerization
reactions performed at 90 °.

A3 A4

Exp. Cond.
Estimated

Value
Confidence

Interval
Estimated

Value
Confidence

Interval
Fob j 43.44 15.31 - 44.46 36.29 16.79 - 46.98
fi nh 0.628 0.609 - 0.649 0.572 0.552 - 0.593
r1,2 3.210 2.356 - 4.372 r1,2estimated at A3
r2,1 0.015 0.010 - 0.025 r2,1estimated at A3
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Figure 6.8: Joint confidence region for parameters r1,2 and r2,1 when parameter fi nh

was fixed at 0.628. The red center dot is the estimated values of r1,2 and r2,1 (3.172,
0.015).

dition A3 (with 2.5 wt% of cardanol), due to inhibition effects. Regarding the cardanol

copolymer and medium compositions for conditions A3 and A4, the obtained model

indicates higher cardanol copolymer compositions at condition A4 than at condition

A3, as shown in Figure 6.11, despite the lower reaction rates at condition A4, as a conse-

quence of the higher cardanol concentrations in the feed. However, cardanol copoly-

mer compositions obtained in copolymerizations performed at 90 °C were expected to

be lower than the ones obtained at 110 °C, due to the lower rates of radical generation

by thermal styrene initiation at 90 °C.

6.7.4 Styrene/Cardanol Copolymerizations at 110 °C for 10 wt %

Using the experimental values obtained for the copolymerization at 110 °C for 10

wt %, the kinetic model can be validated once again. The experimental values obtained

for 85 °C were not used because they were not satisfactory, as the inhibition was very

high and average molecular weights and composition could not be obtained with good

precision. Figure 6.12 shows the conversion and average molecular weights obtained

experimentally and the model prediction. It can be seen the model was able to fit the

data correctly with the parameters shown in Table 6.10.

For conditions A1 and A2, r1,2 and r2,1 values were equal to 1.627 and 0.023, re-
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(a) (b)

Figure 6.9: Predicted and experimental results for styrene/cardanol copolymerization
at condition A3. (MCI = model confidence interval; MP = model predictions and ED =

experimental data).

Table 6.10: Estimated model parameters for cardanol/styrene copolymerization
reactions performed with 10 wt % at 110 °C.

10 wt %; 110°C

Exp. Cond. Estimated Value Confidence Interval
Fob j 15.00 6.26 - 27.49
fi nh 0.478 0.439 - 0.519
r1,2 1.765 1.699 - 1.833
r2,1 0.016 0.012 - 0.021

spectively. They were similar to the other values obtained at this same temperature.

Besides, fi nh corresponded to 0.888 for 2.5 wt % (condition A1), 0.731 for 5.0 wt % (con-

dition A2) and 0.478 for this condition, which could be expected since the inhibition is

expected to increase with cardanol content. Figure 6.13 shows the copolymer compo-

sition for this condition and the model was also able to fit these data. Therefore, the

model is capable of reproducing available experimental results in the analyzed ranges

of concentrations and temperatures, following conversion, average molecular weights

and copolymer composition trajectories successfully.
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(a) (b)

Figure 6.10: Predicted and experimental results for styrene/cardanol
copolymerization at condition A4. (MCI = model confidence interval; MP = model

predictions and ED = experimental data).

(a) (b)

Figure 6.11: Predicted and experimental results for cardanol compositions at
conditions A3 and A4 (MP = model predictions).
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(a) (b)

Figure 6.12: Predicted and experimental results for cardanol copolymerization at 110
°C for 10 wt % (MCI = model confidence interval; MP = model predictions and ED =

experimental data).

Figure 6.13: Predicted and experimental results for cardanol compositions at 110 °C
for 10 wt % (MCI = model confidence interval; MP = model predictions and ED =

experimental data).
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6.7.5 Methyl Methacrylate/Cardanol Copolymerizations at 85 °C

For both temperatures (85 and 110 °C), kinetic parameters for methyl methacry-

late/cardanol copolymerization were also estimated. However, due to the small num-

ber of experimental data, results were not so accurate. Nonetheless, the same kinetic

model proposed for styrene-cardanol copolymerization was used in this case. Using

the previous estimation strategy, the parameters estimates were obtained in the loga-

rithmic form. Esimated model parameters are shown in Tables 6.11 and 6.12. Although

Fob j values were sometimes higher than imposed by the chi-square distribution, the

experimental values were in general represented well, as shown in Figures 6.17 to 6.19.

The parameters estimated indicate that MMA radical preferentially reacts with MMA

molecules, as expected; that cardanol radicals react very slowly with MMA molecules,

leading to the retardation effect; and that inhibition is smaller in MMA reactions than

in styrene reactions, as observed experimentally.

As average molecular weight and copolymer composition could not be fitted simul-

taneously well in some cases, the model was adapted by adding a transfer to monomer

reaction step. This modification was proposed because transfer reactions do not af-

fect the conversion, but affect the molecular weights. ktm22 was considered to be null

because radicals present a cardanol terminal unit are not reactive. Kinetic parameter

ktm21 was also maintained as null for the same reason. Thus, a fourth parameter was

estimated to represent ktm12 in the form of Equation 6.80. To initiate the estimation,

parameter boundaries were set as presented in Table 6.13.

ktm,12 = ktm,11 · t1,2 (6.80)

Values obtained for the 4 parameters and the objective function are presented in

Tables 6.14 and 6.15. It can be seen that r1,2, r2,1 and t1,2 were similar in all concentra-

tions and that estimation trials were much better, as illustrated in Figures 6.17 to 6.19.

Parameter t1,2 values were high, showing that MMA radicals probably transfer activity

to cardanol molecules, probably through the phenolic group. Besides, fi nh decreased

with the initial mount of cardanol, as expected, increasing the inhibition effect and

Table 6.11: Estimated parameters for cardanol-MMA copolymerization reactions at 85
°C .

Exp.
Cond.

