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ABSTRACT

Acta Universitatis Lappeenrantaensis 91

Satu Sundqvist
Reaction kinetics and viscosity modelling in the fusion syntheses of Ca- and Ca/Mg-

resinates
Lappeenranta, 1999

ISBN 951-764-387-X UDK 665.94:544.43 : 532.13
ISSN  1456-4491

Keywords: resinate, fusion method, printing ink, reaction kinetics, decarboxylation, FTIR, PLS

Rosin is a natural product from pine forests and it is used as a raw material in resinate syntheses.
Resinates are polyvalent metal salts of rosin acids and especially Ca- and Ca/Mg- resinates find wide
application in the printing ink industry. In this thesis, analytical methods were applied to increase
general knowledge of resinate chemistry and the reaction kinetics was studied in order to model the
non-linear solution viscosity increase during resinate syntheses by the fusion method.

Solution viscosity in toluene is an important quality factor for resinates to be used in printing inks.
The concept of critical resinate concentration, cei, Was introduced to define an abrupt change in
viscosity dependence on resinate concentration in the solution. The concept was then used to explain
the non-linear solution viscosity increase during resinate syntheses. A semi-empirical model with two
estimated parameters was derived for the viscosity increase on the basis of apparent reaction kinetics.
The model was used to control the viscosity and to predict the total reaction time of the resinate
process.

The kinetic data from the complex reaction media was obtained by acid value titration and by
FTIR spectroscopic analyses using a conventional calibration method to measure the resinate
concentration and the concentration of free rosin acids. A multivariate calibration method was
successfully applied to make partial least square (PLS) models for monitoring acid value and solution
viscosity in both mid-infrared (MIR) and near-infrared (NIR) regions during the syntheses. The
calibration models can be used for on-line resinate process monitoring.

In kinetic studies, two main reaction steps were observed during the syntheses. First a fast
irreversible resination reaction occurs at 235 °C and then a slow thermal decarboxylation of rosin
acids starts to take place at 265 °C. Rosin oil is formed during the decarboxylation reaction step
causing significant mass loss as the rosin oil evaporates from the system while the viscosity increases
to the target level. The mass balance of the syntheses was determined based on the resinate
concentration increase during the decarboxylation reaction step.

A mechanistic study of the decarboxylation reaction was based on the observation that resinate
molecules are partly solvated by rosin acids during the syntheses. Different decarboxylation
mechanisms were proposed for the free and solvating rosin acids. The deduced kinetic model
supported the analytical data of the syntheses in a wide resinate concentration region, over a wide
range of viscosity values and at different reaction temperatures. In addition, the application of the
kinetic mode! to the modified resinate syntheses gave a good fit.

A novel synthesis method with the addition of decarboxylated rosin (i.e. rosin oil) to the reaction
mixture was introduced. The conversion of rosin acid to resinate was increased to the level necessary
to obtain the target viscosity for the product at 235 °C. Due to a lower reaction temperature than in
traditional fusion synthesis at 265 °C, thermal decarboxylation is avoided. As a consequence, the
mass yield of the resinate syntheses can be increased from ca. 70% to almost 100% by recycling the
added rosin oil.
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iv
NOMENCLATURE

Symbols

a = parameter in Eqs (6.7) and (6.8), (Pas)’!

b = parameter in Eqs (6.7) and (6.8), (Pas)"'

¢i = concentration of compound i, mol/kg

¢| = resinate concentration at time ¢, mol/kg

¢z = resinate concentration at time f,, mol/kg

CrCOOH(s) = concentration of solvating rosin acids, mol/kg

Creoon(n = concentration of free rosin acids, mol/kg

Cerit = Critical resinate concentration, w-%

¢x = concentration of ion pairs, Eq. (6.14), mol/kg

k” = rate constant for the decarboxy!lation reaction, (mol/kg)®* min!

k| = rate constant for the decarboxylation of solvating rosin acids, (moV/kg) min'
k» = rate constant for the decarboxylation of free rosin acids, (mol/kg)'l min"’
K. = equilibrium constant for the protolysis of free rosin acids, -

K’ = equilibrium constant for the protolysis of fortified rosin acids, -

m, = mass of the reaction mixture at time ¢, kg

m, = mass of the reaction mixture at time f,, kg

n;= amount of  in the reactor, mol

r; = generation rate of compound ¢, (mol/kg)l'a min’'

tsp = critical reaction time, min

o = reaction order, -
11 = viscosity, Pa s

Amyg = relative mass loss, -

Abbreviations

AV =acid value

EVA = polyethenevinylacetate co-polymer

FA = fumaric acid

FTIR = Fourier transform infrared-spectroscopy
MAA = maleic acid anhydride

MIR = mid-infrared region

NIR = near-infrared region

PFR = phenolformaldehyde resin

PLS = partial least square regression

R’ = carbanion intermediate



Definitions

acid (number) value, AV,

titrated acid concentration in units of [mg(KOH)/g(sample}],
corresponding to the acid concentration in units of {mol/kg] as:

AV AV
Cooon = T 56.11 g/mol

fortification
rosin is reacted with FA or MAA to get fortified rosin, which is used as a raw material for

syntheses of fortified resinates with improved printing qualities
limin
rosin is reacted with Ca(OH); to get Ca-resinate

resinate
metal salts of rosin acids

rosin acids
abietic and pimaric type resin acids in rosin

rosin oil
1.e. decarboxylated rosin,
neutral component formed in the decarboxylation reaction step

vehicle
resin/solvent combinations used in printing inks



1 INTRODUCTION

Tall oil rosin is obtained as a by-product of sulphate pulping of pine trees. Other types of
rosins are obtained by tapping pine trees (gum rosin) or by extraction from virgin pine stumps
(wood rosin). All three types of rosin consist of about 90% rosin acids, 2% fatty acids and 8%
neutral components. Resinates are polyvalent metal salts of rosin acids, such as calcium,
magnesium and zinc salts (Figure [.1). In the syntheses of Ca- and Ca/Mg-resinates, calcium
and magnesium hydroxide and calcium acetate are mainly used as the reactive metal salts.
The resinates find wide application as dryers for paints and varnishes and as constituents of

printing inks.

M = Ca, Mg, Zn

Figure 1.1 — Resinate molecule scheme,

Resinates are produced from rosin by three different methods: fusion, solution and
precipitation method. The most important industrial methods are the solution method and the
fusion method. In industrial applications, however, pure calcium resinates synthesised from
monomeric rosin are known to crystallise or otherwise solidify (block) during the reaction,
especially at higher metal levels. High metal contents are often needed to give sufficiently
high viscosity to the resinate solution. The target value for the solution viscosity of the
resinate varies depending on the application. In the present study the target value for the
solution viscosity of the resinates is in the range of 50 - 100 mPa s at 50 w-% resinate~
toluene solutions. A concentration of 50 w-% resinate in solution is generally used as

reference concentration in printing ink industry.

A difficulty during the fusion resinate synthesis, in addition to the blocking phenomena, is an
abrupt change in the physical properties of the resinate, especially in solution viscosity.
During the synthesis the increase in solution viscosity at a given resinate concentration turns
almost exponential at a specific reaction time. In addition, especially in a large-scale
industrial fusion resinate process, there are batch-to-batch variations in reaction times for
obtaining the target viscosity. These variations can only partly be explained by a non-
homogenous raw material, i.e. rosin, used in the process. No kinetic mode! has been proposed



for the non-linear viscosity increase for batches of different characteristics in viscosity
behaviour during fusion syntheses. Therefore, it has been difficult to control a resinate
process and to obtain a product with the desired solution viscosity. Due to the lack of detailed
knowledge of the phenomena on a molecular level, the chemical factors affecting the
macroscopic properties of the reaction mixture (especially viscosity) have remained

unexplained.

The viscosity problems related to the blocking phenomenon have been observed by some
authors (Petrone, 1971, Panda & Panda, 1985), but no explanation of the cause of this kind of
behaviour has previously been published. In this thesis (I) the reason for the abrupt viscosity
increase with increasing resinate concentration in the solution is explained by resinate
molecular interactions and excluded volume effects, and the concept of critical resinate
concentration, ¢, is introduced. The definition of the critical resinate concentration js
applied to explain the non-linear viscosity increase of 50 w-% resinate—toluene solution
during syntheses. In addition, in I a semi-empirical model for the solution viscosity increase
during the syntheses is developed on the basis of acid value titration data. The two-parameter
viscosity model is currently being used to control the progress of an industrial fusion resinate

process.

In the synthesis of Ca-resinates simple kinetic measurements are generally based on acid
value determinations, conventionally by off-line titration with KOH. The titration gives the
overall state of the system: the progress of the resination reaction and the decarboxylation of
rosin acids. An industrial scale fusion resinate process is usually followed by solution
viscosity measurements of reaction media. However, the measurement of 50 w-% resinate—
toluene solution viscosity, which is an important quality factor for resinates to be used as an
ink vehicle, is time consuming, and the acid value titration does not give enough information
about the reaction system. A new method for determining the composition of the complex
reaction mixture (resinate concentration and free rosin acid concentration) by FTIR using

conventjonal calibration method is introduced in IL.

In fusion synthesis the reaction steps include a fast irreversible resination reaction and a slow
decarboxylation reaction of rosin acids forming neutral rosin oil. In addition, side reactions,
isomerisation and polymerisation (mainly thermal dimerisation) of rosin acids, take place.
The isomerisation and polymerisation mechanisms of rosin acids have been studied by
Sinclair ez al., 1970 and Zinkel, 1983. However, in this study these side reactions have minor
importance, because the isomerisation does not have a direct effect on viscosity and the
polymerisation occurs only to a very small extent. In fortified resinate syntheses, rosin is first
fortified by reacting with a dienophile, such as maleic acid or its anhydride, or fumaric acid.
The reaction products are tricarboxylic acids, which are referred to as maleopimaric or



fumaropimaric acids. The rosin adducts have a high melting point and their high acidity
makes them reactive with metal hydroxides to form resinates with improved printing

qualities.

The main reaction steps in fusion syntheses, resination reaction and thermal decarboxylation
of rosin acids, have not been studied to the same extent as the side reactions. The resination
reaction cannot occur to a target level due to the blocking of the unreacted Ca(OH); and
problems in increased melt viscosity (Petrone, 1971; Jilek, 1976; Panda & Panda, 1985).
Therefore, the viscosity is often raised to the desired level by increasing the resinate
concentration in the reactor indirectly by raising the temperature to enable the
decarboxylation reaction to take place. In the decarboxylation reaction step rosin oil is formed
and evaporated from the system. Thus the decarboxylation reaction is an essential reaction
step, although it has the negative consequence that it lowers the mass yield. Furthermore, the
decarboxylation reaction increases the total reaction time of the resinate process. The kinetics
and mechanisms of the main reaction steps of resinate syntheses are studied in II.

In the development of a kinetic model for resinate syntheses, the concentrations of the
chemical species of the reaction mixture are needed, especially at the initial stages of the
reactions and at frequent intervals. It is also important to monitor and control the solution
viscosity during an industrial scale resinate process. A near-infrared (NIR) spectrometer with
an-optical fibre probe can be used in-line, and is, therefore, ideal for both the kinetic and
process control applications, if the calibration problems typical for this technique can be
solved. In III partial least squares (PLS) regression is successfully applied to the calibration
of multiwavelength spectra of the complex resinate reaction mixture. The advantage of this
method is that all the wavelengths can be included in the calibration. In the mid-infrared
region this treatment of data is also more informative than recording only one or two

wavelengths of the spectrum.

The kinetic model of decarboxylation is extended in IV to cover a wider resinate
concentration region to obtain resinates in a wider viscosity region than in the reference
synthesis used in the derivation of the kinetic model. In addition, in IV the application of
thermogravimetric measurements to demonstrate the decarboxylation reaction during the
resinate synthesis is studied. The effects of different reaction temperatures and atmospheres

on the decarboxylation reaction are studied in a thermobalance.

The mechanistic model for the decarboxylation of rosin acids and PLS calibration models are
applied to modified resinate syntheses in V. Modifications are made by using different
amounts of fumaric acid and maleic acid anhydride in fortifying the rosin. In addition, a new

modification of fusion resinate synthesis based on rosin oil addition is introduced.



2 AIMS OF THE STUDY

In the field of resinate chemistry, little academic research has been carried out in the 90's and
only a few scientific publications have been published in recent years. The aim of this thesis
is to increase general knowledge of resinate chemistry in order to understand and mode! the
viscosity behaviour of the resinates during syntheses. Kinetic and reaction mechanistic studies
are based on the increased understanding of chemical and physical interactions of molecules

in the resinate reaction mixture.

In the kinetic studies of the syntheses, the aim was first to develop analytical methods to
obtain kinetic data. Tools for process control were then developed based on the analytical
data and the reaction kinetics. However, the aim in this thesis was not to model an industrial
reactor and, therefore, factors like mixing and distillation of rosin oil were not studied.

The application of FTIR analyses to measure the composition of the resinate reaction mixture
was introduced. In addition, improved analytical methods were applied to avoid analytical
and sampling problems of the complex reaction mixture. The application of a multivariate
calibration method with FTIR analyses was introduced in mid-infrared (MIR) and near-
infrared (NIR) regions. The kinetics of decarboxylation was studied in a thermobalance for
easier monitoring of the reaction at different temperatures and in different atmospheres.

In the study of modified resinate syntheses, the aim was to find out the effect of the amount of
fortifying substances, fumaric acid and maleic acid anhydride, on the reaction kinetics. In
addition, a new modification of fusion synthesis was developed with the aim of avoiding the
decarboxylation reaction step, which causes a significant mass loss in the syntheses. In the
novel syntheses introduced in this study, the viscosity of the resinate is adjusted with the
increased conversion of Ca(OH); to resinate obtained by the addition of rosin oil during the

syntheses.



3 ROSIN BASED PRINTING INKS

KN | Sources of rosin

Pine forests are the primary source of rosin, classified as gum, wood and tall oil rosin. Gum
rosin is obtained by distillation of volatile turpentine from oleoresin exuded from a wound in
living pine trees. Wood rosin is obtained by solvent extraction of pine stump wood along with
the removal of the turpentine by steam distillation. Tall oil rosin is obtained by recovering
and fractionating the crude tall oil in the pulp industry. In the alkaline soda and kraft pulping
processes, the rosin and fatty acids in the wood are solubilised by the hot spent liquor, from
which they are separated as crude tall oil (Kirk and Otmer, 1969).

For hundreds of years, only gum rosin was produced commercially. Wood rosin, since its
preparation in 1910, gradually gained prominence and eventually its production exceeded that
of gum rosin. Tall oil was not used as a major source of rosin until the mid 1950’s. Since that
time, however, it has become an extremely valuable rosin source and it is now the major
contributor in the manufacture of synthetic resinates. In future, more and more tall oil rosin
will be used, because with modern distilling technology purer rosin can be obtained. There is
also the possibility of further improvements to the quality of tall oil-based resins and
improvements in quality uniformity (Petrone, 1971; Alalauri and Luttinen, 1989).

3.2  Composition of rosin

The principal component of rosin are rosin acids, which are monocarboxylic acids of alkyl
hydro-phenanthrene. Rosin acids occur in pine in a number of isomeric forms which have the
molecular formula C,0H1O, (Figure 3.1). Sixteen rosin acids have been identified in Finnish
tall oil rosin by gas chromatography-mass spectrometry (GC-MS). In addition to the rosin
content, there is a small proportion of fatty acids, unsaponifiable material and a very small
quantity of sulphur-containing compounds in tall oil rosin (Oldring and Hayward, 1987;
Chen, 1992).

The distribution of the rosin acid isomers found in pine trees varies depending on their
geographic location and, perhaps equally important, on the thermal history of the rosin. It has
been shown that rosin acid composition between crude tall oil and tall oil rosin changes
substantially during the high temperature fractionation process. One of the most obvious
changes is a large decrease in abietic acid (from ca. 54% to 36%) and a corresponding
increase in the more stable dehydroabietic acid (from ca. 18% to 33%). Furthermore, some of
the rosin acids originally not present in crude tall oil are found after distillation. This is
mainly due to decomposition, dehydrogenation, isomerisation and disproportionation
reactions which take place during fractionation (Hon and Shiraishi, 1991; Chen, 1992).



ABIETIC TYPE ROSIN ACIDS

" cooH " COOH " cooH

ABIETIC ACID NEOQABIETIC ACID PALUSTRIC ACID

“COOH " CooH
LEVOPIMARIC ACID DEHYDROABIETIC ACID

PIMARIC TYPE ROSIN ACIDS

" cooH " COOH " cooH

PIMARIC ACID ISOPIMARIC ACID SANDARACOPIMARIC ACID

Figure 3.1 — Abietic and pimaric type rosin acid isomers.

3.3 Properties and use of rosin

Rosin varies considerably in colour, from a very pale yellow through dark red to almost black,
depending on the source and method of processing. It is generally translucent, brittle at room
temperature, and has a slight turpentine odour. It is readily soluble in most organic solvents,
but insoluble in water. Rosin is graded by colour and tested for foreign matter, softening

point, acid value and saponification number (Kirk and Otmer, 1969).

Rosin as obtained from its three major sources is called unmodified rosin. Unmodified rosins
have a tendency to crystallise and oxidise. Crystallisation can be reduced by heating,
polymerisation, partial neutralisation with sodium hydroxide, or via reactions with
dienophiles. Oxidation can be reduced by disproportionation, hydrogenation and to some
extent by polymerisation. Chemical treatment, such as polymerisation, increases the stability
and improves the physical properties of rosin through modification of the phenanthrene-
derived moiety and such chemically treated products are called modified rosin (Kirk and
Otmer, 1969; Oldring and Hayward, 1987).



The chemical reactions of rosins, based on abietic acid structure, give the most important
properties of the rosin. The carboxyl group enables conversions to esters and salts, while the
double bonds are reactive sites for maleic and fumaric adducts, and, for example,
polymerisation reactions. The molecular structure of rosin acids accounts for organic
solubility and water insolubility.

The most important use of pure rosin has been in paper size production, but nowadays rosin
derivatives are widely used in adhesives, surface coatings, polymerisation emulsifiers and in
printing inks. Because of its high acidity pure rosin has limited use in the printing ink
industry, such as in cheap quality inks. The acidity is responsible for feeding with basic
pigments. The rosin film extends to leave a residual tack on application to a thin film. Rosin
is, however, used extensively in the printing ink industry in its modified forms, such as
resinates (Panda & Panda, 1985).

34  Modified rosins in ink technology

3.4.1 Introduction to ink technology

The ink industry is one of the most important markets for rosin based products. An ink is a
specific type of coating consisting of a colorant dispersed in a resin/solvent combination. The
type of the solvent used depends on the printing method and use for the ink.

There is an infinite number of resin/solvent combinations (called vehicles) which can be used
to make printing inks. Proper selection is important since the vehicle controls viscosity, flow,
evaporation rates of the carrier solvent, press stability, toxicity, odour and, of course,
printability. The resin/solvent combination must have the ability to properly wet the colorant

and the printing substrate,

Nearly all types of printing inks may be made from rosin because rosin based derivatives
provide a broad range of solubility and compatibility with film formers and other commonly
used ink modifiers. This characteristic distinguishes rosin-derived materials from other
available natural and synthetic resins. This is important since rosin derivatives are rarely used
alone in printing inks. Most often they are used in conjunction with other resins, alkyds and
higher molecular weight (polymeric) film formers (Zinkel and Russel, 1989).

3.4.2  Rosin modifications

The rosin acid molecule possesses two chemically reactive centres, the double bonds and the
carboxyl group. These reactive centres enable many modifications in structure and numerous
derivatives to be obtained. Because rosin is composed of a number of different isomers of
rosin acids, the chemistry of its reactions, which yields rosins useful in printing ink

production, is relatively complex (Kirk and Otmer, 1969).



Oxides, hydroxides, salts and various metal compounds react with the carboxyl group to form
soaps and resinates. Alkali metals form simple water soluble rosin salts that are used in
pigment resination. Rosin salts of alkaline earth metals (Ca, Mg, Zn) are soluble in organic
solvents and have good pigment wetting. They are widely used in letterpress and publication
gravure inks and vehicles (Zinkel and Russel, 1989).

Many rosin esters are available commercially and are vsed in a variety of applications. Rosins
are most commonly combined with polyhydric alcohols, i.e. alcohols with more than one
hydroxyl group. The glycerol ester (ester gum) was the first ester used for protective coatings.
The low acidity of estergum permits its use in ink containing basic pigments, such as zinc
oxide, which is impossible with unmodified rosin. Estergum shows resistance to hydrolysis,
emulsification and pigment livering. It has found use in heat set letter press aluminium
octoate gels, as resinates retard gelation of the aluminium. Estergum is, however, too slow in
the release for gravure. The introduction of pentaerythritol esters in the 1930s resulted in two
greatly improved properties for varnishes. The products were harder and more durable. The
pentaerythritol esters have softening points about 15 °C higher than those of analogous
glycerol esters (Petrone, 1971; Panda & Panda, 1985; Zinkel and Russel, 1989).

In printing inks, the most important double bond reaction of rosin is with dibasic acids such
as fumaric acid or maleic acid anhydride. These react via a Diels-Alder addition mechanism
to form tribasic acids. The rosin adducts have high melting points and they are used for quick
set inks, rotogravure inks and heat set media. Combined with resinates in heat set letter press
ink, these resins exhibit good rub resistance (Panda & Panda, 1985).

In addition, oxidation can occur at the double bond sites causing the rosin to darken, become
brittle and less soluble in aliphatic solvents. As a result, for use in many chemical and
physical processes, the rosin must be stabilised by hydrogenation, disproportionation and
polymerisation. Only the polymerisation of rosin is significant in inks and vehicles.



