The University of Maine

Digital Commons@UMaine

Electronic Theses and Dissertations Fogler Library

Spring 5-5-2023

The Influence of Heat and Mass Transfer on the Setting Rate of
Adhesives Between Porous Substrates

Mubarak Mohammed Khlewee

Follow this and additional works at: https://digitalcommons.library.umaine.edu/etd

Cf Part of the Computational Engineering Commons, Dynamics and Dynamical Systems Commons,
Engineering Mechanics Commons, Polymer Science Commons, Thermodynamics Commons, and the

Transport Phenomena Commons

Recommended Citation

Khlewee, Mubarak Mohammed, "The Influence of Heat and Mass Transfer on the Setting Rate of
Adhesives Between Porous Substrates" (2023). Electronic Theses and Dissertations. 3779.
https://digitalcommons.library.umaine.edu/etd/3779

This Open-Access Thesis is brought to you for free and open access by DigitalCommons@UMaine. It has been
accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of
DigitalCommons@UMaine. For more information, please contact um.library.technical.services@maine.edu.


https://digitalcommons.library.umaine.edu/
https://digitalcommons.library.umaine.edu/etd
https://digitalcommons.library.umaine.edu/fogler
https://digitalcommons.library.umaine.edu/etd?utm_source=digitalcommons.library.umaine.edu%2Fetd%2F3779&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/311?utm_source=digitalcommons.library.umaine.edu%2Fetd%2F3779&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/281?utm_source=digitalcommons.library.umaine.edu%2Fetd%2F3779&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/280?utm_source=digitalcommons.library.umaine.edu%2Fetd%2F3779&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/246?utm_source=digitalcommons.library.umaine.edu%2Fetd%2F3779&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/248?utm_source=digitalcommons.library.umaine.edu%2Fetd%2F3779&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/249?utm_source=digitalcommons.library.umaine.edu%2Fetd%2F3779&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.library.umaine.edu/etd/3779?utm_source=digitalcommons.library.umaine.edu%2Fetd%2F3779&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:um.library.technical.services@maine.edu

THE INFLUENCE OF HEAT AND MASS TRANSFER ON THE SETTING RATE
OF ADHESIVES BETWEEN POROUS SUBSTRATES

By

Mubarak Mohammed Khlewee
B.S. Southern Technical University, 2011
M.S. University of Maine, 2017

A DISSERTATION
Submitted in Partial Fulfillment of the
Requirement for the Degree of
Doctor of Philosophy

(in Chemical Engineering)

The Graduate School
The University of Maine
May 2023

Advisory Committee:

Dr. Douglas W. Bousfield, Professor of Chemical & Biomedical Engineering, Co-Advisor
Dr. William J. DeSisto, Professor of Chemical & Biomedical Engineering, Co-Advisor
Dr. Albert Co, Associate Professor of Chemical & Biomedical Engineering

Dr. Mehdi Tajvidi, Associate Professor of Renewable Nanomaterials

Dr. John Roper, Consultant



Copyright 2023 Mubarak Mohammed Khlewee

All Rights Reserved

il



THE INFLUENCE OF HEAT AND MASS TRANSFER ON THE SETTING RATE
OF ADHESIVES BETWEEN POROUS SUBSTRATES

By Mubarak Mohammed Khlewee
Dissertation Co-Advisors: Dr. Douglas W. Bousfield and Dr. William J. DeSisto

An Abstract of the Dissertation Presented
in Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy
(in Chemical Engineering)
May 2023

The dynamic penetration of fluid into a porous media where other changes are occurring
such as temperature or concentration is of interest to a number of situations. However, little
experimental and theoretical analysis of this situation is found in the literature where most of the
previously published works have studied the penetration with constant physical properties, where
there is no change of the fluid as it enters the pores. This situation is important in the setting of
adhesives in porous medium such as in the setting of hot melt and water-based adhesives in the
production of paper based packaging. The controlled penetration of the adhesive is important to
obtain rapid setting rates and good bond strength. However, the degree of penetration depth of
adhesives into systems like paper was limited to cross-sectional images and no quantitative method
is well established in the literature. The analysis of these images is difficult especially if there is
an interaction between the adhesive and the pores inside the porous mediums. In addition, little
has been published on the rate of adhesive setting and final bond strength as a function of
fundamental parameters such as pore size distribution, adhesive properties, and process parameters

such as pressure and temperature.