2.5 wt% 5 wt% 10 wt%

10r1,2 −0.354 ≤ −0.275 ≤ −0.195 Same for 2.5 wt% Same for 2.5 wt%
10r2,1 −5.606 ≤ −4.362 ≤ −3.118 −4.682 ≤ −4.339 ≤ −3.996 −5.705 ≤ −4.629 ≤ −3.553
10 fi nh −0.040 ≤ −0.035 ≤ −0.030 ≈ 0 −0.428 ≤ −0.358 ≤ −0.287

Fob j 27.14 (3.25 ≤χ
2 ≤ 20.48) 83.06 (3.25 ≤χ

2 ≤ 20.48) 3.96 (2.18 ≤χ
2 ≤ 17.53)
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Table 6.12: Estimated model parameters (without exponentials) for cardanol-MMA
copolymerization reactions at 85 °C .

Exp.
Cond.

2.5 wt% 5 wt% 10 wt%

r1,2 0.4429 ≤ 0.5314 ≤ 0.6377 Same for 2.5 wt% Same for 2.5 wt%

r2,1
2.48 ·10−6 ≤ 4.35 ·10−5 ≤

7.62 ·10−4 2.08 ≤ 4.58 ≤ 10.00 (·10−5)
1.97 ·10−6 ≤ 2.35 ·10−5 ≤

2.80 ·10−4

fi nh 0.913 ≤ 0.923 ≤ 0.933 ≈ 1.000 0.373 ≤ 0.439 ≤ 0.517

Table 6.13: Boundaries for estimated model parameters considering ktm12.

Par Inf Par Sup

10r1,2 -4.0 0.0
10r2,1 -5.0 0.0
10 fi nh -1.5 0.0
10t1,2 -2.0 5.0

simultaneously reducing conversion and average molecular weights.

Figure 6.20 represents the confidence regions of parameter uncertainties obtained

with the PSO and after generation of model parameters values, considering ktm12 for

the MMA/copolymer produced at 85 °C with 5 wt% of cardanol. Confidence regions

for the 2.5 and 10 wt% of cardanol are similar to the one presented. The confidence re-

gions were generated considering all 4 parameters varying simultaneously, as obtained

through the PSO using 1000 interactions and 160 particles. The red dot represents the

model parameter value that resulted in the minimum value of the objective function.

It can be seen that the parameter r2,1 wants to decrease as much as possible because

the parameter t1,2 is able achieve the cardanol composition in the copolymer.

Table 6.14: Estimated parameters for cardanol/MMA copolymerization reactions
considering ktm12, 85 °C .

2.5w t % 5w t % 10w t %

10r1,2 -0.563 -0.655 -0.608
10r2,1 -4.367 -4.266 -4.338
10 fi nh -0.260 -0.481 -1.000
10t1,2 3.522 3.202 3.716
Fob j 25.34 (2.70≤χ2 ≤19.02) 31.19 (2.70≤χ2 ≤19.02) 2.19 (1.69≤χ2 ≤16.01)
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Figure 6.14: Predicted and experimental results for MMA/cardanol copolymer
conversion, molecular weights and cardanol composition at conditions 2.5 wt % and

85°C (MCI = model confidence interval; MP = model predictions and ED =
experimental data).

Table 6.15: Estimated model parameters (without the exponentials) for
cardanol/MMA copolymerization reactions considering ktm12, 85 °C .

2.5w t % 5w t % 10w t %

r1,2 0.273 (0.237;0.315) 0.221 (0.189;0.259) 0.247 (0.026;0.517)

r2,1

4.29 ·10−5

(8.38 ·10−7;2.20 ·
10−3)

5.42 ·10−5

(3.57 ·10−5;8.23 ·
10−5)

6.73 ·10−5

(4.53 ·10−12;1.14 ·
10−4)

fi nh 0.550 (0.417;0.725) 0.330 (0.293;0.373) 0.100 (0.0001;0.420)

t1,2
3322.77

(119.83;92140.38)
1591.77

(1114.55;2273.26)
5205.00

(0.00;5205.00)

125



Figure 6.15: Predicted and experimental results for MMA/cardanol copolymer
conversion, molecular weights and cardanol composition at conditions 5 wt % (MCI =

model confidence interval; MP = model predictions and ED = experimental data).
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Figure 6.16: Predicted and experimental results for MMA/cardanol copolymer
conversion and molecular weights at conditions 10.0 wt % (MCI = model confidence

interval; MP = model predictions and ED = experimental data).
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Figure 6.17: Predicted and experimental results for MMA/cardanol copolymer
conversion, molecular weights and cardanol composition at conditions 2.5 wt %
considering a 4th parameter, t1,2 (MCI = model confidence interval; MP = model

predictions and ED = experimental data).
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Figure 6.18: Predicted and experimental results for MMA/cardanol copolymer
conversion, molecular weights and cardanol composition at 85 °C and 5 wt %

considering a 4th parameter, t1,2 (MCI = model confidence interval; MP = model
predictions and ED = experimental data).
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Figure 6.19: Predicted and experimental results for MMA/cardanol copolymer
conversion, molecular weights and cardanol composition at 85 °C and 10 wt %

considering a 4th parameter, t1,2 (MCI = model confidence interval; MP = model
predictions and ED = experimental data).
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Figure 6.20: Confidence regions for 5 wt% MMA/cardanol copolymer, 85 °C.

131



6.7.6 Methyl Methacrylate/Cardanol Copolymerizations at 110 °C

At 110 °C, the average molecular weights for samples prepared with 5 wt% of car-

danol were not available, until the presentation of the date. So, only parameters for

2.5 and 10 wt% were estimated. Not considering t1,2, objective functions were 38.24

and 35.21 for 2.5 and 10 wt% of cardanol, respectively. Again, when cardanol composi-

tions were good, molecular weights were not represented well. When t1,2, values were

estimated, objective function for both concentrations decreased and remained inside

the chi-square confidence interval. t1,2 values were lower than those obtained at 85

°C, but still high. r1,2 decreased quite significantly, because MMA became even more

reactive at higher temperatures, but cardanol still retarded the polymerization (main-

taining small value for fi nh). However, r2,1 remained the same, showing that cardanol

concentration did not increase with temperature. Obtained results are presented in

Tables 6.16 and 6.17 and in Figures 6.21 and 6.22.