4 SYNTHESIS METHODS AND USE OF RESINATES

4.1  Synthesis methods

Rosin acids, being acidic, readily undergo reaction with bases, such as calcium or magnesium
hydroxide, calcium acetate and zinc oxide, forming metal resinates. Three different methods
are used for resinate formation: precipitation method, solvent method and fusion method.
Industrial applications are generally based on the solvent or the fusion method. In Finland,
resinates have been produced by the fusion method since 1987 in Valkeakoski plant, which is
nowadays a part of International Paper Company’s unit, Arizona Chemical. In this thesis the
resinates were synthesised by the fusion method and industrial samples from fusion resinate

process were used in large-scale applications.

4.1.1 Precipitation method

A water soluble metal salt, for example Ca(OH),, is added to an aqueous solution of the
sodium salt of rosin. This precipitates the resinate, which is then filtered, washed and dried.
The precipitated resinate is a light tan powder having a calcium content near six per cent. The
product has little or no free rosin acids present, so the melting point is higher than that of the
fused resinate. The solubility of the precipitated compound in organic solvents is much less
than that of the fused product, which is only partially neutralised (Jilek, 1976; Oldring and
Hayward, 1987).

4.1.2  Solvent method

The rosin is dissolved in a hydrocarbon solvent and heated with a reactive metal compound.
The materials react at the boiling point of the solvent. Reactive metal compounds include
oxides, hydroxides, acetates and carbonates. When the reaction is complete, solvent and other
volatile materials are removed. Care must be taken to ensure complete reaction, otherwise
there will be a suspension of the metal compound which will give rise to haziness in the
resinate (Jilek, 1976; Oldring and Hayward, 1987).

The resination reaction can be carried out at room temperature if a solution of rosin is added
to a suspension of Ca(OH),. This inverse-addition-order method introduced by Jilek, 1976,
enables the production of resinate with lower manufacturing costs. However, difficulties have
been observed in obtaining target viscosities without blocking of the unreacted Ca(OH),.
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4.1.3  Fusion method

The chemistry of the fusion method is similar to that of the solvent method. A reactive metal
compound is added to molten rosin at ca. 230 - 300 °C. The amount of rosin converted to
resinate is less than when using the other methods due to the thermal decarboxylation of rosin
acids at high temperatures. Acid values below 40 mg(KOH)/g are seldom formed because of
dispersion problems with Ca(OH);. Over-reaction leads to the formation of an infusible gel.
A combined Zn/Ca-resinate has a much lower acid value and higher melting point than when
calcium alone is used (Jilek, 1976; Oldring and Hayward, 1987). The fusion method is
studied in this thesis and will be described more in detail in Section 5,

4.2  Use of resinates

4.2.1 Resinates in printing inks

To be used as an ink vehicle a solution of Ca-resinates should have a viscosity of ca.
500 mPa s, at about 50 w-% resinate concentration. Solids much above 50 - 55 w-% result in
too high costs for the finished product. Furthermore, the resinates must be homogenous, free
of suspended matter and crystals, and soluble in the particular solvent (Jilek, 1976).

Both Ca- and Ca/Zn-resinates find wide application in roto press supplement, magazine and
coated paper work. In high speed presses, resinates with a very high melting point and fast
release properties are necessary. On the other hand, the necessity of very high melting point
(170 - 180 °C) resinates presents certain problems because these resinates are highly limed
(6 - 7% of rosin). If the resin is not filtered, certain pigments will react with free Ca(OH), in
ball mill processing, resulting in gelation and colour burn out (Panda & Panda, 1985).

Zinc resinates and zinc-calcium resinates, though they are more expensive than calcium
resinates, have gained in commercial importance. Zn/Ca-resinates have better stability and
higher melting points usually at lower viscosities than calcium resinates. They are less
reactive, almost inert, with basic pigments and wet many pigments better than limed rosins.
To reduce costs and to improve the physico-chemical characteristics of Zn- and Ca-resinates,
other resinates (like magnesium resinates) are also synthesised and used for printing purposes
(Panda & Panda, 1985).

Because resinate films are rather powdery and they give poor rub resistance and tend to
penetrate paper substrates, they are commonly used with a polymeric film former. Resinates
are compatible with numerous film formers. Both ethyl- and ethyl-hydroxyethylcellulose
(EHEC) modify resinates for improved rub and abrasion resistance and reduced tack in the

gravure process (Zinkel and Russel, 1989).
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5 RESINATE SYNTHESES BY FUSION METHOD

5.1 Reaction steps

In fusion resinate synthesis, two reaction steps can be observed in an inert atmosphere
(Figure 5.1). A fast resination reaction takes place at ca. 235 °C. Then the temperature is
increased to the final reaction temperature (above 260 °C) and a thermal decarboxylation of
rosin acids starts to take place. The resinate concentration in the reactor increases during the
decarboxylation step due to evaporation of neutral rosin oil, which is formed during the
decarboxylation reaction. The increased resinate concentration and the decreased rosin acid
concentration result in the desired composition for the reaction mixture. As a consequence,
the target solution viscosity (> 50 mPa s) for fusion resinates to be used as binders in printing
ink industry is obtained.
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Figure 5.1 — Temperature and viscosity profiles in resinate synthesis. Target
viscosity for the product is 50 mPa s for 50 w-% resinate-toluene solution.

(1) Resination reaction: 2 RCOOH + Ca(OH), — (RCO0),Ca + 2 H,0t

(2) Thermal decarboxylation reaction: RCOOH —* RH* + COt
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4.2.2 Other uses of resinates

The potassium, sodium, ammonium and amine salts of rosin are used as emulsifiers. Ca-and
Zn-resinates are soluble in mineral spirits and are used, in addition to in printing inks, as a
gloss oil in paints and varnishes. Heavy metal soaps of rosin acids can function as driers for
paints and varnishes. Metallic resinates also find use in ceramic colours, pyrotechnics, tile
adhesives and generally where a harder and less acidic thermoplastic resin than rosin is
required (Kirk and Otmer, 1969; Oldring and Hayward, 1987).
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5.1.1 Resination reaction

In fusion synthesis, a fast and imeversible resination reaction takes place at temperatures
above 230 °C, as reactive metal salts, for example calcium hydroxide, magnesium hydroxide
and calcium acetate, are added to the molten rosin. A nitrogen atmosphere is used to apply an
inert atmosphere in order to avoid side reactions, such as oxidative decarboxylation. The
conversions of the metal salts to resinate varies from 75% to 95% depending on the degree of
neutralisation of the rosin and the purity of the metal salt. Due to the incomplete resination
reaction, traces of unreacted metal salts are observed in the product.

The resination reaction is a fast reaction step in fusion resinate syntheses and studies on the
reaction kinetics have not previously been published. Separate studies on resination and
decarboxylation reaction steps have been difficult to carry out due to the lack of an analytical
method for quantitative measurement of resinate concentration during the fusion resinate

syntheses.

5.1.2 Decarboxylation reaction

The reaction temperature of fusion synthesis is increased to 265 - 285 °C after the resination
reaction is considered to be complete. In that temperature range, the thermal decarboxylation
of rosin acids takes place forming neutral rosin oil. Consequently, the acid value and melting
point of the reaction mixture decreases. The rosin oil evaporates from the system causing the
increased resinate concentration in the reaction mixture. When a target viscosity for the
product is obtained, the mass yield of the synthesis is only ca. 70%.

Decarboxylation of rosin acids is either a thermal or an oxidative reaction. Rosin acid
decarboxylation has been studied at different temperatures (300 - 360 °C), by Wideman and
Kuczkowski (1985), and in different atmospheres, by Szogalski and Mitskevich (1983, 1987).
In fusion resinate syntheses, oxidative decarboxylation is avoided by using an inert
atmosphere (nitrogen). The rate of thermal decarboxylation depends on temperature: the
reaction is faster at high temperatures. If rosin oil formation is desired, decarboxylation can
be promoted, according to Oldring and Hayward, 1987, by using catalysts like zinc, chloride
and sulphuric acid at temperatures of 150 - 270 °C. Rosin oil finds limited use in the ink and

paint industries.

The oxidative and thermal decarboxylation reactions are very important and need to be
considered in the manufacturing and storing of resinates. Studies on degrees of
decarboxylation of rosin acids during resinate syntheses have not previously been published.
This is probably due to that evaporated rosin oil is not easy to collect and to weigh
quantitatively. As a consequence, it has been difficult to define the mass balance of fusion

syntheses.
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5.1.3 Side reactions

In this study, side reactions during the resinate syntheses have minor importance. The
polymerisation reaction of rosin acids has been observed to be mainly thermal dimerisation in
nitrogen atmosphere, and the dimerisation takes place only to a very small extent during
resinate syntheses (Sundqvist, 1994). The isomerisation reaction of rosin acids plays an
important role in rosin acid fortification with fumaric acid and maleic acid anhydride.
However, the isomerisation reaction can be neglected when studying the main reaction steps
in fusion resinate syntheses, i.e. the resination reaction and decarboxylation of rosin acids and

modified rosin.

5.2  Modified syntheses

Rosin modified with maleic acid anhydride (MAA) or fumaric acid (FA) is extensively used
as a raw material in fortified resinate syntheses. The Diels-Alder type of addition is possible
with levopimaric acid but not with abietic acid as the reaction does not take place when
conjugation is in two rings. As the temperature is increased, abietic acid isomerises to
levopimaric acid and the addition reaction takes piace. The adduct has a high melting point
and a high acid content, and it is soluble in alcohols and glycols. The high acidity makes it
reactive with metal hydroxides to form resinates. Fumaric acid (FA) possesses a structure
which, due to its steric hindrance, feads to slower reactions and different characteristics than
maleic. The reduced reactivity of FA with rosin is evident from the fact that the reaction is
not as exothermic as the reaction of rosin with MAA (Panda & Panda, 1985).

In fortified resinate syntheses the rosin is first fortified by adding fumaric acid or maleic acid
anhydride into the rosin melt at 195 °C. The reaction time is two hours. Then the temperature
Is increased to 235 °C and the reactive metal salts are added into the reaction mixture. After
the resination reaction is complete, the temperature is increased to the final reaction
temperature (265 - 285 °C) and the thermal decarboxylation takes place causing the rosin oil
to evaporate, and the target viscosity for the fortified resinate to be reached.
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6 SUMMARY OF THE RESULTS

6.1 Critical resinate concentration

Non-linear viscosity increase causes difficulties in controlling fusion resinate syntheses and in
obtaining a product with the desired target viscosity value. In order to understand the non-
linear viscosity increase of resinate-toluene solutions during the syntheses, solution viscosity
of resinates was measured at different weight fractions in toluene. The viscosity of Ca/Mg-
resinates was observed to be highly dependent on the weight fraction of the resinate in the
solution (Figure 6.1). The increase in viscosity turned almost exponential after a specific
concentration value. This concentration value was determined based on a log log plot of
viscosity and concentration data (I, Fig. 2) and denoted as the critical resinate concentration,
¢eriv- The change in viscosity dependence on resinate concentration implies a transition from a
dilute solution to a concentrated region, where molecular interactions have a stronger

influence on viscosity.
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Figure 6.1 — Viscosity behaviour of the resinate (c.iy = 48.1 w-%) in toluene
solution.
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In the critical concentration region molecular interactions were studied using a FTIR
spectroscopy, a vapour pressure osmometer and a density analyser. The density measurements
revealed that a relative mixing parameter of resinate—toluene solutions is independent of
resinate concentration at low concentrations. However, an increase in the mixing parameter
value was observed above 20 w-% resinate concentration (I, Fig. 3). The increase reflects a
transition towards more dense packing of the molecules in the mixture. Based on these
results, it was concluded that there are three concentration regions in the viscosity behaviour
of the resinates (Figure 6.1): a linear region, where the resinate concentration is much smaller
than the critical value (¢ << c.), a transition region near the critical concentration value, and
a non-linear viscosity increase region (¢ > cqu), Where the molecules form a sufficiently dense

packing for increased molecular interactions.

In fusion syntheses, while monitoring the viscosity of 50 w-% resinate~toluene solution, the
viscosity increase is observed to change at a specific reaction time, denoted by s
(Figure 6.2). At this reaction time, the resinate reaction mixture has reached the chemical
composition (i.e. concentration ratio of rosin acid to resinate) corresponding to the critical
value, cqi = 50 w-%. After the reaction time f50, the high viscosity values of 50 w-% resinate—~
toluene solutions are based on the increased molecular interactions in toluene. Calculation of

the time ts0 is done according to Equation (6.8) introduced in Section 6.3.
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Figure 6.2 — Solution viscosity increase in fusion resinate synthesis. The
reaction time f5o is denoted with a dotted line {#50 = 207 min).
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6.2 Improved analytical methods using FTIR spectroscopy

The kinetic studies require that the composition of the complex resinate reaction mixture can
be analysed. In earlier studies of resinates, only the acid value has been monitored during the
syntheses (Sundgvist, 1994). In this study FTIR spectroscopy has been utilised by applying a
conventional calibration method and a multivariate calibration method to obtain more

information of the progress of the syntheses.

6.2.1 Conventional calibration method

Pure abietic acid was used as a standard for rosin consisting of abietic type rosin acids (about
85%) and pimaric type acids (about 15%). These isomers differ only in the location of their
two double bonds. Ca-abietate was synthesised by the inverse-addition-order method
(introduced by Jilek, 1976) and it was used as a standard for Ca-resinate. The formation of
Ca-abietate occurred at room temperature and the yield of pure Ca-abietate was 97%. Acid
value titration of the Ca-abietate indicated that no decarboxylation reaction had occurred.

The relative FTIR absorbance of the mixture of Ca-abietate and abietic acids in the 15 w-%
toluene solution (I, Fig. 2) showed a linear relationship in the concentration region studied.
Therefore, this method is applicable for determining the resinate concentration and the
concentration of the free rosin acids (capable of associating to dimers in toluene) of the

reaction mixture.

Solvation phenomenon. When FTIR results were compared to acid value titration data, it was
observed that all the acids titrated are not free to associate to dimers in 15 w-% toluene
solution analysed by FTIR. This was explained by a solvation phenomenon in the resinate
reaction mixture. In a fusion state resinate process, the solvent molecules (rosin acids) may
become linked to the dissolved resinate molecules, as a result of the interaction between these
molecules. Thus the resinate molecules are partly solvated by the rosin acids in the fusion

state resinate process.

6.2.2  Multivariate PLS calibration method

Conventionally calibrated FTIR measurement is an appropriate method for analysing the
composition of the resinate reaction mixture. However, this method requires sample pre-
treatment, as the resinate is dissolved into toluene (15 w-% solution). Furthermore, the
sampling is not easy to carry out during the fusion state resinate process. Due to the relatively
high reaction temperature (265 °C), the application of direct in-line viscosity monitoring is
technically difficult. Therefore, in this thesis an indirect monitoring system for resinate
syntheses was studied. Multivariate calibration models from the FTIR data of the syntheses
were derived to enable on-line sampling and monitoring the solution viscosity as well as the

reaction kinetics during the resinate process.
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Mid-infrared region (MIR) and near-infrared region (NIR) were used separately in the
calibrations of acid value and viscosity data by a multivariate calibration method. Predictive
calibration models based on partial least squares (PLS) regression were developed to describe
the relationship between the spectra and acid value or viscosity data. It was observed that pre-
processing of the spectra with multiplicative scatter correction was necessary before the
calibrations, and the results showed that the models in the MIR and NIR regions were equally
good for calibration purposes. In acid value calibrations linear PLS was sufficient for
calibrations, even when different rosin grades were used in the syntheses (III, Figs 4,
6 and 7). But for solution viscosity calibrations, non-linear PLS had to be applied to obtain
satisfactory calibration models (EHI, Figs 5 and 8).

6.3  Reaction kinetics and modelling of syntheses

6.3.1 Main reaction steps
Reactions of the acid groups during the resinate synthesis are resinate formation (6.1)-(6.3)

and decarboxylation (6.4).
2 RCOOH + Ca(OH); — Ca(OOCR); + 2 H,0O1 6.1)

2 RCOOH + Mg(OH); = Mg(OOCR); + 2 H,0O1 6.2)
2 RCOOH + (CH3C0O0),Ca — Ca(OOCR); + 2 CH3;COOH? 6.3)

RCOOH — RH* + CO;t 6.4)
By assuming that water and acetic acid are completely removed from the reaction mixture due

to the relatively high reaction temperature (T > 230 °C) the rate laws (6.5) and (6.6) are
written for the irreversible resination and decarboxylation reactions, respectively:

ri==2k'clc, (6.5)
ry=-k"c, (6.6)
where A denotes a carboxylic acid group and B is Ca(OH),, Mg(OH), or (CH;COO),Ca.
6.3.2  Empirical viscosity model
Kinetic studies were first carried out by a conventional method using acid value titration,

which gives the result of the overall state of the system: the progress of the resination reaction

and the decarboxylation of rosin acids.
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Based on the derived reaction rate equations (17) and (18) in I, the total reaction order for
rosin acid decarboxylation is between one and two. Since the final aim was to obtain a
viscosity model, it was sufficient to include the kinetic model in a simplified form. The
simplified model was best illustrated with the second order rate equation.

The empirical correlation between the viscosity of 50 w-% resinate~toluene solution and the
acid concentration in the reaction vessel was derived from the analytical data. The final
viscosity model was obtained by combining the second order rate equation and the empirical
correlation between acid value and viscosity data. The simplified form of the derived

viscosity model is:

=a+bt (6.7)

3 -

This two parameter model provides a good description for the viscosity of the resinate
solution as a function of reaction time (I, Fig. 11). Parameter a describes the viscosity level at
the reaction time ¢ = 0 (the smaller the value of a, the higher the initial value of the viscosity).
Parameter b includes the rate constant from the kinetic model thus illustrating the rate of the

viscosity increase.

By applying the model to process control, the viscosity increase of the resinate solution and
the total reaction time of the batch can be estimated. The reaction time at which the viscosity
increase changes is denoted by tso. This critical time can be predicted according to the

following equation derived in I:

la
“="2%

(6.8)
This equation includes the parameters a and b, which are the same as in the viscosity model,
Equation (6.7).

6.3.3  Resination reaction and mass balance of the system

The resination reaction was observed to be a fast irreversible reaction at a temperature range
of 190 - 235 °C. The reaction was complete in about 15 minutes, and at 235 °C the
conversion of Ca(OH), was 97%. The thermal decarboxylation reaction was regarded as
insignificant in this temperature range in a nitrogen atmosphere, as the acid value remained

constant after the resination reaction was complete (I, Fig. 5).
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During the resination reaction, the concentration ratio of solvating to free rosin acids changes
depending on the reaction temperature (II, Fig. 6). The fraction of the solvating acids
increases with the increased resinate concentration, indicating that the resinate molecules are

partly solvated by the rosin acids.

In fusion synthesis, the decarboxylation reaction of rosin acids takes place after the resination
reaction is complete at 235 °C and the temperature is increased to the final reaction
temperature (265 °C). Due to the vaporisation of the neutral rosin oil from the reaction
system, the resinate concentration increases. In the experimental setup, the neutral rosin oil
could not be collected and weighed quantitatively because it either solidified blocking the

distillation column or escaped from the system.

The mass loss during the decarboxylation reaction for six hours was measured as about
30 w-%. The mass balance was calculated by regarding the resinate amount as remaining
constant. The increase in the resinate concentration indicates the relative mass loss of the
system, and the loss can be calculated according to Equation (6.9) derived in I from the mass

balance equation:
Am,, =1-my/m =1-¢/c, (6.9)

where ¢ and c¢; denote the resinate concentrations in mol/kg, and m; and m, denote the
masses of the reaction mixture at the reaction times #; and #,, respectively.

6.3.4 Mechanistic model for decarboxylation reaction
The deduced mechanism for the rosin acid decarboxylation in the reaction mixture was based
on the different reaction steps of the solvating and free rosin acids analysed by FTIR.

For the free rosin acids, the protolysis equilibrium of the ion pair formation was considered.
By applying the quasi-equilibrium approximation, Eq. (11) in I, for the ion pair formation
and considering that the solvating rosin acids decarboxylate straight according to first order
kinetics, with respect to the rosin acid, the total decarboxylation rate of rosin acids became:

Taeea = K\ Crcoome) + K2 Koo Clicooum (6.10)
where k| and k, denote the decarboxylation rate constants for the solvating forms of rosin
acids, RCOOH(s), and for the free acids, RCOOH(f), respectively. K, is the equilibrium

constant of the ion pair association.
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The reaction rate parameters were estimated separately according to the partial reaction rate
equations (6.11) for the solvating and the free rosin acids (i = RCOOH(s), RCOOH()). The
overall rate equation (6.12) for decarboxylation was presented by means of partial reaction

kinetics.
r.=____i=k c% (611)

(6.12)

T = Treoonm T+ Trcoor®

If rreoonts) and rrcoon are considered as being equal, the total reaction order for rosin acids

is adjusted to o, ,, = 1.5.

The kinetic parameters were estimated from the differential equation (6.11) using the Simflex
algorithm (Spendley, 1962). The differential equations were solved by means of linear
multistep methods implemented in ODESSA, which is based on the LSODE software
(Hindsmarsh, 1983). The methods are available in the MODEST software (Haario, 1994).
The kinetic model, Equations (6.11) and (6.12), supported well the deduced reaction
mechanism (II, Fig. 7).