Experiments were designed to understand the extent of penetration of hot melt and water-
based adhesives into several porous coated and uncoated papers. Methods to characterize
penetration depth were developed and compared: one method, based on silicone oil absorption,
was found to be accurate and convenient. Tests were performed to determine the penetration depth
as a function of the characteristics of the paper such as the pore size distribution, porosity,
permeability, and other parameters such as paper temperature, adhesive temperature or
concentration, contact pressure and time. Paper surfaces were modified by a range of coatings that
have different porosities and pore sizes, and contact angles; these surfaces were characterized with
a range of techniques.

The results of the setting of hot melt adhesive show that more penetration when the paper
is hot and less penetration when the latex level increases in the coating layer due to the reduced
permeability. For the range of pigments used in this study, the influence of the pigment size particle
on the penetration depth was minor. Mechanical testing confirmed that more penetration leads to
stronger bond strength. The water-based adhesive on the other hand, at various solids contents,
was applied to the paper surfaces in a press as well varying press pressures and times. Similar to
the setting of the hot melt adhesive, the results showed more penetration when the paper is
uncoated and less penetration when the latex level increased in the coating layer. The significant
finding here is that the different press pressures and times and solids contents of adhesive did not
significantly change the degree of penetration depth for the same type of paper used. Various other
tests indicate that this result is due to the adhesive that is able to clog pores and stop flowing. This
clogging mechanism can be related to the dewatering of the adhesive inside the pore space in which
the adhesive increases in viscosity as water leaves into the paper fibers. This finding was supported

by the mechanical Instron testing that showed similar loads for the samples that have the same



penetration depths except for the sample that has a higher latex level which is due to the strong
coating layer that needs higher force to peel. Reducing the adhesive amount and changing the
paper type were other examples that confirmed these two mechanisms. The green bond strength
was also obtained for all samples using the roll press test. The green bond strength was low
compared to the final bond strength of the same sample.

Various models were developed to predict the penetration of the adhesive as a function of
the fundamental parameters. A model based on the unsteady-state flow of a polymer into a pore
that includes dynamic heat or mass transfer is developed using a finite element method-based
model (COMSOL Multiphysics 5.5) and compared to a modified Lucas-Washburn equation where
the viscosity was a function of temperature (hot melt adhesive) or concentration (water-based
adhesive). In addition, a model was developed based on Darcy’s law to describe the penetration
accounting for changes in fluid properties and account for different layers of pore space and the
limited supply of adhesive. These models consider the change of viscosity of the fluid as it enters
the pore structure. These models were compared to the experimental results and some simple
experiments. Good agreement within a reasonable range for different papers, pressing times and
pressures, paper temperatures, and adhesive solids contents is obtained. For the dynamic heat
transfer model, a new dimensionless group called D* is proposed that can help predict if cooling
in the pore is important or not: if D* > 1000, cooling is not expected to occur and large penetration
happens. For the dynamic mass transfer model on the other hand, another dimensionless group
called Z* is proposed to determine if solvent diffusion is important or not. When this group is
large, over 5x10°, diffusion is minimal and large penetration happens.

The net outcome of this research is to provide a better understanding of the dynamic

behavior during the process of penetration of adhesives into various porous surfaces as well as in



specifying the key parameters that mostly affect the rate of setting, the depth of penetration, and
the strength of green and final bond in a flow that involves temperature and concentration changes.
To our knowledge, this is the first attempt at trying to predict the dynamic penetration of an
adhesive into a porous structure in this manner where it will advance the knowledge and help the
industry overcome this type of problem. In addition, this should be the first time where the model

is compared directly to experiments where most of the parameters are well-known.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

The flow of a liquid in a porous media is important in many industrial processes. When
flow is influenced by concentration and temperature changes, the viscosity of the liquid in the pore
may change. However, little experimental and theoretical analysis of this situation is found in the
literature. For example, in the gluing of wood, adhesive penetrates the pores of the wood and
changes composition, as water is removed, but analysis of this situation is limited (Mendoza et al.
2012). The changes exhibit in fluid composition as it penetrates the porous medium (i.e. paper)
control the setting rate and process performance where both heat and mass transfer play a major
role (Songok et al. 2016; Ribeiro et al. 2007; Baggio et al. 1997; Ding et al. 2017).