Figure 6.23 represents the confidence regions of parameter uncertainties obtained

with the PSO and after generation of model parameters values, considering ktm12. The

confidence regions were generated considering all 4 parameters varying simultane-

ously, as obtained through the PSO using 400 interactions and 160 particles. Moreover,

the confidence regions for 2.5 wt% were similar to the obtained for 10 wt% of cardanol.

To obtain these confidence regions, the limits of Table 6.13 were considered, but the

graphics limits were changed to improve the visibility of the optimal value. The red dot

represents the model parameter value that resulted in the minimum value of the objec-

tive function. As cardanol composition in the copolymer was not high (almost 1 wt%)

the model tries to increase inhibition as much as possible, but the parameter fi nh was

limited to 0.03. As one can see, the confidence limits were severely influenced by the

physical boundaries of the parameter values. Therefore, perhaps additional parameter

estimation procedures should be executed with additional data in order to improve the

parameter estimates.

Table 6.16: Estimated parameters for cardanol/MMA copolymerization reactions
considering ktm12, 110 °C .

2.5w t % 10w t %

10r1,2 -3.956 Same as 2.5 wt %
10r2,1 -4.000 Same as 2.5 wt %
10 fi nh -0.730 -0.957
10t1,2 3.267 3.090
Fob j 11.46 (2.70≤χ2 ≤19.02) 21.21 (3.82≤χ2 ≤21.92)
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Table 6.17: Estimated model parameters (without exponentials) for cardanol/MMA
copolymerization reactions considering ktm12, 110 °C .

2.5w t % 10w t %

r1,2 10−5 ≤ 1.11 ·10−4 ≤ 10−3 Same as 2.5 wt %
r2,1 3.33 ·10−5 ≤ 10−4 ≤ 1.1 ·10−4 Same as 2.5 wt %
fi nh 0.10 ≤ 0.19 ≤ 1.00 0.08 ≤ 0.11 ≤ 0.15
t1,2 335.46 ≤ 1849.70 ≤ 1.06 ·104 304.41 ≤ 1231.40 ≤ 4981.27

Figure 6.21: Predicted and experimental results for conversion, molecular weights and
cardanol composition for a MMA/cardanol copolymer at conditions 110 °C and 2.5 wt

% considering a 4th parameter, t1,2 (MCI = model confidence interval; MP = model
predictions and ED = experimental data).
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Figure 6.22: Predicted and experimental results for MMA/cardanol copolymer
conversion, cardanol composition and molecular weights at 110 °C and 10.0 wt %
considering a 4th parameter, t1,2 (MCI = model confidence interval; MP = model

predictions and ED = experimental data).
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Figure 6.23: Confidence regions for 10 wt% MMA/cardanol copolymer, 110 °C.
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6.8 Concluding Remarks

A kinetic mechanism was proposed and shown to represent adequately the poly-

merization systems under study. Firstly, a correction factor for styrene homopolymer-

ization was estimated (ktm11 = 1.211·k0
tm11), and experimental conversion and average

molecular weights for styrene polymerization were well represented by the model. The

kinetic model proposed for the copolymerization was able to follow available experi-

mental data, although some assumptions were used: a) cardanol was represented as

a lump of similar components with a variable number of unsaturations; b) cardanol

was assumed to contain equally reactive sites, such as terminal unsaturation, internal

unsaturations and hydroxyl groups; c) cardanol was assumed to inhibit the polymer-

ization due to its internal unsaturations and hydroxyl group, which required the esti-

mation of the fi nh parameter to decrease the concentration of initiator; d) cardanol

does not homopolymerize and it has a propagation constant (kp22) equal to zero; e)

it was considered the living polymer chains ending in cardanol also terminates with

the same rate of polystyrene; and f) the quasi-state hypothesis and the terminal model

were assumed to be valid for the polymerization.

Moreover, transfer reactions, although possible (mainly due to steric hindrance and

availability of hydrogen atoms), were not considered initially for the cardanol mixture.

Also, as the terminal unsaturation was the functional group most likely to continue

propagation and incorporate cardanol. Although cardanol contained less than 50% of

compounds with terminal unsaturation, it was considered that the whole lump was re-

active in the proposed kinetic model proposed because, as explained, the compounds

have many reactive sites. Nonetheless, the copolymerization parameters r1,2 and r2,1

were shown to depend little on the reaction temperature in the analyzed experimental

range and to be equal to 1.627 - 3.210 and 0.015 - 0.026, respectively for styrene copoly-

merizations. As detected experimentally, the inhibition of cardanol at 90 °C is more

intense than at 110 °C for styrene copolymerizations. This reflected in a lower value

for fi nh obtained for 90 °C (0.628) than for 110 °C (0.731), meaning that it reduced the

concentration of available radical molecules more the in last condition. From 1H-NMR

analysis, it was possible to obtain copolymer composition and, therefore, predict car-

danol compositions in the copolymer and in the reaction medium. For the conditions

studied, cardanol is incorporated at the begging quite fast (r1,2 > 1.0) during early re-

action times due to its multiple reactive sites.

For MMA/cardanol copolymerizations, without the transfer to monomer reaction

(a MMA-ended living chain attacking a cardanol molecule), the model could not rep-

resent correctly the experimental data. As MMA is much more reactive than styrene,

r1,2 became lower than 1.0. The parameter for chain transfer reaction (t1,2) turned out

to be quite high to represent correctly average molecular weights while still represent-
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ing the cardanol composition in the copolymer. With this model adaptation in relation

to the one used for styrene copolymerizations, the model was able to follow available

experimental data at in studied composition (2.5, 5 and 10 wt%) and temperatures for

MMA copolymerizations.
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Kinetic Studies of Suspension

Copolymerizations

2nd Section

138



Chapter 7

Suspension Copolimerizations:

Methodology

7.1 Materials

Cardanol (Taian Health Chemical, minimum purity of 99.5 wt% w/w, Taian, China),

methyl methacrylate (MMA) (VETEC, Rio de Janeiro, Brazil, with minimum purity of

99.5 wt%) and styrene (STy) (Sigma-Aldrich, Rio de Janeiro, Brazil, with minimum

purity of 99 wt%) were used as monomers. Benzoyl peroxide (BPO) (VETEC, Rio de

Janeiro, Brazil, with minimum purity of 99 wt%, containing 25% of humidity) and azo-

bisisobutyronitrile (AIBN) (Merck Millipore, São Paulo, Brazil, with minimum purity

of 98.5 wt%) were used as initiator for the polymerizations. Poly(vinyl alcohol) (PVA)

(Vetec Química Fina, Mw = 78 kDa, 86.5 – 89.5% of hydrolysis) was used as a suspen-

sion agent.