The kinetic model for the decarboxylation was verified with three demonstrating syntheses at
different temperatures (265 - 285 °C). The Arrhenius parameters for the total decarboxylation
of rosin acids were calculated based on the syntheses. The apparent activation energy for the
thermal decarboxylation in Ca-resinate syntheses was observed to be 27 kJ/mol. The
decarboxylation reaction of rosin acids was seen to take place in a very narrow temperature
range: at 235 °C no decarboxylation was observed in 60 minutes and temperatures higher

than 265 °C gave only a small rise to the decarboxylation reaction rate and amount.

6.3.5 Decarboxylation in a thermobalance

In the resinate syntheses, the mass loss is due to the evaporation of neutral rosin oil and
carbon dioxide, which are formed during the decarboxylation reaction. The decarboxylation
reaction of rosin acids during the resinate syntheses was demonstrated in a thermobalance.
The study showed that the results of the decarboxylation kinetics obtained in the synthesis
reactor compare favourably with thermogravimetric (TG) measurements (IV, Fig. 2). TG
studies were applied to avoid the difficult sampling procedure of the complex reaction
mixture. The effect of temperature and different atmospheres on the decarboxylation reaction

were studied in a thermobalance.



22

Effect of atmosphere. TG measurements were carried out in nitrogen, carbon dioxide and air
atmospheres at 260 °C in order to compare the thermal and the oxidative decarboxylation
reaction of rosin acids in the resinate reaction mixture. It was observed that in the CO,-
atmosphere the decarboxylation followed the thermal decarboxylation curve of the reaction in
the N,-atmosphere. In the air atmosphere, the oxidative decarboxylation of the rosin was
observed to be faster than the thermal decarboxylation during the first two hours (IV, Fig. 3).
After that, however, the oxidative decarboxylation was restricted by the apparent reaction

equilibrium.

Effect of temperature. The kinetic study of the thermal decarboxylation reaction was carried
out in a thermobalance in a nitrogen atmosphere at different temperatures between 245 -
275 °C. The results of the syntheses with different target acid values, i. e. different amounts
of Ca(OH),, followed well the change in total acid amount estimated by the kinetic model
(IV, Fig. 5). In addition, it was observed that the distillation rate of rosin oil is proportional to
the decarboxylation reaction rate and thus the distillation rate can be considered as being
lumped into the kinetic model of decarboxylation.

6.4  Modified resinate syntheses

Rosin used as a raw material in resinate syntheses was fortified using fumaric acid (FA) or
maleic acid anhydride (MAA) in order to get resinates with improved printing qualities. Other
modifications were done by using polymerised rosin as a raw material in fusion synthesis, or
adding macromolecules to the reaction mixture in order to adjust the viscosity of resinate~
toluene solutions to a higher level (> 100 mPa s) than in the unmodified syntheses.
Polyethenevinylacetate co-polymer (EVA) was used as a non-reactive macromolecule and
phenolformaidehyde resin (PFR) as a reactive modification substance. Fortifying substances,
fumaric acid and maleic acid anhydride, were used in the EVA modified syntheses,

A new modification based on rosin oil addition before the resination reaction step was studied

as a way of increasing the mass yield of resinate syntheses.

6.4.1 Fortified syntheses

The effect of the additions of fortifying substances (FA or MAA) on the decarboxylation
reaction mechanism was studied based on the ratio of the free and solvating rosin acids in the
reaction mixture. In addition, a multivariate calibration model applying PLS-regression was
developed using FTIR data in order to monitor the acid value decrease and viscosity increase
of the reaction mixture during the resinate syntheses.



23

Mechanistic model for decarboxylation. The deduced mechanism for the unfortified rosin
acid decarboxylation in the reaction mixture is based on the different reaction steps of
solvating and the free rosin acids analysed by FTIR. In the fortified resinate syntheses, it was
observed that the fortified rosin acid groups are free to associate to dimers in toluene solution
analysed by FTIR (V, Fig. 5).

In the case of fortified rosin acids, there are three acid groups. Therefore, the assumed

equilibrium for the free acids becomes:

R'COOH K. R'COO™
RCOOH + RCOOH < — "+ RcOO'ROH) T
R"COOH N R"C(OH):
rosin fortified rosin X
(6.13)

The quasi-equilibrium approximation is applied to this rapid step (6.13) to express the

concentration of the ion pairs X:
1 4
cx= K’ .; Crcoon (6.14)

By taking into account Equation (6.14) and assuming that the solvating rosin acids
decarboxylate according to first order kinetics, with respect to the rosin acid, the total
decarboxylation rate of fortified rosin acids becomes:

Tieea = KiCreoone) + k2K'u::C:(COOH(f) (6.15)

where k; and k; denote the decarboxylation rate constants for the solvating forms of rosin
acids, RCOOH(s), and for the free acids, RCOOH(f), respectively. XK', is the equilibrium
constant of the ion pair association of fortified rosin.

It was observed that the kinetic model with the deduced reaction mechanism is well fitted to
the analytical data (V, Fig. 6). The reaction order for total rosin acid decarboxylation varies

from 1.5 to 2.5 depending on the amount of fortifying substance used.
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PLS calibration model. In the fortified resinate syntheses, multivariate calibration models
based on a linear PLS regression were applied to monitor the acid concentration decrease on
the basis of FTIR spectroscopic data in the mid-infrared region. Randomised calibration data,
using fortifying substances 2 - 6 w-% of the rosin amount in the syntheses, gave useful

models for monitoring purposes (V, Fig. 8).

When the non-linear PLS was applied to calibrate the 50 w-% toluene solution viscosity of
fortified industrial Ca/Mg-resinate samples, satisfactory calibration models were obtained in
both the mid-infrared and near-infrared regions (III, Figs 5 and 8). However, NIR technique
offers more options for process instrumentation due to the easier application of fibre optic
probes.

6.4.2 Application of the viscosity model in practical systems
Practical resinate manufacturing processes are generally carried out by using fortified rosin as
a raw material. Different modification substances can also be used in order to obtain resinates

with high viscosity values and improved printing qualities.

The empirical viscosity model, Equation (6.7), is used for monitoring fortified Ca/Mg-
resinate processes. The independent parameters a and b are calculated based on viscosity
samples at two different reaction times in the beginning of the resinate process. The estimated
parameter values are then used for the prediction of the solution viscosity increase during the
process. A total reaction time of the batch needed to obtain a target solution viscosity value
for the product can also be estimated by the viscosity model.

An industrial Ca/Mg-resinate process using fortified rosin as the raw material follows well
the empirical viscosity model (Figure 6.3) with the estimated parameter values a and b as
shown in Table 1. The viscosity values in seconds (measured using a standardised method
with a DIN-4 cup) have been changed to the corresponding values in mPa s units. The data
was obtained from the resinate process using off-line viscosity monitoring. This explains the
small number of observations, which is not optimal for statistical interpretation of the fit of

the viscosity model.
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Figure 6.3 — Viscosity increase of the 50 w-% resinate-toluene solutions during
the fusion resinate process. The samples are from different batches of an
industrial Ca/Mg-resinate process. The lines are calculated according to the
viscosity model, Eq. (6.7).

Table I — Estimated parameter values for the viscosity model, Eq. (6.7), of process data and
the correlation coefficients of the fit,

Batch number |al |b] Number of data Correlation
(mPa sy’ (mPa s)’ st points coefficient
1 0.0421 0.00403 2 -
2 0.0499 0.00469 4 0.985
3 0.0536 0.00430 3 0.997
4 0.0647 0.00499 4 0.990
5 0.0588 0.00337 5 0.998

The empirical viscosity model, Equation (6.7), was also applied to the modified syntheses in
order to increase the solution viscosity in resinate process to a higher level (77> 100 mPa s). It
was observed that the resinate syntheses from fortified rosin as well as those of slightly
modified (EVA or PFR) rosin are well fitted to the empirical viscosity model (I, Fig. 11). It is
obvious that severe modifications change the viscosity increase in the resinate synthesis
becauge factors other than resination reaction and decarboxylation also affect viscosity. In the

synthesis using polymerised rosin, the high viscosity values are partly due to the rosin dimers
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present in the reaction mixture. PFR can react with rosin acids and hence increase the
viscosity. EVA addition changes the ratio of viscosity to acid concentration because of the
higher viscosity level caused by the macromolecules being added to the reaction mixture.

6.4.3 Syntheses with rosin oil additions

A new modification of the fusion synthesis with the addition of decarboxylated rosin (rosin
oil) was introduced. The rosin oil addition enables higher degree of neutralisation of rosin
acids in the resination reaction step than in traditional fusion syntheses. Therefore the target
viscosity for the resinate can be obtained without the decarboxylation reaction step.

Rosin oil modified resinate syntheses were carried out at 235 °C. Because of the lower
reaction temperature, thermal decarboxylation is avoided. The addition of rosin oil (20 -
40 w-% of rosin amount) to the reaction mixture enabled further resination reaction with a
higher neutralisation degree of the rosin acids. Due to the higher resinate concentration in the
reaction mixture, the solution viscosity of the resinate increases to the desired level when the
rosin oil is evaporated. The mass yield of the rosin oil modified syntheses is as high as 100%
because of the possibility of recycling the added rosin oil back into the reaction mixture.
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7 CONCLUSIONS

This study showed that the fusion Ca- and Ca/Mg-resinate syntheses in the laboratory and in
the industrial scale can be controlled by the semi-empirical viscosity model derived for
50 w-% resinate-toluene solution. The non-linear solution viscosity increase after the critical
reaction time, fso, is explained by the increased molecular interactions and excluded volume
effects in the reaction mixture as the chemical composition, corresponding to the critical
resinate concentration value ceir = 50 w-%, is obtained in the syntheses.

The improved analytical methods were developed for the complex reaction media in order to
study the reactions taking place in fusion resinate syntheses. FTIR analyses using a
conventional calibration method in the mid-infrared region were applied to measure resinate
concentration and free rosin acid concentration of the reaction mixture. It was observed,
however, that all the rosin acids were not free to associate to dimers in toluene, and so they
did not show any absorbance in FTIR. It was concluded that the resinate molecules are partly
solvated by the rosin acid moiety due to the increased molecular interactions in fusion

resinate syntheses.

In developing analytical methods for monitoring resinate syntheses, FTIR data was calibrated
with a multivariate method applying partial least squares regression (PLS) in both the mid-
infrared and near-infrared regions. The derived calibration models can be used in monitoring
acid value and solution viscosity of fusion Ca-resinate syntheses and industrial Ca/Mg-
resinate processes. By combining on-line sampling systems with the NIR technique, the
sampling difficulties caused by the complex reaction media can be avoided.

The kinetic study revealed that there are two main reaction steps in fusion resinate syntheses.
A fast irreversible resination reaction takes place at 235 °C, and it is followed by a slow
thermal decarboxylation reaction of rosin acids at 265 °C. The study of the resination reaction
enabled the mass balance calculation of the whole reaction system. Mechanistic study of the
decarboxylation reaction was based on the different mechanisms of free and solvating rosin
acids. The solvating rosin acids were observed to decarboxylate according to first order
kinetics and the free rosin acids decarboxylated according to second order kinetics via a
reaction equilibrium of the ion pair formation. The empirical data fitted well to the
mechanistic model based on the differential rate equations of the decarboxylation reaction.

It was observed that the results of the decarboxylation kinetics obtained in the synthesis
reactor compare favourably with thermogravimetric (TG) measurements. Therefore TG could
be used to avoid difficulties in sampling and in analytical treatment of the complex reaction
media. The studies of decarboxylation in different atmospheres and at different temperatures
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were carried out in a thermobalance. Based on the TG results, the thermal decarboxylation of
rosin acids in inert nitrogen and carbon dioxide atmospheres is slower than the oxidative
decarboxylation in an air atmosphere in the beginning of the reaction. However, after the
oxidative decarboxylation is restricted by the equilibrium state of the reaction, the thermal

decarboxylation still continues.

The kinetic model for thermal decarboxylation was derived using the calcium content
corresponding to the theoretical target acid value 70 mg(KOH)/g in the reference synthesis.
The model was extended to cover a wider viscosity range of the product using target acid
values 50 - 90 mg(KOH)/g in the syntheses. The kinetic model was also applied to TG studies
at different reaction temperatures resulting in an almost constant value of apparent activation
energy in all the syntheses with different target acid values. The value of the apparent
activation energy includes the distillation rate of the rosin oil because the distillation rate was
observed to be proportional to the decarboxylation reaction rate. Therefore the distillation rate
can be considered as being lumped into the kinetic model. However, when modelling an
industrial scale reactor the distillation and mixing in the reactor have to be taken into account

to make the model complete.

Kinetics of fortified resinate syntheses using fumaric acid and maleic acid anhydride as
fortifying substances was modelled with basically the same kind of mechanistic model as
derived for unmodified resinate syntheses. The acid groups in the fortified rosin were
observed to be free acid groups capable of associating to dimers in toluene. The free acid
groups of fortified rosin decarboxylate via ion pair formation resulting in the apparent

reaction order 4.0 for the free acids.

In addition, a new modification of resinate synthesis using rosin oil additions during the
fusion synthesis is introduced. The rosin oil addition enables a higher degree of neutralisation
of rosin acids in the resination reaction step than in traditional fusion syntheses. Thus the
target viscosity for the resinate, to be used as a binder in printing ink industry, can be
obtained without the decarboxylation reaction step. The possibility of avoiding rosin oil
formation and recycling the added rosin oil considerably improves the mass yield of resinate

syntheses.
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Solution Viscosity Increase in Fusion
Synthesis of Ca/Mg-Resinates
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H. Tenhola
Arizona Chemical Oy, FIN-37601, Valkeakoski, Finland

The effect of Ca/Mg-resinate concentration on solution viscosity was studied in
toluene. The viscosity was observed to increase drastically above a specific concentration
value. The change in viscosity dependence on concentration implies a transition from a
dilute to a concentrated regime, where viscous dissipation is governed by resinate molec-
ular interactions and excluded volume effects. The concept of critical resinate concen-
tration, c_,;,, was applied and used to explain the nonlinear solution-viscostty increase
during the resinate synthesis. Ca/Mg-resinates were synthesized by the fusion method at
265°C in a laboratory-scale batch reactor. During the syntheses the increase in 50 wt. %
toluene solution viscosity of the resinate turned almost exponential at a specific reaction
time, denoted by t5,. Based on the apparent reaction kinetics, a semiempirical model
with two estimated parameters was derived for the solution viscosity to be used for the
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prediction of the tg, time of resinate syntheses.

Introduction

Resinates are the rosin salts of polyvalent metals, such as
calcium, zinc, and manganese (Figure 1). These kinds of
resinates find wide application as dryers for paints and var-
nishes and as constituents of printing inks.

Resinates are produced by three different' methods: fusion,
solution, and the precipitation method. In order to improve
the printing qualities of the resinate, rosin is generally first
fortified by reacting with a dienophile, such as maleic acid or
its anhydride or fumaric acid. The reaction products are tri-
carboxylic acids, which are referred to as maleopimaric or
fumaropimaric acids. The rosin adducts have a high melting
point, and their high acidity makes them reactive with many
materials, such as metal hydroxides, to form resinates.

Pure calcium resinates synthesized from monomeric rosin
by either the fusion method or solvent method are known to
crystallize or otherwise solidify (block) during the reaction,
especially at higher metal levels. However, when unmodified
monomeric rosin is used, high metal contents are often
needed to give sufficiently high viscosity to the resinate solu-

Correspondence concemning this articie should be addicssed to S. Sundqvist.
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tion. The target value of the solution viscosity of the resinate
varies, depending on the application. According to Jilek
(1976), the solutions of the calcium resinates to be used as an
ink vehicle should have a viscosity of about 500 mPa/s at 50
wt. % resinate concentration. In the present work the target
value for the solution viscosity of the Ca/Mg-resinate is in
the range of 50 to 100 mPa/s at 50 wt. % resinate concentra-
tion in toluene.

M = Ca, Mg, Zn

July 1998 Vol. 44, No, 7

Figure 1. Reslnate molecule scheme.
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The difficulty during the resinate-synthesis-by-fusion
method is the change in the physical properties of the
resinate, especially the increase in solution viscosity. During
the synthesis the increase in solution viscosity at a given
resinate concentration turns almost exponential at a specific
reaction time. Therefore it is difficult to control a resinate
process and to obtain a product with the desired solution vis-
cosity.

In the resinate-synthesis-by-fusion method the main reac-
tion is resinate formation. The most important side reaction
is the decarboxylation of rosin acids forming neutral rosin oil.
Other side reactions are the isomerization and polymeriza-
tion (mainly thermal dimerization) of rosin acids. The isomer-
ization and polymerization mechanisms of rosin acids have
been studied by Sinclair et al. (1970) and Zinkel (1983). In
this context, however, these side reactions have minor impor-
tance, because isomerization does not have a direct effect on
the viscosity and polymerization occurs only to a small extent.
Therefore, these side reactions are neglected in this study.
The decarboxylation of rosin acids is not as well studied as
the other side reactions, although its effect on viscosity is more
important. It increases the resinate concentration in the reac-
tion mixture when the neutral rosin oil vaporizes from the
system.

Due to the lack of detailed knowledge of the phenomena
on 8 molecular level, the chemical factors affecting the
macroscopic properties of the reaction mixture, especially
viscosity, are unexplained. The viscosity problems related to
the blocking phenomenon have been observed by some
authors (Petrone, 1971; Panda and Panda, 1985), but no ex-
planation of the cause of this kind of behavior has been pub-
lished. In this article, the reason for abrupt viscosity increase
in the resinate solution after the critical resinate concentra-
tion is explained by resinate molecular interactions and ex-
cluded volume effects.

Simple kinetic measurements in the resinate synthesis are
generally based on acid number determinations, convention-
ally by off-line titration with KOH. The titration gives the
overall state of the system: the progress of the resinate reac-
tion and the decarboxylation of rosin acids. In this article, an
attempt is made to model the solution viscosity increase dur-
ing resinate synthesis on the basis of acid number titration
data. A simple mathematical model with two parameters is
derived in order to be able to control the resinate process
and the viscosity of the product,

Experimental Section
Synthesis procedure

Ca/Mg-resinates were synthesized by the fusion method in
a 500-mL oil-heated batch-reactor vessel. The reaction mix-
ture was stirred with 8 plate impeller. Nitrogen was continu-
ously bubbled through the system. Syntheses were made from
tall oil rosin (acid number 165 mg(KOH)/g) and from pure
abietic acid (> 85%, Sigma, acid number 185 mg(KOH)/g).
FPro analysis quality Ca(OH),, Mg(OH),, and (CH,C00),Ca
were used as the reactive metal salts. The molar ratio 6.3:1 of
Ca to Mg was used in the syntheses.

The rosin or the abietic acid was melted in the vessel at
235°C and the metal salts were gradually added to the rosin
melt over 2 h. Then the temperature was increased to the
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reaction temperature, which was 245-265°C, depending on
the synthesis. Reaction time was 5-6 h. Without taking into
account the mass loss during the syntheses, the total theoreti-
cal metal contents calculated for the product were 3.4-3.5
wt. %.

In the modified resinate syntheses, rosin was fortified to
the acid number level 190 mg(KOH)/g using either maleic
acid anhydride or fumaric acid. The fortification of rosin was
carried out at 195°C and the reaction time was 2 h. In addi-
tion two different modifiers and their effect on the viscosity
of the resinate were tested. Polyethenevinylacetate copoly-
mer (EVA, M = 50,000 g/mol) was added in the amount of
1.5 wt. % and 5.0 wt. % of rosin to the fortified rosin melt
after one hour at 195°C. Butyl-phenolformaldehyde resin
(PFR) was added in the amount of 5.0 wt. % and 10 wt. % of
rosin to the unfortified rosin melt at 180°C. The reaction time
of PFR was 2 h. The modified resinate synthesis was also
made from polymerized rosin (13 wt. % trimeric and 24 wt.
% dimeric rosin acids) with a theoretical metal content of 1.8
wt. %.

Analysis

The number-average molar mass and the possible aggrega-
tion of the resinate molecules in toluene were examined with
a vapor-pressure osmometer (VPO) (Knauer GmbH) using
benzil as a standard. An infrared-spectrometer (NIC Nicolet
SDXC FT-IR Spectrometer) equipped with a ZnSe-cuvette
(0.05 mm) was used to study the intermolecular hydrogen
bonds between the two free carboxylic acid groups of the
resinate in toluene. The density measurements (using Anton
Paar KG DMASS Calculating Precision Density Meter) were
carried out at different resinate concentrations in toluene at
25°C in order to study the contribution of the resinate con-
centration to nonideal mixing. An attempt was made to de-
termine the molecular size distribution of the resinate by GPC
analysis (Waters 486, eluent: tetrahydrofuran (THF), column:
Ultrastyragel 100 A, fiow velocity: 0.4 mL/min, detector:
UV/VIS, A =268 nm).

The progress of the synthesis was followed by acid number
titrations and viscoslty measurements. The titration was car-
tied out in a neutralized toluene—cthanol solution of the
resinate with 0.2 M KOH using phenolphthalein as an indica-
tor. The melt and solution viscosities of the resinate were
measured by a Brookfield Digital DVII Viscometer.

Moiecular interpretation of Critical Resinate
Concentration

Solution viscosity at different resinate concentrations in
toluene

The toluene solution viscosity of the Ca/Mg-resinate was
observed to be highly dependent on the mass concentration
(Figure 2a). The increase in viscosity turned almost exponen-
tial after a specific concentration value. Therefore this con-
centration was determined as the critical concentration of the
resinate, ¢ ;. The change in viscosity dependence on resinate
concentration implies a transition from a dilute solution to a
concentrated region, where molecular interactions have a
stronger influence on viscosity.