Incorporating temperature and concentration changes during the unsteady-state penetration
of liquid adhesives into a porous media is a new study that should contribute to providing new and
unique details where there is an obvious lack of articles in both modeling and setting of adhesives
that have discussed these types of problems. Solving and understanding the dynamic behavior of
the penetration of adhesives has not been covered yet to the extent that can be understood well,
especially when having parameters dependent on each other such as the temperature and
concentration dependency of viscosity. These dynamic details likely play a major role in the setting
of adhesives.

In the setting of liquid adhesives in wood and paper systems, the degree of penetration of
the adhesive into a porous media is known to contribute to the setting rate and the strength of the
final bond. The impact of different parameters on the green and final bond strength is not well

understood. For example, for a hot melt glue, the cooling of the glue as it penetrates the porous



media likely changes the viscosity of the glue and how deep the glue penetrates the substrate. The
analysis of this dynamic situation is lacking in the literature.

The experimental methods in most of the previously published literature were focused on
“fiber tear” after a bond is formed. The fiber tear method does not explain the reasons behind a
strong or a weak bond where it does not provide details about the dynamic data. Fiber tear is a
quick and easy test that is an indicator of the final adhesion strength. The limitation of tests that
measure the peeling force after a glue-setting event is another motivating goal that pushes towards
developing a new type of test that should be useful in predicting good dynamic data and be
achievable in future investigations.

To the author's best knowledge, none of the previously published articles have described
modeling of the adhesive penetration to quantify the setting event. While much is reported on the
penetration of coatings and ink into paper, adhesives are unique in that a temperature or
concentration change may occur during penetration.

Finally, this dissertation should provide a valuable technique for solving problems that
require temperature and concentration changes during the process of adhesive penetration. The
prediction of penetration should help clarify the important process and material parameters.
Moreover, developing new experimental methods will help improve our understanding of the
penetration of adhesives and the dynamics of the event. Additionally, the finite element method-
based model (COMSOL Multiphysics 5.5) will bring more knowledge and understanding to this
area since to the author best’s knowledge it is going to be the first-time investment of this software

in the setting of adhesives.



1.2 Literature Review

1.2.1 Introduction

Adhesion problems are hard to predict and understand. Adhesives are typically considered
highly viscous liquids that change physically or chemically during a setting step. Obtaining
strongly bonded joints using hot melt glue or water-based glue systems depends on the type of
adhesive, type of porous media, and conditions at which gluing processes carry out. Adhesives as
chemical products differ in their setting processes. Thermosetting adhesives require cooling to set
allowing the polymer to cool between two surfaces. Water-based adhesives are rereferred to as
cold-setting adhesives and are set by the removal or drying of water from the joint (Ninness et al.
2011). An example of thermosetting adhesives is ethylene-vinyl acetate (McBride 1994), while
polyvinyl acetate (Ventresca et al. 2019) is an example of cold-setting adhesives. Many different
types of adhesives are known worldwide and have been used frequently in joining two surfaces
together such as polyurethane, epoxies, etc. Starch has been used as an adhesive in wood-based
panels and packaging such as corrugated paperboard (Daub et al. 1990; Wang et al. 2011; Zhang
et al. 2015). Metals have also been bonded using adhesives to form joints of aluminum, steel,
carbon fiber, etc.

The main focus in most of the previously published literature was to obtain a strong bond
strength between bonded surfaces, so different techniques and materials have been explored to
overcome adhesion failures. The formulations of hot melt and water-based adhesives, and
substrates joints, combined with the pressing pressure, temperature, and time were different from

one process to another and are based on the materials used and the operating conditions applied.



1.2.2 Hot Melt Adhesives

Hot melt glues are a common type of system that requires heat to set. A wide range of
polymers has been used for hot melt adhesives such as Ethylene-Vinyl Acetate (EVA) Copolymer,
Alkyl Acrylate Ethylene Copolymer, Ethylene Butyl Acrylate (EBBA), Polyamide Polymers as
well as Amorphous Poly Alpha Olefins (McBride 1994; Komornicki et al. 1991; Simons 1996;
Ahmed 2001).

Temperature plays a major role during setting events in which adhesive mechanical
properties can be changed as temperature changes, and as a sequence, failure modes will be
changed too (Na et al. 2018). The time needed to cool the polymer from the application temperature
to some value below the glass transition temperature determines the setting time. Green bond
strength is important to hold the product in place when production time is short. The final bond
strength is also the key measure of the performance of the adhesive.