7.2 Experimental Set Up

For suspension polymerizations, a 1L glass reactor was used (Figure 7.1). The reac-

tor was surrounded by a cooling jacket that was filled with a 50/50 mixture of hot water

and ethylene glycol from a controlled hot bath, used to control the reaction temper-

ature. A metal cap was used to allow for connection of a mechanical stirrer, a reflux

condenser and a thermocouple, that was connected to the bath. Two holes were used

for monomer feeding and aliquot withdrawal.
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Figure 7.1: Set Up for Suspension Polymerizations

7.3 Kinetic Experiments

For the suspension polymerization, different phases were prepared separately. The

aqueous phase was prepared on the day before the reaction to solubilize the PVA. The

organic phase was prepared by mixing the monomer with the initiator instants be-

fore starting the polymerization. Every reaction is conducted at 85 °C with agitation of

850±50 rpm. For methyl methacrylate polymerizations, samples were taken during 2

hours; for styrene, samples were taken during 4 hours. Aliquots were taken every 15/30

minutes.

On the reaction day, the following procedure was used: (1) the heating bath was

turned on with set point of 85 °C ; (2) the PVA solution was added into the reactor; (3)

stirring was turned on and kept around 500 rpm; (4) when the temperature of the PVA

solution reached the desired value, the monomer was mixed with the initiator; (5) the

monomer mixture was added to the reactor and the stirring rate was changed to 850

rpm; (6) samples were taken at specific time intervals and a solution of hydroquinone

was added to halt the polymerization; (7) the heating bath was turned off after the

planned reaction time; (8) after cooling, reaction samples were filtrated under vacuum;

(9) samples were left at the recirculating oven under vacuum until complete drying.

Conditions for the suspension polymerizations are summarized in Table 7.1. Con-

centrations are presented in weight fraction. Variable X stands for cardanol and Y for

styrene (Sty) or methyl methacrylate (MMA). Moreover, 1 wt% or 3 wt% of BPO were
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Table 7.1: Experimental design of the suspension polymerizations reactions.

Experiments
Organic Phase (30%) Aqueous Phase (70%)

T (°C)

Stirring
Rate

X (wt%) Y (wt %)
Water
(wt%)

PVA
(wt%)

(rpm)

HomoY 0 99 99.6 0.4 85 850
2.5% X 2.5 96.5 99.6 0.4 85 850
5% X 5 94 99.6 0.4 85 850

10% X 10 89 99.6 0.4 85 850

added in respect to the total mass of monomer. Sometimes, BPO was replaced by AIBN.

For reactions in the 1L reactor, the real masses were equal to: 180 g of monomer, 418.32

g of water and 1.68 g of PVA.

7.4 Gravimetric Analysis

Monomer conversion was obtained by gravimetry. The samples containing the

polymer material were dried in the recirculating oven under vacuum until reaching

the constant mass.

To obtain the conversion values, Equations 7.1 - 7.3 were used. However, mpol ymer

had to be multiplied by 0.3 to consider the initial monomer/polymer fraction into het-

erogeneous medium. Therefore, the equations used to obtain the conversion of sam-

ples obtained with suspension polymerization were:

mmonomer = mi ni t i al −mcr uci bl e −mBPO (7.1)

mpol ymer = mdr y −mcr uci bl e −mBPO −Csol ,hydr oqui none mhydr o (7.2)

Conver si on (%) = mpol ymer

0.3msample
·100% (7.3)

where mmonomer is the initial mass of monomer, mBPO is the mass added of droplets of

ethanolic solution of hydroquinone, mpol ymer is the mass of the polymer formed and

Csol .hydr o is the alcoholic solution of hydroquinone concentration (0.01 g/L).
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7.5 Characterizations

7.5.1 Contact Angle

In order to determine the degree of hydrophobicity of the produced polymeric ma-

terials, a tensiometer was used (Teclis, Marseille, France). Initially, the particles were

compressed in a disk mold, using a press to form tablets. Each sample was then placed

over an acrylic surface, and a drop of water as placed over the disk. The contact angle

between the surfaces was then measured under atmospheric conditions at 25 °C using

the equipment software. The contact angle was used to infer the hydrophobicity of the

polymer particles. Analyses were made in triplicate.

7.5.2 Interfacial Tension

The interfacial tension between the organic phase (containing only monomers,

without BPO) and water (without PVA) was measured at 25 and 85 °C. Analyses were

performed to see the possible role of cardanol as a suspension agent. Analyses were

carried out with pure MMA, MMA with cardanol, styrene and styrene with cardanol.

Measurements were performed with a tensiometer (Kruss Process, model K100, North

Carolina, the United States). Analyses were repeated until attainment of constant in-

terfacial tension. Data points were obtained every 30 seconds.

7.5.3 Particles Size

Particle size distributions were obtained through light scattering in aqueous

medium. The equipment used was the particle size analyzer Master Sizer Hydro 2000S

(Malvern, United Kingdom). The equipment counts on a detector system for front, side

and back light scattering measurements. The light source was a helium neon laser with

characteristic wavelength of 632.8 mm. The detection limits range from 0.01 to 3000

µm. Samples were prepared by dispersing 200 - 500 mg of sample in water. Analyzes

were performed at room temperature.

