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ABSTRACT 
 

 
Wine cellars currently have problems in their labeling lines when labels are 

misplaced in the bottle. According to data provided by Codorníu and Torres cellars, 1 % 

of the bottles present this issue. Once the wine or cava have been bottled, the bottles 

travel through the labeling station, and the scanner separates the correctly labeled bottles 

from those with imperfections. When a considerable number of bottles are involved, the 

wine is emptied to be rebottled, while the labeled bottle is discarded. However, if few 

bottles are mislabeled, a worker manually removes the labels with a scraper and returns 

the bottles to the labeling line. Of course, this is a time-consuming process, causes 

economic losses and generates an environmental problem.  

In order to solve this problem, the Lubrizol Technical Department, with the 

collaboration of the Poly 2 group of the Polytechnic University of Catalonia, decided to 

carry out a new project through an Industrial Doctorate. In this thesis, a system has been 

developed consisting of an acrylic water-based pressure-sensitive adhesive and a 

detaching station that allows the adhesive to be deactivated for easy removal of 

misplaced labels. The adhesive had to meet the current market requirements (show good 

adhesive properties and withstand wet and cold environments) and to be easily peeled 

off in the detaching station to leave the bottle completely clean (adhesive failure). Thus, 

the bottles could be relabeled without being taken out of the labeling lines. 

As bottles are full when they pass through the detaching station, a technology that 

could quickly remove the labels from the bottles at 25 ºC was required to avoid affecting 

the quality of the product inside the bottles. It was decided that this detaching station 

should consist of a bath composed by a cleaning solution, a thermostatic bath to keep 

constant the temperature and stirring of the solution, and a mechanical agitator to keep 

the bottle rotating inside the bath at a constant speed. The design of the pressure-sensitive 

adhesive and the detaching bath were carried out in parallel.  
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First, the influence of the soft monomers: n-butyl acrylate and 2-ethylhexyl acrylate 

was studied via semi-batch emulsion polymerization taking as a starting point a 

formulation recipe composed of n-butyl acrylate and acrylic acid. In the second part, the 

influence of including a hard monomer, such as acrylonitrile, was studied. When 

compared to n-butyl acrylate, the addition of 2-ethylhexyl acrylate and acrylonitrile 

enhanced the adhesive's cohesion strength (shear resistance) in both situations. Instead, 

the adhesion forces (peel resistance and tack) decreased due to increase of crosslinking 

and/or entanglement of the polymer chains. 

However, in both studies, it was observed that the adhesives showed poor water 

resistance. To improve this property, it was decided to reduce the hydrophilic species 

that were not attached by a covalent bond to the polymer backbone. For it, several 

commercial polymerizable surfactants were investigated as emulsion stabilisers and 

compared with the conventional surfactant employed in the base formulation. According 

to the results, the use a polymerizable surfactant clearly increased the water resistance 

and the shear resistance of the adhesives. Nevertheless, the peel resistance and tack 

decreased significantly. 

The cleaning solution was designed using these three series of synthesised 

adhesives. First, the current industrial process for post-consumer bottle washing, NaOH 

at 2 % solution at 80 ºC, was tested with these adhesives. In general, the adhesives were 

detached in 2-3 min. However, when the same cleaning solution was carried out at 25 

ºC, the detaching times increased considerably (between 45 min and 2 h). Then, a novel 

cleaning solution was considered, consisting of water, a surfactant, an alcohol, and a 

base. Different chemical components with different weight ratios were studied to 

determine the most effective cleaning solution.  

Although the incorporation of 2-ethylhexyl acrylate performed better performance 

in the adhesive properties, the incorporation of acrylonitrile monomer performed better 

in the detaching bath. For this reason, it was decided to continue the experiments 

introducing in the base formulation the weight ratio of acrylonitrile that showed the best 
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balance between the adhesive properties and its performance in the detaching bath. 

Moreover, the commercial polymerizable surfactant that showed the highest water 

resistance was also introduced into the formulation.  

With this new formulation, the influence of different weight ratios of acrylic acid as 

functional monomer and tert-dodecyl mercaptan as chain transfer agent was studied to 

optimise the adhesive properties balancing. Clearly, the acrylic acid improved all 

adhesive properties (peel resistance, tack and shear resistance). However, the maximum 

amount of acrylic acid tested only improved the shear resistance since with the gel 

content increase, the peel resistance and tack properties deceased. On the other hand, the 

chain transfer agent only improved the adhesive properties related with low and medium 

molecular weights (tack and peel resistance, respectively). Therefore, it was not possible 

to achieve a good performance among the three adhesive properties. 

In order to achieve this balance, the influence of the adhesive preparation process 

was investigated. For it, the same formulation was prepared by different strategies (post-

polymerization physical blending and in situ polymerization in one and two steps) and 

by different emulsion polymerization processes (by semi-batch and batch emulsion 

polymerization processes). Finally, a satisfactory equilibrium between the three adhesive 

properties was achieved with the latex prepared by batch process in both steps. 

These last series were tested in the detaching bath with the most effective cleaning 

solution. In general, detaching times for paper labels varied from 3 to 20 minutes with 

adhesive failures, whereas detaching times for PET labels were from 5 to 30 minutes 

with transfer failures. Finally, bottles labeled with the adhesives of the last series which 

have undergone an ageing process were tested in the cleaning solution at 35 and 50 ºC 

to see if it could be used to remove post-consumed bottle labels. Detaching times for 

paper labels were 1-2 minutes at 50 °C and 3-9 minutes for PET labels. Therefore, this 

cleaning solution would be effective for the reuse of post-consumed bottles labelled with 

some of adhesives designed in this thesis. 
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In summary, several pressure-sensitive adhesives were developed that are close to 

the current market requirements, as well as a detaching station capable of easily peeling 

off the misplaced labels manufactured with these adhesives and even post-consumed 

bottle labels if the detaching bath is carried out at 50 ºC. 
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RESUMEN 
 

 
Actualmente, las bodegas tienen problemas en sus líneas de etiquetado cuando las 

etiquetas están mal colocadas en la botella. Según los datos facilitados por las bodegas 

Codorníu y Torres, el 1% de las botellas presentan este problema. Una vez embotellado 

el vino o el cava, las botellas pasan por la estación de etiquetado y el escáner separa las 

botellas correctamente etiquetadas de las que presentan imperfecciones. Cuando se trata 

de un número considerable de botellas, el vino se vacía para volver a ser embotellado, 

mientras que la botella etiquetada se desecha. Sin embargo, si hay pocas botellas mal 

etiquetadas, un trabajador retira manualmente las etiquetas con una rasqueta y devuelve 

las botellas a la línea de etiquetado. Por supuesto, este es un proceso que requiere mucho 

tiempo, provoca pérdidas económicas y genera un problema medioambiental.  

Para solucionar este problema, el Departamento Técnico de Lubrizol, con la 

colaboración del grupo Poly 2 de la Universidad Politécnica de Cataluña, decidió llevar 

a cabo un nuevo proyecto a través de un Doctorado Industrial. En esta tesis se ha 

desarrollado un sistema compuesto por un adhesivo acrílico sensible a la presión de base 

acuosa y una estación de despegado que permite desactivar el adhesivo para facilitar la 

retirada de las etiquetas extraviadas. El adhesivo tenía que cumplir los requisitos actuales 

del mercado (mostrar buenas propiedades adhesivas y soportar entornos húmedos y 

fríos) y despegarse fácilmente en la estación de despegado para dejar la botella 

completamente limpia (fallo del adhesivo). De este modo, las botellas podían volver a 

etiquetarse sin necesidad de sacarlas de las líneas de etiquetado. 

Como las botellas están llenas cuando pasan por la estación de despegado, se requería 

una tecnología que pudiera retirar rápidamente las etiquetas de las botellas a 25 ºC para 

no afectar a la calidad del producto dentro de las botellas. Se decidió que esta estación 

de despegado debía consistir en un baño compuesto por una solución limpiadora, un 

baño termostático para mantener constante la temperatura y la agitación de la solución, 
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y un agitador mecánico para girar la botella dentro del baño a una velocidad constante. 

El diseño del adhesivo sensible a la presión y del baño de despegado se llevaron a cabo 

en paralelo.  

En primer lugar, se estudió la influencia de los monómeros blandos: acrilato de n-

butilo y de 2-etilhexilo, mediante la polimerización en emulsión en semi-continuo, 

tomando como punto de partida una formulación compuesta por acrilato de n-butilo y 

ácido acrílico. En la segunda parte, se estudió la influencia de incluir un monómero duro, 

como el acrilonitrilo. En comparación con el acrilato de n-butilo, la adición de acrilato 

de 2-etilhexilo y acrilonitrilo mejoró la fuerza de cohesión del adhesivo (resistencia al 

cizallamiento) en ambas situaciones. En cambio, las fuerzas de adhesión (resistencia al 

pelado y pegajosidad) disminuyeron debido al aumento de reticulación y/o enredo de las 

cadenas poliméricas. 

Sin embargo, en ambos estudios se observó que los adhesivos mostraban una escasa 

resistencia al agua. Para mejorar esta propiedad, se decidió reducir las especies 

hidrofílicas que no estaban unidas por un enlace covalente al polímero. Para ello, se 

investigaron varios tensioactivos polimerizables comerciales como estabilizadores de la 

emulsión y se compararon con el tensioactivo convencional empleado en la formulación 

base. Según los resultados, el uso de un tensioactivo polimerizable aumentó claramente 

la resistencia al agua y la resistencia al cizallamiento de los adhesivos. Sin embargo, la 

resistencia al pelado y la pegajosidad disminuyeron significativamente. 

La solución de limpieza se diseñó utilizando estas tres series de adhesivos 

sintetizados. En primer lugar, se probó el actual proceso industrial para el lavado de 

botellas posconsumo, una solución de NaOH al 2 % a 80 ºC. En general, los adhesivos 

se desprendieron en 2-3 minutos. Sin embargo, cuando la misma solución se llevó a cabo 

a 25 ºC, los tiempos de despegado aumentaron considerablemente (entre 45 min y 2 h). 

Luego, una nueva solución compuesta por agua, un tensioactivo, un alcohol y una base 

fue considerada. Se estudiaron diferentes componentes químicos con distintas 

proporciones de peso para determinar la solución de limpieza más eficaz. 
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Aunque la incorporación del acrilato de 2-etilhexilo mostró mayor rendimiento en las 

propiedades adhesivas, el monómero de acrilonitrilo mostró mayor rendimiento en el 

baño de despegado. Por ello, se decidió continuar el estudio introduciendo en la 

formulación base la proporción en peso de acrilonitrilo que mostró un mayor equilibrio 

entre las propiedades adhesivas y su rendimiento en el baño de despegado. Además, 

también se añadió en la formulación el tensioactivo polimerizable que mostró mayor 

resistencia al agua.  

Con esta nueva formulación, se estudió la influencia de las diferentes proporciones 

en peso del ácido acrílico como monómero funcional y del tert-dodecyl mercaptan como 

agente de transferencia de cadena para lograr un balance entre las propiedades adhesivas. 

Claramente, el ácido acrílico mejoró todas las propiedades adhesivas (resistencia al 

pelado, al cizallamiento y pegajosidad). Sin embargo, la cantidad máxima de ácido 

acrílico probada sólo mejoró la resistencia al cizallamiento, ya que, con el aumento del 

contenido de gel, la resistencia al pelado y la pegajosidad disminuyeron. Por otra parte, 

el agente de transferencia de cadena sólo mejoró las propiedades adhesivas relacionadas 

con los pesos moleculares bajos y medios (pegajosidad y resistencia al pelado, 

respectivamente). Por lo tanto, no fue posible conseguir un buen rendimiento entre las 

tres propiedades adhesivas. 

Para lograr este balance, se investigó la influencia del proceso de preparación del 

adhesivo. Para ello, se preparó la misma formulación mediante diferentes estrategias 

(mezcla física posterior a la polimerización y polimerización in situ en una y dos etapas) 

y mediante diferentes procesos de polimerización en emulsión (mediante polimerización 

en emulsión en semi-continuo y por lotes). Finalmente, se logró un balance satisfactorio 

entre las tres propiedades con el látex preparado mediante el proceso en lotes en ambas 

etapas. 

Estas últimas series se probaron en el baño de despegado con la solución de limpieza 

más eficaz. En general, los tiempos de despegado de las etiquetas de papel variaron de 3 

a 20 minutos con fallos adhesivos, mientras que los tiempos de despegado de las 
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etiquetas de PET fueron de 5 a 30 minutos con fallos mediante transferencia. Por último, 

las botellas etiquetadas con los adhesivos de la última serie, que se sometieron un 

proceso de envejecimiento, se probaron en la solución de limpieza a 35 y 50 ºC para ver 

si se podía utilizar para eliminar las etiquetas de las botellas posconsumo. Los tiempos 

de desprendimiento a 50 ºC para las etiquetas de papel fueron de 1-2 minutos y de 3-9 

minutos para las de PET. Por lo tanto, esta solución de limpieza sería eficaz para la 

reutilización de botellas posconsumo etiquetadas con algunos de los adhesivos diseñados 

en esta tesis. 

En resumen, se desarrollaron varios adhesivos sensibles a la presión que se acercan a 

los requisitos actuales del mercado, así como una estación de despegado capaz de 

despegar fácilmente las etiquetas mal colocadas fabricadas con estos adhesivos e incluso 

las etiquetas de botellas ya consumidas si el baño de despegado se realiza a 50 ºC.  
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CHAPTER I 

INTRODUCTION 
 

 

The first evidence of a substance being used as an adhesive date back to 4000 B.C., 

according to archaeologists. At that time, the resin of the tree sage was used to repair 

pottery vessels. Later, around 2000 B.C., evidence of the use of animal-based glue began 

to be found. During years, natural ingredients were used to prepare glue such as blood, 

bones, hide, milk, cheese, vegetables, and grains. However, over the years this 

preparation was perfected and around 1750, the first glue patent was issued in Britain 

for a fish glue. From that moment on, new patents quickly emerged using animal bones, 

milk protein (casein), natural rubber, among others. The Industrial Revolution caused a 

technical breakthrough that resulted in new materials becoming available for use in 

formulating adhesives. Nevertheless, specially between 1920s and 1940s a high number 

of new plastics and rubbers synthetically were produced due to the needs that arose 

during the Second World War. A well-known example is the accidental discovery of 

Superglue while Eastman Kodak Company was trying to make clear plastic visors for 

allied soldiers [1].   

Although adhesives have existed for around 6000 years, most of the technology 

relating to adhesives has been developed during the last 100 years thanks to the 

technology innovation and to the large companies in the sector such as Lubrizol.  

The Lubrizol Corporation, founded in 1928 in Cleveland (Ohio), is a chemical 

company that supplies specialty products to transportation, domestic and industrial 

equipment sectors. Currently, headquartered in Wickliffe (Ohio), owns and operates 

more than 100 manufacturing facilities, sales and technical offices around the world and 

has approximately 8600 employees [2]. 
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The Lubrizol Corporation is broken down into three business segments:  

- Lubrizol Corporate Ventures is the most recent segment. It was established in 2020 

in order to solve growing challenges and opportunities, such as demands for power, 

industrial production, computing power, population growth or renewable energy. 

- Lubrizol Additives segment is a pioneering global supplier of chemical additive 

technologies including additives for engine oils, driveline and transportation-related 

fluids, industrial lubricants, gasoline and diesel fuel.  

- Lubrizol Advanced Materials is a leading global producer of specialty polymers, 

polymer-based additives and chemical additives for industrial applications.  

Lubrizol Advanced Materials is divided in two businesses:  

- Personal, Home and Health Care business is focused on the development of 

personal care products, for the home, and solutions for the pharmaceutical sector 

and medical devices. 

- Engineered Materials: It include Estane Engineered Polymers (which develop 

thermoplastic polyurethanes), TempRite Engineered Polymers (which develop 

chlorinated polyvinyl chloride resins for hot and cold water plumbing, fire sprinkler 

systems) and Performance Coating (which develop specialty chemicals that solve 

challenges in the paints and coatings, printing and packaging, paper and textiles, 

plastics and composites, and digital print markets) [2,3]. 

The Sant Cugat del Valles laboratories, where the experimental part of this thesis was 

carried out, belongs to the Performance Coating business division. In this plant, water-

based and solvent-based acrylic polymers are manufactured [4]. We have different 

brands such as Doresco (acrylic resins designed to act as lacquers, adhesion promoters 

and release products to enhance the performance of coatings [5]), Carboset (acrylic 

resins formulated to provide surface protection in high performance [6]) or Carbotac 

(these resins offer a wide range of adhesive properties, and solvent/plasticizer resistance 

[7]), among others. 
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In the year 2018, the Innovi group, the wine cluster of Catalonia, and the local 

Packaging Cluster raised to the Technical Department of Lubrizol, in Sant Cugat del 

Valles, a problem that wine cellars are currently suffering in their labeling lines when 

the label present imperfections. According to several cellars in the area, 1 % of the bottles 

present this problem.  

Once the wine or cava has been bottled, the bottles pass through the labeling station 

and the scanner separates the correctly labeled bottles from those with imperfections as 

show the scheme of Figure I.1. 

Those bottles which are labeled correctly are stored in cardboard boxes for later 

distribution. The ones labeled incorrectly can have two possible destinations depending 

on the number of bottles that present this problem. When a considerable number of 

bottles are involved, the wine is emptied to be rebottled, while the labeled bottle is 

discarded. However, if few bottles are mislabeled, a worker manually removes the labels 

with a scraper and returns the bottles to the labeling line. Of course, this is a time-

consuming process which also causes economic losses and environmental issues. 

In order to solve this problem, the Lubrizol Technical Department decided to carry 

out a new project through an Industrial Doctorate with the collaboration of the Poly 2 

group of the Polytechnic University of Catalonia. Moreover, this project involved the 

Ok (99 %) Scanner 

No (1 %) 

Labeling station 

Discarded bottles Manual removal of the label 

Figure I.1. Current circuit of the labeling line. 
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whole value chain partners including cellars, label goods manufacturers, printers, 

equipment suppliers and was promoted by a local institutional Packaging Cluster.  

The proposed solution was to develop a full system composed of an acrylic water-

based pressure-sensitive adhesive (PSA) for the labels and a specific detaching station 

to be installed in the labeling line to remove those misplaced labels.  

For the system to be effective, the adhesive was designed to be easily peeled off by 

the detaching station designed. The adhesive had to meet the current market 

requirements (show good adhesive properties and withstand wet and cold environments) 

and to be easily peeled off in the detaching station to leave the bottle completely clean 

(adhesive failure). Thus, the bottles could be relabeled without being taken out of the 

labeling lines. In fact, it will be seen throughout the work that the formulations with the 

best adhesion were not always chosen because they did not perform well in the detaching 

station. 

The wine market is very competitive. Apart of the visual appeal, it should also be 

made of materials that withstand the different conditions to which the bottle can be 

exposed. The labels must always be displayed in perfect condition. For this, it is 

necessary that the adhesives used in the label manufacture have certain adhesion values 

(10 N/25mm in peel resistance at 180º, 10 N in tack and 24 h in static shear resistance). 

Moreover, these labels must be able to show a good performance under immersion, 

condensation and low temperature conditions since there are certain wines that are 

served and consumed cold. 

Regarding the detaching station, it was decided design a bath with a cleaning solution 

capable to remove the label from the glass bottle, leaving it completely clean, in the 

shortest possible time. It is necessary to take into account that bottles which would go 

through this detaching station are full of wine or cava and therefore the bath can not 

exceed the 25 ºC in order not to spoil their content. No other external activation that 

could have a negative impact on the quality of the liquid should be considered. 
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The idea is to introduce a scanner able to assess if the label has been stuck to the 

bottle in the right way. Bottles that are ok should move on in the process and those that 

fail should be directed to the detaching station as shown in Figure I.2. 

The label would be easily removed and would be returned to the labeling station 

without having to leave the circuit. This will avoid interrupting the line and minimize 

the number of bottles rejected.  

The goal of this study was to find a solution to the current problem with paper labels 

in wine cellars, but it also evaluated the performance on PET labels. Although film labels 

are becoming more popular, paper labels still cover most of the wine and cava bottles. 

Film labels are expected to account for only 12 % of the label market by 2023 [8]. To 

offer strength, modern paper labels are covered with a thin transparent layer of laminated 

polypropylene. Nevertheless, there is currently no method to recycle them, so they are 

destined for waste. To try to improve their recyclability, now it is becoming more and 

more popular to add a clear PET coating to the paper which provides superior strength. 

Although the combination of paper, adhesive and PET liner is not easy to recycle, the 

used PET can enter the typical recycling stream [9]. For it, we considered appropriate to 

check paper and PET label performance. 

 

Ok (99 %) Scanner 

No (1 %) 

Labeling station 

Detaching station 

Figure I.2. Circuit of the labeling line designed to solve the problem of mislabeled bottles. 
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I.1 Objectives 

In order to find a solution to the wine cellars problem, the following general objectives 

were raised: 

- Design of a new PSA that meets with the current cellar requirements: 

✓ Good adhesive properties:  Peel resistance higher than 10 N/25mm, tack 

higher than 10 N and static shear resistance higher than 24 h. 

✓ Good water resistance: the adhesive must withstand wet and cold 

environments as it could be a fridge or an ice bucket (ice bucket test). 

✓ Good performance in the designed detaching bath. 

- Develop of a detaching bath to remove the misplaced labels in the labeling line: 

✓ Not exceed 25 ºC. 

✓ Short detaching times (5 min). 

✓ The label must fall leaving the bottle completely clean (adhesive failure). 

According to the general objectives, the particular ones were determined: 

- In order to design a new acrylic water-based PSA different strategies were carried 

out: 

- Study of the influence of the main components of the adhesive formulation: 

▪ Effect of two different soft monomers (n-butyl acrylate and 2-ethylhexyl 

acrylate) on adhesive performance. 

▪ Influence of different weight ratios of acrylonitrile as hard monomer in 

the adhesive performance. 

▪ Surfactant role (conventional or polymerizable surfactant) in the water 

resistance of the adhesive. 

▪ Influence of acrylic acid as functional monomer and tert-dodecyl 

mercaptan as chain transfer agent to find a good balance between the 

three main adhesive properties. 
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- Adhesive material optimization through the preparation process. 

▪ Post-polymerization blending. 

▪ Semi-batch emulsion polymerization in one and two steps. 

▪ Emulsion polymerization in two steps: batch + semi-batch and batch + 

batch. 

- In order to develop a detaching bath: 

- Design of a cleaning solution capable of detach the misplaced labels at room 

temperature in the shortest time possible and by adhesive failure.  

- Study the performance of the detaching bath in order to use it to clean post-

consume glass bottles to promote their reused. 
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I.2 Outline of the thesis 

The content of this thesis has been divided into ten chapters as shown in Figure I.3. 

Chapter I exposes the industrial context, the motivation and objective of this work, 

as well as its structure. 

In Chapter II, a bibliographic review is carried out on the state of the art of PSAs in 

general and the acrylic water-base in particular. 

Chapter III exposes the raw materials, the synthesis process, and the characterization 

techniques carried out to determine the properties of the designed adhesives. 

Chapter IV shows the effect on the adhesive performance of different weight ratios 

of the soft monomers n-butyl acrylate and 2-ethylhexyl acrylate in a based formulation. 

Chapter V displays the effect on the adhesive performance of the hard monomer 

acrylonitrile incorporation as copolymer. 

Chapter VI shows the surfactant role in the formulation of a water-based PSA and 

how the use of polymerizable surfactants instead of conventional can improve the water 

resistance of the adhesives. 

Chapter VII display the influence of the acrylic acid as functional monomer and tert-

dodecyl mercaptan as a chain transfer agent in the adhesive performance of the PSA so 

as to find a balance between the main adhesive properties. 

In Chapter VIII, it is shown how the preparation method used might alter the adhesive 

performance of a given monomeric composition. Two sections make up the chapter. The 

preparation procedures involving post-polymerization blending and the semi-batch 

polymerization in one and two steps were examined in Section VIII.2. The impact of the 

addition of a batch process in one or both steps was studied in Section VIII.3. 

Chapter IX illustrate the compilation of the technical results obtained in the design of 

a cleaning solution for the detaching bath and the adhesive performance in it. This 

chapter was carried out in parallel with Chapter IV-VIII. 

Chapter X presents a general discussion of all results collected, the general 

conclusions obtained and the possible future studies.  
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Figure I.3. Structure of the experimental thesis. 
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CHAPTER II 

STATE OF THE ART 

 
 

Pressure-sensitive adhesives (PSAs) are an interesting class of natural or synthetic resins 

that can adhere strongly to a wide variety of substrates at room temperature with the 

application of slight pressure for a short time [1,2]. This type of adhesives has become 

very popular today. The earliest PSAs were natural rubber and synthetic PSAs have been 

known since 1920s. Usually, the adhesives form an adhesion bond in liquid state and 

then, by chemical reaction, a change in the temperature, UV irradiation, or another 

process, they become solid which is when they develop their performance properties. 

However, PSAs differ from the rest because they stick to a great variety of surfaces 

without any chemical reaction, only with light pressure and under very short contact 

times.  

PSAs are in great demand across different areas of industry, family life and medicine. 

They are widely used as, among others, surface protection films, as a component of 

pressure-sensitive tapes, labels, notepads, automobile trim, as skin-contact adhesive 

platform in medical plasters, etc. Depending on the application, PSAs are designed to be 

permanent or removable. Permanent PSAs are not removable without destruction of the 

label or the substrate. They have been designed for applications where resistance to 

environmental exposures such as heat, cold, moisture, chemicals, and solvents are 

necessary. Otherwise, removable PSAs serve to form temporary adhesive bonds and can 

be removed ideally after a certain period, varying form a few seconds to several months 

or years, without leaving a residue on the surface of the adherend [3].  

From the chemical point of view, PSAs are elastomers that exhibit viscoelastic 

properties due to their low glass transition temperature, Tg (-40 to -60ºC), and modulus. 
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Their macromolecular basis is built on a long-chain polymer, with a certain degree of 

branching and with or without cross-linking.  

The balance between plastic and elastomeric properties is determined by the polymer 

nature, structure and molecular weight. Since the viscosity, the modulus and the glass 

transition temperature depend on the chemical composition, the changes in the 

composition and/or in the macromolecular characteristics of the base elastomers can 

influence the rheological behavior of the PSAs [4]. 

II.1. Classification of pressure-sensitive adhesives 

All commercial PSAs are based on polymers, mainly coming from six families: natural 

and synthetic rubber, polyester, polyethers, silicons, polyurethanes and acrylics. A 

typical PSA is derived from a film-formation elastomeric material which provides 

flexibility, ease of tackification, and the desired bond strength when compounded with 

compatible tackifiers, pigments, plasticizers, waxes and oils. Natural rubber represents 

45 % of the elastomeric raw materials, block copolymers and water-base acrylic amounts 

to 40 % and, finally, the remaining part is mainly covered by solvent-based acrylics. 

Although new elastomers based on other chemicals have been identified for PSAs 

applications, natural rubber remains the most preferred polymer [4]. 

II.1.1. Rubber-based pressure-sensitive adhesives  

Natural rubber-based PSAs were the first self-adhesive products used for the 

manufacture of pressure-sensitive products and are, probably, the most commonly 

known family of adhesives on the general market. 

To make the adhesive joint, natural rubber-based PSAs are attached to each other 

using a diffusion process that involves applying the adhesive to both surfaces to be 

linked. To ensure optimal polymer chain diffusion, the adhesive must have a high 

wettability both on the smooth and rough substrate surface, as well as appropriate 

viscosity to penetrate the voids and irregularities of the substrate surfaces. 
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The properties of these adhesives depend on both the variety of intrinsic properties 

in the natural and synthetic elastomers and the modifying additives that may be 

incorporated into the adhesive formulation. Rubber-based PSAs typically contain an 

elastomer and a tackifying or modifying resins as the key components, but other 

additives are also added to improve their properties such fillers, plasticizers, curing 

agents, etc. Natural rubber, butyl rubber, polyisobutylenes (PIBs), and styrene-butadiene 

rubber are among the elastomers that can be utilized in rubber-based PSAs. The 

elastomer forms the adhesive's backbone, and therefore, the main performance of the 

adhesive is determined by the properties of the rubber. 

To improve wetting, tack or heat resistance, among others, other resins can be added. 

The most common resins used are terpene, hydrocarbon, and phenolic resins. Rubber 

adhesive compositions using plasticizers and softeners have less hardness, better tack, 

and lower costs. Fillers are rarely used in rubber-based adhesive compositions since they 

reduce adhesion while also lowering costs and assisting with rheology control. Clays, 

calcium carbonate, and silicates are the most prevalent. 

The properties of the PSAs are heavily influenced by the chemical composition and 

molecular weight of the rubber. They are characterized by excellent tack, very good 

resistance to water and humidity, low resistance to oxidative aging, low resistance to 

organic solvents and oils, low or moderate cost, they can be used for a wide range of 

substrates, also in non-polar ones, mainly plastics and rubber and is a good thermal and 

electrical insulator. One of its main applications is for removable PSA labels and freezer 

label adhesives since the resistance of butyl rubber and PIBs to aging and permanent 

tack makes them suitable for those applications [5]. 

II.1.2. Block copolymer-based pressure-sensitive adhesive 

These adhesives based on the structure and morphology of block copolymers offer 

unique properties. Typical block copolymers have an A-B-A triblock structure, where A 
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is hard end-block that has a high Tg, well above room temperature, and B is soft, 

elastomeric mid-block with a Tg much lower than room temperature.  

This has a unique microphase-separated morphology, where A block forms a hard 

phase embedded in a soft, continuous phase composed of B blocks. The B mid-block 

phase provides viscoelastic properties, and the A end-block phase serves as physical 

cross-linking domains to render cohesive strength at room temperature. The physical 

cross-linking mechanism is thermo-reversible. At temperatures that are high above the 

Tg of the end-block polymers, the ordered structure disappears and the polymer turns 

into a viscous melt.   

These types of adhesives have an overall molecular weight lower than that of natural 

rubber, butyl rubber or nitrile rubber. This makes the melt viscosity considerably lower, 

thus allowing them to be processed by hot melt without solvent. Usually, in hot melt 

PSAs, other ingredients such as tackifiers, plasticizers and antioxidants are commonly 

added to the block copolymers. These ones should be preferably compatible with the 

midblock phase, as shown in Figure II.1 to achieve optimum PSAs performance. 

The most common block copolymer type is the styrenic block copolymers such as 

styrene-isoprene-styrene and styrene-butadiene-styrene. They are extensively used in 

label and tape constructions for many end-used applications. However, currently, acrylic 

block copolymers are being introduced due to their high clarity, high moisture vapor 

transmission rate, and good ultraviolet resistance [6]. 

Mid-block polymer 

Tackifier 

End-block polymer 

Figure II.1. Schematic drawing of a microphase-separated block copolymer-based pressure-
sensitive adhesives. 
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II.1.3. Polyisobutene-based pressure-sensitive adhesive  

In order to replace natural rubber PSAs, the homopolymer polyisobutylene was initially 

utilized as PSA in 1939 [7]. Polyisobutenes are made from the monomer isobutylene and 

obtained by cationic polymerization (Figure II.2). 

They can be classified in two groups according to molecular weight. High-molecular 

weight PIBs have a molecular weight of from 500000 to 1100000 g/mol. They are strong 

and elastic and act as the elastomeric base of PSAs. However, low- and medium-

molecular weight PIBs show molecular weights between 40000 to 120000 g/mol. They 

are soft and liquid-like and act as tackifiers. Despite its linear structure, PIB is usually 

classified as a synthetic rubber or elastomer, since it has a very low air, moisture, and 

gas permeability, good thermal and oxidative stability, chemical resistance, and high 

tack. Its amorphous nature and low Tg (around -62 ºC) give it high flexibility and 

permanent tack. Despite its great tack, its adhesion to polar substrates is very low due to 

its low polarity and it is necessary to introduce other additives such as tackifiers to impart 

some polar properties. 

This type of PSAs offers several advantages, such as they are highly stable to 

oxidation due to their complete saturation, and they are free of unwanted ingredients 

owing to their synthetic production.  

Due to their tackiness, flexibility, and low cohesive strength, PIBs are employed in 

many adhesive formulations. To produce the appropriate adhesive qualities, a 

combination of low- and high-molecular-weight PIBs is utilized to establish a good 

balance of tack and cohesive strength. Plasticizers, fillers, waxes, tackifiers, oils, and 

other additives can also be added to the formulation to get the appropriate adhesive 

characteristics and viscosity. 

 

 
Figure II.2. Polymerization of isobutylene to form polyisobutylene. 
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PIBs is widely used in well-established application areas such as building and 

construction or packaging and tapes. Owing to its nontoxicity, it is perfect for food 

packaging and due to its non-irritating and nontoxic features, medical PSAs applications 

are expected to grow in the near future [8]. 

II.1.4. Silicone-based pressure-sensitive adhesive 

Polysiloxanes with the chemical formula [R2SiO]n are silicone-based products, where R 

may be an organic group such as alkenyl, phenyl, methyl or hydrogen. Silicone has an 

inorganic silicon-oxygen backbone with organic side groups connected to the four-

coordinate silicon atoms. The most common siloxane is the linear polydimethylsiloxane 

shown in Figure II.3. 

Silicone PSAs are essentially composed of high-molecular weight silicon polymers 

and MQ siloxane resins, where M is CH3SiO1/2 and Q is SiO4/2. They offer numerous 

unique properties that are inherent of silicones such as their flexibility over a wide 

temperature range, low intermolecular interactions, low surface tension due to the 

inorganic-organic polarity interaction, thermal stability, UV transparency, chemical 

resistance among others. 

They are used in selected and demanding applications where organic PSAs do not 

meet the performance requirements such as low-temperature use or high-temperature 

stability are required, where cost is not an issue. One of its main applications is as self-

wound tapes, that is, the tape is wound up so that the silicon PSA-coated side comes into 

contact with the uncoated side of the tape substrate [9,10].  

  

 

 Figure II.3. Schematic of the silicone polymer structure. 
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II.1.5. Polyurethane-based pressure-sensitive adhesive  

Polyurethanes are produced by the polyaddition reaction of an isocyanate and a 

polyol. The remaining isocyanate group react with amines to form ureas and finally the 

isocyanate is hydrolyzed to yield amines and urea are formed.  

The polyols chains are the soft segment, which impart low-temperature flexibility 

and room-temperature elastomeric properties. Normally, the lower-molecular weight 

polyols give the best adhesive properties, with most adhesives being based on products 

of molecular weight less than 2000 g/mol.  

On the other hand, short-chain diols or diamines are typically used as chain 

extenders. These molecules allow several diisocyanate molecules to link forming longer-

segment hard chains with higher glass transition temperatures [11]. The longer-segments 

hard chains will aggregate together because of similarities in polarity and hydrogen 

bonding to form pseudo cross-linked network structures as shown in Figure II.4.  

Polyurethanes PSAs are the less well-known class because their applications thus 

far have been limited to low-tack and low-peel adhesive protective films. Environmental 

reasons are the cause for the increase in research, development, and production of water-

borne systems, particularly those based on polyurethanes [12]. 

II.1.6. Acrylic-base pressure-sensitive adhesives 

The first-time acrylic acid esters were used as PSAs was in 1928 to bond paper, glass 

and other materials to metals. They were applied as a 10 % solution in acetone or as a 

Soft segments 

Hard segments 

 

Hydrogen 
bonds 

Figure II.4. Structure of polyurethane pressure-sensitive adhesives. 
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film placed between the adherends and forming a strong bond by the application of 

pressure and heat. Initially, it was not necessary to disclose how much heat and pressure 

were required but, it was not until several decades later when the acrylic PSAs became 

commercially available.  

Unlike their compounded natural rubber predecessors, the advantages of acrylic 

PSAs are high transparency; colorless; its low toxicity; high resistance to oxidation, UV 

light, solvent, temperature, plasticizers and the loss of tack upon aging; and very good 

peel adhesion on polar surfaces [13]. However, they show low immediate peel adhesion 

and lower adhesion on nonpolar substrates [14,15]. 

II.2. Acrylic pressure-sensitive adhesives 

This doctoral thesis is directed only to the development of pressure-sensitive acrylic 

adhesives, so the remainder of Chapter 1 will focus on these adhesives. 

II.2.1. Production of acrylic pressure-sensitive adhesives 

The polymerization of unsaturated monomers, such as acrylic and methacrylic esters, 

typically involves a chain reaction. Chain addition polymerization is initiated by a 

reactive species, which may be a free radical, cation or anion. Anionic or free radical 

polymerization processes can be used to create commercial poly(meth)acrylates. 

However, anionic polymerization is not widely used on an industrial scale because the 

monomers must be very pure, and the polymerization has to be carried out at very low 

temperatures. This makes free radical polymerization the main and most economical 

method [16,17]. 

II.2.1.1. Free radical polymerization 

Free radical polymerization is a type of chain addition polymerization. This means that 

the growth occurs by addition of one unit at a time to the active growing chain end, 

therefore the addition of each monomer unit regenerates the active site. Free radicals are 

usually generated by the breakdown of a chemical initiator. Most common initiators are 
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unstable compounds of symmetric structure that decompose to form two radicals [18]. 

Depending on the method used to catalyze the breakdown they can be classified in 

thermal initiators, redox initiators or photo initiators. 

Thermal initiators generate the radical by thermal decomposition of compounds such 

as the salts of peroxydisulfates or persulfates. In these types of initiators, temperatures 

between 70-100 ºC are needed. Redox initiators generate radicals combining oxidizing 

and reducing agents even at low temperatures. The most famous systems are persulfate-

bisulfite or persulfate-hydrosulfite. Photo initiators are used less frequently. They 

generate free-radicals upon exposure to ultraviolet light [19]. Free radicals (R•) generated 

from an initiator, attack the double bond of an unsaturated monomer, normally of 

structure CH2=CXY, to generate a radical product R-CH2-CXY•. This radical monomer 

attacks another monomer to form a new bond and propagate the free radical as we can 

see in Figure II.5.  

Initiation: 

R − X   
       kd      
←       
   
   ka   
→     R•  +  X•  Free radical generation 

𝑅• +  𝑀 
   ki    
→    P1

•   Initiation 

Propagation: 

P1
• + M 

   kp    
→    Px+1

•   

Termination: 
P𝑛• + P𝑝•  

   ktc    
→   𝑃𝑛+𝑝  Termination by Combination 

P𝑛• + P𝑝•  
   ktd    
→   𝑃𝑛  +  𝑃𝑝 Termination by Disproportion 

P𝑛• + M 
   ktrM    
→    𝑃𝑛  +  𝑀

• Chain Transfer to Monomer 
P𝑛• + TA 

   ktrTA    
→     𝑃𝑛  +  𝑇𝐴

• Chain Transfer to Transfer Agent 
P𝑛• + 𝑃𝑝  

   ktrP    
→    𝑃𝑛  +  𝑃𝑝

• Chain Transfer to Polymer 

P𝑛• + 𝐼𝑛 
   kin    
→   𝑄  Inhibition 

Figure II.5. Outline mechanism of free-radical polymerization: R-X is the initiator, R• and X• the 
radicals are produced from the initiator, M is the monomer, P is the polymer, CTA is the chain 
transfer agent, In is the inhibitor, Q is an inactive species produced by reaction of free radicals with 
inhibitor, and kx represents the coefficient rate for each reaction. 
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The polymer chain grows rapidly by adding successive units of monomers until the 

chain loses its active radical site either by a termination reaction with another free radical 

(normally, by a combination or disproportionation reaction with another chain radical) 

or by a chain transfer reaction with another species present in the polymerization [18]. 

The steps involved in homogeneous free radical polymerization are the following: 

Initiation is achieved by homolytic dissociation using ultraviolet light, heat or a redox 

reaction. Primary radicals must further react with a monomer to begin the polymerization 

process. 

Propagation involves the successive addition of monomer molecules to the chain 

end. The coefficient rate for propagation is much higher for short chains than long 

chains. The rate is quickly reduced as the number of repeat units increases and beyond 

about 5 repeat units, attains a constant value. Long chains are formed with degrees of 

polymerization higher than 100. For this reason, the coefficient rate of propagation is 

considered constant when developing theory. 

Termination usually arises by reaction together of two polymers radical chains by 

either combination or disproportionation reaction. By combination, a dead chain of 

length equal to the sum of the lengths of these two chains is formed. By 

disproportionation, a reaction takes place that proceeds via abstraction of a hydrogen 

atom by one chain radical end from the other. A propagation of a chain radical can also 

be finished by chain transfer to another molecular species.  

Commonly, it involves an abstraction of single atoms such as the hydrogen atom. In 

most cases, a chain transfer agent is added to produce a premature termination of a 

growing polymer chain. These chain transfer reactions will react with monomers to 

initiate a new chain. However, if an inhibitor is added, it produces unreactive species 

since stopping polymerization until it is consumed completely. Another mechanism that 

can occur is chain transfer to polymer. In this case, a branch is formed before the polymer 

chain dies [20]. This topic will be discussed in section II.2.1.4.3. 
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II.2.1.2. Synthesis of acrylic polymers 

The ability of acrylic monomers to copolymerize with a wide variety of additional non-

acrylic monomers leads to a highly versatile technology. They can be classified in hot-

melt, solvent-based and water-based PSAs and can be delivered in 100 % solid, organic 

solution and aqueous dispersion forms respectively. 

II.2.1.2.1. Bulk polymerization 

Bulk polymerization is used to make hot-melt PSAs. It is a simple procedure that only 

requires a solution of the initiator in the monomer. However, although the monomers are 

usually liquid, the polymer generated is usually solid. Because most free-radical 

polymerizations are very exothermic and the continuous phase is the monomer, the heat 

removal is very poor. For this reason, this method of polymerization is rarely used [18]. 

II.2.1.2.2. Solution polymerization 

PSAs that are based on a solvent are made in an organic solution. A solvent is added to 

solution polymerization to reduce the monomer concentration and the viscosity of the 

polymerizing mass. However, this also brings with it the environmental and health 

concerns associated with volatile organic compounds and reduces the polymerization 

rate. Furthermore, the solvent recovery and recycling increase significantly the cost of 

the process. Due to this,  this type of polymerization is mostly used in those applications 

where the polymer is used in solution [18]. 

II.2.1.2.3. Dispersed-phase polymerization 

Water-based PSAs are produced by dispersed-phase polymerization. While solvent-

based adhesives have been in use since the 19th century and hot-melt adhesive since the 

1940s, water-based PSAs only started to be used in the 1970s. It appeared as an 

alternative to solvent-based products by other high-performance alternatives as a result 

of increased health and environmental concerns. 
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In this case, the liquid monomer is dispersed in a second, continuous phase, usually 

water. The viscosity of the dispersion is controlled to a large extent by the viscosity of 

the dispersion medium, and so, even at high monomer conversion, the viscosity remains 

low, thereby making agitation easier and improving the heat of polymerization removal 

[21,22].  

Water has a high thermal conductivity, making it an efficient heat transfer medium, 

and its high specific heat and huge latent heat of vaporization give a significant safety 

margin in the event of a polymerization runaway [19,23–25]. In addition, water is also 

abundant, nontoxic, environmentally benign, and low-cost. Water-based 

polymerizations are split into six subtypes. 

Suspension polymerization 

It is a solution in which the initiator is soluble in the water-insoluble monomers that 

is agitated to form a dispersion of droplets in a continuous aqueous phase. There is no 

emulsification because there is little, or no surfactant applied. The initiator polymerizes 

the monomer within the droplets, resulting in polymer beads that are nearly the same 

size as the initial droplets (0.1−2.0 mm diameter). The product is easily separated from 

the aqueous phase by filtration or decantation into macroscopic particles or beads that 

can be cleaned, dried, and packaged for transportation [18]. 

Microsuspension polymerization 

When a surfactant is used in a suspension polymerization system, several things can 

happen. The reduction in interfacial tension between the organic and aqueous phases will 

result in smaller monomer droplets if the surfactant is introduced in tiny amounts, below 

the critical micelle concentration (CMC), but there will be few further impacts. The 

procedure is known as microsuspension polymerization when surfactant is introduced 

above the CMC and a monomer-soluble initiator is utilized. Droplet diameter is lowered 

to roughly 10−40 μm due to reduced interfacial tension. Because of the hydrophobic 

nature of the initiator, little polymerization occurs in the aqueous phase or in surfactant 
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micelles inflated with monomer. To achieve the smaller droplet size, microsuspension 

polymerization can also use a low molecular weight polymer as a steric stabilizer (rather 

than a surfactant). PSAs for repositionable notes and tiny polymer beads for biomedical 

uses are both made using it [18]. 