The disadvantages of hot melt glues are the high temperature involved; these temperatures
require special equipment and materials. However, high temperatures help in decreasing the
adhesive viscosity due to the viscosity dependency of temperature allowing good penetration. The
decrease in the adhesive viscosity results in an increase in the degree of penetration into the porous

media.

1.2.3 Water-Based Adhesives

Aqueous glues are widely used alternatives to hot melt glues because of their costs and
ease of use. (Houtman et al. 2007) have used water-based acrylic pressure-sensitive adhesives
PSAs. (Forsyth 2004) has listed waterborne adhesives that have been used for labeling as follows:

dextrines, starch based-jelly gums, ice-proof caseins, non-caseins, polyvinyl alcohols, and



formulated vinyl acetate ethylene copolymers (Vale’s), PVAc’s and acrylics. (Bashford 1993) has
listed all possible water-based adhesives that are used for bottle labels, snack food, confectionery
packaging, coffee laminations, diaper bag laminates, meat and cheese structures, condiments and
liquid packaging, and graphic art laminations.

The chemistries of the aqueous glues have been described in some past articles. For
example, in (Houtman et al. 2007), a list of monomers used to synthesize water-based adhesives
was presented as follows: soft monomers (n-butyl acrylate), functional monomers (acrylic acid),
medium monomers (ethyl acrylate), and hard monomers (vinyl acetate). While in (Bashford 1993),
the chemical types of adhesives were as follows: one and two component styrene butadiene rubber,
one and two component acrylic, one and two component polyether urethane, and two component
polyester urethane.

The aqueous glues set due to the loss of water, depositing the polymer in the joint. The rate
of setting links to the drying rate, but water can also leave by absorption into the wood or paper
fibers. When latex is used, as water leaves, the polymer forms a continuous film in the joint. While
this is a common process and system, little theoretical work has been reported in the open literature

on the parameters that control the setting rate and the final bond strength.

1.2.4 Surface Tension and Contact Angle Measurements

There have been many different approaches used to determine the surface free energy and
its components using contact angle measurement approaches. The measurements were based on a
capillary rise based on the Washburn equation, dynamic contact angle measurements according to
the Wilhelmy-plate principle, and sessile drop measurements. The contact angles were measured

using various pure liquids and different approaches such as the Zisman approach, the equation of



state, the harmonic mean equation, the geometric mean equation, and the acid—base approach to
estimate the surface free energy of wood. Wood surface properties were examined using various
liquid standards with different polarities (a-bromonaphthalene, formamide, ethylene glycol,
glycerol, and water) for purpose of measuring wood wettability and wood surface free energy and
its components (Kudela 2014); (Piao et al. 2010); (Rodr1’guez-Valverde et al. 2002); (Jennings et
al. 2006); (Meijer et al. 2000); (Gindl et al. 2004); (Gindl et al. 2001); (Gindl et al. 2002); (Gardner
1996); and (Gunnells et al. 1994).

The contact angle measurements are usually done using more than one probe liquid. Based
on the three controlling parameters ys-V (Lifshitz-van der Waals), ys+ (Lewis acid-base electron-
acceptor), and ys- (Lewis acid-base electron-donor) of a polar solid, there is a need for three
different liquids (y.™"V, yi+, and y1-) to calculate the polar solid parameters using contact angle
measurements (Oss et al. 1988).

The mercury porosimetry technique is an excellent method to characterize wood surfaces
where it can provide useful information that can be implied in the understanding of wood contact
angle and surface free energy (Moura et al. 2005) and (Zauer et al. 2014). The only drawback of
the Mercury intrusion porosimetry technique is that it assumes perfectly aligned cylindrical pores

and the pores may not be all in a cylindrical shape in general.

1.2.5 Metal Systems

Metals are not porous and likely that literature is not important. However, this system has
been studied by many researchers by looking at the effect of temperature and humidity (Na et al.
2018), the amounts of glue applied, overlap lengths, and treatments (Koricho et al. 2016), the pre-

treatment processes, adhesive layer thicknesses, and overlap lengths (Manohar et al. 2019). In



addition, finite element analyses of metal joints have also been studied by many such as

(Chiminelli et al. 2019).