7.5.4 Scanning Electron Microscopy (SEM)

The detailed visualization of the produced particles surface was carried out with

the aid of a SEM microscope (Quanta 250, Fei Company, 30kV, Hillsboro, the United

States) using vacuum and secondary electrons for image reconstruction. The photomi-

crographs were processed in an image analyzer provided by the SEM manufacturer.
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7.5.5 Optical Microscopy (OM)

The morphology of produced particles was determined by optical microscopy. The

micrographs were obtained with the optical microscope Axiovert 40 MAT equipped

with a 1.4 megapixel camera, model Axiocam MRc, both provided by the manufacturer

Carl Zeiss (Oberkochen, Germany), using the dark field technique. The microscope

is associated with a computer running the Axiovision software version 4.8.1 from the

same manufacturer. This software enables acquisition and analyses of images, pro-

vides scales and other measures.
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Chapter 8

Suspension Copolymerization: Results

8.1 Introduction

As one of the main objectives of the present study is the future immobilization of

enzymes and functionalization of polymers using natural CNSL or cardanol, the man-

ufacture of copolymer particles in heterogeneous media is interesting (PAIVA et al.

(2018), CAMPOS et al. (2016), MENDES et al. (2012)). Suspension polymerization

present many advantages, including the easy separation of the polymer particles, easy

removal of heat of reaction, easy temperature control and low levels of impurities and

additives in the final polymer resin.Therefore, it is suitable for production of polymer

resins intended for many distinct applications, including biotechnological, medical

and dental applications (PINTO et al., 2002).

Suspension copolymerizations were performed with cardanol and methyl

methacrylate or styrene, as these systems resulted in the best bulk polymerization re-

sult. Benzoyl peroxide (BPO) was used as initiator at two different concentrations: 1

wt% and 3 wt%. However, some polymerizations were performed with azobisisobu-

tyronitrile (AIBN). Although, average molecular weights and copolymer compositions

have not been obtained so far, other aspects of this reaction and respective productions

are studied. The interesting aspect is that, after the reaction, the mixtures were stable

even when they were kept resting for several weeks. Thus the addition of cardanol

enhanced the stability of the suspended particles due to reduction of the interfacial

tension and combination of electrical and mechanical effects as described below.

8.2 Styrene-Cardanol Copolymer Particles

First of all, the interfacial tension between the organic phase (styrene and a styrene-

cardanol mixture containing 10 wt % of cardanol in water) was characterized to evalu-

ate whether cardanol might affect the particle size distributions and check if reaction
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conditions should be adjusted in presence of cardanol, including the PVA concentra-

tion and the stirring rate. In Table 8.1, values of interfacial tension indicate addition of

cardanol to the mixture causes the reduction of the interfacial tension. This occurs be-

cause cardanol is an amphiphilic molecule, which enhances the interaction between

the organic phase and the aqueous phase (DE MARIA et al. (2005)). However, the re-

duction of the interfacial tension was not so high as observed with the addition of PVA

in the aqueous phase which corresponds to 5 mN/m with 1 wt% of PVA in water (CAR-

VALHO, 2011).

As an example of the good interaction between cardanol and water when the inter-

facial tension between cardanol and water was measured through pendant drop ten-

siometry, values could not be obtained due to the high interaction between the two

phases, as cardanol was carried by the water phase and not remained in the drop (Fig-

ure 8.1-a). For measurements between styrene (or methyl methacrylate) and water

using this method, the monomers remained in the droplets with perfect round shape.

Cardanol probably moves to the interface, leaving styrene in the cores of the particles

or the bottom of the crucible used to measure the interfacial tension (DE MARIA et al.,

2005). However, this is a good aspect of this systems as cardanol deposition on the par-

ticle surfaces allow for surface modification, rendering the particles compatible with

different media, and finding potential use in various types of applications (BOHARA

et al. (2016)).

(a) (b)

Figure 8.1: Photographs of pendant upward drop tensiometry used for some
non-reported interfacial tension calculations. (a) Test for cardanol-water (b) Test for

styrene with cardanol in water.
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Table 8.1: Interfacial tension between STy or STy-cardanol with distilled water.

Average Value [mN/m] Standard Deviation [mN/m]

Sty 18.0977 6.2072
Sty + 10%C 11.0678 0.4502

Figure 8.2: Conversion values for styrene-cardanol suspension polymerizations.

Styrene-cardanol copolymers were synthesized using 5 wt % of cardanol with 1 or

3 wt % of BPO and using 10.0 wt % of cardanol with 1.0 wt % of AIBN (Figure 8.2).

The data for 2.5 wt% with 1 wt% BPO was obtained from GALVÃO (2016) for compara-

tive purposes. Polystyrene trials reached 100% of conversion after 200 min of reaction

when 1.0 wt% of BPO was used. However, cardanol inhibits the polymerization, reach-

ing only 53% of conversion for 2.5 wt% of cardanol after 540 minutes and 7% for 5 wt%

although the reasons were not clear, as suspension reactions are expected to follow

the bulk kinetics (GALVÃO (2016) obtained 13.4% after 300 min) (PINTO et al., 2002).

Therefore, the kinetics was much slower when the reactions were performed in sus-

pension. The possible presence of oxygen in the larger vessel may have exerted influ-

ence on the rates of hydrogen donation by the phenolic group (LARTIGUE-PEYROU,

1996). However, the possible concentration of cardanol molecules on the particle sur-

faces may also have affected the course of the polymerizations. When the initiator was

changed for AIBN, monomer conversions increased very significantly: for 5 wt% of car-

danol, conversion reached 80% and for 10 wt% of cardanol, conversion reached 45%,

almost the value obtained with 2.5 wt% of cardanol and 1% of BPO. GALVÃO (2016)
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observed total monomer conversion with 2.5 wt % of cardanol using AIBN. AIBN is

known to be more reactive than BPO and this shows that cardanol inhibition can be

less effective when more active initiators are used.

Analyses of contact angle were performed through deposition of water droplet on a

copolymer surface. For styrene disks, the water droplet stayed on the surface through-

out the analysis, and the contact angle (measured by image analysis using a software)

remaining constant. However, the water droplet was quickly absorved by the copoly-

mer disk so that contact angle could not be measured. This happened because the

copolymer presented good affinity with water due to the presence of cardanol, indi-

cating the cardanol incorporation by the particles.

8.3 Methyl Methacrylate-Cardanol Copolymer Particles

As performed for styrene, the interfacial tension was also evaluated for methyl

methacrylate (with and without cardanol) in water. The obtained values are shown in

Table 8.2. It can be seen that cardanol reduced the interfacial tension, but not go sig-

nificantly as the 1 wt% aqueous solution of PVA. Therefore, PVA could not be replaced

entirely by cardanol.

