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Lay Abstract

Wet strength 1s important for paper products such as paper towels and paper packaging.
In paper manufacturing, cellulose wet adhesives are applied to enhance the strength of
wet papers by “gluing” together individual cellulose fibers. However, the recycling of
wet strength papers is a challenge because the current adhesives prevent the easy
disintegration of waste paper back to a suspension of discrete cellulose fibers. As an
important part of the bio-based economy, the next generation of paper products are
required to be both strong in water and easy to recycle. This thesis explores new designs
for wet-strength adhesives that will facilitate recycling.

Both nanoparticles and linear polymers were synthesized in this study as cellulose wet
adhesives. Many important properties of wet adhesives were probed, including the size of
nanoparticles, the pre-treatment of cellulose surfaces, the dosage of adhesives and the
choice of adhesive chemistries. A few types of novel cellulose wet adhesives with
controllable degradability were synthesized and evaluated. I demonstrated that the
cellulose wet adhesion can be “switched off” in response to subtle pH changes, reducing
agents or sugars, showing a promising start for the recycling of wet strength papers.
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Abstract

Cellulose wet adhesives are applied to enhance the wet strength of paper products by
binding individual cellulose fibers together. However, the recycling of the wet strength
paper is a challenge as the fibers are hard to re-disperse in water. This project
demonstrates new strategies for developing cellulose wet adhesives with controllable
degradability, facilitating the recycling of wet strength papers.

In this project, regenerated cellulose membranes were used to simulate cellulose fibers. In
adhesion measurements, two wet cellulose membranes were laminated with a thin layer
of adhesive (1-30 mg/m?), and the 90-degree wet-peel was used as a measure of cellulose
wet adhesion. It was shown that the wet-peel was a simple and reliable method to
evaluate the wet adhesives for paper products.

Cellulose wet adhesives, in the form of microgels or linear polymers, were synthesized
by incorporation of hydrazide, amine or azetidinium functional groups that can form
covalent bonds to cellulose surfaces. Two strategies to design degradable adhesives were
demonstrated in this project. 1) Reductant-responsive microgel adhesives were created by
introducing cleavable disulfide linkages, either in the polymer chains tethering adhesive
groups or as the microgel crosslinks. More than 70% reduction in wet adhesion was
achieved after exposure to a reductant. 2) Degradable polymer cohesive bonds were used
to “switch off” the cellulose wet adhesion. This adhesive was created by introducing
labile boronate-dextran complexes to the PVAm adhesive layer between cellulose
surfaces. The introduction of this new interaction between PVAm chains enhanced the
cellulose wet adhesion. In response to subtle pH changes or the presence of
monosaccharides, the wet adhesion decreased by 60%.
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Chapter 1

Introduction and Objectives

As the most abundant renewable material on the planet, cellulose is the cornerstone of the
ongoing transformation to a bio-based economy.!:? Cellulose has a hydrophilic surface,
reflecting the high density of hydroxyl groups. Because of this hydrophilicity, there is no
tendency for wet cellulose surfaces to adhere to one another. Cellulose wet adhesion is a
long-standing issue in paper manufacturing and now has significance in many new areas,
such as building materials, surgical implants, nanocellulose composites, bioactive
sensors, and agricultural materials.>”

Paper is one of the most widely used materials in the world. We are surrounded by paper
products from the early morning to the late night. Decades ago, the pulp and paper
industry was regarded as a big source of water pollution.® With the implementation of
pollution control legislation and the development of cleaner manufacturing technology,
the pollution problem in paper manufacturing is now a lesser concern. Instead, paper is
now regarded as one of the most promising candidates to replace non-renewable
materials such as plastics and non-recyclable materials such as textiles. In the current
market, there would be high demand for paper products with high wet strength and good
recyclability. However, there is no available technology to manufacture papers with such
properties so far. For example, it was estimated that between 2.5 and 10 billion paper
coffee cups were used every year in the UK, but less than 1 in 400 cups was recycled due
to technological limitations.® In this chapter, I will first introduce the background of
paper manufacturing and paper products. Then the relationship between the paper wet
strength and cellulose adhesion will be explained. Lastly, I will introduce the goal of this
project followed by my major approaches.
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1.1 Paper — a Composite Material

Paper is a composite material that consists of layers of deposited cellulose fibers and
additives. The cellulose fibers are typically 20—30 gm in diameter and 1-3 mm in length,
with hollow tube-like structures and wall thicknesses that typically range from 3—5 xm.!°
In paper manufacturing, the tube-like fibers are dried and collapsed into ribbon-like
structures with a thickness twice of the fiber wall.'® In paper, the ribbon-like fibers are
stacking on top of each other (Figure 1-1). The overlapping areas between two fibers are
called “fiber-fiber joints.”

Additives are laminated together with cellulose fibers in paper products. Some additives,
such as retention aids and defoamers, are applied to improve the efficiency of
manufacturing process, while others, such as strengthening resins, fillers, and softeners,
are applied to improve the performance of paper products.!! The size of paper additives
varies significantly. The fillers can be as large as a few micrometers, while the small
molecular additives, such as rosins and surfactants, are smaller than 1 nm. Common
polymeric additives are water soluble with a hydrodynamic diameter in the range of 10—
100 nm in water.

Figure 1-1 Morphologies of paper made of hardwood fibers examined by scanning
electron microscope. From left to right, the scale bar represents a length of
500, 100 and 5 pum. Pictures from Garnier et al.!?

Cellulose fibers from wood are most commonly used in paper manufacturing, while other
fibers from waste paper, crops and bamboo are also used.'® A typical structure of wood
cell wall is shown in Figure 1-2. Cellulose fibers are bound together with two other major
components, lignin and hemicellulose, along with other minor components, such as
pectins, phenols, and fats.!* Take softwood as an example: it consists of 45-50%
cellulose, 25-35% lignin, and 25-35% hemicellulose.'> ¢

Pulping is the process that releases the cellulose fibers from the lignocellulose matrix,
yielding water-dispersible cellulose fibers. In chemical pulp, which accounts for 74% of
global pulp production in 2013, cellulose fibers are dispersed by removing the
“adhesives” between cellulose fibers, i.e. lignin and hemicellulose.'” '* For example,
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bleached softwood kraft pulp, a typical chemical pulp, consists of ~ 80% cellulose, < 1%
lignin, and ~ 20% hemicellulose.'

Cellulose fibers are good water-absorbing materials. The water saturation point of
cellulose fibers is approximately 35% solids content.!® Below this point, free water
appears and forms a continuous water network spanning many fibers; above this point,
the fiber is not saturated with associated water. The saturation point of cellulose fibers is
closely related to the porosity of the fiber, the charge on fiber surface, and the
components of the fiber.

The porous structure of cellulose fibers is created when some components, such as lignin
and hemicellulose, are removed during pulping and bleaching processes.?’ In Andreasson
et al., the NMR spectrum of wet, unbleached kraft pulp showed an average pore radius of
15 nm, and inverse size exclusion chromatography showed an average surface pore
radius of 3 nm.?° The pore size is affected by many factors, such as the environmental
pH, ionic strength and fiber cross-linking density.

Fibrils

Hemicellulose
Microfibrils Cellulose

Figure 1-2 Diagram of the cell wall of wood fibers (left) and the spatial arrangement of
cellulose, hemicellulose, and lignin in the cell wall (right). Picture adapted
from Welton et al. and Booker et al.?! %

Cellulose fibers have rough surfaces. Cellulose constitutes the fiber structure through
elementary fibrils, microfibrils and fibrils. Elementary fibrils have diameters of 2—5 nm,
which consists of 30—40 cellulose chains connecting through hydrogen bonds.
Microfibrils are agglomerates of elementary fibrils with diameters of 5-50 nm. Fibrils are
a bundle of microfibrils with diameters of 0.1-1 pum.?* 2* Elementary fibrils, microfibrils,
and fibrils extending from the fiber surfaces provide the roughness in a range of
nanometers to micrometers.

Cellulose fibers are typically negatively charged in water. The charge density depends on
the fiber type and the treatment conditions, such as pulping and bleaching. Generally, the



Ph.D. Thesis — Dong Yang McMaster University — Chemical Engineering

charge is derived from the carboxyls, sulfonic acids, and phenolics.'® The total charge of
the bleached kraft pulp is typically in the range of 30—80 peq/g and the surface charge is
in the range 1040 peqg/g.?

1.2 Wet Chemistry of Cellulose Fibers

Cellulose is the major component in most cellulose fibers, especially in chemical pulps.
Cellulose is a polysaccharide consisting of 5-1,4 bonded glucose rings (Figure 1-3).2
Cellulose has a high density of hydroxyl groups (19 mmol/g), similar to that of polyvinyl
alcohol (23 mmol/g), which makes it a highly hydrophilic material. Take wood fiber as
an example. The DP of cellulose is typically in a range of 300—1,700.> At one end of the
cellulose chain, the reducing end, there is a glucose unit with a hemiacetal form, which
can convert to an aldehyde form.?’

OH
o Ho OH
Cellulose o ow °J[
OH
OH n

TEMPO o ] D
Oxidation TE“”'" °

NaCIO . _ ﬁ
]
o CHD
OH
NaBrO
COOH

MaCI*” NaBrO
NaCio

COONa
NaOH

atpH 10
o] —p 0
OH

OH

Figure 1-3 The structure of cellulose and the selective oxidation of C6 primary hydroxyls
on cellulose to C6 aldehyde/carboxylate groups by TEMPO oxidation in water

at pH 10. Picture adapted from Isogai et al.?®

Cellulose is hydrophilic but not water soluble. The semi-crystalline structure of cellulose
leads to its water insolubility, because the crystalline regions are not accessible to water
molecules.?” % Crystalline regions in cellulose are highly ordered, contributing to paper
strength, while amorphous regions lack a regular arrangement, providing paper
flexibility.?” The reaction of cellulose in the water phase is commonly heterogeneous. As
the hydroxyls on the surface of cellulose are weak nucleophiles, grafting on cellulose
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hydroxyls often involves the catalysis of acid and base, or heating. Thus, many pre-
treatments have been developed to surface activate cellulose materials.

Oxidation. Oxidation is a common method to modify the surface of cellulose materials.
Sodium periodate can be used to cleave the glucose ring at C2 and C3 and generate
aldehyde groups on cellulose. After a 4-hour oxidation, the content of aldehyde can reach
4.7 mmol/g on cellulose fibers, and the degrees of crystallinity and DP of cellulose
decrease.

2,2,6,6-Tetramethylpiperidine-1-yl)oxyl (TEMPO) oxidation is a very useful tool in
cellulose research.’! It is a mild oxidation that selectively oxidizes the hydroxyls on
cellulose C6 to aldehydes and carboxyls (Figure 1-3). The functional groups introduced
in oxidation provide new potential binding sites on the cellulose surface and increase the
adsorption of cationic polymers.*? In Isogai et al., after a mild TEMPO oxidation,
carboxylate and aldehyde groups were introduced to cotton linters up to 0.7 and 0.3
mmol/g, respectively.®* Most of these groups were present on cellulose crystal surfaces
and in amorphous regions.*’

Cellulose primers. Cellulose surfaces can be “primed” by grafting polymers or small
molecules to provide functionalities.! Carboxymethyl cellulose (CMC) modification is a
popular method to functionalize the surface of cellulose with carboxyl groups. CMC is
attached to the cellulose surface by irreversible physical adsorption.** Unlike chemical
modification, this process does not change the structure of cellulose materials. The
adsorption of CMC can be promoted by a low DS, a higher adsorption temperature, or a
higher ionic strength.>* CMC modification is a great method to increase paper dry and
wet strength with wet-strength resins and reduce the friction and flocculation of fibers.?*
35,36 The major drawbacks of the CMC treatment are the long pre-treatment time and the
requirement of high temperatures.>’

Polyvinylamine (PVAm) “primed” cellulose can be prepared by covalently grafting
PVAm on oxidized cellulose.! Cationic amines on PVAm first adsorb on the cellulose
surface and then graft on it by reacting with aldehydes. PVAm overcompensates the
anionic charge on oxidized cellulose surface due to its high charge density, making it
positively charged.! Most polymers with a cationic charge, such as cationic
polyacrylamide, can be “primed” on cellulose via electrostatic attraction. However, the
lack of covalent bonding will compromise the reliability of the primer and provide little
improvement to paper wet strength.*?

The cellulose surface can be modified by small molecules. In paper manufacturing, sizing
agents are covalently coupled to cellulose to hydrophobically modify the paper product.®®
Alkyl ketene dimer is a popular sizing agent with a propiolactone ring and an extended
hydrophobic alkyl chain.*® It reacts with hydroxyls on cellulose via esterification. The
reaction takes place most efficiently in neutral or slightly basic conditions at 90—110 °C.
Epichlorohydrin and chloroacetic acid are also small molecule additives that are used to
modify the surface of cellulose fibers in paper manufacturing.*” 4! In the textile industry,
reactive dyes are used to graft chromophores to cellulose by reacting with the hydroxyls
of cellulose, where triazine rings bearing one or two chlorine atoms are used to introduce
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amines, thiols, glycine, or even lignin model compounds on fiber surfaces (Figure 1-4).%*
# Organofunctional silane coupling agents can also be used to modify the surface of
cellulose fibers. Silanes anchor on cellulose via silanol groups, which can condense with
hydroxyls of cellulose and also self-condense.*** The surface property of the modified
fiber is dominant by the silane structure.

Disordered Crystalline

region  Regon Nanocellulose
/l

=l Dichlorotriazine  ----.
> Derivative o ?

OH OH o OH
Wé’#ﬁﬁ S - Wgﬁo}
o 0
K,CO,, NaOH
Ho ©OH OH n “RT 24h Ho OH OH n
where

N
Q =Linker ?Y\\Ir\,rrr’ /‘é.;\

N

S8 HSS R

1 2 3 4

Figure 1-4 Chemical grafting of 4,6-dichloro-1,3,5-triazine derivatives onto
nanocellulose in water phase. Picture adapted from Fatona et al.*?

Pre-treatments. The reactivity and accessibility of cellulose fibers can be enhanced by
various pre-treatments without introducing new functional groups, such as mercerization
and ethylamine treatment.*® Mercerization changes the cellulose structure in fibers from
the native form of cellulose I to the more stable cellulose II, which provides more inter-
fiber hydrogen bonding and better adhesion between fiber and resins.*’ In Kim et al.,
mercerized fibers showed a higher Young’s modulus and tensile strength, due to the
removal of hemicellulose and lignin in fibers under the alkaline treatment.*’ Native
cellulose cannot be totally dissolved by TEMPO oxidation under regular conditions due
to the limited accessibility of cellulose materials. However, after regeneration or
mercerization, most C6 hydroxyls on cellulose can be TEMPO oxidized. With a high
TEMPO dosage, long oxidation time, or high temperature, regenerated or mercerized
cellulose can be oxidized to water-soluble polyglucuronic acids.*®

Others. There are many more methods and processes that modify cellulose surfaces. For
example, cellulose can be non-selectively oxidized by enzymes and strong oxidants, such
as ozone and sodium hypochlorite.*” The hydrolysis of cellulose fibers is catalyzed under
acid conditions in water.>® A loss of paper strength happens after acid hydrolysis due to
the cellulose chain scission.?” As another example, atom transfer radical polymerization
was used to modify the surface of cellulose via a “grafting from” strategy. In Deng et al.,
fluorescent poly(N-isopropylacrylamide) brushes were grafted from cellulose surfaces,
providing a thermo-enhanced fluorescent property.>!
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1.3  Paper Wet Strength

Paper products are manufactured on paper machines and dried on steam-heated cylinders
at high temperatures. The Page equation below is a widely recognized empirical model
for paper tensile strength.’?> Many assumptions are made in the equation, including that
the paper sheets are uniformly formed and that the fibers are straight, have no crimps or
kinks, and have a uniform elastic modulus. According to the equation, paper strength is
determined by many factors, such as fiber morphology, fiber strength, and fiber-fiber
joint strength.>?

I 9 +12-A-p-g
T 8-Z b-P-L-RBA

in which T is the tensile strength expressed as breaking length; Z is the zero-span tensile
strength expressed as breaking length; A, P and L are the average fiber cross-sectional
area, perimeter and length, respectively; b is the bond strength per unit area between
fibers; RBA is the relative bonded area of the paper sheet; p is the fiber density and g is
the acceleration due to gravity.

In dry papers, the fiber-fiber joint strength mainly derives from hydrogen bonding and
polymer inter-diffusion between cellulose surfaces.’! Although the bonding energies of
van der Waals forces and hydrogen bonds are low, the high density of these interactions
gives fiber-fiber joints a decent dry adhesion. Due to the relatively high fiber-fiber joint
strength, when dry paper breaks, both single fibers and fiber-fiber joint break.°

The wet strength of paper is one of the most important properties of paper products,
especially for applications such as packaging and filtration. Unlike dry strength, wet
fibers show weak fiber-fiber joints and slide over each other very easily.> Typically, no
fibers break when wet paper ruptures.'” Thus, the best strategy to enhance the strength of
wet papers is to introduce fiber-fiber bonds that are stable in water.>* In paper
manufacturing, two different types of paper wet strength are most commonly measured
and monitored: wet-web strength and wet strength.

Wet-web strength. Wet-web strength is the strength of the “never-dried” paper sheet on
paper machine. Specifically, paper engineers and chemists are interested in the wet-web
strength of paper sheets during the “open draw”, when the sheets are transferred between
the press section and the drying section. At this point, the paper sheet is running through
a gap (a few centimeters) under stress without any support.'? Typically, the never-dried
paper sheet at the open draw has a solids content of 30-50%, which is very weak and
prone to break.!® > In practice, wet-web breaks at high production speed result in great
losses in paper manufacturing.®’
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There is no TAPPI standard method for evaluating wet-web strength yet, but we find
many useful methods designed and validated in different labs. For example, in van de
Ven'’s lab, paper handsheets were prepared with a metal template mold placed on the
metal screen of a handsheet machine.’® The never-dried paper strips were “pre-cut”
during the handsheet preparation using the metal template. The wet-web strength of these
strips was measured by a tensile machine after a wet pressing. Stuman et al. reported
another method for the wet-web strength measurement.> In this method, handsheets were
prepared and pressed to a solids content of 49 + 2%. The never-dried sheets were then
sandwiched between two stiff plastic sheets and cut for testing purposes. The strength of
the wet sample was tested using TAPPI Method T494. As another example, VTT Process
and Metso Paper developed an IMPACT-fast tensile test rig to measure wet-web strength
with an average strain rate of 1 m/s.!> ¢

The never-dried paper sheets show a low strength due to the lack of fiber-fiber bonding in
the presence of water. Typically, fiber-fiber joint strength increases with a higher solids
content (Figure 1-5).°% % When paper is very wet (solids content < 30%), it is generally
believed that fiber-fiber joints are held together by water bridges.!? The attractive
capillary force, which is called the “Campbell effect”, arises from the curvature of the
meniscus of the free water at fiber-fiber joints.®' With the removal of water associated
with fibers (solids content > 50%), hydrogen bonding at fiber-fiber joints starts to form
with the contact of the two cellulose surfaces.> It is still under debate what dominates the
wet-web strength at a solids content of 30—50%, which is the typical solids content of the
wet-web at the open draw. Van de Ven et al. proposed that wet fibers are held together by
fiber entanglements and friction at the transitional point.'% 62

The introduction of polymer bridges between cellulose fibers can enhance the wet
strength of paper, but the efficiency only maximizes after water removal.®® In fact, it is
found that the addition of polyelectrolytes at the paper-making process is always
detrimental to the wet-web strength.>>>® First, the strong electrostatic attraction between
polyelectrolytes may aggregate fibers, which compromises the paper formation. Second,
the adsorbed polyelectrolytes at the fiber surfaces create a repulsive electrosteric
stabilization effect between fibers, preventing the approach of two fiber surfaces in water.
In Salminen et al., instead of adding additives at the wet end, polymer additives were
sprayed on the wet-web to improve the wet-web strength.>®

Another possible method to prevent wet-web breaks is to increase the solids content at
the open draw by adding retention aids.>® The addition of flexible and thin cellulose
microfibrils can also improve the wet-web strength. The microfibrils provide extra fiber
entanglements in the wet-web.>> As another example of wet-web enhancement, Tejado et
al. used 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to conjugate the
dihydrazide crosslinkers between CMC-modified fibers, where a 500% increase in wet-
web strength was achieved.®

In the Pelton lab, we showed two ideas that improved the wet-web strength significantly:
1) phenylboronate-derivatized PV Am, which can covalently bond with the reducing end
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of cellulose in water,** and 2) the application of PVAm with CMC-modified cellulose,
where electrostatic attractions will hold the wet-web together.>

10
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Figure 1-5 Wet-web strength of sheets made from 100% cellulose fibers and from 50:50
mixtures of glass and cellulose fibers. Picture adapted from Tejado and van de
Ven.®

Wet strength. Wet strength is an important property for many paper products, such as
agricultural papers, filter papers, and tissue papers. These paper products will be exposed
to moist or wet environment during their application. Wet strength is different from wet-
web strength of a never-dried paper sheet. Paper samples in wet strength measurements
have been “once-dried” on a paper machine. Wet-web strength requires the strength of
fiber-fiber joints to form underwater, whereas wet strength requires the strength of fiber-
fiber joints to form after drying and stay stable when rewetted in water.

As described in TAPPI method T456 for paper wet strength measurement, paper samples
are first dried and cut into standard samples. The samples are rewetted in an aqueous
solution before the tensile measurement. The most meaningful measurement is to
measure the paper wet strength under the application condition, where the pH,
temperature, the duration of rewetting and other parameters should be considered.

Wet-strength papers are papers that retain > 15% of their dry tensile strength in water.®
Wet-strength resins are paper additives used to increase the paper wet strength — the
strength of a rewetted paper.®® These wet-strength resins are water soluble cationic
polymers that can adsorb on negatively charged cellulose fiber surfaces. The
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development of wet-strength resins was initiated during World War II. Since then, one
major change happened in the 1960s, when a shift was made from acidic-curing resins to
alkaline-curing resins.®’

Conventional wet-strength resin mechanisms have been described in a few review
papers.5 ® Two mechanisms have been used to explain the paper wet strength, including
the protection mechanism and the reinforcement mechanism.®® The protection mechanism
explains that the resins can self-crosslink on fibers. The crosslinked network curbs the the
swelling of the fiber-fiber joints in water and protects inter-fiber hydrogen bonds from
being destroyed completely.>* The reinforcement mechanism explains that the wet
strength of paper derives from the covalently bonded fiber-fiber joints. Wet-strength
resins crosslink two fibers covalently when hydrogen bonds between fibers are disrupted
in water. It is believed that the real mechanism for most wet-strength resins is a
combination of these two effects. However, from a mechanical perspective, the
mechanism of the paper wet strength is still not clear.>*

Wet-strength resins are divided into two groups: “temporary resins” and “permanent
resins.”>* From a chemistry perspective, temporary resins are usually based on reactive
aldehydes that form hydrolyzable linkages with cellulose fibers, whereas the permanent
resins are able to form covalent bonds with fibers that are stable in water.

Temporary wet-strength resins are used exclusively for tissue papers, which need an
“immediate” wet strength and a great dispersion after immersing in water.®> ¢’ In a work
Georgia-Pacific published in TAPPI Journal,’” the wet strength of tissue papers after
rewetting for 5 seconds was measured as the immediate wet strength, and the wet
strength after 5 minutes’ rewetting was measured to evaluate the decay rate of wet
strength.

The first commercial temporary wet-strength resin is acid-curing, cationic dialdehyde
starch. The dialdehyde starch resin provides paper wet strength under a manufacturing
environment of pH < 4.5, as the formation of hemiacetals is catalyzed by acidic
conditions.®® More recently, glyoxylated cationic polyacrylamide (GC-PAM) resins were
introduced, which contain aldehyde groups, non-reactive amides, and cationic groups,
such as diallyldimethylammonium chloride (DADMAC).5> % GC-PAM shows a stable
effectiveness up to pH 6. In tissue manufacturing, GC-PAM is often employed in neutral
to alkaline conditions.®> Both dialdehyde starch and GC-PAM contain aldehydes that
form hemiacetal and acetal bonds with cellulose fibers after drying. The formation of
these labile covalent bonds provides paper a high immediate wet strength and an
excellent degradability after rewetting for a short time.