Emulsion polymerization 

When the initiator in a microsuspension polymerization formulation is changed from 

monomer-soluble to water-soluble, the kinetics of the polymerization are completely 

altered. The product is no longer a dispersion of polymer beads but a colloidally stable 

polymer latex with a particle diameter typically in the range of 50–500 nm. Emulsion 

polymerization is a type of heterogeneous polymerization in which monomer droplets 

are suspended in an aqueous phase containing surfactant micelles. As a result, higher 

molecular weight polymers are formed at a faster rate of polymerization. It's one of the 

most common procedures [18,26]. It will be explained in more detail in section 2.1.4. 

Microemulsion polymerization 

A microemulsion is created when the surfactant concentration in a monomer 

emulsion is considerably increased or the water-insoluble monomer content is greatly 

reduced. Monomer microemulsions are thermodynamically stable systems in which the 

monomer is completely contained within the micelles. Microemulsion polymerization 

generates polymer latexes with very small diameters (10–100 nm) by polymerizing the 

monomer within a microemulsion using monomer-soluble or water-soluble initiators. 

This type of polymerization, on the other hand, has limited applications [18]. In contrast 

to traditional emulsion polymerization or miniemulsion polymerization, microemulsion 

polymerization produces polymer particles with only a few polymer chains per particle. 

For it, this type of polymerization shows molecular weights higher than rest (about 106–

107 g/mol) [27]. 
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Miniemulsion polymerization  

Because of its potential for commercial polymer manufacturing, miniemulsion 

polymerization has gotten a lot of attention in the last thirty years. It allows for more 

precise particle distribution control than emulsion polymerization, which produces 

particles ranging in size from 50 nm to 1 μm. Furthermore, as polymerization occurs 

within these droplets, the transport of monomers through the aqueous phase is not 

required. Therefore, it is simple to create latex from extremely highly water-insoluble 

[18,26]. This technique is mainly used for the production of high solid content latexes 

or the encapsulation of inorganic solids or fragrances [28]. 

The main processes used in the production of acrylic PSAs are the emulsion and 

miniemulsion polymerization. However, in this work, the process used was by emulsion 

polymerization. It is the most widely used process at an industrial level. 

II.2.1.3. Raw materials 

Systems of emulsion polymerization are a type of free-radical polymerization in a 

heterogeneous reaction mixture. As a rule, monomers, surfactants, initiator and water are 

the main components of the mixture but buffers or chain transfer agents can also be used. 

Water 

Water is the continuous phase in the system, facilitating species diffusion and 

effective heat removal. Due to the electrolytes affecting the emulsion's stability, it should 

be distilled or entirely demineralized. However, even at low amounts, the presence of 

oxygen remains a major concern. Oxygen is a free-radical scavenger, and its presence 

causes the induction process, which delays the onset of polymerization. As a result, 

nitrogen purging of the reactor contents is frequent prior to polymerization. 
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Monomers 

Acrylic PSAs are prepared by free radical polymerization of alkyl esters of acrylic 

acid with the general chemical structure that appear in Figure II.6 [29]. 

A common method for categorizing the monomers is based on the Tg of their 

homopolymers. This allows it to be classified into soft, hard and functional monomers.  

Soft monomers produce homopolymers with Tg below about -30 ºC, for hard 

monomers it is above 30 ºC, and those that produce homopolymers with Tg between 

these values are considered medium monomers. The selection of monomers is governed 

by the intended polymer end-use and the desired end-product properties. The main 

monomers have low homopolymer Tg to ensure a soft and tacky film such as n-butyl 

acrylate and 2-ethylhexyl acrylate. 

Instead, hard monomers are often used to increase elastic modulus and Tg. The most 

common are methyl acrylate, methyl methacrylate, vinyl acetate or styrene.  

Finally, functional monomers are those that introduce easily reactive groups into the 

polymer after polymerization. These can be used as cross-linking sites or to create a 

grafted polymer in a subsequent synthetic step. Acrylic acid, for example, is one of the 

most used and researched functional monomers. It is also used to give extra stability to 

the polymer. Other options include methacrylic acid, itaconic acid, acrylamide, and 

methacrylamide. 

  

R = H, CH3 

R’ = H, alkyl, alkaryl, aryl 

  

Figure II.6.  Chemical structure of an acrylic or methacrylic ester. 
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Table II.1 shows the most common acrylic monomers. 

Table II.1. Typical monomers used to obtain acrylic pressure-sensitive adhesives. 

Name  Structure Mw (g/mol) Tg (ºC) 

 
n-butyl acrylate 

 
128 -54 

 
2-ethylhexyl acrylate 

 

184 -72 

 
Methyl acrylate 

 
86 10 

 
Vinyl acetate 

 
86 32 

 
Itaconic acid 

 

130 62 

 
Styrene 

 
104 100 

 
Methyl methacrylate 

 

100 105 

 
Acrylic acid 

 
72 105 

Acrylonitryle  53 120 

 
Acrylamide 

 
71 120 

 
Methacrylic acid 

 

82 228 

 
Methacrylamide 

 

85 250 
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In most cases, the homopolymers will not possess the necessary balance of pressure-

sensitive characteristics to be effective. As a result, a copolymer must be designed using 

a blend of acrylic esters and, in some cases, one or more vinyl unsaturated monomers to 

vary the characteristics depending on the adhesive's function. Acrylic PSAs copolymers 

are typically composed of 50-90 wt. % soft monomer, 10-40 wt. % hard monomer, and 

2-20 wt. % functional monomer. However, there is not a single adhesive that meets all 

the requirements of all possible applications, so there is not a perfect composition, but a 

"base formulation" can be used as a starting point for developing new PSAs [30]. 

Surfactants 

Surfactants, also called soaps or emulsifiers, are an important component in emulsion 

polymerization. Their function is to stabilize monomer droplets in emulsion form, 

solubilize monomers within surfactant micelles, stabilize produced latex particles as well 

as particles that continue to expand during polymerization, solubilize polymer, and serve 

as a site for particle nucleation. As a result, the size and size distribution of the particles 

generated during emulsion polymerization are determined by surfactants. 

There are four types of ions: anionic, cationic, nonionic, and zwitterionic 

(amphoteric). Because of their greater compatibility with negatively charged latex 

particles due to persulfate initiator fragments, anionic and nonionic surfactants are the 

most extensively used. Surfactant combinations are employed in many latex 

formulations in a synergetic manner to control particle size and provide better colloidal 

stability to the latex. The hydrophile-lipophile balance of polar and non-polar 

components in a surfactant molecule can be used to predict emulsification efficiency. 

Surfactants with a low balance (less than 6-7) are good for water-in-oil emulsions, 

whereas those with a high balance (greater than 8) are good for oil-in-water emulsions. 

In an anionic surfactant, a negative charged hydrophilic headgroup, such as sulfate, 

sulfonate, sulfosuccinate, or phosphate groups, is connected to an extended hydrophobic 

backbone. 
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Cationic surfactants are rarely utilized in emulsion polymerization because they are 

incompatible with anionic surfactants and negatively charged latex particles. Long chain 

amine salts, polyamines and their salts, and quaternary ammonium salts are the most 

common surfactants. 

Non-ionic surfactants are hydrophilic groups that contain oxygen covalently bonded 

to hydrophobic structures. The polyoxyethylenated alkylphenols, polyoxoethelenated 

straight-chain alcohols, and polyoxyethylenated polyoxypropylene glycols are the most 

often employed non-ionic surfactants in emulsion polymerization formulations. 

In emulsion polymerization, Zwitterionic surfactants are the least commonly used. 

They can have anionic properties at high pH levels and cationic properties at low pH 

levels. N-alkylbetaines, imidazoline carboxylates, and amine oxides are the most 

commonly used. 

Polymerizable stabilizers, also known as surfmers, operate both as surfactants and 

co-monomers in the polymerization process. As they are covalently bonded with the 

polymer backbone, their migration is considerably reduced. They improve the coating's 

characteristics and minimize water sensitivity, adhesion, and gloss. A hydrophobic 

moiety, a hydrophilic moiety, and a polymerizable moiety (a double bond) make up their 

usual structure. It is possible for them to be anionic, cationic, or non-ionic [31–34].  

Inititor 

Free radicals generated by thermal decomposition or redox reactions of the initiator 

are responsible for the initiation of polymerization. When the polymerization takes place 

between 50 and 85 ºC, the thermal initiator produces radicals. They are classed as either 

water-soluble or oil-soluble initiators. 

Persulfates are the most common water-soluble initiators. At temperatures exceeding    

50 ºC, thermal breakdown produces sulfate radical anions as shown in Figure II.7: 
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In the aqueous phase, water-soluble initiators are thought to produce oligomeric 

radicals of various lengths, which are then captured or adsorbed by micelles or other 

particles. Oil-soluble initiators, such as benzoyl peroxide or 2,2-azobis(isobutyronitrile), 

on the other hand, preferentially partition into the monomer-swollen particle and create 

the free radical there. Instead, at lower temperatures (below 50 ºC) and when high 

molecular masses with low degrees of branching are desired, redox systems are used. 

Ascorbic acid or sodium bisulfate can be used as reducing agents, whereas hydrogen 

peroxide or organic peroxides can be utilized as oxidizing agents [35]. 

Chain-transfer agents 

By adding chain-transfer agents, the polymer's molecular weight can be controlled, 

decreasing cross-linking and avoiding the creation of high molecular weight polymers. 

The rate of polymerization may also be influenced by chain transfer agents. However, 

additional substances in a latex formulation, such as monomers or surfactants, might 

undergo chain transfer reactions, affecting the final characteristics of the polymers. 

Halogen-containing chemicals and thiols are the most commonly used. 

Buffers 

The addition of a buffer in the emulsion polymerization is desired due to probable 

hydrolysis reactions at acidic pH levels. It keeps the pH of the reacting system in check. 

At higher pH levels, some monomers, such as acrylic esters, undergo hydrolysis 

processes, whereas at lower pH values, they stay stable (7 or less). 

The extent of dissociation of the carboxylic acid monomers is influenced by pH, as 

is the total charge of the surfactants. The rate of decomposition of initiators is also 

 

△T 

Figure II.7. Thermal decomposition of a persulfate initiator. 
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affected by pH, because decomposition of persulfate initiators is accelerated under acidic 

conditions, which can lead to a reduction in the number of free radicals in the 

polymerizing system, resulting in a decrease in conversion. All of these observations 

show that control of pH during the polymerization process is important, however, buffers 

are often salts and as such they can influence the colloidal stability of the latex and the 

particle size. Usually ammonium, calcium or sodium carbonate are the most employed. 

Additives 

The performance of emulsion polymers is frequently enhanced by additives. 

Tackifiers, for example, are often low molecular weight resins with a greater Tg than the 

base polymer. Peel modifiers are used to increase or decrease the PSAs’ peel resistance, 

such as polybutenes or silicones. The crosslinking agents increase the molecular weight 

of polymer chains by creating a covalent bond between them. It shows a decline in 

adhesive properties (tack and peel resistance) and an increase of cohesion (shear 

resistance). 

Polyfunctional aziridines are the most common cross-linking agents for emulsion-

based products, followed by metal salts and oxides. To enhance or decrease the viscosity 

of the samples, rheology modifiers are utilized. To improve viscosity, starch, alginate 

dextrin, or cellulose derivatives are utilized. Alkaline compounds, carbamides, and 

dicyandiamides, on the other hand, are used as viscosity reducers. Wetting agents are 

surface-active chemicals that are added in small amounts to the PSAs to lower the 

surface tension and so improve substrate wetting. Sulfosuccinic acid esters are the most 

frequent wetting agents. 

To avoid coating defects in the PSAs, other additives such as defoamers are included 

to prevent air encapsulation during the coating process. Antioxidants and UV stabilizers 

can also be applied to boost the anti-aging properties. Depending on the final usage of 

the latex, several additives might be added [36–40]. 
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II.2.1.4. Fundamentals of emulsion polymerization 

Emulsion polymerization is one of the most used industrial techniques for producing 

synthetic polymers. The final products are known as emulsions or latex [41]. This 

process was designed to mimic the production of natural rubber latex by rubber tree. Its 

extensive use is due to several factors. The use of water as the continuous phase improves 

the heat removal capacity during the polymerization process providing a good 

temperature control. Moreover, this type of polymerization allows to control the particle 

size distribution and the polymer morphology thus allowing to obtain high solids content 

latexes with low viscosity enabling a better processability of the final product [42].  

Growing environmental legislation on control of emission of volatile organic 

compounds has increased the use of emulsion polymerization to produce latexes for a 

large number of applications to replace solvent-based products [18,43]. 

Most simple process starts with the stabilization of monomer droplets by absorption 

of an emulsifier at the monomer-water interface [44]. Additional emulsifiers reach above 

its CMC, forming spherical micelles of typically 50-100 surfactant molecules oriented 

so that their hydrophilic parts make contact with the aqueous phase and their 

hydrophobic parts are oriented toward the center of the micelle [45]. The micelles 

swollen by absorbing molecules of monomer into their interior and have diameters of 

about 10 nm.  

A water-soluble free-radical initiator is used to start polymerization. The initiator 

enters the micelle, which is where the free radical propagation takes place. Inside the 

micelle, polymerization occurs, resulting in polymer particles with sizes of 50-500 nm. 

It grows by adding monomers from monomer droplets on the surface, and the polymer 

is created. Polymerization within the polymer particles produces the majority of the 

polymer [18]. Because oxygen can hinder the radical produced, the reaction must always 

be carried out with stirring and in an inert atmosphere. 
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II.2.1.4.1. Types of emulsion polymerization process 

The properties of the final polymers prepared by emulsion polymerization are greatly 

affected by the process employed regardless of whether it is the same reaction formula. 

Three types of process can be used: batch, semi-batch and continuous process. 

The simplest process is the batch process (Figure II.8 a) because all reactants are in the 

reactor at the outset. Normally, a mixture of monomer, emulsifier and water is heated to 

reaction temperature. Later an initiator solution is added to start the polymerization. 

Industrially, this process is only used to produce latexes where chain transfer to polymer 

(branching and crosslinking) must be suppressed. As the polymerization rate is very 

high, removing the heat of polymerization tends to be very difficult in batch 

processes[18]. 

Semi-batch approach (Figure II.8 b) is the most widely used process since it offers a 

high flexibility and allows a better control of the polymerization process, the rate of 

polymerization and the heat generated [41]. In this process, some reactants are added to 

the reactor at the start, such as a portion of water and emulsifier, and the remainder are 

fed in a controlled way. Monomers can be added to the reactor directly or as an emulsion 

in water, called pre-emulsion, which is usually composed by the other portion of the 

water, more emulsifiers and the monomers [18]. 

Continuous process (Figure II.8 c) is used especially for large-scale products such 

as rubbers. Typically consist of a number of reactors connected in series, each one 

controlling a different part of the polymerization. This process offers the possibility of 

removing the heat of polymerization faster than other processes so that higher reaction 

rates can be obtained. In this process the reactants are fed continuously into the reactor 

and at the same time, the product, latex, is continuously removed  [46,47].  
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II.2.1.4.2. Intervals involves in emulsion polymerization 

Harkins [48,49] was the first to interpret qualitatively the emulsion polymerization 

process through three main intervals. Although strictly not valid for all cases, a 

simplified interpretation is given in Table II.2 [50]. 

Table II.2. Different intervals of an emulsion polymerization. 

Interval Conversion range 

(%) 

Micelles Monomer droplets Particle 

number 

Particle size 

I 0-10 Present Present Increases Increases 
II 10-40 Absent Present Constant Increases 
III 40-100 Absent Absent Constant Constant 

This interpretation remains broadly correct but was incomplete. Even for the more 

hydrophobic monomers with very low water solubility, polymerization begins in the 

aqueous phase by reaction to an initiator radical with a monomer dissolved in the 

aqueous phase. This fact was not recognized until several decades later [18].  

 

a) 

 

Pre-emulsion outlet 

b) 

   

c) 

Figure II.8. Emulsion polymerization processes: a) batch process; b) semi-batch process; 
c) continuous process. 
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Figure II.9 show the three intervals involves in an emulsion polymerization: 

Interval I: Particle Nucleation. There are three principal mechanisms by which 

particles are nucleated: a) micellar nucleation, b) homogeneous nucleation and c) droplet 

nucleation. 

- Micellar nucleation: This mechanism is regarded when the surfactant 

concentration exceeds its CMC, resulting in the formation of micelles in the 

medium. In the aqueous phase, radicals are created from initiators and react 

with monomers to form oligomers. These oligomers enter the micelles, 

resulting in the formation of polymer particles. The monomer droplets' main 

function is to act as monomer reservoirs, delivering monomer to growing 

particles via aqueous phase diffusion [48]. 

- Homogeneous nucleation: It is predominant when the concentration of 

surfactant is below its CMC and no micelles are present. Surfactant, initiator, 

and a saturated concentration of monomers are present in the aqueous phase, 

while a few surfactant molecules are absorbed at the surface of monomer 

droplets. In the aqueous phase, radicals react with monomers to form 

Interval I Interval II Interval III 
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Figure II.9. Schematic representation of the emulsion polymerization process and variation of 
reaction rate: (1) Monomer in aqueous phase; (2) free emulsifier; (3) micelles; and (4) polymeric 

particles. 
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oligomeric radicals that propagate homogeneously in the aqueous phase. These 

have a hydrophobic tail and a hydrophilic head group that normally carries a 

charge from the initiator radical, comparable to surfactant molecules [51]. 

- Monomer droplet nucleation: it consists in the entry of oligomeric radicals into 

monomer droplets. This mechanism is not likely to happen because the number 

of micelles is much higher, and are smaller, and therefore the surface area of 

micelles is much higher than that of monomer droplets. 

All three mechanisms may occur simultaneously, but one tends to be dominant 

dependent upon the monomer, the reaction formulation and the reactor conditions. 

During this interval, the particles number and the polymerization rate increase with time. 

Interval II: This interval starts when the micelles disappear, and the polymerization 

occurs in the polymer particles. The monomer droplets provide the monomers through 

the aqueous phase to the polymer particles where the reaction takes place. In this step, 

the polymer particles and the polymerization rate remain constant [48]. 

Interval III: When the monomer droplets have been entirely depleted by providing 

monomer to the polymer particles, this period begins. A little amount of monomer 

dissolves in the aqueous phase during this time, but the majority remains within the 

particles. The polymer particles do not change, but the rate of polymerization decreases 

as the monomer concentration decreases [16,19].  

When emulsion polymerization is carried out in a continuous reactor, the nucleation 

occurs while some others are growing, i.e., the Interval I and II coexist all-over the 

reaction [52]. 

Normally, the emulsion polymerization by semi-batch process is carried out at 75-90 

ºC with the purpose of maximizing the polymerization rate without boiling the water. 

Low molecular weight polymers with narrow distributions are produced at high 

temperatures, where termination reactions are more favored to propagation ones. 
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Emulsion polymerization is a unique process in that it affords the means of increasing 

the polymer molecular weight without decreasing the polymerization rate [53]. In these 

high temperatures, normally thermal initiator are used. However, the radical generation 

of these is not enough to remove the residual monomer at the end of the polymerization. 

For this reason, in most cases, redox initiators are used, which are characterized by 

presenting a radical generation rate much higher than thermal initiator even at lower 

temperatures [40].  

On the other hand, the emulsion polymerization by batch process is carried out at low 

temperatures. In this case, the thermal initiators do not generate enough radicals and its 

necessary to use a redox system initiator. 

II.2.1.4.3. Effect of chain transfer in emulsion polymerization process 

The radical polymerization of acrylic monomers is strongly affected by radical transfer 

events during the propagation step. Depending on the formula and reaction conditions 

this type of chain transfer reactions can give rise to a wide variety of macromolecular 

structures that will affect the final properties of the polymer.  

Chain transfer to polymer 

Chain transfer to polymer leads to branching and, in some cases, to cross-linking. 

A three-dimensional cross-linked polymer is generated when the backbone chains are 

connected forming a network where all chains are linked through covalent bonds [54]. 

In emulsion polymerization is a more significant process than in homogeneous free-

radical polymerization. Acrylic monomers have two pathways to form branch points to 

end up forming branching or cross-linking.  

Intermolecular chain transfer (Figure II.10) to polymer followed by termination 

by combination, is one mechanism. A polymer radical and a backbone polymer chain 

are involved in this chain transfer process. Instead, branching through intramolecular 

chain transfer, often known as backbiting, is another option (Figure II.11) [22]. This 

typically occurs by 6-membered ring transition state of a chain-end radical [44]. Both 
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processes produce tertiary radical species, but they propagate more slowly than the 

secondary radicals near the end of the polymer [55].  

 

Intermolecular chain transfer occurs less frequently than intramolecular chain 

transfer, but it has a greater impact. The intramolecular chain transfer generates short 

chain polymer branching and therefore its contribution is not significant [56–59]. 

However, these effects can be affected by the presence of a chain transfer agent.  

Chain transfer to chain transfer agent 

Chain transfer to chain transfer agent allows polymer formation without branching. 

It is due to the dominance of the chain transfer to chain transfer agent mechanism over 

+ M 

  

+ +  

  

Figure II.10. Intermolecular chain transfer to polymer mechanism. 

Figure II.11. Intramolecular chain transfer to polymer mechanism. 
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the intermolecular chain transfer to polymer and termination by combination of 

molecules with long-chain branches. Low molecular weights are achieved by promoting 

polymer chain terminations and the synthesis of new chains [60–63]. According to the 

literature, a developing macroradical absorbs an hydrogen atom from the chain transfer 

agent, resulting in a terminated polymer chain and the generation of a new radical, which 

is then transferred to other monomers, resulting in the formation of a new propagating 

species [64]. As a result, the chains are shorter, resulting in a reduced molecular weight 

and gel content. 

These mechanisms have been explained with more detail in Chapter VII. 

II.2.2. Performance of acrylic water-based pressure-sensitive adhesives 

From the point of view of the end-user, acrylic PSAs provide the best balance between 

adhesive and cohesive properties; the best independence from the face stock and 

substrate; the best aging properties due to the oxidation and UV stability and heat 

resistance. In addition, they provide the best tack at different temperatures. However, 

they also show some disadvantages as relatively low water resistance or adhesion to 

untreated or low surface energy substrates [65]. 

To understand how a PSAs works, it is necessary to understand the properties of the 

individual components of the adhesive formulation, what each of them does in the 

formulation and the process that place upon contact of the PSAs with different adherents. 

II.2.2.1. Interaction with the adherent 

The process of transforming a stable emulsion of colloidal polymer particles into a 

continuous film is called “latex film formation”. To achieve optimum diffusion of the 

polymer chains, high wettability of the adhesive by smooth or rough adherent surfaces 

is necessary and an adequate viscosity to penetrate into the voids and roughness of the 

adherent.  
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Generally, PSAs are used as a thin layer and their flow is limited by the physico-

mechanical interactions with the solid interaction between the PSAs and the adherent by 

wetting [5]. Film formation encompasses three steps, commonly described as the water 

evaporation (Step I), particle deformation (Step II) and coalescence by polymer 

interdiffusion (Step III) as shown in Figure II.12 [66,67]. Most important parameters 

governing film formation are the speed of drying and the softness of the polymer phase. 

These can affect the final latex performances  [68].  

Step I starts when a stable emulsion is deposited on a surface and subjected to an 

evaporation process. The latex emulsion does not dry in uniform manner across the film. 

The mass transfer limited evaporation brings the particles into close packing, leading to 

Step II. Van der Waals and capillarity forces compress the particles into dodecahedral 

shapes to produce a structure without voids, although the individual particles are still 

distinguishable [69]. Finally, in Step III, the diffusion of polymer chains across interfaces 

between particles imparts mechanical strength to the film and blurs the distinction between 

particles achieving a continuous film, i.e., the particle coalescence [70].  

Before the PSA has been applied on the adherent it is very important to clean the 

surface of the support well. Over the years, adhesives have been replacing other forms 

of union because the present advantages as save weight, to ensure a better stress 

distribution, offer better aesthetic, etc. However, one of the main disadvantages is that it 

is necessary to prepare the surface of the materials that want to join. Otherwise, it will 

adhere to the material that has the adherent on the surface such as rust, dirt or others 

[57,58].  

Figure II.12. Film formation. 
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To obtain a good interfacial interaction with an adherent is essential for PSA 

performance. The interactions between the adhesive and the adherent can take place by 

van der Waals, H-bonding, acid-base and by donor-acceptor interactions although the 

intermolecular forces which act in both adhesion and cohesion are primarily van der 

Waals forces [11,71].  For good wettability, several factors must be taken into account: 

viscosity, contact angle and the pressure exerted.  

Viscosity 

The wetting of the adhesive on the adherent is crucial to establish good interfacial 

contact. The adhesive must have a viscosity that is low enough to spread when applied to 

the surface but not too low that it loses all cohesiveness [72].  

Contact angle 

On the other hand, adhesives generally bond better to adherents with high surface 

energy, so for a proper bond to occur between the adhesive and the adherent, the surface 

energy of the adherent must be greater than that of the adhesive [73]. This is because the 

surface free energy is reduced.  

The total surface free energy (tot) is divided into a dispersion component (D), which 

interactions related with intermolecular Van der Waals forces, and a polar component (P), 

which is related with the polar interactions, as shown the Equation II.1. 

tot
 = D + P 

Equation II.1. Total surface free energy equation. 

The following test solutions are often used to check the adherent's surface free energy: 

Table II.3. Test liquids most used to determine surface free energy. 

Liquid D (mN/m) P (mN/m) 

Distilled water 22.6 50.2 
Glycerol 37.0 26.4 
Diiodomethane 50.8 0.0 
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Normally, adherents with high surface energy are inorganic materials with a surface 

tension greater than 500 mN/m and with low surface energy are organic materials with less 

than 100 mN/m. Table II.4 shows certain values of surface tension of substrates and 

polymers more used [74,75]. 

Table II.4.  Surface energy values of common substrate materials. 

Material Surface energy, mN/m 

Aluminum 45.0 
Glass 47.0 
Copper 1000.0 
Iron 46.0 
Stainless steel 45.0 
Silicones 20.0 
Poly(vinyl chloride) 35.0 - 41.0 
Poly(ethylene) 29.0 - 31.0 
Poly(ethyleneterephtalate) (PET) 37.0 - 43.0 
Poly(propylene) 28.0 - 30.0 
Poly(styrene) 33.0 – 43.0 

The contact angle , depends on the adhesive and adherent nature. It allows us to 

determine the surface free energy using the Owens-Wendt approach on the basis of 

Young’s equation (Equation II.2) where S is the surface free energy of the solid in mJ/m2, 

SL is the interfacial tension between solid-liquid, L is the surface tension of the liquid and 

 is the contact angle as shown the Figure II.13. 

S = SL + L cos  

Equation II.2. Young's equation. 

S  

L 

SL Adherent (solid) 

Adhesive 
(liquid) 

Figure II.13. Contact angle formed by a drop of adhesive on an adherent. 
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The liquid will spread across the adherent's surface and exhibit good wettability when 

the observed contact angle is 0º. A partial wetting of the adhesive on the adherent occurs 

when the measured contact angle is between 0 and 180º, but there is no wetting of adhesive 

on the adherent if the measured contact angle is 180º as shown in Figure II.14 [76,77].  

Pressure exerted 

Moreover, it is necessary to apply a certain pressure to force the adhesive to wet the 

adherent. Normally, the higher the force applied, the better the wetting [78]. 

II.2.2.2. Adhesion and cohesion balance 

An adhesive can hold at least two materials together generating a resistance to separation 

in a permanent or temporal manner. These materials that we want to join together are 

known as the adherents, substrate or supports and the area between the adhesive and the 

adherent is the interphase [71,79]. To be a PSA, the polymer must create a bond after a 

brief contact and low pressure [80].  

According to the American Society for Testing Materials (ASTM), adhesion is the 

state of two surfaces being held together by interfacial forces. Whereas, cohesion is 

defined as the tendency of a single substance to adhere to itself, the internal attraction of 

molecules towards others [81]. Figure II.15 shows how the bond is formed. 

Substrate 

Support 

Adhesive Cohesion forces 
Adhesion forces 

Adhesion forces 

 
 = 45º 

  = 110º 
 = 0º 

a) c) b
) 

Figure II.14. Partial wetting (a, b) and total wetting (c) of adhesive droplets on adherent. 

Figure II.15. Interaction substrate-adhesive-support. 
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Tack and peel resistance indicate adhesion, whereas shear resistance characterizes 

cohesion. Tack is defined as the ability of an adhesive to make a quantifiable bond with 

another material's surface after a brief contact under light pressure or without pressure. 

The force required to remove a PSA from a specified test surface under standard 

conditions is known as peel resistance. The shear resistance of the PSA tape is defined 

as its ability to remain attached under a steady load applied parallel to the tape and 

substrate surface [81,82]. The adhesive's character is reflected by the balance of these 

properties, adhesion and cohesion balance.  

These properties are assessed by the separation of an adhesive tape from a substrate. 

This is a process in which both the thermodynamic work of adhesion and dissipation 

factors are involved as shown in the following Equation II.3: 

WT = WA + WA Φ 

Equation II.3. Total work of adhesion equation. 

Where WT is the total work of adhesion and Փ is a viscoelastic dissipation factor, which 

is related with the viscoelastic dissipation that depends on the parameters such as 

temperature, volume, etc. WA is the thermodynamic or reversible work of adhesion, that is 

the change in free energy when the materials are brought into contact. It is the same as the 

amount of work expended under reversible or equilibrium conditions to disrupt the 

interface. According to the Dupré equation (Equation II.4), WA is related to surface-free 

energies or surface tensions [83,84]: 

WA = γA + γS - γAS 

Equation II.4. Reversible work of adhesion. 

Where S is the surface tension of the substrate, A is the surface tension of the adhesive 

and AS is the interfacial tension between adhesive-substrate. 
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II.2.2.3. Viscoelastic behavior of pressure-sensitive adhesives 

Viscoelastic behavior is a combination of elastic and viscous behavior where the applied 

stress results in an instantaneous elastic strain followed by a viscous, time-dependent 

strain. This behavior is described by viscoelastic parameters such as the elastic modulus 

(G) and the viscous modulus (G’). G is associated with the energy stored in a material 

while the G’ is associated with the energy dissipated by the material.  

To determine if a material is viscoelastic, it is necessary to determine the loss tangent 

(tan ) that corresponds to the ratio between G'/G. If a material is purely elastic, the stress 

and strain are in phase, =0º. If the material is purely viscous, the stress and strain are out 

of phase, =90º. A material is viscoelastic when the phase angle has  values between 0 

and 90º [85,86]. 

The viscoelastic nature of PSAs is the one that controls the adhesion to the substrate 

surface and determines the duration of its application. Viscoelastic behavior allows PSAs 

to exhibit both solid and liquid-like behavior depending on variables such as temperature 

and frequency of the applied stress. To fully understand the viscoelastic behavior, it is 

necessary to understand the most important PSAs properties (peel resistance, tack and 

shear resistance).  

PSAs are characterized by adhering to a wide variety of substrates under conditions of 

low contact pressure and short contact time. This is thanks to the tack of the polymer.  Tack 

or bonding is a low-rate process where the adhesive should be liquidlike and hence able to 

flow sufficiently to promote intimate contact between itself and the substrate.  

It is a feature that amorphous polymers show above their Tgs. It is defined as the 

temperature range through which the polymer changes from a hard, glassy state into a 

liquid, rubber-like state. This means that below the Tg there is no molecular movement of 

the polymer chains and therefore the polymer becomes brittle and shows a higher G. 

However, above the Tg, the polymer behaves like an elastic fluid causing its tensile 
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strength and G to decrease. The loss modulus describes the liquid-like character of the 

adhesive. Therefore, Tg is a parameter that depends on the mobility and flexibility, which 

is determined by the composition, structure and molecular weight of the polymer [74].  

A polymer with low viscosity, generally associated with a low Tg, will be able to wet 

a substrate surface and establish intimate contact with the adherent. If the Tg is increased, 

the polymer becomes stiffer, and most likely there will be a decrease in wetting and 

adhesion.  

On the other hand, peel or debonding is a high-rate process where the adhesive should 

be solid-like, i.e., cohesive and internally strong. However, the shear resistance or holding 

power is a low-rate process at high deformation. The loss modulus should predominate 

(G’ > G) at low frequencies, and the storage modulus should predominate (G > G’) at high 

frequencies. According to the literature, the module is related to tack and peel tests at high 

frequencies, and shear resistance of adhesives at low frequencies [83,84]. 

II.2.2.4. Composition effect 

The components of the adhesive formulation play a large role in the final properties of 

the adhesive. They are composed mainly by a combination of hard and soft monomers. 

The soft monomer typically constitutes from about 50 to about 98 wt % of the polymer. 

They are composed of chains higher than four carbons that show Tg values lower than -

30 ºC. Such an adhesive would lack a good balance between adhesion and cohesion 

forces, it is necessary the incorporation in the formulation of a hard monomer. These 

hardening comonomers have Tg greater than 30 ºC.  

When an acrylic adhesive is designed, the Tg resulting from the combination of these 

monomers should be well below the intended temperature of bond formation [30]. It can 

be estimated by the Fox equation (Equation II.5) from the Tg value of the homopolymer 

(Tgi) and the weight fraction (wi) of each comonomer [87]: 
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Equation II.5. Fox equation. 

On the other hand, an increase in the chain length of higher molecular weight 

polymers will be reflected in an increase in the Tg of the polymer [88]. According to 

Satas [30,89], the changes of PSAs properties can be represented as a function of 

molecular weight as shown in Figure II.16. 

Both tack and peel resistance increase with increasing molecular weight until a 

maximum is achieved. The low-range molecular weight influences tack, while the 

middle-range molecular weight influences peel resistance. The maximum is found at a 

low molecular weight, and it is in this region where the mode of failure in the peel test 

transitions from cohesive to adhesive. Shear resistance increases beyond the maximum 

of tack and peel resistance when the molecular weight causes these qualities to diminish. 

This rises with the growth of molecular weight up to the point where adhesion decreases 

to such a low level that the adhesion failure takes place when a shear force is applied. 

When the molecular weight of the adhesive exceeds the maximum shear resistance, it is 

no longer an adhesive since it no longer possesses the three adhesive properties [90].  
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Figure II.16. Adhesive properties according to the molecular weight. 
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Another aspect to take into account is the gel content. It is defined as the insoluble 

polymer fraction in tetrahydrofuran (THF) at 70 ºC (molecular weight higher than 7 x 

106 g/mol [58]). This gel are domains of cross-linked polymer and entangled high 

molecular weight polymer chains [91]. According to Bouvier-Fontes et al. [92], it is not 

possible to manipulate the gel content independently of the molecular weight. In general, 

increasing gel tends to increase the shear resistance of the PSAs while decreasing their 

deformability. Consequently, tack and peel resistance decrease.  

II.2.2.5. Adhesion tests 

The adhesive properties (tack, peel resistance and shear resistance) of a PSA are 

normally measured by three types of standardized tests: tack test, peel test, and shear 

test. 

Tack measurements methods 

Tack was defined by ASTM as the property of an adhesive that enables it to form a 

bond of measurable strength immediately after adhesive and adherend are brought into 

contact under low pressure [81]. All methods are used to evaluate tack at low contact 

pressure and short contact times, the values obtained by different test methods should 

not be compared.   

Four tack test procedures predominate the current PSAs technology. The rolling ball 

tack test (Figure II.17 a) was one of the earliest test methods used. According to ASTM 

D3121-94 [93] and PSTC-6 [94] rules a stainless steel ball of predefined dimensions is 

rolled down an inclined ramp. The PSA strip is located at the bottom of the ramp. The 

distance that the ball travels before stopping is defined as rolling ball tack. A higher tack 

is associated with a shorter distance. The distance will depend not only on PSA qualities, 

but also on its anchoring to the carrier, the nature of the carrier surface, and the thickness 

of the adhesive layer in this type of test. 
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The loop tack (Figure II.17 b) and quick stick tests (Figure II.17 c) are essentially 

modified peel tests. In the loop tack test (PSTC-16 [95], FINAT FTM-9 [96]), a loop is 

formed with the PSA layer facing out and brought into contact with a substrate at a 

defined rate. Loop tack is the force required to remove a loop at a specific pace. The 

carrier's flexibility or stiffness has an impact on the reported loop tack value. The quick 

test, on the other hand, consists of placing a strip of PSA on a standard surface without 

applying any pressure other than the tape's weight. (PSTC-5 [97]). The strip is then 

peeled off at a defined rate at a 90º angle. The tack value is represented by the measured 

peel force. Times are relatively longer compared to other tack tests, but the results 

accuracy is higher. 

The probe tack test (ASTM D2979-88 [98]), the tip of a probe is brought into contact 

with a supported adhesive at a low pressure for a short time (Figure II.17 d). The probe 

tack is the highest force of separation of the probe from the adhesive. The influence of 

the carrier's mechanical properties and adhesive thickness is minimized, but not totally 

eliminated, when compared to other tack tests. 

Peel resistance measurement methods 

Resistance to peel is measured as the force required to peel away a tape of PSA 

coated material of standard dimensions from a standard surface at a constant rate. A high 

a) 

 

 

b) 

 

 

c) 

 

d) 

Figure II.17. a) Rolling ball; b) loop tack; c) quick stick, d) probe tack scheme. 
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peel adhesion requires a certain tack level for bonding and certain cohesion for 

debonding. It has a high dependence on the elastic/viscous ratios components. This is 

one of the most important tests for the adhesive industry [99]. They can be classified as 

permanent or removable. Czech classified the PSAs according to their peel strength at 

180º as shown in Table II.5 [100]. 

Table II.5. Pressure-sensitive adhesive classification based on the peel strength at 180º. 

Type of PSAs Peel resistance at 180º (N/25mm) 

Excellent permanent > 14 
Permanent 10-14 
Semi-removable 6-8 
Removable and repositionable 2-4 
Excellent removable < 1 

The adhesive thickness, formulation, carrier, and testing technique all have an 

impact on peel resistance forces. There are different types of peel test methods but in all 

cases an adhesive tape is stuck on a support and is pressed by passing a rubber roller 

with a certain weight to ensure that all tape has stuck to the support with the same force. 

The difference between them is the way to peel off the tape from the support. The most 

popular are Peel at 180º (Figure II.18 a), according to the test FTM 1 [101]; Peel at 90º 

(Figure II.18 b), according to the rule FTM 2 [102]; T- Peel (Figure II.18 d), according 

to the rule D 1876-01 [103]; Drum peel (Figure II.18 c), according to the rule ASTM 

D1781-98 [104]. 

Figure II.18. a) Peel at 180º; b) peel at 90º; c) drum peel; d) T-peel. 
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The other aspect that is evaluated during the test is the type of failure that occurs. 

This is visually evaluated and could be classified in adhesive, cohesive, transfer or 

structural failure as shown in Figure II.19.  

When the adhesive remains on both sides of the joint during peeling, it is known as 

cohesive failure. If the adhesive remains completely adhered to the substrate leaving the 

support without any type of residue, it is known as adhesive failure. On the other hand, 

when the opposite occurs, that is, that the adhesive is completely transferred from the 

substrate to the support, it is called failure by transfer, leaving the substrate free of 

residues. Finally, it is known as structural failure when the substrate or support breaks 

before the interface between the substrate/support and the adhesive [78,82]. 

Shear resistance measurement methods 

The shear resistance is a characteristic test to evaluate the cohesion of the adhesive. 

Therefore, in all cases, this type of failures occurs by cohesive failure. The shear 

resistance test may be measured statically or dynamically.  

The static method (Figure II.20 a) measures the time required to pull a defined area 

of a PSA from a test panel under a constant load according to ASTM D3654 [105], 

PSTC-107 [106] or FINAT FTM 8 [107]. They often show inaccurate results and need 

long measurement times.  

Adhesive failure Transfer failure Cohesive failure Structural failure 

Figure II.19. Failure modes of adhesive bonds. 
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The hot shear test, which measures the sample's cohesiveness at an increased 

temperature, yields better findings. A dead load hot strength test of shear adhesion failure 

temperature (SAFT) according to the PSTC-17 [108] takes place when the test 

temperature is gradually elevated. The temperature at which the bond fails is considered 

as value (Figure II.20 b).  

Dynamic shear tests (Figure II.20 c) measure the cohesion of the sample in a tensile 

tester under increasing load (force). It can be set up on an adhesion tester at this slow 

speed according to the FTM 18 [109]. While the width of the sample can be any standard 

width, the height of the sample needs to be limited, so that it does not become a tensile 

test of the backing [65]. 

II.3. Recent studies in the field of pressure-sensitive acrylic adhesives  

As explained above, PSAs are a type of adhesives which are characterized by their ability 

to adhere strongly at room temperature with the adherend only applying slight pressure 

for a short time [25]. The adhesive performance is dependent on a balance of the 

rheological properties of the polymer which are governed by the structure of it [82,110]. 

An appropriate balance between viscous and elastic components is crucial to obtain a 

good balance between adhesion and cohesion [111]. However, achieving this balance is 
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Figure II.20. a) Static shear; b) SAFT; c) Dynamic shear. 
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a great challenge since these properties are opposing forces. Water-based acrylic PSAs 

are characterized by their good peel resistance, but tend to show poor shear resistance, 

especially when they are compared to their solvent-based equivalent.  

Thanks to the versatility of the polymerization process, the adhesive can be easily 

tuned during its production. The copolymer composition, the molecular weight 

distribution, the crosslinking degree, or even, the polymerization process can be varied 

to obtain different properties. Several research studies have been carried out to clarify 

which parameters are responsible for achieving a good adhesion-cohesion balance. 

Jimenez et al. [112] developed a system composed of a soft acrylic dispersion 

functionalized with N-vinyl pyrrolidone and tannic acid (water-soluble polyphenol). 

They observed that the H-bond between pyrrolidone groups in the polymer particles and 

the hydroxyl groups in tannic acid promoted the arrangement of a network of tannic acid 

around the soft polymer particles. Only with a 3 wt% of tannic acid, the shear resistance 

increased 26 times and the peel resistance only decreased 25 %.  

Desroches et al. [113] improved the shear resistance, maintaining the rest of the 

adhesive properties of a system composed by n-butyl acrylate and acrylic acid. It was 

crosslinked by grafting to the SiO2 nanoparticles surface. In these polymer-grafted 

nanoparticles, apart from the physical entanglement, the acrylic acid allowed an ionic 

crosslinking by the metal salt coordination. The shear resistance by dynamic load 

increased 33 % and, in addition, the peel resistance increased slightly in comparison with 

the standard polymer, which had not been grafted.  

Recently, a new technology based on photoreactive PSA systems has emerged. This 

technology allows for a better balance between the adhesive properties and also 

improves aging properties by crosslinking. Photoinitiated polymerization is a process 

that transforms a monomer into polymer by a chain reaction initiated by free radicals or 

ions. These are generated by photosensitive compounds, namely photoinitiators and/or 

photosensitizers, by ultraviolet irradiation. Ultraviolet technology is applied using 
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common industrial lamps ranging from 200 to 400 nm [114]. This type of PSAs offers 

high rate of polymerization at room temperature, lower cost energy and solvent-free 

formulations [115] and are characterized by their high peel resistance, tack and shear 

resistance, especially at high temperatures [116] . The photoinitiators absorb incident 

light and break down to yield free radicals, which act as the trigger for the crosslinking 

mechanism. The rate of reaction, solubility, activating wavelength and intended use of 

the photoinitiator are all factors to be taken into account when deciding on a particular 

photoinitiator [114]. 

Kim et al. [117] introduced different photoreactive crosslinking agents (dipropylene 

glycol diacrylate, trimethylolpropane triacrylate and alkoxylated pentaerythritol tetra 

acrylate) in a system composed by acrylic acid and n-butyl acrylate. Moreover, they 

tested different photoinitiators (Omnirad 127 and Irgacure BAPO). They observed that 

the tack decreased considerably after the crosslinking process with the rise of the 

proportion of crosslinking agents and acrylic acid. The peel resistance also decreased 

with the rise of crosslinking agents but increased with the acrylic acid content. As was 

expected, the shear resistance increased with both agents, especially, when the tetra 

acrylate was used as a crosslinking agent. However, they did not achieve a good balance 

between the three properties because the peel resistance and tack were lower than they 

expected. 