Figure 8.3: Conversion values for methyl methacrylate-cardanol suspension
copolymerizations with 1.0 wt% of BPO.

Table 8.2: Interfacial tension between MMA or MMA-cardanol with distilled water

Average Value [mN/m] Standard Deviation [mN/m]

MMA 9.404 0.627
MMA + 10%C 6.555 1.015
MMA + PVA 1.335 1.262
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Suspension polymerization performed with 1.0 wt % of BPO (Figure 8.3) were much

slower than the ones perfomed in bulk with the same BPO concentration, as also re-

ported for styrene. Because of the small monomer conversion, copolymer particles

became small and very sticky as shows in Figure 8.4 and 8.5 (PINTO et al. (2002)). As

a consequence, these polymer particles could not be filtrated efficiently because they

clogged the pores of the paper filter (with pores of 14 µ) and had to be freeze dried.

Figure 8.4: SEM micrograph of for methyl methacrylate-cardanol particles produced
with 10 wt% of cardanol and 1 wt% of BPO after 6 hours of polymerization.
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Figure 8.5: SEM micrograph for methyl methacrylate-cardanol particles produced
with 5 wt% of cardanol and 1 wt% of BPO after 4 hours of polymerization.

The particles might also be small because of the amphiphilic characteristic of car-

danol, as shown in Figure 8.6. Particularly, one day after the reaction, the particles

were segregated by size, with the bigger and denser particles placed at the bottom of

the becker, while the smaller and less dense particles were placed on top. After get-

ting samples of each phase, optical microscopy images confirmed the size differences,

as shown in Figure 8.8. The particle size segregation was also described by GALVÃO

(2016) for styrene-cardanol copolymer particles, as shown in Figure 8.7.

Using 3.0 wt % of BPO (Figure 8.9), the conversion increased a little and this was

sufficient to allow for filtration and introduction of larger particles, showing the im-

portance of conversion for stabilization of particle sizes. Figure 8.10 shows the final

particle size distribution obtained with 3 wt% of BPO and 2.5 wt% of cardanol. It is in-

tersting to observe that, even reducing interfacial tension, the presence of cardanol in

the copolymer particles could not avoid production of large particles, when compared

to pure MMA.
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Figure 8.6: Particle size distribution for copolymer particles produced with 1 wt% of
BPO.

Changing BPO by AIBN as initiator, conversions increased tremendously. This was

tested with 5 and 10 wt% of cardanol, as one can be see in Figure 8.11. Even with 10 wt%

of cardanol, conversion almost reached 100% (the average molecular weights of the fi-

nal product were Mn = 34478 Da and Mw = 59340, values higher than obtained for bulk

copolymerization with 1 wt% of BPO). AIBN is more reactive than BPO and its use may

constitute a way to work around cardanol inhibition. However, the increase of con-

version also led to increase of the average particle sizes. Figure 8.12 presents particle

size distributions for the copolymers prepared with 5.0 wt% of cardanol and 1.0 wt% of

BPO, and 5.0 wt% of cardanol and 1.0 wt% of AIBN. The average size for the copolymer

with AIBN (143 µm) was even bigger than for pure PMMA (76 µm). It is important to

emphasize that these differences in particle sizes are only due to changes in cardanol

and/or BPO (or AIBN) concentration and initiator type (BPO or AIBN), as stirring rate

and concentration of PVA were kept constant. Figure 8.12 shows once more the con-

trolling effect of monomer conversion or particle size distributions and indicate that

addition of cardanol may impose the modification of the remaining operation param-

eters in order to keep the particle size distribution constant.
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Figure 8.7: Photo of a becker containing the reaction mixture of methyl methacrylate
and 5 wt% of cardanol one day after the reaction.

(a) (b)

Figure 8.8: Optical micrographs of particles present at the center (a) and bottom (b) of
the becker for methyl methacrylate-cardanol copolymer particles.
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Figure 8.9: Conversion values for methyl methacrylate-cardanol suspension
polymerizations with 5.0 wt% of cardanol and 1 or 3 wt% of BPO.

Figure 8.10: Particle size distribution for PMMA or copolymer particles made with 1 or
3.0 wt% of BPO respectively.
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(a) (b)

Figure 8.11: Conversion data for methyl methacrylate-cardanol suspension
polymerizations with 5.0 wt% (a) or 10.0 wt% (b) of cardanol and 1 wt% of AIBN. For

(a), AIBN and AIBN(2) are duplicates.

Figure 8.12: Particle size distributions for 5.0 wt% cardanol copolymer particles made
with 1wt% of BPO or AIBN.
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Contact angle analyses were performed to evaluate the hydrophobicity of produced

copolymers in comparison to the PMMA homopolymer. In this case, a droplet of water

was deposited over a disk of pressed particles and the contact angle could be measured

through image analyses with the tensiometer software. For PMMA, a contact angle

could be measured (results not reported). Figure 8.13 shows the water droplet on the

polymer disk while contact angle was being measured. However, for the copolymers,

the water droplet was quickly absorbed (less than 8 seconds). One can see how the

contact angle changes while the drop is being absorbed in Figure 8.14. This happened

even for the lowest concentration of cardanol (2.5 wt%). (The copolymer with 2.5 wt%

was produced with 3 wt% of BPO, and reached over 80% of conversion). However, it is

interesting that the 1H-NMR of the copolymer with 5 wt% of cardanol almost did not

present any trace of cardanol, while the 1H-NMR of the copolymer produced with 10

wt% of cardanol shows a composition of 33.6% in mass (14.7% higher than what was

obtained for the copolymer produced in bulk not precipitated, and 31.2% higher for the

MMA/cardanol copolymer precipitated). Figure 8.15 present the 1H-NMR spectra for

MMA/cardanol copolymers particle in comparison to the PMMA produced in bulk at

85 °C. 1H-NMR for 2.5 wt% of cardanol is not available. Although the composition data

for 5 wt% do not show cardanol in the copolymer, the contact angle analysis confirms

that cardanol could be incorporated due to difference in hydrophobicity.