The most commonly used permanent wet-strength resins in paper manufacturing include
urea-formaldehyde, melamine-formaldehyde, amine-epichlorohydrin and polyamine.
Acidic-curing resin urea-formaldehydes are the earliest cationic wet-strength resins. They
are the condensation products of urea, formaldehyde, and a small amount of polyamine.®¢
Urea-formaldehydes enhance paper wet strength mainly via the protection mechanism.
After dewatering under acidic conditions (optimum pH 4.5), the resin crosslinks by
covalent linkages and generates a three-dimensional structure on fiber, although it is not
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able to covalently crosslink between fiber surfaces. Melamine-formaldehydes share many
similarities with urea-formaldehydes. However, melamine-formaldehydes are able to
react with hydroxyls on cellulose, enhancing wet fiber-fiber joints via both the protection
mechanism and the reinforcement mechanism.

Alkaline-curing amine-epichlorohydrin resins are the most important commercial resins
in the paper industry, accounting for over 90% of the market.®* %° The chemistry of these
resins has been thoroughly reviewed.® %6 7% Polyamide-epichlorohydrin (PAE) is a
crosslinked three-dimensional polyamide with active azetidinium groups (Figure 1-6)."!
In a typical PAE, there are azetidiniums and a small amount of secondary and tertiary
amines on the backbone, and one primary amine and one carboxyl at the end of the
chain.%® Commercial PAE shows a high polydispersity with a molecular weight of 7—
1000 kDa, as reported by Obokata et al.”! The final structure of the resin is highly
dependent on its synthetic process and the storage condition.

Yy z
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0~ “NH, /N cl O 'NH
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Azetidinium OH

Figure 1-6 Chemical structures of GC-PAM and PAE.

PAE grafts on fibers covalently to form ester bonds by reacting with the carboxylate
groups of cellulose fiber, but not with hydroxyls. The formation of ester bonds happens
after the drying and is proposed to be the major reason for the strengthening effect of
PAE.” The self-crosslinking of PAE happens between azetidinium groups and the
carboxylate group at the end of the chain.®® However, it is still under discussion whether
the self-crosslinking enhances the paper wet strength.”> 73 Obokata and Isogai showed the
deterioration of PAE was very limited within a year at pH 4.2-4.5 at 4 °C. However, after
8.9 years under the same condition, 50% of the azetidinium groups present in the fresh
PAE were lost via the ring-opening reaction.”® The reactivity of azetidiniums can be
enhanced at a high temperature.

Another group of commercial wet-strength resins are polymers with amine groups, such
as polyethyleneimine and chitosan.*> % 7* A number of explanations have been proposed
for their strengthening effect: 1) the electrostatic attraction between cationic amines and
anionic cellulose; 2) the formation of hydrogen bonds; 3) the formation of a sterically
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favoured complex with cellulose; and 4) covalent bonding with cellulose, such as amide
(with carboxyls) and imine (with aldehydes).®® 7> However, none of these explanations is
widely accepted in academia or industry.

Although wet chemistry is the most important factor to enhance paper wet strength, other
factors need to be considered in manufacturing of wet-strength paper, such as the
formation of flocs and the porosity of fibers. Weak spots between the fiber flocs lead to a
non-uniform paper sheet which gives a weak strength.’® The degree of the wet-strength
resin penetration into the fiber wall is also important.?’ If the resins are limited to only the
external parts of fiber walls, a delamination of the fiber wall may happen under stress due
to its multilamellar structure. The resins with smaller molecular weights can crosslink the
fiber wall and thus less intra-fiber delamination may happen. However, papers with
highly crosslinked single fibers are typically stiffer and more brittle.

In this thesis, I mainly focus on paper wet strength. This is the strength of wet-strength
papers, such as filter papers and premium paper towels, when we use them in a moist or
wet environment. This is also the strength we need to overcome when the wet strength
paper is recycled. If readers are interested, paper dry strength has been addressed in a few
excellent review papers.'!: ¢ Wet-web strength is discussed as a part of this thesis in
Chapters 2 and 3, and Appendix B. It is worth mentioning that dry strength, wet-web
strength and wet strength are not independent properties.

1.4 Cellulose Wet Adhesion

Adhesion is a broad topic that involves a lot of research areas, including coating,
adhesive, bio-material, pulp and paper, and food. In some applications, such as glues and
medical tapes, we design the chemistry to increase the adhesion between surfaces, while
in other applications, such as anti-fouling coatings and stabilizing nanoparticles, the
adhesion at the interface should be minimized.

From a thermodynamics point of view,’® adhesion can be described as the work of
adhesion W:

W=Y,+VY2— V12

where y1 and 2 are the surface energies of materials 1 and 2 and where y12 is the
interfacial energy at the interface of materials 1 and 2. Thus, W is the energy change in
the process of eliminating two surfaces and the creating of a new interface.

At the molecular level, adhesion is derived from intermolecular attractive interactions.”’
As two smooth surfaces approach each other within a distance of a few nanometers, they
jump into contact due to intermolecular interactions, such as van der Waals forces and
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hydrogen bonding. For example, pressure-sensitive adhesives are very common
adhesives in daily life. They enhance the adhesion between two surfaces by 1) increasing
the contact area, and 2) dissipating energy thanks to the viscoelastic property of the
adhesive polymer. Typically, a thick layer of pressure-sensitive adhesive with a
thickness > 100 micrometers is used in real application.

Wet adhesion is the adhesion between two surfaces in a solvent, mostly water. In nature,
we find many examples of wet adhesion. In human body, cells are bound together in
aqueous environment.’® Many proteins are naturally sticky and resistant to water and
have been used as wood adhesives for indoor and outdoor applications.” With the
booming of the bio-economy, cellulose wet adhesion becomes important not only to
traditional paper products but also to new cellulosic materials, such as nanocellulose
composites.’

In this thesis, I use paper products as an example for the introduction of cellulose wet
adhesion. When wet-web is running on a paper machine, the adhesion at never-dried
fiber-fiber joints is called cellulose “never-dried wet adhesion” in this thesis (Figure 1-7).
When paper is dry, a high density of crosslinks forms between cellulose surfaces at fiber-
fiber joints, including covalent and noncovalent bonding. This interfacial adhesion is
called cellulose “dry adhesion”. The dried adhesive layer is very thin (< 10 nm) and rigid.
Adhesives between dry cellulose surfaces behave more similarly to highly crosslinked
resins in thermoset adhesives rather than viscoelastic polymers in pressure-sensitive
adhesives.

Never-dried Once-dried
Wet Adhesion Dry Wet Adhesion
Adhesion
wet /U0y

i A SIS
Adnesives 3 S /Y E>~*—N‘\E>ﬂ
Cross
-links

Figure 1-7 Schematic diagram of cellulose adhesion.

When once-dried paper is rewetted, many of the crosslinks that formed between cellulose
surfaces after curing now dissociate, due to the presence of water. These include
hydrogen bonds and hydrolyzable covalent linkages. After rewetting, the crosslinked
adhesive layer is swollen with water, leading to a lower elastic modulus and a higher
thickness. The swollen adhesive layer behaves like a hydrogel, and water works as the
plasticizer and gives polymers high mobility.” The adhesion at this interface is called
cellulose “once-dried wet adhesion” in this thesis (Figure 1-7).
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A strong cellulose wet adhesion is the key to manufacturing wet strength papers. The wet
adhesives at cellulose-cellulose interfaces are different from traditional adhesives for the
following reasons:

1) During the formation of wet adhesion, the major driving force for the approaching
of the two cellulose surfaces is water removal, instead of external pressure.

2) The thickness of adhesive layer (typically < 100 nanometers) at the interface is a
few orders of magnitude lower compared to traditional adhesives (> 100
micrometers).

3) The adhesive layer has a high water content.

So far, there is no single theory to explain cellulose adhesion in a satisfactory manner.*
Investigators continue to debate the relative contribution of van der Waals forces,
hydrogen bonds, electrostatic forces and covalent bonds at the cellulose interface in
various situations.®

Capillary force. Capillary force is one of the major sources of never-dried wet adhesion.
There are two types of water between wet cellulose surfaces: free water and water
associated with the swollen cellulose.’® Take cellulose fibers as an example. At a low
solids content (< 30%), the free water at fiber-fiber joint will form a water bridge
connecting the two cellulose surfaces.> Due to the hydrophilic nature of cellulose, the
water bridges form concave menisci and lead to a capillary attraction between two
surfaces, which is called the Campbell effect (Figure 1-8).%! The pressure inside the water
bridge is lower than the pressure outside, and the pressure difference over the curved
water can be calculated from the Laplace equation.> In addition to the Laplace pressure,
surface tension and wetting forces are also important components of the capillary force.5?

Planar solids

e o s

e

Film of water

Figure 1-8 Illustration of a film of water between two flat, smooth, wetted surfaces. The

negatively curved meniscus results in an attraction force. Picture from
Hubbe.**

When the solids content of cellulose fibers increases above a critical point (typically
30%, depending on fiber sources), the majority of free water at fiber-fiber joints is
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removed, followed by the removal of water associated with fibers.>> The capillary
attraction will decrease significantly due to the absence of free water.

Capillary forces show different effects on cellulose surfaces with different surface
roughness. The attractive capillary force may change significantly in value on a rough
surface and even switch to repulsion in extreme cases when the meniscus curvature
changes from negative to positive.’® For cellulose materials with rough surfaces, the
capillary force deforms the soft cellulose surface during drying and increases the area of
intimate contact.’!

Hydrogen bonding. Hydrogen bonding is a short-range interaction that occurs over
distances of 0.1-0.3 nm.?% 82 It is generally accepted that the hydrogen bonding is the
major reason for cellulose dry adhesion. During drying, a high density of hydrogen bonds
forms between hydroxyls of adjacent cellulose surfaces.®’ In water, however, hydrogen
bonding between cellulose surfaces is very vulnerable. Water breaks the hydrogen bonds
between cellulose and binds to cellulose by hydrogen bonding to form associated water.
Currently, there is no quantitative study on the relationship between the solids content of
cellulose and the formation of hydrogen bonding between cellulose surfaces.®

Van der Waals forces. Van der Waals forces are non-specific and long-range
interactions for cellulosic materials. The bonding energy of van der Waals forces is 0.5—
2.0 kcal/mol.*? The van der Waals interaction between two crossed cylinders is described
in the equation below:

_A'“/RfRz

6-D

Wvd =

where Wyd is the interaction energy derived from van der Waals forces, A is the Hamaker
constant of the material, Ri and Rz are the radii of the cylinders, and D is the distance
between the surfaces.® In electrolyte aqueous solution, van der Waals interactions
between cellulose surfaces are significant with a distance up to 40 nm.** The Hamaker
constant for cellulose in water is measured to be 9x1072! J.33 Although the Hamaker

constant of cellulose in water is one order of magnitude lower than that in air (8<102° J),
it stays positive, which means the van der Waals force is attractive between wet cellulose
surfaces.

Interdiffusion. Some of the most important molecular interactions for cellulose

adhesion, such as hydrogen bonding and covalent bonding, only form within a distance of
a few angstroms. It is important to have a molecular-level contact between two surfaces
to obtain a high degree of cellulose adhesion, in either dry or wet state. Interdiffusion is a
mechanism that increases the area available for intermolecular adhesion forces.®!* % The
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key concept in this mechanism is that the polymer chains on cellulose surfaces must be
mobile and able to mix during drying.®*

Much of the cellulose within cellulosic materials is present as immobile crystals. Other
parts consist of amorphous cellulose, which exhibits limited mobility in water. Thus, the
introduction of water soluble polymers is necessary to enhance the interdiffusion between
cellulose surfaces. From a kinetic point of view, since the adhesive bonds between
cellulose fibers are formed during drying in paper manufacturing, the diffusion of
neighboring polymers must occur within this timescale. From a thermodynamic point of
view, a negative free energy of mixing facilitates a better polymer interdiffusion. In our
previous work, we found that the adhesion between two polymer-modified cellulose
surfaces is low when the polymers are not compatible with each other, preventing
mixing. The low adhesion is due to the lack of interdiffusion between cellulose
surfaces.®? Further study is needed to quantitatively evaluate the contribution of
interdiffusion to cellulose adhesion.?!

Electrostatic interaction. Cellulose surfaces with the same charge show strong
electrostatic repulsion in water as the result of osmotic pressure (Figure 1-9). Cellulose
surfaces with the opposite charge show electrostatic attraction due to the formation of
electrostatic bonding. Electrostatic bonds show a higher bonding energy (10-30
kcal/mol) than hydrogen bonds (46 kcal/mol).** 3% An advantage of electrostatic
attraction is its instantaneous formation in water, which makes it a great candidate for
never-dried wet adhesion. Electrostatic attraction also facilitates the formation of
hydrogen bonding and covalent bonding by shortening the distance between the two
surfaces. However, the electrostatic interaction alone is still too weak to provide a strong
cellulose adhesion. For example, PolyDADMAC is a cationic polymer that can adsorb on
cellulose via electrostatic attraction. When cellulose is laminated with polyDADMAC, it
shows a weak wet adhesion.®® The influence of electrostatic interaction on wet adhesion
is very dependent on the conditions of the medium, such as the pH, the electrolyte
concentration and the valence of the counterions.*

Electrostatic Steric
Repulsion Stabilization
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Figure 1-9 Schematic diagrams of electrostatic repulsion and steric stabilization in
aqueous dispersions.
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Steric stabilization. Steric stabilization is another potential factor that influences the
formation of cellulose wet adhesion.'! 3¢ Wet cellulose surfaces behave similarly to
swollen hydrogels. Due to the steric stabilization effect, hydrated surfaces with mobile
cellulose/polymer chains repel each other in water (Figure 1-9).5% %7 In the case of
cellulose coated by hemicellulose or adsorbed with water-soluble polymers, the effect of
steric stabilization will be stronger due to higher polymer mobility on the surface. The
hydrated hemicellulose or polymer layer can extend as far as 10-100 nm.>® With further
drying, capillary forces would bring these gel-like layers together. The polymer chains
would start to interdiffuse at the interface, providing more entanglements and potential
crosslinks.® Bastidas et al. used AFM to observe long-range repulsive interactions
between extended microfibrils on cellulose cell walls.®® The repulsion were believed to
arise from the surface electrostatic repulsion and the steric stabilization. Also, Claesson et
al. reported that the steric barrier between two cellulose surfaces prevents a polymer
chain from crossing over from one surface and binding to the other.’’

Covalent bonding. The covalent bond (50—100 kcal/mol) is the strongest individual bond
possible between cellulose surfaces.*? There is only one functional group on cellulose
surface - hydroxyls, and three types of functional groups on oxidized cellulose,
hydroxyls, aldehydes and carboxyls. Most adhesives that covalently crosslink cellulose
surfaces are designed to target these three groups. Many covalent bonds are able to resist
hydrolysis, making them great candidates to enhance both dry and wet adhesion. For
example, azetidinium groups in PAE react with carboxylates on oxidized cellulose,
providing ester bonding between cellulose surfaces. However, there are three
disadvantages of covalent bonding: 1) the formation of covalent bonds often requires
drying, the use of expensive catalyst, long curing time or high temperature; 2) cellulose
modification is always required; and 3) the bonding density is much lower than hydrogen
bonds or van der Waals interactions.

Collision of two functional groups is necessary for the formation of covalent bonds in
water. Unlike small molecules, the collision between polyelectrolytes is dominated by
their colloidal properties. With two surfaces exhibiting attractive forces in water, the
mobile polymer chains attached on one surface are more likely to collide with the other
surface. If two surfaces exhibit a high degree of repulsion in water due to electrosteric
stabilization, as is the case with most cellulose surfaces, drying is necessary to reduce the
distance between surfaces. For amphoteric cellulose surfaces, the situation is more
complicated. With the right conditions, two amphoteric polymers can form
polyelectrolyte complexes in water due to patching effects or bridging effects, facilitating
the formation of covalent bonds in water.

1.5 Recent Studies on Cellulose Wet Adhesives

Cellulose wet adhesion is critical for paper wet strength. The strategies used to enhance
cellulose wet adhesion are reviewed in this section. Many methods have been used to
evaluate wet adhesion between cellulose surfaces, including tensile tests, peel tests,>
surface force apparatus,” colloidal probe microscopes,* and AFM.’! Different forms of
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cellulose surfaces have been prepared for adhesion measurements, such as cellulose
fibers, regenerated fibers/membranes,®? spin-coated films,*® cellulose colloids,®® and
Langmuir-Blodgett cellulose films.”® The appearance of cellulose surfaces with
nanoscale smoothness makes the measurement of cellulose adhesion at the molecular
level possible. The force-distance relationship of specific interactions between cellulose
surfaces, such as van der Waals forces, electrostatic interaction, and steric stabilization,
have been observed.”®

It is widely accepted that polymer adsorption is necessary for cellulose wet adhesives, but
the adsorption does not guarantee strong adhesion. For example, cationic
polyacrylamides and polyDADMAC can adsorb onto cellulose but do not result in
significant wet adhesion.’” Crosslinks between cellulose surfaces are required. The
crosslinks can be either covalent linkages or non-covalent ones, as long as they are stable
in water.

PV Am is an interesting cellulose wet adhesive that has been studied in the Pelton lab for
many years.” > PVAm adsorbs spontaneously and irreversibly on cellulose surfaces in
water, generating cationic interfaces. The primary amines on PVAm react with the
aldehydes on oxidized cellulose to give imine (Schiff base) and aminal covalent linkages
between cellulose surfaces.” Saito and Isogai showed that the addition of 0.6 wt %
PVAm in TEMPO-oxidized cellulose fibers led to a 300% increase in paper wet
strength.*? Chen et al. reported phenylboronate-derivatized PVAm gave instantaneous
adhesion between wet cellulose without a drying or heating step.®* ** More details of
PVAm chemistry can be found in a review paper Pelton published in 2014, including
their properties in water, derivatizations, interfacial interactions, and applications.”

Polypeptides are renewable cellulose wet adhesives that share a similar mechanism with
PVAm. In the Pelton lab, polylysine, a polypeptide, was applied between oxidized
cellulose surfaces. A high degree of wet adhesion was observed due to the covalent
bonding between the polylysine and oxidized cellulose after drying.>® Based on this
preliminary work, twenty proteins were compared as potential paper wet adhesives on
oxidized cellulose.”® > We found a strong wet adhesion could be achieved with proteins
containing a high content of primary amine moieties and a curing with moderate heating.

Hydroxyls of cellulose are weak nucleophiles. A lot of interesting studies show that
electrophiles, such as carboxyls, isocyanates, and aldehydes can be used as adhesive
groups to crosslink hydroxyls on the cellulose surfaces directly.®

Polycarboxylic acids are applied to crosslink cotton cellulose in the textile industry,
producing wrinkle-resistant cotton fabrics.®> Carboxylates crosslink with hydroxyls of
cellulose by esterification. Yang et al. reported that kraft paper sheets treated with
polymaleic acid showed an enhanced wet strength after curing at high temperature (> 150
°C) with sodium hypophosphite as catalyst.”® However, paper embrittlement was found in
polycarboxylic acid enhancement. In Tanaka’s lab, polymers containing isocyanate
groups were investigated as paper wet-strength additives.®” Isocyanates are crosslinkers
that react with hydroxyls of cellulose, but they show a low stability in water.”®
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In addition to polyelectrolytes, nanocellulose is another potential carrier of electrophilic
adhesive groups. In Ni et al., periodate-oxidized cellulose nanocrystals showed a similar
wet strength enhancing performance with polyethyleneimine on bleached kraft fibers.”
The aldehydes on the nanocellulose crosslinked with cellulose, providing wet strength.
Small molecule electrophiles, such as dialdehydes!? and dicarboxyls,”® have also been
used as paper-strengthening agents. However, the retention of small molecule additives in
paper manufacturing is a challenge.

Covalent crosslinks can bind two cellulose surfaces, enhancing cellulose wet adhesion.
However, they show disadvantages in some applications. Take nanocellulose materials as
an example. Permanent covalent crosslinks hamper the post-processing of these materials
and lead to a loss of toughness. In Toivonen et al., chitosan was used to introduce non-
covalent, multivalent physical interactions to crosslink nanocellulose.'®! Comparing to
covalent crosslinks, non-covalent crosslinks are more tunable and more responsive to the
surrounding environment. Moreover, they show great potential to be sacrificial bonds for
energy dissipation during physical deformation.'*!

A 2016 publication reported that an excellent wet adhesion was obtained by applying
PVAm on CMC-modified cellulose surfaces with or without drying (Figure 1-10).%¢ It is
believed that the wet adhesion was due to the formation of polyelectrolyte complexes
between PVAm and CMC. Laine et al. also showed that the combination of cationic
polybrene and anionic CMC-modified cellulose fiber led to a high paper wet strength due
to the electrostatic interaction and hydrophobic effect.!??

Wet cellulose

Figure 1-10 Schematic diagram of CMC-modified cellulose materials laminated with
PVAm. Picture from Gustafsson et al.*®

Delgado et al. prepared zwitterionic cellulose fibers by grafting cellulose with amino
acids, including L-lysine and L-tyrosine.*> The zwitterionic fibers provided a high wet-
web strength at solids content above 40%. In Wagberg et al., dopamine moieties were
grafted on carboxymethylated cellulose nanofibrils.!”® The wet stability of the
nanocellulose film was enhanced in the presence Fe* ions due to the complexes formed
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between grafted dopamine moieties. It was also reported that multivalent metal ions, such
as AI’" and Fe?', were used to enhance cellulose wet adhesion in TEMPO-oxidized
nanocellulose films.!%

Cellulose-binding domains bind specifically to the cellulose surface. With cellulose-
binding domains grafted on polymers, the adsorption of this derivatized polymer on
cellulose is improved significantly.> Galembeck et al. proposed an interesting idea to
increase cellulose wet adhesion without introducing covalent bonding.'® Cellulose
alkaline aqueous solutions were applied between paper sheets as wet adhesives. After
drying, the regenerated cellulose formed an amorphous matrix interpenetrating with the
paper matrix, providing joint wet adhesion that was resistant to water.

The normal adsorption limit of wet adhesives on cellulose surface is about 1 mg/m?.!!

Between laminated cellulose surfaces, there will be two adsorbed polymer layers, which
have a thickness of ~ 2 nm after drying.!! Compared to the roughness on dry cellulose
fibers (1 nm — 1 um), this nanoscale adhesive layer is unlikely to significantly increase
the contact area at fiber-fiber joints. Thus, the increase of polymer adsorption on
cellulose would lead to a higher wet adhesion due to 1) higher energy dissipation when
the joint breaks, 2) a higher contact area between cellulose surfaces, especially rough
surfaces, and 3) a possible higher density of crosslinks between cellulose surfaces. Many
interesting strategies have been proposed to increase the adsorption coverage of
adhesives at cellulose surfaces, enhancing the cellulose wet adhesion.

Microgel Adhesion
Measurements and Models

Cellulose
F|Im

M|crogel

Figure 1-11 Microgel wet adhesives between cellulose surfaces. Picture from Wen et
al 106

Polyelectrolyte complexes were used to increase the adhesive coverage at cellulose
surfaces.!’” These complexes are prepared by simply mixing oppositely charged PVAm
and CMC. Once adsorbed on cellulose, the adsorption limit of polyelectrolyte complexes
is much higher than linear polymers. The complexes are able to dissipate energy under
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tensile and shear stress.!? In Girdlund et al., PAE and CMC complexes were used as the
paper wet-strength resin.!® The paper wet strength increased 100% compared to the
paper enhanced by PAE only. Polyampholytes give the similar performance as
polyelectrolyte complexes.?* On bleached kraft fibers, polyampholytes achieve a higher
adsorption and a more effective strength enhancement compared to cationic
polyelectrolytes.

Microgel is another option to increase the adhesive coverage at cellulose surfaces (Figure
1-11). In the Pelton lab, PVAm microgels showed a much higher adsorption on
regenerated cellulose compared to linear PVAm, and the cellulose wet adhesion exhibited
by the microgel adhesives was one order of magnitude higher.!'? In follow-up studies, a
mechanistic model was developed to analyze the wet-peel energy between cellulose
surfaces.!?® ! In the model, microgel adhesives were regarded as springs that bound two
cellulose surfaces and were stretched during the wet-peel. The wet-peel energy was a
function of both adhesive covalent bonding and the energy consumed by microgel
stretching.

A polyelectrolyte multilayer can be created by consecutive, repeated adsorption of
cationic and anionic polymers (Figure 1-12).!!: 1'2 The adsorption coverage of this layer-
by-layer film is much higher than a single layer of polymers and can be measured by a
quartz crystal microbalance technique. Feng et al. showed a high cellulose wet adhesion
was achieved with PVAm and CMC multilayers.!!? In Laine et al., PAE and
nanocellulose were adsorbed on cellulose fiber in sequence.’” This strategy did not put
more PAE at fiber-fiber joints, but it provided a more uniform distribution of substances
in the paper matrix, leading to higher paper dry and wet strength.