July 1998 Vol. 44, No. 7 1681
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Figure 2. (a) Viscosity Increase In toluene solutions of two different Ca/Mg-resinates; (b) determination of the critl-

cal concentration for resinate A.

The critical concentration value was determined based on
a log-log plot of viscosity and concentration data for resinate
A (Figure 2b). The intersecting lines were statistically calcu-
lated using least-square errors criteria to separate the points
belonging to each line, The values of the critical concentra-
tions for the resinates A and B with different acid contents
were 44.6 wt. % and 48.1 wt. %, respectively.

Molecular interactions in the critical concentration region

Molecular interactions were studied at different resinate
concentrations in toluene in the critical concentration region.
The measurements were carried out using an FTIR, a vapor-
pressure osmometer, and a density analyzer. The sample was
the fortified Ca/Mg-resinate with an acid content of 1.22
mmol/g and ¢, = 48.1 wt, %.

FTIR Measurements. Free carboxylic acids tend to associ-
ate with another acid group forming intermolecular hydrogen
bonds between molecules in nonpolar solvent. This is ob-
served by FTIR measurements. FTIR analyses of the resinate
were carried out in toluene solution at concentrations at
40~58 wt. %. There were no differences in the spectra of the
resinates when the concentration of the sample increased.
Even in the most dilute solution, almost all of the rosin acid
groups in the resinate had formed hydrogen bonds. Because
the molar absorbance of the acid groups did not depend on
the concentration of the resinate, the association of rosin
acids did not affect the critical resinate concentration value.

VPO Measurements. Another form of possible molecular
interaction, in addition to association of acid groups through
hydrogen bonding, is the molecular aggregation of different
molecules in the reaction mixture. In order to observe possi-
ble aggregation of the molecules in toluene solution of the
resinate the VPO measurements were carried out at two dif-
ferent temperatures, 25°C and 45°C. The vapor pressure of
the resinate solutions was measured using pure solvent
(toluene) as a reference system. The VPO method is based
on accurate measurement of temperature difference, which is
recorded as resistance difference, AR.

1682 July 1998 Vol. 44, No. 7

Number-average aggregation numbers for the resinate so-
lutions were calculated according to Egs. 1 and 2 derived by
J. Paatero (1975):

___ K ( AR [TIAR
Rl T Ve ) O

where x,; denotes the mole fraction of the sample, K" is the
calibration constant, and AR is the measured resistance dif-
ference, both expressed in mm. The calibration constant was
measured by using benzil as a standard. The slope of the line
(AR vs. mole fraction of benzil) gave the calibration con-
stant.

The solution of 7 from Eq. 1 is iterative, because the sam-
ple concentration is dependent on the number-average ag-
gregation number according to

¢, /A
cytey/i’

@

X1

where ¢, and ¢, denote the analytical concentrations of the
solute and the solvent, respectively.

The number-average molar mass of the resinate was deter-
mined by VPO using THF as the solvent. THF is more polar
than toluene, and therefore the use of THF hinders hydro-
gen bonding between acid groups, giving a more accurate
value for the number-average molar mass of separate
molecules. Compared to the theoretical value of the molar
mass of calcium abietate (640 g/mol), the measured value for
number-average molar mass of the resinate (3, = 890 g/mol)
containing free rosin acids 1.22 mmol g is relatively high. This
is explained by possible resinate polymers in the reaction
mixture. The polymeric resinate molecules may be formed
when using fortified rosin with an acid functionality of three.

The molar mass of the resinate measured in THF was used
to calculate mole fractions for Eq. 1 when calculating num-
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Table 1. Number-Average Aggregation Numbers for Ca/Mg-
Resinate in Toluene Determined by VPO

Resinate

Cone. Aggregation No.
wt, % T =25C T =45°C
5 1.29 1.36
10 1.38 1.30
45 1.34 1.25
50 1.41 130
55 1.49 1.37
58 1.51 1.36

ber-average aggregation numbers for the resinate at two dif-
ferent temperatures in toluene (Table 1).

The aggregation number differs from one even at the low-
est resinate concentration. This is explained by considering
the acid concentration of the resinate, which was 1.22 mmol/g.
These acid groups associate through hydrogen bonds in
toluene raising the aggregation number to greater than one.

In order to obtain high accuracy, the VPO method re-
quires that the sample droplet placed in the thermistor should
be of equal size. However, this requirement was difficult to
fulfill for the measured series due to the large differences in
viscosities at different concentrations. Therefore, the values
differ when increasing the resinate concentration. However,
increasing the concentration to the critical concentration re-
gion (¢, = 48.1 wt. %) does not affect the aggregation num-
ber. On the basis of FTIR and VPO results, it is concluded
that the viscosity increase is not due to any chemical associa-
tion of the resinate molecules in the solution.

Density Measurements. The general mixing rule was ap-
plied to calculate the density difference in the mixing of
resinate and toluene at different mass proportions,

B Prix = Prmcarured ™ Pides 3)
IxM, .
Pigea RN ®

where M, and V} | denote the molar mass and molar volume
of the pure’ component i, respectively, and x; is the mole
fraction of i in the mixture. The ideal density (Eq. 4) can also
be calculated from the total mass and volume based on mass
fractions and the densities of the pure components (resinate
952 kg/m° and toluene 862 kg/m®).

The mixture behaves like an ideal solution when the mix-
ing parameter Ap_,, = 0. In order to reveal the contribution
of the resinate concentration to nonideal mixing, the value of
the mixing parameter was proportioned to the resinate con-
centration (Figure 3). The figure implies that the relative
mixing parameter is independent of concentration at low
resinate concentrations in toluene. The increase after 20 wt.
% resinate concentration implies a transition toward more
dense packing of the molecules in the mixture.

Based on the FTIR, VPO, and density results it is con-
cluded that there are two concentration regimes in studying
the viscosity behavior of the resinates. The linear regime,
where the resinate concentration is smalier than ¢, and the
nonlinear viscosity increase regime (¢ > ¢, ), where the
molecules form a sufficiently dense packing for increased
molecular interactions.
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surement of Ca/Mg-resinate In toluene at
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Kinetic and Viscosity Model for the Syntheses
General progress of the syntheses

Resinates were synthesized from pure rosin and fortified
abietic acid and rosin. In addition EVA and PFR were used
in order to control the increase in the viscosity to the target
level.

It is not possible to synthesize Ca/Mg-abictate by the fu-
sion method at 265°C using the theoretical metal content of
3.5 wt. % for the product due to the high viscosity, which
prevents efficient mixing. Therefore the reference syntheses
were made from fortified AA and from fortified rosin (Figure
4). In the abictate synthesis a strong viscosity increase was
observed within a few hours of reaction time. With fortified
rosin this phenomenon of viscosity increase was considerably
weaker.

Figure 4b shows (note that =0 h is the time when the
temperature had reached 265°C) that during the synthesis
from fortified abietic acid the acid number values were much
lower than the theoretical value. In the case of rosin the
theoretical acid value is not reached until 4'/2 h reaction time,
because the resinate reaction is not completed at time ¢ =0
h. The theoretical value is based on the stoichiometric reac-
tion (1:2) between the metal salt and the rosin acid without
taking into account the decarboxylation reaction. Thus the
difference between the theoretical and measured values gives
the relative amount of decarboxylated rosin in the reactor,
when the neutraf rosin oil has almost completely vaporized
from the system.

Gel permeation chromatography (GPC) analysis shows
(Figure 5) that abietic acid polymerizes more than rosin dur-
ing the synthesis. Thermal dimerization was observed only to
a small extent in the resinate synthesis from rosin. The rosin
acid content and the amount of abietic-type rosin acids af-
fects the dimerization of rosin acids through double bonds.
The high content of dehydroabietic acids in rosin prevents
dimerization, because these acids do not have a conjugated

1683



1]
~—

(7]
(=3
(=1

N
v
(=1

T
i

N
(=3
o
T
i

Solution Viscosity, mPa s
- -
(=1 w
(=] (=]
T T
, L

wn
(=]
T

0 1 2 3 4 5 6 7
Reaction Time, h

A

120 r ; y ' . r \
@ 100 [ Theoretical value (AA) 1
3 o
X 80+ e .
% Foee——e——_ 8 e ___C
E Theoretical value (rosin) .
s 60 | .
r}
£
Z 40F .
3
<
20 F f5 AA A
*  rosin
0 1 I I 1 L L

0 1 2 3 4 5 6 7
Reaction Time, h

Figure 4. Syntheses of Ca/Mg-resinates from fortified abietic acid (AA) and tortitied rosin at 265°C.
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diene structure. Only a relative amount of decarboxylated
rosin acid is observed in GPC grams, because the neutral rosin
oil has almost compietely evaporated from the system.

Melt Viscosity Increase During the Synthesis. The viscosity
of the 50 wt. % toluene solution of the resinate is usually
measured when monitoring the progress of the reactions. The
relation between the melt viscosity (measured at 200°C) and
the toluene solution viscosity (at 25°C) was studied for the
fortified Ca/Mg-resinate (Figure 6). Increase in melt viscos-
ity of the resinate indicates the growth of molecular size.

Effect of Fontification of Rosin. The rosin is fortified in or-
der to stabilize the viscosity increase and to obtain a higher
softening point for the resinate to be used as an ink vehicle.

The more complete resinate reaction when using fortified
rosin was observed from the acid number values (Figure 7b),
The values did not reach the theoretical value during the syn-

thesis without fortification in 6 h, which was probably due to
dispersion probiems with the slaked lime in the reaction.
Similar behavior was reported by Oldring and Hayward
(1987), when the value of the theoretical acid number was
low (below 40 mg(KOH)/g). Caiculated from the measured
acid number values after 15-min reaction time, only 75% of
the added metal salts had reacted, assuming that decarboxyl-
ation had not occurred. When fortified rosin was used, the
resinate reaction was 30% completed after 15 min.

In the synthesis using fortified rosin the critical concentra-
tion value was 47.7 wt. % after 6 h, and without fortification
it was 46.2 wt. %.

Effect of Reaction Temperature. In the syntheses at lower
reaction temperatures it was observed that the viscosity in-
crease remained almost linear during the 6 h reaction time
(Figure 8). This was due to the hindering effect of the lower
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Figure 5. Effect of polymerization of rosin acids on molar-mass distribution of the resinate measured by GPC.
(a) fortified AA; — - — — Ca/Mg-abictate (T = 265°C, reaction time 3 h). (b) fortified rosin; — — — — Ca/Mg-resinate (T =
265°C, reaction time 4 h).
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Figure 6. Melt viscosity and 50 wt. % toluene solution
viscoslity of fortifled Ca/Mg-resinate; melt vis-
cosity was measured at 200°C and solution
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reaction temperature on the resinate reaction and on the de-
carboxylation of rosin acids observed from the acid number
values of the synthesis.

The critical concentrations of the resinates synthesized at
different reaction temperatures were determined from the
log-tog plot of viscosity data at different concentrations. At
the reaction temperature 265°C the critical concentration
value was 47.7 wt, %, at 255°C the value was 51.6 wt. % and
at the lowest temperature (245°C) the critical value was 52.5
wt. %. Because the critical resinate. concentration value was
greater than 50 wt. % at the two lower reaction tempera-
tures, the viscosity increase remained linear in Figure Ba.

Modeling of viscosity increase

Reactions Affecting Acid-Number Value. Kinetic studies
were carried out by conventional method using acid-number
titration, which gives the result of the overall state of the
system: the progress of the resinate reaction and decarboxyl-
ation of rosin acids.

Reactions of the acid groups during the resinate synthesis
are resinate formation (5-7) and decarboxylation (8):

2RCOOH + Ca(OH), ~ Ca(OOCR), +2H,0 1 )
2RCOOCH + Mg(OH), —+ Mg(OOCR), +2H,01 (6)
2RCOOH + (CH,C00),Ca — Ca(OOCR), + 2CH,COOH t

M
RCOOH — RH1 +CO, 1 (8)

By assuming that water and acetic acid are completely re-
moved from the reaction mixture due to the relatively high
reaction temperature (T = 265°C), the rate laws (Eq. 9) and
(Eq. 10) are written for the irreversible resinate and decar-
boxylation reactions, respectively:

ry= - Kckey (9)
=Ky, (10)

where A4 denotes a carboxylic acid group and B is Ca(OH),,
Mg(OH),, or (CH,CO0),Ca.

Mass Balance of the Reaction System. The loss of mass
during the synthesis affected the kinetic study. The loss, which
was observed to be about 20% of the total mass, was mainly
caused by the decarboxylated rosin vaporizing from the open
reaction vessel with nitrogen. In the experimental setup the
neutral rosin oil could not be collected and weighed because
it either escaped through or solidified and blocked the distil-
lation column. Calculated from the overall mass balance, it
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Figure 7. Syntheses of Ca/Mg-resinates from rosin and fortifled rosin at 265°C,

{a) Viscosity of 50 wt. % resinate toluene solution. (b} Acid number of the resinate.
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(b) Acld ber of the resinate

(a) Viscosity of 50 wi. % resinate

was concluded that almost all (> 95%) decarboxylated rosin
acids evaporate from the system, and it was assumed that the
total molar flow from the reactor consisted only of the decar-
boxylated rosin and carbon oxides vaporizing from the sys-
tem. This simplification was done by neglecting water and
acetic acid in the vaporizing flow. The total amounts of water
and acetic acid are less than 5% of the total mass and it is
assumed that most of them have already been vaporized when
the temperature has reached 265°C (¢ =0 h). The kinetic
study of the resinate synthesis is similar to polyesterification
kinetics followed by acid number titrations (Paatero et al.,
1994), despite the fact that the water of the reaction is of
minor importance in the resinate synthesis.

During the synthesis of the resinates in the fusion method,
the mass balances of the compounds in the reaction vessel
can be written as

rm=n,;  +dn/di, (11)

where r, denotes the geaneration rate (i = RCOOH) ex-
pressed in molAmin kg solution), m is the mass of liquid in
the reactor, n, is the amount of compound { in the reactor,
and A, , is the molar flow of i leaving the reactor by vaporiz-
ing. The amounts and flows of substance are expressed with
the concentrations (c,), the mass of the liquid (m), and the
vaporizing mass flow (r1,):

n;=cm (12)
L=, (13)

n [l

i
where ¢; and ¢, , denote the concentrations in the reactor
and vaporizing stream, respectively. Furthermore, the mass

in the reactor, the mass of the vaporized substance (m,), as
well as the mass and molar flow (#,) are related by

—dm/dt =dm jdt =m, =n M, (14)
where M, is the molar mass of the vaporized substance. It is

1686

July 1998 Vol. 44, No. 7

the molar mass of rosin acid (302 g/mol) according to the
decarboxylation reaction (Eq. 8). By assuming that the total
molar flow from the reactor equals the decarboxylated rosin
and carbon dioxide evaporating from the system, the molar
flow is expressed as

A, =mry, (15)

where 4 denotes the acid group. After inserting Eqs. 12-15
into the balance equation (Eq. 11) and performing the differ-
entiation, the following equation is obtained

de/dt = Py + 1+ C P M, (16)

Because resinate reaction is fast, it is assumed that r), = 0
when the temperature has reached 265°C (¢ =0 h), and so
Eq. 16 is written by inserting Egs. 9 and 10 as

deJdt = — k'c — K"M 2, 17)
which is rewritten as
dejdt = = K, (1+ M,c,). (18)

According to Egs. 17 and 18, the total reaction order is be-
tween one and two depending on the M, c,, the value of which
was between 0.5 and 0.3 during the different syntheses. Since
the final aim is to obtain a viscosity model, it is sufficient to
include the kinetic model in a simplified form. The simplified
model is tested by fitting the data to the first- (Eq. 19) and
second-order (Eq. 20) rate equations lincarized by integra-
tion:

In(cyo/c) =Kt 19
i —cit=k"e. (20)

The experimental kinetics fit reasonably well into both of
the preceding linear rate cquations, but the average fit was
better when using the second-order rate law (Eq. 20). Figure
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Figure 9. Empirical values and fit of the second-order
rate model for acld numbers In the syntheses
of Ca/Mg-resinates at 265°C from rosin, from
PFR-modified rosin, from polymerized rosin,
and from fortified rosin with EVA additions.

9 shows the data fit for the second-order rate equation. The
lowest acid number values for resinates are obtained using
rosin without fortification, because the fortification of rosin
affects the initial acid number in the syntheses. The highest
values are in the synthesis using polymerized rosin, because
the theoretical metal content of the synthesis was oaly half
that used in the other syntheses.

From Eq. 20 the apparent reaction-rate constants were de-
termined for the resinate synthesis made from fortified rosin
at different temperatures. The corresponding Arrhenius plot
is shown in Figure 10, from which the obtained apparent acti-
vation energy was 60.1 kJ/mol.

Viscosity Dependence of Acid Concentration. The empirical
correlation between the viscosity of 50 wt. % toluene solution
of the resinate and the acid concentration in the reaction
vessel was derived as

1
—=g + bl 21
n
By combining Egs. 20 and 21, Eq. 22 is obtained:
1
_-(a’+b’c;"o)+(b’k")t, (22)
n
which can be rewritten by lumping the constants as
1
—=a+bt. (23)
n

This simple two-parameter model provides a good descrip-
tion for the viscosity of the resinate solution as a function of
reaction time. Parameter a describes the viscosity level at the
reaction time f =~ 0 (the smaller the value of a is, the bigger
the initial value of the viscosity). Parameter b includes the
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rate constant from the kinetic model, thus illustrating the rate
of the viscosity increase. Figure 11 illustrates the fit of the
model (Eq. 23) for the resinate syntheses with different modi-
fications.

The fortification of the rosin affects the shape of the vis-
cosity curve (Figure 11a). In EVA additions rosin was forti-
fied, and in modification with PFR the fortification was not
done. Viscosity increase is weaker with fortified rosin inde-
pendent of the viscosity level.

Figure 1la indicates that the resinate syntheses from un-
modified rosin and fortified rosin, as well as those of slightly
modified rosin, have good correlations. It is obvious that se-
vere modifications (Figure 11b) change the viscosity increase
in resinate syntheses, because factors other than resinate re-
action and decarboxylation also affect viscosity, In the syn-
thesis using polymerized rosin, the high viscosity values were
party due to the rosin dimers present in the reaction mix-
ture. PFR can react with rosin acids and hence increase the
viscosity. Addition of EVA changes the relation of viscosity
to acid concentration because of the higher viscosity level due
to the macromolecules being added to the reaction mixture.

The models (Egs. 21 and 23) can be used in process con-
trol. The independent parameters &', &', a, and b can be
calculated based on acid number and viscosity samples at two
different reaction times during the progress of the reactions.
Parameter determinations can be done for several process
batches, with different amounts of Ca and Mg being added
and with different grades of raw material (rosin) being used.
So the viscosity increase of the resinate solution and the total
reaction time of the batch can be estimated.

Determination of ts, from the Viscosity Model. The reac-
tion time at which the viscosity increase changes is denoted
by tsg. This critical time can be predicted from the viscosity
model by dividing Eq. 23 by time 1, obtaining function f = n/
=[1(a + b))~ !, which has an inflection point at fg;. By form-
ing the first time derivative (') of this function and by calcu-
lating 15, from the zero point of f’, the following equation
(Eq. 24) is obtained:
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sis at 265°C.

Lines are calculated according 1o the viscosity madel (Eq. 23).

1a 24
fo=—=7,
w37 @
which inciudes the parameters 2 and b from the viscosity
modei(Eq. 23). The ¢, vaiues in Tabie 2, caicuiated accord-
ing to Eq. 24, indicate that fortification of rosin tends to in-
crease the criticat reaction time.

Conclusions

To study the motiecuiar background for the abrupt soiu-
tion-viscosity increase during the fusion synthesis of Ca/Mg-
resinates, the sotution viscosity of resinates was studied at
different concentrations in toiuene. It was observed that the
viscosity increase turns aimost exponentiai at a criticai
resinate concentration, denoted here by c;. This phe-
nomenon is expiained by resinate moiecular interactions and
excluded volume effects, when moiecuies are packed suffi-
cientiy denseiy in the soiution.

The concept of criticat resinate concentration was appiied
to expiain the nontinear viscosity increase in 50 wt. % toluene
solution of the resinate during the syntheses. The abrupt so-
tution-viscosity increase indicates the time, denoted by fy,
when the critical concentration of the resinate has reached
the vaiue of ¢y = 50 wt. %. A simpie mathematicai modet
with two parameters was derived from apparent reaction
kinetics for the sotution viscosity increase in the resinate

Table 2, Critica! Reaction Times of the Resinate Syntheses

Resinate Synthesis Using [
Rosin 3h27min
5% PFR modified rosin 3h 12 min
109% PFR modlfied rosin 3 h 35 min
polymerized rosin 3 h 45 min

Fortified rosin 4h
1.5% EVA addltion to fortified rosin 4 h 10 min
5% EV A addition to fortified rosin 3 h 42 min
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syntheses (Eq. 23). The modei provides a good description
for the viscosity increase, not oniy for the synthesis of Ca/Mg-
resinates made from rosin but aiso for the syntheses of stightiy
modifted resinates with higher viscosity. The viscosity modet
can be apptied to controi the resinate process and to predict
the 15, time (Eq. 24) of the syntheses.

Notation

d' = parameter in Egs. 21 and 22, (Pa-s)™!

b' = parameter in Eqgs. 21 and 22, g/kg (Pa-s)™!