Mozelewska et al. [118] studied the effect of incorporation of the unsaturated 

photoinitiator 4-acryloyloxybenzophenone in an adhesive to increase its performance by 

cross-linking using UV radiation. It was introduced in three different systems composed 

by acrylic acid and n-butyl acrylate or 2-ethylhexyl acrylate and all three monomers 

together. They observed that the cohesion values decreased with the increase of the 

thickness of the adhesive layer. Ultraviolet radiation penetrated very little into the thicker 

layers, thus generating only partial crosslinking. The system of acrylic acid and n-butyl 

acrylate showed high values of tack and cohesion. Instead, the system of acrylic acid and 

2-ethylhexyl acrylate showed a low cohesion but high values of tack and peel resistance. 
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Finally, the system composed by the three monomers was the only one which maintained 

a good balance between the three adhesive properties. 

Bartkowiak et al. [119] studied the effect of different photoinitiators in order to 

achieve the best balance between the three main adhesive properties for a system 

composed by acrylic acid, metracylic acid, n-butyl acrylate and 2-ethylhexyl acrylate. In 

all cases, a higher photoinitiator concentration increased the shear resistance. The tris-

benzophenyloxy phosphineoxide was the photoinitiator which achieved the best 

performance between the three adhesive properties.  

Another common problem of water-based PSAs is their poor water resistance due to 

the use of hydrophilic substances in the polymerization process. In the moment of the 

PSA film formation these can suppose a problem since these substances can migrate 

toward the interface with the substrate or air or be absorbed in the latex particles forming 

small pockets or hydrophilic pathways that decrease the adhesive performance. In recent 

years, several solutions have been proposed to address this issue. One of these has been 

the use of polymerizable surfactants to decrease this type of migrations and thus to 

improve the performance of PSA.  

Zhang et al. [120] compared the properties of a PSA generated via emulsion 

polymerization using both conventional and reactive surfactants. Ammonium salts of 

sulfated nonylphenol ethoxylates with similar chemical structures and hydrophilic-

lipophilic balances were utilized as surfactants. They observed by Raman microscopy 

and contact angle that the increase of conventional surfactant concentration resulted in a 

proportional increase in concentration at the surface of the latex film. However, when 

the same experiment was carried out with polymerizable surfactants, no surface 

enrichment of the adhesive film. They concluded that the use of a polymerizable 

surfactant prevents the degradation of the adhesive performance since its migration to 

film surface during the drying and formation if inhibited.  
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Aguirreurreta et al.[121], studied the whitening phenomena of PSA films. They 

observed that with a pH around 8.5-10 before the film formation obtained the best 

performance due to a better electrostatic stabilization. Moreover, they observed that 

when using conventional surfactants, they had to use enough to enable stabilization 

during film formation, but not too much to prevent the hydrophilic pathways in the film. 

However, the behavior of polymerizable surfactants was different. Their increase 

improved the water whitening resistance and, in addition, showed lower opacity in the 

films. In other studies [122], they found that the molecular weight of the polymerizable 

surfactant was playing a role in the final adhesive properties. Lower molecular weight 

of surfactants improved the cohesion strength of the adhesive and showed higher SAFT 

values. Moreover, those polymerizable surfactants with phosphate groups improved the 

work adhesion on stainless steel supports. As was expected, the peel resistance was 

higher in those samples stabilized by polymerizable surfactants than by conventional 

ones.  

Zhou et al. [123], instead, developed a system composed by a standard PSA based on 

acrylic acid and n-butyl acrylate which was functionalized by adding by physical 

blending catechol and anthracene to improve its underwater adhesion. On the one hand, 

the catechol addition allowed the system to form chemical adhesions underwater. On the 

other hand, the anthracene addition allowed a tunable adhesion since it contains 

photodimerible groups that allow to form a reversible cross-linking. 

Niu et al. [124] were able to design a dry underwater PSA. For it, the tested several 

molar ratios of n-butyl acrylate and acrylic acid (3.3-1.0, 2.8-1.0, 1.6-1.0 and 1.0-1.0) to 

optimize the viscoelastic properties of the adhesive under this condition. The 

hydrophobic units of n-butyl acrylate allowed the break and removal of the hydration 

layer. Instead, the acrylic acid units were responsible for forming hydrogen bonds to 

build a cohesive strength. The combination of both monomers promoted the formation 

of different non-covalent interactions such as hydrogen bonds, van der Waals and 

hydrophobic between the adhesive and the substrate. The sample with 2.8 of n-butyl 
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acrylate and 1.0 of acrylic acid showed a high bonding strength of different substrate 

around 115-150 kPa by the probe tack tests underwater. Moreover, thanks to the low Tg 

(-8.4 ºC) and the reversibility of its hydrogen bonds between the polymer chains, this 

PSA has the ability of self-healing by applying slight pressure. 

Currently, the PSAs market is completely dominated by synthetic polymers produced 

from fossil resources. However, with the governments imposing regulations and 

restrictions, a new tendency has emerged to develop biobased PSAs as alternatives to 

petroleum-based PSAs [125]. Acrylic and methacrylic acid are the basis for the synthesis 

of (meth)acrylic monomers and both can be obtained from renewable resources. For 

example, acrylic acid can be produced from fermented corn dextrose via the hydration 

of 3-hydroxypropionic acid (process partnership between BASF, Novozymes and 

Cargill in 2012 [126]). However, the main problem of these PSAs is that the resources 

used to produce these biopolymers often compete with our food and feed resources. 

From a sustainability perspective, it should minimize the social and environmental 

impact in the production of raw materials for these polymers [127].  

The emulsion polymerization of acrylic fatty acids is getting great interest. Zhang et 

al. [128] copolymerized isobornyl methacrylate with n-butyl acrylate, 2-hydroxyethyl 

acrylate and acrylic acid. They observed that the peel and shear resistance were better 

when the methyl methacrylate was replaced by the isobornyl methacrylate in the 

formulation. Even, the tack values were maintained due to the interaction of isobornyl 

methacrylate with the treated and untreated polypropylene substrate used to carry out the 

tests. Badía et al. [129], studied the adhesive performance of PSAs with bio-based 

contents up to 72 % and compared the results with oil-based counters. For that, partially 

biobased commercial 2-octyl acrylate and isobornyl methacrylate (derived from castor 

oil and pine resin, respectively) were copolymerized with methacrylic acid and 2-

ethylhexyl acrylate. They found that a formulation with 15 wt % of isobornyl 

methacrylate and 0.025 wt % of chain transfer agent showed similar peel and tack 

resistance but a shear resistance 45 times higher than the pure oil-based adhesive.  
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Pu et al. [130] substituted half of the fossil-based monomers (n-butyl acrylate, vinyl 

acetate and methyl methacrylate) by macromonomers synthesized through the ring-

opening copolymerization of L-lactide and -caprolactone with 2-hydroxyethyl 

methacrylate. They increased the amount of biobased content up to 50 wt % in the final 

latex maintaining the adhesive properties.  

Roberge et al. [131], reported the direct use of conjugated linoleic acid in water-based 

PSAs of n-butyl acrylate and styrene. Due to the high price of conjugated linoleic acid, 

they used a mixture between conjugated linoleic acid, oleic acid and saturated fatty acid 

(74, 13 and 13 %). They observed that the oleic acid reacted with the styrene and n-butyl 

acrylate forming oligomers and interfering in the terpolymer composition, and therefore, 

in the adhesive properties. To avoid this, they varied the composition mixture and added 

crosslinkers and chain transfer agents to control the final molecular weight and an 

improvement of PSA performance.  

Droesbeke et al.[132], synthesized by emulsion polymerization 100 % biobased PSAs 

from terpenoid-based (meth)acrylates. The biobased PSAs showed similar adhesive 

properties as those of the non-biobased PSAs on steel, glass and polyethylene supports. 

Moreover, they showed the interesting branching and crosslinking capacity of citronellyl 

(meth)acrylate (bifunctional biobased monomer) as a biobased crosslinker.  

However, the fact that these PSAs are biobased does not imply that they are 

biodegradable. Full biodegradability of acrylic biobased PSAs seems difficult to achieve 

due to the presence of the acrylic backbone, but the side groups made out of 

carbohydrates, fatty acids and polyesters can be [133,134].  

PSAs are present in a large number of products, and they can interfere with processes 

such as composting or recycling. If they were biodegradable, they could be decomposed 

by the action of microorganisms. In the case of being compostable, only 90 % of the 

PSA should become carbon dioxide [135]. In the case of recycling, a clear example of 

paper recycling. In the pulping process the paper is disintegrated to recover the fibers 
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free of additives and adhesives. This separation is efficient if the adhesives are large, but 

if these are smaller than 0.5 mm, they are not removed. This decreases the quality of the 

final recycled product [136]. 

Guo et al. [137] observed that a combination of vinyl acetate and acrylic acid 

monomers produces water-based PSAs that readily fragment during paper recycling 

operations. Replaced the hard monomer vinyl acetate with either methyl methacrylate 

and/or styrene and the functional monomer acrylic acid with methacrylic acid and a 

considerable increase in removal efficiency was observed. The use of stronger and more-

water-resistant components limited the fragmentation of the PSA film studied during 

repulping and reduced its impact on paper recycling operations. 

II.4. Adhesives for labels and the new market trend 

Labels play a crucial role in the packaging sector. In the early days they were simple, 

used only for identifying bales of cloth by batch and colours. However, nowadays, they 

are used in a wide variety of ways and applications. The globalization in the wine and 

cava industry is making the drink market more competitive than ever. 

For years, this sector used exclusively wet glue type labels [138]. One of the polymers 

most used as wet glue adhesives for glass bottle labels is the casein. In addition to being 

applied at room temperature, it shows a high degree of moisture resistance [139]. 

However, due to the fact it is from animal origin, it is very susceptible to strong 

fluctuations in price and quality and can easily suffer bacterial contamination. In 

addition, the casein-based adhesives are applied in wet conditions, that is, it can not be 

stored once applied, as the adhesive is applied just before the label is going to be stuck 

to the bottle [140]. As it is not a simple process, in recent years this market has been 

replacing them with self-adhesive labels, manufactured with PSAs [141].  

PSAs have been in wide use since the late 19th century, but it was not until 1935 that 

they began to be used in the manufacture of self-adhesive labels [142]. These have a lot 

more advantages than other labeling techniques. They are less expensive, simple to 
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apply, and have excellent aesthetic features. Adhesive type selected depends on the 

package destination and the label material.  

Labels must be able to withstand different factors such as temperature changes, 

humidity and mechanical stress [143]. For it, the adhesives for labels must have good 

adhesion on the substrate surface even it the surface is wet; chemical, plasticizer, 

mechanical, temperature and UV resistance; easy labeling; removability; 

repositionability; noncorrosivity; transparency; instantaneous adhesion; uniform 

adhesion toward the release liner [144].  

Among the different types of self-adhesive labels, the acrylic-based PSAs are 

classified as not being toxic due to the fact to be high molecular weight compounds. 

Samples produced from acrylic emulsions are permitted for food packaging by Food and 

drug administration (FDA) [145]. However, residual substances and monomer content 

also have to be taken into consideration in food legislation [146].  

According to the market, packaging trends move towards a circular economy in order 

to meet the three R: Reduce, Reuse and Recycle [147]. Different strategies are being 

evaluated in order to reduce the packaging waste generated.  

A typical pressure-sensitive label consists of a facestock (either paper or plastic), a 

PSA, and a siliconized release liner on a paper substrate which protects the label during 

manufacture and storage. However, this siliconized release liner becomes in a waste in 

the moment of the label application since the collection facilities for recycling are 

currently very limited. In fact, it must be treated as a special waste, and therefore, burned. 

Obviously, this supposes an environmental impact in terms of pollution due to the fumes 

and solid residues in the recovery boilers.  

Those labels which do not require a release liner are gaining popularity to reduce 

waste and overall cost. One of the most widely adopted solutions for linerless labels is 

to top-coat the label surface with a silicone release coating. This method removes the 

liner stock but not the cost associated with the silicone itself [148]. Another adopted 
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solution is the use of an adhesive which can be transformed from hard to tacky with heat, 

UV, or some other method for inputting energy. Several approaches have been carried 

out in the last few years. 

The encapsulation of the adhesive is one of these. In this case, the gluing mechanism 

was ensured by the application of a pressure which induces the breakage of the sell’s 

capsules releasing the core material, the PSAs. Empereur et al. [149] developed a series 

of silicone liner-free PSA by microencapsulation using the simple and complex 

coacervation [150] and the aminoplaste [151]. They used renewable natural materials to 

encapsulate the PSAs. After being incorporated into microcapsules, the glue had lost its 

stickiness. These ones were spherical, mononuclear and their diameter was close to that 

of the original emulsion’s micelles (between 1 and 6 m). However, they showed a 

tendency to form aggregates (between 50 and 150 m). The stability of the adhesive 

within the pH range during the encapsulation was a limitation. Even so, these PSAs 

showed acceptable peel resistance (170 J/m2), 30 % lower than the non-encapsulated 

PSAs (250 J/m2). 

Another approach is blending a dispersed polymer with a solid plasticizer. In it, both 

components remain as separate domains until the heat activation step. Solvent-borne or 

hot melt polymers cannot be employed in this application due to the necessity of 

heterogeneity on a micro scale. A water-borne adhesive must be used to prevent 

premature mixing of the polymer and the plasticizer [152].  

In addition, there is a great interest in promoting the reuse of glass bottles. As the 

casein had been one of the most used adhesives for beer and wine bottles, among other 

types of drinks, the washing machines that exist today had been designed to be able to 

easily remove this type of adhesives. However, as market trends have changed, more 

and more labels based on PSAs are being used. Currently, PSAs cannot be washed in 

traditional bottle washing machines. This results in a great interest in developing PSAs 

capable of being removed easily (around 3 min) in the same type of washing [153]. 
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For this reason, in recent years, new technologies and products have emerged from 

the adhesive companies and research centers in order to solve this handicap. 

Avery Dennison [154] has designed a new PSA called Easy Peel Off (EP1800) for 

paper labels that can be removed from bottles in industrial washing machines. The 

advantage of this adhesive is that it can be removed in the conventional bottle washer, 

without the need to make any change in the process. The returnable bottles are immersed 

in warm water for a period of 8 hours. According to them, the labels are separated from 

the bottle during the washing process without any adhesive residue on bottle or in the 

washer. 

Tecnicom Adhesivos [155] has developed the water-based PSAs (Coltec SA 130) 

which shows a low shear to permit a very easy cleaning process of the returnable bottles. 

In a NaOH bath (1 %), at 75 ºC, the paper labels show detaching times lower than 3 min. 

Moreover, this adhesive shows excellent resistance in an ice bucket and in wet 

environments. 

However, the washing machines often remove the labels using high temperatures, 

solvents and/or harsh reagents, which reduce the sustainability of the recycling process 

and increase its final cost [156]. 

Wenzel et al. [157] presented a novel approach to obtain water-based degradable and 

easily removable PSAs. It consisted of implementing a new type oligoester crosslinkers, 

asymmetric and symmetric, into the PSA formulation. The labels manufactured with 

PSA formulated with longest asymmetric and symmetric crosslinkers showed detaching 

times of 30 min and 45 min, respectively, when they were immersed in basic potassium 

hydroxide solution with a pH of 10 at room temperature.  

Kim et al. [158] proposed a different process for easily removing a PSA. They blend 

di-functional or hexa-functional urethane-acrylate oligomers with synthesized acrylic 

PSAs. As the content of the oligomer increased, the peel resistance was increased. When 
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the PSA was irradiated with UV light, its peel resistance decreased thus allowing its easy 

removal. 

Badía et al. [159] developed a biobased water-based PSA with fast removability in 

water as an alternative to current PSA formulations toward more sustainable glass 

recycling and reusing processes. For it, the synthesis of a dual functional monomer 

derived from isosorbide (isosorbide dimethacrylate, isosorbide 5-methacrylate and 

mixtures thereof) were incorporated into biobased PSA formulations. It was found that 

the incorporation of derived from isosorbide yielded a slightly cross-linked polymer 

network having poorer adhesion properties than formulations with other hard monomers 

such as isobornyl methacrylate or piperonyl methacrylate. However, the derived from 

isosorbide promoted the removability of the adhesive tape from glass in water in with 

detaching times of around 20 min. In addition, those formulations that contained 2-octyl 

acrylate and isobornyl methacrylate enhanced both the flexibility and the cohesiveness 

of the adhesive fibrils. Their detaching times were lower than 40 min at room 

temperature and even decreased up to 4 times when the water temperature was increased 

to 65 ºC. 
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CHAPTER III 

MATERIALS AND EXPERIMENTAL PROCEDURE 

 

 
 

III. 1. Materials 

III.1.1. Raw materials and reagents used to prepare the latexes 

The synthesis of the PSA investigated was carried out using different acrylic monomers, 

surfactants, chain transfer agents and other reagents. 

Acrylic acid and n-butyl acrylate, provided by BASF S.A. (Ludwigshafen, Germany), 

2-ethylhexyl acrylate, provided by Dow Chemicals (Pampa, USA) and acrylonitrile, 

provided by IMCD Benelux B.V. (Amsterdam, Netherlands), were used as comonomers 

in the polymerizations. Table III.1 shows some features of the monomers used. Chemical 

structure of the acrylic monomers is showed in the Figure III.1. 

Table III.1. Monomers’ abbreviation, purity, glass transition temperature (Tg) of the 
corresponding homopolymer and molecular weight (Mw). 

Monomers Abbreviation Purity Tg (ºC) Mw (g/mol) 

Acrylic acid AA 1.00 105 72 
n-Butyl acrylate n-BA 1.00 -54 128 
2-Ethylhexyl acrylate 2-EHA 1.00 -70 184 
Acrylonitrile ACN 1.00 100 53 

 

  

 

 

a) b) c) d) 

Figure III.1. Chemical structure of acrylic monomers: a) acrylic acid, b) n-butyl acrylate,                        
c) 2-ethylhexyl acrylate and d) acrylonitrile. 
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The anionic surfactant with commercial name DowfaxTM 2A1 (provided by Dow 

Chemical from Midland, USA) and the anionic copolymerizable surfactants, with 

commercial name Adeka Reasoap SR-1025 (provided by Adeka Corporation from Tokyo, 

Japan), Hitenol AR-1025 (provided by IMCD Benelux B.V from Amsterdam, 

Netherlands), MaxemulTM 6106 and MaxemulTM 6112 (provided by Croda from Mill Hall, 

USA), were used as emulsifiers to stabilize the emulsions. Table III.2 shows some features 

of the surfactants. Chemical approximation structure of them is showed in the Figure III.2. 

Table III.2. The surfactants’ chemical composition and purity. 

Surfactant Chemical composition Purity 

DowfaxTM 2A1 Dialkyldiphenyloxide Disulfonate C12 0.45 

Adeka Reasoap SR-1025 Ether sulfate 0.25 

Hitenol AR-1025 Polyoxyethylene styrenated propenyl phenyl ether 
sulfate ammonium salt 0.25 

MaxemulTM 6106-LQ-(MH) Polyoxyethylene 9-octadecenyl ether phosphate 0.20 

MaxemulTM 6112-SO-(MH) Polyoxyethylene 9-octadecenyl ether phosphate 0.20 
 

 

 

 

 

 

 

  

 

 

a) 

 

b) 

 

c) 

d) 
 

e) 
 

Figure III.2. a) DowfaxTM 2A1; b) Adeka Reasoap SR-1025; c) Hitenol AR-1025;                                   
d) MaxemulTM 6106-LQ-(MH) e) MaxemulTM 6112-SO-(MH). 
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Tert-dodecyl mercaptan (TDM), Figure III.3 a, provided by Chevron Phillips Company 

LP (Tessenderlo, Belgium), was used as a chain transfer agent. Ammonium carbonate 

(Figure III.3 b), provided by BASF, S.A. (Ludwigshafen, Germany) was used as a buffer. 

As oxidizing agents (Figure III.4) were used the ammonium peroxydisulfate, supplied by 

United Initiators (Pullach, Germany), used as a thermal initiator and the tert-butyl 

hydroperoxide (TBHP), provided by Pergan (Bocholt, Germany). As reducing agents 

(Figure III.5) were used the sodium metabisulfite, provided by Esseco, and sodium 

formaldehyde sulfoxylate (Bruggolite E01), provided by Brüggemann KG (Heilbronn, 

Germany). Table III.3 shows some features of the reagents. 

Table III.3. The reagents’ chemical composition, purity and molecular weight (Mw). 

Material Chemical composition Purity Mw (g/mol) 

Tert-dodecyl mercaptan C12H26S 1.00 202 
Ammonium carbonate (NH4)2CO3 1.00 96 
Ammonium peroxydisulfate (NH4)2S2O8 1.00 228 
Tert-butyl hydroperoxide  C4H10O2 0.18 90 
Sodium metabisulfite Na2S2O5 1.00 190 
Sodium formaldehyde sulfoxylate CH3NaO3S 1.00 118 

 

 

a) b) 

  

a) b) 

Figure III.5. Reducing agents: a) sodium metabisulfite and b) sodium formaldehyde sulfoxylate. 

Figure III.4. Oxidizing agents: a) ammonium peroxydisulfate and b) tert-butyl hydroperoxide. 

Figure III.3. a) Tert-dodecyl mercaptan; b) Ammonium carbonate. 

 

 

 

. 

a) b) 
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Moreover, to carry out the test to characterize the PSA, 25 % ammonia solution (NH3 

aq), provided by Barcelonesa drugs and chemicals (Cornellà del Llobregat, Spain), was 

used to neutralize the adhesives. 

III.1.2. Other raw materials used to carry out different tests 

Different raw materials were used to carry out the test to characterize the PSA and for the 

design of the removal station to solve the problem that the wine cellars currently have.       

Table III.4 shows some features of the raw materials. 

Table III.4. Nomenclature, abbreviation, purity and molecular weight (Mw). 

Material Abbreviation Purity Mw (g/mol) 

Deionized water H2O 1.00 18 
Tetrahydrofuran THF 0.99 72 
Sodium hydroxide NaOH 1.00 40 
Sodium dodecyl sulfate SLS 0.30 288 
Isopropyl alcohol IPA 0.99 60 
Monoethanolamine MEA 0.99 61 
Dimethylethanolamine DMEA 0.99 89 
Triethanolamine TEA 0.99 149 
BYK 028 BYK 028 0.99 9049 

Deionized water was used as a solvent to carry out emulsion polymerizations and to 

adjust the solid content of the synthetized samples. On the other hand, normal water was 

used to carry out the water whitening resistance test and to design the detaching bath 

composition. Tetrahydrofuran (Figure III.6 a) at 99.9 %, provided by Merck (Hohenbrunn, 

Germany), was used as a solvent to determine the gel content as it is the most suitable 

solvent to dissolve the acrylic polymers studied here. Moreover, it was also utilized in the 

gel permeation chromatography (GPC) measurements as the mobile phase.  

To determine the ideal composition for the detaching bath, different compositions were 

designed using the following raw materials: Sodium hydroxide (NaOH), provided by 

Ravago Chemicals (Barcelona, Spain); sodium dodecyl sulfate (Figure III.7), provided by 

TensaChem (Liège, Belgium); Isopropyl alcohol (Figure III.6 b), provided by Quimidroga 

(Barcelona, Spain); Monoethanolamine (Figure III.8 a) and Dimethylethanolamine 
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(Figure III.8 b), provided by Barcelonesa drugs and chemicals (Cornellà del Llobregat, 

Spain); Triethanolamine (Figure III.8 c), provided by Quimidroga (Barcelona, Spain); 

BYK 028 defoamer provided by BYK Additives Ltd. (Widnes, UK). 

III.1.3. Substrates 

Tintoretto qesso ultraWSTM paper from Arconvert (Sant Gregori, Spain) and polyethylene 

terephthalate (PET) of 12 µm from Polinas (Manisa, Turkey), with corona treatment as a 

surface activation treatment, were utilized as substrates for the adhesion experiments. 

III.1.4. Material to build the labels 

Coated labels were built with a silicone-coated paper provided by Gascogne Flexible (Dax, 

France) as release, Tintoretto gesso ultraWSTM paper as substrate, the Doresco® 

VMS7331 from Lubrizol (Sant Cugat, Spain), as pre-lacquer and post-lacquer for 

metallization, Aluminum at 99.98 % purity for the metallization (provided by Umicore 

(Balzers, Liechtenstein) and the NC 386 CYAN BASE FE gravure ink from Siegwerk 

(Barcelona, Spain). 

  

a) b) 

   

a) b) c) 

 

Figure III.6. a) Tetrahydrofuran; b) Isopropyl alcohol. 

Figure III.7. Sodium dodecyl sulfate. 

Figure III.8. a) Monoethanolamine; b) Dimethylethanolamine; c) Triethanolamine. 
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III. 2. Synthesis of adhesives 

The acrylic polymers were synthetized by emulsion polymerization. All adhesives were 

prepared at 55 % of solid content, adjusting the amount of water to keep this rate constant. 

The polymerizations were carried out in a seven-neck glass reactor of 2.5 L equipped with 

a temperature controller, a stainless-steel anchor-shaped stirring rod connected to an 

agitation system Heidolph RZR-2041 (Kelheim, Germany), inert nitrogen atmosphere 

(N2), reflux condenser and feeding inlets. The reactor jacket was connected to a 

thermostatic water bath Julabo HE (El Prat de Llobregat, Barcelona) to control the reaction 

temperature. The pre-emulsions were prepared in a 2 L addition funnel with mechanical 

agitation generated with a Heidolph RZR-2041 (Kelheim, Germany). Its content was 

introduced in the reactor with the digital unit Masterflex® L/S 07523-80 (Gelsenkirchen, 

Germany) at different rates depending on the experiments. The following Figure III.9 is 

the typical experimental device: 

Mechanical stirrer 

Hot water inlet 

Hot water outlet 

N2 input 

Reagent addition mouth 

Temperature control 

Reflux condenser 

Addition pump 

Addition funnel 

Figure III.9. Scheme of the experimental device used for the synthesis of acrylic emulsions. 
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III.2.1. Semi-batch emulsion polymerization process 

This process took place in one or two steps depending on the study.  

One step: The polymerizations were carried out in a glass reactor at 80 ºC with 

mechanical stirring at 100 rpm. The initial charge in the reactor consists of a half of the 

total water, emulsifier and a buffer. After heating and purging the reactor with N2, a thermal 

initiator was added followed by a pre-emulsion composed by the monomeric system, 

emulsifier and the remaining water at a constant rate for 3 h. 

Two steps: The polymerizations were carried out in a glass reactor at 80 ºC with 

mechanical stirring at 100 rpm. The initial charge in the reactor consists of a half of the 

total water, emulsifier and a buffer. After heating and purging the reactor with N2, a thermal 

initiator was added followed by the pre-emulsions composed by the monomeric system, 

emulsifier and the remaining water. Each pre-emulsion, at 25 % solid content, were added, 

one after the other, at a constant rate for 1.5 h.  

III.2.2. Batch and semi-batch emulsion polymerization process 

This process takes place in two steps. The polymerizations were carried out in a glass 

reactor with mechanical stirring at 100 rpm. The first step was by batch emulsion 

polymerization. The initial charge in the reactor consists of half of the total water, 

emulsifier and the monomeric system (at 28 % of solid content). After purging with N2, 

the reactor temperature was kept at 40 ºC and a redox couple was introduced in one shot 

to the reactor to start the reaction. Once the reaction reached its maximum temperature 

during the exothermic process, the set point was changed to 80 ºC and it was kept at this 

temperature for 1h. After, took place the second step, by semi-batch emulsion 

polymerization. A thermal initiator was added followed by the pre-emulsions composed 

by the monomeric system, emulsifier and the remaining water. The pre-emulsion, at 28 % 

solid content, was added at a constant rate for 1.5h.  
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III.2.3. Batch emulsion polymerization process 

This process takes place in two steps, both by batch emulsion polymerization. The 

polymerizations were carried out in a glass reactor with mechanical stirring at 100 rpm. In 

the first step, the initial charge in the reactor consists of a half of the total water, emulsifier 

and the monomeric system (at 28 % of solid content). After purging with N2, the reactor 

temperature was kept at 40 ºC and a redox couple was introduced in one shot to the reactor 

to start the reaction. Once the reaction reached its maximum temperature during the 

exothermic process, the set point was changed to 80 ºC and it was kept at this temperature 

for 1 h. Later, the reactor was cooled down to 25 ºC again to carry out the second step.  

The remaining water, emulsifier and the monomeric system (at 28 % of solid content) were 

added to the reactor. A redox couple was introduced in one shot to the reactor to start the 

reaction. Once the reaction reached its maximum temperature during the exothermic 

process, the set point was changed to 80 ºC and it was kept at this temperature for 1 h. 

III.2.4. Post-polymerization process 

The polymerization rate is proportional to monomer concentration, but the time needed to 

convert the last fraction of monomer is long and is not possible achieve the required 

monomer levels when working under regular polymerization conditions.  

Post-polymerization consists of addition of initiators at the end of the process. 

Hydrophobic radicals produced by redox initiators are more efficient than hydrophilic 

radicals since the monomer concentration in the aqueous phase is very low. Most of the 

residual monomer is located into the polymer particles and is easier for the hydrophobic 

radicals enter in them [1]. 

In case of semi-batch and batch + semi-batch emulsion polymerization, once the pre-

emulsions feed was completed, to consume the residual monomer, two shots of thermal 

initiator was added. The first one, was allowed to react during 1 h and the second one, 

during 2 h.  



  Materials and experimental procedure 

93 
 

Later, in all cases, the reactor was cooled down to 57 ºC and a redox couple was added 

to consume the residual monomer. Post-polymerization was allowed to take place during 

4 h. 

III. 3. Surfactant characterization 

III.3.1. Critical micellar concentration 

The surfactants used in this thesis were characterized to determine their critical micellar 

concentration (CMC). It was determined by the surface tension measurements which were 

carried out using an Easy Dyne K20 tensiometer (KRÜSS GmbH, Hamburg, Germany). 

For this, solutions with different concentrations of each surfactant were prepared. The 

CMC was determined as the intersection point of the two linear regressions generated from 

the experimental data when the surface tension of the aqueous solution changed. 

III. 4. Latex characterization 

The synthetized latexes were filtered through a 150 µm metallic filter and then analyzed 

to determine their physical-chemical features. 

III.4.1. Residual monomer 

Residual monomer produced by free radical polymerization was performed by Clarus 500 

Gas Chromatography instrument, provided by PerkinElmer (Barcelona, Spain), equipped 

a headspace with Suprawax column of 2 µm and one precolumn to inject 0.1 mL. It is 

equipped with a flame ionization detector (FID) which present a higher sensibility of 0.015    

coulombs/g C.  The flux velocity of N2 was of 0.1 mL/min at a temperature of 100 ºC. The 

equipment uses a temperature ramp of 70 ºC to 210 ºC in 42 min. It was calibrated with 

standard solutions of monomers most used at the company and the picks were referenced 

with methyl-iso-butyl ketone. The analysis sample was prepared with 18 g of adhesive, 80 

g of deionized water and 0.45 L of Methyl isobutyl ketone. Finally, 2 drops of sample 

were introduced in a vial to be analyzed. The results were expressed in ppm. 
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III.4.2. Average particle size 

The average particle size of the latexes was measured by dynamic light scattering (DLS) 

with a Zetasizer Nano S90 instrument (provided by Malvern Instruments, Herrenberg, 

Germany) with an angle of 90º at 25  0.1 ºC. The equipment determined the particle size 

by measuring the rate of fluctuations in light intensity scattered by particles as they diffuse 

trough a fluid.  

Samples were prepared by diluting one drop of latex in 50 mL of deionized water and 

introducing 2 mL in a 4.5 mL cuvette. The detector is a Avalance Photodiode, with a 

detection range from 0.3 nm to 5 m. Averages of three measurements were taken 

expressed in nm. 

III.4.3. Solid content 

The solid content was determined with a CEM Smart System 5 microwave oven 

(provided by CEM, Matthews, USA), which was calibrated with a standard solution of 

9 % solid content. About 1.5 g of latex was weight on a filter cellulose paper (Square 

Sample Pads, provided by CEM) and introduced in the microwave once where the water 

is evaporated. The solid content of the analyzed latex was obtained by the difference in 

weight between the initial weight of the filter paper and the weight of the filter paper 

with the dry sample. The results were expressed in %. 

III.4.4. pH determination 

The pH was measured with the pH Meter Basic 20 instrument (provided by Crison 

Instruments, S. A., Alella, Spain), calibrated with buffer solutions of pH = 4.01 ± 0.01 

and pH = 7.41 ± 0.01 at 25 °C. 
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III.4.5. Viscosity determination 

The viscosity was determined at 25 °C by using a programmable Brookfield DV-II+ 

rotational viscometer equipped with a disc-shaped spindle with a rotational speed of 20 

rpm for samples with high viscosities. On the other hand, a Brookfield DV-II+ Pro 

rotational viscometer equipped with a cylindrical-shaped spindle with a rotational speed 

of 60 rpm for samples with low viscosities. Both instruments were provided by 

Brookfield (Stoughton, USA). The results were express in cP. 

III.4.6. Chemical characterization 

The infrared spectroscopy allows obtain information about the chemical composition of 

the latex synthetized.  Their chemical characterization was carried out by Fourier 

transformed infrared spectroscopy (FT-IR) with a Perkin Elmer Spectrometer TwoTM 

(Perkin Elmer Inc., Waltham, USA) under attenuated total reflectance (ATR) 

configuration. Over a range of wavenumber of 4000–450 cm−1, 64 scans were made with 

a resolution of 4 cm-1. It used a diamond prism and an incidence angle of 45º. The spectra 

were recorded at room temperature on polymer samples previously dried in oven at 60 

°C for 24 h. 

III.4.7. Glass transition temperature 

Differential scanning calorimetry (DSC) allows obtain information about the temperature 

and the heat flux associated to the polymer thermal transitions. The values of glass 

transition temperature (Tg) were experimentally determined by DSC using a DSC 1, 

STARe equipment (Mettler Toledo, Cornellà de Llobregat, Spain) calibrated with an 

Indium standard and a Zinc standard. Samples of about 20 mg were initially placed in the 

crucibles and dried in an oven at 60 ºC for 24 h to obtain dry test samples of about 10 mg 

since the samples are over 50 % solid content. In this equipment, the sample and reference 

were located in two separated furnaces as show the Figure III.10.  
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When the sample undergoes physical transformation such as a phase transition, more 

or less heat will need to flow to the sample than the reference to keep both at same 

temperature. This is the heat flux recorded during the experiment. The chosen temperature 

range was from -65 to 200 ºC. The samples were firstly heated from 25 ºC to 200 ºC and 

cooled to -65 ºC. After stabilization for 15 min at -65 ºC, the second heating was carried 

out up to 200 ºC. This study generates a heat flux versus temperature curve. The first 

heating was carried out to eliminate the thermal history of the latex and the second heating 

was used to obtain the Tg. By using the STAR method, the Tg value of each polymer was 

calculated as the inflection point of the second heating curve, which is the point where the 

curve intersects the bisector of the baselines of the glassy and rubbery zones. 

The heating and cooling rate were tested at 5, 10, 20 and 30 ºC/min with a N2 flux of 

50 mL/min with a standard adhesive in order to determine which process would be more 

efficient and would allow us to obtain the most accurate value. Three repetitions were 

carried out with each temperature.  

Figure III.11 shows one thermogram with the four different heating rates. There are 

not appreciable differences in the Tg values obtained by the tests carried out at 5, 10 and 

20 ºC/min. However, a higher Tg value was obtained at 30 ºC/min. Therefore, this heat 

flux was ruled out as it did not provide an accurate Tg value. On the other hand, it is 

clearly seen that when the heating rate increases, the differences of heat flux in the phase 

Sample Reference 

Sample 
temperature 

sensor 

Sample 
temperature 

sensor 
Heating 
element 

Figure III.10. Differential scanning calorimetry equipment. 
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transitions are more marked. The experiment at 20 ºC/min showed a higher heat flux 

than at 5 and 10 ºC/min at the same temperature thus showing the most marked vitreous 

transition zone. Therefore, it was decided to carry out the test at 20 ºC/min to determine 

the glass transition zone more easily and to optimize time.  

III.4.8. Gel content determination 

Gel content is defined as the insoluble polymer fraction in tetrahydrofuran (THF) at boiling 

temperature (70 ºC). It was measured by Soxhlet extraction (Gerhardt Analytical Systems, 

Königswinter, Germany). To measure the gel content 1.5 g of wet sample was placed on 

the cellulose thimble (thimble weight = W1) and was dried in the oven at 60 ºC until 

constant weight. Finally, about 0.7 g were obtained since the samples were over 50 % solid 

content. The thimble, together with the dried latex, was weighed (W2) and placed in the 

soxhlet. The THF was heated at 70 ºC and was condensing on the thimble. As illustrated 

in Figure III.12, the compartment was gradually filled with hot THF until it reached a point 

where it was emptied by syphoning back into the flask together with the dissolved fraction 

of the polymer. 

Figure III.11. Thermogram at different heating rates. 
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This cycle was repeated until complete extraction of the soluble part was obtained, i.e. 

to constant weight. After the necessary period, the wet thimble was dried in the oven at 60 

ºC until constant weight of the dry sample (W3). The polymer fraction insoluble remained 

in the thimble and was determined by the Equation III.1 [2]. 

Gel content (%) = 
W3-W1

W2-W1
 100 

Equation III.1. Equation to determine the insoluble polymer fraction in THF. 

III.4.9. Relative average molecular weight of the soluble polymer fraction 

The relative average molecular weight of the soluble polymer fraction (Mw), obtained by 

Soxhlet extraction, was determined by gel permeation chromatography (GPC). The sample 

taken out from the Soxhlet were first dried and resolved in THF to achieve a concentration 

of about 0.02 g/mL. 10 L were injected into the GPC instrument, provided by Waters 

(Cerdanyola del Vallès, Spain). The device consisted of a Waters 2414 refractive index 

detector and a Waters e2695 Separation Module equipped with different columns. A lineal 

column of Agilent PL Gel Mixed-C of 5 µm of 7.8x300 mm with a linear molecular weight 

operating range from 200 to 2.000.000 g/mol; followed by a lineal column of Styragel 

HR5E of 5 µm of 7.8x300 mm with an exclusion range from 2.000 to 4.000.000 g/mol; 

Thimble 
W1 

Thimble + dry 
latex 
W2 

Thimble + dry gel 
W3 

 

Figure III.12. Scheme of soxhlet extraction method for gel content measurements. 



  Materials and experimental procedure 

99 
 

and one monopore column of Styragel HR 4 7.8x300 mm with an exclusion range from 

5000 to 500.000 g/mol. Chromatograms were obtained at 40 ºC using THF flux rate of 1 

mL/min as continuous phase. The equipment was calibrated using Agilent EasiCal 

polystyrene standards provided by Agilent Technologies (Didcot, UK). The molecular 

weights of the standards ranged from 580 to 6.570.000 g/mol. The average molecular 

weight was referred to PS. 

III. 5. Pressure-sensitive adhesives characterization 

III.5.1. Latex film formation 

To evaluate the properties of the PSAs, 50 g/m2 of latex was applied onto the silicone-

coated paper (release) using a motorized laboratory coater, RK K Control Coater provided 

by Lumaquin S.A. (Montornès del Vallès, Spain), equipped with a bar of 50 µm following 

the recommendations of the Arconvert company (label manufacturer). The silicone-coated 

paper is used as release to prevent the adhesive from sticking while handling the label 

was manipulated. The adhesive layer applied was subsequently dried in the oven for 1 

min at 100 °C leaving a layer of polymer of approximately 25 g/m2. Later, the paper 

substrate chosen for this study was added on the adhesive layer. To form a good anchor 

between the paper substrate, the adhesive and the release, the construction was passed 

through a Hot Roll Laminator (ChemInstruments, Fairfield, USA) with a pressure of 20 

psi at a speed of 0.38 m/min without temperature. A standard sized tape was cut for each 

type of test. 

III.5.2. Adhesive properties 

The adhesives properties were carried out by peel resistance, loop tack test and, static and 

dynamic, shear resistance in a climate chamber where there was a constant control of the 

temperature and the degree of humidity (23 ºC and 50 % relative humidity). Prior to use, 

the supports were left for 4 h under the above standard test conditions. Finally, the supports 

were cleaned with methyl ethyl ketone (MEK) 10 min before being used. 
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III.5.2.1 Peel resistance 

Peel resistance was evaluated by means of the 180º peel test according to the rule ASTM-

D3330. Adhesives tapes of PET and paper of 270 x 25 mm2 dimensions were applied onto 

glass supports using a 2 kg (2.040 ± 0.045 kg) roller to given pressure to make the contact. 

The last 20 mm of support without adhesive tape were used to clamp the support with the 

clamp. The tape end without adhesive was attached to the clamp above as shown Figure 

III.13. 

The test was carried out after 20 min and 24 h from the tape application on the support. 

A Zwick/Roell Z 2.5 tensioner (Zwick Ibérica Equipos de Ensayos, S.L., Sant Cugat, 

Spain) was used at a constant speed of 300 mm/min. The average force to remove the tape 

from the support (express in N/25mm) and the failure mode of 5 repetitions were recorded 

[3,4].  

III.5.2.2 Tack 

This property was determined by the loop tack test following the rule PSTC-16 with an 

AT1000 Tensile Tester equipment, provided by ChemInstruments (Fairfield, USA). A 

loop was formed with a PET and paper tape of 175 x 25 mm2 and held with the upper 

clamp as shown Figure III.14. The loop was approached, without force control, to the 
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Figure III.13. Scheme of peel resistance test at 180º. 
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surface of the support until a contact area of 25 x 25 mm was generated. Immediately 

afterwards, the loop was separated from the support. The controlled contact was made at 

a constant speed of 300 mm/min. The maximum force required to peel off the tape from 

the panel and the failure mode of 5 repetitions were recorded [5,6].  

III.5.2.3 Static shear resistance 

The static shear resistance was carried out so as to determine the capacity of the PSA tape 

to remain adhered under constant load applied parallel to the surface of the tape and 

substrate. It allows determine the adhesive cohesion, therefore, in this test all samples 

showed a cohesive failure. Once the adhesive was applied in the tapes (PET and paper) 

were applied on stainless steel supports using a 2 kg (2.040 ± 0.045 kg) roller to given 

pressure to make the contact. The contact area between the adhesive and the support was 

of 25 x 25 mm2. The support was placed vertically, and a 1 kg load was hung on it forming 

an angle of 2º from the vertical as shown Figure III.15. The test was carried out after 20 

min from the tape application on the support. When the separation of the tape from the 

support occurred, the load fell into a weight detector which stopped the time counter of the 

sample. The average time the tapes to shear from the test panel of 5 repetitions were 

recorded [7]. As this is a test to determine the cohesion of the adhesive, in all cases the 

type of failure was cohesive.  
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Figure III.14. Scheme of loop tack test. 



Chapter III   

102 
 

III.5.2.4 Dynamic shear resistance 

Dynamic shear resistance was carried out in order to obtain more information about the 

viscoelastic behavior of the adhesives synthetized.  The PET and paper tapes were applied 

on stainless steel supports using a 2 kg (2.040 ± 0.45 kg) roller to given pressure to make 

the contact. The contact area between the adhesive and the support was of 25 x 25 mm2 as 

shown Figure III.16. The last 20 mm of support without adhesive tape were used to clamp 

the support with the clamp at the time of testing. The tests were performed 20 min later to 

apply the tapes at 5 mm/min with the Zwick/Roell Z 2.5 machine on until the tape was 

removed from the support. As this is a test to determine the cohesion of the adhesive, in 

all cases the type of failure was cohesive [8]. 
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Figure III.15. Scheme of static resistance shear test. 

Figure III.16. Scheme of dynamic shear resistance test. 
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The shear stress vs. strain curves were recorded and the elastic modulus (G), the yield 

and maximum stress (τmax) values and the deformation energy until failure were 

determined. The elastic modulus (G) was associated with the energy stored in the 

material. It was determined as the initial slope of the curve with the linear correlation 

coefficient (r2), which in all cases was higher than 0.999 as shown in Figure III.17. The 

yield stress (y) was considered as the value of shear stress for a plastic shear deformation 

of 2 % (p). The deformation to maximum shear stress was considered to be the value of 

the stress at which the failure of the adhesive began to occur. The maximum stress value 

was not considered since the adhesive continues to deform even more, although at values 

slightly lower or similar to the strict maximum.  The deformation energy is the energy 

absorbed by the material up to the moment of failure. It was calculated from the area 

under the curve force-displacement up until the adhesive failure point as shown the 

Figure III.17 in blue color [9]. 