Figure 8.13: Experimental set up for PMMA-water contact angle measure.
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Figure 8.14: Photos taken while the contact angle analysis was being performed for a
MMA/cardanol copolymer.

8.4 Concluding Remarks

Suspension polymerizations with cardanol were performed with methyl methacry-

late and styrene as comonomers. Conversions were smaller than the ones obtained

by bulk polymerization with BPO, which indicates the occurrence of unusual effects,

as the kinetics of suspension and bulk polymerizations are expected to be similar. Al-

though cardanol could reduce interfacial tension between the organic and the aqueous

phase, it was not sufficient to stabilize completely the system. In order to increase the

monomer conversion, BPO was changed for AIBN. For MMA, although the presence

of cardanol molecules may cause the reduction of particle sizes, the size distributions

were very broad and depend on the cardanol concentration, amount and type of ini-

tiator. Finally, it was interesting to see how the hydrophobicity of the particles changed

with cardanol incorporation using contact angle technique. However, the particles be-

came too hydrophilic and absorbed water, not allowing the measurements to be com-
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Figure 8.15: 1H-NMR of copolymer produced in suspension polymerization in
relation to bulk polymerization. (Assignments were presented in Figure 5.34)

pleted. Despite that, it became obvious that copolymer particles of styrene or MMA

with cardanol can be successfully prepared in suspension, using AIBN as initiator and

after adjustments of agitation speeds and PVA concentrations to assure the control of

the particle size distributions.
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Chapter 9

Conclusions

Bulk polymerizations of cardanol and natural cashew nut shell liquid (CNSL)

showed that oligomers can be formed through bulk free radical polymerizations, al-

though with low conversions. The strong limitations to increase conversions arise from

steric hindrance; addition of radicals to internal unsaturations of the side chain, form-

ing stable radicals that do not propagate; and donation of protons by the phenolic

group, stabilizing the aromatic ring due to resonance structures. Despite this, bulk

copolymerizations of cardanol or natural CNSL with methyl methacrylate, styrene,

vinyl acetate and acrid acid were performed successfully. The best results were ob-

tained with styrene and MMA although inhibitory effects and lower reactions rates

were present when the initial load of cardanol was increased. The obtained copoly-

mers did not have high cardanol contents, but 1 wt% of cardanol in the copolymer

was sufficient to improve thermal stability and reduce the glass transition tempera-

ture. Because the phenolic compounds contain many reactive sites and functional

groups, analyses of FTIR and 1H-NMR revealed complex structures with peaks over-

leaping each other, but bonds for both compounds were detected and it is clear that

phenolic group and unsaturations are reactive, i.e. their corresponding peaks decrease

in intensity. Nonetheless, cardanol content in the copolymers was determined by 1H-

NMR.

For vinyl acetate, cardanol acted as a strong inhibitor and, even worse, its presence

in VAc polymeric chains decreased its strength and, thereby, decreased thermal sta-

bility. For acrylic acid, practically instant copolymerization happened. But, because

of this, deep kinetic investigations could not be performed. Further reactions with

acrylic acid should be done in heterogeneous medium to have a better control of poly-

merization, as bulk kinetic parameters for PAA polymerization is hard to find to study

its kinetics.

Moreover, only mildly differences from cardanol kinetics to CNSL could be de-

tected. For homopolymerizations, CNSL had higher conversions, but considering the

high deviations of the obtained values, their oligomerization happened basically with
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the same polymerization rate. For MMA-CNSL copolymerization, the biggest gap be-

tween its conversion and MMA-cardanol copolymerization conversion happened for

the lowest temperature (85 °C). Therefore, CNSL had a lesser inhibition effect, but it

still exert an inhibitory effect. This could have happened due to induction effect be-

tween the carboxyl and hydroxyl around the aromatic ring, decreasing the possibility

of phenolic inhibition. However, even with this slightly difference, they are both lump

mixtures and their kinetics can be considered the same. Furthermore, using CNSL,

decreases one purification step to obtain cardanol, reducing process costs.

Therefore, based on the bulk results, one may expect to face strong limitations to

maximize the cardanol/CNSL content of the copolymers. Despite that, for future stud-

ies, the production of copolymers with high CNSL compositions should be performed

at much higher temperatures as it was shown that the increase in temperature led to

a decrease in CNSL inhibition effect on kinetics. However, this might not translate in

high CNSL copolymer compositions. Other possibility is using alternative processes,

mainly polymerization under pressure to avoid traces of oxygen that can increase rad-

ical inhibition by the phenolics. This may lead to overall high conversions. Nonethe-

less, changing the initiator to a more reactive one, such as AIBN, can obtain high con-

version. A good start for these future studies was the validation of a proposed kinetic

model in which kinetic parameters for cardanol copolymerizations with styrene were

estimated (r1,2 and r2,1). To characterize the inhibition, an inhibition factor respon-

sible for reducing the concentration of free radicals was also estimated. These con-

stants could be obtained for the studied range of cardanol concentrations and tem-

peratures used with low objective functions. Thus, even with many hypothesis, the

proposed model was able to follow monomer conversions, average molecular weights

and copolymer compositions in a good range of conditions.

As polymerization in heterogeneous medium is more interesting for biomedical

and other noble applications, MMA/cardanol or styrene/cardanol copolymerization

were performed in suspension. Although worse rates for monomer conversion were

obtained using the same mass fractions of reactants in the organic phase, the intro-

duction of small amounts of cardanol into the copolymer backbone (below 2.5 wt%)

is sufficient to modify the hydrophobicity of the final polymer product, which can be

advantageous for biotechnological applications. From SEM photographies, the parti-

cles did not have a high porosity, and, in fact, their surface were smooth. Nonetheless,

cardanol concentration reduces the interfacial tension, but not as much to substitute

PVA in the aqueous phase. However, its amphiphilic characteristic affected the aver-

age particle size, reducing it from the average size of 76 µm for pure PMMA to 30~45

µm for 10 or 5.0 wt% of cardanol respectively. But particle sizes were influenced by dif-

ferences in initiator concentration and type - as well as monomer conversion. Finally,

the addition of chemical functionals groups on the polymeric chains (and mainly on
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the surface of polymeric particles), renders them compatible and with the potential for

various kind of applications.