¢, = resinate mass fraction In toluene, wt. %

¢% = unit concentration, wt. %

E = activation energy, J/mol

k' = reaction-rate constant of the resinate reaction, kg/Amol+min)
k" = reaction-rate constant of the decarboxylation reaction, min ™!
k™ = apparent reaction-rate constant, kgAmol-min)

1= unit viscosity, Pa-s
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Resination and Decarboxylation Reactions in Fusion
Synthesis of Ca-Resinates

SATU SUNDQVIST'", ERKKI PAATERO' and HARRI TENHOLA?

! Laboratory of Industrial Chemistry, Lappeenranta University of Technology, FIN-53851 Lappeenranta, Finland
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The reaction steps in fusion synthesis of Ca-resinates include a fast, irreversible resination reaction and a slow decar-
boxylation of rosin acids. The kinetics of the reactions was studied separately in a laboratory scale batch reactor. The
kinetic data were obtained by acid number titrations and FTIR measurements. Resination was observed to be & fast irre-
versible reaction in the temperature range 190 to 235°C. Rate equations for the decarboxylation reaction were derived
based on plausible mechanistic reaction steps of free and solvating rosin acids. The parameters of the rate equations were
estimated for syntheses at different reaction temperatures (265 to 285°C) and the kinetic model was successfully applied
10 predict the experimental kinetics of rosin acid decarboxylation.

Les étapes de réaction dans la synthése de fusion de résinats de Ca incluent une réaction de résination rapide et
irréversible et une lenie décarboxylation des acides de rosine. La cinétique des réactions a été étudiée séparément dans
un réacteur discontinu & I'échelle de laboratoire. Les données cinétiques ont été obtenues par titration des nombres
d’acides et des mesures FTIR. On a observé que la résination était une réaction irréversible rapide dans la gamme de
températures comprises entre 190 et 235°C. Des équations de vitesse pour la réaction de décarboxylation ont été établies
& partir d'étapes d réaction mécanistiques plausibles d’acides de rosine libres et de solvatation. Les paraméues des équa-
tions de vitesse ont é1é estimes pour les synthéses a différentes températures de réaction (de 265 4 285°C) et le modele ciné-
tique a été appliqué avec succes dans la prédiction de la cinétique expérimentale de décarboxylation des acides de rosine.

Keywords: Ca-resinate, fusion synthesis, rosin scid, decarboxylation, FTIR.

a-resinates are the calcium salts of rosin acids and they

are used as binders in publication gravure inks. The
resinates are industrially produced either by solution or
fusion methods. In fusion synthesis, calcium hydroxide and
calcium acetate are often used as the reactive metal salts.
The reaction steps include a fast irreversible resination reac-
tion and a slow decarboxylation reaction of rosin acids
forming neutral rosin oil. In addition, the side reactions, iso-
merization and polymerization (mainly thermal dimerization)
of rosin acids take place (Sinclair, 1970 and Zinkel, 1983).

The target value for the solution viscosity of the resinate
varies, depending on the application. According to Jilek
(1976), solutions of calcium resinates to be used as an ink
vehicle should have a viscosity of about 500 mPa-s, at
50 wt% resinate concentration. In order to obtain the target
solution viscosity of the product, it is necessary to increase
the resinate concentration during the synthesis.

In fusion synthesis, the resination reaction cannot occur to
the desired level due to the blocking of the unreacted
Ca(OH), and problems in increased melt viscosity (Petrone,
1971; Jilek, 1976; Panda & Panda, 1985). Therefore, the
viscosity is often raised to the desired level by increasing the
resinate concentration in the reactor indirectly, by raising
the temperature to ensble the decarboxylation reaction to
take place. The decarboxylation reaction is an essential reac-
tion stage, although it has the negative consequence that it
lowers the mass yield as the neutral rosin oil vaporizes from
the system. In addition, the decarboxylation reaction
increases the total reaction time of the resinate process.

In an earlier study on Ca/Mg-resinates by our group
(Sundqvist et al., 1998) the progress of resination and decar-

* Author 10 whom correapondence should be addressed, E-mail address:
sy sundqvis@iw

boxylation reactions were not studied separately. All the
kinetic experiments of the resinate synthesis were based on
acid number titration with KOH. The titration gave the over-
all state of the system: the progress of the resination reaction
and the decarboxylation of rosin acids. The solution viscosity
was observed to be highly dependent on resinate concentra-
tion and the increase in viscosity became almost exponential
after a specific concentration value, denoted by the critical
resinate concentration, ¢_,,. A simplified second order semi-
empirical kinetic model for the decarboxylation reaction
was successfully applied to derive a model for the viscosity
of 50 wt% toluene solution of the resinate during fusion syn-
thesis. In this paper, the aim is to adjust the kinetic model by
taking into account the decarboxylation reaction mechanism.

In the present work, the resination and decarboxylation
reactions are studied separately in the synthesis of Ca-
resinates by the fusion method. The mass balance is calcu-
lated from the resinate concentration increase. A reaction
mechanism for the rosin acid decarboxylation is derived
based on the analysis of the free and solvating rosin acid
concentrations in the reaction milieu. The kinetic model is
deduced on the basis of the reaction mechanism and the
model is applied to determine the kinetic parameters for the
decarboxylation reaction.

Experimental
SYNTHESES PROCEDURE
Synthesis of Ca-resinate by fusion method

Ca-resinates were synthesized by the fusion method in a
300 mL batch reactor vessel. The reaction mixture was
stirred with a four blade impelier. Nitrogen or carbon diox-
ide was continuously bubbied through the reaction mixture.
The syntheses were made from tall oil rosin (acid number

THE CANADIAN JOURNAL OF CHEMICAL ENGINEERING, VOLUME 77, JUNE, 1999 . 465



a) ;. . S

[1X]

0.6

Absorbance, -

0.4

0.2

0.0
4000 3500 3000 2500 2000 1500 1000

Wavenumber, cm-1

b) o5 - -

07

Absorbance. -
© o o
o n 3

hed
X1

4000 3500 3000 2500 2000
Wavenumber, cm-1
Figure 1 — a) FTIR spectra of the mixture of Ca-abietate and abi-

etic acid; b) FTIR spectra of the Ca-resinate during synthesis at
265°C.

1500 1000

164 mg(KOH)/g). Pro analysis quality Ca(OH)2 was used as
the reactive metal salt. In the reference synthesis the amount
of Ca(OH), was 6.0 wi% of rosin. In the syntheses demon-
strating the kinetic model at different reaction temperatures,
the amount of Ca(OH), was equal to the amount required to
obtain the theoretical acid value 70 mg(KOH)/g, calculated
for the product.

The rosin was melted in the vessel at 235°C and the metal
salt was gradually added to the rosin melt. The temperature
was then raised to the reaction temperature (265°C). The
reaction time was 6 h in the reference synthesis and 5 h in
the demonstrating syntheses.

Synthesis of Ca-abietate by solution method

Ca-abietate was used as the calibration standard for the
FTIR analyses, and it was synthesized from pure sbietic acid
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Figure 2 — Relative FTIR absorbances in toluene; 8) Ca-abietate;
b) Abietic acid associated to dimers.

at room temperature according to the inverse addition order
method introduced by Jilek (1976). Ca(OH), was suspended
into toluene, and the abietic acid toluene solution was grad-
ually added to the stirred suspension. The stoichiometric
amount of Ca(OH), was used to make 30 wt% Ca-abietate
toluene solution. The product was not completely soluble in
toluene due to the high metal content. The unreacted Ca(OH),
was washed and filtered from the Ca-abietate with toluene.
The acid number of the synthesized Ca-abietate was 11.6
mg(KOH)/g which equals a Ca(OH), conversion of 97.8%.

ANALYSIS
Potentiometric titration

According to standard ASTM D803-83 (1987), the acid
number titration of the resinate is to be carried out in neutrai-
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Figure 3 — Decarboxylation reaction stage in the reference syn-
thesis a1 265°C; a) Concentrations of the compounds; b)
Concentration ratio of solvating 10 free rosin scids.

ized toluene-ethano) sojution with KOH using phenolphatelein
as an indicator. In this study, however, the potentiometric
titration of the acid concentration with 0.2 M KOH was carried
out with a Mettier Toledo DL25 Titrator using a DG111-SC
electrode.

FTIR analysis

A Perkin Elmer 2000 Infra-Red-Spectrophotometer
equipped with a CaF, transmission cuvette (0.05 mm) was
used to determine the resinate concentration during the syn-
theses. The rosin acid concentration for the acids being asso-
ciated to dimers in toluene could also be measured. The
sample was 15 wt% toluene solution of the resinate.
Mixtwres of the Ca-abietate and pure abietic acid were used
as standards for the composition of the reaction mixture.

=] ] o
o 0\ /0
2 . CaloH), —= s + 21,0

Figure 4 — Resination resciion of abietic acid.

Resuits and discussion
CHEMICAL COMPOSITION OF THE REACTION MIXTURE

In earlier published studies, the resinate concentration of
the reaction mixture had not been analyzed because no reli-
able anajytica) method had been available. It has been diffi-
cult to make appropriate standards for the relatively complex
reaction media. The composition of the reaction mixture had
been characterized only by acid number determinations. In
this paper, using the mixture of abietic acid and Ca-abietate
as the standard, a method for FTIR measurement (Figure 1)
of the concentrations of Ca-resinates and associated dimeric
rosin acids in toluene is introduced.

The spectra of the standards in 15 wt% toluene solution
show Ca-abietate absorption (Figure a) at the wavenumber
1546 cm™', while Ca-resinate (Figure 1b) absorbs at
1555 cm™. Figure 1a shows only the dimeric forms of abi-
etic acid (1694 cm™) and all the abietic acids are assumed
to form dimers in toluene. Some moisture, due to residual
reaction water, is observed in the wavenumber region of
3600 to 3100 cm™.

The relative absorbances of the mixture of Ca-abietate
and abietic acids in the 15 wt% toluene solution are shown
in Figure 2. The absorbances have been corrected to the same
base line using CH,-absorption at 2958 cmi™'. Figure 2 indi-
cates that the lines can be used to determine the resinate con-
centration and the concentration of free rosin acids (capable
of associating to dimers in toluene) in the reaction mixture.

Solvating rosin acids

In fusion synthesis of resinates, as a result of the interac-
tion between the solvent (rosin acid) and the solute
(resinate), the solvent molecules may become linked to the
dissolved resinate molecules, The solvation phenomenon is
assumed to explain the fact that all the acids titrated are not
free to associate to dimers in 15 wt% toluene solution
analysed by FTIR. Therefore, they do not show an absorp-
tion band in the spectra (Figure 1).

The concentration of free rosin acids was determined by
FTIR measurements, and the concentration of solvating
acids was then calculated based on the acid value titration of
the whole acid content. Figure 3 shows the concentration
changes of the reaction components and the ratio of the con-
centrations of solvating to free rosin acids during the refer-
ence synthesis, Reaction time ¢ = 0 h is the time when the
temperature has reached 265°C, At that time, the resination
reaction is regarded as completed and the decarboxylation
reaction takes place. The decrease in the concentration ratio
of solvating to free acid indicates that the solvating rosin
acids decarboxylate more rapidly than the free rosin acids.

RESINATION REACTION AND THE MASS BALANCE OF THE
SYSTEM

The resination reaction (Figure 4) was observed to be a fast
irreversible reaction at a temperature range of 190 to 235°C.
The reaction was completed in about 15 min (Figure 5a),
and at 235°C, the conversion of Ca(OH), was 97.2%. The
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Figure 5 — Resination reaction stage in the syntheses; a) Resinate
concentration measured by FTIR; b) Acid concentration measured
by titration.

decarboxylation reaction is regarded as insignificant in this
temperature range, as the acid value remains constant after
the resination reaction is completed (Figure 5b),

Both FTIR analysis and acid number titration were used
to determine the resinate concentration of the reaction mix-
ture. The resinate concentration based on FTIR measurements
(Figure 5a) is regarded as more correct than the titrated acid
concentration because the unreacted Ca(OH), particles
affect the titration by lowering the apparent acid value.
Therefore, in Figure 5b the decrease in acid value is more
rapid than the increase in resinate concentration. The differ-
ences in the extents of the resination reaction measured by
FTIR, compared to that calculated from the titration data are
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Figure 6 — Concentration ratio of solvating to free rosin acids at
different resination reaction temperatures.

also explained by the effect of the residual Ca(OH), particles
on the titration. At the highest reaction temperature after
15 min there was, however, no significant difference between
the results of the FTIR and titration analyses.

During the resination reaction, the ratio of the amount of
solvating to free rosin acids changes, depending on the reac-
tion temperature (Figure 6). The fraction of the solvating
acids increases with the increased resinate concentration at
the reaction temperatures 190 to 235°C.

In fusion synthesis, the decarboxylation reaction of rosin
acids takes place afier the resination reaction is completed at
235°C, and the temperature is increased to the final reaction
temperature (265°C). The resinate concentration increases
due to the vaporization of the neutral rosin oil from the reac-
tion system. In the experimental setup, the neutral rosin oil
could not be collected and weighed quantitatively, because
it either solidified and blocked the distillation column, or
escaped through it.

The loss of mass during the decarboxylation reaction for
6 h was measured as about 30 wt%. The mass balance was
calculated by regarding the resinate amount as remaining
constant. The increase in the resinate concentration (Figure
3a) indicates the relative mass loss of the system according
to the mass balance equation:

where ¢, and c, denote the resinate concentrations in
mol/kg, and m, and m, denote the masses of the reaction
mixture at the reaction times ¢, and ¢,, respectively. The rel-
ative mass loss, Am__,, is calculated from the equation:

dmpg=1-Z2 oA @)
m )
REACTION KINETICS
Rate laws for resination and decarboxylation reactions
The reactions of the acid groups during the Ca-resinate

synthesis are the resinate formation Reaction (3) and the
decarboxylation Reaction (4).
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2 RCOOH + Ca(OH), = Ca(OOCR), + 2 H,0T ... (3)
RCOOH - RHT+CO,T ............. ... ... (4)

By assuming that the reaction water is completely
removed from the reaction mixture because of the high reac-
tion temperature (7 = 265°C), the rate laws (5) and (6) are
written for the irreversible resination and decarboxylation
reactions, respectively:

rEk (6)

where &’ is the rate constant for the resination reaction and
k' is the rate constant for the decarboxylation reaction. A
denotes a carboxylic acid group and B is Ca(OH),. The
resination is a much more rapid reaction step than decar-
boxylation, therefore &' >> i,

Mass balance of rosin acids

During the synthesis of the resinates by the fusion method
the mass balance of the individual compound in the reaction
vessel can be written as:

where r; denotes the generation rate expressed in mol/(min
kg solution), m is the mass of liquid in the reactor, n; is the
amount of compound i in the reactor and n,, is the molar
flow of i leaving the reactor by vaporizing. The amounts and
flows of substance are expressed with the concentrations
(), the mass of the liquid (m) and the vaporizing mass flow
(m,):

where ¢; and ¢, , denote the concentrations in the reactor and
vapor stream, respectively. By considering that the decar-
boxylation reaction is much slower than the resination reac-
tion step, it is concluded that all the reaction water from the
resination step (3) has vaporized when the temperature is
265°C. The vaporizing mass flow then consists only of
decarboxylated rosin and carbon dioxide according to the
reaction step (4) and the mass balance for the rosin acid is
reduced to:

d
_-”BdQlQQJi=k~c§COOHm .................. (10)

where k'’ is the rate constant for the decarboxylation, and m
can be calculated from the resinate concentration increase
according to Equation (2).

Reaction mechanism for the decarboxylation reaction

The deduced mechanism for the rosin acid decarboxyla-
tion in the reaction mixture is based on the different reaction
steps of the free and solvating rosin acids analyzed by FTIR.

For the free rosin acids, the following protolysis equ
rium of the ion pair formation is considered:

X
RCOOH + RCOOH === RC(OH); RCOO".. . |

The quasi-equilibrium approximation is applied to
rapid step to express the concentration of the ion p:
RC(OH); RCOO™

- 2
CRC(OH); RCOO- = Kags CRCOOH™ ++ v oo (

The decarboxylation of a carboxylate ion, RCOO~
generally believed to involve a carbanion intermediate (
that subsequently acquires a proton from the solvent,
another source (Sykes, 1986):

Ty .
'o-c:\iz—-,.g-»co,w'—,’jf.k-ﬂ. ,,,,,,,,, (

I
)

In the case of free rosin acid decarboxylation, the pro
is available in ion pairs, and the delocalized structure of
solvating rosin acids is the proton source in the decarbo:
lation of solvating acids.

Loss of carbon dioxide is normally the rate limiting s
and the subsequent proton abstraction is rapid (Syk
1986). So the rate law for decarboxylation becomes:

- !
Faoca =K CRCOO" + v oot ¢

By taking into account Equation (12) and assuming 1l
the solvating rosin acids decarboxylate straight, accordi
to first order kinetics with respect to the rosin acid, the 1o
decarboxylation rate of rosin acids becomes:

"asca = Ky Crcoomie) * K2 Kaee Choootn -+« - - a

where k| and k, denote the decarboxylation rate constar
for the solvating forms of rosin acids, RCOOH(s), and f
the free acids, RCOOH(S), respectively. K., is the equili
rium constant of the ion pair formation.

Equation (15) is comparable to the rate equation present
carlier (Sundqvist et al., 1998), in which the total reactit
order for the rosin acid decarboxylation was observed to |
between | and 2,

The reaction rate parameters are estimated separate
according to the partial reaction rate Equation (16) for 1l
solvating and the free rosin acids (i = RCOOH(s
RCOOH()). The overall rate Equation (17) for decarbox:
lation is presented by means of partial reaction kinetics:

I dn
e = o™
r= =k
Yomoar ke

"ot = TRCOOH(s) * TRCOOH() <+ ++ v vers (

If TRCOOH( 21 "Reoopn 2re considered as being equa
the total reaction order t];r rosin acids is adjusted to 1.
Therefore, the overall fit of rosin acid decarboxylation wa
done according to Equation (16) and the parameter value a,
= L.5. Modelling of the solvating and free rosin acid deca
boxylation according to Equation (16) was carried out seps
rately with parameter values a = 1.0 and a = 2.0, respectively
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Figure 7 — Fit of the kinetic model for the decarboxylation in the
reference synthesis at 265°C. The total reaction order for rosin acid
decarboxylation is 1.5, partial orders are 1.0 for the solvating acids
and 2.0 for the free acids.

TaBLE |
Resction Orders and Rate Constants for the Decarboxylation
Resction of Rosin Acids in the Reference Synthesis at 265°C
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Figure 8 — Fit of the kinetic model for the decarboxylation in the
demonstrating syntheses at different temperatures. Total reaction
order for rosin acid decarboxylation is 1.5, partial orders are 1.0 for
the solvating acids and 2.0 for the free acids.

TABLE 2
Reaction Orders, a, and Rate constants for the Decarboxylation
Reaction of Rosin Acids in the Demonstrating Syntheses at
Different Temperatures

] - _{molxg)!*min™! Rate constants
1 Y |
Free acids 2.0 424 1073 Reaction (mol/kg) " min
Solvating acids 1.0 8.33 1073 temperature Free acids Solvating acids Total acids
Total acids 1.5 4.56 1073 °C a=20 a=1.0 a=1.5
265 4.85 1073 5.59 1073 31911073
275 572 1073 5951073 445107
KINETIC MODEL FOR THE DECARBOXYLATION REACTION 285 5.20 107 7.55 10°3 4.87 1073

Parameter estimation

The kinetic parameters were estimated from the differen-
tia} Equation (16) using the Simflex algorithim, which is
based on the simplex method introduced by Spendley et al,,
1962. The differential equations were solved by means of
linear multistep methods implemented in ODESSA, which
is based on the LSODE software (Hindsmarsh, 1983). The
methods are available in the MODEST software (Haario,
1994).

The kinetic model, Equation (16), supports the deduced
reaction mechanism (Figure 7) with the estimated rate con-
stants presented in Table 1.

Testing the model

The kinetic model for the decarboxylation was tested with
three demonstrating syntheses at different temperatures
(Figure 8). The decarboxylation rate at the same temperature
as the reference synthesis (265°C) was smaller (Table 2)
than in the reference synthesis (Table 1), due to the 5% higher
metal content in the demonstrating synthesis. In addition, it
was observed that the decarboxylation reaction rate constant
does not increase constantly with increasing temperature,
when studying the solvating and free rosin acids separately.
This is explained by the temperature dependence of the sol-
vation phenomenon.

The Arrhenius parameters for the total decarboxylation
reaction were calculated based on the syntheses at the reac-
tion temperatures 265, 275 and 285°C (Figure 9). The
apparent activation energy was observed to be 27 kJ/mol.
The decarboxylation reaction of rosin acids was regarded as
taking place in a very narrow temperature range; at 235°C
no decarboxylation was observed in 60 min (Figure 5), and
temperatures higher than 265°C give only a small increase
in the decarboxylation reaction rate and amount. In earlier
studies (Sundgqvist et al., 1998) the apparent activation ener-
gy for the decarboxylation reaction was observed to be 64
kJ/mo} for syntheses using fortified rosin at a temperature
range of 245 to 265°C.

Synthesis in CO,-atmosphere

The decarboxylation of rosin acids is an irreversible reac-
tion step in a N,-atmosphere because the neutral rosin oil
and carbon dioxide escape from the system. A possible
decarboxylation reaction equilibrium was studied in the syn-
thesis of Ca-resinates in a CO,-atmosphere. It was observed
that the reaction mechanism o% free and solvating rosin acids
differs from the reference synthesis in the N,-atmosphere.
However, the total reaction order could be aéjusted to 1.5
(Figure 10), when neglecting the scattering in the data,
which could indicate a lack of fit of the kinetic model.
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Figure 9 — Determination of Arrhenius parameters for the decar-
boxylation reaction in fusion synthesis of Ca-resinates.