1
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Figure 1-12 Layer-by-layer adhesive film in the absence and presence of salt during the
film formation. Poly(allylamine hydrochloride) and hyaluronic acid were used
in this study. Picture from Wagberg et al.!!2
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Wet stability and wet strength are major challenges for nanocellulose materials as well.!”!

Most nanocellulose films are not stable in water due to the high hydrophilicity of
cellulose. As in paper products, the strength at wet fiber-fiber joints is the key to the wet
strength of nanocellulose materials. Studies showed that inter-fiber cross-linking and
surface hydrophobization are viable solutions to increase the wet strength.!® In Hakalahti
et al., nanocellulose films with high water stability were prepared using TEMPO-
oxidized nanocellulose and polyvinylalcohol additives, where the film was enhanced due
to the formation of hemiacetal bonds.!!*

As described in this chapter, currently we have a deep understanding of cellulose
chemistry and traditional cellulose wet adhesives. However, no systematic study has been
done yet to design cellulose wet adhesives with controllable degradability, which requires
much new knowledge, including the design of appropriate measurements, the selection of
degradable chemistry, and the synthesis of cellulose adhesives.

1.6 Objectives

I believe that we are at the beginning of a long-term transformation whereby renewable
materials based on wood pulp fibers and new nanocellulose composites will replace non-
renewable plastics.” Strong paper wet strength while maintaining recyclability is one of
the major challenges and the target of my work.

In this thesis, I propose to design the next generation of wet adhesives that provide both
strong cellulose wet adhesion and controllable degradability to enhance the recycling of
wet strength papers. There are four specific objectives in this work:

1. To understand the role of adhesive organization at cellulose interfaces in the
formation of wet adhesion.

2. To explore how to further enhance the wet adhesion between cellulose surfaces,
using either linear polymer adhesives or microgel adhesives.

3. To develop best strategies of incorporating degradable linkages in wet adhesives
to improve their degradability.

4. To develop proofs of concept that demonstrate routes to design cellulose wet
adhesives that provide high wet adhesion, while show excellent degradability in
response of specific stimuli, such as subtle pH changes, the presence of sugars or
reductants.

1.7  Thesis Outline

The thesis consists of three parts (Figure 1-13).

The first part is Chapter 2. A testing procedure called “wet-peel measurement” is
introduced in this part. The wet-peel measurement is designed to augment conventional
wet paper testing when evaluating wet adhesives and cellulose surface treatments. In the
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measurement, a thin layer of wet adhesives is pressed between two wet regenerated
cellulose membranes to form a laminate, acting as the physical model for fiber-fiber
joints in paper products. The 90-degree wet-peel force is a direct measure of the adhesion
at the wet cellulose interface. The wet-peel measurement offers: 1) a comparison of wet
adhesive performance at the same polymer content at the wet cellulose interface; 2) a
measurement of both once-dried wet adhesion and never-dried wet adhesion; and 3) a
demonstration of the influence of cellulose surface modifications on wet adhesion.

C1 Introduction

C2 Wet-peel Measurement
I

! !

C3 Microgel Wet Adhesives C6 PVAm Wet Adhesive
I
' '
C4 Hydrazide- C5 Microgel- C7 PVAm with
derivatized Microgel as supported PAE as Cohesive Bonding as
Degradable Adhesive Degradable Adhesive Degradable Adhesive

!

C8 My Contributions

Figure 1-13 Illustration of the thesis outline.

The second part includes Chapter 3, 4 and 5. In this part, microgels are synthesized,
characterized and evaluated as cellulose wet adhesives. In Chapter 3, hydrazide-
derivatized microgels are synthesized to give strong adhesion to wet, TEMPO-oxidized,
regenerated cellulose membranes. The design rules for the microgel adhesives are
discussed including the charge, the crosslinking density and the hydrazide grafting on
microgels. In Chapter 4, a labile, hydrazide-derivatized microgel is designed to provide a
strong yet degradable wet adhesion after exposure to a weak reducing agent. The
reductant responsivity is obtained by introducing cleavable disulfide linkages, either in
the chains tethering the adhesive hydrazide groups, or as degradable cross-links in the
microgels. In Chapter 5, the design of degradable microgel adhesives for wet cellulose is
further developed. Microgels with labile disulfide crosslinks are used to load the
commercial wet strength resin PAE. The microgel-supported PAE is a promising start as
a degradable cellulose wet adhesive due to the cationic surface charge, good
degradability, reactive azetidiniums near surfaces and no involvement of chemical
conjugation nor organic solvent.
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The third part includes Chapter 6 and 7. In this part, I explore the possibilities to convert
a linear polymer PVAm to a degradable wet adhesive. In Chapter 6, the conditions are
elucidated whereby strong adhesive joints between two wet cellulose surfaces can be
achieved with PVAm adhesives. The influence of many factors on cellulose wet adhesion
has been studied, such as polymer solution pHs, application methods, cellulose
modification and dosages at the interface. In Chapter 7, boronate-derivatized PVAm and
dextran-derivatized PVAm are synthesized to promote the cohesion of polymers at the
laminate joint. The grafting facilitates the formation of boronic ester bonding between the
polymer layers and increases the adsorption of the polymer on cellulose surfaces. I
demonstrate that a subtle pH change or a monosaccharide exposure can be used to
degrade the cellulose wet adhesion by “switching off” the cohesion between the polymer
layers.
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Chapter 2

Wet-peel — a Tool for Evaluating Cellulose Wet
Adhesives

This chapter describes the wet-peel measurement in detail. Instead of using paper
samples, regenerated cellulose membranes were used to simulate cellulose fibers. The 90-
degree wet-peel was used to measure the wet adhesion between cellulose surfaces. This
easy and reliable measurement provide me a deep understanding of the adhesion forces
between cellulose surfaces. In this thesis, I have used wet-peel measurements to evaluate
the performance of various cellulose wet adhesives, such as microgel adhesives (Chapters
3-5), polymer adhesives (Chapters 6, 7 and Appendix A), and layer-by-layer adhesives
(Appendix B).

The data within this chapter have been collected by me with the assistance of Dr. John-
Louis DiFlavio and Dr. Emil Gustafsson. Dr. DiFlavio conducted a part of the wet-peel
measurements, and Dr. Gustafsson conducted the experiment involving paper handsheets.
I summarized the data and wrote the draft myself. Dr. Robert Pelton helped me analyze
the results and re-write parts of the draft as necessary.

This chapter and the supporting information are reprinted as they appear in Nordic Pulp
& Paper Research Journal with permission from the Walter de Gruyter GmbH.

Wet-peel: a Tool for Comparing Wet-strength Resins

Dong Yang, John-Louis DiFlavio, Emil Gustafsson, and Robert Pelton
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Abstract: We propose that a testing procedure we call wet-
peel significantly augments conventional wet paper test-
ing when comparing wet-strength resin efficacy or the in-
fluence wood pulp fiber surface treatments on wet pa-
per strength. A thin layer of wet-strength resin is sand-
wiched between a pair of thin, wet regenerated cellulose
membranes to form a laminate, which is a physical model
for fiber-fiber joints in paper. In the wet-peel method, the
ninety-degree wet-delamination force gives a direct mea-
sure of adhesion in the wet cellulose-cellulose joint. Wet-
peel measurements offer: 1) comparisons of wet-strength
polymers at the same content of polymer in the laminate
joint without the influences of varying fines contents, for-
mation or paper density; 2) measurements of both the
wet-strength of cured, dried joints, and the strength of
never-dried joints (i.e. analogous to wet-web strength);
3) demonstrations of the influence of fiber surface chem-
istry modifications including oxidation and the presence
of firmly bound polymers; and, 4) the evaluation of more
exotic joint structures including layer-by-layer assemblies,
microgels and colloidal polyelectrolyte complexes.

Keywords: peel delamination; resin testing; wet-strength;
wet-web strength.

Introduction

Wet strength is one the most difficult paper properties
to improve. Whereas polyethylene films have the same
strength wet or dry, paper products undergo a catas-
trophic loss of strength when exposed to water. Individ-
ual wood pulp fibers are somewhat weaker wet than dry;
unbleached pulp fibers have about the same strength wet
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or dry, whereas bleached fibers can be up to 30 % weaker
(Gurnagul and Page 1989). However, fiber weakening does
not explain the low strength of wet paper. Instead, water
swelling of fiber-fiber joints severs hydrogen bonds and
both weakens the joints and renders the fiber wall more
susceptible to delamination. The current solution is the
use of wet-strength resins that strengthen wet fiber-fiber
joints. The chemical companies supplying the paper in-
dustry continue to evolve wet-strength resin technologies.
The gold standard for evaluating new wet-strength resins
is a papermachine trial. However, much of the early de-
velopment work typically employs wet tensile measure-
ments of laboratory made paper. We started working on
wet strength chemistries in 2002 and have developed a
new laboratory wet strength measurement that augments
handsheet wet tensile measurements, giving much addi-
tional information. The goal of this paper is to describe
the technique which we call “Wet-peeling”, illustrating the
utility of wet-peel measurements with data collected over
the last 15 years.

Wet-peeling is a variation of an approach first de-
scribed by McLaren in 1948 (McLaren 1948). Two wet, re-
generated cellulose membranes are stacked with a thin
layer of wet-strength resin between them. The stack is
pressed (laminated), dried, and then rewetted. The result-
ing laminate is a physical model for wet fiber-fiber joints in
paper. Wet laminate strength is measured as the 90-degree
peel delamination force required to separate the two mem-
branes.

Most of the results presented below employed exam-
ples from three types of commercial wet-strength resins;
polyamideamine-epichlorohydrin (PAE), polyvinylamine
(PVAm), and glyoxalated cationic polyacrylamide (GC-
PAM). PAE, a modified condensation polymer, is arguably
the most common type of wet-strength resin used today.
The literature reports a very broad range of weight-average
molecular weights (7 to 1,100 kDa) and very broad molec-
ular weight distribution (Obokata etal. 2005). PAE has a
moderate cationic charge; our sample gave 2 meq/g, based
on polyelectrolyte titration. With drying and heating, aze-
tidinium groups form covalent crosslinks and covalent
grafts to carboxyl groups on fiber surfaces — see Figure 1.
The lowest molecular weight fractions of PAE can enter
fiber wall pores, strengthening the fibers (Taylor 1968) (An-
dreasson etal. 2005).



DE GRUYTER

H c  H
PAE e NN
1l
o n
9 H H Azetidini
o N~y ~N etidinium
1
0
>~0H "
- 0
H. .0 0\ L0 Oy / H._.O 0|-| OQC,OH

OH ‘tI:"

\\ \\ \ Omdnzed Cellulose Surface

\‘\

PVAmM
NH, NH; NH;
_ Imine N NHz + HN  NH  NH,
H. .0 Os O 4 oy OH
‘(I:’O e OH HC OH e’ OH CH Aminal

\\\ \ Oxldlzed Cellulos S rface\ \ \\

W GCPAM
o NClT 0P NH

NH;
AN

s H -
OH x ¥
+ -

(o] 0% "NH, XN\C[ 07 "NH

0. oH HO OH Figure 1: PAE, PVAm, and GCPAM grafting to
D (0] H 0 ~ . s .
H‘c"D OH pod OH ¢ OH \C/ 0 Hemiacetal oxidized cellulose. PAE reacts with carboxyls,

PVAm reacts with aldehydes, and GCPAM

\\ \\ \ 0x1d|zed Cellulose Surface\ \ \\

PVAm is a linear, highly cationic (8 meq/g, hydrochlo-
ride salt and 50% ionization), high molecular weight
water-soluble polymer that, with drying, forms imine
and aminal grafts to aldehyde groups on oxidized cellu-
lose — see Figure 1. Finally, GCPAM is a modified cationic
polyacrylamide, often with high molecular weights (106—
107 Da) and intermediate charge contents. With drying, the
glyoxal adducts form covalent hemiacetal bonds with cel-
lulosic alcohol groups - see Figure 1.

In addition to grafting, PAE and GCPAM form cova-
lent crosslinks within and between the polymer chains,
contributing significantly to joint strength — example
crosslinking chemical structures are given in Espy’s re-
view (Espy 1995). By contrast, PVAm molecules do not
form covalent crosslinks so the cohesive strength of PVAm
films depends upon physical interactions.

In summary, all three wet-strength resin types are
cationic, promoting electrostatic adsorption of the resins
onto anionic fiber surfaces. PAE may penetrate small pores
in the fiber wall, whereas high molecular weight GCPAM
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react with alcohols.

and PVAm cannot. The grafting chemistries vary: PAE re-
quires cellulosic carboxyls, drying and heating; PVAm re-
quires cellulosic aldehydes and drying; and, GCPAM re-
quires cellulosic hydroxyls, and drying. The specific prod-
ucts used in this work were chosen at random - no effort
was made to identify a “best-of-breed”.

Materials and methods

Materials

Regenerated cellulose membranes (Spectra/Por2, MWCO
12-14kDa, 76 mm diameter tubing, product number
132684) were purchased from Spectrum Laboratories,
US. TAPPI Standard blotter papers were purchased from
Labtech Instruments Inc., Canada. Moisture-resistant
double-sided medical tape 1522 was purchased from
3M, US. Glyoxalated cationic polyacrylamide (GCPAM)
was Luredur Plus 555 provided by BASF, US. Polyamide-
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epichlorohydrin (PAE) was Kymene 5221 provided by Sole-
nis, US. Polyvinylamine (PVAm) samples were provided
by BASF, Germany. Some PVAm samples were further
hydrolyzed (DiFlavio etal. 2005) to remove residual for-
mamide moieties and all PVAms were dialyzed for 1 week
and freeze-dried before use. All other chemicals were used
as received. TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl)
and all other chemicals were purchased from Sigma-
Aldrich, Canada. Carboxymethyl cellulose (CMC) used in
this study was Mw 250 kDa with DS 0.9. Water type 1 (as
per ASTM D1193-6, resistivity 18.2 MQ/cm) was used in all
experiments.

Pre-treatment of regenerated
cellulose membranes

Regenerated cellulose dialysis tubes (12 cm diameter) were
cut into strips, either 6cm x 2cm for the “top strips” or
6cm x 3cm for the “bottom strips”, as shown in Figure
S1. The membranes were cleaned by extraction in water at
60 °C for 1h and stored in water at 4 °C.

TEMPO-mediated oxidation

The regenerated cellulose membranes were oxidized by
TEMPO-mediated oxidation. In our standard method for
membrane oxidation, 68 mg of TEMPO was dissolved in 2L
of water along with 680 mg NaBr and followed by the ad-
dition of 300 mg NaClO. The concentration of NaClO solu-
tion was determined by available chlorine titration (TAPPI,
Test Method T 611 cm-07). The pH of the solution was ad-
justed to 10.5, after which wet cellulose membranes (10 g
dry weight) were added. The solution was stirred and the
pH maintained at 10.5 for 15 minutes, after which the oxi-
dation was stopped by the addition of 10 mL ethanol. The
oxidized membranes were washed thoroughly with water
and stored at 4 °C.

Borohydride Reduction of Oxidized Cellulose Mem-
branes. Sodium borohydride was used to reduce Cé6 alde-
hydes on oxidized cellulose to the corresponding alco-
hol. Wet, oxidized cellulose membranes (1g dry weight)
were immersed in 100 mL of 10 mM phosphate buffer at
pH 8.5, followed by the addition of 0.5 g sodium borohy-
dride. The pH of the suspension was adjusted to 8.5 using
1M acetic acid. The reduction was carried out at room tem-
perature and pH 8.5 for 48 hours. After the reaction, the
cellulose membranes were washed with water and stored
at 4°C.
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CMC-treated membranes

CMC was irreversibly adsorbed to cellulose membranes
following the method (Laine etal. 2000). CMC was dis-
solved in water and followed by the addition of CaCl2 giv-
ing a final treatments solution composition of 1 g/L CMC in
50 mM CaCl2 at pH 8.0. Wet, regenerated cellulose mem-
branes (10 g dry weight) were immersed in 400 mL of the
treatments solution and the CMC was allowed to deposit to
cellulose under mild stirring for 3 hours at 80 °C and pH 8.
The CMC-treated cellulose membranes were washed with
water and stored in 1 mM NaCl solution at 4 °C.

Lamination with wet-strength resins

In this work, two methods were used to apply resin in lam-
inate joints, “adsorption application” and “direct appli-
cation”. In a typical adsorption application experiment,
wet cellulose membranes (1g dry weight) were soaked in
50 mL 0.2 g/L polymer solution with 1 mM NaCl at pH 7 in
a plastic Petri dish for 30 min. Then the membranes were
transferred to another Petri dish containing 50 mL rins-
ing solution (1 mM NacCl, pH 7) to rinse the non-adsorbed
polymers from the membrane surfaces. The rinsing solu-
tions were changed 3 times during the 10 min of rinsing.
After the rinsing two wet cellulose membranes, each cov-
ered by a monolayer of polymer, were laminated. To per-
mit easy separation at one end of the laminate, a piece of
Teflon tape was applied across one end of the bottom mem-
brane before lamination — see Figure S1. After lamination
the Teflon tape was removed and the top membrane could
easily be attached to the jaws of the Instron used to mea-
sure the peel force. The overall lamination procedure is il-
lustrated in Figure S2.

In the direct application method, a top and a bot-
tom membrane were blotted free of excess water, the
water content was approximately 54 wt% after the blot-
ting. 15uL of wet-strength resin solution was carefully
applied to the bottom membrane using a micropipette,
after which a top membrane was applied, and the two
membranes laminated using the Teflon spacer described
above — see Figure S2. Normally, our resins are dissolved
in 1mM NaCl at pH 7. However, the pH and ion strength
of the resin solution are variables which can be varied
systematically to give mechanistic information. The poly-
mer coverage in the laminate joints (mg/m?) can be cal-
culated from the laminate surface area (typically 10 cm?)
and the concentration and volume of the resin solution
added.



Lamination and Wet-peeling. Wet laminates were
placed between two 8 square inch TAPPI blotter papers
and pressed in a Standard Auto CH Benchtop Press (Carver,
Inc., US) with an applied pressure of 323 kPa for 5 min. The
pressed laminates were then dried unrestrained at con-
stant temperature and humidity (23 °C, 50 % RH) for 24 h.

For never-dried samples, lamination was performed
at 23 °C. With once-dried laminates, hot pressing can be
used to promote grafting and crosslinking. Most the results
herein were with room temperature pressing and drying.

Wet peeling

Before delamination, the dried laminates were soaked in
rewetting solution for 30 minutes. Our normal rewetting
solution is 1mM NaCl at pH 7. However, varying the pH
and ionic strength can give mechanistic information. Di-
lute buffer solutions can give better pH control. We do
not recommend deionized water for rewetting because the
swelling and electrostatic forces are exaggerated.

The wet-peel force was measured with an Instron 4411
(Instron Corp., US) universal testing system. The lower
jaw was replaced with a freely rotating 14 cm diameter
aluminum peeling wheel running on SKF-6,8-2RS1 radial
bearings (SKF, Scarborough, ON, Canada). The peel wheel
has a 40 mm wide smooth outer surface. Our peel wheel
is based on a design from Paprican (now FPInnovations),
Point Claire, QC, Canada (Skowronski and Bichard 1987).

In a typical test, the rewetted laminate was removed
from the soaking solution and excess water was removed
by placing the laminate between two blotter papers and
pressing once with a 2.4 kg hand roller. The wet laminate
was fixed to the peeling wheel using moisture-resistant
double-sided tape and the end of the top membrane was
peeled off the Teflon tape spacer and fixed to the crosshead
jaw of the Instron — see Figure S3. Our standard peel rate
was 20 mm/min and the resulting peel force, measured
with a 50 N load cell, was recorded as a function of dis-
placement.

The Instron software was used to determine the av-
erage peel force over a user-defined displacement, cor-
responding to steady-state peeling. The steady state peel
force is normalized with the width of the top membrane
giving reported results with the unit N/m. At least three
replicates were performed for each test and the average
value and standard deviation were reported. The lami-
nates were weighed wet before mounting on the wheel
and after peeling, as well as after drying. The solids con-
tent of air-dried (23 °C, 50 % RH) membranes was 92-93 %,
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whereas the solids contents of the wet laminates were
in the range of 47-54 wt% during the delamination. The
solids contents increased a couple of percent during peel-
ing because of evaporation.

Never-dried wet adhesion. Wet laminates were
pressed (323 kPa) between two standard TAPPI blotter pa-
pers for times ranging between 0.1 min — 10 min; the longer
the pressing time, the lower the laminate water content.
The pressed wet laminates were put in a sealed plastic bag
to prevent water evaporating and transferred immediately
to the Instron. The wet-peel force was measured at a peel
rate of 20 mm/min. The laminate wet weight was taken as
the average value before and after testing — typically the
wet mass decreased 2-3wt% during peeling. The solids
content is calculated as the oven-dry mass divided by the
wet mass.

Cellulose membrane
characterization

Mechanical properties of cellulose membranes were mea-
sured with an Instron 4411 (Instron Corp., US) univer-
sal testing system with 500N load cell. The tensile rate
was 20 mm/min and the grip distance was 3 cm. All mem-
branes were cut to the size of 6 cm x 2 cm. For never-dried
membranes, the samples were tested immediately out of
water solution. For once-dried membranes, the samples
were air-dried in a constant temperature and humidity
room (23 °C, 50 % relative humidity) for one day, and there-
after rewetted in 1 mM NaCl solution at pH 7 for 1 hour be-
fore the measurement.

During tensile testing, the solids contents of the test
specimens were typically in the range of 40-45wt%. The
reported results are the average of at least 3 replicates. The
error bars depict the standard deviation.

The aldehyde content of oxidized membranes was
measured from the fluorescence emission of dansylhy-
drazine labeled membranes, following Dementev’s proce-
dure (Dementev etal. 2009). Cellulose membranes were
cut into 10 mm x 20 mm strips. In a typical reaction, wet
cellulose (45mg dry weight) was immersed in 30 mL of
0.14 mM dansyl hydrazide in methanol, followed by the
addition of 1mL of 1M HCI. After 24 hours at room tem-
perature and in the dark, labelled cellulose was rinsed
with methanol and stored in the dark. The fluorescence
intensity was determined using a ChemiDoc MP Imaging
System (Bio-Rad Laboratories, Inc. US). The labelled cel-
lulose strips were fixed to glass microscope slides (Pre-
cleaned, Corning) with 3M 1522 double sided medical tape.
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UV Trans illumination (302 nm) was used as the excitation
source and Standard Filter (580 + 120 nm) was used as the
emission filter. Images were analyzed using Image Lab ver-
sion 4.1 (Bio-Rad Laboratories, Inc. US).

Calibration solutions of dansylhydrazine/acetone (1:2
molar ratio) in methanol were prepared with dansylhy-
drazine concentrations in a range of 0.2-4 mmol/L. 50 pL
solution was applied to oxidized cellulose strips (10 mm x
20 mm) fixed to glass slides and air-dried in the dark. The
resulting fluorescence intensities were a linear function of
the dansylhydrazine contents.

Pulp treatment and handsheet
testing

Pulp treatments and handsheet preparation: Unbeaten
northern bleached softwood kraft pulp (SBK) suspensions
were prepared from dried market pulp. CMC-treated pulps
were prepared by treating a 2.5% consistency pulp in
50 mM CaCl2 with CMC (50 mg per o.d. gm of pulp) and the
pH was adjusted to 8. The suspension was heated to 95 °C
and mixed for two hours.

TEMPO oxidized pulps were prepared as follows: Dis-
integrated pulp (25 g) was diluted to 4 L with DI water and
TEMPO (60 mg) and NaBr (600 mg) were added. The mix-
ture was stirred for about 30 min until the TEMPO dis-
solved. The reaction was initiated by addition of 12.5 mL
NaClO (1.4 M) and the reaction pH was maintained at 10.5
by addition of NaOH (1 M). After 15 min, the reaction was
quenched by addition of excess ethanol. The oxidized pulp
was filtered and carefully washed multiple times and then
stored at 10 wt% in refrigerator until further use.