1.2.6 Wood Systems

Failure modes (types) have been the focus of many previously published literature where
they have been introduced in percentage and classified into two types: adhesive and cohesive
failure modes (Bachtiar et al. 2017). The effect of water-based glue spread levels on the tensile
shear strength was little and did not alter the performance of adhesive for both adhesive spread
levels, 250 and 500 g/m? (Hashim et al. 2011). This paper did not study flow dynamics where they
were most interested in measuring bond strength. Both adhesive layer thickness and overlap length
contribute to performing strong or weak bond strength in glued joints (Tannert et al. 2012). Both
experimental and numerical investigations done in this paper have not performed penetration
analysis. Performing experimental and numerical analysis on penetration may lead to an
understanding of why overlap lengths can strengthen joints while adhesive layer thicknesses
cannot. (Gadhave et al. 2017) published a review on the performance of starch as an adhesive.
Starch-based adhesives can help in getting excellent strength performance in gluing wooden joints;
however, the major problem is that they have poor and limited water resistance. This review can

be a good guide when thinking about blending starch with other resins during gluing events.

1.2.7 Penetration into Porous Materials
The penetration of fluid into a capillary or porous material is of interest in many situations,
but this phenomenon seems to be important to understand the adhesive setting. The Lucas-

Washburn equation, which is still used today, was able to combine the capillary pressure generated



by the free surface in the pore with the equation that describes the flow in a tube, to predict the
rate of capillary rise (Fries et al. 2008a, 2008b; Hamraoui et al. 2002; Li et al. 2015). Others have
built on this model to include complex pore shapes and the interconnection of pores. For example,
(Bousfield et al. 2004) developed a three dimensional model that connects pores of various sizes
with constrictions to predict fluid uptake.

Penetration into a porous media is found to influence and change coating parameters (Ding
et al. 2017). This study did not involve temperature and concentration changes during the process
of penetration. Absorption into porous media may also be influenced by cohesion and adhesion
forces (Gane et al. 2000). The process was isothermal in which one droplet was allowed to touch
the porous substrate without considering concentration changes. Others have represented the
porous media with various geometric approximations to predict the penetration of liquids (Blunt
et al. 1995) and (Thompson 2002). The substrate thickness affects the process of penetration
(Alleborn et al. 2007). These studies were steady-state and did not account for changes in the fluid
properties inside the pore.

The rate of penetration into a porous media at times can be controlled by a filtercake that
forms on top of the surface as particles in a suspension are captured (Xiang et al. 2004). This
situation seems to be the case for the setting of inks on coating layers. In the setting of water-based
adhesives on a coating layer, there is the potential that this mechanism also plays a role in the
setting rate.

Some limited work is reported that takes into account the change in the permeability of the
paper in various layers after contact with a fluid. (Bousfield et al. 2016) modeled the depth of
penetration of starch solutions prepared at various solids into a porous web. The potential that the

permeability of the paper changes after contact with water due to fiber swelling explained some of



the results. For water-based adhesives, the fibers likely do take up water and swell upon contact
with the glue, but the literature is not clear if this is important.

(Meijer 2005) published a review on the interfacial aspects of wood coatings research. The
author discussed coatings penetration into wood pores, wood surface energy calculations, and
finally adhesion between wood and coatings. The author found that the degree of coating
penetration into wood capillaries is controlled by coating flow as well as the anatomical wood
structure where the viscosity changes result from water and/or solvent diffusion through the cell
walls is the main factor that plays a major role during the penetration process.

A study on penetration of water-borne, solvent-borne coatings (paint primers and wood
stain base-coats), high solids, and hybrid systems into four different wood species was performed
by (Bulcke et al. 2003) in which both confocal scanning laser microscope (CSLM) and image
analysis methods were used. The key influencing parameters that affect penetration are each resin
type, resin weight, and viscosity.

The results obtained from the Scanning Electron Microscope (SEM) showed different
penetration depths for different adhesives (Bachtiar et al. 2017). The reason why these penetration
depths are different between these adhesives has not been discussed.

Some other works have considered general fluid flow in various porous mediums. In these
past works, fluid flow and heat and/or mass transport phenomena were solved using governing
equations (momentum, energy, and mass transport equations). A steady flow of a viscous
incompressible fluid was studied in a channel with porous walls (Ba