The reaction rate constant for the decarboxylation reac-
tion is smaller in the CO,-atmosphere (k" = 3.60 x 103
(mol/kgy®>min~) than in the reference synthesis in the N,-
atmosphere (Table 1), but the total amount of decarboxylated
rosin is almost equal to the reference synthesis (Figure 6).
Therefore, it is concluded that the decarboxylation reaction
is also irreversible in a CO,-atmosphere.

Conclusions

The fusion synthesis of Ca-resinates takes place in two
consecutive reaction steps, resination and decarboxylation
reactions. To study these reactions FTIR analysis was suc-
cessfully applied to determine the composition of the com-
plex reaction media. Resination was observed to be a fast
irreversible reaction step. After the resination reaction was
completed the FTIR analysis of the resinate concentration
increase enabled also calculation of the mass balance during
the decarboxylation reaction.

A kinetic model proposed for the slow decarboxylation
reaction step is based on the separate mechanisms for the
free and solvating rosin acids. The model was tested with a
demonstration system at three different reaction tempera-

tures and the rate constants for the rosin acid decarboxyla-

tion were estimated. Comparison of the model predictions
with actual experimental data (Figures 7 and 8) shows that
the approach is useful and reliable to control the decarboxy-
lation reaction.
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Nomenclature

< = concentration of compound 1, (mol/kg)

c = resinate concentration at time 1,, (mol/kg)
q = resinate concentration at time 15, (mol/kg)

CReoons = concentration of solvating rosin acids, (molkg)
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Figure 10— Ca-resinate syt}thesis in CO,-atmosphere at 265°C. a)

Concentrations in the reaction mixture; b) The amount of decar-
boxylated rosin and the fit of the kinetic model (reaction order 1.5).

CRCOOH(n = concentration of free rosin acids, (mol/kg)
k' = rate constant for the resination reaction,
((mol/kgy!-min~t)

k" = rate constant for the decarboxylation reaction,
((mol/kgy®3.mirt)
k = e constant for the decarboxylation of solvating

I
rosin acids, (mol/kg)-min-!)

= rate constant for the decarboxylation of free rosin
acids, ((mol/kg)y~!-min-')
ass = equilibrium constant for the protolysis of free rosin

acids
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m, = mass of the reaction mixture at time ¢,, (kg)

my = mass of the reaction mixture at time /,, (kg)

m, = vaporizing mass flow, (kg/min)

" = amount of / in the reactor, (mol)

n., = molar flow of / leaving the reactor by vaporizing,
(mol/min)

r; = generation rate of compound 7, ((molkg)'®-min~")

Greek Symbols

a = reaction order

Am, = relative mass loss

Abbreviations

A = rosin acid group, RCOOH

B = Ce(OH),

R~ = carbanion intermediate
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Abstract

The application of FTIR spectroscopy was studied in mid-infrared region (MIR) and near-infrared (NIR) region in fusior
synthesis of Ca-resinates as well as Ca/Mg-resinates. Predictive calibration models based on partial least squares (PLS
regression were developed to describe the relationship between the spectra and the acid value of laboratory scale synthesizec
Ca-resinates. The relationship between the spectra and the viscosity of 50 wt% toluene solution of industrially processed Ca
Mg-resinates was also modelled with PLS. The results showed that both the calibration models can be applied to monitor the
fusion resinate process. However, it was observed that pre-processing of the spectra with multiplicative scatter correction wa:
necessary before the calibration. In acid value calibrations, linear PLS was sufficient for calibration, even when different rosis
grades were used in the syntheses. For the solution viscosity calibrations, non-linear PLS had to be applied to obtair
satisfactory calibration models. The models in the MIR and NIR regions were observed to be equally good for the calibration
© 1999 Elsevier Science B.V. All rights reserved.

Kevwords: Ca/Mg-resinates; Fusion synthesis; PLS; FTIR; MIR; NIR

1. Introduction

Ca- and Ca/Mg-resinates are the salts of rosin acids
(Fig. 1) and they are widely used as binders in pub-
lication gravure inks. Resinates are usually produced
by the solution or the fusion method. In fusion synth-
esis of resinates the reaction steps include a fast
irreversible resination reaction and a slow decarbox-
ylation reaction of rosin acids forming neutral rosin
oil. In addition, side reactions, isomerization and
polymerization (mainly thermal dimerization) of rosin
acids take place.

*Corresponding author. E-mail: satu.sundqvist@lut.fi

In the synthesis of Ca-resinates the progress o
reactions is usually followed by acid value titration
The fusion resinate process is also followed by the
solution viscosity measurements of the reactior
media. The industrial scale resinate process is diffi-
cult to control because the solution viscosity increase
is almost exponential after a specific reaction time
[1]. Viscosity measurement of 50 wt% toluene solu-
tion of the resinate is time consuming and the acid
value titration does not give enough information
of the reaction system. Due to the relatively high
reaction temperature (265°C), the application of
direct in-line viscosity monitoring is technically
difficult. Therefore, in this study an indirect moni-
toring system for resinate syntheses is introduced

0003-2670/99/§ ~ see front matter @ 1999 Elsevier Science B.V. All rights reserved.
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M =Ca, Mg, Zn

Fig. 1. Resinate molecule scheme.

and carried out based on the FTIR spectroscopic
data.

In earlier studies of our group on resinates [1], a
semi-empirical two-parameter model for solution
viscosity increase during the resinate synthesis was
derived based on kinetic measurements of the
acid value. The study includes the derivation of an
empirical relationship between the viscosity (50 wt%
resinate—toluene solution) and the rosin acid concen-
tration in the reaction mixture. Later [2] this kinetic
model was verified by the mechanistic study of the
decarboxylation reaction of the rosin acids in the
synthests, where the resinate concentration was deter-
mined by FTIR using a conventional calibration
method. The empirical viscosity model was developed
for monitoring and prediction of the viscosity beha-
viour during the resinate process. However, in this
study the multivariate approach based on FTIR ana-
lyses is carried out for easier monitoring of the kinetic
and viscosity data by avoiding analytical and sampling
problems of the complex resinate reaction mixture.

In the development of the kinetic model the con-
centrations of the chemical species of the reaction
mixture are needed, especially at the initial stages of
the reactions and at frequent intervals. It is also
important to monitor and control the solution viscosity
during the industrial scale resinate process. NIR spec-
trometer with an optical fibre probe can be used in-line
and is, therefore, ideal for both the kinetic and process
control applications, if the calibration problems typi-
cal for this technique can be solved.

Due to the considerable overlapping of the absorp-
tion bands in NIR region the classical calibration
usually fails. The partial least squares (PLS) method
has successfully been used in the calibration of multi-
wavelength spectra [3-8). The advantage of this
method is that all the wavelengths can be included
in the calibration. In MIR region this treatment of data

is also more informative than observing only one or
two wavelengths of the spectrum.

For the acid value of the resinates linear PLS {9]
was used in calibration. Viscosity is a complicated
function of the chemistry of the solution and, conse-
quently, linear PLS did not give good results. How-
ever, in this case a sufficiently good calibration could
be obtained by using non-linear PLS available in the
PLS Toolbox by Barry Wise [10].

2, Experimental
2.1. Resinate syntheses

Ca-resinates were synthesized by the fusion method
in two different sizes of batch reactor vessels (300 and
1000 m!). The reaction mixture was stirred with a four
blade impeller. Nitrogen was continuously bubbled
through the reaction system. The syntheses were made
from two different grades of tall oil rosin (acid values
164 and 175 mg(KOH)/g). Pro analysis quality
Ca(OH), was used as the reactive metal salt and it
was added in amounts of 6.0-7.5 wt% of rosin. The
rosin was melted in the vessel at 235°C and the metal
salts were gradually added to the rosin melt. After the
resination reaction was completed, the temperature
was raised to the decarboxylation reaction tempera-
ture (265°C). The reaction time varied typically from
2.5-6 h depending on the amount of added metal salt.

2.2, Analyses

The acid value titrations of the resinate were carried
out by the potentiometric titration of the acid con-
centration with 0.2 M KOH in toluene—ethanol solu-
tion with Mettler Toledo DL2S Titrator using the
DG111-SC electrode.

A Perkin Elmer 2000 Infra-Red-Spectrophotometer
equipped with a CaF, transmission cuvette (MIR/
0.05 mm, NIR/1.0 mm) was used in the wavenumber
region 9000-4000 cm™' for NIR measurements and
4000~1000 cm ™' for MIR measurements. The sample
was 15 wt% solution of the resinate. Toluene was used
as a solvent in the MIR region and carbon tetrachloride
in the NIR region.

The solution viscosities of industrially processed
samples of fortified Ca/Mg-resinates (50 wt% in
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toluene) were measured at 20°C with a DIN 4 cup. It is
a conventional way of measuring viscosity during the
fusion resinate process.

3. Mathematical procedure
3.1. Pre-processing of MIR/NIR spectra

In MIR spectra (Fig. 2(a)) the specific absorption of
Ca-resinate at 1560 cm™' increases with increasing
reaction time and the absorption of dimeric forms of
rosin acid (at 1694 cm™") decreases. In NIR spectra
(Fig. 2(b)) the absorption over the whole spectrum
increases with time, because of darkening of the
samples as the reactions proceed.

The MIR/NIR spectra were pre-processed, if the
calibration was improved, with the following methods
to get the satisfying calibration. The spectra were used
as the descriptor variables X in the calibration.

Moving median filter (MF) used as a data pre-
processing technique was carried out to remove the
sharp interference peaks occurring only in one or a few
channels. An appropniate window for MF was
observed to be seven for the NIR measurements.
The first point in the filtered spectrum is the median
of seven first points in the original spectrum. The
second point is the median of the points from two to
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eight in the original spectrum, etc. In the MIR specti
(Fig. 2(a)) a strong interference peak is observed at
wavenumber about 1500 cm™'. This peak w:
removed by median filtration using window numbe
25.

As the optical properties of the reaction mixtur
change during the course of the reaction this affec
the calibration. Multiplicative scatter correctio
(MSC) [9] was used to increase the chemical inform:
tion in the spectrum. MSC improved the results i
almost all of the calibrations. In MSC, according t
Eq. (1), the original spectra, x;. ., are regressed on th
reference spectrum, x,..y, to get coefficients ¢; and {
and the residual term, ¢, . The average spectrum we
used as the reference spectrum.

Xikor = 0 + OiXeei g + €ikor- (!

The MSC corrected data, x;, can be calculated fror
Eq. (2):

- al’)/ﬁi- (:

The spectra in Fig. 2 are median filtered and MSt
corrected in Fig. 3.

Before PLS modelling the calibration set wa
centred. The test set was then centred with the mea
of the calibration set. The wavenumber region 9000
7000 ¢cm ™" in the NIR region was left out to improv
the calibration.
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Fig. 2. FTIR spectra at different reaction times in the Ca-resinate synthesis by the fusion method: (a) MIR region: (b) NIR region.
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Fig. 3. Median filtered and MSC corrected FTIR spectra at different reaction times in the Ca-resinate synthesis by the fusion method: (a) MIR

region; (b) NIR region.

3.2. Evaluation of the procedure

In the linear PLS method the number of latent
variables, /v, for the descriptor variables was found
by cross validation [9]. The procedure was performed
by repeating the calibration / times (/ is the number of
the parts the analytical set was divided into) each time
treating one /th part of the whole set as prediction
objects and the rest of the data as calibration objects.
In the end all the calibration objects had been treated
as prediction objects. The predicted residual sum of
squares, PRESS, was computed for the numbers of
latent variables /v [-6. The best estimates for /v values
were those for which PRESS obtained a minimum.

The algorithm for the non-linear PLS used in this
work can be found from Barry Wise's PLS toolbox in
MATLAB [10,11]. In this non-linear PLS the relation-
ship between the latent variables of the response and
the descriptor variables is a polynomial of the degree
n. One response variable y was used in the calibration
at a time. The following procedure applying the boot-
strap technique [12] was repeated 20 times to find the
typical number of latent variables, /v, for the descriptor
variables and the order n for the polynomial in the non-
linear PLS mode] for each calibration. For the visc-
osity calibration 2/3 of the samples were randomly
selected into the calibration set and 1/3 were left into
the independent test set. The response variable was

scaled and centred and the descriptor variables were
mean centred. The coefficients of determination for
the modelling set, R%, and for the test set, Q% were
calculated according to Eqgs. (3) and (4) for the num-
ber of latent variables /v 1-6 and the order n |-8:

RZ =] - Z’(y'c —15’/0)_/"c ‘ (3)
S i = 5) /(ne +ny)

- > va = 7. /n,
ST T

where y,. and y, are the predictions in the test set and
calibration set, and n. and n, are the number of
observations in the calibration and test set, respec-
tively. v, is the average of y;.

The best estimates for /v and n values were those for
which the coefficient of determination, Q°, obtained a
maximum. The final calibration model was calculated
by using the average of the best values of /v and n in
the bootstrapping.

After the best estimates for /v in the linear model
and /v and n in the non-linear mode!l were found, the
calibration was done by selecting some of the samples
for the calibration set while the rest were left into the
independent test set. The chemical analyses whose
absolute values of the prediction errors ([, — y;.| or
[¥a = ¥al) were larger than three times the standard
deviation of the prediction errors in the calibration or

4

QZ

I
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the test sets, were considered as y outliers and were
discarded.

The root mean square error of calibration (RMSEC)
and the root mean square error of validation (RMSEV)
between the measured and the predicted values were
determined according to Egs. (5) and (6):

RMSEC = Z()’rc _S’ic)z/ncy (5)

i

RMSEV =[5 ~(v = 3)/m. (©)

1

4. Results and discussion
4.1. Calibration in MIR region

Actd value: The acid value was calibrated with the
linear PLS model and the optimal number of latent
variables was found to be three. The model set was the
synthesis using 6.0 wt% Ca(OH), for 6 h reaction time
and in the test synthesis 6.3 wt% Ca(OH), was used
for 5 h. FTIR spectra were analysed in toluene. Fig. 4
shows the experimental and predicted acid values for
the calibration and test sets. The calibration succeeded
well, although slightly different amounts of Ca(OH)-
were used in the calibration and test syntheses,
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Fig. 4. Experimental and predicted acid values for the calibration
and test sets in the Ca-resinate synthesis. MIR region. MSC
corrected spectral data, linear calibration model (/1==3).

RMSEC for the calibration set and RMSEV for th
test set were 1.0 and 1.5 mg(KOH)/g, respectivels
The analytical error of the titration is considered to b
smaller than 0.5 mg(KOH)/g.

Viscosity: The solution viscosity of 50 wt% toluen
solution of the Ca/Mg-resinate was calibrated wit
non-linear PLS. The non-linear method was applie
because of the critical concentration phenomenon {1
observed in resinate solution viscosity. The critica
resinate concentration, in which the viscosity beha
viour of the resinate solution considerably change
due to the increased molecular interactions, depend
on resinate and rosin acid concentrations in the reac
tion mixture. In the calibration (Fig. 5), the number o
latent variables was one and the order of the poly
nomial was three. The samples were from differen
batches of industrial scale resinate process at differen
reaction times. Every third observation was randoml
included in the test set and the rest in the calibratios
set.

RMSEC for the calibration set was 2.0 s and for th
test set RMSEV was 6.3 s. The analytical error for th
viscosity measurement of 50 wt% toluene solution o
resinate with a DIN4 cup is considered to be 0.5 s i
low viscosity region (<25 s) and 1-3 s in high visc
osity region (25-60s) due to the high correlatiol
between the viscosity and resinate concentration i
the critical concentration region {1}. The strong devia
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Fig. 5. Experimental and predicted solution viscosities for the
calibration and test sets for the industrially processed Ca/Mg-
resinate samples at different reaction times. MIR region, MSC
corrected spectral data, non-linear calibration model (lv=1, n=3).
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tions in measured and predicted values of high visc-
osity resinates can be explained by the inaccuracy of
the analytical measurement, The number of observa-
tions was rather low for the calibration, but it was
concluded that it is possible to calibrate the solution
viscosities from the MIR data. The calibration model
is applicable for the monitoring of the resinate pro-
cess, because a viscosity range for the product is as
wide as 25-60 s. However, in process monitoring the
viscosity measurements should be carried out near the
highest and the lowest limit values to ensure that the
product is in the required viscosity range.

4.2. Calibration in NIR region

Acid value: The acid value was calibrated with
linear PLS and the number of the latent variables
was three. The effect of different grades of rosin acids
was studied: Rosin A with acid value 164 mg(KOH)/g
and Rosin B with acid value 175 mg(KOH)/g. Every
third observation was randomly selected in the test set
and the rest in the calibration set (Fig. 6).

In addition the calibration was done for the com-
bined set of Rosins A and B by randomly selecting
every third observation to the test set and the rest to the
calibration set (Fig. 7(a)). In Fig. 7(b) the calibration
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Table |

RMSEV and RMSEC between the meuasured and predicted acid
values. Rosin A and Rosin B were used in the different syntheses of
Ca-resinates

Model RMSEV RMSEC
mg(KOH)/g nig(KOHYyg

Rosin A 1.7 1.1

Rosin 8 2.6 21

Rosin A+Rosin B 6.7 (A) 23 (8)

Rosin AB (combined set) 25 25

was done from the synthesis using Rosin B, while the
test set was from the synthesis using Rosin A,

The calibration succeeded when combining the sets
of Rosins A and B for the total model (Fig. 7(a)). In
Fig. 7(b) using different rosin grades in model and test
sets, the calibration also succeeded in the model set
acid value range, but the extrapolation to the acid
values smaller than 35 mg(KOH)/g failed. RMSEC
and RMSEV values were calculated for the different
calibration and test sets (Table 1) using Rosins A and
B. It is concluded that the different grades of tall oil
rosin can be used when the calibration is made with the
same range of acid values as in the test synthesis.
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Fig. 6. Experimental and predicted acid values for the calibration and test sets in the Ca-resinate synthesis. NIR region, linear calibration

model (/r=3): (a) synthesis using Rosin A; (b) synthesis using Rosin B.
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Viscosity: The solution viscosity of the resinate
was calibrated with non-linear PLS (Fig. 8), where
the number of latent variables was three and the
order of the polynomial was two. The samples
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Fig. 8. Experimental and predicted solution viscosities for the
calibration and test sets for the industrially processed Ca/Mg-
resinate sumples at different reaction times. NIR region, MSC
corrected spectral data, non-linear calibration model (=3, n=4).

were taken at different reaction times from batche
of industrial scale resinate process. Every thir
observation was randomly included in the test se
and the rest in the calibration set. RMSEC for th
calibration set was 3.8 s and for the test set RMSE’
was 3.2's corresponding to the values of the cali
bration from the MIR spectra (Fig. 5) with fewe
observations.

5. Conclusions

It was demonstrated in this study that Ca- and C:
Mg-resinate syntheses can be monitored by IR spec
troscopy combined with multivariate calibratio
methods, However, the spectra require to be pre
processed with multiplicative scatter correction befor
the calibrations. The acid value calibration models fc
Ca-resinate syntheses are successfully obtained i
both the MIR and NIR regions with linear PL.
regression. When the non-linear PLS is applied t
calibrate the 50 wt% toluene solution viscosity of th
industrially processed Ca/Mg-resinate samples, satis
factory calibration models are also obtained for bot
the MIR and NIR regions. However, NIR techniqu
offers more options for process instrumentation due t
the easier application of fibre optic probes.
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Abstract

Fusion synthesis of Ca-resinates was studied in a laboratory reactor and in a thermobalance.
In the syntheses the resination reaction takes place at 235 °C and it is followed by the thermal
decarboxylation of rosin acids at 265 °C. The kinetics of the thermal decarboxylation was
modelled in the synthesis reactor using calcium contents corresponding to the theoretical
target acid values 50 - 90 mg(KOH)/g, and in the thermobalance using different reaction
temperatures (245 - 275 °C). The oxidative and thermal decarboxylation were separately
studied in the thermobalance in different atmospheres (air, N3, CO,) at 260 °C. The oxidative
decarboxylation was observed to be faster than the thermal decarboxylation during the first
two hours. After that, however, the oxidative decarboxylation was restricted by the apparent

reaction equilibrium.

Key words:  resinate, rosin acid, decarboxylation, thermobalance
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Introduction

The decarboxylation reaction of rosin acids is an essential reaction step in fusion syntheses of
Ca-resinates. Resinates are metal salts of rosin acids, and they are used as binders in
publication gravure inks. The physical properties of resinates, especially solution viscosity,
are important when the resinates are used for printing purposes. The decarboxylation reaction,
Equation (1), has been regarded as an undesired side reaction in the fusion synthesis (Oldring
and Hayward, 1987) because it lowers mass yield of the synthesis as decarboxylated rosin
(rosin oil) evaporates from the system. However, in our recent study (Sundqvist et al., 1999)
the importance of this reaction step in increasing resinate concentration of the reaction
mixture has been pointed out. Direct resination reaction of unmodified rosin does not aliow to
control the solution viscosity increase to the desired level for the resinate to be used as an ink

vehicle.

abietic acid rosin oil

The decarboxylation of rosin acids is either a thermal or an oxidative reaction. Rosin acid
decarboxylation has been studied at different temperatures (300 - 360 °C), by Wideman and
Kuczkowski (1985), and in different atmospheres, by Szogalski and Mitskevich (1983, 1987).
Szogalski and Mitskevich report greater amounts of decarboxylated acids in an air
atmosphere than in a nitrogen atmosphere. This is due to the oxidation of the rosin acids by
air. In an inert nitrogen atmosphere only thermal decarboxylation can occur and the rate of
decarboxylation depends on temperature. The oxidative and thermal decarboxylation
reactions are very important and need to be considered in the manufacturing and storing of

resinates.