Figure III.17. Experimental curve stress vs. strain, registered from dynamic shear test, with 
indications of shear modulus (G), maximum stress (m) and deformation energy until failure 

determination. 
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III. 6. Pressure-sensitive adhesives performance for wine labels 

III.6.1 Water vapor transmission rate test 

The water vapor transmission rate (WVTR) allow determine the water vapor flow per 

unit time that goes through a given area under a certain temperature and humidity 

conditions between two specific parallel surfaces. It was measured on the basis of the 

standardized wet cup method ASTM-D1653 with a Labthink W3/031 equipment, 

provided by Labthink Instruments Co. Itd. (Jinan, China) [10].  

To evaluate this property, 50 g/m2 of latex were applied onto a silicone-coated paper 

using a motorized laboratory coater and dried in the oven for 1 min at 100 °C leaving a 

layer of adhesive of approximately 25 g/m2. Later, the paper substrate chosen for this 

study was added on the adhesive layer. To form a good anchor between the paper 

substrate, the adhesive and the release, the sample was passed through a Hot Roll 

Laminator with a pressure of 20 psi at a speed of 0.38 m/min without temperature. Five 

replicates of each construction were cut in the shape of a circle with a diameter of 6.5 

cm to be analyzed. 

To carry out the test, 100 mL of deionized water were introduced in the cup. Later, 

the sample was introduced in the cup so that the adhesive layer was placed towards the 

water. Finally, the cup was closed forming the assembly that appears in Figure III.18 and 

was inserted into the equipment.  

During the analysis, the equipment maintained a constant humidity, pressure and 

temperature. The cup test was placed on a microbalance (accuracy  10-5 g) and the loss 

 

Substrate Adhesive 

Water 

Figure III.18. Water vapor transmission rate. 
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of weight was monitored over time. The test was carried out by 24 h to achieve an 

equilibrium, i.e., when the amount of water vapor permeating through the sample per 

unit of time remains unchanged. This rate is the sample WVTR and is recorded in units 

of g/m2 day. A low value of WVTR indicate better water protection. 

Knowing the exposed surface of substrate (P=33.18 cm2), in this case paper of 150 

m according ISO 534, the water vapor transmission rate can be calculated with the 

following Equation III.2  [11]: 

MVTR (g / m2day) = 
∆W
P∆t

 

Equation III.2. Equation to determine the water vapor transmission rate. 

Where △W is the mass of the absorbed water during time △t which is 24 h. The 

constant temperature (23 ºC) and relative humidity (50 %) were provided by a climate 

chamber. 

III.6.2 Water whitening resistance test 

When an acrylic water-base PSA is introduced in water, it can penetrate into the latex 

by osmotic forces generating hydrophilic pathways, small pockets or aggregates that 

usually show a refractive index different than the latex. For this reason, the film turns 

cloudy or white when is immersed in water [12,13]. A schematic representation of the 

sequence of steps the ultimately lead to water whitening is shown in Figure III.19 using as 

example the test carry out for the starting adhesive.  

In the Step I, a dry and transparent film is introduced in water. With continuous 

exposure to water influx, the polar groups on the polymer are hydrated, followed by 

additional water clustering beyond saturation which produce the onset of turbidity from 

small domains (Step II). Finally, Step III shows how these small domains growth and the 

film become opaque with continued influx of water. 
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To evaluate the water whitening resistance of the PSA, 50 g/m2 of latex were applied 

onto the glass support using a manual laboratory coater of 50 µm, provided by Lumaquin 

S.A. (Montornès del Vallès, Spain). They were subsequently dried in the oven for 1 min 

at 100 °C leaving a layer of polymer of approximately 25 g/m2. Later, once the plate 

returned to room temperature, the film was immersed in water during 24 h.  

A photo was taken at 30 min, 8 h and 24h as shown in Figure III.19 to evaluate how 

the adhesive film evolves over time. Moreover, at 24 h, the rub test was carried out to 

check that the film was totally stuck. It consists on to place the test piece on a flat and firm 

surface, press firmly with the thumb and rotate it back and forth over the applied film [14]. 

 

 

 

 

Transparent (t: 30 min) Cloudy (t: 8 h) Opaque (t: 24 h) 

Step I Step II Step III 

  

 

  

Figure III.19. Water whitening resistance of an adhesive submerged during 30 min, 8 h and 24 h. 
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III.6.3 Coating Labels 

Coated labels of paper were used to simulate the most resistant labels currently on the 

market. A multilayer barrier coating was designed for the labels as shown Figure III.20.  

Firstly, the paper was coated with a pre-lacquer of 12 g/m2 of Doresco® VMS7331. 

It was dried in an oven 2 min at 100 ºC, resulting in a layer of 2.4 g/m2. This pre-lacquer 

was applied to improve the adhesion of the aluminum in the metallization process and 

to keep it in the surface, as otherwise the aluminum would penetrate into the paper. 

Subsequently, aluminum layer of 0.035 m was metallized by vacuum deposition. To 

protect the aluminum in order to avoid its oxidation, another layer of lacquer was 

applied. The post-lacquer consisted in apply 6 g/m2 of Doresco® VMS7331. It was dried 

in an oven 2 min at 100 ºC, resulting in a layer 1.2 g/m2. Finally, 12 g/m2 of NC386 

gravure ink was applied and let it dry at room temperature resulting in a layer 3.8 g/m2, 

covering the whole surface of the label. 

To build the labels, 50 g/m2 of latex was applied onto a silicone-coated paper using a 

motorized laboratory coater and were subsequently dried in the oven for 1 min at 100 °C 

leaving a layer of polymer of approximately 25 g/m2. Later, the adhesive layer was 

transferred to the paper substrate chosen for this study with a Hot Roll Laminator 

(ChemInstruments, Fairfield, USA) with a pressure of 20 psi at a speed of 0.38 m/min 

without temperature. The standard measurement of label used to perform the tests was 

9.5 x 6.5 cm.  

PAPER 

METALLIZED 

INK 

POST-LACQUER 

PRE-LACQUER 

Figure III.20. Layers of the coated paper. 
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Once the label was made, the paper substrate was separated along with the adhesive 

from the silicone-coated paper support, and it was adhered to the glass bottle to carry out 

the tests (Figure III.21). 

III.6.4 Ice Bucket test 

The ice bucket test was used to assess how well the labels performed under immersion, 

condensation, and low temperature environments. Figure III.22 [15] shows the steps to 

be followed to perform the test: 

The surface of the bottle was cleaned with ethanol and later with water (1). Once the 

bottle was well dried it was labeled with the constructed label without touching the 

1 2 

4 5 6 

3 

Figure III.22. Ice bucket test steps [15]. 
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Figure III.21. Label and tapes manufacture. 
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adhesive with the fingers (2). Pressure was applied to the label to avoid leaving air 

between the substrate and the glass (3). The test was waited for 24 hours to ensure that 

the adhesive was well bonded and performed correctly (4). The bottle was immersed in 

a water and ice bath (1:1 by weight) with the temperature between 0 and 5º for 24 h (5). 

During the first 8 h, the status of the label was checked every hour. After that, the bottles 

were removed from the bath and the integrity of the labels was checked (6) as shown in.  

It was determined whether the labels were completely adhered or had some type of 

imperfection [15,16]. Coated labels were used in this test. A photo was taken 24 h before 

and after the bottle was submerged and once it was completely dry. 

III.6.5 Detaching bath 

The detaching bath was designed to solve the problem of the misplaced labels of the wine 

cellars. This test is intended to simulate the removal station that would be installed in the 

labeling line to eliminate those badly placed labels or with imperfections. In this way, once 

the scanner detects which bottles have some kind of problem on their label, they are 

redirected to the removal station and once the label was removed, the bottles would be 

directed back to the labeling line to be relabeled. As at this stage the bottles are already 

full, the bath was designed to be effective at room temperature. For this reason, all tests 

were carried out at 25 ºC. Different compositions were designed to make the label fall in a 

shortest possible time (3-5 min). The target we set ourselves is for the label to fall by 3-5 

min by means of an adhesive failure. In this way the bottle will be completely clean and 

can be easily relabeled.  

The detaching bath consisted of a cleaning solution and a thermostatic bath Tectron 

Bio, with a capacity of 27 L, provided by JP Selecta (Barcelona, Spain). The latter, apart 

from acting as a container, was used to maintain constant stirring and temperature of the 

solution. Moreover, a Heidolph RZR-2041 (Kelheim, Germany) was used as mechanical 

agitator so that the bottle could rotate inside the bath at a constant speed (100 rpm). As 
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show the Figure III.23, prior to the test, the surface of the bottle was cleaned with ethanol 

and later with water (1). Once the bottle was well dried, it was labeled with the constructed 

label without touching the adhesive with the fingers (2). Pressure was applied to the label 

to avoid leaving air between the substrate and the glass (3). The bottle was introduced in 

the bath, containing the cleaning solution, after 1 min from the label application to simulate 

the industrial process that would take place in the wine cellars (4). The time to detach the 

label from the bottle (5) and the failure mode of 5 repetitions were recorded (6). Coated 

labels were used in this test. 

 
III.6.6 Accelerated aging process 

Accelerated aging is testing that uses aggravated conditions of heat, humidity, oxygen, 

etc. to speed up the normal aging processes of a material. In this work, according to the 

rule ASTM-D3611-06 [17], once the bottles were labeled with paper and PET labels, 

they were introduced in an oven at 65 ºC and with a relative humidity of 80 %. According 

to Keiji et al. [18] a PSA exposed to these conditions corresponds to an aging equivalent 

to 1 year. 

Figure III.23. Detaching bath test steps. 
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CHAPTER IV 

EFFECT OF A VARIABLE RATIO OF 2-ETHYLHEXYL 
ACRYLATE AND N-BUTYL ACRYLATE ON THE 

ADHESIVE PERFORMANCE 

 

IV.1. Introduction 

The PSAs normally are composed by a mixture of soft, hard and functional monomers. 

According to the literature, soft monomers have low homopolymer Tg to ensure tacky 

film and usually constitutes from about 50 to about 98 wt. % of the polymer. These 

monomers show chains of 4 to 8 carbons as n-BA and 2-EHA. With their high tack 

produce great adhesion forces. However, the useful PSAs are not homopolymers since 

it is always necessary to find a balance between adhesion and cohesion forces. To 

improve the cohesion forces, it is necessary used hard and functional monomers. These 

are typically used in a range of about 10-35 wt. %, but occasionally up to as high as 50 

wt. %. Normally, they perform a dual role of imparting polarity and functionality in 

addition to raising Tg [1]. 

As starting point of this thesis, the different PSAs in the company were tested to 

determine which of them were closest to the wine cellar requirements explained in 

Chapter I. A PSA composed by the AA and n-BA monomers and stabilized with the 

DowfaxTM 2A1 conventional surfactant was selected as base composition, called E0. The 

presence in its formulation of a CTA promoted the chain generation with low molecular 

weights which favored those properties related to adhesion forces. This adhesive showed 

a peel resistance and tack close or even higher than the target (around 28 N/25mm and 

26 N, respectively, for paper substrates and 14 N/25 mm and 9 N for PET substrates). 

However, its shear resistance was insufficient (around 0.12 h for paper substrates and 

1.8 h for PET substrates) and, in addition, its water resistance during the ice bucket test 

was very poor. 
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It was decided to examine the influence of soft monomers on the final adhesive 

properties with the overall goal of to meet current market requirements. For it, different 

rates of 2-EHA were incorporated to the E0 formulation (where 100 wt % of n-BA was 

used as a soft monomer). The n-BA and 2-EHA monomers are two of the most used for 

the preparation of acrylic water-based PSAs. Both show low Tg (-54 and -70 ºC [2], 

respectively) which favored the properties related with the adhesion forces (peel 

resistance and tack). On the other hand, 2-EHA monomer has a more branched structure 

than n-BA which makes it has a higher tendency to form gel content [3]. This gel content 

promotes the cohesion of the adhesive thus improving the shear resistance.  In addition, 

as the 2-EHA monomer is less water soluble than n-BA [4], it was thought that it could 

improve the water resistance of the adhesive in the ice bucket test. Therefore, in this 

chapter, the n-BA/2-EHA weight ratio was varied from 0 to 1 in the based formulation 

E0, maintaining the same AA fraction in all polymerizations.  

This chapter includes the following article: 

Márquez, I.; Alarcia, F.; Velasco, J.I. Synthesis and Properties of Water-based 
Acrylic Adhesives with a Variable Ratio of 2-Ethylhexyl Acrylate and n-Butyl 
Acrylate for Application in Glass Bottle Labels. Polymers 2020, 12, 428. 
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Abstract: A series of Pressure-Sensitive Adhesives (PSAs) with different soft monomer compositions
were prepared by using emulsion polymerization. The monomers used were acrylic acid (AA), n-butyl
acrylate (n-BA) and 2-ethylhexyl acrylate (2-EHA). Maintaining the same acrylic acid fraction in all
polymerizations, the n-BA/2-EHA weight ratio varied from 0 to 1. These polymers were characterized
by using Fourier Transformed Infrared Spectroscopy (FTIR), and the Glass Transition Temperature
(Tg) was determined both theoretically from the Fox equation and experimentally by means of
differential scanning calorimetry (DSC). The tetrahydrofuran (THF) insoluble polymer fraction was
used to calculate the gel content, and the soluble part was used to determine the average molecular
weight by means of Gas Permeation Chromatography (GPC). The adhesive performance was assessed
by measuring tack, peel and shear resistance. The results showed that with the 2-EHA rate, the elastic
modulus slightly decreased and the shear yield strength slightly increased. Consequently, the loop
tack and peel resistances decreased. This behavior was attributed to the increase of the gel content
with the ratio of comonomers studied. The adhesives were tested in paper labels on glass bottles
immersed in a cold-water bath, the so-called ice bucket test, and all of them showed that they could
withstand wet and cold environment conditions.

Keywords: acrylic PSA; water-borne adhesives; glass bottle labels

1. Introduction

One of the polymers most used in adhesives for glass bottle labels is casein. Casein, of animal
origin, is very susceptible to strong fluctuations in price and quality and can easily suffer bacterial
contamination. In addition, the casein-based adhesives are applied in wet conditions, that is,
the adhesive is applied just before the label is going to be stuck to the bottle [1]. This is a disadvantage
when it comes to facilitating the process and therefore, there is a great interest in replacing them by
Pressure-Sensitive Adhesives (PSAs) [2]. PSAs are an interesting class of viscoelastic materials that are
characterized by their ability to adhere strongly to a wide variety of substrates at room temperature
with the application of slight pressure for a short period of time [3]. Furthermore, unlike casein,
PSAs allows labels to be made and stored in reels, which clearly improves the labeling process and
its efficiency.

Acrylic adhesives are an interesting class of PSAs with a high growth in the labels market, due to
their high molecular weight and low Tg, among other features. Between the different methods,
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the emulsion polymerization offers great advantages such as a low cost, low viscosity products
independently of the polymer molecular weight, high solid content as well as environmental safety due
to the use of water as a solvent [3–5]. One of the disadvantages of emulsion-based PSAs is that their
water resistance tends to be weak. Obviously, this can be an important disadvantage, as a label must
have a certain water resistance since they must be able to withstand certain humidity conditions [6].
There are different ways to increase the water resistance of a water-based polymer. One of them is to
use monomers with a low water solubility.

The n-butyl acrylate (n-BA) and the 2-ethylhexyl acrylate (2-EHA) are two of the most used soft
monomers for water based acrylic PSAs. Because of their low Tg (−54 and −70 ◦C, respectively) [7] and
low water solubility (0.15 g/100 cm3 and 0.04 g/100 cm3 at 25 ◦C) [5], they need to be copolymerized
with some hard monomers, such as acrylic acid (AA) (Tg = 105 ◦C) [8,9]. There are several studies that
show that after increasing the amount of 2-EHA monomer, the Tg of the resulting polymer decreased.
Moreover, it has higher tendency to generate gel. The gel content was defined as the fraction of
polymer that is not soluble in tetrahydrofuran (THF) at reflux (70 ◦C). When we compared poly(butyl
acrylate-co-acrylic-acid) to poly(2-ethylhexyl acrylate-co-acrylic acid), the adhesive performance was
found to be related to the gel content. Due to its molecular structure, it is known that 2-EHA is less
water soluble [5] and more favorable to form gel than n-BA [10]. In another study, Moghbeli, Zamir
and Molaee [7] observed a reduction in gel content with the increase of 2-EHA monomer of up to
50%. However, with higher levels of 2-EHA, they obtained higher gel contents. Tobing and Klein [11]
found a correlation between the gel content and the shear resistance. They observed that as gel content
decreased, the tack and peel resistance rose. However, Gower and Sanks [12] observed an increase
in the shear resistance and a decrease in the peel resistance while maintaining constant tack values.
In other cases, although shear performance improved, no significant changes in the peeling and tack
properties were observed [7]. In all cases, the behavior was attributed to the greater facility of 2-EHA
comonomer to generate entanglement than BA.

The objective of the present paper was to develop PSAs for glass bottle labels. A standard PSA
formula based on n-BA and AA monomers was taken as the starting point for the adhesive, and the
effect of partially replacing the n-BA by using 2-EHA was studied. The proportion of AA monomer
was constant in all polymerizations. Different proportions in the soft monomer composition were
prepared to find an optimal balance between the adhesive properties of the synthesized polymers and
the wine cellar technical requirements of the labels. The labeled bottle must pass the ice bucket test,
which is a typical test for determining the water resistance of the adhesives in order to check that the
adhesive is able to withstand wet and cold environments. In addition, the adhesive must show an
adhesion capable of breaking the paper when attempting to remove the label.

The polymers were characterized by using FTIR and values of theoretical and experimental
Tg, obtained by DSC, were compared. The average sol molecular weight and the gel content were
determined by GPC and soxhlet extraction, respectively. The adhesive properties, such as tack, peel
and shear resistance values were also investigated. Finally, the water resistance was performed by the
ice bucket test.

2. Materials and Methods

2.1. Materials

The AA and n-BA provided by BASF (Ludwigshafen, Germany) and the 2-EHA provided by Dow
Chemical (Pampa, Texas) were used as comonomers in the polymerization. Tert-dodecyl-mercaptan
(TDDSH) provided by Chevron Phillips Company LP (Tessenderlo, Belgium) was used as a chain
transfer agent. The anionic emulsifier (DowfaxTM 2A1) provided by Dow Chemical (Midland,
USA) was also used in the polymerization. Ammonium carbonate ((NH4)2CO3) provided by BASF
(Ludwigshafen, Germany) was used as a buffer and ammonium peroxide sulfate ((NH4)2S2O8) supplied
by United Initiators (Pullach, Germany) was used as a thermal initiator. A combination of tert-butyl
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hydroperoxide (TBHP), Peroxan, and sodium formaldehyde sulfoxylate (Bruggolite® E01), from
Brüggemann KG (Heilbronn, Germany), were used as a redox system to reduce free monomer at the
end of the polymerization. A 12.5% ammonia solution, provided by Barcelonesa drugs and chemicals
(Conella del Llobregat, Spain), was used to neutralize the adhesives. THF, provided by VWR Chemicals
(Radnor, USA), was used as a solvent.

For adhesion tests, a Polyethylene Terephthalate (PET) provided by Polinas (Manisa, Turkey) with
corona treatment and Tintoretto qesso ultraWSTM paper provided by Arconvert (Sant Gregori, Spain)
were used as substrates to perform the tests.

For the water resistance tests, instead of using neat paper, a typical label consisting of a
silicone-coated paper provided by Gascogne Flexible (Dax, France) as release, Tintoretto gesso
ultraWSTM paper as substrate, the Doresco® 7331 from Lubrizol (Sant Cugat, Spain), as primer and
post coat for metallization, Aluminum at 99.98% purity for the metallization (provided by Umicore
(Balzers, Liechtenstein) and the NC 386 CYAN BASE FE gravure ink from Siegwerk (Barcelona, Spain).

2.2. Emulsion Polymerization

All polymers were prepared at 55% of solid content, adjusting the quantity of water to keep this %
constant. The polymerizations were carried out by a semi-continuous process in a 2.5 L glass reactor at
87.5 ◦C with mechanical stirring. The initial charge in the reactor consisted of 0.3 parts of (NH4)2CO3

per 100 parts by weight of monomer (i.e., 0.3 phm), 0.1 phm of emulsifier and a half of the total water.
After heating and purging the reactor with N2, 0.6 phm of the initiator agent was introduced, followed
by a pre-emulsion composed by the monomeric system (Table 1), 0.1 phm of chain transfer agent,
1.2 phm of emulsifier and the remaining water. The pre-emulsion was added at a constant rate of
9.4 mL/min for 3 h.

Table 1. Monomer composition (phm) of the adhesives.

Sample n-BA 2-EHA AA

E0 97.5 0.0 2.5
E15 82.9 14.6 2.5
E25 73.1 24.4 2.5
E50 48.8 48.8 2.5
E60 39.0 58.5 2.5
E80 19.5 78.0 2.5

E100 0.0 97.5 2.5

Finally, the reactor was cooled down to 55 ◦C and a redox system was added TBHP/Bruggolite®

E01 (0.2 phm/0.2 phm). Post-polymerization was allowed to take place during 4 h. Gas chromatography
analysis indicated that the monomer concentration was lower than 700 ppm in all cases.

2.3. Latex Characterization

The polymers were filtered through a 150 µm filter and then analyzed to determine their
physical-chemical characteristics.

The pH was measured with the pH Meter Basic 20 instrument, calibrated with buffer solutions
of pH = 4.01 ± 0.01 and pH = 7.41 ± 0.01 at 25 ◦C. The solid content was determined with a CEM
Smart System 5 microwave oven, which was calibrated with a standard solution of 9% solid content.
The average particle size was measured by dynamic light scattering (DLS) with a Zetasizer Nano
Series instrument. Samples were prepared by diluting the polymer in deionized water and analyzed at
25 ◦C, using a detector with a 90◦ angle. Averages of three measurements were taken. The viscosity
was determined at 25 ◦C by using a programmable Brookfield DV-II+ rotational viscometer for high
viscosities and a Brookfield DV-II+ Pro rotational viscometer for low viscosities.

The gel content was defined as the fraction of the polymer that was not soluble in THF at 70 ◦C
after Soxhlet extraction for 24 h. After that, the residue was dried at 80 ◦C for 5 h in an oven and the



Polymers 2020, 12, 428 4 of 14

gel fraction was calculated using Equation (1), where W1 was the initial weight of the filter, W2 was the
weight of the filter with the dry polymer and W3 was the final weight of the filter after extraction [13].

Gel content (%) =
W3−W1

W2−W1
100 (1)

The soluble fraction was used to determine the average molecular weight (Mw) of the polymer
by GPC. The device consists of a Waters 2695 separation module and a Waters 2414 refractive index
detector equipped with a 5 µm PL Gel Mixed-D column calibrated with polystyrene standards. THF
was used as a continuous phase.

The synthetized polymers were analyzed by FTIR (Perkin Elmer Inc., Waltham, USA) with a
Perkin Elmer spectrometer under attenuated total reflectance (ATR) configuration over a range of
wavenumber of 4000–400 cm−1. The spectra were recorded at room temperature on polymer samples
previously dried in oven at 80 ◦C for 5 h.

The Tg was determined both theoretically and experimentally. The theoretical values were
obtained by using Fox’s equation (Equation (2)) with the Tg value of the respective homopolymer (Tgi)
and the weight fraction (wi) of each comonomer [14].

1
Tg

=
w1

Tg1
+

w2

Tg2
+

w3

Tg3
(2)

The experimental values of Tg were determined by Differential Scanning Calorimetry (DSC) using
the equipment DSC 1, STARe, calibrated with an Indium standard. Samples of about 20 mg were
initially placed in the crucibles and dried in an oven at 80 ◦C for 5 h to obtain dry test samples of
about 10 mg. These samples were firstly heated at a rate of 20 ◦C/min from 25 ◦C to 200 ◦C, then
held for 15 min to 200 ◦C and cooled to −65 ◦C at 20 ◦C/min. After stabilization for 15 min at −65 ◦C,
the second heating was carried out at 20 ◦C/min up to 200 ◦C. The Tg value was obtained from the
second heating curve.

2.4. Adhesion Tests

The adhesive properties were evaluated through a shear, peel and tack test. Using a motorized
laboratory coater (RK K Control Coater provided by Lumaquin S.A., (Montornès del Vallès, Spain)
equipped with a bar of 50 µm, 50 g/m2 of polymer was applied onto the substrates, which were
subsequently dried in the oven for 1 min at 100 ◦C, leaving a layer of polymer of approximately 25 g/m2.
Standard sized tapes were cut for each type of test.

Dynamic shear tests were performed at 5 mm/min with a Zwick/Roell Z 2.5 machine on PET tapes
adhered on untreated steel panels at 25 ◦C with a contact area of 25 × 25 mm2. The tape was applied
20 min before the test by means of a rubber roller with a mass of 2 Kg [15]. The shear stress vs. strain
curves were recorded and the elastic modulus (G), the yield stress (τy) and the maximum stress (τm)
values were determined as shown in Figure 1. The shear modulus was determined as the initial slope
of the curve with the linear correlation coefficient (r2), which in all cases was higher than 0.99, and the
yield stress as the value of shear stress for a plastic shear deformation of 2%.

The peel resistance, defined as the force required to remove a tape from a test panel, was evaluated
by means of the 180◦ peel test after 20 min and 24 h from the tape application. Tapes of PET and paper
of 275 × 25 mm2 were applied onto glass panels. A Zwick/Roell Z 2.5 tensioner was used at a constant
speed of 300 mm/min. The average force to remove the tape and the failure mode were recorded [16].

The tack is the capacity of the adhesive to form bonds with a substrate with a brief contact under
slight pressure. The tack was determined by the loop tack test with an AT1000 tensile tester equipment.
A loop was formed with a PET tape of 175 × 25 mm2 and held with the upper clamp. A controlled
contact was made at a constant speed of 300 mm/min onto glass panels. The maximum force required
to peel off the tape from the panel and the failure mode were recorded [17,18].
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Figure 1. Experimental curve stress vs. strain, registered from dynamic shear testing, with indications
of shear modulus (G) and yield stress (τy) determination.

2.5. Water Resistance Tests

Labels of 25 g/m2 of each adhesive were built on silicone-coated paper and transferred to the
paper. A multilayer barrier coating was designed for the labels. Firstly, the paper was coated with
2.4 g/m2 of Doresco® 7331 lacquer to improve adhesion of the aluminum in the metallization process
and to keep it in the surface, as otherwise the aluminum would penetrate into the paper. Subsequently,
aluminum was metallized by vacuum deposition and another layer of 1.2 g/m2 of Doresco® 7331 was
applied to protect the metallized layer. The aluminum must be protected in order to avoid its oxidation.
Finally, 3.8 g/m2 of a gravure ink was applied, covering the whole surface of the label.

The performance of the labels under immersion, condensation and low temperature conditions
was determined by the ice bucket test. The labels were stuck on the bottles 24 h before the test to
build a stable adhesion on the glass surface [19]. Then, they were placed into an ice and water bath
(1:1 by weight) for 24 h. After that, the bottles were removed from the bath and the integrity of the
labels was checked. It was determined whether the labels were completely adhered or had some type
of imperfection.

3. Results and Discussion

3.1. Physical-Chemical Properties

Previously to the characterization, all the synthetized adhesives were normalized by adjusting the
pH to 7.5 and the solid content to 50 wt.% by neutralizing with ammonia solution (12.5%) and adding
deionized water, as necessary.

The particle size and viscosity data obtained are shown in Table 2. In general, the monomer
fraction change did not show significant variations in particle size. Although the mean particle size
values are not significantly different, a narrow distribution would lead to a higher viscosity.
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Table 2. Particle size and viscosity values of the synthesized acrylic Pressure-Sensitive Adhesives
(PSAs), pH = 7.5 and 50 wt.% of solids in all cases.

Sample Average Particle size (nm) Viscosity (cP)

E0 191 ± 1 95 ± 2
E15 191 ± 1 110 ± 11
E25 221 ± 3 103 ± 16
E50 175 ± 1 163 ± 17
E60 185 ± 2 148 ± 3
E80 189 ± 1 153 ± 6

E100 186 ± 1 250 ± 15

The gel content and the average sol molecular weight were studied. The gel content grew with
the increase of 2-EHA (Figure 2). This indicated that the chain transfer to polymer produced in the
free radical polymerization of 2-EHA monomer was higher than with n-BA monomer. This affects the
mobility of the polymer chains, which will be reflected in its adhesive properties and is in agreement
with previous studies published [20–22]. As a consequence, the average sol molecular weight of the
polymer decreased (Figure 3), since most of the polymer macromolecules formed were large enough to
be insoluble in THF at 70 ◦C (higher than 7 × 106 g/mol according to the literature) [23].
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Figure 3. Influence of co-monomer ratio on the average sol molecular weight of the polymers produced.

The formation of gel during emulsion polymerization, in absence of a crosslinking agent, often
occurs by a intermolecular chain transfer to polymer followed by termination by combination.
To form this insoluble fraction, it is necessary that long chain branches are produced. Another
way to generate branching is by intramolecular chain transfer (backbiting). Some studies have
shown that the intramolecular chain transfer reactions predominate over intermolecular chain transfer
reactions [5,23,24]. Both generate tertiary radical species. However, the propagation of these radicals
occurs at a very slow rate compared to the propagation of secondary radicals located at the end of the
polymer backbone [25]. The intramolecular chain transfer to polymer generates short chain polymer
branching and, in comparison to the intermolecular transfer, it does not provide a very significant
contribution [22,26]. It must be taken into consideration that all polymerizations were carried out at
the same temperature and had the same content of chain transfer agent, the tert-dodecyl-mercaptan,
in the formulations. Without this agent, the gel content would have been higher.

To verify that both co-monomers had participated in the polymerization, the samples were
analyzed by FTIR. Figures 4 and 5 show changes in some characteristic bands according to the ratio
2-EHA/n-BA. The bands at 2959 cm−1, 2932 cm−1 and 2873 cm−1 were due to C–H stretching vibration.
The band at 2932 cm−1 raised its intensity and was moved to 2926 cm−1 with the increase in the 2-EHA
comonomer. Due to this, the singlet at 2873 cm−1 raised its intensity and become in a doublet with
the appearance of a band at 2858 cm−1. The band at 1730 cm−1, characteristic from acrylic polymers,
correspond to the C=O stretching of ester group. The peaks at 1264 cm−1 and 1158 cm−1 are due to the
C–O stretching vibration of the saturated ester group. With the rise of 2-EHA, the band at 1117 cm−1

and 1064 cm−1, corresponding to C–C–C deformation of tertiary carbon, were disappearing. The same
happened at 961 cm−1, corresponding to C–O–C deformation. In this case, the polymer with more
n-BA co-monomer presented a band in each frequency, but the band at 942 cm−1 was disappearing
with the increase of 2-EHA proportion and only the band at 958 cm−1 remained, decreasing its
intensity. The band at 840 cm−1, corresponding to C–H deformation of the carbon near the oxygen,
was disappearing. However, the band at 737 cm−1, corresponding to bond C–C of –(CH2)3–CH3

deformations of n-BA, disappear and become a doublet with the increase of 2-EHA at 768 cm−1 and
728 cm−1, corresponding to –C–(CH2–CH3)2 of 2-EHA monomer. Those ones corresponding to the
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rocking vibration of the carbons bonded to the tertiary carbon of 2-EHA monomer (assigned to the
CH2 deformations of the alkyl sides) [10,27–29].
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Figure 4. FTIR spectra of E0, E50 and E100 samples over a range of wavenumbers of 3100–2700 cm−1.
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The Tg values obtained from the Fox equation and from the DSC experiments are comparatively
shown in Figure 6. The observed decreasing trend of the Tg with the increase of 2-EHA was mainly
attributed to differences in the chemical structure of these two monomers because the 2-EHA monomer
is more flexible than the n-BA monomer [9,30].



Polymers 2020, 12, 428 9 of 14
Polymers 2020, 12, 428 9 of 14 

 

 

Figure 6. Influence of co-monomer ratio on the Tg values. 

The differences between the theoretical and experimental values were due to the fact that Fox’s 

equation assumes a two-component system composed by pure components and because the mixture 

is uniform [14]. 

3.2. Adhesive Properties  

The shear elastic modulus (G) decreased slightly with the increase of the comonomer 2-EHA 

(Figure 7), as expected from its higher flexibility. This is most likely due to a lower Tg and to the fact 

that 2-EHA monomer has a longer side chain, which will lead a longer branch that will provide a 

lower polymer entanglement [31].  

 

Figure 7. Shear elastic modulus versus the co-monomer ratio. 

-70

-65

-60

-55

-50

-45

-40

-35

-30

0 0.2 0.4 0.6 0.8 1

G
la

ss
 T

ra
n

si
ti

o
n

 T
em

p
er

at
u

re
 (

ºC
)

2-EHA/(n-BA + 2-EHA)

Experimental Tg

Theoretical Tg

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

0.0 0.2 0.4 0.6 0.8 1.0

S
h

ea
r 

el
as

ti
c 

m
o

d
u

lu
s,

 G
 (

M
P

a)

2-EHA/(n-BA + 2-EHA)

Figure 6. Influence of co-monomer ratio on the Tg values.

The differences between the theoretical and experimental values were due to the fact that Fox’s
equation assumes a two-component system composed by pure components and because the mixture is
uniform [14].

3.2. Adhesive Properties

The shear elastic modulus (G) decreased slightly with the increase of the comonomer 2-EHA
(Figure 7), as expected from its higher flexibility. This is most likely due to a lower Tg and to the fact
that 2-EHA monomer has a longer side chain, which will lead a longer branch that will provide a lower
polymer entanglement [31].
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Figure 7. Shear elastic modulus versus the co-monomer ratio.

On the other hand, both the shear yield stress and maximum stress going up slightly with the
increase of the 2-EHA, as shown in Figure 8.
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Two factors would be affecting on the values of shear properties. On one hand, increasing the
2-EHA amount decreases the Tg, making the adhesive more flexible. On the other hand, the higher
2-EHA amount, the higher the gel content from a more crosslinked polymer (Figure 2), thus enhancing
the cohesive strength and contributing to increasing the shear strength of the adhesive (Figure 8).
The increase in gel content promoted a decrease in the other adhesion properties (i.e., peel and tack) as
the balance between flexibility and cohesive strength is changed [32].

The effect of monomer composition on the peel resistance is shown in Figures 9 and 10. The peel
force values decreased with the increase of 2-EHA for both the PET and paper substrates used in
this test.
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Figure 9. The effect of co-monomer ratio in the peel test using tapes of PET on glass panels (25 g/m2 of
adhesive).
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As expected, the values found after 24 h were higher than the values recorded after a 20 min.
When the peel test was carried out using 25 g/m2 of adhesive on PET substrate onto glass panel,
cohesive failure were obtained in all cases. In the case of the paper substrate on glass panels, using
25 g/m2 of adhesive, structural failures were obtained at 20 min and 24 h, thus complying with the
cellar requirements that the adhesive must be capable of breaking the paper to remove the label from
the bottle.
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Figure 10. The effect of co-monomer ratio in the peel test using tapes of paper on glass panels (12 g/m2

of adhesive).

In order to analyze and quantify the effect of the increase of 2-EHA comonomer in the peel
resistance on paper substrate, 12 g/m2 of adhesive were used instead of 25 g/m2. Results showed
(Figure 10) that the peel resistance with paper was higher than with PET even using a lower coating
weight. The interaction between paper-adhesive and PET-adhesive is different. As the paper is a
porous substrate, the adhesive penetrates into the paper resulting on a higher anchorage than in the
case of PET, which is not a porous substrate. Moreover, the permanent deformation of the paper during
the test is part of the fracture energy of the process. However, the PET is entirely elastic. For this
reason, the paper tape, even with a thinner adhesive layer, showed higher peel resistance values than
PET tapes.

The tack decreased as the content of 2-EHA increased, as shown in Figure 11. On one hand,
increasing the amount of 2-EHA produced lower Tg polymers, which should increase the tack.
On the other hand, increasing the gel content (Figure 2) resulted in higher cohesive strength, which
counterbalances the adhesive properties and results in lower tack values [32]. The results suggest that,
in this case, the second effect is more significant, probably because the Tg values are already very low
in both cases.
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3.3. Water Resistance

To determine the water resistance of the adhesives in wet and cold conditions, the ice bucket test
was carried out. All labels behaved in the same way. After 24 h submerged in the water bath the labels
remained stuck with some wrinkles on the edges of the label. 24 h after removing the bottle from
the ice bucket, with the labels dried, the wrinkles disappeared. When labels were removed from the
bottle surface manually, structural failures occurred as shown in Figure 12, thus complying with the
cellar requirements.
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Figure 12. Optical pictures of the different states of a label of a same bottle using the adhesive E100 in
the ice bucket test: (a) label just after remove the bottle from the ice bucket, (b) dried label after 24 h to
remove the bottle from the ice bucket and (c) structural failure upon peel off the label manually.

4. Conclusions

A set of acrylic PSAs were prepared by using emulsion polymerization, changing the ratio of
2-EHA/n-BA. The increase in the content of 2-EHA comonomer resulted in a lower Tg of the final
polymer. As a consequence, the shear elastic modulus decreased slightly. The 2-EHA comonomer
promoted gel formation, through intermolecular chain transfer to polymer followed by means of
termination by combination. This was observed to happen to a higher extent with 2-EHA than with
n-BA. However, the average sol molecular weight decreased, as most of the chains rich in 2-EHA
monomer were too crosslinked to dissolve in THF at 70 ◦C and became part of the gel fraction. Both
shear yield strength and maximum shear stress, determined by dynamic shear test, increased as a
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result of the increase in gel content. As expected from adhesives with higher cohesive strength, both
peel resistance and tack decreased. In the peel resistance test, on paper substrates, a structural failure
resulted in all cases. In addition, all labels showed an excellent water resistance in the ice bucket test.
Thus, these adhesives meet the usual requirements of wine cellars.
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CHAPTER V 

INFLUENCE OF THE HARD MONOMER 
ACRYLONITRILE ON ADHESIVE PERFORMANCE 

 

 

V.1. Introduction 

In the previous chapter the influence of the n-BA and 2-EHA as soft monomers into the 

final adhesive properties was studied. The results showed that the incorporation of           

2-EHA monomer slightly increased the shear resistance, but decreased peel resistance 

and tack. It was not possible to obtain a good balance between the three adhesive 

properties to meet current market requirements exposed in the Chapter I. Simply 

changing the soft monomer in the formulation was insufficient. Moreover, all adhesives 

showed poor performance during the ice bucket test. Although the labels restored their 

original shape after the test, this is an inconvenient for the end user, who expects the 

label to always be in excellent conditions. 

As was explained in Chapter II, normally, a PSA formulation needs to be composed 

by a combination of soft, hard and functional monomers. Depending on the final 

application of the PSA, the adhesion-cohesion balance could be different [1]. Our based 

formulation did not include a hard monomer because good cohesion was not required 

for the application for which it was created. However, for the application for which this 

work is being carried out, it is necessary that the designed PSA show values of peel 

resistance, tack and shear resistance close to 10 N/25mm, 10 N and 24 h. 

According to the literature [2–5], different studies about the effect of the use of a hard 

monomer in the formulation have been carried out in order to achieve a good adhesion-

cohesion balance. Several hard monomers were considered for this study, but we found 

very few references on the influence of the ACN hard monomer on the adhesive 
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properties. For it, to contribute to its research and to develop a PSA that meets the market 

requirements, different amounts of ACN were studied in the base formulation. The ACN 

weight ratio varied from 0 to 10 phm, partially replacing the n-BA monomer. 

This chapter includes the following article: 

Márquez, I.; Paredes, N.; Alarcia, F.; Velasco, J.I. Influence of Hard Monomer 
Acrylonitrile on Adhesive Performance of Water-Based Acrylic Pressure-Sensitive 
Adhesives. Polymers 2022, 14, 909. 

 

References 

1.  Auchter, G.; Aydin, O.; Zettl, A. Acrylic adhesives. In Handbook of pressure 
sensitive adhesive technology; Satas, D., Ed.; Van Nostrand Reinhold: New 
York, 1989; pp. 445–514. 

2.  Fang, C.; Huang, B.; Lin, Z. Modification research on the peel strength of the 
acrylate emulsion pressure-sensitive adhesives. Journal of Applied Polymer 
Science 2014, 131, 40095. 

3.  Xu, H.; Wang, N.; Qu, T.; Yang, J.; Yao, Y.; Qu, X.; Lovell, P.A. Effect of the 
MMA content on the emulsion polymerization process and adhesive properties 
of poly(BA-co-MMA-co-AA) latexes. Journal of Applied Polymer Science 2012, 
123, 1068–1078. 

4.  Peykova, Y.; Lebedeva, O. V.; Diethert, A.; Müller-Buschbaum, P.; 
Willenbacher, N. Adhesive properties of acrylate copolymers: Effect of the 
nature of the substrate and copolymer functionality. International Journal of 
Adhesion and Adhesives 2012, 34, 107–116. 

5.  Chan, H.-K.; Howard, G. Structure-property relationships in acrylic adhesives. 
The Journal of Adhesion 1978, 9, 279–304. 



����������
�������

Citation: Márquez, I.; Paredes, N.;

Alarcia, F.; Velasco, J.I. Influence of

Acrylonitrile Content on the

Adhesive Properties of Water-Based

Acrylic Pressure-Sensitive Adhesives.

Polymers 2022, 14, 909. https://

doi.org/10.3390/polym14050909

Academic Editor: Michael Nase

Received: 26 January 2022

Accepted: 17 February 2022

Published: 24 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Influence of Acrylonitrile Content on the Adhesive Properties
of Water-Based Acrylic Pressure-Sensitive Adhesives
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Abstract: A series of pressure-sensitive adhesives (PSA) were prepared by emulsion polymerization
in order to obtain a PSA that meet with the current label market requirements. For it, the effect of the
incorporation of acrylonitrile (ACN) as hard monomer was investigated in a n-butyl acrylate (n-BA)
and acrylic acid (AA) system. Great differences were found in the adhesive performance according
to the ACN weight ratio. Its increased resulted in a considerable rise in the average sol molecular
weight and in the glass transition temperature. This was reflected in a decrease of adhesion forces
(peel resistance and tack) and an increase of the cohesion forces (shear resistance). Moreover, the
incorporation of the minimum amount of ACN studied showed a great change in the elastic modulus
determined by dynamic shear resistance with respect to the based formulation that did not contain
ACN. Finally, the ice bucket test was carried out to check the adhesive performance in cold and wet
environments.

Keywords: acrylic pressure-sensitive adhesives; emulsion polymerization; acrylonitrile

1. Introduction

Acrylic pressure-sensitive adhesives (PSA) have wide market in fields such as tapes,
labels or protective films because of their excellent adhesive properties, resistance to UV
light and a good aging performance, among others [1]. They are obtained by free radical ad-
dition polymerization of alkyl esters of acrylic acid. These monomers can be classified into
functionals, soft and hard monomers. The functional monomers are strong hydrogen bond
donors which provide of reactive groups in the final polymer. Moderate polar monomers
may be used up to about 30 wt % and highly polar monomers to about 10 wt %. Acrylic
acid is the most widely used and studied functional monomer followed by methacrylic
acid, itaconic acid or acrylamide. In a typical formulation, the soft monomers constitute
from about 50–90 wt %. They have a high molecular weight and a low homopolymer glass
transition temperature (Tg) to ensure a soft and tacky film. However, useful PSA are not
homopolymers since, in addition of tacky, they need a good balance between adhesion and
cohesion forces needed to resist an applied shear stress. To provide cohesion to the PSA
according to the demands of the application, a comonomer is usually added to increase
the elastic modulus and Tg. The homopolymer of these hard monomers have Tg greater
than 30 ◦C, such as methacrylates, styrene, acrylonitrile (ACN), vinyl acetate, vinil chloride,
vinylidene chloride, and butadiene [2,3].

One of the most challenges in the field of PSA is obtaining a good adhesion-cohesion
balance. Adhesion is characterized by tack and peel resistance, whereas cohesion is charac-
terized by shear resistance. Both are opposing forces and therefore when one increases, the
other tends to decrease [4,5].