9.1 Suggestion for Future Works

There are still many aspects and applications of cardanol or CNSL copolymers with

vinyl monomers. To cite only a few suggestion for future works:

• Copolymerization kinetics should be studied with more reactive initiators such

as AIBN;

• Apply chemical transformations to enhance the reactivity using activation func-

tionalization or conjugation strategies in cardanol or natural CNSL and, then,

perform new copolymerization reactions with these monomers.

• Although MMA is very applied in the biomedical field, copolymerizations with

other vinyl monomers should be studied aiming enzyme immobilization and

biomedical applications;

• Vinyl acetate copolymerizations with cardanol should be investigated in pressur-

ized reactors at temperatures over 85 °C;

• Mechanical analysis of the copolymer produced may bring interesting results;

• Model parameters for homopolymerization of cardanol and natural CNSL

should be estimated;

• More robust models for copolymerization should be proposed including car-

danol homopolymerization rates, mainly for MMA;

• More tests to confirm the copolymer particles functionalization should be per-

formed;

• Other characterization analysis should be investigated to improve copolymer

characterizations such as gas chromatography, Raman spectroscopy or ultravi-

olet–visible spectroscopy.
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Appendix

Using GPC for polymer conversion

Gel permeation chromatography (GPC) is a liquid chromatography technique that

separates molecules according to their size and it is used to determine the molar mass

distribution of a polymer. It is similar to high performance liquid chromatography

(HPLC), but a GPC uses thermodynamic conditions that avoids enthalpic interactions

with the stationary phase. Low polydispersity polymer standards with known molar

masses are used to form a calibration curve. From this calibration curve, the distribu-

tion of an unknown polymer can be transformed in a molar mass distribution with its

statistical averages.

In addition, the weight fraction is an output of the analyze. So, you know the weight

fraction of each small section of the chromatogram and, simultaneously, the cumula-

tive weight fraction and the average molecular weight distribution. Therefore, using

only the essential mechanism of GPC, you can obtain the conversion by comparing

weight fractions between the polymer and monomer of a same chromatogram (if the

polymer was not previously treated).

Therefore, the conversion was calculated by the Equation bellow:

conver si on(%) = wei g ht f r acti onpol ymer

wei g ht f r acti onpol ymer +wei g ht f r acti onmonomer
∗100%

The figure bellow presents an example of the area taken for calculation of conver-

sion for cardanol and natural CNSL oligomers.

171



Chromatogram for a cardanol oligomer sample showing the area taken for calculation
of oligomer conversion.

Average molecular weights for oligomers of cardanol and

natural CNSL

Average molecular weights for cardanol at 85 and 110°C using 1 wt% of BPO

110 °C

Mn Mw PDI
1 h 1081 1552 1.436
3 h 1192 1641 1.376
5 h 1241 1711 1.467
6 h 1138 1544 1.356
8 h 1239 1870 1.510

85 °C
Mn Mw PDI

2 h 992 1287 1.299
4 h 972 1210 1.245
7 h 962 1171 1.219

8h30 993 1279 1.289
10h30 936 1136 1.214
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Average molecular weights for natural CNSL at 85 and 110°C using 1 wt% of BPO

110 °C

Mn Mw PDI
1 h 1197 1679 1.402
3 h 1213 1830 1.509
5 h 1205 1727 1.433
6 h 1144 1557 1.360
8 h 1135 1627 1.434

85 °C
Mn Mw PDI

2 h 1091 1451 1.329
4 h 1199 1593 1.328
7 h 1140 1474 1.292

8h30 1106 1498 1.355
9h 1159 1517 1.308
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1H-NMR of reprecipitated styrene-cardanol copolymer
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1H-NMR of MMA-cardanol copolymer
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1H-NMR of reprecipitated MMA-cardanol copolymer
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Graphic comparison between FTIR transmittances

R² = 0.2963
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2.5 wt% of cardanol

Graphic comparison between FTIR transmittance of the final product of
poly(styrene-co-cardanol) with 2.5 wt% and of polystyrene produced at 110 °C.
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R² = 0.2055
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5 wt% of cardanol

Graphic comparison between FTIR transmittance of the final product of
poly(styrene-co-cardanol) with 5 wt% and of polystyrene produced at 110 °C.
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R² = 0.4269
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10 wt% of cardanol

Graphic comparison between FTIR transmittance of the final product of
poly(styrene-co-cardanol) with 10 wt% and of polystyrene produced at 110 °C.
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R² = 0.9919
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Graphic comparison between FTIR transmittance of collected
poly(MMA-co-cardanol) sample with 5 wt% of cardanol after 30 minutes and 1h30 of

reaction produced at 85 °C.
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R² = 0.9578
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Graphic comparison between FTIR transmittance of collected
poly(MMA-co-cardanol) with 5 wt% of cardanol after 30 minutes and 3 hours of

reaction produced at 85 °C.
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R² = 0.9196
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Graphic comparison between FTIR transmittance the final poly(MMA-co-cardanol)
product with 2.5 wt% of cardanol at 110 °C before and after reprecipitation.
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Graphic comparison between FTIR transmittance the final poly(MMA-co-cardanol)
product with 5 wt% of cardanol at 110 °C before and after reprecipitation.
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5wt% purified

R² = 0.2989

1
0

 w
t%

 n
o

t 
p

u
ri

fi
e

d

10 wt% purified

Graphic comparison between FTIR transmittance the final poly(MMA-co-cardanol)
product with 10 wt% of cardanol at 110 °C before and after reprecipitation.
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Graphic comparison between FTIR transmittance for purified copolymers samples
produced with MMA and cardanol at 110°C before and after reprecipitation. 2.5 wt%

versus 5 wt% of cardanol
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Graphic comparison between FTIR transmittance for purified copolymers samples
produced with MMA and cardanol at 110°C before and after reprecipitation. 2.5 wt%

versus 10 wt% of cardanol
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Graphic comparison between FTIR transmittance for purified copolymers samples
produced with MMA and cardanol at 110°C before and after reprecipitation. 5 wt%

versus 10 wt% of cardanol
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