In our previous study (Sundqvist et al, 1999) on fusion resinate synthesis in a nitrogen
atmosphere, two main reaction steps were observed. A fast irreversibie resination reaction
occurs at 235 °C, and in the next reaction stage (at 265 °C) a slow thermal decarboxylation of
rosin acids takes place. A semi-empirical kinetic model was first derived to facilitate the
control of the non-linear viscosity increase during the fusion resinate syntheses (Sundqvist ef
al., 1998). The viscosity model was then adjusted by studying the mechanism of the thermal
decarboxylation reaction of rosin acids. The mechanistic model was based on the observation



that resinate molecules are partly solvated by free rosin acids during the syntheses. Therefore,
different decarboxylation mechanisms were proposed for free and solvating rosin acids
(Sundgvist et al., 1999).

The previously derived kinetic model was limited to the calcium content of the product
corresponding to a theoretical target acid value 70 mg(KOH)/g. In this study, the syntheses
are carried out with different initial amounts of Ca(OH); to verify the previously derived
mechanistic model for rosin acid decarboxylation. The kinetics of rosin acid decarboxylation
at different reaction temperatures and in different atmospheres is investigated by
thermogravimetric (TG) measurements. TG is used in order to obtain independent
information and to avoid the difficult sampling and uncertainty in analysing the complex

reaction media in fusion resinate synthesis.

Experimental

SYNTHESIS PROCEDURE

The same experimental setup as in our previous study (Sundgvist ez al., 1999) was used for
the Ca-resinate syntheses. The syntheses were carried out in a 300 ml glass reactor and the
reaction mixture was stirred with a four blade impeller. The temperature was controlled with
an electrical muff. The system was purged with a constant nitrogen flow to apply an inert
atmosphere. The raw material in the resinate syntheses was rosin with an acid value of
163 mg(KOH)/g, and a softening point of 63 °C. The composition of the rosin was ca. 81%
rosin acids and 7% fatty acids. Calcium hydroxide (Riedel-deHaén, 95%) was used as a

reactive metal salt.

In the syntheses, rosin was melted in the reactor, and Ca(OH), was gradually added at 235 °C.
The amount of Ca(OH), added was equal to the amount required to obtain theoretical target
acid values 50, 70 and 90 mg(KOH)/g for the product. After the salt addition, the temperature
was increased to the decarboxylation reaction temperature (265 °C), and the reaction time

was five hours.

ANALYTICAL METHODS
The reaction steps in the syntheses, resination and decarboxylation were followed by acid

value titration and FTIR analyses.

Acid values of the resinates were determined by potentiometric titration with a Mettler
Toledo DL25 Titrator using a DG111-SC electrode. The resinate sample was dissolved into a
toluene—ethanol mixture and titrated with 0.2 M potassium hydroxide.



The resinate concentration increase and the concentration of the free rosin acids capable of
associating to dimers in toluene were studied with a Perkin Elmer 2000 Infrared-
Spectrophotometer. A CaFp-cuvette (0.05 mm) was used and the sample was 15 w-%
resinate-toluene solution. Calibration curves for the FTIR measurement of the complex

resinate reaction media have been introduced in our previous study (Sundgvist ef al., 1999).

THERMOGRAVIMETRY

The decarboxylation reaction of rosin acids during the resinate syntheses was also followed in
a thermobalance. In resinate syntheses the mass loss is due to the evaporation of neutral rosin
oil and carbon dioxide, which are formed during the decarboxylation reaction, Equation (1).
Therefore, the decarboxylation can be studied by measuring the mass loss by
thermogravimetric (TG) analyses. TG studies were used to demonstrate the effect of

temperature and different atmospheres on the decarboxylation reaction.

The measurements were carried out in a Netzsch STA 409 thermal analysis apparatus in
nitrogen atmosphere at different temperatures (245 - 275 °C) for six hours. In addition, the
effects of air atmosphere and carbon dioxide atmosphere on decarboxylation were studied at
260 °C. The resinate samples for TG measurements of decarboxylation reaction were taken
from the syntheses after the resination reaction was complete and the temperature had been
raised to 265 °C, at the decarboxylation reaction time ¢ = 0. In TG measurements, because of
the initial heating of the sample to reach the constant temperature, the first 20 - 35 minutes
(depending on the final temperature) were not included in the kinetic study.

Kinetic model for decarboxylation

MECHANISTIC MODEL

The deduced mechanism for the rosin acid decarboxylation in the reaction mixture is based
on the different reaction steps of solvating and free rosin acids analysed by FTIR. The
mechanism is described in more detail in our previous study (Sundqvist ef al., 1999).

The protolysis equilibrium of the ion pair formation is considered for the free rosin acids. By
applying the quasi-equilibrium approximation for the ion pair formation and assuming that
the solvating rosin acids decarboxylate according to first order kinetics, with respect to the

rosin acids, the total decarboxy!lation rate of rosin acids becomes:

2
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where k; and k; denote the decarboxylation rate constants for the solvating forms of rosin
acids, RCOOH(s), and for the free acids, RCOOH(f), respectively. Ky is the equilibrium
constant of the ion pair association.

The reaction rate parameters are estimated separately based on the partial reaction rate
equations (3) for the solvating and the free rosin acids (i = RCOOH(s), RCOOH(f)). The
overall rate equation (4) for decarboxylation is presented by means of partial reaction kinetics

of the parallel reactions.

1 dn,
rom———= X 3
P m df i~i ( )
Tor = Trcoons t Mrcoomm 4)

If rrcoomes) and rreoon are considered as being equal, the total reaction order for rosin acids
becomes ¢, = 1.5. The kinetic parameters were estimated from the differential equations (3)
and (4) using the Simflex algorithm (Spendley er al, 1962). The differential equations were
solved by means of linear multistep methods implemented in ODESSA, which is based on
LSODE software (Hindsmarsh, 1983). The methods are available in the MODEST software
(Haario, 1994).

MASS BALANCE CALCULATIONS

In fusion synthesis, the decarboxylation reaction of rosin acids takes place after the resination
reaction is complete at 235 °C and the temperature is increased to the final reaction
temperature (265 °C). Due to the vaporisation of the neutral rosin oil from the reaction
system, the resinate concentration increases. In the experimental setup the rosin oil could not
be collected and weighed quantitatively because it either solidified and blocked the
distillation column or escaped through it.

The loss of mass during the decarboxylation reaction for six hours was measured as about
30 w-%. The mass balance of the syntheses is calculated by regarding the resinate amount as
remaining constant (Sundqvist er al., 1999). The increase in the resinate concentration
indicates the relative mass loss of the system, and the loss can be calculated according to

Equation (5) derived from the mass balance equation:

Amm=l"m'z/m|=l"cl/cz 5



where ¢; and c; denote the resinate concentrations in mol/kg, and m; and m; denote the

masses of the reaction mixture at the reaction times ¢; and f,, respectively.

Results and discussion

DECARBOXYLATION IN A SYNTHESIS REACTOR

The syntheses were carried out with three different target acid values (50, 70 and
90 mg(KOH)/g) in order to extend the previously derived kinetic model for rosin acid
decarboxylation to a wider resinate concentration region. The kinetic model has been derived
using a theoretical target acid value 70 mg(KOH)/g (Sundgvist ef al., 1999) in a nitrogen

atmosphere.

The reaction mixture compositions and mole amounts of the reactants are shown in Figure 1.
The kinetic model, Equations (2)-(4), using parameter values o = 2.0 for the free acids,

o = 1.0 for the solvating acids and & = 1.5 for the total acids, is well fitted to the syntheses.

The resuits of the syntheses (Table 1) show that the best conversion of Ca(OH), to resinate is
obtained with the lowest metal amount (using target acid value 90 mg(KOH)/g)). Also, the
rate constant and the degree of decarboxylation are higher when the metal amounts are
smaller in the syntheses. This is due to the higher number of free acid groups in the reaction
mixture. The reaction rate constant of the reference synthesis (target acid value
70 mg(KOH)/g) is comparable to the value 4.56 103 (mol/kg)'o's min” reported in our
previous study (Sundqvist ef al., 1999).

TABLE |
Effect of the amount of Ca(OH), addition on the kinetic data of the syntheses.

Theoretical target Conversion of Degree of Rate constant of
acid value Ca(OH); to resinate decarboxylation decarboxylation
mg(KOH)/g mol-% mol-% (mol/kg)™®* min™'
50 89.3 303 333107
70 91.5 37.7 479 10°

90 94.0 50.1 5.40 107
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DECARBOXYLATION IN A THERMOBALANCE

In TG measurements, the rosin oil and carbon dioxide evaporate from the system during the
decarboxylation reaction, Equation (1), and thus the amount of rosin acid in the sample can be
calculated according to Equation (6):

mqy —mr)

n ()=n -
RCOOH 0,RCOOH Mc01 +M

(6)

rosin oif

where nogrcoon 18 the total amount of acid in the synthesis at the decarboxylation reaction time
t=0.

A comparison between the titrated acid content during the resinate syntheses and the amount
of acid decrease measured by TG was done in order to apply the TG measurement to the
kinetic study of the decarboxylation reaction. The rosin acid contents were calculated as mole
amounts to demonstrate the decarboxylation reaction because the acid concentration change is
greatly affected by the mass loss of the sample.

The acid value titration data from the synthesis for six hours reaction time was corrected with
a mass balance calculation, and the rosin acid amounts of the TG sample were calculated
relative to the initial mass of the synthesis. The synthesis results and the TG data are
compared in Figure 2. Note, that the difference in the initial acid amounts (f = 0 h) is due to
the heating of the TG sample to 265 °C. The figure demonstrates that TG measurements can
be used as an efficient tool in the study of decarboxylation of resinate syntheses.
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Figure 2 — Thermogravimetric data compared with the synthesis data in the
decarboxylation studies of Ca-resinates.



Effect of atmosphere

TG measurements were carried out in nitrogen and air atmospheres in order to compare the
thermal and oxidative decarboxylation reaction rates at 260 °C. The measurements were also
carried out in a carbon dioxide atmosphere to study a possible equilibrium of the
decarboxylation reaction, Equation (1). The samples were the rosin used as a raw material in
the syntheses and the resinate from the reference synthesis (target acid value 70 mg(KOH)/g)
at the decarboxylation reaction time ¢ = 0.

It was observed that in the air atmosphere at 260 °C the decarboxylation of rosin (Figure 3) is
in the beginning more rapid than thermal decarboxylation, but after five hours the oxidative
reaction has reached the equilibrium state, while thermal decarboxylation still continues.
Szogalski and Mitskevich (1987) have reported that the decarboxylated amount of rosin acids
was about four times greater in an air atmosphere than in a nitrogen atmosphere at 240 °C due
to the oxidative decarboxylation reaction. In their study, however, the equilibrium was not

observed because of the short reaction time (60 min).

In Figure 3 it is also observed that no equilibrium is reached in a carbon dioxide atmosphere,
and the decarboxylation follows the thermal decarboxylation curve of the reaction in a

nitrogen atmosphere.
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Figure 3 — Decarboxylation reaction of rosin in the thermobalance at 260 °C in
different atmospheres. The rosin is used as a raw material in the fusion Ca-
resinate syntheses.



In Figure 4a the rosin acids in the resinate reaction mixture reached the same equilibrium
concentration of oxidative decarboxylation as pure rosin (Figure 4b) more rapidly. The
equilibrium amount of rosin acids was 0.62 mmol, corresponding to the equilibrium
concentration 0.81 mmol/g. It is anticipated that the apparent oxidative decarboxylation
reaction equilibrium in the TG sample is affected by the mass transfer obstacle caused by the
oxidative reaction products.
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Figure 4 — Decarboxylation reaction in the thermobalance in an air atmosphere.
a) Resinate reaction mixture. b) Rosin used as a raw material in the fusion Ca-
resinate syntheses.

Effect of temperature

The kinetic study of the thermal decarboxylation reaction was carried out in a thermobalance
in a nitrogen atmosphere at different temperatures between 245 - 275 °C. The results of the
syntheses (Figure 5) with different target acid values, i. e. different amounts of Ca(OH),,
followed well the change in total acid amount estimated by the kinetic model, Equation (4),

with the parameter value oq = 1.5.
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Figure 5 — Effect of reaction temperature on the decarboxylation reaction studied
by TG in the fusion synthesis of Ca-resinates using different theoretical target
acid values a) 50, b) 70 and c) 90 mg(KOH)/g. The continuous lines are for the
kinetic model.

The distillation rate of rosin oil from the resinate in a thermobalance at 235 °C is shown in
Figure 6. The rate is proportional to the added rosin oil, and with 0% addition only the neutral
components of the raw material (rosin) evaporate. Because the kinetic model fits well to the
data at different reaction temperatures (Figure 5) it is concluded that the distillation rate is
proportional to the decarboxylation reaction rate depending on the reaction temperature. Thus
the distillation rate is considered as being lumped into the kinetic model of decarboxylation.
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Figure 6 — Distillation of rosin oil in the thermobalance at 235 °C.

The activation energy of thermal decarboxylation of rosin acids was calculated according to
the Arrhenius equation (7).

K(T) = A-expl- E/(RT)] )
The relationships between the rate constants and the temperatures are shown in Figure 7 for

the syntheses using different theoretical acid values. The estimated reaction rate constants for
the syntheses and the calculated activation energies are shown in Table 2.
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TABLE 2
Thermal decarboxylation rate constants estimated by the kinetic model, Eq. (4), in fusion
resinate syntheses at different reaction temperatures in a nitrogen atmosphere. Activation
energies are calculated according to the Arrhenius equation, Eq. (7).

Theoretical target Temperature Rate constant Activation energy
acid value
mg(KOH)/g °oC (mol/kg) **min! kJ/mol
245 1.59 107
255 2.19 107
50 265 3.83 107 137.6
275 9.29 107
245 1.61 107
255 3.06 107
70 4 128.5
265 4.32 10
275 8.82 107
245 1.63 107
255 2.19 107
90 265 441107 142.0
275 8.33 107

The results (Table 2) show that the activation energy for the thermal decarboxylation reaction
is almost constant for the syntheses using different target acid values 50 - 90 mg(KOH)/g. In
our previous study (Sundqvist er al., 1999) we determined the activation energy 27 kJ/mol for
the rosin acid decarboxylation in resinate syntheses at the temperature range 265 - 285 °C.
The distillation rate of the rosin oil in the syntheses and in a thermobalance is proportional to
the decarboxylation reaction rate and thus greatly affected by the temperature. The sensitivity
of the determination of the activation energy explains the differences in the apparent

activation energies at different temperature ranges.
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Conclusions

The fusion Ca-resinate syntheses in this study verified that the previously derived mechanistic
model for rosin acid decarboxylation is also valid when different metal amounts are used in
the syntheses. The kinetic model was extended to a wider resinate concentration and thus to a
wider viscosity region of the product than in the reference synthesis in which a theoretical
target acid value 70 mg(KOH)/g was used.

The study also showed that the results of the decarboxylation kinetics obtained in the
synthesis compare favourably with the thermogravimetric measurements. Therefore, TG was
used to avoid difficulties in sampling and the analytical treatment of the complex reaction
media. Based on the TG results, in the beginning of the reaction the thermal decarboxylation
in the No- and CO;-atmospheres is slower than the oxidative decarboxylation in the air
atmosphere. However, the thermal decarboxylation still continues after the oxidative

decarboxylation is restricted by the equilibrium state of the reaction.

The kinetic model of the decarboxylation applied to the TG studies at different reaction
temperatures results in an almost constant value of the apparent activation energy in all the
syntheses with different target acid values. The distillation rate of the rosin oil was observed
to be proportional to the decarboxylation reaction rate and therefore considered as being
lumped into the kinetic model. So, the value of the apparent activation energy includes the
distillation rate of the rosin oil.
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Nomenclature

A = frequency factor in Eq. (7), (mol/kg)""* min"'

c| = resinate concentration at time ¢, mol/kg

¢ = resinate concentration at time #;, mol/kg

CRCOOH(s) = concentration of solvating rosin acids, mol/kg

CreooH(n = concentration of free rosin acids, mol/kg

E = activation energy in Eq. (7), J/mol

k, = rate constant for the decarboxylation of solvating rosin acids, (mol/kg) min’'
k, = rate constant for the decarboxylation of free rosin acids, (mol/kg)" min™
k = rate constant for the decarboxylation of total acids, (mol/kg)'o’5 min”'

Kuss = equilibrium constant for the protolysis of free rosin acids, -

mg = mass of the reaction mixture at time t = 0, kg

m(t) = mass of the reaction mixture at time ¢, kg

m, = mass of the reaction mixture at time ¢, kg

m; = mass of the reaction mixture at time £, kg

M; = molar mass of compound i, mol/kg

nrcoon = amount of rosin acids, mol

r; = generation rate of compound i, (mol/kg)""® min"

R = gas constant, = 8.314 J mol"' K!

T = temperature, K

Greek Symbols:
& = reaction order, -

Amg, = relative mass loss, -
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Abstract — Tall oil rosin was modified with fumaric acid or maleic acid anhydride to get
fortified rosin, which was used as a raw material in fusion Ca-resinate syntheses. Two
reaction steps were observed in the syntheses. A fast resination reaction takes place at 235 °C
and a slow decarboxylation of rosin acids forming neutral rosin oil at 265 °C. A mechanistic
model for the decarboxylation reaction step was derived to explain the effect of fortifying
substances on the reaction kinetics. A multivariate calibration method using partial least
square regression (PLS) was applied in order to monitor the acid concentration decrease on
the basis of infra-red spectroscopic data during the fortified syntheses.

A mixture of unmodified rosin and rosin oil (i. e. decarboxylated rosin) was used as a raw
material in a novel modification of fusion syntheses to increase the mass yield of the resinate.
In the rosin oil modified syntheses, decarboxylation of rosin acids is avoided and recycling
the added rosin oil considerably improves the mass yield of the resinate syntheses.
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Introduction

Resinates are polyvalent metal salts of rosin acids. Ca- and Ca/Mg-resinates are used as
binders in publication gravure inks and solution viscosity is an important quality specification
of resinates to be used as an ink vehicle. In modified resinate syntheses, rosin is generally
fortified by reacting it with a dienophile, such as maleic acid or maleic acid anhydride or
fumaric acid. The reaction products are tricarboxylic acids which are referred to as
maleopimaric or fumaropimaric acids. The rosin adducts have high melting points, and the
acidity makes them reactive with metal hydroxides to form resinates with improved printing

qualities,

In fusion resinate syntheses, a non-linear solution viscosity increase causes problems in
monitoring and controlling of the resinate process. Direct resination reaction (Figure 1) is
complete at 235 °C in a few minutes (Sundqvist ef al., 1999"), but the reaction cannot be
carried out to the desired viscosity level due to the blocking of the unreacted Ca(OH); as
described by different authors (Petrone, 1971; Jilek, 1976: Oldring, 1987).

o o o
OH oo

2 +Ca(OH), — Ca +2H0

Figure 1. Resination reaction.

For this reason the viscosity is often raised to the required level at an increased reaction
temperature (265 °C) to enable the thermal decarboxylation of rosin acids to take place. In the
decarboxylation reaction step, volatile neutral rosin oil is formed (Figure 2). The rosin oil
evaporates from the synthesis causing about 30% mass loss from the system. So, the resinate
concentration in the reactor increases during the decarboxylation reaction step, and the target
viscosity of the product can be obtained. However, such a loss of raw material (rosin) is

undesirable for economic reasons.

OH

—_— T + Cco,t

abietic acid rosin oil

Figure 2, Decarboxylation reaction.



It is not easy to keep the non-linear viscosity increase under control without knowing the
kinetics of the decarboxylation reaction. In our previous study (Sundqvist et al., 1998) a semi-
empirical viscosity model was derived to monitor and predict the solution viscosity increase
during the fusion resinate process. The simplified kinetic model for the synthesis was
deduced based on acid value measurements. Later (Sundqvist et al., 1999°) the kinetic model
was verified by taking into account the mechanism of the thermal decarboxylation reaction.
The reaction mechanistic studies were based on FTIR spectroscopic data analyses after
having solved calibration problems of the complex reaction system. The mechanistic model
was derived for the Ca-resinate synthesis using unmodified rosin as the raw material.

In fusion resinate synthesis, rosin modification is often done by using fumaric acid (FA) or
maleic acid anhydride (MAA) as fortifying substances. The use of FA or MAA increases the
rosin acid functionality (Figure 3) and therefore affects the mechanism of the resination
reaction and the decarboxylation reaction. In the present study, the effect of rosin acid
modifications on reaction kinetics is studied and a kinetic model for the decarboxylation in
fortified syntheses is derived. FTIR analyses are carried out to measure the resinate
concentration, free rosin acid concentration and the anhydride concentration of the complex
reaction mixture. The total acid content is determined based on acid value titration, and thus
the amount of rosin acids solvating the resinate molecules is calculated. The solvation
phenomenon during resinate syntheses was observed in our previous study (Sundqvist er al.,
1999%).

The multivariate calibration methods combined with IR analyses was previously applied
(Sundqvist er al., 1999°%) for the viscosity monitoring of the modified syntheses (industrial
Ca/Mg-resinate samples). In this paper PLS calibration models are derived for the modified
Ca-resinate syntheses using different amounts of FA and MAA in order to monitor the acid

value during the syntheses:
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Figure 3. Fortification reactions of rosin acids.