Different studies have been carried out to investigate the effect of hard monomers
in the adhesive performance. Fang et al. [6] studied the use of different kinds of hard
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monomers in systems of n-butyl acrylate (n-BA), acrylic acid (AA) and 2-hydroxy ethyl
acrylate (HEA). The effect of styrene (St), methyl methacrylate (MMA) and 2-phenoxy
ethyl methacrylate (SR-340) monomers on the adhesive properties were studied. With the
increase of hard monomer content, the gel content decreased and the Tg increased. In the
case of St, the peel resistance increased up to a maximum, but beyond it, the PSA become
too stiff, and the peel decreased. On the other hand, the increase of MMA and SR-340
decreased the peel resistance. However, SR-340 showed the lowest peel resistance among
the three kinds of hard monomers because it showed the highest gel content of the latex.
Xu et al. [7] synthetized a series of PSA with different MMA contents (0–30%) as hard
monomer in a system of n-BA and AA. They found that the average sol molecular weight
and the glass transition temperature (Tg) linearly increased with MMA content. The shear
resistance increased with the MMA but the peel resistance and tack decreased. This effect
was attributed to the higher stiffness of the chains. On the other hand, some studies related
to the effect of hard monomers and its polarity with the adhesive performance. Peykova [8]
and Chan [9] observed in their respective studies that the incorporation of a small amount
of polar comonomers such as ACN increased slightly the tack values of their adhesives.

ACN is one of most used hard monomers. It provides heat and chemical resistance
to the final product [10]. This monomer is highly water soluble, 8.3 g/100 cm3 at 25 ◦C,
and is more volatile than water. However, it become insoluble when polymerize due to
the formation of strong polymer-polymer H bonds [11]. Moreover, it is considered a hard
monomer due to the high Tg of its homopolymer, 105 ◦C [12]. As shown the Figure 1, the
ACN has both the nitrile group and a double bond in the same molecule, which makes
this monomer highly reactive and, for this reason, it must be inhibited on storage against
polymerization [12,13].
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However, very few references were found on its effect in acrylic-based PSA systems.
Reddy et al. [14] used different ratios of ACN in the synthesis of pressure-sensitive ad-
hesives (PSA). According to their study, small amount of a functional monomer such as
ACN increases hydrophilicity and creates cross-linking sites which promote adhesion
of the PSA with its increased moisture permeability. They observed that the PSA with
increasing of ACN content exhibited higher Tg and higher peel and shear resistance values.
Moreover, the ACN fraction in a mixture play an important role in the degree conversion.
A higher fraction of ACN trends to produce a higher conversion in the polymerization.
Zhang et al. [15] studied conversion rate for various weight ratios systems of ACN/n-BA
(8/2, 7/3 and 6/4). They observed that the greater the fraction of ACN, the higher was
the conversion rate. At 30 min, the conversion was of 81, 77 and 61 wt %, respectively.
Capek et al. [16] studied the composition of ACN and n-BA copolymer and saw that when
the higher monomer concentration of butyl acrylate in the oil phase due to the high water
solubility of ACN give rise to the formation of polymer rich in butyl acrylate. Due to the
large amount of ACN dissolved in water, the ACN content in polymer particles decreases
and tends towards a very low value as soon as BA is completely depleted. The presence
of butyl acrylate reduces its concentration in the aqueous phase. Butyl acrylate serves as
an extraction agent to remove ACN from the water phase because the latter monomer is
miscible with butyl acrylate.

The general objective of the present study was to develop a PSA for glass bottle labels
that met the current requirements of the wine cellars. For this, the adhesives must show
values of peel resistance, tack and shear resistance close to 10 N/25 mm, 10 N and 24 h,
respectively. Moreover, the adhesive must be able to withstand wet and cold environments.
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In our previous article [17], the influence of the soft monomer in the final adhesive
properties was studied. As the 2-ethylhexyl acrylate (2-EHA) proportion increased with
respect the n-BA proportion, the peel resistance and tack values decreased. Instead, the
shear values increased due to the increase in molecular weight. However, it was not
possible to obtain a good balance between the three adhesive properties to meet current
market requirements. For it, in this article, the effect of incorporating a hard monomer such
as ACN monomer was studied. The same standard PSA formula based in n-BA and AA
monomers was used as starting point. The ACN weight ratio was varying between 0 to
10 phm, partially replacing the n-BA monomer.

The adhesives prepared were characterized by Fourier Transformed Infrared Spec-
troscopy (FTIR) and the Tg values were obtained by Differential Scanning Calorimetry
(DSC). The gel content and the average sol molecular weight were determined by soxhlet
extraction and Gel Permeation Chromatography (GPC). The adhesive properties, such
peel resistance, tack and static shear resistance were investigated to determine if the adhe-
sives synthetized met with the requirements established by the wine cellars. The dynamic
shear resistance test allowed to show the viscoelastic properties of the adhesives produced.
Finally, the ice bucket test was carried out to determine if the labels formed with these
adhesives would be able to withstand wet and cold environments.

2. Materials and Methods

Deionized water was used in all reactions. Monomers n-butyl acrylate (n-BA, BASF,
Ludwigshafen, Germany), acrylic acid (AA, BASF, Ludwigshafen, Germany) and acryloni-
trile (ACN, IMCD Benelux B.V., Amsterdam, Netherlands) were used as received without
further purification. As initiator was used ammonium peroxide sulphate from United Initia-
tors (Pullach, Germany). Ammonium carbonate from BASF (Ludwigshafen, Germany) was
used as buffer. The chain transfer agent used was tert-dodecyl mercaptan. The surfactant
used was DowfaxTM 2A1 from Dow Chemical (Midland, Texas, USA). In the redox system
to decrease the residual free monomer the sodium formaldehyde sulfoxylate (Bruggolite®

E01) provided by Brüggemann KG (Heilbronn, Germany) was used as reducing agent and
tert-butyl hydroperoxide (TBHP) from Pergan (Bocholt, Germany) was used as oxidizing
agent. Solution of ammonia at 25 wt % was used to adjust the pH of the samples. The
solvent used to extract the gel content and to dissolve the soluble part of the polymer
samples was Tetrahydrofuran (THF, analytical grade from Merk, Hohenbrunn, Germany).

The substrates used for the adhesion tests were the Tintoretto qesso ultraWSTM paper
from Arconvert (Sant Gregori, Spain) and polyethylene terephthalate (PET) from Polinas
(Manisa, Turkey). To build paper labels like those found on the market, silicone-coated
paper (Gascogne Flexible, Dax, France) was used as release. NC 386 CYAN BASE FE
gravure (Siegwerk, Barcelona, Spain) was used as ink. Doresco® VMS7331 (Lubrizol, Sant
Cugat, Spain) was used as coating. Aluminum (Umicore, Balzers, Liech-tenstein) was used
to be metallized.

2.1. EmulsionPolymerization

By a semi-batch process 2 Kg of each latex were prepared in a 2.5 L glass reactor with
mechanical stirring (100 rpm). All samples were adjusted at 55 wt % of solid content. The
reactor composed by the 50% of the total deionized water, 0.1 phm of DowfaxTM 2A1 and
3 phm of ammonium carbonate, was heated at 82 ◦C and purged with N2. After adding the
initiator, the pre-emulsion feed consisting of the other 50% of deionized water, monomers
(Table 1), 1.2 phm of DowfaxTM 2A1 and 0.1 phm of chain transfer agent was added during
3 h at a constant rate.

To reduce the free residual monomer below 750 ppm, 2.0 phm of initiator agent was
added (in two shots of 0.1 phm each one) and held for 1 h. In addition, once the reactor was
cooled to 57 ◦C, 0.2 phm of TBHP and 0.3 phm of Bruggolite® E01 were added as redox
system and held for 4 h.
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Table 1. Monomer composition (phm) of the adhesives studied.

Sample n-BA ACN AA

E0 97.5 0.0 2.5
N2 95.5 2.0 2.5
N4 93.5 4.0 2.5
N6 91.5 6.0 2.5
N8 89.5 8.0 2.5
N10 87.5 10.0 2.5

2.2. Latex Characterization

Once the latex was cooled at room temperature, it was filtered through a 150 µm filter.
All the synthetized adhesives were adjusted to pH 7.5 with ammonia solution (12.5%) and
to 50 wt % of solid content adding deionized water, as necessary.

By dynamic light scattering, the average particle size (PS) was measured with the
Zetasizer Nano Series instrument at 25 ◦C using a detector with a 90◦ angle. The samples
were prepared by diluting the latex in deionized water. The latex viscosity was determined
at 25 ◦C using a programmable Brookfield DV-II+ Pro rotational viscometer.

The Tg was determined by differential scanning calorimetry (DSC) using the equip-
ment DSC 1, STARe. Standards of indium and zinc were used to calibrate the equipment.
The scanning cycles consisted of first heating from 25 ◦C to 200 ◦C at 20 ◦C/min and cooling
from 200 ◦C to −65 ◦C at 20 ◦C/min and finally, a second heating from −65 ◦C to 200 ◦C,
which was used to determine the Tg value.

The gel content, the insoluble polymer fraction in THF, was determined by Soxhlet
extraction using THF as solvent at 70 ◦C for 24 h [18,19]. Once the extraction was done, the
insoluble fraction was dried in an oven at 60 ◦C for 24 h to determine the gel content using
Equation (1). W1 mean the initial weight of the filter, W2 is the filter with the dry polymer,
and W3 is the filter weight with the dry polymer after extraction [20].

Gel content (%) =
W3 − W1

W2 − W1
·100 (1)

The polymer fraction soluble in THF was used to determine average molecular weight
(Mw) by GPC. These soluble fractions were dried in an oven at 60 ◦C until constant weight
to be subsequently resolved in THF to achieve a concentration of about 0.01 g/mL. 10 µL of
each sample were injected into the GPC instrument composet by a Waters 2414 refractive
index detector and a Waters e2695 Separation Module. The last one was equipped with
two lineal column, a Agilent PL Gel Mixed-C of 5 µm of 7.8 × 300 mm followed by a
Styragel HR5E of 5 µm of 7.8 × 300 mm, and with one monopore column of Styragel HR 4
7.8 × 300 mm. The analisis was carried out at 40 ◦C using a THF flow rate of 1 mL/min.
Various standards of polystyrene were used to calibrate the equipment. The average
molecular weight was referred to them.

2.3. Adhesion Tests

The adhesive properties were determined through peel resistance, tack and shear
resistance (static and dynamic) tests. 50 g/m2 of latex were cast were applied onto silicone-
coated paper and dried for 1 min at 100 ◦C. The adhesive layer was subsequently transferred
to the corresponding substrate. Five samples per latex were performed in each one of the
different tests.

The peel resistance was evaluated at 180◦ angle at a speed of 300 mm/min with a
Zwick/Roell Z 2.5 tensioner 24 h later to apply the tapes of both substrates (275 × 25 mm2)
onto glass supports. The reported values are the average force and the failure type obtained
during the test [21].

The loop tack test was carried out with an AT1000 tensile tester. Tapes of both sub-
strates (175 × 25 mm2) forming a loop were deposited onto the study support (glass panel)
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in a controlled manner at a constant speed of 300 mm/min. The reported values correspond
to the maximum force required to peel off the tapes and the failure type observed during
the test [22,23].

The static shear test was carried out applying tapes of both substrates (25 × 25 mm2)
onto stainless-steel panels holding 1 kg until failure. The average time to shear the tape
from the test panel was recorded [24].

The dynamic shear resistance test was carried out at 5 mm/min with a Zwick/Roell Z
2.5 machine. PET tapes of 2.5 × 2.5 mm2 were adhered on untreated steel panels 20 min
before the test [25]. The shear stress versus strain curves were recorded. The elastic modulus
(G), the maximum stress (τm) values, and the deformation energy up to failure (U) were
determined from these curves.

The shear modulus was determined as the initial slope of the curve with a linear
correlation coefficient (r2) being higher than 0.999 in all cases. The shear strength was
determined as the maximum stress value in the test, and the deformation energy was
calculated as the area under the curve up to the maximum stress value.

2.4. Water Resistance Tests

The water resistance was evaluated by the ice bucket test [26]. For it, five labels per
latex were performed. 25 g/m2 of dry adhesive were transferred of silicone-coated paper
to the paper substrate with a multilayer barrier coating to simulate the commercial labels.
It consisted of a coating of Doresco® VMS7331 (2.4 g/m2) followed by an aluminum layer
of 0.035 µm metallized by vacuum deposition. To protect this layer 1.2 g/m2 of Doresco®

VMS7331 were applied followed by a gravure ink. Once the label was built, it was placed
in a glass bottle and 24 h later it was submerged in an ice-water bath (1:1). After 24 h, the
label integrity was check when the bottle was removed from the bath.

3. Results and Discussion
3.1. Latex Phisico-Chemical Properties

The average particle size and viscosity of the aqueous polymer solution (50% solids)
as well as the Tg, gel content, and average sol molecular weight (Mw) of the polymer are
summarized in Table 2.

Table 2. Physico-chemical properties.

Sample Particle Size (nm) Viscosity (cp) Tg (◦C) Gel Content (%) Mw (g/mol)

E0 189 183 −41.7 2.3 410,224
N2 198 150 −37.2 2.0 520,650
N4 224 79 −34.4 5.9 1,143,185
N6 227 70 −31.4 6.4 1,280,423
N8 228 73 −27.7 5.7 1,428,458

N10 222 75 −26.6 5.8 1,505,040

The introduction of 2 phm of ACN monomer in the formulation caused a slight
increase in particle size, which was reflected in a certain decrease in viscosity. However,
from 4 phm of ACN, the particle size and viscosity values were very similar. On the other
hand, unlike the samples prepared in the previous article [17], with 2-EHA monomer, in
this case the gel contents generated in these samples were negligible in all cases. Possibly
because the lateral group of 2-EHA is bulkier than the nitrile group, which produced
greater steric hindering and molecular entanglement. Moreover, it should be noted that the
same amount of chain transfer agent was used in both studies. This chain transfer agent
promotes the polymer chain terminations and formation of new chains, thus resulting in
low molecular weight [27–29].

Although with the increase of this monomer no significant variations in gel content
were obtained, a large increase in the average molecular weight was observed. With
only 10 phm, the average molecular weight was tripled with respect to the sample E0.
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The propagation rate constant of ACN is an order of magnitude greater than that of n-
butyl acrylate (28,000 and 2100 L/mol·s, respectively [30]). Therefore, with increasing
ACN content, the polymerization rate increased, and this was reflected in an increase in
molecular weight.

Moreover, ACN, as the AA and n-BA, can form branch points by intermolecular chain
transfer to polymer followed by termination by combination and by intramolecular chain
transfer (backbiting) [31–33]. According to McCord et al. [34], terminal ACN groups are
formed by H-abstraction. Figure 2 shows the possible mechanisms that may take place to
account for this increase in molecular weight when incorporating the monomer ACN.
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From the sample E0 to the sample N10, an increase of 15 ◦C in the Tg value was
observed. According to the literature, the Tg of the ACN homopolymer is 105 ◦C [12].
Clearly, a small amount of this monomer was enough to have a great effect on Tg values
since its Tg is much higher than that of n-BA (−54 ◦C [35]).

To see how the incorporation of this comonomer affected the structure of the adhesive,
the samples were analyzed by FTIR. Figures 4 and 5 show changes in some characteristic
bands according to the weight ratio ACN/n-BA.
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Figure 4. FTIR spectra of E0, N6 and N10 samples over a range of wavenumber of 4000−2000 cm−1.
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Figure 5. FTIR spectra of E0, N6 and N10 samples over a range of wavenumber of 2000−500 cm−1.

The broad band in the range 3100–2700 cm−1 with its maximum at 2960 cm−1 was
assigned to C–H stretching in CH, CH2, and CH3. The bands at 2960, 2933, 2918 and
2876 cm−1 decrease their intensity with the increase of ACN monomer. Moreover, with the
increase of this monomer, the singlet at 2876 and 2933 cm−1 become in a doublet with the
appearance of another band at 2860 and 2918 cm−1, respectively.

The band at 2240 cm−1 appeared with the presence of ACN, corresponding to the
nitrile group (C≡N). The strong band at 1730–1720 cm−1, characteristic from acrylic poly-
mers, correspond to the C=O stretching of ester group. With the increase of ACN group,
a longer distance of the acryl group (R–C=O) from the backbone was reflected in the IR
spectra with the reduction of peak at 1728 cm−1 [36,37]. The peaks at 1241 and 1158 cm−1
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were due to the C–O stretching vibration of the ester group. With the increase of ACN,
the bands at 1117 and 1061, corresponding to C–C–C deformation of tertiary carbon, were
reduced their intensity [38].

3.2. Adhesive Properties

The adhesive properties (tack, peel resistance and static shear resistance) of polymers,
tested on paper and PET tapes, were measured and summarized in Table 3.

Table 3. Adhesive properties determined on paper and PET tapes.

Paper Tape PET Tape

Peel Resistance
(N/25 mm)

Tack
(N)

Shear Resistance
(h)

Peel Resistance
(N/25 mm)

Tack
(N)

Shear Resistance
(h)

E0 28.1 ± 0.5 26.0 ± 0.9 0.1 ± 0.0 13.6 ± 0.2 8.6 ± 1.0 1.8 ± 0.1
N2 21.2 ± 0.7 12.5 ± 0.9 5.6 ± 0.9 10.6 ± 0.3 8.0 ± 0.3 4.0 ± 0.3
N4 7.5 ± 0.6 9.0 ± 0.2 15.2 ± 3.4 8.3 ± 0.1 7.3 ± 1.0 14.5 ± 0.7
N6 6.7 ± 0.3 5.0 ± 0.9 16.4 ± 2.1 9.2 ± 0.3 4.7 ± 0.4 30.5 ± 3.1
N8 4.3 ± 0.4 3.1 ± 0.4 18.4 ± 2.9 8.4 ± 0.1 4.0 ± 0.5 36.3 ± 2.8
N10 4.2 ± 0.1 2.9 ± 0.4 21.5 ± 4.0 6.0 ± 0.3 3.9 ± 0.4 40.3 ± 3.0

With both substrates the same effect was observed but the differences were greater in
the case of the paper substrate. As paper is a porous substrate, the adhesive penetrated the
matrix resulting on a higher anchorage, i.e., the interfacial adhesive-substrate strength was
higher than in the case of PET substrate [39].

On the other hand, also keep in mind that the deformation of the paper that takes
place during the test is part of the fracture energy of the process. However, thus does not
happen with PET because it is an elastic substrate.

On paper substrate, both peel resistance and tack decreased with increasing proportion
of ACN. As is known, it is influenced by the chains of lower molecular weight and the
peel by those of the middle-range molecular weight. By introducing a hard monomer,
the molecular weight was increased, thus decreasing the chains of middle and low-range
molecular weight.

On paper substrate, the N10 adhesive, with only 10 phm of ACN, showed peel
resistance and tack values 7 and 9 times respectively lowers than E0. On PET substrate, the
difference in the peel resistance and tack values were not as marked. The N10 adhesive
showed in both tests, values 2 times lower than E0. On both substrates, the adhesive E0
and N2 showed a cohesive failure in the peel resistance test since the adhesive-substrate
interfacial strength was higher than the strength of the adhesive itself. Nevertheless, the
rest of adhesives showed an adhesive failure due to the increased molecular weight of the
adhesive chains.

As the degree of entanglement and crosslinking increased, the cohesive strength of
the adhesive increased, thus decreasing the adhesive-substrate interfacial strength. This
increase in the cohesion of the adhesive when increasing the weight-ratio of ACN was
reflected in an increase of the static shear resistance values. The adhesive N10 increased
almost 179 times in the paper tapes and 22 times in the PET tapes respect E0.

The most significant changes in tack, peel and shear resistance values were observed
between samples E0-N2 and N2-N4. Instead, the differences between the rest of samples
(N6, N8 and N10) when also increasing 2 phm of ACN between them, were smaller. On
paper substrate, if the differences between E0 and N2 are compared, N2 adhesive showed
a decrease of 7 units in peel resistance and of 13 units in tack values and an increase of
5 units in shear resistance. However, if the differences between N6 and N8 are compared,
N8 adhesive showed a decrease in the peel resistance and tack values of 3 units and 2 units,
respectively, and an increase in shear of 2 units respect N6.
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If the results obtained in this section are compared with the results of adhesion
obtained in the previous article [17], clearly ACN monomer has a greater effect on adhesive
properties than 2-ethylhexyl acrylate monomer.

The incorporation of both monomers in the standard formulation, considerably de-
creased the peel and tack values respect E0. The minimum amount studied of 2-EHA was
14.6 phm (E15) and the maximum amount of ACN studied was 10 phm (N10). If both
adhesives are compared, in the case of the paper substrate, the N10 adhesive, showed
a decrease of peel resistance and tack of 85% and 89% respectively. However, E15 only
showed a decrease of 4% and 11%, respectively.

On the other hand, the dynamic shear resistance was evaluated to obtain more in-
formation about the material resistance to a shear stress applied. Figure 6 shows the
force-displacement curves obtained in the test.
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Figure 6. Representative force-displacement curves obtained by dynamic shear test.

The curves show the typical behavior of a dynamic shear test [40], with a linear initial
zone, which allows to determine the elastic modulus, a maximum stress that defines the
strength of the adhesive related to its internal cohesion, and a deformation up to failure
that is a measure of its ductility. The area under these curves determines their strain energy
or toughness. With increasing ACN content, both the stress and the maximum strain of
the curves increased. The adhesives N8 and N10, which were formulated with the highest
amounts of ACN, showed a considerably higher toughness than the rest of samples.

The elastic shear modulus (G) increased with the ACN content (Figure 7), as expected
from the increase in the polymer Tg.
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The most significant variations were found between the samples E0, N2 and N4 as
previously observed in the adhesive properties. Samples N2 and N4 showed an increase of
G of almost 2.5 and 5 times, respectively, with regard to E0.

The maximum shear stress recorded in the dynamic shear test is represented in Figure 8.
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Figure 8. Effect of acrylonitrile content on the maximum shear stress.

Also in this case, it is observed an increase in this property with the ACN content, as a
consequence of increased molecular weight.

Finally, the toughness of the adhesives was determined as the deformation energy up
to the adhesive failure in the dynamic shear test and was calculated from the area under
the curve force-displacement up to the maximum force value as shown in Figure 9.
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Samples N8 and N10 required more energy than the rest. N8 and N10 needed 5 and
9 times, respectively, more energy than E0. However, the rest of the samples showed very
similar energy values between them.

3.3. Water Resistance

Finally, to determine the water resistance of the adhesive in wet and cold conditions,
the ice bucket test was carried out. All labels behaved in the same way. Figure 10 shown as
example the behavior of the label built with the adhesive N6.
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Figure 10. Optical pictures of the different states of a label of a same bottle using the adhesive N6 in
the ice bucket test: (a) label just after remove the bottle from the ice bucket, (b) dried label after 24 h
to remove the bottle from the ice bucket and (c) structural failure upon peel off the label manually.

After 24 h submerged in the water:ice (1:1 by weight) bath, the labels remained stuck
but with bubbles and wrinkles on the edges of the label as shown in Figure 10a. On the
other hand, 24 h after the bottle was taken from the ice bucket, the bubbles and wrinkles
disappeared but the ends of the label were slightly peeled off as shown in Figure 10b.
Finally, when the label was removed from the bottle surface manually, structural failures
occurred as shown in Figure 10c.

4. Conclusions

In order to obtain a PSA that meets the adhesive properties required by wineries,
the influence of the incorporate in the formulation a hard monomer such as ACN was
investigated. A series of acrylic PSA were prepared by emulsion polymerization with
different weight-ratios of ACN on a system composed by acrylic acid and n-butyl acrylate.

The results did not show significant changes in particle size and viscosity. However, a
slight increase in particle size was observed if the adhesive E0 is compared with N2, when
2 phm of ACN were introduced in the adhesive composition. This was also reflected in a
slight decrease in viscosity. On the other hand, the gel content generated in these samples
was negligible in all cases. However, great increase in the average sol molecular weight
were observed by GPC with the increase of ACN. This was also reflected in an increase
in Tg.

Regarding to the adhesive properties, on both substrates, the results showed the
same trend. With the increase in the amount of ACN, the molecular weight increased and
therefore the peel resistance and tack values decreased. However, this greatly favored by
the static shear results. The most marked changes in tack, peel and shear resistance values
were observed between samples E0-N2 and N2-N4 on paper substrate. Considering the
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values required of peel resistance, tack and shear resistance by the wine industries were
10 N/25 mm, 10 N and 24 h respectively, on both substrates, the adhesive properties of
N4 (7.5 ± 0.6 N/25 mm, 9.0 ± 0.2 N and 15.2 h, respectively) and N6 (6.7 ± 0.3 N/25 mm,
5.0 ± 0.9 N and 16.4 h, respectively) were the closet.

The force-displacement diagrams obtained in the dynamic shear test showed that the
adhesives N8 and N10, which were formulated with the highest amounts of ACN, showed
a considerably higher toughness than the rest of samples. The shear elastic modulus (G)
obtained for the samples N2 and N4 was almost 3 and 5 times, respectively, higher than
E0. The maximum shear stress increased in a constant way with the increase in the ACN
content. Samples N8 and N10 required 5 and 9 times, respectively, more deformation
energy than E0. The rest of adhesives showed a deformation energy very similar to E0.

In the ice bucket test, the labels remain stuck all time, but they showed bubbles and
wrinkles on the edges. When the labels were dried, the bubbles and wrinkles disappeared.
However, the ends of the labels were slightly peeled off. This is an inconvenient for the
end user as the label is expected to always remain in perfect condition. Therefore, it will be
necessary to improve the water resistance of these adhesives.
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CHAPTER VI 

INFLUENCE OF POLYMERIZABLE SURFACTANTS 
ON THE ADHESIVE PERFORMANCE  

 

 
In the previous chapters (Chapter IV and V), regardless of the composition of the 

synthesized PSAs, it was observed that the water resistance during the ice bucket test 

was very poor. Although the labels remained their shape after drying, the ends of the 

labels were slightly peeled off. This suppose a problem for the consumer as they expect 

the bottle to keep the label in perfect condition when it is in an ice bucket.  

In the preparation of water-based PSAs, different hydrophilic species are used in its 

formulation. They can migrate toward the film-air, the film-substrate interface or be 

absorbed by the latex particles during the film formation processes. In the last case, 

hydrophilic pathways are formed for which, water can penetrate into the latex easily [1–

3]. These pathways decrease the adhesive properties [4–6] and, especially, the water 

resistance of the film [2,7]. 

This chapter was focused in improve the water resistance of the based formulation 

E0 used as starting point for this thesis. Different strategies were considered to improve 

the water resistance of the latex. The main hydrophilic species used in the preparation of 

water-based PSAs are the surfactants. They are used to emulsify the monomer droplets 

and to stabilize the polymer particles formed during the polymerization and during its 

shelf life. The conventional surfactants, the most used ones, remain in the latex without 

forming any covalent bond with latex and, therefore, can migrate easily. The base 

formulation E0 was composed by a total amount of an anionic conventional surfactant 

of 1.3 phm (0.1 phm in the initial charge of the reactor and 1.2 phm in the pre-emulsion).  
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One form to reduce the surfactant amount is partially replacing it by a functional 

monomer, such as methacrylic acid or acrylic acid. However, the idea was discarded 

since large quantities of these monomers would be necessary to obtain sufficient 

stabilizing effect and this can change the final properties of the latex. Moreover, as these 

monomers are very hydrophilic, a significant amount of water-soluble polymer may be 

formed thus also reducing the water resistance of the latex [8]. 

Then, it was considered used polymerizable surfactants to replace the conventional 

one. In this way, the covalent bond formed between the polymer and the surfactant would 

prevent if migration. For it, different commercial polymerizable surfactants with 

different chemical structure and molecular weight were used in the synthesis and 

characterization of four different PSA replacing the function of the conventional 

surfactant in the base formulation E0. 

This chapter corresponds to article “Influence of polymerizable surfactants on the 

adhesive performance and water resistance of acrylic water-based pressure-sensitive 

adhesives (PSAs)” accepted in 2022 by Journal of Adhesion Science and Technology. 
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Abstract 

The behavior of different polymerizable surfactants was investigated in order to improve the 

water resistance of pressure sensitive adhesives (PSAs) based on acrylic acid (AA) and n-butyl 

acrylate (n-BA). Differences in the adhesion properties were found according to the chemical 

structure and the critical micelle concentration of the polymerizable surfactant, especially when 

compared to the non-polymerizable reference surfactant (Dowfax 2A1). The polymerizable 

surfactants with a branched structure resulted in more gel content and higher glass transition 

temperature in the adhesive. In general, the peel resistance and tack properties decreased with the 

use of polymerizable surfactants in the PSA formula. However, increased shear resistance was 

observed with respect to the PSA adhesive synthesized with the reference surfactant. 

Furthermore, the adhesives made with higher molecular weight polymerizable surfactants 

resulted in higher shear elastic modulus, shear strength and deformation energy than the rest of 

PSA adhesives. On the other hand, as expected, all the polymerizable surfactants studied 

contributed to improved water resistance of the PSA compared to the reference PSA prepared 

with a conventional surfactant. The covalent bond formed between the polymer and the surfactant 

limited the migration of the surfactant towards the air-film interface thus reducing the formation 

of water entry pathways. The polymerizable surfactants with linear molecular structure showed 

the best water resistance performance. 

Keywords: acrylic pressure-sensitive adhesives; emulsion polymerization; polymerizable 

surfactants; water resistance 
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1. Introduction 

Water-based pressure-sensitive adhesives (PSAs) are an ecological alternative to classic 

solvent-based PSAs, since they do not present any health or environmental problems, 

among other advantages [1,2]. However, the final properties of water-based PSAs are 

often poor compared to those of solvent-based PSAs. Water-soluble monomers, 

initiators, and surfactants are used in the preparation of water-based acrylic PSAs. 

During the film formation, all hydrophilic species present can migrate to the adhesive 

interface with air, with the substrate, or even be absorbed by the polymer particles. In 

this case, small hydrophilic pockets or pathways can form along the film, through which 

water molecules can penetrate the latex by osmosis when the film is in contact with water 

[3–5]. This adverse effect is reflected in lower peel resistance [6,7], tackiness [8], shear 

resistance [9] and, above all, in the water resistance of the adhesive [4,10]. This is a 

problem for those PSAs that are intended for beverage bottle labels, as they typically 

need to be able to withstand cold and humid environments. 

Surfactants are a key element in the production of water-based PSAs. They are 

responsible for emulsifying the monomer droplets and stabilizing the polymer particles 

during the polymerization process and the shelf life of the product. In the emulsion 

polymerization of PSAs, conventional surfactants are physically adsorbed on the surface 

of the polymer particles by means of hydrophobic interactions. The hydrophobic 

interaction between the polymer particle and the surfactant is weak, and therefore the 

surfactant can be easily desorbed. This desorption can destabilize the latex, especially 

when subjected to certain conditions such as freezing, high stresses, or high ionic 

strength [11,12]. Furthermore, once the latex is applied and a film is formed, the 

surfactant can migrate towards the interfaces, forming those hydrophilic pathways in the 

adhesive film through which water can enter [13–15]. 

One solution to this problem is to minimize the amount of surfactant molecules by 

partially replacing them with a functional monomer, such as the methacrylic acid or 

acrylic acid (AA), among others. However, large amounts of these classes of monomers 

would be necessary to produce an acceptable stabilizing effect, which would result in an 
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unacceptable balance in the final properties of the latex. Moreover, a significant fraction 

of water-soluble polymer would be generated, thus reducing the water resistance of the 

latex [16]. 

The strategy applied in the present work was by using polymerizable surfactants, also 

known as surfmers. They were described for the first time in 1956 by Bistline et al. [17]. 

By esterification of α-sulfo fatty acids with allyl alcohol, sodium allyl α-sulfopalmitate 

and sodium allyl α-sulfostearate was synthesized. In terms of surface-active properties 

and hydrolysis stability, they were similar to sodium alkyl α-sulfopalmitate and stearates. 

Thus, these allyl esters were converted into a new type of water-soluble polymer that 

could be used as emulsifying agents among others. Nevertheless, their use in emulsion 

polymerizations was not reported until 14 years later by Greene et al. [11,12,18]. They 

found that stabilising latexes using in situ polymerized sodium 9-(and 10)-acrylamido 

stearate (NaAAS) rather than monomeric NaAAS increased the mechanical and 

electrolyte stability in a styrene/butadiene system. 

Like conventional surfactants, the surfmers are molecules with an amphiphilic 

structure but, in addition, they contain a C=C double bond which allows them to 

copolymerize. As they are anchored to the polymer backbone by a covalent bond, they 

avoid being desorbed from the polymer particle in the latex.  These types of surfactants 

can be classified according to the double bond location in their structure. As seen in 

Figure 1, head-type surfmers have the C=C bond near the hydrophilic head, while tail-

type surfmers have the bond at the end of the hydrophobic tail.  

 

 

 

Head-type 

Tail-type 

Figure 1. Classification of reactive surfactants according to the position of the double bond. 
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The most common type of surfmers is the tail-type [19], because in most cases the 

polymerization takes place inside the polymer particles that are in contact with the 

hydrophobic tail of the surfactant [20,21]. 

Based on previous studies reporting the applicability of this type of surfactant [3,22–

27], their use has been considered here as a way to improve the performance of water-

based acrylic PSAs. Aguirreurreta et al. [24,25] reported in various articles the 

performance of several types of surfmers in different copolymerizable systems. In 

general, the gel content of the latex increased at higher surfactant concentration. 

Moreover, a considerable improvement in the peel resistance was observed due to the 

covalent bond between the polymer backbone and the surfactant. Lower migrations took 

place in the air-film interface. However, they did not observe differences between the 

use of polymerizable and non-polymerizable surfactants in the shear adhesion failure 

temperature (SAFT) test. This was related to the molecular weight of the surfactant, in 

which lower molecular weights gave higher SAFT values. He et al. [28] studied the use 

of ammonium -allyl alkyl phenol polyoxyethylene ether sulfonate as a surfmer in the 

preparation of acrylic water-based PSAs. Samples synthesized with polymerizable 

surfactant showed higher peel resistance, tackiness and static shear resistance than the 

samples prepared with conventional surfactants. These improvements were also reported 

by Zhang et al. [29], who studied the same effect using a polymerizable sulfated 

nonylphenol ethoxylated surfactant. Fang et al. [22] compared the effect of a 

conventional non-reactive surfactant with two different polymerizable surfactants in a 

PSAs composed of acrylic acid (AA), n-butyl acrylate (n-BA), 2-hydroxyethyl acrylate 

(2-HEA) and methyl methacrylate. The samples synthesized with surfmers showed 

smaller particle size and better water resistance. As in the results reported by 

Aguirreurreta, the gel content of latexes prepared with polymerizable surfactants was 

higher than that obtained with conventional ones. Due to a higher gel content, the peel 

and tack values were lower than with conventional surfactants. Instead, the static shear 

resistance values were higher. 
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In our previous paperss, we studied the water resistance of water-based acrylic PSAs, 

assessed from the results of the "ice bucket test" on labels adhered to glass, as a function 

of the monomer ratio used between n-BA and 2-ethylhexyl acrylate [30], and n-BA and 

acrylonitrile [31]. The results demonstrated that the labels were kept adhered but 

displayed wrinkles and local debonding at the boundaries after 24 hours submerged in 

water.  

With the aim of improving the water resistance of water-based acrylic PSA, the role 

of polymerizable surfactants was investigated. A standard composition, based on AA, n-

BA and a conventional surfactant, was taken as a reference formulation in the study. To 

replace the conventional surfactant used in the previous papers, four anionic tail-type 

polymerizable surfactants with different chemical structures, average molecular weights 

and critical micelle concentrations (CMC) were investigated. The water resistance of the 

prepared adhesives was determined from water-whitening resistance and water vapor 

transmission rate (WVTR) values. The resultant physico-chemical and adhesion 

properties of the designed adhesives were determined and are discussed. 

2. Materials and methods  

All reactions used deionized water (Lubrizol, Sant Cugat del Vallès, Spain). Monomers 

used in the polymerization were n-butyl acrylate (n-BA) and acrylic acid (AA) from 

BASF (Ludwigshafen, Germany). As the chain transfer agent, the tert-dodecyl 

mercaptan (TDM) from Chevron Phillips Company LP (Tessenderlo, Belgium) was 

used. As initiator , ammonium peroxide sulfate from United Initiators (Pullach, 

Germany) was used and as buffer, ammonium carbonate from BASF (Ludwigshafen, 

Germany) was used. The anionic surfactant with commercial name DowfaxTM 2A1 from 

Dow Chemical (Midland, USA) and the anionic copolymerizable surfactants, with 

commercial names Adeka Reasoap SR-1025 (Adeka Corporation, Tokyo, Japan), Hitenol 

AR-1025 (IMCD Benelux B.V, Amsterdam, Netherlands), MaxemulTM 6106-LQ-(MH) 

and MaxemulTM 6112-SQ-(MH) (Croda, Mill Hall, USA), were used as surfactants to 

stabilize the emulsions. To decrease the free residual monomer, tert-butyl hydroperoxide 
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provided by Pergan (Bocholt, Germany) and sodium formaldehyde sulfoxylate 

(Bruggolite® E01) by Brüggemann KG (Heilbronn, Germany) were used as oxidizing 

and reducing agents, respectively. The samples were neutralized with ammonia solution 

at 25 % (Barcelonesa drugs and chemicals, Cornella del Llobregat, Spain). 

Tetrahydrofuran (THF) from Merck (Radnor, USA) at 99 % was used to dissolve the 

soluble part of the polymer and thus to extract its gel content. Tintoretto qesso ultraWSTM 

paper from Arconvert (Sant Gregori, Spain) and polyethylene terephthalate (PET) from 

Polinas (Manisa, Turkey) were used as substrates to determine the adhesive 

performance. 

2.1. Emulsion polymerization 

By a semi-batch emulsion polymerization process, 2 kg of five different adhesives, each 

with a surfactant as shown in Table 1, were prepared at 55 % solid content. Their 

preparations were carried out in a glass reactor of 2.5 L with a constant mechanical 

stirring (100 rpm). The reactor contained 50 % of the total deionized water, 0.3 phm of 

ammonium carbonate and 0.1 phm of surfactant, and was purged with N2 and heated at 

82 ºC. The pre-emulsion consisted of the remaining water, the surfactant, and the chain 

transfer agent and the monomeric system (Table 1) was added for 3 h at a continuous 

flow after the initiator (0.5 phm) was added. 

Table 1. Surfactant (S), chain transfer agent (TDM) and monomer composition of latexes (phm): 
acrylic acid (AA), n-butyl acrylate (n-BA). 

Sample AA n-BA TDM Surfactant Surfactant amount 

in the reactor 

Surfactant amount 

in the pre-emulsion 

E0 2.5 97.5 0.1 Dowfax 2A1 0.1 1.2 

PS1 2.5 97.5 0.1 Adeka Reasoap SR-
1025 0.1 1.2 

PS2 2.5 97.5 0.1 MaxemulTM 6112-SQ-
(MH) 0.1 1.2 

PS3 2.5 97.5 0.1 MaxemulTM 6106-LQ-
(MH) 0.1 1.2 

PS4 2.5 97.5 0.1 Hitenol AR-1025 0.1 1.2 
 

  



  Influence of polymerizable surfactants on the adhesive performance 

165 
 

After the addition of the pre-emulsion, the residual monomer was reduced to below 750 

ppm. To this end, 2 phm of initiator were added in two shots and each one was held for 1 

h. Subsequently, a redox system composed by 0.2 phm of TBHP and 0.3 phm of 

Bruggolite E01 was added and held for 4 h once the reactor temperature was cooled to 

57 ºC. 

2.2. Surfactant characterization 

The average molecular weight of the surfactants studied was determined by gel 

permeation chromatography (GPC). First, the surfactants were dried and subsequently 

dissolved in THF to get a concentration of 0.01 g/mL. Then, 10 μL of this solution was 

injected into the GPC instrument, provided by Waters (Cerdanyola del Vallès, Spain), 

composed of a Waters e2695 Separation Module and a Waters 2414 refractive index 

detector. The separation module was composed of two lineal columns (Agilent PL Gel 

Mixed-C and Styragel HR5E, both of 5 µm of 7.8 × 300 mm) and one monopore column 

(Styragel HR 4 7.8 × 300 mm). The chromatograph used a THF flow of 1 mL/min at 40 

ºC. The average molecular weight obtained was based on the polystyrene standards 

(Agilent Technologies, Didcot, UK) used in calibrating equipment. 

The critical micelle concentration (CMC) was determined by surface tension 

measurements, which were carried out using an Easy Dyne K20 tensiometer (KRÜSS 

GmbH, Hamburg, Germany). For this, solutions with different concentrations of each 

surfactant were prepared. Following the change in the surface tension of the aqueous 

solution, the CMC was obtained as the intersection point of the two linear regressions 

obtained from the experimental data. 

2.3. Latex characterization 

Once the latexes obtained were prepared at room temperature, they were filtered through 

a filter of 150 µm. All samples were adjusted to 50 wt.% solid content and to pH 7.5 

adding deionized water and ammonia solution (12.5 %), respectively. 
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The average particle size was measured with a Zetasizer Nano Series instrument 

(Malvern Instruments, Herrenberg, Germany) by dynamic light scattering using a 

detector with a 90º angle at 25 ºC. The latexes were diluted in deionized water to be 

analyzed. The latex viscosity was determined at 25 °C with a Brookfield DV-II+ Pro 

rotational viscometer, provided by Brookfield (Stoughton, USA). 

The experimental glass transition temperature (Tg) was determined with a DSC 1, 

STARe (Mettler Toledo, Cornellà de Llobregat, Spain) by differential scanning 

calorimetry (DSC). Standards of indium and zinc were used to calibrate the instrument. 

20 mg of latex were dried at 60 ºC for 24 h in a crucible to obtain about 10 mg of sample 

to analyze. The scanning cycles at 20 °C/min consisted of the first heating from 25 °C 

to 200 °C, a cooling from 200 ºC to −65 °C and finally, a second heating, which was 

used to determine the Tg values, from -65 ºC to 200ºC. 

The insoluble polymer fraction in THF at reflux, known as gel content, was 

determined by Soxhlet extraction (Gerhardt Analytical Systems, Königswinter, 

Germany) for 24 h. This polymer fraction corresponds entangled chains with molecular 

weights greater than 7x106 g/mol and cross-linked polymer [32,33]. After the extraction, 

the insoluble polymer fraction was dried at 60 ºC for 24 h in an oven. According to 

Equation 1, W1 corresponds to the initial filter weight, W2 to the dry polymer in the filter 

and W3 to the dry polymer in the filter after the extraction [34]: 

 

Gel content (%) = W3 - W1
W2 - W1

 · 100      (1) 

 

The soluble fraction in THF extracted from the Soxhlet was later dried at 60 ºC for 

24 h in an oven. This sample was used to determine the average sol molecular weight 

(Mw) by GPC. Once dry, it was dissolved in THF again to obtain a concentration of 0.01 

g/mL. 10 μL of this solution was injected into the GPC instrument composed of a Waters 

e2695 Separation Module and a Waters 2414 refractive index detector as detailed in 

section 2.2. 
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2.4. Adhesion tests 

The typical adhesive tests were used to evaluate the adhesive performance. 50 g/m2 of 

latex was applied onto a paper substrate using a motorized laboratory coater, RK K 

Control Coater provided by Lumaquin S.A. (Montornès del Vallès, Spain). Once dry 

(1min at 100 ºC in an oven), a layer of 25 g/m2 of adhesive remained. For each test, five 

samples per latex were performed. 

Peel resistance tests at 180º were carried out at 300 mm/min with a Zwick/Roell Z 

2.5 tensiometer (Zwick Ibérica Equipos de Ensayos, S.L., Sant Cugat, Spain) 24 h after 

applying the tapes (paper and PET) of 275 × 25 mm2 onto the glass panels. The average 

force necessary to detach the joint and the type of failure were recorded [35]. 

Loop tack tests were carried out with an AT1000 tensile tester, provided by 

ChemInstruments (Fairfield, USA) at a constant speed of 300 mm/min. Tapes of 175 × 

25 mm2 of both substrates forming a loop were deposited onto glass panels. The 

maximum force necessary to detach that joint and the type of failure observed in the 

detachment process were recorded [36,37]. 

Static shear resistance was determined as the average time to shear a tape of 25 x 25 

mm2, from which hung a 1 kg weight, from a stainless-steel panel [38]. Both substrates 

were used in this test. 

Dynamic shear resistance tests were carried out at 5 mm/min and at 25 ºC with a 

Zwick/Roell Z 2.5 machine. PET tapes (2.5 × 2.5 mm2) were applied to untreated steel 

panels 20 min before carrying out the test [39]. From the curves of shear stress versus 

strain, the elastic shear modulus (G), maximum shear stress values (max) and the 

toughness of the adhesives were determined.  