Handsheets with a target basis weight of 60 g/m? were
prepared using a semi-automatic sheet maker (Labtech
Instruments Inc., Model 300-1, Canada) following TAPPI
method T205 sp-95. Pulp with a consistency of 0.25 % were
mixed with 2% PAE, PVAm or GCPAM (based on dried-pulp
weight) for 15 min at pH 7 prior to sheet-making. All of the
handsheets were dried on a speed drier (Labtech Instru-
ments Inc., Canada) at 120 °C for 10 min and stored at 23 °C
and 50 % RH.

Paper wet tensile index: Wet tensile indices of hand-
sheets were measured following TAPPI method T494
om-96. Paper specimens (150 mm x 15 mm) were rewetted
in 1mM NaCl at pH 7 for 5 min. Excess water was removed
by blotter papers before the tensile test. Tensile strength
was measured with the Instron fitted with a 50 N load cell
at a stretching rate of 20 mm/min. Each experiment was
repeated at least 4 times.
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Figure 2: Workflow for wet-peel measurements.

Results

The results are presented in two parts: The wet-peel meth-
ods and Demonstrating utility. Whereas the experimen-
tal section describes the details, the following section de-
scribes the results of each step of the procedure, highlight-
ing what we believe to be the most important issues. The
second section, Demonstrating Utility, shows examples of
experiments that can reveal features not accessible using
traditional wet-tensile measurements on handsheets.

The Wet-peel methods

The steps for wet-peel methodology are summarized in Fig-
ure 2. This workflow measures either the once-dried wet
adhesion or the never-dried wet adhesion. We propose
that once-dried wet adhesion measurements are related
to wet paper strength. In contrast, we propose that the
never-dried wet adhesion measurements reflect the chem-
ical contribution of polymers to wet-web strength. The de-
tailed procedures corresponding to each step in Figure 2
are given in the experimental section, whereas the follow-
ing paragraphs describe the key features of each step.

Cellulose membrane pretreatment

We used dialysis tubing as the source of regenerated cel-
lulose membranes. Some membrane properties are sum-
marized in Table 1. In all cases the cellulose membranes
had to be pretreated. In the simplest case, pretreatment
was water washing to remove glycerol and other water-
soluble impurities. However, the regenerated cellulose
membranes have insufficient non-hydroxyl surface groups



Table 1: Regenerated cellulose membrane properties before and
after TEMPO oxidation or CMC treatment.

Untreated TEMPO-oxidation CMC-treated

Dry roughness (nm) 74 63 -
Total aldehyde 0 0.71 0
(umol/m?)

Estimated area per 0 62 0
surface aldehyde (nm?)

Never-dried

Water content after 54+1 56+1 541
blotting (Wt%)

Roughness (nm) 15+6 8x1 -
Elastic modulus (MPa) 934 1148 92+ 11
Tensile strength (MPa) 221 182 191
Strain at break (%) 709 47 6 59+9

Yield stress (MPa) 1-2 1-2 1-2
Once-dried and then rewetted

Water content after 531 51%1

blotting (Wt%)

Elastic modulus (MPa) 914 9915

Tensile strength (MPa) 24 %2 1321

Strain at break (%) 78+ 6 347 -
Yield stress (MPa) ~1 ~1 ~1

to give wet strength with most wet-strength enhancing
polymers. Herein we present results for membranes with a
surface layer of CMC and for TEMPO oxidized surfaces. Our
CMC-treatment protocols are directly based on the work of
Laine and Lindstrom who demonstrated that CMC could
be deposited, virtually irreversibly onto cellulose fibers
(Laine et al. 2000). By contrast, low temperature CMC so-
lutions in low ionic strength solutions show little tendency
to bind to clean wood pulp fibers.

Membrane treatments by TEMPO mediated oxidation
follow Saito’s early work (Saito and Isogai 2006). Both CMC
treatment and TEMPO oxidation generate surface carboxyl
groups that are grafting sites for PAE (see Figure 1) and that
promote adsorption of cationic polymers. TEMPO medi-
ated oxidation also generates aldehyde groups (Saito and
Isogai 2006) that are grafting sites for PVAm (DiFlavio et al.
2005).

The surface treatments have little impact on the me-
chanical properties of the wet membranes under our stan-
dard conditions. We also measured membrane mechanical
properties after exposure to PVAm and PAE. The results,
summarized in Table S1, show that the polymers did not
have a significant influence on the membrane mechani-
cal properties. Therefore, we propose that wet-peel values
from these treated membranes can be directly compared.

Measuring the density of surface functional groups is
achallenge because of the very low total surface area in the
membranes. We used dansyl hydrazine to label the alde-
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Figure 3: Comparing the aldehyde contents of untreated, TEMPO ox-
idized, and reduced cellulose membranes. Note the that fluorescent
labels are distributed throughout the thickness of the membrane.

hyde groups, and fluorescence to estimate the total alde-
hyde content of the labeled membranes. Figure 3 shows
the labeling chemistry and superimposes on the calibra-
tion curve the properties of the unmodified membrane,
TEMPO oxidized membrane, and, TEMPO oxidized mem-
brane that was treated with sodium borohydride to reduce
the aldehydes. Only the TEMPO mediated oxidation gave a
significant aldehyde content of 0.71 umol per square meter
of membrane top surface (10 umol per dry gram). However,
we have shown previously that confocal images of mem-
brane cross sections revealed a uniform distribution of flu-
orescent groups in the z-direction (Liu et al. 2013). There-
fore, to estimate the surface density of aldehydes we as-
sumed that the “surface aldehydes” corresponded to the
top 5nm layer of the membrane. We have expressed our
estimate of the aldehyde density in Table 1 as the area per
aldehyde group of approximately 62nm?. TEMPO medi-
ated oxidation targets the C6 hydroxyl and the estimated
area per exposed C6 hydroxyl on crystalline cellulose is
0.6 nm?. (Fleming et al. 2001) Therefore, based on our esti-
mate, only a small fraction of the accessible C6 hydroxyls
are present as aldehydes in our experiments.

Wet membranes were 130 + 10 um thick. Once-dried
membranes were dried at 23 °C. The surface aldehyde den-
sity is based on the assumption of a 5nm surface layer.
RMS roughness values measured by AFM (Yang 2018). Er-
ror limits depict the standard deviation based on at least 3
replicates. Above paragraph should move to Table 1 description

Finally, Liu etal. reported that the CMC (250 kDa, DS
0.9, 30 mM CacCl,) adsorption density on regenerated cel-
lulose was 0.34 mg/m? (Liu etal. 2011). This corresponds
to an area per carboxyl group of 1.2nm? Note that an
adsorbed layer of CMC will have loops and tails extend-
ing into solutions. Therefore, the carboxyls are dispersed
through the adsorbed layer thickness.
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Wet-strength resin application

Two methods have been developed for applying wet-
strength resins to the membranes — direct application and
adsorption, as show in Figure S2. Direct application in-
volves spreading 15 uL of polymer solution over a joint area
of 10 cm?. In early work we were concerned that press-
ing would squeeze out some of the wet-strength resin so-
lutions. Figure S4 shows photographs of a laminate and
the blotters after pressing. The laminate was formed with
a Congo Red solution to facilitate the visualization of lost
solution. There was no obvious leakage with pressing. The
hand blotting of membranes just before adding the 15 uL of
polymer solution is a critical step. The blotted membrane
has the capacity to hold the directly added polymer solu-
tion.

We show below that direct application is useful for
comparing a range of polymer types, while keeping con-
stant the polymer content in the laminate joint. For much
of our work the wet-strength resin coverage (dry poly-
mer mass/joint area) was 15mg/m? corresponding to a
dry thickness of 15nm, corresponding to approximately
15 layers of polymer molecules between the cellulose
membranes. However, compared to conventional adhesive
technologies, these are very thin adhesive layers.

In adsorption application one or both membrane sur-
faces are exposed to a polymer solution to give an ad-
sorbed monolayer on each surface treated. Adsorption ap-
plication is the closest to the situation in papermaking.
However, adsorption has two serious drawbacks. First, the
coverage (dry polymer mass/joint area) is difficult to mea-
sure. Second, it is impossible to control coverage which,
in turn, means a series of polymers cannot be compared
at the same coverage. Typically, adsorbed water-soluble
polymers give coverages in the range 0.1-1mg/m? on an
individual surface. Forming a joint between two such sur-
faces doubles the polymer coverage in the joint.

For both direct and adsorption application, it is impor-
tant to control the pH and ionic strength of the polymer
solution. The degree of ionization and the polymer config-
uration are sensitive to aqueous solution conditions.

We believe the membranes are manufactured in an
extrusion process that generated striations in the peel-
ing direction. Atomic force microscopic reveals a wet RMS
roughness of only 10-15 nm. However, the images suggest
parallel striations — see Figure S5. We prepared a series of
laminates with fluorescently labeled PVAm and used con-
focal microscopy to image the plane of maximum fluores-
cence between the cellulose membranes. The top image in
Figure 4 shows a laminate made by direct application. The
directly applied polymer is present as bands reflecting the
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Figure 4: Confocal micrographs of wet laminates prepared with flu-
orescently labeled PVAm. Image planes were chosen between the
membranes giving maximum fluorescence.

striations in the membranes. By contrast, adsorption from
solution gave a much more uniform distribution of poly-
mer. Finally, the striations were parallel to the long axis of
the parent dialysis tubing which was also our peeling di-
rection.

Lamination. Pairs of polymer treated, wet membranes
are pressed together between standard handsheet blotters
to ensure good contact. Originally our pressing pressures
were high (2150 kPa), for no particular reason. Our cur-
rent standard pressing pressure is 323 kPa. Figure 5 shows
that wet-peel force is not very sensitive to lamination pres-
sure over a great range. The highest wet-peel forces corre-
sponded to the highest lamination pressures.

For never-dried wet-peeling, the laminate water con-
tent is an important variable. Because pressing between
dried blotters lowers the water content, pressing time is a
convenient way to control never-dried water content.

Drying

GCPAM, PVAm, and PAE resins all require water removal
for covalent bonds to form within in the resin (crosslink-
ing) and to the cellulose surfaces (grafting). For GCPAM
and PVAm the once-dried laminates were normally re-
moved from the lamination press and dried at 23 °C, 50 %
RH overnight. Under these conditions, the equilibrium
laminate water content was about 7.5 %. PAE crosslink-
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Figure 5: The influence of pressing load on the once-dried wet-peel
force for 950 kDa PVAm adsorbed on one membrane.

ing reactions are facilitated by drying at elevated temper-
atures (Obokata and Isogai 2007). In these cases, we em-
ployed a heated lamination press, combining the heating
and drying step. We have found that the upper tempera-
ture limit for the laminates is about 70 °C for PAE treated
membranes. Above this, we observe membrane failure
during the wet-peeling possibly indicating the joints were
stronger than the membranes.

Rewetting

Once-dried laminates must be rewetted-before wet-
peeling. The laminates are hydrogels and the degree of
swelling will depend upon the pH and ionic strength of
the rewetting solution — these properties should be con-
trolled. Typically, we use 1 mM NaCl at neutral pH as the
rewetting solution. Deionized water should not be used
as it exaggerates joint swelling. A dilute buffer is recom-
mended for pH sensitive adhesive chemistries.

Our standard rewetting time of 30 minutes is usu-
ally sufficient to saturate the laminate. In early work we
were concerned that water soluble PVAm could diffuse
out of laminates. We showed that laminates bonded with
75 mg/m2 could be soaked for 2000 hours with no loss in
wet-peel force (DiFlavio et al. 2005).

The laminates are removed from the soaking solu-
tion, hand blotted, and weighed just before and after wet-
peeling. Typically, each laminate takes approximately 3
minutes to weigh and delaminate. The solids content in-
creases about 1% per minute at 23 °C, 50 % RH, giving an
average of about 50 % during the delamination.
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Wet-peeling

Laminate adhesion was measured as the ninety-degree
peel delamination force values — see Figure S3 for pho-
tographs of a wet-peel experiment. The reported wet-peel
results are expressed in units of N/m obtained by divid-
ing the measured forces by the width of the top membrane.
Note that wet-peel forces are dimensionally equivalent to
J/m?, corresponding to the total delamination work per
area of laminate joint.

The mechanics of peeling has been studied and mod-
eled in the pressure sensitive adhesives literature (Kendall
1975) (Gent and Hamed 1977) (Kinloch 1982) (Zhang Newby
and Chaudhury 1998) (Pesika etal. 2007). Peel work is
much greater than the thermodynamic work of adhesion
(Zhang Newby and Chaudhury 1998) (Li et al. 2001) reflect-
ing energy consumption by stretching the tape backing
and viscoelastic deformation within thick adhesive lay-
ers. In the case of our experiments, non-adhesive contri-
butions to the peel work could include stretching of the
top membrane after separation, and dissipation within the
two-sided medical tape fixing the bottom membrane to the
peel wheel. Example stress/strain curves for wet cellulose
membranes are shown in Figure Sé6. The strain correspond-
ing to a wet-peel force of 40 N/m was less than 1%, and
the corresponding work of stretching was only 0.13N/m
when the overall wet-peel force was 40 N/m. Table 1 com-
pares the mechanical properties of treated and untreated
membranes. For the < 1% membrane strains in the wet-
peel experiments, changes in membrane properties due to
surface treatments should have little impact on the mem-
brane stretching contributions to peel work.

Peel rate

The peel forces for pressure sensitive adhesive tapes are
a strong function of peeling rate because much energy
is consumed deforming the thick (typically 100 ym) vis-
coelastic adhesive layer (Satas 1989). By contrast, the ad-
hesive layers in our cellulose laminates are very thin (3—
30nm), mimicking fiber-fiber joints in paper. Figure 6
shows two examples of peel force versus peel rate curves.
The thicker adhesive layer showed some rate effects,
whereas the very thin layer did not. If we assume that the
water content of the adhesive layer was 50 %, the corre-
sponding thickness of the wet adhesive layers was about
twice the dry PVAm coverage, 15 nm for thicker layer and
3nm for the thin layer. Virtually all of our work has em-
ployed a fixed peeling rate of 20 min/min.
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Figure 7: Example curves of wet-peel force monitored during the

delamination. PVAm (950 kDa, 100 % hydrolyzed) was adsorbed on

one membrane before lamination. The laminates were rewetted in

10 mM NaCl at neutral pH. The peel rate was 20 mm/min. (DiFlavio

2013).

Table 2: Comparison of polymers as wet-strength resins.

Data quality

Figure 7 shows four replicates of raw peel-force versus
displacement curves, as well as the mean and standard
deviation plots. The mean peel force is calculated from
the user-defined horizontal section of the curve; the val-
ues for the curves in Figure 7 were 32, 27, 28, and 29 N/m.
The results in Figure 7 reveal two types of variation. Fo-
cusing on the steady-state portions beyond a displace-
ment of 5 mm, each curve shows significant noise around
a mean value. In addition, there is laminate-to-laminate
variation. Normally we perform triplicated measurements
and the steady-state portions of the curves are averaged
and the curve-to-curve variation is a used as a measure of
experimental error. Flawed experiments are usually obvi-
ous from the absence of a horizontal section in the peel
curve. Such results are rejected and additional samples are
measured.

Demonstrating utility

One of the most useful applications of wet-peeling is
comparing the efficacy of wet-strength polymers at the
same coverage. Table 2 summarizes unpublished early
work (2003) where we compared some common polymers
used in papermaking. None of the polymers gave signif-
icant wet adhesion with untreated regenerated cellulose
membranes. On the other hand, with oxidized cellulose,
PVAm gave adhesion values of 42 N/m. PAE laminates were
weaker, however, PAE gives stronger laminates than PVAm
if the laminates are heated, promoting crosslinking and
grafting. It is not surprising that CMC (applied without
calcium ions and elevated temperatures) and PolyDAD-
MAC do not impart wet strength. PEI (polyethyleneimine)
is known to give some wet strength (Espy 1995). The CPAM
had a slight strengthening effect on TEMPO oxidized cel-
lulose — similar results have been reported for handsheets
(Saito and Isogai 2007).

Average once-dried wet-peel force (N/m)

Polymer Details Untreated cellulose  Standard error

Oxidized cellulose  Standard error

PDADMAC  400-500kDa 0.00

CcmMC 250 kDa, DS 0.9 0.00 -
PAE Kymene 557H 2.13 0.24
PEl Polymin SK 2.13 0.24
CPAM Percol 175 2.36 0.40
PVAm 950 kDa 2.91 0.42

5.05 0.97
6.09 1.30
31.6 1.80
17.8 0.70
7.78 0.99
41.5 2.70
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Figure 8: The influence of cellulose membrane oxidation time on
the laminate wet-peel force. Conditions: TEMPO 0.034 g/L, NaBr
0.34 g/L, and NaClO 3 wt% based on dry cellulose. PVYAm molec-
ular weight was 150 kDa. The laminates were air dried at 50 % RH
and rewetted for 30 min in pH 6.5, 5mM NaCl. Figure adapted from
(Pelton etal. 2011).

Comparing cellulose surface treatments

Wet-peeling is also adept at showing how wet-strength
resins respond to cellulose surface pretreatments. Figure 8
shows the influence of TEMPO oxidation time on the wet-
peel force with PVAm. Adhesion increases with oxidation
time, reflecting an increase of the concentration of car-
boxyl and aldehyde groups. The aldehyde groups are graft-
ing sites for PVAm (see chemistry in Figure 1) whereas
the carboxyl groups promote PVAm adsorption at the cel-
lulose/water interface. However, these experiments em-
ployed the direct application procedure, giving a constant,

DE GRUYTER

high PVAm content in the laminates, removing the extent
of PVAm adsorption as a factor. With conventional hand-
sheet studies, the coverage of adsorbed PVAm would in-
crease with oxidation time because of the increased car-
boxyl content. Finally, at very long oxidation times, cel-
lulose degradation leads to membrane failure during the
wet-peeling.

The polymer solutions contained 1 mM NaCl adjusted
to pH 7 and direct application method gave a coverage
of 11 mg/m’. Laminates were dried at 23°C in 50 % RH.
The membranes were modified by TEMPO mediated oxi-
dation. Above paragraph should move to Table 2 description.

Table 3 compares adhesion results from experiments
comparing three wet-strength resin types (PAE, GCPAM,
and PVAm) and two types of cellulose treatments, TEMPO
oxidation and CMC treatment. In these experiments the
resins were applied by adsorption. Therefore the surface
treatment can impact both the coverage of resin in the lam-
inate and the extent and type of bonding between the resin
and the membrane. The results in the first three rows show
that without a wet-strength resin, TEMPO oxidation gives
some increase in wet strength, presumably due to the for-
mation of hemiacetal bonds between the membranes. Sim-
ilar results from wet handsheet testing have been reported
(Jaschinski et al. 2003; Saito and Isogai 2005).

Unbeaten, bleached softwood pulp was treated with
2wt% polymer based on dry fiber. The membranes were
saturated with adsorbed polymer. The laminates were
dried at room temperature, whereas the handsheets were
dried at 120 °C. The handsheet results were published re-
cently (Gustafsson et al. 2017). Above move to Table 3

With PAE, both TEMPO oxidized and CMC-treated
membranes gave high strengths, whereas laminates from

Table 3: The influence of membrane and fiber pre-treatments on once-dried wet adhesion and handsheet wet tensile indices.

Cellulose membrane treatment  Adsorbed polymer Once-dried wet-peel (N/m)  Handsheet wet tensile index (N-m/g)
- 1+1 1+0
TEMPO oxidized 112 421
CMC-treated - 11 1x0
Untreated PAE 1.4+0.1 4.5+0.1
TEMPO oxidized PAE 374 9+1
Reduced TEMPO oxidized PAE 32+3 -
CMC-treated PAE 301 9x1
Untreated PVAm 7+1.6 -
TEMPO oxid. PVAm 2414 60
Reduced TEMPO oxidized PVAmM 8+1 -
CMC-treated PVAmM 14+1.2 2#1
Untreated GCPAM 174 3.8+0.2
TEMPO oxidized GCPAM 20x1 9.320.2
CMC-treated GCPAM 35+2 12+0.1

42


User
Typewritten Text

User
Typewritten Text
Above paragraph should move to Table 2 description. 

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text
Above move to Table 3

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text

User
Typewritten Text


DE GRUYTER

untreated membranes were weak, reflecting the lack of
carboxyl groups on the regenerated cellulose membrane
surfaces.

PVAm was most effective with TEMPO oxidized mem-
branes, whereas the CMC-treated membrane laminates
were only half as strong as the TEMPO oxidized mem-
brane laminates — see Table 3. The amine groups on PVAm
interact with CMC by forming polyelectrolyte complexes
(Feng etal. 2007a, Gustafsson et al. 2016) whereas with
drying, amines form covalent imine and aminal linkages
with aldehydes.

The glyoxalated cationic polyacrylamide, GCPAM, was
the only polymer to improve the wet-strength of laminates
made with untreated regenerated cellulose membranes.
TEMPO oxidation gave a small improvement whereas the
CMC-treated membranes, treated with GCPAM, gave the
highest wet-peel values in Table 3.

The contribution of aldehyde groups to wet-adhesion
was illustrated by reducing the aldehydes on the TEMPO
oxidized membrane before laminate formation. With PAE,
removal of aldehydes had little impact because azeti-
dinium groups on PAE resins do not react with aldehydes.
On the other hand, the results in Table 3 show that TEMPO
oxidized membranes, laminated with adsorbed PVAm lose
about 2/3 of their strength when the aldehydes are re-
duced. This example shows how the wet-peel experiments
can be used to test adhesion mechanistic hypotheses.
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Figure 9: Relating wet-peel measurements to handsheet wet tensile
indices. Cellulose membranes and SBK pulps were either untreated,
TEMPO oxidized or CMC-treated cellulose membranes. All results
come from Table 3.

For a given fiber type and sheet structure, there is a
strong correlation between once-dried wet-peel and wet
tensile index. Figure 9 shows the once-dried wet peel force
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as a function of handsheet wet tensile index for the results
in Table 3. In spite of the wide range of fiber/membrane
treatments and wet-strength resin chemistries, wet-peel
force measured with laminates increases with wet tensile
index measured on handsheets. Given the speed, ease,
and reproducibility of wet-peel measurements, it might be
tempting to replace handsheet testing completely. We do
not recommend this because fiber treatments and poly-
mers that give exceptional wet strength also can give ex-
tensive formation problems due to fiber flocculation. The
roles of formation, retention, and fibrillation (beating) re-
quire paper testing.

Wet-strength resin coverage (thickness)

The influence of wet-strength resin coverage (resin
mass/joint area) on wet cellulose adhesion is easily probed
by wet-peeling laminates prepared using direct applica-
tion of resin solution. Figure 10 compares three data sets
showing once-dried wet-peel force as a function of cover-
age for PVAm laminated oxidized cellulose membranes.
The PVAm coverage is expressed as mg of dry polymer
per square meter of laminate. If the density of the dry
polymer is 1g/mL, the dry polymer thickness in nm is
equal to the coverage. For example, a 10 mg/m? dried uni-
form film, coating a smooth surface has a thickness of
about 10 nm. Note that the very highest coverage in Fig-
ure 10 correponds to a dry adhesive thickness of 100 nm,
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Figure 10: The influence of PVAm coverage on wet cellulose adhe-
sion. All laminates were prepared by direct application with PVAm
solution in 1mM NacCl at pH ~7 and rewetted in 1mM NaCl at pH 7
for 30 min before the delamination. Compared are results from three
researchers over a 12-year period. Diflavio’s results were published
in 2005 whereas the other data is new.



whereas a typical pressure sensitive adhesive layer thick-
ness is 100 um (Satas 1989). Therefore in the context of the
broader adhesive technologies, all the results in Figure 10
correspond to thin adhesive layers.

For our standard direct application procedure, the
volume of polymer solution (15ul) and the laminate
bonded area (10 cm?) are constant. Therefore in going
from 0.01 mg/m? to 1000 mg/m?, the polymer concentra-
tion ranged from 0.7 mg/L to 7 g/L. Thus the solutions of
the applied polymer ranged from the dilute, low viscosity
regime to the concentrated, high viscosity regime.

The major trend in Figure 10 is that wet-peel force in-
creases with adhesive coverage. The two data sets and the
individual experiments were obtained by three different
researchers over a twelve year period. Although the PVAm
molecular weights and the laminate pressing pressures
varied, the results show reasonable agreement. There is no
papermaking process that can apply wet-strength resin by
direct application to the fiber-fiber joint. Therefore the util-
ity of results such as those in Figure 10 are two-fold. First,
one can compare different resins at exactly the same resin
content and second, results from thicker layers (>10 nm)
show the contributions of polymer-polymer cohesive inter-
actions to the overall adhesion.