In traditional fusion resinate syntheses at 265 °C, the target viscosity for the product is
obtained during the decarboxylation reaction step. When decarboxylated rosin (i.e. rosin oil)
evaporates from the system, the resinate concentration increases. Consequently, the mass
yield of the synthesis decreases. In this study, however, in order to get improved mass yield,
the resinate syntheses are carried out with rosin oil additions at 235 °C. The thermal
decarboxylation is avoided by the lower reaction temperature. The addition of rosin oil to the
reaction mixture enables further resination reaction with a higher degree of neutralisation of
rosin acids than in traditional syntheses. Due to the higher resinate concentration in the
reaction mixture, the solution viscosity of the resinates will increase to the desired level when
the added rosin oil is evaporated. The mass yield of the rosin oil modified syntheses can be as
high as 100% because of the possibility of recycling the added rosin oil in the reaction

mixture.



Experimental

Fortifled syntheses

The same experimental setup as in our previous study (Sundqyvist ez al., 1999°) was used for
the Ca-resinate syntheses. The syntheses were carried out in a 300 ml glass reactor and the
reaction mixture was stirred with a four blade impeller. The temperature was controlled with
an electrical muff. The system was purged with a constant nitrogen flow to apply an inert
atmosphere. The rosin (acid value = 163 mg(KOH)/g) used as a raw material in Ca-resinate
synthesis was fortified by adding fumaric acid (FA) or maleic acid anhydride (MAA) into the
rosin melt at 195 °C. The aliquots of the fortification substances were 2, 4 and 6 w-% of the

rosin amount. The reaction time in fortifying the rosin was two hours.

After the fortification reaction the temperature was raised to 235 °C and Ca(OH), was added
into the reaction mixture. The Ca(OH), addition was equal to the amount required to obtain
the theoretical target acid value 70 mg(KOH)/g calculated for the resinate without
fortification. After the resination reaction was complete (in about 15 minutes) the temperature

was raised to the final reaction temperature (265 °C), and the reaction time was five hours.

Syntheses with rosin oil additions

In the syntheses with rosin oil additions, the mixture of rosin oil (acid value =
25 mg(KOH)/g) and rosin was heated to 235 °C. The rosin oil additions were 0, 20, 30 and 40
w-% of the rosin amount. The reaction time after Ca(OH), addition was 30 minutes. The
amount of salt addition was equal to the amount required to obtain the theoretical target acid
values 0, 25, 50, 70 and 90 mg(KOH)/g calculated for the product.

Analyses
The complex reaction mixture was analysed by acid value titration and FTIR measurements.

The potentiometric acid value titration was carried out with a Mettler Toledo DL25 Titrator
using a DG111-SC electrode. The sample was diluted in toluene and an equal volume of
technical alcohol was added into the solution. The titration was done using 0.2 M potassium
hydroxide. In the potentiometric titration of fortified rosin and resinate, two equivalent points
were recorded. In the first equivalent point, half of the anhydride is considered to be esterified
by ethanol and the other half reacts with KOH (Zinkel er al., 1989). Therefore, the acid
concentration of fortified resinates was calculated based on the total consumption of the titer
corrected by the titrated anhydride amount.

A Perkin Elmer 2000 Infra-Red-Spectrophotometer equipped with a CaF; transmission
cuvette (0.05 mm) was used to measure the resinate concentration and the concentration of
the free rosin acids capable of associating to dimers in toluene. The sample was 15 w-%



toluene solution of the resinate. The calibration for the FTIR analyses has been carried out in
our previous study using abietic acid and Ca-abietate as standards (Sundqvist er al., 1999°). In
addition, a new calibration was made using MAA fortified rosin as a standard for the
anhydride concentration in the resinate reaction mixture.

Results and discussion

Fortified syntheses

Mass balance calculations

The effect of the fortifying substances on the composition of the resinate reaction mixture
was studied. The mass balance of the fortified syntheses was calculated by regarding the
Tesinate amount as constant after the resination reaction has been complete and the
temperature raised to 265 °C. Thus, the increase in the resinate concentration during
decarboxylation indicates the relative mass loss of the system, and the loss can be calculated
according to Eq. (1) derived from the mass balance equation:

A’"rd:l“m?/’"l:l"cl/cz (D

where ¢, and ¢, denote the resinate concentrations in mol/kg, and m; and m; denote the
masses of the reaction mixture at the reaction times 7, and 1,, respectively. Based on mass
balance calculations, which are discussed in more detail in our previous study (Sundqvist er
al., 1999"), a decarboxylated amount of fortified rosin was calculated during the syntheses.

General progress of the syntheses

In the fortified resinate syntheses, it was observed that the amount of decarboxylated rosin
acid is greater in fumaric acid modified resinate syntheses than in maleic acid anhydride
modifications (Figure 4). This is partly explained by the greater amounts of acid groups in
fumaric acid modifications. The average decarboxylation degree of rosin acids during the five
hours’ reaction time was 87% for FA modified syntheses and 78% for MAA modified
syntheses. The value was 81% for the reference synthesis without fortification.
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Figure 4. Mass corrected amount of substances in resinate syntheses modified
with furnaric acid (FA) and maleic acid anhydride (MAA).
® Total acids, O resinate, & anhydride, B decarboxylated rosin.



Kinetic modelling of the decarboxylation

The previously published mechanism for the rosin acid decarboxylation in the reaction
mixture is based on the different reaction steps of solvating and free rosin acids analysed by
FTIR (Sundqvist et al., 1999°).

In the fortified resinate syntheses, the ratio between the free rosin acid concentration and the
resinate concentration was compared to the same concentration ratio during unfortified
reference synthesis. Figure 5 shows that the fortified rosin acids groups are free to associate to
dimers in toluene solution analysed by FTIR.
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Figare 5. Ratio of free rosin acid concentration to resinate concentration in
fortified resinate syntheses. The reference synthesis was carried out without
fortification.

For the free rosin acids, RCOOH, the following protolysis equilibrium of the ion pair

formation is considered:
Kyss

RCOOH + RCOOH ==  RC(OH); RCOO’ @)



In the case of fortified rosin acids, the number of acid groups is three (Figure 3). Therefore,
the assumed equilibrium for the free acids becomes:

R'COOH Kl R'COO™
RCOOH + RCOOH < — " RcOOROH) T
R"COOH \ R"C(OH);
rosin fortified rosin X
(3)

The quasi-equilibrium approximation is applied to this rapid step (3) to express the

concentration of the ion pairs X:
4
cx =K'y Creoon “4)

The decarboxylation of a carboxylate ion, RCOO", is generally believed to involve a
carbanion intermediate (R’) that subsequently acquires a proton from the solvent, or from

another source (Sykes, 1986):

DN R He
01CiR—sCO, +R" — ,R-H )

o

In the case of free rosin acid decarboxylation, the proton is available in ion pairs, and the
delocalised structure of the solvating rosin acids is the proton source in the decarboxylation of

solvating acids.

Loss of carbon dioxide is normally the rate limiting step and the subsequent proton
abstraction is rapid (Sykes, 1986). So the rate law for decarboxylation becomes:

Taees = K" Chro0r (6)

By taking into account Eq. (4) and assuming that the solvating rosin acids decarboxylate
according to first order kinetics, with respect to the rosin acid, the total decarboxylation rate

of fortified rosin acids becomes:

- 13 4
Tieen = K\Creoon + %2 K ues Creoonm @)



where k; and k; denote the decarboxylation rate constants for the solvating forms of the rosin
acids, RCOOH(s), and for the free acids, RCOOH(f), respectively. K’y is the equilibrium
constant of the ion pair association of fortified rosin.

The reaction rate parameters are estimated separately according to the partial reaction rate
equations (8) for the solvating and the free rosin acids (i = RCOOH(s), RCOOH(f)). The
overall rate equation (9) for decarboxylation is presented by means of partial reaction

kinetics.
1 dn,
r = —— L = k C.a' 8
! m dt o ®)
Taeca = Trcooum + Mrcoonmn %

The kinetic parameters were estimated from the differential equation (8) using the Simflex
algorithm, which is based on the simplex method introduced by Spendley et al., 1962. The
differential equations were solved by means of linear multistep methods implemented in
ODESSA, which is based on the LSODE software (Hindsmarsh, 1983). The methods are
available in the MODEST software (Haario, 1994).

The best kinetic models are obtained, with the parameter values & and &, as shown in Table 1
and Table 2. The apparent reaction orders for total rosin acid decarboxylation depend on the
amount of the fortifying substance used. Figure 6 shows that the kinetic model with the
deduced reaction mechanism is well fitted to the analytical data.
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Table 1. Reaction orders of the kinetic model, Eq. (8), in the fortified resinate
syntheses.
Amount of Apparent reaction order, o
FA/MAA
w-% Total acids Free acids Solvating acids
2.0 1.5 4.0 1.0
4.0 2.0 4.0 1.0
6.0 2.5 4.0 1.0
Table 2. Reaction rate parameters for the total decarboxylation reaction and partial

reactions for free acids and solvating acids in the fortified resinate syntheses.

Amount of Reaction rate parameter
FA/MAA (mol/kg)' *min”’

w-% Total acids Free acids Solvating acids
FA 2.0 5.28 107 1.78 10 5.96 107
FA 4.0 6.48 1072 1.82 102 7.98 107
FA 6.0 4.66 107 3.48 10° 8.73 107

MAA 2.0 483107 1.45 10 6.52 107
MAA 4.0 6.54 107 2.09 1072 7.45 107
MAA 5.0 5.71 107 1.59 102 6.01 107
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PLS calibration models for acid concentration

Predictive calibration models based on partial least square regression (PLS) were developed
to describe the relationship between the FTIR spectra and the acid concentration of FA and
MAA fortified Ca-resinates. The spectra were used as the descriptor variables X in the
calibration. Before PLS modelling, the calibration set was centred. The test set was then
centred with the mean of the calibration set. The application of the PLS method has been
discussed more in detail in the previous study in which the method was applied to unmodified
resinate syntheses and to viscosity calibration of industrial fortified samples (Sundqvist ef al.,
1999%).

The acid concentration was calibrated with the linear PLS model. The optimal numbers of
latent variables for different calibrations (Table 3) were found by cross validation (Martens
and Nas, 1993).

Table 3. Optimal number of latent variables in the different calibrations of acid
concentration in fortified Ca-resinate syntheses by the fusion method. The
calibration is based on FTIR spectroscopic data.

Calibration set Test set Number of latent
variables
4.0 w-% FA I) 20w-% FA 3
o) 6.0 w-% FA
4.0w-% MAA 1) 2.0 w-% MAA 2
II) 6.0 w-% MAA
2/3 of FA data (randomised) 1/3 of FA data 4
2/3 of MAA data (randomised) 173 of MAA data 5

Figures 7 and 8 show the experimental and predicted acid values for the calibration and test
sets. In Figure 7 the model set was the synthesis using 4.0 w-% fortifying substance and in the
test sets the syntheses were with 2.0 w-% and 6.0 w-% additions. The calibration succeeded
well in the 2.0 w-% FA modification and in MAA modifications.



13

a)
g’ T T T — T

2 ®  Model, 4% FA, R = 99.0%

E 1.6 L O Test(l), 2% FA, Q° = 57.3% .
- 4 Test(ll), 6% FA, & = B9.8%

s
=

g

g 1.2 F 7 E
& Cd
8 @

h)
<08} s ]
a
2 Ca
a

3 .

o

o 0.4 i A ) 4 1 L

04 06 08 10 12 14 16

1.8

b)
916 y T T r r
g ®  Model, 4% MAA, R? = 98.3%
O Test(l), 2% MAA, Q° = 96.1%

E 1.4 Fa  Test(ll), 6% MAA, Q° = 94.4% :
< o
2
® 1.2} . E
e ©
]
§ 10} -
E %

0.8} :
< R
3 o g%®
g 06F e 1
& .
2
D_ 0‘4 i 1. 1 L 1

04 06 08 10 12 1.4

1.6

Measured Acld Concentration, mmol/g Measured Acld Concentration, mmol/g

Figure 7. Measured and predicted acid concentrations in fortified Ca-resinate
syntheses. Linear PLS calibration is based on FTIR spectroscopic data.
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a) b)
D18 T T T T T v D16 : T T T .
g ® calbration set, R? = 99.0% g ®  cafibration set, R® = 97.9%
E 1.6} O testset Q7=985% - € 1.4 C testset Q'x958% i
5 s
S 14t : 2
g 512} ]
5 1.2 ¢ E S [}
g 1.0 o .
g g .
O 10F . h O °
3 S 3 08} o .
< 08| 1 < .
° =]
g 0.6 | 1 gosr ]
S 3
e o
o 04 L i n s ) 1 o 0.4 n L i \ L
04 06 08 10 12 14 16 1.8 04 06 08 10 12 14 16

Measured Acld Concentration, mmol/g Measured Acld Concentration, mmol/g

Figure 8. Measured and predicted acid concentrations in fortified Ca-resinate
syntheses. Linear PLS calibration is based on FTIR spectroscopic data. The
calibration and test sets are randomly selected from the data set. Fortification with
2,4 and 6 w-% of a) fumaric acid and b) maleic acid anhydride.

In the calibration with randomised models (Figure 8), the calibrations were made for the FA
and MAA fortified syntheses separately. Every third observation was randomly included in
the test set and the other observations in the calibration set, The randomised calibration
models were found to be better than using only one of the syntheses for calibration.
Furthermore, the randomised models are applicable for monitoring of the resinate syntheses

with different fortification degrees.
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Syntheses with rosin oil addition

In traditional fusion syntheses of Ca-resinates it is difficult to control the solution viscosity
increase and to obtain a product in the target viscosity region because of the non-linear
solution viscosity increase during the decarboxylation reaction (Sundqvist, et al., 1998). In
the present study, rosin oil is added in order to obtain increased conversion of Ca(OH); to
resinate at 235 °C and an increased degree of neutralisation of rosin acids. In this way the
target viscosity level (> 50 mPa s) for the resinate can be obtained without the
decarboxylation reaction. Because rosin oil formation is avoided, the mass yield of the
syntheses can be increased to a higher level (almost to 100%) than in traditional fusion
synthesis (about 70 %), by evaporating and recycling the added rosin oil.

A derivation of an empirical correlation between the reaction mixture composition and
solution viscosity is done in order to calculate the theoretical viscosity values for the resinate
synthesised with rosin oil addition. The evaporation of rosin oil was studied in a
thermobalance (Sundqvist et al., submitted), and therefore the viscosity of the resinate sample
after evaporation was not measured in the present study. The viscosity was calculated based
on an empirical correlation between solution viscosity and the reaction mixture composition.
The ratio of resinate concentration to the acid concentration was used to describe the

composition of the relatively complex reaction mixture.

Effect of rosin oil addition/evaporation on resinate viscosity

The solution viscosity of resinates has been observed to be highly dependent on the mass
concentration of the resinate in toluene (Sundqvist et al., 1998). A similar effect is observed
when rosin oil is used as a solvent for the resinate (Figure 9). Therefore, it is necessary to
evaporate all the added rosin oil from the reaction mixture, in order to obtain the target

viscosity for the product.
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Figure 9. Effect of rosin oil addition on solution viscosity.

Effect of rosin oil addition on solvation

Rosin oil was used as a solvent for resinate in the syntheses. Thus the effect of the added
rosin oil on the solvation of resinate molecules was studied with different amounts of rosin oil
added in the syntheses (Figure 10). At low degrees of neutralisation (target acid values 70 and
90 mg(KOH)/g), the concentration ratio of free rosin acids to resinate increases with the
increased rosin oil additions. This dilution effect is not so evident with the target acid values
0, 25 and 50 mg(KOH)/g, where the degree of neutralisation is high.
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Effect of rosin oil addition on conversion

The high degree of neutralisation of rosin acids is required in order to obtain the target
viscosity for the resinate. In traditional fusion syntheses, the decarboxylation of rosin acids
forming neutral rosin oil results in a high degree of neutralisation. In the modified syntheses
with rosin oil additions, the rosin acids can be highly neutralised through the increased
conversion of Ca(OH); to resinate. Figure 11 indicates that the conversion of Ca(OH), to
resinate depends on the theoretical target acid value (degree of neutralisation). Using target
acid values O and 25 mg(KOH)/g, the conversion is significantly increased with rosin oil
additions. When the degree of neutralisation is smaller (with target acid values 50, 70 and 90
mg(KOH)/g) the conversion is about 90% without rosin oil addition, and the effect of rosin
oil on the conversion is not so clear.
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Figure 11. Effect of rosin oil addition on the conversions of Ca(OH), to resinate
in the fusion syntheses with different theoretical target acid values (AV).
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Calculation of theoretical viscosity values for the product

Solution viscosity of 50 w-% resinate-toluene solution is an important quality factor for
resinates to be used as an ink vehicle. An empirical correlation between the viscosity and acid
concentration has previously been introduced in our study (Sundqvist ef al., 1998). However,
in order to specify the empirical correlation between the viscosity and the chemical
composition of the reaction mixture, the composition is described with the ratio of resinate
concentration to the acid concentration (Figure 12} and the empirical correlation, Eq. (10), is
thus obtained.
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Figure 12. Empirical correlation between the viscosity of 50 w-% resinate-
toluene solution and the composition of the reaction mixture described as the
concentration ratio of resinate to rosin acids. The curve is calculated according to
Eq. (10).

The theoretical viscosity values (Table 4) were calculated for the 50 w-% resinate-toluene
solution according to Eq. (10). In the calculations, it was assumed that all the added rosin oil

had been evaporated from the reaction mixture.
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Table 4. Composition of the resinate with rosin oil addition. The viscosity values of
50 w-% resinate~toluene solutions are calculated according to Eq. (10)
assuming that all the added rosin oil has been evaporated.

Target Rosin oil Rosin acid Resinate Cresi/Cacid Calculated
acid value addition concentration  concentration viscosity
mg(KOH)/g w-% mmol/g mmol/g . mPa s
0 0 0.692 1.077 1.56 45.6
20 0.660 1.008 1.53 434
30 0.583 0.980 1.68 55.7
40 0.476 0.982 2.06 122
25 0 0.925 1.005 1.09 23.1
20 0.840 0.910 1.08 23.0
30 0.797 0.855 1.07 227
40 0.675 0.855 1.27 29.7
50 0 1.042 0.905 0.87 17.2
20 1.002 0.823 0.82 16.2
30 0.950 0.785 0.83 16.3
40 1.023 0.635 0.62 12.6
70 0 1.327 0.765 0.58 12.0
20 1.396 0.626 045 11.0
30 1.377 0.539 0.39 11.1
40 1.368 0.578 0.42 11.0
90 0 1.410 0.650 0.46 11.0
20 1.537 0.514 0.33 -
30 1.554 0.494 0.32 -
40 1.886 0.460 0.24 -

As a conclusion, the resinate to be used in printing industry can be synthesised with the target
viscosity value (> 50 mPa s) using theoretical target acid value 0 mg(KOH)/g and rosin oil
additions 30 and 40 w-%. Then the target viscosity is obtained with a conversion of 90 - 95%
Ca(OH); to resinate.
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Conclusions

This study showed that the kinetics of fortified resinate syntheses using fumaric acid (FA) and
maleic acid anhydride (MAA) as fortifying substances can be described by basically the same
mechanistic model as previously derived for unmodified resinate syntheses. The acid groups
in the fortified rosin are observed to be free acid groups capable of associating to dimers in
toluene. The free acid groups of fortified rosin are observed to decarboxylate via ion pair
formation resulting in an apparent reaction order of 4.0 for the free acids.

In the FA or MAA fortified resinate syntheses, multivariate calibration models using a linear
PLS regression were applied to monitor the acid concentration decrease on the basis of FTIR
spectroscopic data. Randomised calibration data, using different amounts of fortifying
substances in the syntheses (2 - 6 w-%), gave useful models to be applied for process

monitoring.

In addition, in this study a new modification of resinate synthesis, which includes rosin oil
additions during the fusion synthesis, was introduced. The modified syntheses were carried
out at a lower reaction temperature (235 °C) than in traditional fusion synthesis (265 °C).
Therefore, the decarboxylation reaction was avoided during the syntheses. Using a
stoichiometric amount of Ca(OH);, to neutralise all the rosin acids, the conversion of Ca(OH),
to resinate increased from 75% to 95%, when the rosin oil was added during the resination
reaction step. The target viscosity of the resinates is then obtained by evaporation of the
added rosin oil. Recycling the rosin oil enables the mass yield to be increased from 70% to
almost 100%.
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Notation

¢; = concentration of compound i, mol/kg

¢) = resinate concentration at time #;, mol/’kg

¢, = resinate concentration at time f,, mol/kg

CRCOOH(s) = concentration of solvating rosin acids, mol/kg

CrcooH(n = concentration of free rosin acids, mol/kg

cx = concentration of ion pairs (Eq. 4), mol/kg

k” = rate constant for the decarboxylation reaction, (mol/kg)' “min™

ky = rate constant for the decarboxylation of solvating rosin acids, (mol/kg) min”’
k; = rate constant for the decarboxylation of free rosin acids, (mol/kg)™ min™
Kuss = equilibrium constant for the protolysis of free rosin acids, -

K’ = equilibrium constant for the protolysis of fortified rosin acids, -

my = mass of the reaction mixture at time #, kg

m; = mass of the reaction mixture at time #,, kg

n;= amount of { in the reactor, mol

r; = generation rate of compound i, (mol/kg)""® min™

Greek Symbols:
a = reaction order, -
Ame, = relative mass loss, -

Abbreviations:

AV = acid value

FA = fumaric acid

MAA = maleic acid anhydride

PLS = partial least square regression
R = carbanion intermediate
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