Moreover, an adhesive performance index was created to assess the performance of 

adhesives designed with respect to the reference adhesive E0. 
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2.5. Water resistance 

The water resistance was assessed by WVTR, water-whitening resistance tests and rub 

tests. 50 g/m2 of latex were applied onto a paper substrate using a motorized laboratory 

coater. Once dry (1 min at 100 ºC in an oven), a layer of 25 g/m2 of adhesive remained.  

The WVTR allows the determination of the water vapor flow per unit time that goes 

through a given area under a certain temperature and humidity condition. It was 

measured on the basis of the standardized wet cup method ASTM-D1653 with a 

Labthink W3/031 equipment provided by Labthink Instruments Co. Itd. (Jinan, China) 

[40]. Five replicates of each sample were cut in the shape of a circle with a diameter of 

6.5 cm to be analyzed in a cup with 100 mL of deionized water for 24 h at 23 ºC and 50 

% humidity. Finally, the amount of water vapor permeating through the sample was 

recorded in g/m2/day. 

To evaluate the water-whitening resistance of the PSAs, the films of adhesives were 

immersed in water for 24 h. A photo was taken at 30 min, 8 h and 24h to evaluate how the 

adhesive film evolves over time. Moreover, at 24 h, the rub test was carried out to check 

that the film was completely adhered. It consists in placing the test piece on a flat and firm 

surface, pressing firmly with the thumb and rotating it back and forth over the applied film 

[41]. 

3. Results and discussion 

3.1. Characterization of surfactants 

Table 2 shows the average molecular weight and the polydispersity index (PDI), 

obtained by GPC, of the surfactants employed in this study and their similar structures 

based on suppliers information and patents [42,43]. 
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Table 2. Chemical structure and molecular weight obtained by gel permeation chromatography 
of the surfmers studied. 

Surfactant Chemical structure Mw (g/mol) P

DI 

CMC (mol/L) 

Dowfax 2A1 

 

543 1.0
2 4.5 x 10-4 

Adeka Reasoap 
SR-1025 

 

1395 1.1
4 2.7 x 10-3 

MaxemulTM 
6112-SQ-(MH) 

 
877 1.2

2 7.5 x 10-5 

MaxemulTM 
6106-LQ-(MH) 

 
613 1.1

5 3.1 x 10-2 

Hitenol AR-
1025 

 

1053 1.1
3 1.6 x 10-3 

 

In addition, the CMC values determined from the curve of surface tension vs. 

concentration of surfactant are shown. These solutions were prepared keeping the reactor 

composition detailed above in section 2.2. The pH of the aqueous solutions prepared 

with different proportions of surfactant was between 7.5 and 8.5. Figure 2 shows that the 

surface tension decreased as the concentration of surfactant increased. 

The CMC for the surfactant MaxemulTM 6106-LQ-(MH) was considerably higher 

than the others, meaning that it is less water-soluble. This poses a problem since the 

polymerizable surfactants should have a low CMC in order to reduce the polymerization 

of the surfactant in the aqueous phase as much as possible. 
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3.2. Latex physico-chemical properties 

The synthesized latexes were adjusted at pH 7.5 and 50 wt. % solid content. Table 3 

summarizes the average particle size, viscosity, gel content, Mw and Tg values of all 

samples studied. 

Table 3. Final physico-chemical properties of the latexes. 

Sample Particle size 

(nm) 

Viscosity (cP) Gel content 

(%) 

Mw (g/mol) PDI Tg (ºC) 

E0 189 183 5 510224 7.9 -41.7 
PS1 177 369 46 625137 6.7 -41.1 
PS2 215 120 6 308701 5.3 -41.5 
PS3 467 32 0 920706 6.1 -42.4 
PS4 175 382 55 203563 3.6 -39.1 
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Figure 2. Determination of surface tension as a function of surfactant concentration. The arrow 
determines the intersection point of the two linear regression corresponding to the critical micelle 
concentration. 
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Sample PS1, PS2 and PS4 showed an average particle size very similar to E0. 

However, PS3 showed a particle size 2.47 times larger than E0. In the case of PS1 and 

PS3, particle nucleation took place below the CMC of the surfactant in question. For 

PS1, the concentration used was only half that of the CMC and the difference with E0 

was not significant. In contrast, for the PS3 latex, its concentration was 10 times lower 

than its CMC. The difference observed in the average particle size could be attributed to 

a different particle nucleation mechanism. Possibly, in the synthesis of PS1 and 

especially in PS3, homogeneous nucleation was predominant. Therein, the propagation 

reaction occurs in the aqueous phase until the oligoradical reaches a critical size at which 

point it becomes insoluble in water and precipitates. The oligomer collects monomer and 

surfactant for stabilization when it precipitates, resulting in a reactive particle.  Instead, 

in the samples E0, PS2 and PS4, the nucleation took place above the CMC. Therefore, 

according to the thermodynamic equilibrium in the system, the surfactant molecules 

were distributed in the aqueous phase, in the water-air interface and in the micelles. In 

this case, the nucleation took place mainly by micellar nucleation, in which the 

propagation reaction takes place within the micelles [44]. 

At the same solids content, it was observed that those latexes with a lower average 

particle size showed higher viscosities, possibly due to the fact that they generated a 

narrower particle size distribution. As the latex particles were smaller, the distance 

between them was smaller. That makes the interaction between them increase, which is 

reflected in an increase in viscosity [45,46].  

The differences between the Tg values of the latexes obtained by DSC (Table 3) were 

not significant since they all had the same monomeric composition and the fraction 

corresponding to the surfactants was very low. Therefore, the surfactants had little effect 

on Tg values of the resultant latex. However, a slight trend was observed when the Tg 

values were represented according to the gel content (Figure 3). A higher gel content 

would be related to higher molecular interactions, in terms of more cross-linking and/or 

entanglement of the polymer chains, thus reducing molecular mobility and, 

consequently, raising Tg [47,48].  
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As the gel content cannot be analyzed by GPC, the molecular weight determined by 

this technique only corresponds to those polymer fractions soluble in THF. In the case 

of samples PS1 and PS4, the fractions of sample analyzed were very low and therefore 

the Mws obtained by GPC were not representative. They showed an elevated gel content, 

46 and 55 % respectively, considerably higher compared to the rest of the samples. The 

surfactants used for the synthesis of these latexes, Adeka Reasoap SR-1025 and Hitenol 

AR-1025 respectively, show branches in their structure that could contribute to a higher 

entanglement of the chains, thus increasing their gel content. For this reason, they 

showed the highest Tg.  

On the other hand, the samples PS2 and PS3 showed an insignificant gel content such 

as in the case of the sample E0, obtained with the conventional surfactant. The sample 

PS3, although it showed the highest Mw, did not generate gel content which reflected a 

Tg lower than the rest. The MaxemulTM 6106-LQ-(MH) and MaxemulTM 6112-SQ-

(MH), in contrast to the other two polymerizable surfactants, show a linear structure, 

without branches, and possibly because of this, their latexes showed a lower gel content. 

−35
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C
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Figure 3. Influence of the gel content on the glass transition temperature. 
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 However, we do not have the necessary techniques to determine the proportion 

of surfactant that has polymerized and therefore, we cannot be certain that all of them 

have reacted in the same way. Another possible interpretation could be that the 

surfactants Adeka Reasoap SR-1025 and Hitenol AR-1025 polymerized to a greater 

extent than the surfactants MaxemulTM 6106-LQ-(MH) and MaxemulTM 6112-SQ-(MH). 

The double bonds of the latter two are more sterically hindered than the first two and 

therefore its incorporation into the polymer backbone would be lower, resulting in lower 

molecular weights.  

3.3. Adhesion properties 

Adhesion properties (i.e., tack, peel resistance, and static shear resistance) of the latexes 

were measured on both paper and PET tapes and are summarized in Table 4. 

Table 4. Adhesion properties for paper and PET tapes. 

 

As was reported by Aguirreurreta [24] and Fang [22], in general, the latex prepared 

with the conventional surfactant had higher peel resistance and tack values than those 

obtained with polymerizable surfactant. These properties are very much influenced by 

the chain with low and middle-range molecular weight. E0 showed a high PDI, which 

was the result of a broader molecular weight distribution that favored both properties 

[49]. The adhesive PS1 showed a PDI slightly lower than E0. Possibly, this is the reason 

that their peel and tack values were closest to E0. The adhesives PS2 and PS3 did not 

show significant differences between them in terms of the adhesion properties. Their 

  Paper tape  PET tape 

 Peel resistance 

(N/25mm) 

Tack 

(N) 

Shear resistance 

(min) 

Peel resistance 

(N/25mm) 

Tack 

(N) 

Shear resistance 

(min) 

E0 28.1  0.5 26.0  0.9 7.4  0.3 13.6  0.2 8.6  1.0 108  7 
PS1 19.2  0.1 20.1  0.7 6.9  0.3 14.1  0.1 5.2  1.0 226  50 
PS2 13.0  0.4 14.7  0.3 3.8  0.4 12.2  0.1 5.2  1.0 58  3 
PS3 15.1  0.3 15.8  0.0 1.4  0.1 13.3  0.2 6.3  0.8 57  10 
PS4 9.9  0.8 7.1  0.5 37  6.2 11.6  0.6 5.4  0.9 297  23 
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surfactants have the same chemical nature and the only difference is in the number of 

poly(ethylene oxide) groups. In contrast, the PS4 adhesive was primarily governed by 

high molecular weight chains that did not favor peel and tack related forces. Due to its 

low PDI and high gel content, this adhesive showed the lowest peel resistance and tack 

values. These tendencies were observed in both substrates and all adhesives showed 

cohesive failures in the peel resistance test. 

The static shear resistance was directly related to gel content values. The adhesive 

PS3 showed the lowest shear resistance values as its internal cohesion was poor due to 

this latex lacking gel content. In contrast, the adhesives PS1 and PS4 showed shear 

values considerably higher than E0, in general, especially on the PET substrate. Both 

generated a high gel content consisting of cross-linked and/or highly entangled chains. 

The mobility of the chains was reduced, resulting in high internal cohesion, which was 

reflected in high shear values. 

Adhesives synthesized with MaxemulTM 6106-LQ-(MH) and MaxemulTM 6112-SQ-

(MH) did not show considerable differences between them in terms of the adhesion 

properties evaluated in this section. They have the same chemical nature and the only 

difference is in the number of poly(ethylene oxide) groups. 

The differences observed between the substrates were because the paper, unlike the 

PET, is a porous substrate and when applying the adhesive, a great proportion of it 

penetrates the matrix paper, improving its anchoring. In general, the adhesive 

performance regarding those properties related to the adhesive-substrate forces (peel 

resistance and tack) are more significant on paper substrates than on PET substrates. 

Nevertheless, the changes in cohesive forces (shear resistance) are more notable on the 

PET substrate than on paper. In these cases, the adhesive layer assessed is greater since 

the adhesive does not penetrate the substrate matrix. 

To summarize these results, an adhesive performance index (API) was created to 

assess the performance of the designed adhesives with respect to the reference adhesive 

E0. The API considers the relative importance of the three adhesive properties according 

to the current market requirements.  Cp, Ct and Cs are the coefficients that measure the 
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relative relevance of peel resistance (15 %), tack (15 %) and static shear resistance (70 

%), respectively. For each adhesive (a), the API was calculated using the average value 

of peel resistance (PR), tack (T) and static shear resistance (SR). The natural logarithm 

(ln) was used for the values obtained in the static shear resistance test because the 

differences between them were great. The values of peel resistance (PRE0), tack (TE0) 

and static shear resistance (SRE0) obtained by E0 were used as target. The API can be 

calculated using Equation (2): 

API = Cp ·
PR𝑎 - PR𝐸0

PR𝐸0

 + Ct · 
T𝑎 - T𝐸0 

T𝐸0

 + Cs · 
ln(SR

𝑎
) - ln(SR

𝐸0
)

ln(SR
𝐸0

)
 (2) 

 

As shown in Figure 4, the adhesive PS4 showed better adhesive properties than E0 

on the paper substrate. The values of peel resistance and tack were considerably lower 

than E0.  

However, the API results were highly influenced by the static shear values of PS4. 

Instead, as shown in Figure 5, the adhesive PS1 performed almost as well as PS4 on the 

PET substrate because it not only had a higher static shear resistance than E0 but also 
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Figure 4. Adhesive performance index of samples for paper substrate. 
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had a higher peel resistance. In both cases, the static shear values had a significant impact 

on the API results. 

On the other hand, the shear properties were evaluated by means of dynamic shear 

test to determine the differences due to the polymerizable surfactant used in the 

preparation of the adhesive. 
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Figure 5. Adhesive performance index of samples for PET substrate. 
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Figure 6. Effect of the surfmer type on the adhesive shear modulus. 



  Influence of polymerizable surfactants on the adhesive performance 

177 
 

As can be seen in Figure 6, the elastic shear modulus (G) showed significant 

variations depending on the polymerizable surfactant used, being up to four times higher 

for PS4 than for E0. Indeed, the adhesive synthesized with the conventional surfactant 

(E0) presented a lower modulus of elasticity than the rest of the adhesives synthesized 

with polymerizable surfactants. A general trend between the shear modulus and the Tg 

values was observed.  

The maximum stress values recorded in the dynamic shear test were considered as 

the shear strength of the adhesive (Figure 7).  

As can be seen, this characteristic followed a similar trend in the adhesive series as 

the shear modulus values, with the adhesive PS4 being the most shear resistant of all the 

studied adhesives. As expected, due to the forming of additional covalent bonds between 

the polymerizable surfactants and the main polymer chain, a general trend between the 

adhesive shear strength and the gel content was observed. 

The toughness or deformation energy of the adhesive was determined from the area 

under the force-displacement curve up to the maximum stress in the dynamic shear test 

(Figure 8). 
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Figure 7. Effect of the surfmer type on the adhesive shear strength. 
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The adhesive PS4 showed the largest deformation energy among the series, more 

than two times higher than the rest of studied samples. A larger energy was required in 

this scenario because the adhesive’s molecular mobility was reduced by the high degree 

of gel content, cross-linking and/or entanglement of the polymer chains. 

3.4. Water resistance 

The water resistance of the adhesives was determined by WVTR, water-whitening 

resistance tests and rub tests. Figure 9 shows the WVTR results of the samples studied 

on paper substrate. 
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Figure 8. Effect of the surfmer type on the deformation energy until failure. 
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Figure 9. Water vapor transmission rate of the adhesives studied. 
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The water vapor transmission rate was determined for the substrate and 

substrate/adhesive layer composite. The transmission rate obtained from the unmodified 

substrate was subtracted from the value obtained for each substrate adhesive composite 

to show the differences more clearly between different labels. According to the results 

obtained, the samples PS1 and PS3 showed a higher degree of transmission than the 

samples E0 and PS4. Unlike expected, the PS1 sample showed a degree of transmission 

3 times higher than that of the E0 sample synthesized with the conventional surfactant. 

Possibly, it was because, in both cases, the initial surfactant concentration in the reactor 

was lower than its CMC. Therefore, a larger amount of polymer was formed in the 

aqueous phase when homogenous nucleation took place. In contrast, the sample PS2 was 

the only one that, in addition to not allowing the transmission of water vapor, it reduced 

the degree of transmission of the paper. In this case, the concentration of surfactant was 

almost 29 times larger than the CMC, and therefore most of the polymer was formed 

within the micelles. This reduced the amount of polymer in the aqueous phase, thus 

providing the adhesive with greater resistance to water. 

On the other hand, the water whitening resistance test was carried out to visually see 

how water directly affects the adhesive layer. The refractive index of those small pockets 

and hydrophilic pathways generated are usually different than the polymer. For this 

reason, the film turns whitish or cloudy when it is immersed in water [50]. The following 

Table 5 shows the different appearance of the adhesive films at 30 min, 8 h and 24 h 

after being submerged in water at 20 ºC. As can be seen in the images, the sample 

synthesized with the conventional surfactant turned whiter in less than 30 min. At 24 h 

the film had separated from the glass support. 

Except for the PS2 and PS3 adhesives, which turned whiter in less than 8 h, the 

adhesives synthesized with polymerizable surfactants maintained their transparency for 

a longer time than E0. The degree of whitening on PS3 was considerably higher than 

PS2, since the letters below the film were still perfectly legible on the latter. Both 

adhesives only differ in the number of poly(ethylene oxide) groups of the surfactant. The 

MaxemulTM 6106-LQ-(MH) is composed of 6 units and the MaxemulTM 6112-SQ-(MH) 
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has 12. It could be explained by the fact that PS3 had a significantly larger average 

particle size than the others because nucleation occurred at a surfactant concentration 

below its CMC, resulting in a broader particle size distribution. There are several studies 

that claim that a lower average particle size, and therefore, a narrow size distribution, 

produces a more compact and uniform film.  In this way, the formation of hydrophilic 

pathways, small pockets, or aggregates is reduced [3,4]. Instead, in both cases, the film 

remained completely adhered to the glass support throughout the test. 

Table 5. Changes in the films of the different synthesized samples when immersed in water. 

Time 
Samples 

E0 PS1 PS2 PS3 PS4 

0.5 h 

     

8 h 

  
 

 

 

24 h 
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PS1 and PS4 adhesives maintained their transparency acquiring a slight bluish color, 

but their films began to separate from the support at 8 h. This could be due to its high 

gel content and Tg. According to Luo et al. [50] those latexes with a higher Tg show 

higher molecular chain stiffness, which leads to less deformation of the latex particles 

and its affinity for the surfactant becomes poor. This causes a greater migration of the 

surfactant to the surface. On the other hand, Kajtna et al. [51] reported that the soluble 

fraction of the latex is responsible for good wetting of the adhesive on the substrate and 

that, instead, the gel fraction only reduces the adhesive properties. For this reason, 

samples PS1 and PS4, although they remained transparent, peeled off the glass substrate 

over time.  

Clearly the PS2 and PS3 adhesives showed a higher water resistance and remained 

adhered to the glass. Both surfactants employed to synthesize these adhesives have a 

more linear structure than the other surfactants studied, which favored the formation of 

more compact and uniform films. 

 

4. Conclusions 

Four anionic tail-type polymerizable surfactants with different chemical structures, 

average molecular weights and critical micelle concentrations were studied to improve 

the water resistance of a PSA based on acrylic acid (AA) and n-butyl acrylate (n-BA).  

PS1 and PS3, especially the latter, were synthesized below the CMC of the surfactant 

in question. Homogeneous nucleation was more predominant than micelle nucleation, 

which was reflected in an average particle size significantly greater than the rest of 

latexes. 

PS1 and PS4 showed a higher gel content than the other latexes because the 

surfactants in question had more branched structures, resulting in greater chain 

entanglement. The other surfactants investigated, on the other hand, had more linear 

structures, which explains the insignificant gel content of E0, PS2 and P3. 



Chapter VI   

182 
 

In general, peel resistance and tack were affected by the PDI of the synthesized 

adhesives. 

E0 showed higher peel resistance and tack values than the latexes prepared with 

polymerizable surfactants due to its high PDI. Instead, the static shear resistance results 

were better correlated with the gel content of the adhesives. In this case, PS1 and PS4 

showed a higher cohesion than E0. According to the API results, PS4 performed better 

than E0 in terms of adhesive properties on paper substrates. On the other hand, on PET 

substrates, both PS1 and PS4 showed higher performance. In both cases, the static shear 

values had a significant impact on the API results. 

In dynamic shear resistance studies, PS1 and PS4 showed higher shear modulus, 

shear strength and deformation energy due their high gel content. 

Finally, the use of surfmers instead of conventional surfactants permit the 

improvement of the water resistance of the PSAs. Among them, MaxemulTM 6112-SQ-

(MH) provided better water resistance.  
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CHAPTER VII 

INFLUENCE OF ACRYLIC ACID AND                  
TERT-DODECYL MERCAPTAN IN THE ADHESIVE 

PERFORMANCE 

 
VII.1. Introduction 

The base composition, which consists of acrylic acid (AA) and n-butyl acrylate (n-BA) 

as comonomers and by a conventional surfactant as stabilizer, was modified in a number 

of ways to create a pressure-sensitive adhesive that would match current market 

requirements for wine bottle labels. 

The incorporation, even in low ratios, of the 2-EHA as a soft monomer to the base 

formulation slightly increased the shear resistance but worsens the peel resistance and 

tack. Furthermore, they showed a poor performance in the ice bucket test as in the 

detaching bath. Therefore, the use of 2-EHA was discarded as a soft monomer and the 

study was continued by using 100 wt. % n-BA. 

On the other hand, the incorporation of ACN in the adhesive formulation has proven 

to be beneficial in the adhesive design. It provides good shear resistance, despite the 

lower peel resistance and tack. Moreover, as will be discussed in Chapter IX, its 

incorporation showed interesting detaching bath test. Between all formulations, N6         

(6 phm of ACN) showed the best balance between the adhesive properties and the results 

obtained in the detaching batch. Therefore, this ACN proportion was selected to continue 

the design of the PSA. 

Finally, the incorporation of polymerizable surfactant in the adhesive formulation 

proved to be beneficial to improve the water resistance of the adhesive. Between all 

formulations, PS2 (MaxemulTM 6112-SQ-(MH) surfactant) showed the best water 
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resistance. Although its shear resistance on paper was considerably lower than the target, 

its peel resistance and tack values were above or close to it. Therefore, this polymerizable 

surfactant was selected to continue the design of the PSAs. 

With the interest to find a balance between the three main adhesive properties (peel 

resistance, tack and shear resistance), it was decided to modify the molecular weight of 

the adhesive. For this proposed, different weight ratios of the functional monomer AA 

and the tert-dodecyl mercaptan (TDM) chain transfer agent in the base formulation were 

tested. According to the bibliography, the presence of AA increases all adhesive 

properties [1–3] and the TDM only improves the peel resistance and tack properties [4]. 

This chapter includes the following article: 

Márquez, I.; Paredes, N.; Alarcia, F.; Velasco, J.I. Influence of Acrylic Acid and Tert-
Dodecyl Mercaptan in the Adhesive Performance of Water-Based Acrylic Pressure-
Sensitive Adhesives. Polymers 2020, 12, 2879. 
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Abstract: Currently, pressure-sensitive adhesives (PSA) are used in more than 80% of all labels in the
market today. They do not require any heat, solvent, or water to activate: It only takes light pressure
to apply them to a product surface. Many products that come in glass bottles need labels that have
staying power in harsh conditions. For that reason, it is necessary to have a good balance between all
the polymer adhesive properties. In this study is described how adhesive properties of water-based
PSA were affected by varying the amount of functional monomer acrylic acid (AA) and chain transfer
agent, tert-dodecyl mercaptan (TDM). Four series of PSA were prepared by emulsion polymerization.
Within each polymer series, the AA monomer proportion was held constant between 0.5 and 3.0 phm,
and the fraction of the chain transfer agent was varied 0.0 to 0.2 phm. The results showed that the
gel content decreased with the increase of the chain transfer agent and with the reduction of AA.
All adhesives properties (tack, peel, and shear resistance) improved with increasement of the AA
monomer. The increase of chain transfer agent caused decrease of the gel content resulting in higher
peel resistance and tack values, but lower shear resistance values.

Keywords: acrylic PSA; emulsion polymerization; adhesion properties

1. Introduction

In a short time, pressure-sensitive adhesives (PSA) have shown great growth in the label market [1].
This type of adhesives are characterized by their ability to adhere strongly to a wide variety of substrates
at room temperature with the application of slight pressure in a short period of time [2]. One of its
key advantages over other types of adhesives is that PSA allows for labels to be made and stored in
reels, which improve the labelling process. Many products that come in glass bottles need labels that
have staying power in harsh conditions. For this, it is necessary to have a good balance between the
three adhesive properties most demanded by companies in this sector: Tack, peel, and shear resistance,
mainly the last ones. Having both high peel resistance, good adhesion, along with high shear resistance
and good cohesion, is challenging for the companies since they are opposite characteristics to each
other. Normally, with an increase in adhesion comes a decrease in cohesion, and vice versa [3,4].

Amongst the PSAs, the acrylic systems are some of the most widely used in the label market.
They offer much higher performance than natural and synthetic rubber adhesives like a higher
transparency, temperature resistance, resistance to solvent and plasticizers, higher molecular weight and
lower glass transition temperature (Tg). This type of polymer is produced by emulsion polymerization,
in addition to offering environmental safety due to the use of water as a solvent, is characterized by
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high polymerization rates compared to bulk or solution polymerizations [5,6]. The main commercial
acrylic polymers are based in a low Tg monomer, (e.g., n-butyl acrylate (n-BA)), combined with a high
Tg monomer (e.g., acrylic acid (AA)) or other functional monomer, like acrylonitrile (ACN) [7].

The level of adhesive strength is the result of a combination of interfacial and bulk properties.
Obtaining good results in tack and peel resistance is convenient using polymers with polar functionality.
On the other hand, to obtain good results in a shear test, it is necessary to obtain a high molecular
weight [8]. According the bibliography, the presence of AA contributes to enhance all adhesive properties
(peel, tack, and shear) since this has tendency to form networks through hydrogen bonding [9–11]. In a
recent work, Gower and Shanks [12] showed that with the increase of AA, the molecular weight (Mw)
of the PSA increased, improving the cohesion and resulting in higher shear properties. Additionally,
with the increase of AA, they obtained higher results in the peel resistance and tack values. In other
work, Aubrey and Ginosatis [13] showed that the presence of 10 wt % of AA increased the interfacial
adhesion of the acrylic PSA to glass by approximately 150%. Chan and Howard [14], they showed that
with the increase of AA the tack values rose and that with 3–4 mol% of AA they obtained a maximum
in tack values. Another advantage of using AA as a comonomer is that it provides colloidal stability to
the polymer particle due to steric and electrostatic repulsion [15].

According the bibliography, another for to obtain a balance between peel and shear resistance
may be by the incorporation of chain transfer agent, like tert-dodecyl mercaptan (TDM) [3]. This can
control the molecular weight and the gel content formation. As a general rule, PSA with low molecular
weights generate high tack, while middle range molecular weights influence on the peel resistance
and high molecular weights affect the shear resistance. Mercaptans are the most common type of
chain transfer agents, as well as the most efficient [16]. These promote polymer chain terminations
and formation of new chains, thus resulting in low molecular weights. According the bibliography,
this effect is called the “patching effect” [17,18]. Plessis and Arzamendi [19] showed that by increasing
the concentration of the chain transfer agent from 0.00 to 0.15% the gel content decreased from 55 to 0%,
as did the average molecular weight. This was reflected in the adhesive properties in such way that
samples with 0% of gel showed excellent tack values and the samples with 32% of gel content showed
higher peel and shear resistance values. However, samples with the highest gel contents showed
reduced resistance to peeling and shear, as a consequence of lower molecular mobility. The same
effect was also demonstrated by Gower and Shanks [20]. As the concentration of the chain transfer
agent increased, the tack increased, and the shear resistance decreased due to the decrease in Mw.
Furthermore, samples that did not contain chain transfer agent did not show significant differences
despite of they were having different composition. However, when the chain transfer agent was
present, there was a strong dependence on the composition of the copolymer.

The general aim was developing PSA for glass bottle labels that meet the requirements currently
demanded by the market. For that, a balance must be found between peel resistance, tack and shear
resistance. The present study is a contribution of how adhesive properties of water based PSA can
be affected by varying the amount of AA and TDM in order to find a good balance. Four series of
PSA were prepared by emulsion polymerization to find an optimal balance in the adhesive properties,
between tack, peel resistance, and shear resistance. For this purpose, the AA and TDM concentrations
were varied, keeping the proportion of n-BA and ACN constant, and the adhesive properties as well as
the gel content were investigated on the prepared polymers.

2. Materials and Methods

AA and n-BA provided by BASF (Ludwigshafen, Germany) as well as ACN provided by IMCD
Benelux B.V. (Amsterdam, Netherlands), were used as comonomers in the polymerization. Tert-dodecyl
mercaptan (TDM) provided by Chevron Phillips Company LP (Tessenderlo, Belgium) was used as a
chain transfer agent. The anionic polymerizable emulsifier, MaxemulTM 6112, based in a modified
alcohol ether phosphate, provided by Croda (Mill Hall, PA, USA), was also used in the polymerization.
Ammonium carbonate ((NH4)2CO3) provided by BASF (Ludwigshafen, Germany) was used as a buffer



Polymers 2020, 12, 2879 3 of 15

and ammonium peroxide sulfate ((NH4)2S2O8) supplied by United Initiators (Pullach, Germany) was
used as a thermal initiator. A combination of tert-butyl hydroperoxide (TBHP), provided by Pergan
(Bocholt, Germany), and sodium formaldehyde sulfoxylate (Bruggolite® E01), from Brüggemann
KG (Heilbronn, Germany), were used as a redox system to reduce free monomer at the end of the
polymerization. A 12.5% ammonia solution, provided by Barcelonesa drugs and chemicals (Cornellà
del Llobregat, Spain), was used to neutralize the adhesives. THF 99%, provided by Merck (Hohenbrunn,
Germany), was used as a solvent.

For adhesion tests a polyethylene terephthalate (PET) of 12 µm provided by Polinas (Manisa,
Turkey) with corona treatment as a surface activation treatment and Tintoretto qesso ultraWSTM paper
provided by Arconvert (Sant Gregori, Spain) were used as substrates to perform the tests.

2.1. Emulsion Polymerization

Emulsion polymerization is a type of free-radical polymerization in a heterogeneous reaction
mixture. Monomers, emulsifier, initiator and water are the main components of the mixture but also
can be used buffers or chain transfer agents. Water acts as a continuous phase allowing the diffusion
of species by the system. The process typically starts when the concentration of emulsifier reaches
above its critical micelle concentration (CMC), forming micelles [21]. The initiator enters into the
micelle where takes place the free radical propagation. The polymerization occurs inside micelle,
it grows by monomer addition from monomer droplets outside and the polymer are formed. Emulsion
polymerization carried out through three main steps as shown in Figure 1.
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Figure 1. Schematic representation of the emulsion polymerization process and variation of reaction
rate: (1) Monomer in aqueous phase; (2) free emulsifier; (3) micelles; and (4) polymeric particles.

First step shows the particle formation. Radicals are generated from initiators and react with the
monomers in aqueous phase forming small oligomers. These oligomers enter in the micelles forming
the polymer particles. This phenomenon is called micellar nucleation. During this step, the particles
number and the polymerization rate increase with time.

Second step starts when the micelles disappear, and the polymerization occurs in the polymer
particles. The monomer droplets provide the monomers to the polymer particles where takes place the
reaction. In this step, the polymer particles and the polymerization rate remain constant.

Finally, in the third step start when the monomer droplets disappear, and the monomers absorbed
in the polymer particle polymerize. In this step the polymer particles remain constant, but the
polymerization rate decrease as monomer concentration is reduced [22,23].

In this study, all polymers were prepared at 55% of solid content, adjusting the amount of water to
keep this rate constant. The polymerizations were carried out by a semi-continuous process in a 2.5 L
glass reactor at 82 ◦C with mechanical stirring at 100 rpm. The initial charge in the reactor consisted of
0.3 parts of (NH4)2CO3 per 100 parts by weight of monomer (i.e., 0.3 phm), 0.1 phm of emulsifier and a
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half of the total water. After heating and purging the reactor with N2, 0.5 phm of the initiator agent
was introduced followed by a pre-emulsion composed by the monomeric system (Table 1), 1.2 phm of
emulsifier and the remaining water. The pre-emulsion was added at a constant rate in 3 h

Table 1. Monomer composition (phm): Acrylic acid (AA), n-butyl acrylate (n-BA), acrylonitrile (ACN),
and tert-dodecyl mercaptan (TDM).

Series AA n-BA ACN TDM

AA-0.5 0.5 93.0 6.0

0.00
0.05
0.10
0.20

AA-1.0 1.0 93.0 6.0

0.00
0.05
0.10
0.20

AA-1.5 1.5 92.5 6.0

0.00
0.05
0.10
0.20

AA-3.0 3.0 91.0 6.0

0.00
0.05
0.10
0.20

Once the pre-emulsion feed was completed, 0.1 phm of the initiator agent was added. One hour
later, the same quantity of initiator was added again to help the polymerization process. Finally, 2 h
later, the reactor was cooled down to 57 ◦C and a redox system was added TBHP/Bruggolite® E01
(0.2 phm/0.3 phm). Post-polymerization was allowed to take place during 4 h. Gas chromatography
analysis indicated that the free monomer concentration was lower than 700 ppm.

2.2. Latex Characterization

The synthetized polymers were filtered through a 150 µm metallic filter and then analyzed to
determine their physico-chemical characteristics.

The Tg values were experimentally determined by differential scanning calorimetry (DSC) using
a DSC 1 STARe apparatus calibrated with an Indium standard. Samples of about 20 mg were initially
placed in the crucibles and dried in an oven at 60 ◦C for 24 h to obtain dry test samples of about 10 mg.
These samples were firstly heated at a rate of 20 ◦C/min from 25 ◦C to 200 ◦C, then held for 15 min at
200 ◦C and cooled to −65 ◦C at 20 ◦C/min. After stabilization for 15 min at −65 ◦C, the second heating
was carried out at 20 ◦C/min up to 200 ◦C. The Tg value of each polymer was determined from the
second heating curve as the intersection of the curve with the bisector of the baselines of the glassy and
rubbery zones by the STAR method.

The gel content was defined as the polymer fraction insoluble in THF at 70 ◦C. To obtain
this polymer fraction, it is necessary to form macromolecules with molecular weight higher than
7 × 106 g/mol, according to the literature [24]. It was measuring by Soxhlet extraction for 24 h.
This fraction was dried in an oven at 60 ◦C for 24 h to determine the gel content by using Equation (1),
where W1 represents the initial weight of the filter, W2 the weight of the filter with the dry polymer
and W3 the final dry weight of the filter after extraction [25].

Gel content (%) =
W3 −W1

W2 −W1
× 100 (1)
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2.3. Adhesion Tests

The adhesive properties were evaluated through shear, peel and tack test. Using a motorized
laboratory coater, RK K Control Coater provided by Lumaquin S.A. (Montornès del Vallès, Spain),
equipped with a bar of 50 µm, 50 g/m2 of polymer was applied onto the substrates, which were
subsequently dried in the oven for 1 min at 100 ◦C leaving a layer of polymer of approximately 25 g/m2.
Standard sized tapes were cut for each type of test.

The peel resistance, defined as the force required to remove a tape from a test panel, was evaluated
by means of the 180◦ peel test after 20 min and 24 h from the tape application. Tapes of PET and paper
of 275 × 25 mm2 were applied onto glass panels. A Zwick/Roell Z 2.5 tensioner (Zwick Ibérica Equipos
de Ensayos, S.L., Sant Cugat, Spain) was used at a constant speed of 300 mm/min. The average force to
remove the tape and the failure mode were recorded [26].

Tack is the capacity of the adhesive to form bonds with a substrate with a brief contact under slight
pressure. Tack was determined by the loop tack test with an AT1000 tensile tester equipment. A loop
was formed with a PET and paper tape of 175 × 25 mm2 and held with the upper clamp. A controlled
contact was made at a constant speed of 300 mm/min onto glass panels. The maximum force required
to peel off the tape from the panel and the failure mode were recorded [27,28].

The shear resistance is defined as the capacity of the PSA tape to remain adhered under constant
load applied parallel to the surface of the tape and substrate. This test consists in apply a standard area
of PET and paper tape of 25 × 25 mm2 on a panel of stainless steel to 2◦ from the vertical and holding
1 kg until failure. The average time the tapes take to shear from the test panel were recorded [29].

Dynamic shear tests were performed at 5 mm/min with a Zwick/Roell Z 2.5 machine (Zwick Ibérica
Equipos de Ensayos, S.L., Sant Cugat, Spain) on PET tapes adhered on untreated steel panels at 25 ◦C
with a contact area of 12.5 × 12.5 mm2. The tape was applied 20 min before the test by means of
a rubber roller with a mass of 2 Kg [30]. The shear stress vs. strain curves were recorded and the
elastic modulus (G), the maximum stress (τm) values and the deformation energy until failure were
determined. The shear modulus was determined as the initial slope of the curve with the linear
correlation coefficient (r2), which in all cases was higher than 0.999.

3. Results and Discussion

3.1. Physico-Chemical Properties

The Tg results provided by DSC shown in Figure 2 shows a slight decrease in the Tg values when
the amount of TDM was increased. On the other hand, changes in the amount of AA did not show a
clear trend. However, these differences could not be considered significant since the proportions of AA
and TDM varied were not significant compared to the rest of comonomers.
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Figure 2. Effect of acrylic acid (AA) and TDM levels in the glass transition temperature (Tg).
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The gel content was studied by Soxhlet extraction and GPC. The results shown in the Figure 3
reflect the dependence of the gel content on the amount of copolymerized AA. The serie AA-1.0,
with 1 phm of AA, showed the highest gel levels and the serie A, with 0.5 phm of AA, showed the
lowest gel levels.
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The samples where the TDM level was 0.00 phm showed the highest values of the gel content.
As expected, the polymers with 0.2 phm showed the lowest gel content values. Nevertheless, within the
same series where the amount of AA was kept constant, the TDM proportion most effective was using
0.20 phm and the less effective was using 0.00 phm. The proportions 0.1 and 0.2 phm of TDM were
enough to avoid the gel fraction in almost all cases.

Polymers containing AA form networks through hydrogen bonding. In previous studies,
Cohen-Addad and Bogonuk determined that the gel content of AA-containing copolymers was
due to the concentration of carboxylic acid groups [31]. However, more mechanisms are involved
in the gel formation during emulsion polymerization. The acrylic monomers have two pathways
to form branch points as shown Figure 4. The first pathway is by intermolecular chain transfer to
polymer followed by termination by combination. In this the chain transfer reaction is between a
polymer radical and a backbone polymer chain. The second pathway is a branching by intramolecular
chain transfer (backbiting) [6]. This typical occurs by 6-membered ring transition state of a chain-end
radical [32]. Both pathways generate tertiary radical species, but their propagation is slower than the
secondary radicals located at the end of the polymer [33]. Although the intermolecular chain transfer is
less prevalent than intramolecular chain transfer, it has higher effect. The intramolecular chain transfer
generates short chain polymer branching and therefore its contribution is not significant [24,34–36].
On the other hand, the presence of TDM decreases the gel formation. It was due to the dominance of the
chain transfer to TDM mechanism over the intermolecular chain transfer to polymer and termination
by combination of molecules with long-chain branches as show the Figure 4c). These promote polymer
chain terminations and formation of new chains, thus resulting in low molecular weights [37–40].
According to the bibliography, a growing macroradical abstracts a hydrogen atom from the chain
transfer agent, giving a terminated polymer chain and a new radical is generated and is added to other
monomer giving a new propagating species [41]. This way the chains are shorter and therefore the
molecular weight and gel content are lower.
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3.2. Adhesive Properties

Before their characterization, all polymers were adjusted to pH 7.5 by adding ammonia solution
(12.5%) and the solid content to 50 wt. % with deionized water. The adhesive properties (peel resistance,
tack, and shear resistance) were studied. Both AA and TDM had a strong influence on these properties.

The effect of AA monomer and the TDM chain transfer agent on the peel resistance are shown
in Figure 5. Both substrates used in this test, PET and paper, showed the same effect. The peel force
values increased with the increase of AA and TDM. As expected, the values for the PET substrate were
lower than the paper. As the paper is a porous substrate, the adhesive penetrates into the matrix paper
resulting on a higher anchorage. As a result, the interfacial adhesive-substrate strength, i.e., adhesive
strength was higher [42]. On the other hand, the deformation of the paper that takes place during the
test is part of the fracture energy of the process. However, this does not happen with PET because it is
an elastic substrate.

The values recorded after 24 h test were higher than the values after 20 min since over time the
anchorage is better as shown in the Figure 5. The best balance between AA and TDM was using
0.5 phm of AA and 0.2 phm of TDM. This combination showed the highest peel values.

When the peel test was carried out on PET substrates onto glass, adhesive failures were obtained
in all cases. However, when the test was carried out with paper, when the values were higher than
10 N/25 mm, cohesive failures were obtained, and for values lower, adhesive failures were obtained.
This is most likely due because at low values the cohesive strength was higher than the adhesive
strength and therefore occurs at the interface with the substrate. However, in the series of 3.0 phm of
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AA, transfer failures were observed in all cases. This could be due to the fact that with such high AA
levels, the adhesive has more affinity for glass than for paper. The peel increased as the content of
AA increased until up to a maximum with 1.5 phm AA since with 3.0 phm AA the values decreased.
As expected, the adhesive material strength increases with increase of AA content and therefore the
interfacial adhesion decreased. For this reason, in most cases, a maximum peel value was obtained
1.5 phm instead of with 3 phm [43]. On the other hand, the increase of TDM increased the peel
values which was mainly attributed to the decrease of gel content. Since the increasing of amount of
TDM decreased the chain length, improved their mobility and their interaction with the substrate [3].
However, with 0.2 phm of TDM, the best results were obtained with 0.5 phm AA. Unlike the rest of the
proportions, with 0.2 phm of TDM the peel values decreased as the amount of AA increased.Polymers 2020, 12, 2879 8 of 15 
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Figure 5. Experimental results of peel resistance at 20 min and 24 h (25 g/m2 of adhesive) on glass
panels for (a,b) polyethylene terephthalate (PET), and for (c,d) paper tapes.

Tack showed the same tendency as the peel resistance. Tack property is determined by the Tg and
the molecular weight of the resulting polymer. Since in this case there were not significant variations
in the Tg of the samples that were studied, the changes between the different samples only were due to
changes in the composition.

Figure 6 illustrate the maximum values obtained for both substrates. Both substrates showed the
same tendency. In general, the values for the PET substrate was lower than the paper. The anchorage
in the paper was higher than in PET due to a higher proportion of adhesive penetrated in its porous
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and by doing that, adhesive strength was higher. However, the series with 0.20 phm of TDM showed
higher values with PET substrate than with paper.
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panels for (a) PET and (b) paper tapes.

The tack increased as the content of AA increased until up to a maximum with 1.5 phm AA.
The tack values of samples synthetized with 3.0 phm AA were similar to those of 1 phm AA. As seen
in the previous section, the gel content, and therefore the cohesion strength, increased by increasing
the AA proportion.

Tack is a property governed by low molecular weight fractions. If the gel content increases,
the fraction of low molecular chains becomes lower producing a negative effect on tack. On the other
hand, the presence of TDM considerably increased the tack values, as expected, due to the decrease in
both the gel content and the Mw [44]. The best results were obtained with 0.2 phm of TDM, especially
with polymers with 1.0 and 1.5 phm of AA.

Figure 7 shows that static shear resistance of the polymers synthetized increased with AA level
but decreased with the TDM level. Both substrates used in this test, PET and paper, showed the same
effect. This test allows to determine the internal strength of the adhesive, i.e., the cohesive strength.
As seen in the peel and tack results, the adhesive-substrate bond strength varies according to the
substrate and the same occurs with the shear results. As expected, in this case, the PET substrate values
were higher than the paper. As paper is a porous substrate, the anchorage interface between adhesive
and substrate is higher than the internal strength of the adhesive because a higher proportion of the
adhesive penetrates into the matrix paper. This makes the internal proportion of adhesive less and
therefore the cohesive strength less too. However, the PET substrate has a more uniform surface which
makes the adhesive-substrate bond lower but the internal strength higher.

With the increase of AA, the gel content and therefore the cohesive strength increased. The best
results were obtained using 1.5 phm of AA without TDM for PET tapes and 3.0 phm of AA without
TDM for paper tapes. When the TDM was added to the system, the gel content decreased as the
proportion of chain transfer agent increased and this was reflected in the decrease in shear resistance.
The samples with 0.20 phm of TDM showed the lowest gel content and probably the lowest Mw.
These ones showed the lowest shear resistance since their cohesive strength was poor.
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Figure 7. Effect of the acrylic acid and tert-dodecyl mercaptan (TDM) in the static shear test on steel
panels for (a) PET and (b) paper tapes.

The same effects were reflected in the dynamic shear resistance results, as shown in Figure 8.
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Figure 8. Experimental curves of dynamic shear test for (a) samples with constant tert-dodecyl
mercaptan (TDM) ratio (0.05 phm) and (b) samples with acrylic acid (AA) ratio constant (3.0 phm).

Keeping the TDM ratio constant, with the increase of the proportion of AA, a higher force was
necessary to remove the tape from the substrate test since the internal cohesion increase when the gel
content increased. However, as was expected, keeping the AA ratio constant, with the increase of the
proportion of TDM, a lower force was necessary to remove the tape from the substrate test since the
cohesion decreasing when the gel content decrease due to the presence of the chain transfer agent.