Never-dried adhesion: the chemical
contribution to wet web strength

On some papermachines wet-web strength is an impor-
tant requirement for efficient operation. Wet-web strength
depends upon water content, the sheet structure and the
adhesion/friction properties of fiber-fiber contacts (Page
1993). Polymeric additives have the potential to influence
water content (drainage), sheet structure (formation) and
possibly fiber-fiber adhesion. Never-dried wet-peel gives
insight into the contribution of polymers to adhesion
without the complications of varying paper sheet forma-
tion and sheet structure. Figure 11 shows the influence
of cellulose pretreatment on the never-dried wet adhe-
sion of cellulose membranes laminated with gyloxlated
cationic polyacrylamide, GCPAM. In all cases wet-peel
strength increases with the solids contents. The CMC-
treated membranes gave spectacular never-dried wet ad-
hesion, whereas TEMPO oxidized membranes showed lit-
tle improvement compared to untreated membranes. We
propose that adhesion is due to polyelectrolyte complexa-
tion between GCPAM and the surface CMC layer. We have
shown that complexes formed between PVAm and CMC in
solution give good once dried wet adhesion (Feng etal.
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Figure 11: The influence of membrane pretreatment on never-dried
wet-peel force with GCPAM wet-strength resin. Laminates using
untreated cellulose membranes were prepared by the direct applica-
tion with GCPAM (7.5 mg/m?) whereas the other laminate types were
prepared by the adsorption application.

2007b) and have also shown that high never dried adhe-
sion is achieved using CMC-treatment and PVAm (Gustafs-
son et al. 2016).

With respect to the never-dried adhesion measure-
ments, we have not settled on a standard procedure for
sample preparation. The key property is the laminate wa-
ter content. We recently reported never-dried wet-peel re-
sults where the lamination step was performed with a
2.4 kg hand roller pressing the laminates, sandwiched be-
tween blotters — water content was varied by blotter ex-
posure time (Gustafsson et al. 2016). By contrast, the lami-
nates for the results in Figure 11 were dewatered in a Carver
press at 323 kPa. The water content was varied by adjust-
ing the pressing times between 0.1 and 10 minutes.

Discussion

Our motivation herein is to promote the wet-peeling
method for evaluating and comparing paper wet-strength
resins. The most compelling application of wet-peeling is
the “head-to-head” comparison of a series of wet-strength
resin candidates using the once-dried method. With direct
application, the comparison is made with exactly the same
coverage (i.e. the mass of polymer/joint area). With ad-
sorption application, the peel-force reflects both the abil-
ity of the polymer to adsorb and then to contribute to adhe-
sion. Although adsorption application more closely mim-
ics the situation in papermaking, it is difficult to determine
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the amount of wet-strength resin adsorbed on the mem-
brane surfaces.

Our wet, regenerated cellulose membrane laminates
are physical models for the wet fiber-fiber joints in paper-
making. The utility of any model is limited by the extent
to which the model mimics its target. From the perspec-
tive of chemical composition, bleached kraft pulp fibers
and the membranes are both mainly cellulose. The pulp
will include some hemicellulose, whereas the membranes
should not. Of course, fiber morphology is much more
complex and diverse than is the case for the dialysis mem-
branes. The pore volume fraction of the membranes, as
judged by the water content, is about 50 %, which is less
than most fiber pore volumes based on water retention
values. Pulp fiber wall pore size estimation is complex is-
sues and results depend upon the method. The introduc-
tion to Andreasson’s paper gives a good summary of the
issues (Andreasson et al. 2003). Typical radii estimates for
bleached kraft pulp fibers are 10 nm as estimated by NMR
(Maloney et al. 1999). On the other hand, the accessibility
of fiber pores to soluble polymer suggest pore throat radii
of 50 nm (Andreasson et al. 2003). By comparison, the ef-
fective pore size of dialysis membranes are smaller than
those in pulp fibers; a 12kDa pullulan molecular weight
standard has a radius of about 3 nm (Dubin and Principi
1989). This analysis suggests that intermediate molecu-
lar weight wet-strength resins that can diffuse into fiber
walls are unlikely to enter the dialysis membranes. The
mechanical properties of individual membranes were lit-
tle changed by polymer treatment (see Table S1), further
supporting the claim that our PAE, PVAm and GCPAM
polymers did not penetrate the wet cellulose membrane
pores.

Our adhesion results suggest that untreated regener-
ated cellulose membranes have too few surface functional
groups to promote grafting and adhesion. Regenerated cel-
lulose fibers display the same behaviors. We recently have
shown that handsheets prepared with regenerated cellu-
lose (Lyocell) fibers treated with 2% PAE resins had a low
wet tensile index of 1.6 Nm/g, whereas when the fibers
were pretreated by TEMPO oxidation, the wet tensile in-
creased to 4.1 Nm/g (Gustafsson et al. 2017).

We propose that never-dried wet-peeling measure-
ments give insight into the contributions of polymers to
wet-web strength during papermaking. Historically, web-
web strength on papermachines was explained by a fiber-
fiber friction induced by capillary forces (Campbell 1933;
Lyne and Gallay 1954; Page 1993). However, this view has
been recently challenged (van de Ven 2008). The influence
of polymer additives on wet-web strength is complicated.
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The most likely positive contributions are increased fiber-
fiber wet adhesion/friction and increased sheet solids
content (i. e. better drainage). Wet-web strength measure-
ments are tedious, and meaningful comparisons require
a series of measurements as functions of solids contents.
Never-dried wet-peeling gives a direct measure of the ad-
hesion contributions of polymer additives and is easily
performed as a function of water content (see Figure 11 as
an example). The application of never-dried wet-peeling
to elucidate wet-web strengthening mechanisms is illus-
trated by the following example. PDADMAC is known to
increase drainage rates in some types of pulp suspen-
sions (Hubbe 2000). On the other hand, PDADMAC gave
no never-dried wet adhesion on TEMPO oxidized cellulose
membranes. This means that improved drainage and press
dewatering are the only mechanisms by which PDADMAC
is likely to enhance wet-web strength.

Finally, for more academic and mechanistic studies,
wet-peeling has proved to be useful in evaluating more
exotic joint structures such as layer-by-layer (Feng etal.
2009), microgels (Wen and Pelton 2012), and colloidal
polyelectrolyte complexes (Feng et al. 2007b).

Conclusions

Laminated wet, regenerated cellulose membranes serve as

a physical model for fiber-fiber joints in wet paper. Mea-

surements of the wet delamination force (i.e. wet-peel

measurements) augment conventional laboratory wet ten-
sile strength measurements by:

1) Giving comparisons of wet-strength polymers at the
same content of polymer in the laminate joint without
the influences of varying fines contents, formation or
paper density.

2) Providing measurement of both the wet-strength of
cured, dried joints, and the strength of never-dried
joints (i. e. analogous to wet-web strength).

3) Showing the influence of fiber surface chemistry, in-
cluding oxidation and the presence of firmly bound
polymers.

4) Permitting the evaluation of more exotic joint struc-
tures, including layer-by-layer assemblies, microgels
and colloidal polyelectrolyte complexes.

For a given paper structure and surface chemistry, wet-
peel forces are approximately linearly related to wet ten-
sile strength when varying the wet strength chemicals. In
our laboratory, wet-peel measurements have proven to be
reproducible over 10+ years with multiple users. Wet-peel



data are sensitive to important chemical parameters, in-
cluding adhesive composition, pH and drying tempera-
ture, while being relatively insensitive to experimental de-
tails, including sample width, peel rate and the lamination
pressure. Finally, wet-peel experiments are rapid and re-
quire very low quantities of wet-strength resin, facilitating
the comparison of large polymer libraries.
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WET-PEEL - A TOOL FOR COMPARING WET-
STRENGTH RESINS.

Dong Yang, John-Louis DiFlavio, Emil Gustafsson, Robert Pelton

SUPPLEMENTARY INFORMATION

Table S1The influence of PAE and PVAm on the mechanical properties of wet TEMPO oxidized
cellulose (TO-C) membranes. Once-dried membranes were dried at 23 °C. The
polymers were applied by adsorption. Error limits depict the standard deviation based
on at least 3 replicates.

TO-C | TO-C+PAE | TO-C+
PVAmM
Never-dried After Polymer Treatment
Water content after 56+1 55+1 55+1
blotting, wt%
Elastic modulus, MPa 114 £8 114 £4 106 £ 4
Tensile strength, MPa 18 +2 17+ 1 15+2
Wet strain at break, % | 47+6 50+6 40+ 6
Yield stress, MPa 1-2 1-2 1-2
Once-dried at 23 °C and then rewetted
Water content after 511 51+2 51+1
blotting, wt%
Elastic modulus, MPa 99 £5 95+ 8 100 £ 8
Tensile strength, MPa 13+1 18+ 1 17+ 1
Strain at break, % 34+7 54 +1 49+ 5
Yield stress, MPa ~1 ~1 ~1
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Figure S1 Dimensions of cellulose membranes and the release tape and their orientation in

the assembled laminate.
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Figure S2 Schematic depiction of the “adsorption” and the “direct application” methods for
applying wet-strength resin to cellulose surfaces.
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Figure S3 Photographs of peeling assembly.
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Figure S4 Photographs of a laminate and the blotters after pressing at 323 kPa for 5 min. The
laminate was prepared with 15 puL of 1g/L Congo Red solution. There was no indication
that pressing squeezed solution out of the laminate.
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Figure S5 AFM images were collected using an Asylum MFP-3D instrument (Asylum

Research, US). Images were processed in Igor Pro 6.37 running Asylum Research
13.03.17 software using the Magic Mask feature. Root mean squared roughness was
calculated in an area of 5 um X 5 um using the analysis tool in Asylum Research
software. For underwater imaging, a drop of 1 mM NacCl, pH 7 water solution was
added on the surface of never-dried wet membranes. The images were collected
underwater under ambient conditions using TR80O0OPSA cantilevers with normal spring
constants of a force constant of 0.57 =0.08 N/m and resonance frequencies of 70 + 15
kHz. in tapping mode. For imaging of once-dried samples, the samples were dried in
air. The images were collected in air under ambient conditions using FMR cantilevers
with normal spring constants of 2.8 £0.3 N/m and resonance frequencies of 75 £ 15
kHz in tapping mode.
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Figure S6 Stress-strain curves for never-dried wet cellulose membranes. Assume the wet-

peel force is 40 N/m and the thickness of wet membrane is 130 um. The corresponding
stress in membrane is ~ 0.3 MPa during the wet peel and the strain is less than 1%.
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Chapter 3

Hydrazide-derivatized Microgel Cellulose Wet
Adhesives

In this chapter, hydrazide-derivatized microgels were applied as cellulose wet adhesives.
Microgel adhesives were synthesized to have specific properties, including size, cross-
linking density, and hydrazide content. The performance of the microgel adhesives was
evaluated using wet-peel measurements. A mechanistic model was developed to analyze
the contribution of microgel properties to the adhesive energy. This knowledge helped us
in the design of microgel adhesives with controllable degradability, which is described in
Chapters 4 and 5.

The data within this chapter have been collected by me with the assistance of Taylor
Stimpson, who worked with me as a summer student. I summarized the data and wrote
the draft myself. Dr. Emil Gustafsson, Dr. Anton Esser, and Dr. Robert Pelton helped me
analyze the results. Dr. Pelton re-wrote parts of the draft as necessary.

This chapter and the supporting information are reprinted as they appear in ACS Applied
Materials & Interfaces with permission from the American Chemical Society.

Hydrazide-Derivatized Microgels Bond to Wet, Oxidized Cellulose Giving Adhesion
Without Drying or Curing

Dong Yang, Emil Gustafsson, Taylor C. Stimpson, Anton Esser, and Robert H. Pelton
ACS Applied Materials & Interfaces, 2017, 9 (24), 21000-21009
DOI: 10.1021/acsami.7b04700
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ABSTRACT: Hydrazide-derivatized poly(N-isopropylacrylamide-co-acrylic
acid) microgels gave strong adhesion to wet, TEMPO oxidized, regenerated
cellulose membranes without a drying or heating step. Adhesion was
attributed to hydrazone covalent bond formation with aldehyde groups
present on the cellulose surfaces. This is one of only three chemistries we
have found that gives significant never-dried adhesion between wet cellulose
surfaces. By contrast, for cellulose joints that have been dried and heated
before wet testing, the hydrazide-hydrazone chemistry offers no advantages
over standard paper industry wet strength resins. The design rules for the
hydrazide-microgel adhesives include: cationic microgels are superior to
anionic gels; the lower the microgel cross-link density, the higher the
adhesion; longer PEG-based hydrazide tethers offer no advantage over

Microgel
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| 4
Hydrazone |:~|| nu, Hydrazide
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shorter attachments; and, adhesion is independent of microgel diameter. Many of these rules were in agreement with predictions
of a simple adhesion model where the microgels were assumed to be ideal springs. We propose that the unexpected, high
cohesion between neighboring microgels in multilayer films was a result of bond formation between hydrazide groups and

residual NHS-carboxyl esters from the preparation of the hydrazide microgels.

KEYWORDS: wet adhesion, hydrazone, hydrazide, microgels, cellulose oxidation

B INTRODUCTION

The “Bioeconomy” is a vision in which many of the materials
we use come from sustainable sources and are recyclable.
Cellulose, the world’s most abundant organic material, must
play a major role in replacing conventional plastics, concrete
and other materials we all use every day. Wood and paper
materials have a long history. More recently there has been an
explosion in activities around breaking wood down to cellulose
nanocrystals and to cellulose nanofibers. The Achilles heel of
wooden structures, paper-based materials, and the newest
nanocellulose composites is moisture sensitivity. Amorphous
cellulose sorbs water, changing properties as far ranging as
stiffness and oxygen permeability. In addition, the hydrophilic
nature of cellulose surfaces makes it difficult to achieve durable
adhesive joints between wet cellulose surfaces. The long-term
goal of our research is to develop new adhesive technologies
specifically aimed at achieving durable joints between cellulose
surfaces in water. Our aspirations include: adhesive joints that
form spontaneously in water under ambient conditions giving
what we call herein “never-dried adhesion”; adhesive joints in
which adhesion can be turned off to promote recycling;
adhesive materials based on green chemistry principles; and,
adhesive materials that, like cellulose, are completely biode-
gradable.

Most of our adhesion research has focused on polyvinyl-
amine (PVAm) as the adhesive in the form of linear polymers
or as microgels. Microgels offer many advantages including:
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they are easily cleaned and characterized;' they can be
deposited in well-defined arrangements in adhesive joints;
their influence on adhesion can be modeled by simply treating
them as springs;” and because microgels are larger than most
linear polymers, an adsorbed layer of microgels puts more
adhesive in cellulose-adhesive-cellulose joints, an important
advantage when forming joints between rough surfaces.” Our
most recent adhesive microgels were based on carboxylated
poly(N-isopropylacrylamide) (PNIPAM) microgels with an
adsorbed layer of PVAm.” These materials give significant wet
adhesion to oxidized cellulose. However, the adhesive joint
must first be dried to form covalent imine and aminal linkages.
Without the drying step, the never-dried adhesion is minimal.

There are potential applications of cellulose adhesives where
never-dried adhesion would be useful. In papermaking,
methods of increasing the strength of the wet paper sheet on
the papermachine (i.e., the wet web strength) help prevent the
wet paper sheet from tearing and disrupting production.”
Agricultural mulches based on sprayed wood pulp fibers is
another example where instant wet, cold adhesion is an
important property.5

In this work, we explore the utility of hydrazide-hydrazone
chemistry as a route to never-dried adhesion in the presence of
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water (see Figure 1B). This is an attractive chemistry because
hydrazone bonds form in water under ambient conditions,
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Figure 1. (A) Hydrazide derivatization of carboxylated microgels and
(B) hydrazone bond formation between a hydrazide and an aldehyde
in water. Although, hydrazone bond formation is acid-catalyzed, the
reverse hydrolysis reaction dominates at low pH. Therefore, neutral
pH is optimal for hydrazone bond formation.”"°

giving covalent hydrazone linkages.”” Hydrazone bond
formation requires aldehyde groups, and we generated these
by mild TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl) oxida-
tion of regenerated cellulose films.® Although most adhesives
polymers are linear or branched, we chose poly(N-isopropyla-
crylamide-co-acrylic acid) microgels (poly(NIPAM-co-AA)) as
the polymer platform onto which we grafted hydrazide groups
(see Figure 1).

Cellulose—cellulose adhesion in the presence of water is an
old problem. Most of the current technologies have been
developed for use in the paper industry where small wood-pulp
fibers are assembled into large structures. Two extremes that
span the technology landscape are saturating papers and paper
towels. Saturating papers are impregnated with thermosetting
polymeric resins, producing materials that are used in flooring,
furniture, and laminated panels. Such materials are strong,
tough, water resistant, and commonly found in our homes and
offices. They are neither sustainable nor recyclable.

The second example of wet-strengthened cellulosic materials
is the paper towels we all use. Unlike products based on
saturating papers, most of the material in paper towels is
lignocellulosics. During the papermaking process, a small
quantity of adhesive forms an adsorbed layer on wet fibers
surfaces. When the fiber suspension is filtered to form wet
paper, adhesive coated fibers are forced together, forming weak
fiber—fiber joints. During the drying process at elevated
temperatures, the polymer present in the fiber—fiber joints
cross-links and forms covalent grafts to the fiber surfaces. In the
paper industry, these materials are called wet-strength resins,
and the most popular one is a material commonly called PAE
resin (polyamide-epichlorohydrin)."" We know from using
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premium paper towels or paper coffee filters that PAE resins
give high wet strength. In terms of our goals: PAE fails to give
never-dried adhesion; PAE strengthened papers cannot be
recycled and do not decompose quickly; PAE adhesion cannot
be switched off; and, PAE polymers are neither green nor from
sustainable sources.

Possible but impractical approaches to never-dried adhesion
are chitosan applied at high pH,'> polymers bearing grafted
cellulose binding domain proteins, ° and polymers bearing
grafted DNA aptamers.'* A few years ago we showed that
PVAm with grafted phenylboronic acid moieties gives never-
dried adhesion when applied at pH > 8."° We proposed that the
mechanism involved the formation of boronate esters with
cellulose chain ends. If one is willing to pretreat cellulose fibers,
followed by a second adhesive application, there are more
options for never-dried cellulose-cellulose adhesion. Recently,
we have shown that cellulose coated with grafted carbox-
ymethyl cellulose (CMC), a process developed by Laine and
Lindstrom,'® gives very high never-dried adhesion when
laminated with PVAm.'” The never-dried adhesion was
attributed to polyelectrolyte complex formation between
cationic PVAm and anionic CMC.

The current work was inspired by the biotechnology
literature, where hydrazide-hydrazone chemistry has been
used to prepare hydrogels under mild, wet conditions for
controlled dru% release’® and for the immobilization of
biological cells.”” In spite of these possibilities, there are
surprisingly few publications or patents exploiting hydrazide/
hydrazone cross-linking in the papermaking technology
literature. More than 45 years ago Machida described the use
of polyacrylamide-hydrazide as a flocculant for papermaking;
there was no mention of exploiting the ability of the hydrazide
groups to bond to oxidized cellulose.”” By contrast, the patent
literature contains many examples of hydrazone bond
formation for modifying or cross-linking water-soluble
polymers.”' ~** Finally, Tejado et al. recently described the
use of adipic dihydrazide (ADH) to bond carboxylated
cellulosic fibers.”> Whereas hydrazides react spontaneously
with aldehydes, coupling to carboxyl groups requires one or
more activating agents such as carbodiimides.

Herein we link the properties of hydrazide-modified
microgels to their performance as cellulose wet adhesives.
The experimental results are interpreted within the framework
of a mechanistic adhesion model, highlighting both the key
microgel properties and the strengths and weaknesses of our
model.

B EXPERIMENTAL SECTION

Materials. Dihydrazide-polyethylene glycol (PEG) with Mw 1 kDa
was purchased from Creative PEGWorks, U.S. Regenerated cellulose
membranes (Spectra/Por2, MWCO 12—14 kDa, product number
132684) were purchased from Spectrum Laboratories, U.S. Blotter
papers were purchased from Labtech Instruments Inc., Canada. All
other chemicals were purchased from Sigma-Aldrich, Canada. Water
type 1 (as per ASTM D1193-6, resistivity 18M€2/cm) were used in all
experiments. The hydroquinone inhibitor was removed from N,N'-
dimethylaminoethyl methacrylate (DMAEMA) by passing it through a
column (Sigma-Aldrich, U.S.).

Microgel Preparation. A series of poly(NIPAM-co-acrylic acid)
microgels was synthesized based on the methods in the literature*® and
the recipes are summarized in the Supporting Information (see Table
S1). In a typcial polymerization, NIPAM, N,N’-methylenebis-
(acrylamide) (MBA), sodium dodecyl sulfate (SDS), and AA were
dissolved in water and heated to 70 °C. The solution was agitated for
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30 min with nitrogen gas purging. Ammonium persulfate was dissolved
in 2 mL of water and injected into the solution.

For amphoteric microgels, NIPAM, MBA, cetyltrimethylammonium
bromide (CTAB), DMAEMA and AA were dissolved in water and
heated to 70 °C. The solution was adjusted to pH 3 with 0.1 M
hydrochloric acid. The solution was agitated for 30 min with nitrogen
gas purging. 2,2’-Azobis(2-methylpropionamidine) dihydrochloride
(AAPH) was dissolved in 2 mL water and injected into the solution.

All polymerizations proceeded for 8 h at 70 °C with nitrogen gas
purging. The microgels were purified by dialysis against water. The
properties of the nine starting microgels are summarized in Table S2.

Hydrazide-Microgels. Hydrazide-derivatized microgels were
prepared by the EDC/NHS mediated conjugation of ADH to
poly(NIPAM-co-AA) microgels.”” The conjugation chemistry is
shown in Figure 1A and detailed conjugation recipes are given in
Table S4. In a typical reaction, the molar ratio of ADH, 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) was 2:2:1. 120 mg of dry microgels were
dispersed in 24 mL water at room temperature and after 30 min
stirring, the pH of solution was adjusted to S. EDC was added and
then NHS was added 2 min later. The dispersion was stirred and
maintained at pH 5. After 10 min, the pH was adjusted to 7.2 and the
grafting reagents ADH or dihydrazide-PEG were added. The
modification proceeded for 2 h at room temperature with pH
maintaining 7.2. The products were purified by dialysis and stored as
aqueous solution at 4 °C.

Microgel Characterization. For most measurements, the micro-
gels were dispersed in 1 mM NaCl solution at neutral pH at 23 °C.
The electrophoretic mobilities of microgels were measured by
ZetaPlus analyzer (Brookhaven Instruments, US) using the phase
analysis light scattering mode. The reported mean electrophoretic
mobility values and the corresponding standard errors were based on
10 cycles with 10 scans for each cycle.

Hydrodynamic diameters of microgels were measured by dynamic
light scattering (DLS) (Model BI-APD, Brookhaven Instruments, US)
with software version 1.0.0.1. The detection angle was 90° and we
used a 633 nm wavelength laser. The DLS results were interpreted
with the CONTIN algorithm providing a polydispersity index (PDI)
and a mean diameter for each measurement. The reported average
particle diameters and the corresponding standard deviations were
based on at least three measurements.

Microgel carboxyl contents were determined by potentiometric
titrations, carried out with a Burivar-I2 automatic buret (ManTech
Associates, Canada). Thirty 2 mg of dried microgel was dispersed in
50 mL 1 mM NaCl with initial pH 3.0 + 0.1. All samples were titrated
by 0.1 M NaOH with a target increment of 0.05 pH units/injection.
The corresponding injection volumes were in the range 5—100 uL.
The interval between injections was 90 s. The microgel carboxyl
contents, before and after hydrazide conjugation, were calculated from
potentiometric titration data. However, we were unable to use the
potentiometric data directly from pH 3 because the hydrazide groups,
with a pK, ~ 2.5,°® contribute to titration end points. Instead, the
residual carboxyl contents were estimated from the portion of the
potentiometric curve pH >4. This analysis was based on two
assumptions: (1) the hydrazide groups do not contribute to the
titration curve for pH > 4; and, the degree of ionization for microgel
carboxyl groups at pH 4 was equal for both the hydrazide-microgels
and the microgels before derivatization. Details of potentiometric data
analysis are given in the Supporting Information, and the resulting
microgel carboxyl contents are expressed herein as carboxyl equivalent
weights (g/mol carboxyl).