As shown in Figure 9, the shear elasticity modulus (G) did not significantly vary with the AA
content. It is worth noting that the series with the highest TDM content (0.2 phm) revealed slightly
lower G values as expected from its lower gel content.
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The maximum shear stress recorded in the dynamic shear test (Figure 10) increased slightly with
AA and decreased with the TDM content. This is in good agreement with the known function of the
AA to increase the gel content and of the mercaptan to reduce the molecular weight through the chain
transfer mechanism.
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Figure 10. Effect of acrylic acid and tert-dodecyl mercaptan (TDM) on the shear strength of the adhesive.

Finally, the toughness of the adhesives was determined as the deformation energy up to
the adhesive failure in the dynamic shear test and was calculated from the area under the curve
force-displacement up to the maximum force value. As shown in Figure 11, it was required more energy
in those samples synthesized without chain transfer agent (0.0 phm TDM) and with the maximum
amount of AA (3.0 phm). In other words, those with the highest gel content had the highest cohesion
and therefore the energy need to break the internal part of the adhesive had to be greater.
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In general, the increase of the AA levels in these polymers increased all adhesive properties
(peel resistance, tack, and shear resistance). However, the TDM made increase the adhesive strength
and decrease the cohesive strength of the studied PSA. The presence of this compound generated
chains with low molecular weight. This one improves the properties related to the interaction between
the adhesive and the substrate (peel and tack). However, it decreased the intermolecular attractive
forces within the adhesive, cohesive strength. Finally, the best balance for labels with both substrates
between peel resistance, tack and shear resistance was using 1.5 phm of AA and 0.05 phm of TDM

4. Conclusions

To obtain the ideal balance between the three adhesive properties most demanded by the label
market (peel resistance, tack and shear resistance), small amounts of AA and TDM were changing
in a base formulation. Different acrylic PSA were prepared by emulsion polymerization. The results
showed that the variation in Tg values were insignificants since the proportions of AA and TDM varied
were not significant compared to the rest of comonomers. The gel content decreased with the increase
of the chain transfer agent and with the reduction of AA. The proportions 0.1 and 0.2 phm of TDM
were enough to avoid the gel fraction in almost all cases. It was due to the dominance of the chain
transfer to TDM mechanism over the intermolecular chain transfer to polymer and termination by
combination of molecules with long-chain branches. In general, all adhesive properties (peel resistance,
tack and shear resistance) rose with the increase of proportion of AA monomer since this has tendency
to form networks through hydrogen bonding. The peel force showed a maximum with 0.5 phm of AA
and 0.20 phm of TDM with both substrates. The tack force increased four times with the combination
of 1.0 phm of AA and 0.20 phm of TDM in both substrates. These combinations did not get gel content
and probably, they would have a low Mw. With more AA and less TDM, the gel content was a bit much
high and probable the Mw too, decreasing the adhesion of the polymer and increasing the cohesive
strength. As expected, with 1.5 phm of AA and 0.00 phm of TDM, the maximum value of static shear
was obtained for PET tapes and with 3.0 phm of AA and 0.00 phm of TDM, the maximum value of
static shear was obtained for paper tapes.

The dynamic shear resistance test showed the same results that in the static shear test. As expected,
the best results of G, maximum shear stress and deformation energy until failure were obtained with
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the highest AA level, 3.0 phm, and in absence of TDM. With 0.00 phm of TDM were obtained the
highest gel content and therefore, the highest cohesion strength.

Finally, after the present work, an optimized PSA formulation based on the adhesion properties
balance was found to be that synthetized with 1.5 phm AA + 0.05 phm TDM. With regard to the simpler
PSA formulation usually used for glass bottle labels (0.5 phm AA), the new formulation increased
the peel and tack forces 45% and 20% respectively on PET, and 85% and 100% respectively on paper
substrate, as well as increased more than 4 and 24 times on PET and paper respectively the time to
failure under static shear.
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CHAPTER VIII 

OPTIMIZATION OF THE PREPARATION PROCESS 
 

 

VIII.1. Introduction 

As was explained before, according to the market, a PSA designed for this type of 

application should present peel resistance, tack and static shear resistance values of 10 

N/25mm, 10 N and 24 h, respectively. It is very difficult to meet the three of them at the 

same time. Normally, when the adhesion forces, characterized by peel resistance and 

tack, increase, the cohesion forces, characterized by shear resistance, decrease.  

In the previous chapter, the weight ratio of acrylic acid (AA) and the tert-dodecyl 

mercaptan (TDM) as chain transfer agent was changed in a base formulation in order to 

find an ideal balance between these three adhesive properties (peel resistance, tack and 

shear resistance). It was observed that in general, all adhesive properties rose with the 

increase of the weight ratio of AA. Nevertheless, the presence of TDM only favored 

those adhesives properties related with low and medium molecular weights, i. e., the tack 

and peel resistance (respectively). Instead, the shear resistance property decreased 

considerably with the increase of this chain transfer agent. 

Until now, the main components of an adhesive formulation were investigated in 

order to achieve the desired values of peel resistance, tack and static shear resistance to 

meet the market requirements. Since the balance between these properties could not be 

further adjusted by modifications in the composition, it was decided to modify the 

preparation process of the adhesives. For it, two adhesives prepared in the previous 

chapter, one with high cohesion and other with high adhesion, were selected as base 

formulations to the following study.  
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One of the adhesives selected was the adhesive A, of the Series AA-3.0, composed 

by 3.0 phm of AA and 0.0 phm of TDM. It showed high static shear resistance values 

on PET and, above all, on paper substrates but low values of peel resistance and tack. 

The other adhesive selected was the adhesive B, of the Series AA-05, composed by 0.5 

phm of AA and 2.0 phm of TDM. It showed high peel resistance and tack values on both 

substrates, but low values of static shear resistance. The base formulation was a 

combination 1:1 of A and B. 

The following chapter was divided in two sections. In the first section, Section VIII.2, 

the adhesives were prepared by post-polymerization physical blending of A and B and 

by in situ emulsion polymerization of A+B, either in one or two steps. In all cases the 

adhesives were prepared by the semi-batch polymerization process. It includes the 

following article: 

Márquez, I.; Paredes, N.; Alarcia, F.; Velasco, J.I. Adhesive Performance of Acrylic 
Pressure-Sensitive Adhesives from Different Preparation Processes. Polymers 2021, 
13, 2627. 

In the second section, Section VIII.3, it was considered interesting to test how the 

batch emulsion polymerization process could influence the adhesive performance. The 

adhesives were prepared by three different combinations of emulsion polymerization 

processes in two steps: semi-batch + semi-batch; batch + semi-batch; and batch + batch. 

In both sections, the impact on the adhesive performance by choosing formulation A or 

B in the initial polymerization step was investigated. 

In this chapter was demonstrated that a better balance between the three adhesive 

properties was achieved changing the preparation process, especially preparing the 

polymer in situ by batch process in both steps.  

According to the adhesive performance index designed, the adhesives A, 2sp-AB, 

bb-AB and bb-BA were the closest to the market requirements for PET labels, while the 

adhesives A, 1sp-AB, bb-AB and bb-BA were it for paper labels. However, the adhesive 

A in both substrates and the adhesive 2sp-AB were strongly influenced by the high shear 
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resistance values. The adhesive bb-AB showed adhesion values well above the target for 

paper substrates. Peel and shear resistance values were twice as high as the target. 

However, it was not possible to design an adhesive that met the three adhesion targets 

for PET substrates. All adhesives showed a good performance in the ice bucket test. 

However, the adhesives bb-AB and bb-BA failed the test at 8 h. 
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Abstract: A series of pressure-sensitive adhesives (PSAs) was prepared using a constant monomeric
composition and different preparation processes to investigate the best combination to obtain the
best balance between peel resistance, tack, and shear resistance. The monomeric composition was
a 1:1 combination of two different water-based acrylic polymers—one with a high shear resistance
(A) and the other with a high peel resistance and tack (B). Two different strategies were applied to
prepare the adhesives: physical blending of polymers A and B and in situ emulsion polymerization
of A + B, either in one or two steps; in this last case, by polymerizing A or B first. To characterize the
polymer, the average particle size and viscosity were analyzed. The glass transition temperature (Tg)
was determined by differential scanning calorimetry (DSC). The tetrahydrofuran (THF) insoluble
polymer fraction was used to calculate the gel content, and the soluble part was used to determine
the average sol molecular weight by means of gel permeation chromatography (GPC). The adhesive
performance was assessed by measuring tack as well as peel and shear resistance. The mechanical
properties were obtained by calculating the shear modulus and determination of maximum stress and
the deformation energy. Moreover, an adhesive performance index (API) was designed to determine
which samples are closest to the requirements demanded by the self-adhesive label market.

Keywords: acrylic pressure-sensitive adhesives; emulsion polymerization; glass bottle labels; post-
polymerization blending

1. Introduction

Pressure-sensitive adhesives (PSAs) have been in wide use since the late 19th century.
They have achieved their popularity because they can adhere strongly to a wide variety
of substrates at room temperature with the application of slight pressure for short time.
Normally, the adhesives form the adhesion bond in liquid state and, by chemical reaction,
a change in the temperature, UV irradiation, or another change, they pass to solid state,
which is when they are tested. PSAs differ from others because they stick to a great variety
of surfaces without any chemical reaction, only with light pressure [1]. They are widely
used as, among others, surface protection films, a component of pressure-sensitive tapes,
labels, notepads, skin-contact adhesive platform in medical plasters, and so on [2].

All commercial PSAs are based on polymers, mainly stemming from six families:
rubbers (synthetics or naturals), polyesters, polyethers, silicones, polyurethanes, and
acrylics. The remaining ones are based on esters of acrylic and substituted acrylic acids and
present a great performance-cost and great relation qualities [3]. They are characterized by
having high transparency; no color; low toxicity; high resistance to oxidation, UV, organic
solvents, temperature, and plasticizers; and very good peel adhesion on polar surfaces.

Although this type of PSA can be obtained by different polymerization processes,
emulsion polymerization shows several advantages compared with bulk and solvent
polymerization. In addition to offering environmental safety owing to the use of water
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instead of organic solvents, the polymerization process takes places inside of the polymer
particles, allowing producing polymers with a high solid content, high polymerization
rates, and low viscosity [4].

In addition to tack, which represents the ability of the PSA to form bonds with a
substrate with a brief contact under slight pressure, they must have a certain peel and
shear resistance. Peel resistance is defined as the force required to remove a tape from a
test panel and shear resistance is defined as the capacity of the PSA tape to remain adhered
under constant load. Tack and peel resistance are associated with adhesion forces and shear
resistance is associated with cohesion forces. Adhesion and cohesion forces are the forces
that intervene in the bond. Adhesion is the attraction of two different substances resulting
from intermolecular forces between the materials. However, cohesion involves only the
intermolecular attractive forces within the adhesive.

The intermolecular forces acting in both adhesion and cohesion are primarily van der
Waals forces. The balance between these ones determines the properties and quality of the
adhesive bond [5,6]. Normally, increasing the properties’ associated with adhesion tends
to decrease cohesion as they are opposing forces. For this reason, it is not possible to obtain
the maximum value of both at the same time, but it is possible to reach a balance [7].

This balance between these properties is greatly affected by the process employed to
obtain the polymer, regardless of whether it is the same formulation. Normally, this goal
can be achieved by modification of the chain transfer agent concentrations [8], modification
of reactor conditions [9], or polymerization using different catalysts [10]. An alternative
option would be to mix two resins of different adhesive properties. Fonseca et al. [11]
compared the final adhesive properties of in situ polymerized samples with those of
prepared by physical blend after their polymerization. The results showed that gel content
of in situ polymers was higher than that obtained by the blend of polymers and, in general,
the adhesive properties were higher in the first case. Tobing et al. [12] studied the adhesive
performance of high-gel containing latices and gel-free latex blended at various weight
ratios. The results showed that the shear resistance was higher in the emulsion blend
than in the individual latexes. Jovanovic et al. [13] compared the results between the
conventional emulsion and the miniemulsion polymerization, where the last one showed a
higher control of the molecular weight distribution. In this case, a high tack, moderate peel
resistance, and low shear adhesion were obtained. They suppose that the presence of long
chains alone was not enough to improve the shear.

In the field of self-adhesive labels, PSAs have acquired great importance. Their
features allow labels to be built and stored in reels, improving their labelling processes [1].
As the years go by, label manufacturers claim better properties in the adhesives supplied
to them owing to the great competition in the market. According to the market, currently,
PSAs designed for this type of application should present peel, tack, and shear values of
10 N/25 mm, 10 N, and 24 h, respectively. However, it is very difficult to meet all three
requirements at the same time because, normally, when the adhesive properties (peel and
tack) increase, the cohesive properties (shear) decrease, and vice versa.

The general aim of this work is to develop PSAs for glass bottle labels that meet the
requirements currently demanded by the market. As mentioned, this is very complicated.
In previous articles [14,15], an attempt has been made to arrive at this balance by modifying
the composition of the polymer. However, the desired values have not been reached.
For this reason, this study has attempted to reach this objective by modifying only the
process for obtaining the polymer, keeping the monomeric composition constant. To find
this optimal balance in the adhesive properties, between tack, peel resistance, and shear
resistance, the monomeric composition was a 1:1 combination of two different water-based
acrylic polymers, A and B. Polymer A was designed with a high content of acrylic acid
(AA) in order to obtain high molecular weights that would favor the attainment of high
values of shear resistance. Instead, polymer B was designed with a low AA content and
a chain transfer agent (tert-dodecyl mercaptan) was added to the formulation in order to
obtain low molecular weights that gave good peel resistance and tack results. Both A and
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B were copolymerized with butyl acrylate and acrylonitrile, as shown in Figure 1. This
type of polymerization takes place in a random way [15].
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Four methods were carried out to obtain the polymers: by physical blend of polymers
after their polymerization; by polymerization in situ in one; and by polymerization in situ
in two steps, where in each step, one of these formulations (A or B) was synthetized and
two different polymerization orders were tested, as shown in Figure 2.
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Figure 2. Scheme of the strategy used to obtain the samples. A and B are the base polymers designed
to obtain high shear values and high peel and tack values, respectively. 1sp and 2sp are the number
of steps, one and two, respectively.

To determine the differences between them, the typical physico-chemical and adhesive
and mechanical properties were investigated. Moreover, an adhesive performance index
(API) was designed to determine which samples are closest to the requirements demanded
by the self-adhesive label market.

2. Materials and Methods

Acrylic acid (AA) and n-butyl acrylate (n-BA) provided by BASF (Ludwigshafen,
Germany), as well as acrylonitrile (ACN) provided by IMCD Benelux B.V. (Amsterdam, The
Netherlands), were used as comonomers in the polymerization. Tert-dodecyl-mercaptan
(TDM) provided by Chevron Phillips Company LP (Tessenderlo, Belgium) was used as a
chain transfer agent. The anionic polymerizable surfactant (S), MaxemulTM 6112, based
in a modified alcohol ether phosphate, provided by Croda (Mill Hall, PA USA), was
also used in the polymerization. Ammonium carbonate ((NH4)2CO3) provided by BASF
(Ludwigshafen, Germany) was used as a buffer and ammonium peroxide sulphate (I)
supplied by United Initiators (Pullach, Germany) was used as a thermal initiator.
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A combination of tert-butyl hydroperoxide (TBHP), provided by Pergan (Bocholt,
Germany), and sodium formaldehyde sulfoxylate (Bruggolite® E01), from Brüggemann
KG (Heilbronn, Germany), were used as a redox system to reduce free monomer at the
end of the polymerization. A 25% ammonia solution, provided by Barcelonesa drugs and
chemicals (Cornellà del Llobregat, Spain), was used to neutralize the adhesives. Tetrahydro-
furan (THF) at 99%, provided by Merck (Hohenbrunn, Germany), was used as a solvent to
determine the gel content as it is the most suitable solvent to dissolve the acrylic polymers
studied here. Accordingly, it was also used as the mobile phase in the gel permeation
chromatography (GPC) measurements.

For adhesion tests, a polyethylene terephthalate (PET) of 12 µm provided by Polinas
(Manisa, Turkey) with corona treatment as a surface activation treatment [16] and Tintoretto
qesso ultraWSTM paper provided by Arconvert (Sant Gregori, Spain) were used as tapes to
perform the tests.

2.1. Sample Preparation

Samples were prepared by two different methods: by emulsion polymerization and
by physical blend of polymers after their polymerization.

2.1.1. Emulsion Polymerization

Samples A, B, 1sp-AB, 2sp-AB, and 2sp-BA were prepared by emulsion polymerization.
Here, 2 kg of each polymer was prepared at 55% of solid content, adjusting the quantity
of water to keep this rate constant. The polymerizations were carried out by a semi-batch
emulsion process in a 2.5 L glass reactor at 82 ◦C with mechanical stirring at 100 rpm. The
initial charge in the reactor consisted of 0.3 parts of (NH4)2CO3 per 100 parts by weight of
monomer (i.e., 0.3 phm), 0.1 phm of emulsifier, and half of the total water.

After heating and purging the reactor with N2, the thermal initiator was added
followed by the pre-emulsions composed by the emulsifier, monomeric system (Table 1),
and the remaining water.

Table 1. Initiator (I), surfactant (S), chain transfer agent (TDM), and monomer composition (phm): acrylic acid (AA), n-butyl
acrylate (n-BA), and acrylonitrile (ACN).

Sample
Step 1 Step 2

AA n-BA ACN TDM S I AA n-BA ACN TDM S I

A 3.00 91.0 6.0 0.0 1.2 0.5
B 0.50 93.5 6.0 0.2 1.2 0.5

b-AB 1.75 92.3 6.0 0.1 1.2 0.5
1sp-AB 1.75 92.3 6.0 0.1 1.2 0.5
2sp-AB 1.50 45.5 3.0 0.0 0.6 0.25 0.25 46.8 3.0 0.1 0.6 0.25
2sp-BA 0.25 46.8 3.0 0.1 0.6 0.25 1.50 45.5 3.0 0.0 0.6 0.25

In the case of the polymerization in situ in one step (samples A, B, and 1sp-AB), after
adding the thermal initiator, the pre-emulsion was added at a constant rate over 3 h.

However, in the case of the polymerization in situ in two steps (samples 2sp-AB and
2sp-BA), the formulation for each step was designed at 27% of solid content to finally
obtain a polymer at 55% solids. After adding the thermal initiator, the first pre-emulsion
(Step 1) was added at a constant rate for 1.5 h. Then, the other thermal initiator was added
followed by the second pre-emulsion (Step 2).

Once the pre-emulsions feed was completed, to consume the residual monomer, two
shots of 1.0 phm of thermal initiator were added (each one was allowed to react for 1 h).
Later, the reactor was cooled down to 57 ◦C and a redox couple of TBHP/Bruggolite® E01
(0.2 phm/0.3 phm) was added to consume the residual monomer. Post-polymerization
was allowed to take place over 4 h. Gas chromatography analysis indicated that the free
monomer concentration was lower than 750 ppm.
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2.1.2. Physical Blend of Polymers

Here, 2 kg of sample b-AB was prepared by mechanical mixing of A and B (1:1) at 55%
of solid content in water. It was carried out in a 2.5 L glass reactor at 25 ◦C with stirring at
100 rpm during 30 min.

2.2. Latex Characterization

After the emulsion polymerization, the latex obtained was cooled at room temperature
and then filtered through a 150 µm filter, and then analyzed to determine their physical-
chemical characteristics. Prior to the characterization, all the synthetized adhesives were
normalized by adjusting the pH to 7.5 and the solid content to 50 wt. % by neutralizing
with ammonia solution (12.5%) and adding deionized water, as necessary.

The average particle size was measured by dynamic light scattering (DLS) with a
Zetasizer Nano Series instrument. Samples were prepared by diluting the polymer in
deionized water and analyzed at 25 ◦C, using a detector with a 90◦ angle. The viscosity was
determined at 25 ◦C using a programmable Brookfield DV-II+ Pro rotational viscometer
for low viscosities.

The Tg was determined experimentally by differential scanning calorimetry (DSC)
using the equipment DSC 1, STARe, calibrated with an indium and zinc standard. Samples
of about 20 mg were initially placed in crucibles and dried in an oven at 80 ◦C for 5 h to
obtain dry test samples of about 10 mg. These samples were firstly heated at a rate of
20 ◦C/min from 25 ◦C to 200 ◦C and cooled to −65 ◦C at 20 ◦C/min. After stabilization for
15 min at −65 ◦C, the second heating was carried out at 20 ◦C/min up to 200 ◦C. The Tg
value was obtained from the second heating curve.

The gel content was defined as the polymer fraction insoluble in THF at 70 ◦C. To
obtain this polymer fraction, it is necessary to form macromolecules with molecular weight
higher than 7 × 106 g/mol, according to the literature [17]. It was determined after Soxhlet
extraction for 24 h. The studied samples are thermoplastic polymeric materials with
presence a gel fraction distributed in the form of small gel domains in the bulk. According
to the literature, these gel domains consist of cross-linked polymer and entangled high
molecular weight polymer chains [18].

This fraction was dried in an oven at 60 ◦C for 24 h to determine the gel content using
Equation (1), where W1 represents the initial weight of the filter, W2 is the weight of the
filter with the dry polymer, and W3 is the final dry weight of the filter after extraction [19].

Gel content (%) =
W3 − W1

W2 − W1
100 (1)

The average molecular weight of the soluble polymer fraction (Mw) obtained was
determined by GPC. The samples taken out from the Soxhlet were first dried and resolved
in THF to achieve a concentration of about 0.01 g/mL, and 10 µL was injected into the GPC
instrument. The device consisted of a Waters 2414 refractive index detector and a Waters
e2695 Separation Module equipped with one lineal column of Agilent PL Gel Mixed-C of
5 µm of 7.8 × 300 m, followed by a lineal column of Styragel HR5E of 5 µm of 7.8 × 300 m
and one monopore column of Styragel HR 4 7.8 × 300 mm. Chromatograms were obtained
at 40 ◦C using a THF flow rate of 1 mL/min as the continuous step. The equipment was
calibrated using polystyrene standards (PSs) and, therefore, the average molecular weight
referred to PS.

2.3. Adhesion Tests

The adhesive properties were determined through peel as well as tack and shear
resistance test. Using a motorized laboratory coater, RK K Control Coater provided by
Lumaquin S.A. (Montornès del Vallès, Spain), equipped with a bar of 50 µm, 50 g/m2 of
polymer was applied onto the tapes, which were subsequently dried in the oven for 1 min
at 100 ◦C, leaving a layer of polymer of approximately 25 g/m2. Standard sized tapes were
cut for each type of test.
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The peel resistance, defined as the force required to remove a tape from a test panel,
was evaluated by means of the 180◦ peel test after 24 h from the tape application. Paper
and PET tapes of 275 × 25 mm2 were applied onto glass panels. A Zwick/Roell Z 2.5
tensioner was used at a constant speed of 300 mm/min. The average force to remove the
tape and the failure mode were recorded [20].

Tack is the capacity of the adhesive to form bonds with a substrate with a brief contact
under slight pressure. Tack was determined by the loop tack test with an AT1000 tensile
tester equipment. A loop was formed with a paper/PET tape of 175 × 25 mm2 and held
with the upper clamp. A controlled contact was made at a constant speed of 300 mm/min
onto glass panels. The maximum force required to peel off the tape from the panel and the
failure mode were recorded [21,22].

The shear resistance is defined as the capacity of the PSA tape to remain adhered
under constant load applied parallel to the surface of the tape and substrate. This test
involves applying a standard area of paper/PET tape of 25 × 25 mm2 on a panel of stainless
steel to 2◦ from the vertical and holding 1 kg until failure. The average time the tapes take
to shear from the test panel was recorded [23].

Dynamic shear tests were performed at 5 mm/min with a Zwick/Roell Z 2.5 ma-
chine on PET tapes adhered on untreated steel panels at 25 ◦C with a contact area of
2.5 × 2.5 mm2. Twenty minutes before the test, the test sample was pressed by means of a
rubber roller with a mass of 2 kg four times, according the procedure [24]. The shear stress
versus strain curves were recorded and the elastic modulus (G), the maximum stress (τm)
values, and the deformation energy up to failure (U) were determined.

The shear modulus was determined as the initial slope of the curve with a linear
correlation coefficient (r2) being higher than 0.999 in all cases. The shear strength was
determined as the maximum stress value in the test, and the deformation energy was
calculated as the area under the curve up to the maximum stress value.

3. Results and Discussion

The average particle size and viscosity of the aqueous polymer solution (50% solids)
as well as the Tg, gel content, and average sol molecular weight (Mw) of the polymer are
summarized in Table 2.

Table 2. Physico-chemical properties.

Sample Particle Size (nm) Viscosity (cp) Tg (◦C) Gel Content (%) Mw (g/mol)

A 207 165 −30.8 72 476,516
B 270 81 −34.1 0 231,126

b-AB 236 124 −31.8 46 446,276
1sp-AB 234 75 −33.4 14 276,767
2sp-AB 164 23 −32.8 54 993,126
2sp-BA 172 49 −34.1 15 505,048

The average particle size of samples b-AB and 1sp-AB, physical blend of polymers,
and polymerization in situ in one step, respectively, were very similar, an intermediate
value between the mean particle size of samples A and B. The viscosity value for sample
b-AB was the mean value between A and B. Instead, sample F showed a viscosity similar
to sample B. However, samples 2sp-AB and 2sp-BA obtained by polymerization in two
steps showed lower average particle size and viscosity than the other samples. This was
because new particles were formed in each step. The Tg results provided by DSC shown in
Table 2 demonstrate that the differences found could not be considered significant because
the composition was the same. However, if gel content versus Tg is represented (Figure 3),
a trend can be seen.
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Samples with a higher gel content displayed higher Tg values. This relationship
is generally attributed to the effect of the polymer chain mobility. Those samples with
more entanglements and crosslinked display less mobility, which was reflected in their Tg
values [25,26].

The average molecular weight determined by GPC only corresponds to the fraction of
the polymer solubilized in THF. Therefore, the values obtained should just be considered
as the molecular weight of the polymer without the insoluble fraction in THF, that is,
without the gel content, that cannot be analyzed by GPC. Samples A and 2sp-AB showed
the highest gel content, 72% and 54%, respectively, and thus the highest molecular weight.
In these cases, the values obtained by GPC of the Mw were not so representative, as the
proportion of sample examined was very low.

The level of entanglement showed by the samples was due to the presence of car-
boxylic acid groups [27] and the reactions of backbiting and intermolecular chain transfer
to polymer followed by termination by combination that take place during emulsion
polymerization [28]. However, these effects were insignificant in sample B, owing to the
presence of the chain transfer agent [29–32]. An amount of 0.2 phm of TDM was enough to
avoid the gel content in this case. Samples 1sp-AB and 2sp-BA showed negligible values of
gel content in comparation with samples A, b-AB, and 2sp-AB. Sample b-AB showed an
intermediate value between samples A and B, as it was a mechanical mix between both.
However, sample 2sp-AB showed a greater gel content than sample 2sp-BA. This could be
because, in sample 2sp-BA, TDM was added in the first step. This meant that the TDM that
did not react in the first step did so in the second, thus decreasing the gel formation in both
steps. Instead, in sample 2sp-AB, it only intervened in the last step.

The adhesive properties (tack, peel resistance, and shear resistance) of polymers, tested
on paper and PET tapes, were measured and summarized in Table 3.

The polymer obtaining process gave rise to samples with differing gel contents, and
thus with different molecular weight distributions. These distinctions in molecular weight
were responsible for the differences found in their adhesive properties.

Both tack and peel resistance increase with increasing molecular weight until a maxi-
mum is achieved. Tack is influenced by the low-range molecular weight and peel resistance
is known to be influenced by the middle-range molecular weight. The maximum is at
a fairly low molecular weight and the transition of the mode of failure from cohesive to
adhesive in peel test takes place in this region. Beyond the maximum of the tack and peel
resistance, when an increase in the molecular weight causes a decrease of these properties,
shear resistance increases. This rise with the growth of molecular weight up to the point
where adhesion has decreased to such a low level that the adhesion failure takes place
when a shear force is applied [7,32].
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Table 3. Adhesive properties determined on both paper and PET tapes. The failure mode is indicated in parenthesis.

Paper Tape PET Tape

Peel Resistance
(N/25 mm)

Tack
(N)

Shear Resistance
(h)

Peel Resistance
(N/25 mm)

Tack
(N)

Shear Resistance
(h)

A 7.7 ± 0.2 (Transfer) 7.6 ± 0.2 402 ± 50 4.9 ± 0.3 (Adhesive) 3.4 ± 0.5 112 ± 5
B 19.6 ± 0.7 (Cohesive) 11.6 ± 1.3 0.1 ± 0.0 21.0 ± 0.8 (Cohesive) 10.0 ± 0.5 1.2 ± 0.2

b-AB 26.0 ± 0.8 (Adhesive) 13.0 ± 1.4 1.2 ± 0.2 5.2 ± 0.6 (Adhesive) 9.2 ± 0.7 14.4 ± 0.6
1sp-AB 24.6 ± 0.8 (Adhesive) 19.7 ± 0.3 6.2 ± 0.4 8.1 ± 0.4 (Adhesive) 8.7 ± 0.5 11.8 ± 0.7
2sp-AB 21.9 ± 0.6 (Adhesive) 8.0 ± 0.5 1.8 ± 0.9 4.9 ± 0.4 (Adhesive) 6.3 ± 0.6 47.0 ± 0.9
2sp-BA 22.8 ± 1.0 (Adhesive) 11.4 ± 0.2 0.8 ± 0.0 7.0 ± 0.5 (Adhesive) 6.5 ± 0.3 6.7 ± 1.0

Three different types of failure were observed: cohesive, adhesive, and transfer failure.
Cohesive failure took place when the adhesive remained on both sides of the joint during
the peeling test. The adhesive samples made of mixtures of A + B polymers remained
completely adhered with no residue on the support material, which is adhesive failure. On
the contrary, when the opposite occurred, that is, the adhesive was completely transferred
from the tape to the support, it was called failure by transfer.

On paper tapes, all samples made from formulations A and B showed a rise in peel
resistance values going from a transfer and cohesive failure, respectively, to an adhesive
one. In this case, sample b-AB showed the highest value, followed by sample 1sp-AB. The
reason for these increases found among these latexes could be that they present a greater
amount of chains in these middle ranges of molecular weight. On the other hand, sample
2sp-AB showed tack values more similar to sample A, because the chain transfer agent
only intervened in the last step.

Otherwise, samples b-AB and 2sp-BA were more similar to sample B. In both cases,
0.1 phm of TDM was enough to obtain the same values of B, where 0.2 phm of TDM
was used. However, sample 1sp-AB showed an increase of 70% with respect to sample B.
Regarding the results obtained in the shear resistance test, in general, all samples showed
very low values, except for sample A, owing its high AA content. However, sample 1sp-AB
was the second sample with the highest value.

On PET tapes, all samples made from formulations A and B showed lower peel
resistance values and showed adhesive failure. Sample B, which showed the highest peel
resistance values, was the only one that showed a cohesive failure. The same effects were
shown in the tack values. However, this time, the difference between B and samples b-AB
and 1sp-AB was not that great. Regarding the results obtained in the shear resistance test,
in general, all samples showed very low values, except for sample A. However, sample
2sp-AB was the second sample with the highest value, although it was 60% less than A.

The adhesive performance is closely related to the nature of the chosen tape. As paper
is a porous substrate, the anchorage interface of adhesive–substrate is higher than the
internal strength of the adhesive because a great proportion of the adhesive penetrates the
matrix paper. However, this does not happen with PET substrate. For this reason, the peel
and tack values were lower and shear resistance values were higher in PET.

Increasing the peel and tack values is a relatively easy process as blending two
polymers will most likely increase the amount of low and medium molecular weight
chains. However, because shear resistance is determined by the presence of long molecules,
it should not be possible to increase this property by simple mechanical blending [13]. It
would be necessary to add a crosslinking agent or remove chain transfer agents from the
formula for typical polymer chain transfer reactions to occur. For this reason, the results
show a significant increase in peel resistance and tack, but not in shear resistance. The
same effects were reflected in the dynamic shear resistance results.

As shown in Figure 4, the shear elasticity modulus (G) showed small variations
depending on the procurement strategy used.
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Figure 4. Shear modulus values for each adhesive sample.

Samples B and 1sp-AB showed the lowest G owing to their low Mw. On the other
hand, sample A and 2sp-AB showed the highest G values. This is because they were the
samples with the highest gel content and, therefore, with the highest entanglement. This
prevents the chains from having mobility, thus reducing the elasticity of the sample. In
contrast, samples b-AB and 2sp-AB showed intermediate values of G.

The maximum shear stress recorded in the dynamic shear test (Figure 5) showed the
same tendency as in G.
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Figure 5. Maximum shear stress values for each adhesive sample.

Samples A and 2sp-AB showed the highest values. In contrast, sample B showed the
lowest values owing to its greater elasticity. Samples b-AB, 1sp-AB, and 2sp-BA showed
values more similar to A than B. This was because all samples generated gel content, except
B, thus the molecular weight of the latter was much lower, giving rise to a more flexible
polymer than the rest.

Finally, the toughness of the adhesives was determined as the deformation energy up
to the adhesive failure in the dynamic shear test and was calculated from the area under the
force–displacement curve up to the maximum force value. As shown in Figure 6, sample A
required more energy than the rest.

This sample was prepared with the highest AA content and the absence of TDM,
which generated a high gel content in the final polymer. However, sample 2sp-AB showed
a deformation energy three times lower than that in sample A. This was due to the effect
of the chain transfer agent and the amount of acrylic acid, as previously commented. In
contrast, samples B and 1sp-AB showed the lowest values.
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Figure 6. Deformation energy until failure for each adhesive sample.

To determine the samples that satisfy the currently requirement demanded by the
market, an adhesive performance index (API) was defined, which takes into account the
relative importance of the three adhesive properties in the performance of the adhesive. The
polymer that shows a higher API value will be the one that is closest to the requirements.
To develop the API, it was considered that the values required of peel resistance (PRt), tack
(Tt), and shear resistance (SRt) by the wine industries were 10 N/25 mm, 10 N, and 24 h,
respectively. The API was obtained with the average value obtained of peel resistance
(PR), tack (T), and shear resistance (SR) for each sample (s). As the differences in the shear
resistance test were very large, the natural logarithm (ln) was applied to the values obtained.
As a rule, the industry of labels generally gives much more importance to adhesive shear
resistance than the other adhesive properties (i.e., tack and peel). In order to combine the
relative importance of the three adhesive properties given by this industry to the PSA for
labels, the API can be determined by means of the following Equation (2):

API = Cp ·PRs − PRt

PRt
+Ct · Ts − Tt

Tt
+Cs · ln(SRs) − ln(SRt)

ln(SR t)
(2)

where Cp, Ct, and Cs are coefficients that quantify the relative importance of peel, tack,
and shear resistance, respectively, in the adhesive performance. For application in labels
for wine glass bottles, these coefficients are accepted to have values of 15%, 15%, and 70%,
respectively.

As shown in Figure 7, according to the values assigned to determine the API, the
samples that most closely approximated the wine cellars’ requirement in the case of paper
substrate were samples A and 1sp-AB.
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In the case of sample A, the shear values increased almost 17 times, but its peel and
tack values were less than 10 N/25 mm and 10 N, respectively. On the other hand, sample
1sp-AB showed the opposite case. It showed an increase of 100% in both peel and tack
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from what was expected, but the shear values were four times lower. In both cases, the API
result is highly influenced by the shear values.

On the other hand, in the case of PET substrate (Figure 8), the samples that most
closely approximated the wine cellars’ requirement were samples A and 2sp-AB.
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In both cases, the performance index result was highly influenced by the shear values,
and their peel resistance and tack values were less than 10 N/25 mm and 10 N, respectively.

4. Conclusions

To obtain the ideal balance between the three adhesive properties most demanded
in the field of PSA, different methods of obtaining the same formulation were tested.
Two different polymers, one with a high shear resistance (A) and the other with a high
peel resistance and tack (B), were used to design the base formulation. The designed
formulation was a 1:1 combination of both polymers. The studied polymers were obtained
by physical blend of polymers of both and by polymerization in situ in one and in two
steps. Although it was the same formulation, great differences were found in terms of
its final properties depending on the obtaining process. Regarding the physico-chemical
properties, physical blend of polymers and one step polymerization showed similar results.
In contrast, the two-step polymerization resulted in lower particle sizes and viscosities.
Significant differences were found in the results of gel content and Mw, highly influenced
by the presence of TDM and the amount of AA. The samples with a lower gel content
displayed lower Tg values. In the case of paper substrate, all samples designed from A
and B displayed increased peel values. Sample b-AB was the one with the highest value,
followed by sample 1sp-AB, which also showed the highest tack values exceeding 70% of
sample B. Regarding the shear values, none approached the values of sample A; however,
sample 1sp-AB was the most effective of the designed samples. On the other hand, in the
case of PET substrate, all samples designed from A and B showed peel and tack values
lower than B and shear values lower than A. The dynamic shear test showed that the
highest values of G, maximum shear stress, and deformation energy until failure were
obtained with samples A and 2sp-AB owing to their high gel content.

From the results obtained, an API was carried out to evaluate if the samples gathered
through the different processes were capable of meeting the wine cellar requirements. In
paper substrate, samples A and 1sp-AB were the closest to the objective. However, for
PET substrate, samples A and 2sp-AB were the closest. For both substrates, sample A was
one of those selected owing to its high shear values, but showed slightly lower peel and
tack values. In the case of the paper substrate, sample 1sp-AB exceeded more than 100%
in terms of peel and tack values. However, its shear values were four times lower than
required. On the other hand, in the case of the PET substrate, 2sp-AB showed slightly
lower peel and tack values and double the required shear value.
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CHAPTER VIII SECTION VIII.3 

INFLUENCE OF POLYMERIZATION PROCESS ON 
ADHESIVE PERFORMANCE 

 

 

VIII.3.1. Introduction 

In the Section VIII.2 of this chapter, different strategies to prepare an adhesive were 

tested in order to obtain the ideal balance between the three main adhesive properties. 

For it, a formulation 1:1 of two different adhesives, one with a high shear resistance (A) 

and another with a high peel resistance and tack (B), was used. The adhesives were 

prepared by physical blending of A and B and by in situ semi-batch emulsion 

polymerization of A + B, either in one or two steps. In the last case, by polymerizing A 

or B first. Clearly, great differences were observed in the final properties of the 

adhesives. However, in all cases, the latexes were prepared by a semi-batch process. 

As mentioned in Chapter II, emulsion polymerizations can be carried out by three 

types of processes: batch, semi-batch and continuous emulsion polymerization. Batch 

process is the simplest one since involves all reactants to the reactor at the outset. This 

process is used in order to suppress the chain transfers to polymer reactions. In a 

continuous process, the formulation components are fed continuously into the reactor 

and the product latex is continuously removed. Typically, it consists of several reactors 

connected in series, where each one controlling a different part of the polymerization. 

Continuous reactors are complex and require engineering designs unique to each 

process. Finally, the semi-batch process is the most widely used at industrial level. In it, 

a part of the reactants are added in the reactor at the start and the remainder is fed in a 

controlled way. As a result, the resultant latex has a controlled reaction rate, particle size 

distribution, particle shape, and other properties [1–5].  
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The type of emulsion polymerization process is a very important factor affecting the 

polymerization mechanism and the final properties of the latex. Misra et al. [6] observed 

great differences in a vinyl acetate and butyl acrylate system. They observed that the 

latex prepared by the semi-batch process was more homogenous in composition since in 

the latex obtained by batch found domains of butyl acrylate rich regions dispersed into 

the domains of vinyl acetate rich regions. This was reflected in the Tg values. For the 

copolymers prepared by batch emulsion copolymerization, due to the great differences 

in the reactivity ratios of the monomers, the final latex showed two glass transition 

temperatures. Instead, the latex obtained by semi-batch process only one Tg was 

founded. Moreover, with batch process, higher Young’s modulus was obtained.  

Vasava et al. [7] observed that using the same initiator concentration, the conversion 

of monomer was higher in semi-batch process than in batch process. Sood [8] develops 

a mathematical model that accounts for the development of particle size distribution in 

batch and semi-batch emulsion polymerization. He observed that the addition of 

monomer in the semi-batch mode gave narrow distribution compared to that of the batch 

mode since the addition of the monomer occurred in a more controlled manner. 

As mentioned above, the PSAs designed for self-adhesive labels for wine cellar’s 

market should present peel, tack, and shear values of 10 N/25 mm, 10 N, and 24 h, 

respectively. However, meeting all three requirements at the same time is a great 

challenge. Normally, when the adhesion forces (peel resistance and tack) increase, the 

cohesion forces (shear resistance) decrease, and vice versa. 

The general aim of this study was developed a PSA for glass bottle labels that meet 

with the current wine cellar requirements. In order to find an optimal balance in the 

adhesive properties (between tack, peel resistance and shear resistance), a series of PSAs 

were prepared by different combinations of emulsion polymerization processes. For this, 

it was decided to compare the batch process with the semi-batch process since the 

continuous process is more complex because require engineering designs unique to each 

process and it was not possible to perform the test in our laboratory.  
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The composition chosen for this study was the same as in the previous section of this 

chapter, a formulation 1:1 of A and B. The PSAs were prepared by emulsion 

polymerization in two steps.  It was not possible to carry out the test in one step because 

the batch process produce high rates of polymerization, making it very difficult to 

remove the heat of polymerization. For this reason, it was decided to reduce the solid 

content of the mixture by half, carrying out the process in two steps. So that it would be 

easier to control the heat removal produced by the exothermic polymerization process. 

Three types of combination of processes were tested: semi-batch + semi-batch 

(Section VIII.2); batch + semi-batch; and batch + batch process. In all three cases, the 

two possible combinations were tested, polymerization of A or B first as shown Figure 

VIII.3.1. 

To determine the differences between them, typical physico-chemical, adhesive and 

mechanical properties were investigated. Moreover, the Ice bucket test was carried out 

to determine the label behaviour in wet and cold environment and an adhesive 

performance index (API) was used to determine which PSAs showed adhesion values 

closer to the market demand. 

  

A
 +

 B

Batch + Semi-batch
1st A + 2nd B bs-AB

1st B + 2nd A bs-BA

Batch + Batch
1st A + 2nd B bb-AB

1st B + 2nd A bb-BA

Figure VIII.3.1. Scheme of the polymerization processes used to prepare the PSAs. A was the 
formulation designed to obtain high shear resistance values and B to obtain high peel resistance 

and tack values. “bs” refers to batch+semi-batch process and “bb” refers to batch+batch 
process. 
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VIII.3.2. Materials and methods 

All reactions used deionized water. Acrylic acid (AA), n-butyl acrylate (n-BA) and 

acrylonitrile (ACN) were used as comonomers in the polymerization. Tert-dodecyl-

mercaptan (TDM) was used as a chain transfer agent and MaxemulTM 6112 was used as 

anionic polymerizable surfactant. Ammonium carbonate (NH4)2CO3 was used as a 

buffer. Ammonium peroxide sulfate was used as oxidizing agent and as thermal initiator 

and sodium metabisulfite was used as reduing agent. A combination of tert-butyl 

hydroperoxide (TBHP) and sodium formaldehyde sulfoxylate (Bruggolite® E01) were 

used as a redox system to reduce free monomer at the post-polymerization step. 

For adhesion tests a polyethylene terephthalate (PET) of 12 µm and Tintoretto qesso 

ultraWSTM paper were used as substrates to perform the tests. Moreover, in the ice bucket 

test, a coating was applied on the Tintoretto qesso ultraWSTM paper as was explained in 

the Chapter III to simulate the effect of the test on a commercial label. 

VIII.3.2.1. Emulsion polymerization  

Samples were prepared by three different processes: by semi-batch in both steps; by batch 

in the first step and semi-batch in the second one; and by batch in both steps. In all cases, 

2 Kg of each latex were prepared, in a 2.5 L glass reactor with mechanical stirring (100 

rpm), at 55 % of solid content. The quantity of water was adjusted to keep this rate 

constant. 

Batch and semi-batch emulsion polymerization process in two steps 

Samples bs-AB and bs-BA were prepared by batch process in the first step and by a 

semi-batch process in the second step. In the first step, the initial charge in the reactor 

consists of half of the total water, 0.6 phm of surfactant, the chain transfer agent and the 

monomeric system of Table VIII.3.1. 
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Table VIII.3.1. Oxidant (Ox.), reductor (Red.), chain transfer agent (TDM) and monomer 
composition (phm): acrylic acid (AA), n-butyl acrylate (n-BA), and acrylonitrile (ACN). The 
compositions of the adhesives 2sp-AB and 2sp-BA, corresponding to the Section VIII.2, were 
added to the final of table to be compared with the adhesive studied in this section. 