The hydrazide contents of the derivatized microgels (see structure
in Figure 1A) were expressed herein as the “DS value” (degree of
substitution), which is the mole fraction of the carboxyl groups
converted to hydrazide groups. The DS is related to the equivalent
weights of the microgels, before, EW,, and after, EWy, derivatization
by eq 1 where MWy = 156.2 Da is the molecular weight of each
hydrazide moiety. The hydrazide-microgel DS values are summarized
in Table 1 and eq 1 is derived in the Supporting Information.
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EW,, — EW,
EW — MW ¢y

DS =

Table 1. Properties of the Hydrazide Microgels”

cross-  hydrazide
linker DS diameter mobility

microgel  (mol %)  (mol %) (nm) PDI  (107° m?*/(V s))
Al-H31 S.3 31 823 + 37 0.09 —2.35 £ 0.0S
A2-H75 5.3 75 372+ 6 0.06 —2.14 + 0.08
A2-H62 S.3 62 381 +6 0.01 —2.16 + 0.07
A2-H45 5.3 45 399 + 4 0.03 —2.32 + 0.07
A2-H28 5.3 28 417 £ 6 0.01 —2.34 £ 0.07
A2-H19 53 19 438 + 6 0.06 —2.33 + 0.03
A2-Hé6 5.3 6 450 + 14 0.09 —2.56 + 0.07
A2- 5.3 12 422 £ 7 0.12 —2.59 + 0.03

HPEGI12
A2- 5.3 31 406 + 6 0.08 —2.37 £ 0.10

HPEG31
A3-H30 5.3 30 231+ 5 0.07 —2.08 + 0.06
A4-H38 5.3 52 113 + 14 0.39 —1.57 + 0.06
AS-H72 16.0 72 493 £25 013 —2.07 + 0.04
A6-H72 10.7 72 399 £ 9 0.03 =227 + 0.04
A7-H68 1.5 68 393 +£23 0.18 —1.73 £ 0.08
A8-H7S 0.5 75 398 + 37 0.41 —1.65 £+ 0.15
AMP-H $3 29 187 + 6 0.22 —149 + 0.11
AMP1-H 5.3 49¢ 132 + 12 037 —1.04 + 0.0S

“Overestimates that include the unknown contribution of the tertiary
amine monomer to the titration. “The hydrazide-microgel names
combine the parent starting microgel name (A1, A2, AMP, or AMP1)
with the percentage of carboxyl groups converted to hydrazides (H62,
H28, etc.) Particle size and electrophoretic measurements were
performed in 1 mM NaCl at pH 7, at 23 °C. The properties of the
unmodified starting microgels are given in Table S3.

Cellulose Membrane Oxidation. Regenerated cellulose Spectra/
Por2 (MWCO 12—14 kDa) dialysis tubing (120 mm diameter) was
cut into 6 cm X 2 cm (top) and 6 cm X 3 cm (bottom) strips. The
membranes were cleaned by agitating in water at 60 °C for 1 h. The
clean membranes were oxidized as follows. 68 mg TEMPO (2,2,6,6-
tetramethylpiperidine 1-oxyl) was dissolved in 2 L of water along with
680 mg NaBr and followed by 300 mg NaClO. The concentration of
NaClIO solution was determined by available chlorine titration
(TAPPI, Test Method T 611 cm-07). The pH of the solution was
adjusted to 10.5, after which 10 g cellulose membranes were mixed at
room temperature while maintaining the pH at 10.5 by 1 M NaOH or
HCI. After 15 min, the oxidation reaction was stopped by adding 10
mL ethanol. The oxidized membranes were washed with water and
stored at 4 °C.

Once-Dried Wet Adhesion. The laminates were prepared by a
method we call “direct application”.” In this procedure, 15 yL microgel
dispersion was carefully applied between two wet, oxidized cellulose
membranes. The top membrane was 6 cm X 2 cm and the bottom one
was 6 cm X 3 cm. A Teflon tape (1 cm wide) was put between two
membranes at one end, making an effective adhesive area between two
membranes of 5 cm X 2 cm. The adhesive coverage in laminate joints
I (mg/m?*) was determined from the volume (15 uL), concentration
of application solution, and the effective adhesive area of laminate. The
adhesive concentration of application solution was changed to vary the
adhesive coverage. For most cases, the adhesive dispersion consisted of
1 g/L microgel in 1 mM NaCl solution at pH 7, corresponding to 15
mg of dry microgel per square meter of laminate.

The laminates were place between two blotter papers and pressed
under 334 kPa for 5 min at room temperature in Standard Auto CH
Benchtop Press (Carver, Inc., US). The samples were then dried in a
constant temperature and humidity room (23 °C, 50% relative
humidity) for 1 day.



ACS Applied Materials & Interfaces

A freely rotating aluminum peel wheel with a diameter of 14 cm and
width of 4 cm was attached to an Instron 4411 universal testing system
with S0 N load cell (Instron Corp., Norwood, MA). Before testing, the
laminates were soaked for 30 min in 1 mM NaCl at pH 7 and then
blotted free of excess water. Wet membranes were fixed to the wheel
with moisture-resistant double-sided tape (medical tape 1522, 3M,
US). Delamination force was determined with a 90 deg peeling
geometry using a peel rate was 20 mm/min. The wet laminates were
weighed before and after peeling. The solid contents of the laminates
were in the range of 47—54 wt % during the peeling. The reported
delamination forces and standard deviations were based on at least 3
replicates.

Never-Dried Adhesion. 90-degree peel tests were used to
determine never-dried adhesion. Laminates were prepared by the
direct application, and then placed between two blotter papers, and
pressed under 334 kPa at room temperature. The water contents of
the laminates were controlled by varying the pressing time in the range
of 0.1—10 min. Delamination force of never-dried laminates was tested
immediately after pressing. The weight of each laminate was recorded
before and after peeling. The reported solids contents of the laminates
were the average of the values before and after delamination. In most
of experiments, water contents decreased 8—14 wt % during
delamination.

B RESULTS

The Microgels. The adhesive microgels were prepared in a
two-step process. First, nonadhesive, starting copolymer
microgels containing carboxyl groups were prepared by
standard batch polymerization. Second, some of the carboxyl
groups were converted to adhesive hydrazide groups by
coupling with the bifunctional hydrazide, ADH, see chemistry
in Figure 1A.

Starting microgel series A1—A8 were anionic copolymers of
N-isopropylacrylamide (NIPAM) and acrylic acid—see recipes
in Table S1. Over the series, the acrylic acid mole fraction in the
monomer mixture was 15 mol % for all of the microgels,
whereas the cross-linker content ranged from 0.5 to 16 mol %.
Amphoteric NIPAM copolymer microgels, AMP and AMP1,
were also prepared, and the recipe is given in Table S2. The
measured diameters, electrophoretic mobilities, and carboxyl
contents of the starting microgels are given in Table S3. The
carboxyl contents and electrophoretic mobilities were approx-
imately constant, whereas the average microgel swollen
diameters spanned the range of 100—1000 nm.

Hydrazide groups were coupled to the nine starting
microgels, giving 17 hydrazide-microgels whose properties are
summarized in Table 1. The hydrazide contents are expressed
as DS (degree of substitution) values we define as the mole
percent of carboxyls converted to hydrazides. The microgel
designations include the parent microgel name and the
hydrazide DS value. For example, microgel A2-H6 was starting
microgel A2 with 6 mol % of the carboxyls derivatized to
hydrazides.

Our hydrazide conjugation procedure (Figure 1A) could
induce microgel/microgel attachments. However, the PDI
values did not change significantly, and the microgel diameters
actually decreased because of the conversion of ionized
carboxyl groups to nonionized hydrazides. Example particle
size distributions, before and after conjugation, are given in
Figure S1.

In the next sections, we present the abilities of the hydrazide-
microgels to promote the adhesion between wet cellulose
surfaces. Our results describe two separate cases: “never-dried”,
where the adhesive joint is not allowed to dry, and “once-
dried”, where the adhesive joints were allowed to dry at room
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temperature before being rewetted for adhesion testing. The
distinction between the two cases is important because drying is
required to promote covalent bond formation in virtually all
adhesive chemistries.

Strength of Never-Dried Joints. A potential advantage of
the hydrazide chemistry is covalent bond formation in the
presence of water. Wet adhesion experiments were performed
with samples that were never dried—herein designated “never-
dried adhesion”. Regenerated cellulose membranes were
TEMPO oxidized to introduce aldehyde groups and the wet
membranes were laminated with a layer of microgels acting as
an adhesive layer. The moisture content of the laminates was
controlled by varying the room temperature pressing time.
Ninety-degree peel tests were performed to give measures of
wet adhesion. Figure 2 shows the results with oxidized cellulose
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Figure 2. Never-dried adhesion of oxidized cellulose membranes
laminated with hydrazide-microgel adhesives. The mass coverage was

I" = 15 mg/m?; the corresponding number of layers of microgels in the
laminate joint was 1.4 for AMP-H and 0.9 for A2-H45.

membranes as a function of laminate solids contents. Note that
before lamination, our swollen cellulose membranes had a
solids content of 48—49 wt % after oxidation. In all cases the
wet delamination force increased with the laminate solids
content.

AMP-H, the amphoteric hydrazide microgel displayed high
never-dried adhesion with oxidized cellulose, particularly at pH
4.1. By contrast, the hydrazide-microgels were ineffective with
nonoxidized cellulose (see Figure S2), supporting the proposal
that the hydrazide groups form covalent hydrazone bonds to
cellulosic aldehydes—see chemical structures in Figure 1. Note
that a second amphoteric microgel gave similar results—see
Figure S3.

Anionic hydrazide microgel A2-H4S (Figure 2) gave low
never-dried adhesion until the laminate was partially dried.
Increasing microgel coverage did not improve adhesion to any
extent—see Figure S4. Although hydrazide moieties should be
able to couple with the cellulose aldehyde promoting adhesion,
we propose that electrostatic repulsion between the anionic
microgel and anionic cellulose inhibits intimate microgel/
cellulose contact and thus hydrazone bond formation.

Strength of Once-Dried Joints. In the following experi-
ments, the cellulose laminates were allowed to dry at room
temperature before rewetting for peel delamination. Figure 3
shows the influences of pH and NaCl concentration on the
properties of two microgels. A2-H75 was an anionic microgel
with a high content of hydrazide groups, whereas AMP-H was
the amphoteric microgel with lower hydrazide content. We
consider first the anionic microgel A2-H75. As expected, the
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Figure 3. Influence of ionic strength and pH on (A and B) microgel electrophoretic mobility, (C and D) microgel size, and (E and F) once-dried wet

adhesion.

anionic microgel shrank with increasing salt content and
lowering pH, reflecting the electrostatic contribution to
swelling.

Amphoteric microgel swelling and electrophoretic mobility
values usually show complex behaviors over the pH range, and
AMP-H is no exception. At low pH, the carboxyl groups were
uncharged, whereas the tertiary amine groups on the cationic
monomer (DMAEMA) were ionized. At high pH, the carboxyls
were ionized and the amines were not. The corresponding
electrophoretic mobility was positive below pH 5 and negative
at higher pH values. Swelling was minimum around pH 4.5
corresponding to the isoelectric point.

After the laminates were formed, they were allowed to dry
slowly at 23 °C and 50% relative humidity (i.e,, once-dried).
Before strength testing the laminates were soaked in water for
30 min giving water contents in the range 47—54 wt %. Figure
3E and F compare the adhesion characteristics of the microgels.

In contrast to the never-dried adhesion results (Figure 2),
where the anionic hydrazide microgel gave poor adhesion, the
anionic hydrazide microgel, A2-H7S, gave once-dried wet
adhesion values of about 20 N/m. In our experience, this is an
intermediate strength. The very best adhesives give values of
30—4S N/m, above which cohesive failure of the oxidized
cellulose membranes often occurs. By contrast, with unmodi-
fied microgels we were unable to measure a once-dried wet
adhesion. Without adhesive microgels, TEMPO oxidized

59

cellulose gave a cellulose/cellulose once-dried wet adhesion
lower than 10 N/m after 30 min wetting.

A most striking observation was that the wet adhesion values
with the anionic microgels were virtually constant over the large
range of pH values and salt concentrations. Our cellulose-
microgel-cellulose laminates were prepared by directly adding
the adhesive during the laminate preparation. Although the
anionic microgels may not spontaneously adsorb onto the
cellulose, with drying the aldehydes and hydrazides will be
brought together as the laminate dries, giving an opportunity
for hydrazone bond formation. Ionic strength and pH effects
that are important in solution, are probably attenuated when
the adhesive joint dries.

The amphoteric microgel AMP-H gave consistently higher
once-dried adhesion than the anionic microgel. We were
surprised to observe a strong pH dependence in the adhesion
properties of the amphoteric microgels (see Figure 3F). Above
pH S the adhesion values were around 25 N/m, whereas at
lower pH the adhesion increased to 35 N/m, a substantial
change. Comparing Figure 3B and F it reveals that the highest
amphoteric microgel once-dried wet adhesion corresponded to
the pH range where the microgels had a positive electro-
phoretic mobility. A second hydrazide-amphoteric microgel
AMPI1-H also showed high cellulose-cellulose once-dried wet
adhesion at low pH. The electrophoretic mobility and adhesion
values for AMP1-H are summarized in Figure S5. We propose
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that the positively charged polymer chains on the microgel
surface promote molecular contact with the negatively charged
cellulose surfaces, which in turn promotes hydrazone bond
formation before drying when the tethered hydrazide groups
are more mobile. By contrast, negatively charged microgel
surface chains will be repelled from the cellulose until the water
is removed.

Comparing Never-Dried and Once-Dried Adhesion.
Results from two types of adhesion measurements should be
compared at the same laminate water contents. The average
solids contents in the once-dried laminates during testing was
around S0 wt %. The corresponding never-dried adhesion
results in Figure 2 at SO wt % were about half the once-dried
values in Figure 3 for the amphoteric microgel. The never-dried
anionic microgel laminates were very weak at 55 wt %; we were
unable to measure adhesion at lower solids contents with the
anionic microgels.

Modeling the Influence of Microgel Properties.
Parameters required to describe a microgel adhesive include:
diameter, degree of swelling, type and density of cellulose
affinity groups, cross-linker content, elastic modulus, etc. In an
effort to guide thinking toward the critical parameters, we
developed a simple model to relate microgel gel properties to
the delamination force.”” The essential features of the model
are illustrated in Figure 4. The model assumptions included:

Cellulose
membrane

Microgel

Figure 4. Illustrating the elements of the adhesion model. Figure
adapted from Wen and Pelton.”

each microgel is treated as an ideal spring and failure only
occurs at the adhesive contacts between the microgel and the
cellulose interface; the membrane adopts a circular geometry
with radius r at the peel front; and, the thickness of adhesive
layer (L, in Figure 4) is a function of unrestrained microgel
diameter and the adhesive coverage.

Details of the adhesion model are illustrated in the
Supporting Information. D, the microgel diameter and 7, the
radius of curvature at the peel front were measurable
parameters. E, the elastic modulus of individual microgel
particles and &, the critical microgel extension at which a
microgel particle detaches from cellulose, were unknown
parameters and were treated as adjustable parameters. The
model was able to simulate the influence of microgel coverage
and cross-link density.” Herein, we have made the following
two extensions to our model to describe better the hydrazide-
microgels.

First, our new model no longer assumes failure only occurs at
the microgel-cellulose interface. Instead, we replaced ¢, in our
original work with two critical microgel extensions, &, for the
cellulose-microgel failure, and Egq for microgel-microgel
adhesive failure. We anticipated that microgel-microgel
adhesion for the hydrazide-microgels, would be low, requiring
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this change to the model. However, we will see below that
microgel-microgel adhesion was high.

Second, r, the radius of curvature at the peel front is no
longer assumed to be constant. Both the membrane mechanical
properties and the adhesion forces determine peel-front
curvature. For weak joints, r is large, whereas for strong joints
r is small; photographs showing comparing a small and large r
value are shown in Figure S6. We performed a series of
experiments in which the delaminated force was varied by 3—25
N/m. Figure SA shows the measured r values as functions of
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Figure S. (A) Experimentally determined radius of curvature, r, at the
delamination point as a function of delamination force of once-dried
membranes. The solid line is an exponential fit to the data. (B)
comparison of two simulated delamination force versus coverage
curves, one with constant r and the other where r was a function of
delamination force of once-dried membranes.

the delamination force, together with the exponential function
used to fit the data. In the revised model, this exponential
relationship was used to couple the delamination to r. However,
the simulated curves for variable r were similar to those
calculated assuming r was constant—see example comparison
in Figure 5B.

Our revised model, implemented in MathCad Prime 3.1, is
described in detail in the Supporting Information. The model
was solved numerically and the results are compared with
experimental results in the following sections. Peel mechanics
are complicated and not captured in detail by our model
Nevertheless, it is instructive to see where the model and
experiments diverge.

Influence of Microgel Coverage. A series of laminates
was prepared with a range of adhesive coverages, I' (dry mass/
joint area). Figure 6 shows the once-dried wet adhesion as a
function of the coverage of anionic A2-H7S microgel. The
delamination force increased with microgel coverage up to a
plateau value of about 25 N/m, which occurred for dry
microgel coverages I' > 30 mg/ m? The vertical dashed line at "
= Iy, = 35 mg/m? in Figure 6 depicts our estimate of the
coverage given by two layers of A2-H75 microgels randomly
deposited in the cellulose/cellulose joint. For this estimate, the
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Figure 6. Influence of A2-H7S microgel coverage in laminate joints on
once-dried wet adhesion. The solid lines were calculated with Version
2 of our model (see SI) with D = 372 nm, E = 100 kPa, and &= 10.5.
The Egg values were 10.5 for the blue curve, 7.35 for the black curve,
and 2.1 for the red curve. &, is the microgel extension at which it
detaches from cellulose, whereas ¢, is the microgel extension leading

to broken microgel/microgel contacts.

mass of polymer in an individual microgel particle was
calculated from the diameter above the volume phase transition
temperature,' assuming the ratio of water to polymer in the
dehydrated gels was 0.4.>

The solid lines in in Figure 6 were calculated with our
extended model (see SI file). Three cases are shown: (1) failure
occurs only at gel/cellulose interface (Sgc < £g); (2) gel/
cellulose contacts are slightly stronger than gel/gel contacts (egc
~ sgg); and (3) gel/cellulose contacts are much stronger than
gel/gel contacts (sgc > egg). In these simulations, the absolute
values of the delamination forces were not significant as they
depended upon the assumed values of the microgel modulus.
However, the simulations do highlight the observation that
there is no evidence of microgel/microgel failure because there
was no decrease in delamination force when moving from sub-
monolayer coverage (ie, I' = 17 mg/m?) to multilayer
coverage where gel/gel contacts are bearing load during
delamination. An unrelated observation suggesting strong
adhesion between hydrazide-microgels involves their ability to
be dispersed in water after drying. Whereas the parent
poly(NIPAM) microgels spontaneously redisperse in water
after drying, the hydrazide derivatives do not—see Figure S7.

Microgel Elasticity. A series of hydrazide-microgels was
prepared with varying cross-link density but with constant
diameters and hydrazone contents. Figure 7 shows the once-
dried wet adhesion as a function of the ratio of cross-linking
monomer (MBA) to linear polymer (NIPAM). The microgel
coverage in these experiments was constant and roughly
equivalent to a single layer of microgels in the laminate joints.
The delamination forces decreased with increasing cross-linker
density. We observed similar behavior in microgels with a
surface layer of adsorbed PVAm.’

The solid curve in Figure 7 was from our model, which
included the following approximations. Classical rubber
elasticity theory predicts that the microgel elastic modulus
should be proportional to the ratio of the cross-linking
monomer content to the linear monomer content (/1 =
MBA/NIPAM) ratio. Therefore, we assumed that the microgel
elastic modulus was a linear function of A (E = 20-A-kPa).
Because the force required to detach a microgel from cellulose
is proportional to the product E-sgf this ratio was kept
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Figure 7. Influence of microgel cross-linker content on once-dried wet
adhesion. All the microgel adhesives (A2-H7S, AS-H72, A6-H72, A7-
H68, and A8-H7S5) had similar sizes and hydrazide contents. The
corresponding of number of layers of microgels in the laminate joint
was 0.9. Cross-linking density is represented by the molar ratio of
MBA cross-linker and NIPAM monomer in microgel synthesis. The
red solid line was calculated by our model with parameters D = 372
nm, &= 10.5, and g = 7.35.

constant for the solid line in Figure 7—see calculations in the
SI file.

The model showed the same features as the experimental
results. Furthermore, the model points to the following
explanation for higher delamination forces corresponding to
lower microgel modulus. When peeling, only a few rows of
microgels near the delamination crack are supporting the
peeling load—see Figure 4. The lower the microgel modulus,
the greater the number of microgels that are bearing the load.
In terms of the model, the lower the microgel modulus, the
greater is x,,, the length of load bearing region—see Figure 4.

Hydrazide Content. The A2 series of microgels (see Table
1) had hydrazide contents varying between 6% and 75% of A2
carboxyl groups being derivatized to give hydrazide groups. The
once-dried wet adhesion performances of this series are
compared in Figure 8, where delamination force is plotted

_ 40
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§ 20 J "
]
£
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Figure 8. Once-dried wet adhesion for the A2-Hx microgels series as a
function of the density of hydrazide groups in the laminates. The
number of layers of microgels in the laminate joint was 0.9. The two
blue square symbols represent laminate prepared with microgels
grafted with dihydrazide PEG. The red triangles represent laminates
prepared with ADH.

versus the hydrazide density (umol/m?*). In these experiments
the microgel coverage was 15 mg/m?, which corresponds to
about 90% of a single layer of microgels between the cellulose
surfaces. The hydrazide densities in the laminates (i.e., the x-
axis values) are the product of the dry mass coverage, I', the
microgel DS (Table 1) and the carboxyl content of the starting
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microgels (Table S3). These total hydrazide density values
overestimate the number of hydrazides available for conjugation
with cellulose because many of the hydrazides should be
located in the interiors of the spherical microgels and thus not
in contact with the cellulose surfaces.™

Figure 8 shows that the once-dried wet adhesion increased
approximately linearly with hydrazide density up to about S
umol/m? above which the delamination force was constant
with a plateau value of 20 N/m. We propose that a constant
delamination force implies a constant density of hydrazone
bonds between cellulose aldehydes and microgel hydrazides.
Therefore, we propose that at hydrazide density above 5 ymol/
m? many of the surface carboxyls have been derivatized and
adhesion does not increase with further hydrazide functional-
ization.

The two blue square symbols in Figure 8 were for hydrazide
groups coupled to the microgels via a 1 kDa PEG chain. We
thought that there might be some advantage in attaching the
hydrazide groups with more flexible tethers, however, the
longer tethers did not increase adhesion. Finally, the results
labeled ADH in Figure 8 were obtained with the very low
molecular weight bifunctional hydrazide—see structure in
Figure 1. ADH alone did not improve wet adhesion between
wet cellulose surfaces.

Influence of Microgel Diameter. Once-dried wet
adhesion experiments were performed with a series of
microgels with a fixed hydrazide content but with microgel
diameters varying between 113 and 823 nm. The laminates
were prepared with a constant microgel coverage, which means
the structures within the joints ranged from 2.8 layers of the
smallest microgels to only 40% of monolayer coverage for the
largest microgels. Figure 9 shows the experimental results. The
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Figure 9. Influence of microgel size on once-dried wet adhesion. All
the microgel adhesives have similar cross-linking densities and
hydrazide contents. The red line was calculated from the model (see
details in SI) assuming E = 100 kPa, £,.= 10.5, and &, = 7.35.

illustration beside each data point shows the structure of the
microgel layers and is approximately to scale. In spite of this
enormous range of adhesive layer structures, the experimental
results were independent of microgel diameter.

The solid curve in Figure 9 is the model prediction. Again,
the absolute delamination forces have little significance as they
are dependent upon the arbitrary elastic modulus, E, and the
failure extension values, &, and £, On the other hand, the
model does predict some structure in the delamination force
curve over the range of diameters that is completely absent
from the experimental results. Clearly the simple spring model
fails to give a complete description of microgel adhesion. An
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implied assumption of the model is that microgels completely
swell when the laminate is soaked in water for adhesion testing.
Complete reswelling may not occur because of new cross-link
formation by a process described in the next section.

B DISCUSSION

Never-dried cellulose adhesion is an unmet need. For example,
breaks in the wet paper sheet during the papermaking process
are a consequence of low adhesion forces between wet cellulose
fibers. Currently there is no commercial water-soluble polymer
adhesive that can significantly increase the strength of a never-
dried sheet of wet paper made with untreated, conventional
wood pulp fibers. Adhesion between cellulose surfaces in the
presence of water is difficult to promote because cellulose is
hydrophilic and offers little functionality for adhesive
interaction. The physical adsorption of cationic water-soluble
polymers onto untreated cellulose fibers, for example, does not
give significant wet adhesion. Chemical bonds or very
substantial physical bonding are required.

Herein we have demonstrated a novel, two-step approach
consisting of cellulose oxidation followed by the application of
hydrazide-microgels, resulting in significant adhesion between
never-dried, wet cellulose surfaces. This approach exploits the
well documented ability of hydrazide to form hydrazone
linkages with aldehydes in water.” Over the years we have
explored many polymer approaches to never-dried adhesion.
On the basis of our experience, only two systems compared
favorably with AMP-H as a never-dried adhesive: (1)
polyvinylamine with pendant phenylboronate moieties at pH
> 8" and (2) cellulose with a surface layer of grafted
carboxymethyl cellulose and laminated with polyvinylamine.'”

Two features of once-dried wet adhesion results require
comment. First, the amphoteric hydrazide microgels gave
strong joints (up to 30 N/m, Figure 3); however, we have seen
similar results applying either commercial PAE or PVAm to
oxidized cellulose surfaces. Hydrazide-hydrazone chemistry
offers little advantage for dried joints, whereas hydrazide
functionalized polymers are most promising as never-dried
adhesives.

Second, we anticipated that multiple layers of hydrazide
microgels would give weak joints, particularly when never dried
because the microgel dispersions are colloidally stable,
indicating microgel/microgel repulsion. However, our expect-
ation of low microgel/microgel adhesion was incorrect. In our
experiments, we controlled the coverage (dry microgel mass/
area), and we calculated the corresponding number of microgel
layers based on the coverage and microgel water-swollen
diameter. There are many examples in our results where joints
with multiple microgel layers gave strong adhesion. For
example, the experimental data in Figure 6 shows strong joints
when the coverage, I, is greater than I'y,, the coverage giving
two layers of microgels in the joint. The role of microgel/
microgel adhesion is further illustrated in the model curves.
The red curve shows that in the case where microgel/microgel
adhesion is low, the delamination force plummets once the
coverage exceeds a single layer of microgels in the joint (i.e, I
=I'y,/2). Other examples of experimental adhesion increasing
above a monolayer coverage for never-dried laminates are given
in Figures S3 and S4.

In a related observation, hydrazide microgels dried at room
temperature did not redisperse as individual microgels (Figure
S7). Taken as a whole, these results suggest that when the
hydrazide microgels are forced together, covalent microgel/
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microgel linkages are formed. Based on Lyon’s work,®' we
propose that our hydrazide-microgels also contained low
contents of residual NHS esters. If a surface hydrazide group
on one microgel displaces a NHS ester on the surface of a
neighboring microgel, the result would be a covalent linkage
between the neighboring microgels, based on the chemistry
shown in Figure 1A.

Finally, we employed microgels as the polymeric support for
evaluating the potential of hydrazide chemistry in wet cellulose
adhesion. From a mechanistic perspective, the microgels are
attractive because: we can control their size and composition,
we can assemble microgels on surfaces in well-defined layers;
we can interpret our results in terms of the microgel peeling
model previously developed; and, when adhesive is applied to
cellulose surfaces by adsorption from dilute solution, saturated
layers of adsorbed microgels contain far more material
compared to a saturated adsorbed layer of linear polymer.”
Nevertheless, hydrazide-based adhesives do not have to be
microgels. Linear or branched hydrazide copolymers should
also spontaneously form covalent linkages between cellulose
surfaces in water.

B CONCLUSIONS

In this Research Article, we demonstrate a new method for
obtaining never-dried adhesion between wet oxidized cellulose
surfaces without a drying or curing step. Our main conclusions
are as follows: (1) Hydrazide-microgels with a net cationic
charge gave significant never-dried adhesion between oxidized
cellulose surfaces due to the formation of hydrazone covalent
linkages. This is one of only three chemistries we found that
gives significant never-dried adhesion between wet cellulose
surfaces—the other two approaches are cellulose-g-CMC +
PVAm,'"” and PVAm with pendant phenylboronic acid
groups.”> (2) For joints that have been dried, hydrazide-
microgels offer no advantage compared to treating oxidized
cellulose with conventional wet strength resin (PAE) or with
PVAm. (2) The design rules for the hydrazide-microgels
include: cationic microgels are superior to anionic gels; the
lower the microgel cross-link density, the higher the adhesion;
longer PEG-based hydrazide tethers offer no advantage over
shorter attachments; and, adhesion is independent of microgel
diameter. Many of these rules were in agreement with
predictions of a simple adhesion model where the microgels
were assumed to be ideal springs. (4) An unresolved
mechanistic question is the origin of the high microgel/
microgel cohesion within the adhesive joints based on
hydrazide-microgels. We speculate that residual NHS ester
groups near the surface of hydrazide-microgels serve as reaction
sites, leading to interparticle coupling of hydrazide and carboxyl
groups.
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Table S1

Recipes for anionic poly(NIPAM-co-AA) microgel preparation.

Microgel mmol in 100 mL solution

NIPAM MBA AA APS SDS
Al 4.13 0.22 0.62 0.15 0.02
A2 4.13 0.22 0.62 0.15 0.08
A3 4.13 0.22 0.62 0.15 0.17
A4 4.13 0.22 0.62 0.15 0.33
A5 4.13 0.66 0.62 0.15 0.04
A6 4.13 0.44 0.62 0.15 0.06
A7 4.13 0.06 0.62 0.15 0.10
A8 4.13 0.02 0.62 0.15 0.11

Table S2  Recipes for amphoteric poly(NIPAM-AA-DMAEMA) microgel preparation.

Microgel mmol in 100 mL solution
NIPAM MBA | AA | DMAEMA | AAPH | CTAB
AMP 4.13 0.22 |0.62 0.08 0.20 0.01
AMP1 4.13 0.22 |0.44 0.25 0.20 0.01
Table S3  Properties of the unmodified poly(NIPAM-co-AA) starting microgels.
Designat MBA/NIP Diameter ElecFrf)phoregic Car‘t?oxyl
‘on AM (nm) PDI mgblhty (10° Equivalent Wt.
(mol%) m“/Vs) (Da)
Al 53 1048+36 | 0.06 | -2.534+0.09 612+25
A2 53 458+14 | 0.05 | -2.86+0.05 665+32
A3 53 283+8 0.08 | -2.31+0.12 704+29
A4 53 98+22 0.42 | -1.88+0.08 747+23
AS 16.0 587421 | 0.14 | -2.58+0.02 615+21
A6 10.7 482+3 0.03 | -2.73+0.08 624+30
A7 1.5 465+6 0.16 | -2.17+0.10 697+47
A8 0.5 436+£23 | 0.33 | -1.95+0.05 722+35
AMP 53 24611 | 0.20 | -1.984+0.06 -
AMP1 5.3 15718 | 0.29 |-1.17+0.12 -
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Table S4  Conditions for microgel hydrazide derivatization.

Microgel Starting Microg | EDC NHS ADH | Dihydrazide
microgel | el (mg) | (mg) (mg) (mg) | PEG (mg)
Al1-H31 Al 120 187.2 56.4 1709 |-
A2-H75 A2 120 187.2 56.4 170.9 | -
A2-H62 A2 120 124.8 37.6 113.9 |-
A2-H45 A2 120 62.4 18.8 57.0 -
A2-H28 A2 120 31.2 9.4 28.5 -
A2-H19 A2 120 94 2.8 8.5 -
A2-H7 A2 120 4.7 1.4 4.3 -
A2-
HPEG12 A2 120 15.6 4.7 - 81.8
A2-
HPEG31 A2 120 31.2 9.4 - 163.5
A3-H30 A3 120 187.2 56.4 1709 |-
A4-H38 A4 120 124.8 37.6 113.9 |-
AS5-H72 A5 120 124.8 37.6 113.9 |-
A6-H72 A6 120 187.2 56.4 1709 |-
A7-H68 A7 120 187.2 56.4 1709 |-
A8-H75 A8 120 124.8 37.6 1139 |-
AMP-H AMP 120 187.2 56.4 170.9 | -
AMP1-H | AMP 120 187.2 56.4 170.9 | -
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Figure S1 Particle size distributions of supporting microgel (A2) and hydrazide
microgel (A2-H45) obtained by dynamic light scattering. Measurements were
made in ImM NaCl at neutral pH. Losing charge groups caused the
microgels to shrink. There was no evidence of aggregation.
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Application solution

30 - 1mMNaCl, pH7
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Figure S2 Never-dried adhesion of non-oxidized cellulose membranes laminated with
hydrazide-microgels. The of number of layers of microgels in the laminate
joint was 0.9 for A2-H45 and 1.4 for AMP-H. The never-dried adhesion of
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Figure S3

microgels with non-oxidized cellulose was much lower than that with
TEMPO oxidized cellulose, as shown in Figure 2. Hydrazone bonds did not
form with cellulose that was not oxidized, and the adhesion was low.

60

—_ Application solution
£ AMP1-H, 1 mM NacCl
3
6 40 r Ir=15mg/m? \
[72]
p- I' = 45 mg/m?
b e
2 20 }
7
g <
Z

0 1 1 1 1

45 50 55 60 65 70

Laminate Solids Content (wt%)

Never-dried adhesion of hydrazide-amphoteric microgel AMP1-H. Hollow
symbols represent laminates prepared at pH 4.1 and solid ones represent pH 7.
The corresponding of number of layers of microgels in the laminate joint was
2.0 for I'= 15 mg/m” and 6.0 for I"= 45 mg/m”. The never-dried adhesion did
not change over the range 2 to 6 microgel layers.
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Application solution
T A2-H45, 1 mM NacCl,
3
c 40
o
2
£ I' = 37.5 mg/m?2
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2 I'=15 mg/m?
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45 50 55 60 65 70

Laminate Solid Content (wt%)

Figure S4 Never-dried adhesion of hydrazide-anionic microgel A2-H45. Hollow
symbols represent laminates prepared at pH 4.1 and solid ones represent pH 7.
The corresponding number of layers of microgels in the laminate joint was
0.9 for I'= 15 mg/m” and 2.2 for I"= 37.5 mg/m”. Adhesion was sensitive to
coverage of A2-H45 microgels for partially dried laminates.

40 4
- Application solution
E 1 mM NacCl 2
Z 30 | AMP1-H, T = 15 mg/m? =
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Solution pH

Figure S5 Once-dried wet adhesion (black) and electrophoretic mobility (red) of
hydrazide-amphoteric microgel AMP1-H. The number of layers of microgels
in the laminate joint was 2.0. The once-dried wet adhesion was stronger when
the microgels were positively charged
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Figure S6 Photographs illustrating the peel radius of curvature. The lower the adhesive
coverage, the lower the strength and the greater the resulting peel radius of
curvature.

Figure S7 Microgel dispersions in 1 mM NaCl solution at pH ~7 prepared from room
temperature dried powder. The photograph was taken one week after
dispersion in water. The hydrazide microgels never fully dispersed.
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Dong-Pelton 2017 Extending our original model (Wen 2010) by accounting for the variation of peel
angle with peel force and by including gel-gel cohesion

Microgel Swelling and Packing Properties

D:=372+nm Microgel diameter, at 25C A2-H62

Dh:=179 nm Microgel diameter T > VPTT

r,:=0.4 Water mass /polymer mass in dehydrated gels, Dong Hoffman in Lele Macromolecules 1997, 30, 157
1 gm

Pp= S Density of pnipam at 33 C Heskins and Guillet
0.902 mL

— sm
Pr=0.9832- mL Water density 60 C

Dry mass of a microgel particle

M,(D,Dh):=Z.Dh* PPy (Dh>0 nm)+ D +0.085 E™.(Dh<0 nm) If Dh is unknown, it is set to zero and the
6 PwtPpelu 6 mL polymer density in the swollen microgel is
assumed equal to 0.085 gm/mL
M,(D,Dh)=(2.2944-107%) mg M (D,0 nm)=(22911-10""%) mg 9 9

MW:=M,(D,Dh)+-N,=(1.3817-10°) Da  Microgel MW 1000 greater than typical linear PNIPAM or PAM

(D, Dh) __%(D,Dh) Polymer density in swollen gels. If Dh is not available, it is set to zero
b n D3
g' Amp-H39
p(D,Dh)=0.0851 22 p (187 nm 96 nm)=0.1034 22
mL mL
fni=0.82 Maximum microgel packing fraction on a surface - random, non-overlaping circles

Structure of the Joint

=15 m—f Coverage of adhesive in the joint between cellulose membranes
m

4 This is the dry mass coverage of microgel giving two layers of spheres in
Iy, (D,Dh) ::?-D-p (D,Dh)-f, the joint, Wen eq. 1, if we do not have Dh values, set Dh =Onm

. 2 mg
a=12n =1
= [3 P = 32 )

Ty (D) = I > This is the number density
(P of spheres in a single Minax = %xm
2 layers of gels Wen eq. 7 D @
(D,Dh, )= r Density of microgels in the joint. Note this definition differs from n in the Wen paper
P, P L= M,(D,Dh) where n was the density of springs (gels) in contact with one of the cellulose surfaces in the
8 laminate, defined as: - -
8
The following function "= zﬁ""’“ = aﬁl"‘ for /T < 05
gives the Wen n value 4
calculated in eq 8 "= gy = ;;DZ?L'" for T/Tyy = 0.5 ®
r r r
yon (D DR, T) =1, (D) [————>05| 42— en, (D) o[ —————<0.5
‘e”( ) '”aX( ) (rsat(D7Dh) ) ant(D$Dh) m”"'( ) [rsat(D7Dh) )
NL(D,Dh,I):= (M) Number of layers of microgels in the joint,
nmax (D)

NL(D,Dh,T,,(D,Dh))=2

L,(D,Dh,I'):=D-NL(D,Dh,I')  The thickness of the water swollen joint, Wen eq. 9

I roor
Lo=D-NL=D._"_=p. Mg _p. kD' _ o kD _ k Lo is independent of D if I is constant
/. 4. fm 4-fim 4.fm  4-fin
zD* zD* n T
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For the new modeling, we consider two types of microgels in the laminate. Type gc gels adhere to both cellulose films. Type gc
gels can only be present if the total microgel coverage in the joint is less than two monolayers

Type gg gels are present in a stack of two or more gels in the z direction. Type gg gels can have both gel/cellulose bonds and
gel/gel bonds - the weaker type will break first.

Brown is cellulose film
Pink gels are type gg
Green gel is type gc

Coverage of gc gels, only contacting two cellulose
surfaces

ng(D,Dh,I'):=n(D,Dh,I')+(NL(D,Dh,I)<1)+(1<NL(D,Dh,I')<2)+(n,(D)+(2=NL(D,Dh,I)))

Coverage of gg microgels present in z-direction stacks with both gel/gel and

Mg (D, Dh,I):=n(D,Dh.I)~ Mg (D,Dh,I) gel cellulose bonds in the stack

Summarizing structural

parmeters
T N [ [eadem] Sl o I’ mass coverage of dry microgels (mg/m2)
[N = . L
n.:;n r,,, mass coverage corresponding to two monolayers in joint
2/6 23 23 0/3 0
E NL is the number of layers
I e ! " o ° nmax number density of a single layer of gels (1/m2)
E ¥ 3B e 40 [f';;? ngc is the number density of gc type gels
ngg is the number densit
6/6 6/3 0/3 6/3 33 99 4
Sgg number density of gel stacks containing more than 1
9/6 9/3 0/3 9/3 33 gel
Lo is the thickness of the gel layer in the joint
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IT:=1 ”’_f,z m—f..70 m—f lllustrating the contributions of various types of gels as a
m m m function of coverage

y Coverage/monolayer coverage
' ngo(D,Dh,IT)

3.6

Coverage of type gg gels divided by

v My (D) monolayer coverage
2 Mge (D,Dh, IT) Coverage type gc gel divided by
o Mo (D) monolayer coverage
~ n(D,Dh,IT)
9 05 115 2 25 3 Nye (D) Total microgel coverage divided by
NL(D,Dh,IT) monolayer coverage

Number of layers

Our modeling treats the joint as a set of vertical springs formed by stacks of microgels.
For the force calculation we need the density of springs.

Density of springs, consisting of single microgels adsorbed on
S (D, DR, T):=ny (D, Dh,T) both ﬁﬁ’ns 9 9 9 9

Sge(D, DR, T) = (M (D) =ng (D,Dh,F)) «(NL(D,Dh,I)>1) Density of springs with two or more stacked microgels

Corresponding spring densities NL - number of microgel layers

14 n - the total microgel coverage in the laminate, m-2

. See(D,Dh,IT)

i‘ My (D) ngg - the number density of microgels present as stacks of
25 e two or more gels in the z direction

Y See(D, D, IT)

Sgg - the density of stacks of gels with two or more

1.6

12 M0 (D) stacked gels in the z direction
o N— . n(D,Dh,IT) nmax - the number density corresponding to a monolayer
poos e oesd Ny (D) of gels on a surface

NL(D,Dh,IT)
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Mechanical properties of microgels

E:=100-kPa Elastic modulus of microgel,

£ni=5 Microgel strain at break, Wen-Pelton model
Ege Gel/cellulose strain at break, Dong-Pelton model
Ceg Gellgel strain at break

k, (E,D)::E-n-(?

mg

2
) Hooke's law spring constant, Wen eq. 5
Case 1 - the Wen-Pelton model

lllustrating the model
parameters originally
described in Quan Wen;
Robert Pelton, Microgel
Adhesives for Wet
Cellulose — Measurements
o and Modeling. Langmuir
2012, 28 (12), 5450-5457

Figure 4. A schematic illustration of the peel front in our delamination
experiments. The microgels are treated as ideal springs and the PVAm
as stickers that fil at a critical strese.

ri=2 mm Peel front radius, a
variable

B . )
X, (D,Dh,F,r,s,,,) - \/rz _ (V—€m°Lo (D,Dh,F)) Length of zone with elongated springs, Wen eq.11
X (D,Dh,l',r,em)
o (D, Dh,T) + ko (E, D) . Jr_ [7 g, Peelforce,Weneq.6

0em

F,(D,Dh,I',r e, ,E):= ACNIN]

Accounting for Variable Peel Angle

In our original work we assumed a constant value for r when varying coverage or other
parameters. However, we know from observation that r gets larger as F gets smaller. This is a
problem in mechanics that involves the membrane properties. Herein, we assume that for our
standard membrane with a given water content, there is a unique relationship between F
andr. .

—ooes F- Experimental relation between F and r
N Fit of experimental data
7, (F):=4.07-¢ " mm 3.37 3.45
10.9 N 2.175
- PFe:={13.7 |- Ra:={1.425|-mm
ln( —) . _ _ 22.0| ™ 0.95
F,(r) = Amm=407) [N inverse of fit function [25.5] 10.875 |
¢ —0.064 m
N , N N
F,(2 mm):ll.lmsﬁ rg(zz ﬁ):0‘9957 mm FE=1 ;’2 ;"50;
m m
B Figure 5A
- Here we show peel radius, r, as a function of peel force.
265 The experimental points and fit were from Dong Yang
Iy \ r,(FF) (mm)
0.65 Ra (mm)
FF N
m
PFe N
m
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r.(D,Dh,T ,&,,E):=root (r,(F,(D,Dh,I",r,z,,E)) —r,r)

r.(D,Dh,T,5,,

E)=2.1622 mm

F.(D,Dh,I'e,,E)=F,(r,(D,Dh,I"c,,E))

F.(D,Dh,I ,,E)=9.8834 k—f
N

IT:=1 'Lf,z ms 50 'Lf

m m m

F,.(D,Dh,IT e, ,E) ("_f'J
s

Using the solver to find r value for Wen model parameters

Corresponding force

Black line uses experimental r versus Fp function
Red line is the old model, where r is assumed constant

Not a big difference

D=372 nm

Dh=179 nm
&,=5

Figure 5B

K
} F,(D,Dh,IT,r,¢,,E) (s—f)

r=2 mm

E=(1-10°) Pa

Yang-Pelton model - Expanding model to account for separate mg/mg and mg/cellulose adhesion

&,:=1.5 Extension to break gel/gel bonds

Egei=5 Extension to break gel/cellulose bonds

Calculating peel force when we know r

X (D yDh,I',r,min (sgg N SEL»

X, (D, Dh, T, y)

Jr— V 2 —x? dx

0em

contribution of gc
microgels bridging both
membranes

contribution of gg stacked
gel where the weaker of
gell/cel or gel/gel breaks

Total peel force

ke (E, D)
F o, (E,D,Dh,I',r,e,,,&,.)=—02m=2"""" .S (D,Dh,I')+ —\V? =x* dx+S,.(D,Dh,I)-
p2< = ’ ’Cgg gc) LO(D,Dh,F) gg( 9 ) o gc( I I )
gg contribution gc contribution

12
1 X, (D, DI IT 1 2,)
" kmg(E7D) f 2 2 N
o — =~ .S, .(D,Dh,IT)- r=\Vr-—x° dx |—
. L,(D,Dh,IT) 2 17) oo m
(’. X (D3 Dh, T 7y min (644 5 240))
5 ko (E D
: _Fug(E,D) .S, (D, Dh,IT)- r—Vr —x? dx (X
3 Lu(Dth7FF) 0em m
. kg

Foy(E,D,Dh,IT 1 e40,0.) -

0.05 0.35 0.65 0.95 1.25 1.55 1.85 2.15 2.45 2.75 3.05 S
NL(D,Dh,IT)

Number of microgel
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In the above calculation, the peel radius is assumed constant. The next page accounts for

variable peel radius

76



Using solver to find peel force and corresponding peel radius, r
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In this plot we vary D and the ¢ values in
opposite ways because adhesion forces
between the gel and surface is proportional to
the product D¢ - see the Wen papers for
equations.

Figure 7



Variation of microgel diameter, assuming constant swollen density
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The goal of this calculation is to derive the relationship between
microgel hydrazide DS and the titration results

Carboxyl content of starting microgels

EW, is equivalent wt.of starting microgel

m,

EW =

o

Neooh m, is the mass of dry microgel titrated

n,,,, 1S mols of COOH titrated

rearranging

Charge content of derivatized micogels
My

Eq 2 EW, =
q H ot

0oh

Mass of microgels after hydrazide derivatization
my=m,+DSen,,,, MWy mass balance

where

nH cooh

Eq3 DS=1- the fraction of carboxyls converted to hydrazides

neoon

nH,,,, is the carboxyl content after derivatization
MW, molecular weight increase per added hydrazide

substituting Eq 1

m,

MW,
Eq4 my,=m,+DS- -MWH=mO(1 +DS- H)

o o
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Charge content of derivatized micogels
My

Eq 2 EW, =
q H ni.

0oh
rearranging Eq 3
H solve ,nH.,,,;,
EqQ5 DS=1—_ lcook —(negon+ (DS—1))

n

cooh

substituting into Eq 5 into Eq 2
My
ncooh'(1 _DS)

EWy=

substituting Eq 1

my

EWy=

m
° .(1-DS
o (1-Ds)

substituting Eq 4

m0(1+DS-MWH) EW, 1+DSoZZWH)
EW = o o
1=, (1-Ds)
-(1-DS)
EW,
EW, = (EW,+DS+-MW,)
(1-DS)

solving for DS
(EW,+DS-MWy) solve,DS EW,—EW,

EWy=

(1-DS) EWy+MWy
EW,—EW
Eq6 DS=—f —"°  Thijs expression gives the DS as a function of the
EWy+MWy  two experimental equivalent weights.
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Determing equivalent weights
The issue is to avoid contributions of the hydrazides tothe titration results.

In this analysis the two main assumptions are:

1) hydrazides make no contribution for pH>4
2) the degree of carboxyl ionization at pH = 4 is the same for both the starting and
the final microgels

Figure A, below, show the analysis of the A6 potentiometric titration to give the
carboxyl equivalent weight for A6 and a, the degree of ionization of A6 at pH =4

Figure B, shows the corresponding determination of the equivalent wt of microgel
AB-H72, EW,.