Sample 

Step 1 Step 2 

AA n-BA ACN TDM Ox. Red. AA 
n-

BA 
ACN 

TDM Ox. Red. 

bs-AB 1.50 45.5 3.0 0.0 0.25 0.25 0.25 46.8 3.0 0.1 0.25 - 
bs-BA 0.25 46.8 3.0 0.1 0.25 0.25 1.50 45.5 3.0 0.0 0.25 - 
bb-AB 1.50 45.5 3.0 0.0 0.25 0.25 0.25 46.8 3.0 0.1 0.25 0.25 
bb-BA 0.25 46.8 3.0 0.1 0.25 0.25 1.50 45.5 3.0 0.0 0.25 0.25 
2sp-AB 1.50 45.5 3.0 0.0 0.25 - 0.25 46.8 3.0 0.1 0.25 - 
2sp-BA 0.25 46.8 3.0 0.1 0.25 - 1.50 45.5 3.0 0.0 0.25 - 

After purging with N2, the reactor temperature was kept at 40 ºC and a redox couple, 

composed of ammonium peroxide sulfate as oxidizing agent and sodium metabisulfite as 

reducing agent, was introduced in one shot to the reactor to start the reaction. The set point 

was changed to 82 ºC once the reaction achieved its maximum temperature during the 

exothermic phase. It was held at this temperature for 1 hour to minimize unreacted 

monomer.  

After, took place the second step, by semi-batch emulsion polymerization. A thermal 

initiator was added followed by the pre-emulsions composed by the monomeric system 

and chain transfer agent specified in the Table VIII.3.1, 0.6 phm of surfactant and the other 

half of the total water. The pre-emulsion was added at a constant rate for 1.5 h.  

Later, two shots of thermal initiator was added (each one was allowed to react during 

1 h) to reduce the free monomer. Finally, the reactor was cooled down to 57 ºC and a redox 

couple of TBHP/Bruggolite E01 (0.2 phm/0.3 phm) was added to consume the residual 

monomer during 4 h. According to the gas chromatography analysis, the free monomer 

level was less than 750 ppm.  
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Batch emulsion polymerization process in two steps 

Samples bb-AB and bb-BA were prepared by batch process in both steps. In the first 

step, the initial charge in the reactor consists of the half of the total water, 0.6 phm of 

surfactant, the chain transfer agent and the monomeric system (at 25 % of solid content) 

specified in Table VIII.3.1. After purging with N2, the reactor temperature was kept at 40 

ºC and a redox couple, composed of ammonium peroxide sulfate as oxidizing agent and 

sodium metabisulfite as reducing agent, was introduced in one shot to the reactor to start 

the reaction. The set point was changed to 82 ºC once the reaction achieved its maximum 

temperature during the exothermic phase. It was held at this temperature for 1 hour to 

minimize unreacted monomer. Later, the reactor was cooled down to 40 ºC again to carry 

out the second step.   

The other 50 % of the total water, 0.6 phm of surfactant, the chain transfer agent and 

the monomeric system specified in Table VIII.3.1, were added to the reactor. Other redox 

couple (the same oxidizing and reducing agents) was introduced in one shot to the reactor 

to start the reaction. The set point was changed to 82 ºC once the reaction achieved its 

maximum temperature during the exothermic phase. It was held at this temperature for 1 

hour to minimize unreacted monomer. Later, the reactor was cooled down to 57 ºC and a 

redox couple of TBHP/Bruggolite E01 (0.2 phm/0.3 phm) was added to consume the 

residual monomer. Post-polymerization take place for 4 h. The free monomer content was 

less than 750 ppm, according to the gas chromatography analysis. 

In this type of polymerization is not necessary to add two shots of thermal initiator 

because, in this point, the residual monomer was lower than the semi-batch process.  

VIII.3.2.2. Latex characterization 

Once the free monomer was determined to be below 700 ppm, the latex was cooled at 

ambient temperature. It was adjusted to a pH of 7.5 with ammonia solution (12.5%) and 

50 wt % solids by adding deionized water as needed. Prior to being characterised, it was 

filtered through a 150 µm filter. 
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The average particle size was measured by DLS. The viscosity was determined by 

Brookfield DV-II+ Pro rotational viscometer for low viscosities. The Tg was determined 

experimentally by DSC. The microstructure of latex was determined by measuring the gel 

content in THF by Soxhlet extraction and the molecular weight of the soluble part was 

analysed by GPC. Moreover, the adhesive properties were evaluated through maximum 

tack, 24 h peel resistance, static shear resistance and dynamic shear resistance. Finally, the 

adhesive performance index (API) and the Ice Bucket test were carried out. 

The details of the characterization procedures and methods were given in Chapter III. 

VIII.3.3. Results and discussion 

VIII.3.3.1 Latex physico-chemical properties 

The average particle size and viscosity of the aqueous polymer solution as well as the 

Tg, gel content, and average sol molecular weight (Mw) and polydispersity (PDI) of the 

polymer are summarised in Table VIII.3.2. 

Table VIII.3.2. Physico-chemical properties. The properties of the adhesives 2sp-AB and 2sp-
BA, obtained in the Section VIII.2, were added to the final of table to be compared with the 
adhesive studied in this section. 

Sample 
Particle size 

(nm) 

Viscosity 

(cp) 
Tg (ºC) 

Gel content 

(%) 
Mw (g/mol) 

PDI 

bs-AB 142 29.2 -32.5 29 4462650 2.9 
bs-BA 145 37.2 -31.4 10 1728604 8.4 
bb-AB 125 56.4 -31.8 0 3694456 3.1 
bb-BA 129 29.0 -30.4 0 655460 9.0 
2sp-AB 164 22.9 -32.8 54 993126 1.9 
2sp-BA 172 49.3 -34.1 15 505048 7.4 

The particle size varied significatively depending on the polymerization process. 

Those samples prepared by batch process showed lower particle size than those prepared 

by semi-batch process. Nevertheless, those samples prepared using both processes 

showed intermediate particle sizes. According to Sood [8] study, as the monomer 

addition rate is lower in semi-batch emulsion polymerization process, the particles 

generated have narrower distributions and with larger average-size. However, the 
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viscosity did not show a clear tendency, possibly because it was affected by the particles 

created in both steps. In this investigation, the particle size was only assessed after the 

two steps had been completed in this investigation. 

On the other hand, considerable changes were obtained in the gel content and in the 

average sol. molecular weight. Samples 2sp-AB and 2sp-BA, prepared by semi-batch 

process, and bs-AB and bs-BA, prepared by batch process followed by a semi-batch 

process, showed gel content. The adhesives 2sp-BA and bs-BA showed a gel content of 

15 and 14 %, respectively, possibly because the TDM, chain transfer agent, was added 

in the first step. This meant that the TDM that did not react in the first step did so in the 

second step promoting polymer chain terminations and formation of new chains. This 

decreased the molecular weight in both steps and, therefore, reduced the gel formation 

[9–11].  

Instead, the adhesives 2sp-AB and bs-AB showed a gel content higher than the rest, 

54 and 29 %, respectively. In these adhesives, the effect of the TDM as chain transfer 

agent only intervened in the second step. The sample bs-AB showed a lower gel content 

than 2sp-AB because the first step of the emulsion polymerization was by batch process. 

Finally, the samples bb-AB and bb-BA, prepared by batch process in both steps, did not 

show gel content. 

This fraction denominated gel content is composed of cross-linked polymer and 

entangled high molecular weight polymer chains [12]. Different factors are involved in 

the gel formation. On one hand, carboxylic acid groups form networks through hydrogen 

bonding [13]. On the other hand, acrylic monomers can form a branch point by 

intramolecular (backbiting) and intermolecular chain transfer to polymer followed by 

termination by combination. Although the intermolecular chain transfer to polymer is 

less prevalent than intramolecular chain transfer, it has a higher effect as was explained 

in Chapter VII [14–17].  
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Both mechanisms are more efficient at high temperatures and at low monomer 

concentration [3]. This explains why the gel formation was higher in semi-batch 

processes than in batch processes. In semi-batch processes the reactions were carried out 

at 82 ºC with a continuous monomer feed. However, in the batch processes all monomer 

concentration was in the reactor when the polymerization started. Moreover, in this type 

of processes the polymerization rate can be very high, making it difficult to remove the 

heat of polymerization. For it, in the batch process, the reactions were carried out at 40 

ºC. 

These changes in the gel content were reflected in the Tg values of the adhesives as 

shown in Figure VIII.3.2. 

The extent of chain transfer to polymer reactions are expected to be less in latexes 

prepared by batch process than in the semi-batch process. Based on this, one would 

expect the Tg of the latexes prepared by batch process to be less than that of semi-batch 

process. However, experimental values showed the opposite. The latexes prepared by 

semi-batch process which showed higher gel content displayed the lowest Tg values and 

the latexes prepared by batch process in both steps displayed the highest. The same 

behaviour was observed by Misra et al. [6]. They suggested that larger quantities of low-

molecular weight chains in the latexes prepared by semi-batch acted as a plasticizer.  
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Figure VIII.3.2. Influence of the gel content on the Tg values. 
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These chains mitigating the effect of the excessive branching, resulting in a lower Tg. 

This could also explain why the A+B systems had a lower Tg than the B+A systems in 

latexes made by batch in one or both steps. 

The average molecular weight determined by GPC only corresponds to the soluble 

fraction in THF of the polymer as was explained in Chapter III. Therefore, the values 

obtained should just be considered as the molecular weight of the polymer without the 

gel fraction since this last fraction cannot be analysed by GPC.   

The results of the semi-batch process in both steps and batch process followed by a 

semi-batch process were not taken into account. However, the average sol molecular 

weight of the samples bb-AB and bb-BA were compared since in both cases 0 % of the 

gel content was formed. The average sol molecular weight of bb-AB was 5 times higher 

than bb-BA possibly because the TDM was added in the first step and therefore, it acted 

in both steps reducing molecular weight. 

Another point to note was the differences in PDI. Latexes prepared with the TDM in 

the first step resulted in a greater PDI than latexes in which it was added only in the 

second step. Moreover, the latexes prepared by a semi-batch process showed a lower 

PDI than those obtained by a batch process. The semi-batch process allows for a more 

controlled polymerization because the monomer is delivered to the reactor at a constant 

rate. 

VIII.3.3.2 Adhesive properties 

The adhesive properties (tack, peel resistance and static shear resistance) of the 

adhesives, tested on paper and on PET, were measured and summarized in Table 

VIII.3.3. 
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Table VIII.3.3. Adhesive properties determined on paper and PET substrates. The adhesive 
properties of the adhesives 2sp-AB and 2sp-BA, obtained in the Section VIII.2, were added to 
the final of table to be compared with the adhesive studied in this section. 

 Paper Tape PET Tape 

Sample Peel 

Resistance 

(N/25mm) 

Tack 

(N) 

Shear 

resistance 

(h) 

Peel 

Resistance 

(N/25mm) 

Tack 

(N) 

Shear 

resistance 

(h) 

bs-AB 22.2  0.2 13.2  0.2 1.1  0.3 4.8  0.3 8.3  0.6 14  2 
bs-BA 25.9  1.1 12.9  0.9 1.4  0.4 7.7  0.1 9.2  0.6 12  1 
bb-AB 22.2  0.9 10.1  0.4 50  11 5.3  0.3  8.4  0.2 833  13 
bb-BA 24.7  0.1 10.9  0.9 19  1 7.1  0.2 8.3  0.7 54  10 
2sp-AB 21.9  0.6 8.0  0.5 1.8  0.9 4.9  0.4 6.3  0.6 47  1 
2sp-BA 22.8  1.0 11.4  0.2 0.8  0.1 7.0  0.5 6.5  0.3 7  1 

 
In general, the adhesives showed the same tendency on both substrates. The systems 

B+A, in which the TDM was introduced in the first step, showed higher peel resistance 

and tack due to their higher PDI. A broader molecular weight distribution favoured both 

properties which are very influenced by the chain with low and middle-range molecular 

weight [18]. Regarding the results obtained in the static shear resistance test, the adhesive 

bb-AB and bb-BA showed a higher cohesion than the rest. However, these adhesives did 

not show gel content and therefore, the average molecular weight would be lower than 

the rest. The results show that both a large amount of gel content (2sp-AB) and the 

absence of it (bb-AB and bb-BA) improved the cohesion of the adhesive itself. It could 

be due to a higher homogeneity of the film since those latexes with low gel contents 

showed lower shear strength values. 

On both substrates, the adhesives showed adhesive failures in peel resistance and tack 

tests. This means that after carrying out the test, the adhesive layer remained on the 

substrate leaving the surface of the glass support completely clean. 

On paper substrate, as is a porous substrate, the adhesive penetrated in the matrix 

resulting in a higher anchorage improving the interfacial adhesive-substrate strength. For 

this reason, the peel resistance and tack values were higher than on the PET substrate. 

Instead, on PET substrate, as is a more uniform surface, the adhesive layer was more 
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uniform, thus improving the cohesion of the adhesive. Consequently, the shear resistance 

values were higher on this substrate. 

To summarise these results and evaluate whether samples meet the market's current 

requirements, an adhesive performance index (API) was developed. It considers the 

relative relevance of the peel resistance (Cp = 15 %), tack (Ct = 15 %) and static shear 

resistance (Cs = 70 %) in the adhesive's performance, as detailed in Section VIII.2 of 

this chapter. The values required of peel resistance (PRt), tack (Tt), and static shear 

resistance (SRt) by the wine industries were 10 N/25 mm, 10 N, and 24 h, respectively. 

The API was obtained with the average value obtained of peel resistance (PR), tack (T), 

and static shear resistance (SR) for each sample (s). The natural logarithm (ln) was 

applied to the shear resistance results since the differences between them were very big. 

As the differences in the shear resistance test were very large, the natural logarithm (ln) 

was applied to the values obtained. The API can be determined by means of the 

following Equation VIII.3.1: 

API = Cp ·
PR𝑠 - PR𝑡

PR𝑡

 + Ct · 
T𝑠 - T𝑡  

T𝑡

 + Cs · 
ln(SRs) - ln(SR𝑡)

ln(SR𝑡)
 

Equation VIII.3.1. Adhesive performance index equation. 

As shown in Figure VIII.3.3, according to the values assigned to determine the API, 

the samples that most closely approximated the wine cellars’ requirement in the case of 

paper substrate were samples bb-BA and bb-AB.  

Figure VIII.3.3. Adhesive performance index of samples for paper substrate. 

2sp-AB
2sp-BA

bs-AB
bs-BA

bb-AB
bb-BA

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
API 
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The adhesives bb-AB and bb-BA were between 2 and almost 3 times, respectively, 

higher than peel resistance target and showed 10 N of tack. Moreover, bb-AB showed a 

static shear resistance 2 times higher than the target. Instead, bb-BA adhesive was an 23 

% below target. 

On the other hand, in the case of PET substrate (Figure VIII.3.4), the samples that 

most closely approximated the requirements were the adhesives bb-AB, bb-BA and    

2sp-AB. 

Figure VIII.3.4. Adhesive performance index of samples for PET substrate. 

Clearly, in this case, the API was very influenced by the static shear resistance results. 

The adhesives bb-AB, bb-BA and 2sp-AB showed values 35, 2 and 2 times, respectively, 

higher than the target. However, the peel resistance and tack values were lower than the 

target. The values were a 47 % and 16 % lower, respectively, for the adhesive bb-AB 

and a 29 % and 17 % lower for the adhesive bb-BA. In the case of the adhesive 2sp-AB 

the differences were more significant, 51 % and 37 % lower, respectively. 

Finally, the dynamic shear resistance test was evaluated in order to obtain more 

information about the material resistance to a shear stress applied. Keeping the 

formulation constant, the differences between the force-displacement curves that are 

shown in Figure VIII.3.5 were due to the polymerization process employed and the steps 

in which the TDM was introduced in the formulation. 

2sp-AB
2sp-BA

bs-AB
bs-BA

bb-AB
bb-BA
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Clearly, the adhesives prepared with the A formulation in the first step, needed more 

force to shear the adhesive than those prepared with the B formulation first. The 

molecular weight of the systems B+A were lower than the systems A+B allowing for 

greater mobility of the chains. The differences between the molecular weights of the 

latexes bb-AB and bb-BA were lower than the rest of latexes where gel content was 

formed. For it, the force applied in these latexes was very similar. In contrast, the 

difference between 2sp-AB and 2sp-BA was 7.7 N, while it was 5.5 N in the latexes bs-

AB and bs-BA. 

In the systems B+A, the adhesives failed at maximum stress. However, in the systems 

A+B, when the adhesives arrived at the maximum stress, they continued to deform at 

values similar to or slightly lower than maximum stress due to its greater ductility than 

the system B+A.  
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Figure VIII.3.5. Experimental curves of dynamic shear resistance test: black curves 
corresponding to the adhesive prepared with the system A+B and the blue curves 

corresponding to the system B+A. 
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The shear elastic modulus (G) results were very similar as shown in Figure VIII.3.6. 

The latexes prepared by batch process showed higher G than the rest due their higher 

Tg as was also observed by Misra et al. [6]. The systems A+B, prepared by semi-batch 

emulsion polymerization process, showed higher G than the corresponding system B+A 

prepared with the same polymerization process. However, when the batch emulsion 

polymerization process was introduced, in one or in both steps, the tendency changed. 

Systems A+B showed a lower Tg than systems B+A and it was reflected in a lower G. 

The adhesives 2sp-AB, bb-AB and bb-BA showed the highest G values. 

As shown in Figure VIII.3.7, the tendence was different in the maximum shear stress. 
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Figure VIII.3.6. Shear modulus values for each adhesive sample. 

Figure VIII.3.7. Maximum shear stress values for each adhesive sample. 
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Due to their larger gel content, all systems A+B showed higher max than the 

corresponding system B+A prepared with the same polymerization process. Instead, the 

differences between the bb-AB and bb-BA samples were insignificant as could be 

observed in the force-displacement curves. 

Finally, the toughness of the adhesives was determined as the deformation energy up 

to the adhesive failure calculating the area under the force-displacement curve. The 

results are shown in Figure VIII.3.8. 

The systems A+B showed higher deformation energy than the corresponding system 

B+A prepared with the same polymerization process. It was because the chains’ mobility 

was reduced by the higher molecular weight. The adhesive 2sp-BA and bs-BA were up 

to 3 and 4 times lower than their corresponding A+B system. However, the adhesive bb-

BA was only 1.5 times lower than bb-AB since, as seen in the force-displacement curves, 

the difference between them was insignificant. 

VIII.3.3.3 Ice bucket test 

To determine the water resistance of the adhesive in wet and cold conditions, the ice 

bucket test was carried out. The labels built with the adhesives prepared by semi-bath 
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Figure VIII.3.8. Deformation energy until failure for each adhesive sample. 
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process in both steps and by batch + semi-batch process behaved in the same way. Figure 

VIII.3.9 shows as example the behaviour of the label built with the adhesive 2sp-AB. 

After 24 h submerged in the water:ice (1:1 by weight) bath, the labels remained stuck 

in perfect conditions (picture a). Once the label was dried, after 24 hours, the label 

continued in perfect condition (picture b). Finally, when the label was removed from the 

bottle surface manually, structural failures occurred (picture c). 

However, the labels built with the adhesives prepared by batch process in both steps 

could not stand the conditions of the bath and the labels fell at 8 h after being submerged. 

VIII.3.4. Conclusions 

In order to obtain the ideal balance between the main three adhesive properties (peel 

resistance, tack and shear resistance) most demanded in the field PSAs, different 

emulsion polymerization processes were studied. 

1. The average particle size was significantly smaller in the latexes prepared by 

batch process in both steps than in the other processes. Moreover, these latexes 

did not form gel due to the polymerization conditions that were carried out.  

2. The PSAs prepared by semi-batch process in both steps and batch + semi-batch 

process showed gel content being higher for the systems A+B than for the B+A. 

a) b) c) 

Figure VIII.3.9. Optical pictures of the different states of a same label using the adhesive bs-BA. 
a) Label state just after remove the bottle from the ice bucket bath; b) Label dried after 1 day at 

room temperature; c) Structural failure of the label upon peel of the label upon peel off manually. 
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3. The Tg was higher in the system prepared by batch process than in semi-batch. 

4. Shear resistance values were higher for the adhesives which did not contain gel 

(bb-AB and bb-BA), or its content was very high (2sp-AB), probably due to a 

higher homogeneity of the film. 

5. The systems B+A showed higher peel resistance and tack due to their higher PDI. 

6. According to the adhesive performance index, the adhesives bb-AB and bb-BA 

for paper labels and 2sp-AB, bb-AB and bb-BA for PET labels were the closest 

to the wine cellars’ requirements. However, the API findings for PET labels were 

substantially influenced by the shear resistance values since the peel resistance 

and tack were lower than the target. The adhesive bb-AB was the only that 

showed adhesive properties well above the target. 

7. Latexes prepared by batch process showed higher G than those obtained by semi-

batch process. Systems A+B prepared by semi-batch process in both steps 

showed a greater G than the system B+A. However, the systems B+A prepared 

with the other strategies showed higher G than the systems A+B due their higher 

Tg.  

8. The maximum shear stress and deformation energy of all systems A+B were 

higher than those B+A. 

9. All adhesives prepared by semi-batch process both steps and by batch + semi-

batch process showed a good performance in the ice bucket test. Nevertheless, 

the adhesive obtained by batch process in both steps failed the test at 8 h. 

Therefore, with the modification of the polymerization process it was possible to 

achieve a better balance between the three adhesive properties. In addition, the adhesive 

bb-AB on paper substrate met all the wineries’ adhesive property requirements. 

However, it failed in the ice bucket test.  
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CHAPTER X 

GENERAL DISCUSSION, CONCLUSIONS AND 
FUTURE STUDIES 

 

 

The goal of this study was to find a solution to the current problem with paper labels in 

wine cellars. For it, a system composed by acrylic water-based PSAs for the labels and 

a detaching bath to be installed in the labeling lines to remove those misplaced labels 

were developed. According to the wine cellars the adhesive must show good adhesive 

properties (peel resistance ≥10 N/25mm, tack ≥10 N and static shear resistance ≥24 h) 

and withstand the ice bucket test. On the other hand, the detaching bath designed could 

not exceed 25 ºC and it must detach the labels by adhesive failure in the shortest possible 

time (≤ 5 min). As was explained in the introduction, the PET labels performance also 

was studied. The following is a general discussion of the results obtained in this work. 

X.1. General discussion 

As a starting point for this thesis, several acrylic water-based PSAs of the corporation 

were examined to see which of them were closest to the wine cellar standards. The 

adhesive E0 was chosen as base formulation. It was composed by the AA and n-BA as 

monomers, TDM as chain transfer agent and stabilized with the anionic surfactant 

DowfaxTM 2A1. It showed a peel resistance and tack closed or over the target: around 28 

N/25mm and 26 N, respectively, for paper substrates and 14 N/25 mm and 9 N for PET 

substrates. However, its shear resistance was insufficient, around 0.12 h for paper 

substrates and 1.8 h for PET substrates. Moreover, its water resistance in the ice bucket 

test was very poor. 
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In order to improve both aspects and achieve all market requirements, it was 

considered to start the design of the PSAs studying the monomeric composition of E0 

formulation. It was investigated how each monomer of the composition influences the 

final properties of the adhesive. 

First, the effect of n-BA and 2-EHA as soft monomers was investigated. Different 

weight ratios of n-BA and 2-EHA were studied in the base formulation. The latexes with 

a higher weight ratio of 2-EHA monomer showed an increase in the gel content. This 

higher entanglement and/or crosslinked displayed less chain mobility, resulting in an 

increase of the shear yield and maximum shear stress. However, due to the increased Tg 

latexes, the shear elastic modulus decreased slightly with the increase of comonomer 2-

EHA compared to the base formulation E0. As was expected, both peel resistance and 

tack were reduced with the 2-EHA incorporation. On the other hand, the labels made 

with the adhesive designed remained stuck in the ice bucket test for 24 hours, but they 

displayed some wrinkles on the borders of the label. The labels recovered their shape 

once it had dried. which is an issue. Obviously, these imperfections during the test are 

an issue for the consumer. 

Later, the influence of the addition of a hard monomer in the base formulation was 

studied. For it, different hard monomers were considered and finally, ACN was selected. 

The incorporation of ACN progressively increased the Mw of the latexes, but the amount 

of gel formed in all cases was insignificant. However, a considerable increase in shear 

strength values was observed with the incorporation of this monomer. The low and 

medium molecular weight populations were reduced as molecular weight increased, 

resulting in lower tack and peel resistance. In this case, the adhesion values were 

generally lower in comparation to the adhesives synthetized in the previous study. 

Smaller levels of ACN had a greater influence than the 2-EHA monomer. The shear 

elastic modulus was considerably higher than E0. Only with 2 and 4 phm of ACN, the 

G increased almost 3 and 5 times, respectively. From 4 phm, the rest of samples only 
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showed a slightly increase of the shear elastic modulus. The labels performance in the 

ice bucket test showed the same issue than the previous study. 

In both studies, the ice bucket test revelated that all labels showed a poor water 

resistance. To solve this issue, it was considered replace the conventional surfactant by 

a polymerizable which remain attached to the polymer chain by a covalent bond. Of this 

way, the hydrophilic species able to migrate in the adhesive film would be reduced. 

PS1 and PS3 latexes, especially the last one, were prepared below the CMC of the 

respective surfactant. As homogeneous nucleation was more prevalent than micellar 

nucleation, it resulted in a substantially greater average particle size than the other 

latexes. PS1 and PS4 had a higher gel content than the other latexes since the surfactants 

in issue had more branched structures, resulting in greater chain entanglement. For it, 

their shear resistance values were generally greater than the rest. The other surfactants 

examined, on the other hand, had more linear structures, which explains why E0, PS2, 

and P3 had such low gel content. Due to its greater PDI, E0 had better peel resistance 

and tack than latexes made with polymerizable surfactants. PS4 outperformed E0 in 

terms of adhesive properties on paper substrates, according to API. Instead, both PS1 

and PS4 performed better on PET substrates. The static shear values had a substantial 

impact on the API results in both situations. The dynamic shear resistance test showed 

that PS1 and PS4, particularly the latter, exhibited the highest shear modulus, shear 

strength and deformation energy due to their high gel content. Among the polymerizable 

surfactants, although all improved water resistance with respect to the conventional 

surfactant, MaxemulTM 6112-SQ-(MH) showed the best performance. 

Arriving at this point, the design of the cleaning solution for the detaching bath was 

carried out. First the interactions between the adhesive and adherents were investigated 

to determine the type of bond formed.  On the one hand, the adhesive interacted with the 

label substrates. According to the information provided by the supplier, the PET 

substrates were treated by a corona-treatment and the paper was co-extruded with 

polyethylene. Both substrates formed hydrogen bonds with the adhesives. On the other 



Chapter X   

298 
 

hand, the adhesive interacted with the cold treatment coating of the glass bottle. 

According to the FTIR, this coating was composed of 25 % of polyethylene wax and 75 

% of poly(methyl methacrylate). Therefore, the contact with the support was also via 

hydrogen bonds. 

Later, the performance of the labels made with the adhesives developed was assessed 

using the current process of post-consumer bottle washing machines, NaOH at 2 % 

solution at 80 ºC. In general, the paper and PET labels fall off in 2-3 min. However, 

when the same test was carried out at 25 ºC, the detaching times were between 45 min 

and 2 h. Moreover, the label failure was by transfer and the cleaning solution covered 

the bottle with a whitish layer, requiring a subsequent wash with water so that the bottles 

were completely clean.  

The typical NaOH solution could not be used for our application. It was decided to 

design a cleaning solution composed of water, SLS as surfactant, IPA as alcohol and an 

amine as base. First, three different amines (MEA, DMEA and TEA) were tested and 

clearly the DMEA was the one that showed the shortest detaching times in the detaching 

bath. In the series E where different ratios of n-BA/2-EHA were tested, the adhesive 

with higher ratio of 2-EHA showed shortest times. On the other hand, in the series N, 

where different amounts of ACN were tested, the adhesive with higher ratio of ACN 

showed shortest times. Finally, in the series PS where different polymerizable 

surfactants were tested, but no significant differences were observed between them. In 

all cases, shorter detaching times were related to decreased adhesive peel resistance.  

A FTIR was carried out of the latexes before, during and later to be 30 min in these 

cleaning solutions. This study showed a slight loss in the intensity of the characteristic 

peaks of the ester group. The ester group hydrolysis in alkaline conditions possibly 

solubilized the latexes in the cleaning solution. This theory was confirmed when the 

adhesive films were completely dissolved after being immersed for 24 h in the cleaning 

solution. In addition, this study showed that a new band corresponding to C-N bond 
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appeared at 1580 cm-1 after drying the adhesives at room temperature. This could be due 

to the hydrolysis in basic medium of the nitrile group. 

In general, the paper labels showed detaching times lower than for the PET labels due 

to the porosity of the paper. It allowed the cleaning solution to penetrate easily into the 

adhesive. In addition, all samples showed transfer failures at the time of the fall of the 

label except the series N on the paper labels, which showed adhesive failures. This will 

allow the bottles to come out completely clean and be redirected directly to the labeling 

station without need to be pre-cleaned.  

Later, different ratios of DMEA were tested in the cleaning solution to determine the 

optimal amount. Once determined, the design of the cleaning solution was continued 

with this ratio of DMEA. In all paper labels tested, the cleaning solution turned bluish 

because the composition being tested at the time dissolved the ink on the label.  

Posteriorly, the optimal amount of IPA was explored. The failure types were the same 

as in the previous case, but the detaching times were reduced in half when this 

component was removed from the cleaning solution composition. Moreover, it was 

observed that without this component, the ink of the labels remained adhered perfectly 

to the paper and the cleaning solution kept clean. For this reason, it was decided to 

continue the design of the detaching bath without this component. 

Finally, the influence of SLS in the cleaning solution was investigated. For it, 

different amounts were tested. The failure types were the same as in the previous case. 

As was expected, the increase of surfactant decreased the detaching times for both types 

of labels. However, it was necessary to introduce another component in the cleaning 

solution, the BYK 028 defoamer, because the surfactant produced a great amount of 

foam. The incorporation of this new component in the final composition did not change 

the detaching times or the failure type. According to the results obtained, the composition 

of the cleaning solution was determined. 
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At this point, all the results so far were evaluated. Clearly, the presence of 2-EHA 

decreased the detaching times in the detaching bath as the peel resistance and tack. Only 

a slightly increase in the shear resistance was observed. Moreover, in the ice bucket test, 

regardless of the n-BA/2-EHA ratio, all samples showed the same problem. For that 

reason, it was decided to continue with the soft monomer n-BA. On the other hand, the 

incorporation of ACN showed detaching times lower than the rest of samples tested. 

Moreover, these adhesives showed adhesive failures instead of transfer. Considering the 

balance between the adhesive properties, detaching times and the failure type, it was 

decided to continue the investigation with a proportion of ACN of 6 phm. Furthermore, 

clearly the MaxemulTM 6112-SQ-(MH) surfactant was the one who provided the best 

water resistance to the adhesive. Therefore, the study was continued using n-BA as soft 

monomer, 6 phm of ACN hard monomer and MaxemulTM 6112-SQ-(MH) as 

polymerizable surfactant.   

One time improved the water resistance and checked the positive effect of the 

acrylonitrile in the detaching bath, the role of AA as functional monomer and TDM as 

chain transfer agent was investigated. The gel content formation decreased with the 

reduction of AA monomer and with the increase of TDM. With 0.1 and 0.2 phm of TDM 

were enough to avoid the gel content formation in most samples. In these cases, the chain 

transfer to TDM mechanism was greater than the mechanisms to generate gel content 

(intra- and intermolecular chain transfers to polymer). In general, all adhesive properties 

rose with the increase of weight ratio of AA until a maximum with 1.5 phm since with 

3.0 phm the values were lower. However, the increase of TDM only favored the adhesive 

properties related with low and medium molecular weights (tack and peel resistance, 

respectively). In the dynamic shear resistance test, it was observed that the highest G, 

maximum shear stress and deformation energy until failure were obtained with the 

maximum amount of AA tested (3.0 phm) and in absence of TDM.  Several samples 

were close to the target. However, those samples with good adhesion showed poor 

cohesion and vice versa. It was not possible to obtain a good adhesion-cohesion balance 

by only modifying the composition of the adhesive.  
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Their performance in the detaching bath showed the same tendency as in the peel 

resistance test. With the increase of TDM, the detaching times increased, especially with 

0.2 phm of TDM. With this amount, the detaching times were decreasing with the 

increase of the proportion of AA. Instead, the rest of ratios of TDM showed an increase 

in the detaching times until up to the maximum with 1.5 phm of AA since with 3.0 phm 

of AA, the times were like those obtained with 0.5 phm of AA. All paper labels showed 

an adhesive failure in the moment the labels were detached. Instead, all PET labels 

showed a failure by transfer. 

Since the composition could not achieve the desired balance of adhesive and cohesive 

qualities, it was decided to study how the PSAs preparation procedure would affect the 

adhesive's final performance. For it, a mixture 1:1 of two adhesives developed in the 

previous chapter, one with a high cohesive property (A) and other with high adhesive 

properties (B), was prepared using different strategies. The post-polymerization physical 

blend of both adhesives (b-AB) and the adhesive 1sp-AB prepared by polymerization in 

situ in one step, showed intermediate physico-chemical properties between A and B. 

Instead, those adhesives obtained by polymerization in two steps showed lower average 

particle size and viscosity than the other samples due to the new particles were formed 

in each step.  

In these polymerizations carried out in two steps, the order of the formulation used 

in each step had a great effect on the final properties. Those samples where the TDM 

was introduced in the first step showed lower gel content than those samples where it 

was introduced in the second step. Moreover, when the batch process was introduced in 

the system, the gel content decreased considerably. It was even 0 in those adhesives 

where the two polymerization steps were carried out through the batch process. This type 

of process involves all reactants to the reactor at the outset, and therefore, the chain 

transfer reaction to polymer does not take place as frequently during the propagation 

step.  
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Those adhesives obtained by batch process showed higher Tg than those obtained by 

semi-batch process. The larger amounts of low molecular weight chains in the latex 

prepared by semi-batch process acted as plasticizers decreasing its Tg. 

Clearly, the results obtained for the dynamic shear test were very influenced by the 

gel content and the Mw obtained in each sample. All samples showed intermediate 

values of G between A and B except the sample 2sp-AB and those prepared by batch 

process on both steps which showed a superior modulus. Those system A+B carried out 

in two steps by semi-batch process showed higher G than the corresponding system 

B+A. Possibly this was due to the intervention of TDM in both steps in the B+A systems, 

thus reducing the molecular weight of the chains and increasing their mobility. However, 

in the moment in that the batch process was introduced in one or both steps the tendency 

changed. Systems A+B showed lower G than the systems B+A due to their lower Tg. 

Instead, the maximum shear stress and the deformation energy up to the adhesive failure 

was higher in the systems A+B due their higher molecular weight. 

The adhesive properties changed considerably depending on the strategy used in the 

preparation of the adhesive. On paper tapes, all adhesives showed a peel resistance and 

tack higher than B thus exceeding the target. Instead, on PET tapes, all adhesives showed 

lower peel resistance and tack than B. Moreover, neither adhesive showed a static shear 

resistance higher than A, but several samples showed values close to the target. 

According to the API designed, the adhesives A, 1sp-AB, bb-AB and bb-BA were the 

closest to the market requirements for paper labels. Instead, the adhesives A, 2sp-AB, 

bb-AB and bb-BA were the closet for PET labels. However, the API results obtained for 

the adhesives A, in both substrates, and 2sp-AB, for PET substrate, were substantially 

influenced by the shear resistance values since the peel resistance and tack were 

significantly lower than the target. The adhesive bb-AB was the only one that showed 

adhesive properties that were significantly higher than the target. 

To determine their water resistance in wet and cold conditions, their performance in 

the ice bucket test was evaluated. In general, all labels manufactured with these 
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adhesives remained stuck in perfect conditions during and after the test. Moreover, when 

the labels were removed from the bottle’s surface manually, structural failures occurred. 

However, the labels made with the adhesive prepared by batch emulsion polymerization 

process in both steps (bb-AB and bb-BA) failed the test at 8 h after being submerged. 

In addition, their performance in the detaching bath were studied. All samples showed 

detaching times shorter than B (around 20 min in paper substrate and 29 min in PET 

substrate). The samples bb-AB and bb-BA, prepared by batch emulsion polymerization 

process in both steps, reached the target in terms of detaching times (around 5 min in 

both substrates) and type of failure (adhesive). They were the only labels that showed 

adhesive failures on both substrates, possibly, as a result of their low water resistance as 

was observed in the ice bucket test. The rest showed adhesive failures on paper substrates 

and failures by transfer on PET substrates. 

Therefore, for paper labels, the latex bb-AB was the only designed adhesive which 

showed adhesion values above the target. Moreover, it was detached by adhesive failure 

in the detaching bath in about 3 min. Nevertheless, it was not able to withstand the ice 

bucket test. On the other hand, the latex bb-BA showed a tack in the target and a peel 

resistance 2 times higher than target. Moreover, it was detached in about 3 min by 

adhesive failure in the detaching bath. However, its shear resistance was almost a 21 % 

lower than target and it failed the ice bucket test. Finally, the other one was the latex 

1sp-AB. It showed peel resistance and tack values twice as high as the target, but its 

shear resistance was 4 times lower than target. It showed a good performance in the ice 

bucket and detaching times of around 7 min by adhesive failure in the detaching bath. 

Instead, for PET labels, the latex bb-BA was the one that was closest to the aim in 

terms of adhesive properties. Its peel resistance and tack were a 29 % and 17 % lower to 

the target, but its shear resistance was 2 times higher to the target. Moreover, it was 

detached by adhesive failure in the detaching bath in about 5 min. Nevertheless, it was 

not able to withstand the ice bucket test. On the other hand, the latex bb-AB showed a 

peel resistance and tack 47 % and 16 %, respectively, lower to the target, but its shear 
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resistance was almost 35 times higher to the target. Moreover, it was detached in around 

6 min by adhesive failure in the detaching bath. Nevertheless, it was not able to withstand 

the ice bucket test. 

Finally, it was determined if the cleaning solution could be used to remove labels of 

these same bottles once they have been consumed. As expected, due to the aging 

performed to simulate the passage of time for the bottles, the anchorage of the adhesive 

was greater and the detaching times at 25 ºC increased. It was necessary to increase the 

temperature of the cleaning solution in order to obtain close detaching times to those 

obtained by the bottle washing companies (around 2 min). To 50 ºC, paper labels showed 

detaching times around 1-2 min. Regardless of the solution temperature, all of them 

showed adhesive failure where the adhesive remained added to the paper. Instead, in the 

PET labels, it was necessary to increase the temperature until 50 ºC to obtain an adhesive 

failure. In this case, the labels showed detaching times between 3-9 min. The adhesives 

bb-AB and bb-BA were the only ones that showed detaching times of 1-2 min with 35 

ºC on paper substrate since on PET substrates, the detaching times were around 4 min. 

Several commercial bottles labeled with commercial adhesives a year ago were tested 

in the detaching bath at 50 ºC to see if the cleaning solution would only be effective with 

the PSAs developed in this study. As was expected, they all had detaching times longer 

than 15 minutes and transfer failures. 
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X.2. Conclusions 

From the experimental results obtained in this doctoral thesis and their discussion, the 

following general conclusions were obtained: 

1. The incorporation of the 2-EHA as soft monomer in the base formulation was 

discarded because it worsened 2 of the 3 adhesive properties. Its addition 

decreased the detaching times in the detaching step, but their failures were by 

transfer. In addition, the adhesives showed a low water resistance regardless of 

the soft monomer used. For this reason, the investigation continued with the 

monomer n-BA.  

2. Although the introduction of ACN hard monomer decreased the peel resistance 

and tack, considerably improved the static shear resistance. Its addition reduced 

the detaching times compared to the series E in the detaching bath and showed 

adhesive failures on paper substrates as it is desired. 6 phm of ACN showed the 

best balance between adhesive properties and performance in the detaching bath. 

However, all latexes showed poor water resistance. 

3. The use of polymerizable surfactants increased considerably the water resistance 

of the base formulation thanks to the covalent bond formed between the 

surfactant and the polymer backbone. The MaxemulTM 6112-SQ-(MH) 

polymerizable surfactant showed the best performance in the water resistance 

test. 

4. In general, all adhesive properties rose with the increase of AA until a maximum 

with 1.5 phm since with 3.0 phm the adhesion values began to decline. Instead, 

the presence of TDM significantly reduced the gel formation, which improved 

tack and peel resistance. Their detaching times showed the same tendency than 

peel resistance. 
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5. A good balance between peel resistance, tack and static shear resistance was not 

possible, only changing the formulation of the adhesive. However, it was 

achieved by modifying the preparation process. Adhesives prepared by batch 

emulsion polymerization process in both steps showed the best balance. 

6. According to the API, the latexes bb-AB and bb-BA were the closest to the 

cellar’s requirements for paper labels and PET labels, respectively. bb-AB was 

the only one designed adhesive which showed adhesion values above the target. 

In the detaching bath, both were detached around 3 min by adhesive failure on 

paper substrates and about 5-6 min by transfer failure on PET substrates. 

However, their ice bucket performance was very poor. 

7. The adhesive 1sp-AB was also selected by the API for paper labels. Although it 

showed a shear resistance 4 times lower than target, its peel resistance and tack 

values twice as high as the target. In addition, it showed a good performance in 

the ice bucket, and it was detached in around 7 min by adhesive failure in the 

detaching bath. 

8. The adhesive A was also selected by the API for paper labels, while the 

adhesives A and 2sp-AB were for paper labels. However, both were strongly 

influenced by their great shear resistance values. 

9. Based on the adhesive performance of series E, N and PS, a cleaning solution 

capable of detaching the adhesive at 25 ºC by adhesive failure was designed. 

The adhesives selected as closest to the target (bb-AB, bb-BA and 1sp-AB) 

showed detaching times of 7-3 min for paper and 10-5 min for PET labels. 

10. If carried at a high temperature (50 ºC), the current detaching bath designed 

could be used to clean post-consumer bottles to establish their reuse. The 

detaching times were reduced to 1-2 min for paper labels and 3-9 min for PET 

labels. 
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X.3. Future studies 

There are different aspects that should be investigated in the future in order to improve 

the adhesives performance of bb-AB, bb-BA and 1sp-AB to meet all market 

requirements. They were listed below: 

1. Improve shear resistance of the adhesive 1sp-BA prepared by semi-batch 

process by reducing or removing the chain transfer agent TDM or even using 

additionally a crosslinking agent in its formulation.  

2. Improve the water resistance in the ice bucket test of the samples bb-AB and bb-

BA obtained by batch process in two steps. For it will be necessary determine if 

the problem is: 

- The water resistance of the adhesive. In order to improve this property, the 

following strategies should be tested: 

▪ Study the effect of the chain transfer agent TDM in these formulations 

since the batch process is so different from the semi-batch process in 

which the study was carried out. 

▪ Study different polymerizable surfactants with different weight ratios.  

The batch process has a higher degree of polymerization than the semi-

batch process and therefore requires a higher stabilization of the 

polymeric particles. 

▪ Study the effect of the particle size in the film formation. 

- The interaction between the adhesive and the glass bottle: 

▪ Study different adhesion promoters with different weight ratios to 

improve the interaction between the adhesive and the cold end 

treatment coating of the glass bottle. 
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3. Study the possibility of using bio-based monomers to prepare the PSAs in order 

to improve the sustainability of our system. 

In addition, it will be necessary to carry out tests at industrial level to see the 

effectiveness of the designed system on a large scale. This would imply: 

1. Scaling up the selected adhesive to be manufactured in the pilot plant. 

2. The adhesives must be applied by the label manufacturers and subsequently, 

coated by the printers. 

3. Appling the labels in a winery labeling line. 

4. Investigate whether labels produced and applied at an industrial level would 

perform equally well as the labels evaluated in this thesis. 

Regarding the detaching bath, it would be necessary: 

1. Test the performance of those bottles labeled on the cellars' labeling lines to 

verify that the detaching times and failure types are maintained right after being 

labeled and 1 year later. 

2. Encourage the establishment of a wine and cava bottles collection program in 

the same way that beer and soft drinks are collected. 

In order to implement the designed system, it would be necessary that the cellars change 

their current adhesives (wet glue) by our designed PSAs. This would also involve 

making changes to their labeling lines. 
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