Note the x-axis is expressed as moles of NaOH added per mass titrated (~30mg).
The x-axis for the blank curve was calculated by dividing the NaOH moles by 30
mg

13 13
A Blank . B  Blank ——
1 | 11
Apy, At
9 | = Titration 9 B4, Titration
___________ Endpoint SRR, ..
7 :C:L 7
o
Aog—A4
o a=1— AO‘ AB‘
5 } 03— 4B3 5 EWy= l—a
“““““ | EW,= 1 e Apy—Ap4
3 1 i dos—dps 3
: Ap; :
1 - . 1 I i L i 1
0 2 4 6 8 0 2 4 6

NaOH Consumption A (mmol/g)
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Calculations based on Figure A

Eq7 EW0=L=;
A3 A03_AB3
EW, := ! =603.5003 Da Equivalent weight of
(3313 — 1.656) . 1mo! microgel A6
gm
A A ,—4
Eq 8 a=1-"t=1-"0 "5
Aj’ A03_AB3
mmol
(1.566—0.390) Degree of ionization at pH 4
a:=1-— &M _ —0.2903 for microgel A6
(3.313— 1.656) . mo!
gm

Calculations based on Figure B

Calculating the equivalent weight of

EqQ9 EWy= I—w_ 1@ hydrazide derivatized microgels from
Ay Apy—Apy the pH 4 titration data based on «
(degree of ionization of carboxyls at
pH 4).
EW,:= 1= —(25167-10°) Da  Equivalent weight of A6-H62

mmol
gm

(0.672—0.390) -

MWy:=156.2 Da

Molecular weight per hydrazide is MW of ADH

minus 1 water molecule

Determining hydrazide DS

Applying equation 6. Corresponding
DH value using equation 1 from paper.
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Chapter 4

Hydrazide-derivatized Microgel Adhesives with
Reductant-responsive Degradability

In this chapter, reductant-responsive, hydrazide-derivatized microgels were applied as
cellulose wet adhesives providing controllable degradability. Two strategies were used to
design the degradable microgels: labile disulfide linkages were synthesized either in the
chains tethering the adhesive hydrazide groups or as crosslinks within the microgels. In
both scenarios, the cellulose wet adhesion was “switched off” in response to the presence
of a reductant. This work was a proof of concept to facilitate the recycling of wet strength

paper.

The data within this chapter were collected by me. I summarized the data and wrote the
draft myself. Dr. Robert Pelton helped me analyze the results and re-write parts of the
draft as necessary.

This chapter and the supporting information are reprinted as it appears in ACS
Sustainable Chemistry & Engineering with permission from the American Chemical
Society.
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ABSTRACT: Demonstrated is a new approach to cellulose fiber-based
materials that are strong when wet, yet can be recycled after exposure to a

()
| E\,‘f F Cellulose

) membrane h
weak reducing agent. Poly(IN-isopropylacrylamide-co-acrylic acid) microgels mcwgs]. ) - | —
were transformed into wet cellulose adhesives by incorporation of hydrazide @ ) [Reductant) _ o SOSOOH
. -1 [ S i ST e S
groups that can form hydrazone linkages to oxidized cellulose. Reductant i

responsivity was obtained by introducing cleavable disulfide linkages, either

in the chains tethering the adhesive hydrazide groups, or by using disulfide cross-links in the microgels. Both types of disulfide
derivatives gave about 75% reduction in cellulose wet adhesion after exposure to a reductant. Truly sustainable wood-fiber
replacements for plastic packaging must be insensitive to water while being fully recyclable; this work demonstrates two routes to

reversible wet cellulose adhesives, facilitating recycling.

KEYWORDS: Cellulose wet adhesion, Reductant-responsive, Controllable degradation, Microgels, Paper recycling

Bl INTRODUCTION

Generally, paper, wood pulp, lumber, and other forest products
score very high in terms of sustainability and environmental
stewardship. For example, we have seen major fast-food chains
convert from plastic- to paper-based food packaging. However,
not all lignocellulosic materials are equally sustainable. Two
examples of problematic materials are paper coffee filters and
premium paper towels. In both cases, the cellulose fiber
matrices are impregnated with cross-linked polymers, called
wet-strength resins, that are required to maintain paper strength
in the presence of water.' These resin treatments permit one to
safely pick up a coftee filter, filled with hot, wet coffee grounds.
However, this enhanced wet paper strength also makes it very
difficult to regenerate useful wood pulp fibers in conventional
paper recycling processes.” Although the global consumption of
paper coffee filters and paper towels is a small fraction of forest
products, the shift from plastic packaging to cellulosic water-
resistant and waterproof packaging will increase as we migrate
from a petroleum-based to a biobased economy. In anticipation
of the bioeconomy revolution, we have started a research
program to develop fully recyclable wet strength chemistries for
cellulose-based packaging.

The main wet-strength resin currently used by the North
American paper industry for permanent wet strength is
polyamide-epichlorohydrin (PAE), a cationic, water-borne
polymer." In the papermakng process, PAE is added to dilute
aqueous fiber suspensions and spontaneously forms an
adsorbed monolayer at the cellulose/water interface. The
treated pulp suspension is then filtered to form wet paper. PAE
cross-links and grafts onto carboxyl groups on fiber surfaces
during high temperature (~120 °C) paper drying. PAE and
related products have been used for decades. One feature that
sets wet-strength resins apart from most adhesive technologies
is that PAE is present in fiber—fiber adhesive joints as very thin

7 ACS Publications
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layers. For example, if the PAE content of dry paper is 2 wt
%/wt, a high value, and if the specific surface area of the pulp
fiber suspension is 5 m?/ g, the PAE thickness is ~8 nm. PAE is
an old technology, is there nothing better?

The scientific literature describes innovative wet adhesives
based on gecko-inspired nanostructured surface structures, and
mussel-inspired phenolic chemistries.”* Although promising for
high end applications such as tissue adhesives,” these
approaches may not be practical for the inexpensive commodity
products that are filling our landfills. Similarly, switchable light-
responsive’ or shape memory adhesives’ are unlikely to be
applicable in packaging applications.

Our approach wet-strengthened papers that are recyclable
and more compostable is to build labile (i.e., cleavable) bonds
into the wet strength polymer networks that can be severed by
a physical or chemical stimulus. However, instead of developing
completely new wet-strength resins, we are investigating a more
modular approach. Our ultimate goal is to transform conven-
tional wet-strength resins into labile adhesives by adsorbing
them onto degradable supporting particles that will degrade
under a specific stimulus. Decoupling the wet-strength resin
adhesion chemistry from the degradable supporting particle
chemistry facilitates optimization of both wet strength during
use and adhesive joint cleavage during recycling.

In this work, we have chosen poly(N-isopropylacrylamide)
(PNIPAM) copolymer microgels as degradable supporting
particles because we have much experience controlling their
properties. For example, we have shown that commercial
polyvinylamine (PVAm) strongly adsorbs onto nonlabile,
PNIPAM carboxylated microgels.” The PVAm coated micro-
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gels function as good wet cellulose adhesives, particularly with
rough cellulose surfaces where coated microgels give much
thicker adsorbed layers resulting in better contact between two
rough surfaces. Thus, the microgels are good model particles
for mechanistic studies. Ultimately, degradable particles such as
colloidal starch gels, might be environmentally and econom-
ically preferable.

Herein we present our first results on the development of
labile supporting microgels. From a microgel design perspec-
tive, there are two approaches to labile microgel structures: (1)
employ labile cross-linkers forming the microgel network; and
(2) employ labile linkages to the surface carboxyl groups that
interact with the wet strength resins. These two approaches are
compared in this work.

The literature describes many approaches to covalent
linkages that can be cleaved by stimuli such as heat, light, pH
change, and redox processes.” We chose disulfide linkages that
are cleaved under mild reducing conditions. Disulfide linkages
have been employed to produce self-healing materials,"’
recyclable materials,'"' and have been incorporated into
microgels.'>'* The reduction of disulfide bonds has also been
shown to weaken joints based on protein adhesives."*

To determine the best strategy for disulfide bond
incorporation, we have employed supporting microgels have
been converted to wet-strength adhesives by covalently linking
hydrazide groups that can form covalent hydrazone bonds with
aldehyde groups present on oxidized cellulose.”® For the
current mechanistic studies, this approach is cleaner compared
with adsorbing commercial wet-strength resins on the micro-
gels.

Figure 1 illustrates the two types of hydrazide-microgels
bound to oxidized cellulose we have prepared. In the “Labile

Labile Microgel
Crosslinks

Labile Hydrazides

icrogel | 1
s X SR (SN
B s o 0 T
s e o
(o] c o c o ©O
c HN
NHC o HN MM A
e i € o. H o. o
?H OT H CH °\-_._( e OH |( HC -
Oxidized Cellulose Oxidized Cellulose

Figure 1. Hydrazone bond formation at the interface between oxidized
cellulose and hydrazide-microgels. Disulfide linkages are broken by
exposure to reductants, decreasing adhesive joint strength.

Hydrazide” case, the hydrazide groups are attached to the
microgel particles by labile tethers containing disulfide linkages,
whereas in the “Labile Microgel Crosslinks”, the disulfide
groups are present as labile cross-links in the microgel structure.

In summary, this work compares the two strategies for
cleavable cellulose wet adhesive, Labile Hydrazides and Labile
Microgel Cross-links. In addition, we report the influence of
reductant type and pH on the microgel degradation and
adhesion loss.
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B EXPERIMENTAL SECTION

Materials. Regenerated cellulose membranes (Spectra/PorZ,
MWCO 12—14 kDa, product number 132684) were purchased from
Spectrum Laboratories, US. Blotter papers were purchased from
Labtech Instruments Inc., Canada. All other chemicals were purchased
from Sigma-Aldrich, Canada. Water type 1 (as per ASTM D1193-6,
resistivity 18.2 MQ/cm) was used in all experiments.

Microgel Preparation. A series of poly(NIPAM-co-acrylic acid)
microgels was synthesized based on the methods in the literature.'®
The recipes are summarized in Table S1. N-Isopropylacrylamide
(NIPAM) was purified by recrystallization from toluene and washed
with hexane, whereas acrylic acid (AA) and the two cross-linkers,
N,N’-methylenebis(acrylamide) (MBA) and reductant-responsive
cross-linker N,N’-bis(acryloyl)cystamine (BAC), were used as
received. The chemical structures of the monomers are shown in
the Supporting Information (Figure S1).

In a typical polymerization, NIPAM, sodium dodecyl sulfate (SDS),
AA, and MBA were dissolved in 100 mL of water. The solution was
heated to 70 °C and agitated for 30 min with nitrogen gas purging.
BAC in 2 mL of dimethylformamide and ammonium persulfate (APS)
in 2 mL water were injected into the solution. The polymerization
proceeded for 8 h at 70 °C with nitrogen gas purging. The microgels
were purified by dialysis against water and stored as an aqueous
dispersion at 4 °C. The solids contents of the dialyzed solutions,
determined gravimetrically after drying at 60 °C, were in the range 6—
10 mg/mL

Dithiodipropionic Acid Dihydrazide (DTDH) Synthesis.
DTDH (see structure in Figure S1) was required to conjugate labile
hydrazide functional groups onto the microgels. Following the
literature,'”” 4.2 mmol 3,3'-dithiopropionic acid dimethyl ester
dissolved in 1S mL of methanol was slowly added to a 100 mL
round-bottomed flask containing 25 mmol hydrazine hydrate dissolved
in 10 mL of dry methanol. The flask was sealed and placed on a
magnetic stirrer at room temperature for 12 h. The product was
present as crystals that were filtered and purified with methanol and
hexane. The NMR spectrum of the product is shown in the Supporting
Information (Figure S2).

Hydrazide Derivatized Microgels. Hydrazide derivatized micro-
gels were prepared by the conjugation of dihydrazides with microgel
carboxyls."® Two dihydrazide reagents were employed, adipic acid
dihydrazide (ADH) and the reductant-responsive dihydrazide DTDH.
The detailed conjugation recipes are given in Table S2 and the
dihydrazide reagent structures are given in Figure SI1. In a typical
reaction, the molar ratio of dihydrazide reagent, 1l-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) was 2:2:1. Stock microgel dispersion was
diluted with water to give 24 mL containing 120 mg of dry microgel.
After 30 min of stirring at room temperature, the pH of solution was
adjusted to S. EDC was added and then NHS was added 2 min later.
The dispersion was stirred and maintained at pH S. After 10 min, the
pH was adjusted to 7.2. ADH and DTDH were added into the
solution. The modification proceeded for 2 h at room temperature
with pH maintained at 7.2. The products were purified by dialysis and
stored as aqueous dispersions (3—5 mg/mL) at 4 °C. The
concentrations of derivatized microgels were determined gravimetri-
cally.

Microgel Characterization. For most characterization experi-
ments, the microgels were dispersed in 1 mM NaCl solution at neutral
pH at 23 °C. The electrophoretic mobilities of microgels were
measured by ZetaPlus analyzer (Brookhaven Instrument Corp., US)
using the phase analysis light scattering mode. Reported values were
averaged over 10 cycles with 10 scans for each cycle. The error bars
represent the standard error.

Hydrodynamic diameters of microgels were measured by dynamic
light scattering (DLS) (Model BI-APD, Brookhaven Instrument Corp.,
US) with software version 1.0.0.1. The detection angle was 90° and the
laser source was 633 nm wavelength. At least 3 runs were recorded for
each sample and error bars represented the standard deviation. The



ACS Sustainable Chemistry & Engineering

Table 1. Supporting Microgel Properties”

Microgel designation [BAC]/[BAC]+[MBA] COOH equiv. wt” (Da)
MO 0 665 + 32
M41 0.41 674 + 17
M68 0.68 639 + 38
M100 1.00 653 + 34

Diameter (nm) PDI Electrophoretic mobility (107 m*/(V s))
458 + 14 0.05 —2.86 + 0.05
525 + 22 0.12 —2.42 + 0.06
520 + 2§ 0.08 —2.47 + 0.05
438 + 24 0.06 —2.42 + 0.08

“BAC is a labile cross-linker whereas MBA is not; see Figure S1 for monomer structures. The supporting microgels designation reflects the mole
percentage of labile cross-links. Mxx, where xx is the mole percentage of crosslinks that are labile. Particle size and electrophoretic measurements
were performed in 1 mM NaCl at pH 7, at 23 °C. bMicrogel carboxyl content expressed as an equivalent weight.

Table 2. Reductant-Responsive Adhesives Prepared by Conjugating Hydrazide Groups to the Supporting Microgels

Microgel designation ADH (mol %)“ DTDH (mol %)“

Labile-hydrazide microgels

MO-H62 62 0
MO-H41-Hs21 41 21
MO-H23-Hs45 23 45
MO-HO0-Hs64 0 64
Labile-cross-link microgels
MO0-H62 62 -
M41-H71 71 -
M68-H65 65 -
M100-H6S 65 -

“Molar percentage of carboxyl groups converted to hydrazides.

Diameter (nm) PDI Electrophoretic mobility (107 m*/(V s))
372+ 6 0.06 —2.14 + 0.08
353 £ 11 0.02 —1.96 + 0.07
347 + 4 0.02 —1.89 + 0.08
334 + 18 0.08 —2.09 + 0.03
372+ 6 0.06 —2.14 + 0.08
509 + 14 0.04 —1.91 + 0.04
509 + 16 0.08 —2.26 + 0.07
407 + 6 0.01 —-2.17 + 0.07

corresponding polydispersity indices (PDI) were recorded as a
measure of the particle size distribution.

The hydrazide contents were determined by comparing the
potentiometric titrations before and after dihydrazide conjugation.
The methods and analysis were described in detail recently.'> In those
cases where mixtures of ADH and DTDH were employed, we
assumed that the reactivity of ADH and DTDH was equal toward
carboxyls.

Wet Cellulose Adhesion. Regenerated cellulose membranes
(effective adhesive area between two membranes 5 cm X 2 cm, 80
+ S pm thick), derived from commercial dialysis tubing, were prepared
and 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO)are oxidized by the
methods recently described.'® Laminates were prepared by pressing
(334 kPa for S min) together two wet, cellulose membranes, bonded
with a very thin layer (1S mg dry adhesive per square meter of
cellulose/cellulose interface) of microgel adhesive. The laminates were
allowed to dry at 23 °C and 50% RH for 1 day.

For adhesion measurements, the laminates were soaked in a
rewetting solution, usually for 30 min, followed by measurement of the
force required to peel apart the laminates. The peel angle was 90° and
the peel rate was 20 mm/min. The cellulose membranes are water-
swollen hydrogels. During the peeling, the overall solid contents of
laminates were in the range of 47—54 wt %, determined gravimetrically
before and after peeling. The reported delamination forces were the
average of at least 3 replicates. The error bars depict the standard
deviation. The many details of the sample preparation and testing
procedure were recently described.'®

B RESULTS

Supporting Microgel Properties. Our reductive-respon-
sive adhesives consisted of poly(NIPAM-co-AA) microgels
decorated with hydrazide adhesive groups. Four supporting
microgels were synthesized by precipitation polymerization.
The recipes are given in Table S1 and the microgel properties
are summarized in Table 1. All except microgel MO contain
some labile disulfide cross-links, introduced by BAC, see
structure in Figure SI. The carboxyl contents, diameters, and
electrophoretic mobilities of the four supporting microgels were
approximately constant, see Table 1. Our previous work with
hydrazide-microgels showed that microgels with positive
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electrophoretic mobilities gave stronger adhesion than negative
ones.'® Since the oxidized cellulose is negatively charged, we
explained the charge effect as an electrostatic contribution to
wet adhesion. In this work, we employed negatively charged
microgels to ensure that hydrazone covalent bond formation
was the only contribution to wet adhesion.

Adhesive Hydrazide Microgels. The four supporting
microgels have no cellulose wet-adhesive properties. The
nonadhesive supporting microgels were converted to adhesive
by grafting aldehyde reactive hydrazide functional groups in and
on the microgels,” see Figure 1. As a result, two families of
reductant responsive adhesive microgels were prepared, labile-
hydrazide microgels and labile-cross-link microgels. The key
features are illustrated in Figure 1, and microgel compositions
and properties are given in Table 2.

For the labile-hydrazide microgels, some of the acrylic acid
groups on supporting microgel MO were condensed with ADH
to give stable hydrazide groups, and/or with DTDH (see
structure in Figure S1), which includes a labile disulfide linkage.
The labile-hydrazide microgels are designated MO-Hyy-Hszz,
where yy mol % of the carboxyls were converted to nonlabile
hydrazide and zz mol % of the carboxyls were converted to
labile hydrazides. Since the entire labile-hydrazide series was
based on a common parent supporting microgel, the diameters
and electrophoretic mobilities are similar. Note that MO, the
parent microgel is larger (Table 1), reflecting a higher degree of
swelling. Hydrazide conjugation replaces ionized carboxyls with
uncharged hydrazides, lowering the swelling.

The labile-cross-linked microgels are designated Mxx-Hyy,
where xx mol % of the cross-links that were labile cross-linking
monomer BAC and yy mol % of the carboxyls were converted
to stable hydrazides. This series of microgels is based on the
four supporting microgels and shows more variation in
properties than the labile-hydrazide series.

Previously, we investigated the design criteria for nonlabile,
adhesive microgels and we reported that with PVAm adsorbed
onto carboxylated PNIPAM microgels, wet cellulose adhesion
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was not very sensitive to microgel diameters with microgels
larger than the roughness scale of cellulose substrate.'”
Therefore, we did evaluate the role of microgel diameter herein.

PNIPAM microgels shrink when heated above the volume
phase transition temperature (VPTT) of ~32 °C. The
introduction of carboxyl containing monomers raises the
transition temperature’’ and microgels with high carboxyl
contents tend to exhibit two phase transition temperatures, one
near 32 °C for PNIPAM-rich domains and one at 45 °C for
acid-rich domains.”"”** For the microgels in Tables 1 and 2, the
VPTT values are expected to fall in the range approximately
34—45 °C.** None of the lamination or adhesion experiments
were conducted with shrunken microgels. We do not postulate
that temperature is a useful tool for switching on or off wet
adhesion because our previous, unpublished results with the
PVAm coated microgels did not show significant temperature
sensitivity in wet adhesion.

Reductant-Responsive Microgel Swelling. For most of
our studies, we employed dithiothreitol (DTT), a reductant
that cleaves disulfide bonds by thiol—disulfide exchange. DTT
has two thiol groups (see DTT structure in Figure 2A) with
pK, values of 9.2 and 10.1. The reduction of disulfides in
microgels is initiated by thiolates in DTT. Therefore, rapid
disulfide cleavage with DTT requires pH values >8.**

700
E Supporting Microgels A
£ Dispersed in 1 mM NaCl
§ 0o | 10 mMDTT for 30 min
[}
E I
o M41
a '
g S0 1 o ;
E
2 M100
g 400 | oH
5 DTT HS/WSH
T OH

300 : : :

5 6 7 8 9 10
Microgel Solution pH
. 600
E Supporting Microgels B
£ + Hydrazides
3 Dispersed in 1 mM NaCl
‘é 500 | 10 mMDTT for 30 min
8
[ M41-H71
L
E MO-H62
M100-

2 400 f e "/ without DTT
P | e =
° =
2 MO-H62

300 : : - :

5 6 7 8 9 10
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Figure 2. Influence of DTT reduction pH on microgel swelling. Above
pH 8, cross-linker cleavage increases swelling. Microgel MO has no
disulfide cross-links, and the open circles were obtained with microgels
not exposed to DTT. The pH values were adjusted with 0.1 M NaOH
or 0.1 M HCL

Supporting microgels M41, M68 and M100 (see Table 1)
should be sensitive to the presence of a reducing agent because
of the disulfide cross-links. We treated the microgels with the
reductant DTT solution for 30 min and Figure 2A shows that
the diameters of microgels M41 and M100 increased at pH >
8.5 in the presence of DTT, indicating increased swelling in the
absence of cross-linking. Although one might expect the
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microgel M100 to completely dissolve when reduced, it does
not. A recent paper from Serpe’s group also showed the
incomplete dissolution of similar disulfide cross-linked
PNIPAM microgels.”> Gao and Frisken presented evidence
for PNIPAM microgel cross-linking in the absence of added
bifunctional monomer.”> They proposed branched structures
arising from hydrogen abstraction. Perhaps the best explanation
comes from Lyon’s group who propose that the disulfide
groups can interfere with free radical polymerization at elevated
temperature, yielding some nondegradable cross-links."”

The MO microgel has no disulfide cross-links and thus does
not increase swelling in the presence of DTT. In fact, the
swelling decreases with DTT at high pH because of the increase
in ionic strength.

Figure 2B shows the corresponding results for the hydrazide
modified supporting microgels. The trends are the same except
the changes are somewhat attenuated compared to the
unmodified microgels. The conversion of acrylic acid groups
to the corresponding hydrazides lowers the net charge in the
gels, decreasing the swelling. In summary, the cleavage of
disulfide cross-links gives increased microgel swelling; however,
the microgels do not dissolve.

Reductant-Responsive Adhesion. We evaluated wet
cellulose adhesion by measuring the peel delamination force
required to separate wet regenerated cellulose membranes,
laminated with a microgel wet-strength adhesive, Figure 3. The

Cellulose
membrane

Microgel

Figure 3. Cross-sectional illustration of the 90° peel delamination
geometry for measuring wet cellulose adhesion. The microgel coverage
corresponded to a monolayer of microgels between the membranes.
The diagram is not to scale; water-swollen membranes (50 + 3%
water) were 80 + S um thick and the microgel diameters were ~500
nm.

laminates serve as physical models for fiber—fiber joints in
paper. In these experiments, regenerated cellulose membranes
were TEMPO oxidized, converting some C6 primary hydroxyls
to aldehyde and carboxyl groups. Pairs of wet membranes were
laminated with microgel-supported adhesives with adhesive
coverage of 15 mg/ m?. and were allowed to dry at 50% relative
humidity at 23 °C. Before measuring the peel delamination
forces, the laminates were soaked in a rewetting solution,
typically for 30 min.

The quantity of microgels in the laminates was 15 mg/m?,
which approximately corresponds to a monolayer microgels in
the adhesive joints. Previously, we have shown that hydrazide-
microgels show substantial microgel/microgel adhesion and the
reasons are not obvious. In an extensive discussion, we
proposed that covalent bonds formed when a hydrazide on
an micro%el reacts with a residual NHS ester on a neighboring
microgel.”

Figure 4 compares the adhesion characteristic of all
hydrazide-based microgels in the presence of the reductant
DTT. The results are shown as functions of pH. At low pH,
DTT is not ionized and all of the microgels gave delamination
forces of about 20 N/m. Above pH 8, the DTT reduces the
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Figure 4. Influence of DTT reductant rewetting solution pH on the
wet adhesion between oxidized cellulose membranes laminated with
15 mg/m” of (A) labile-hydrazide and (B) labile-cross-link microgel
adhesives. Laminates were soaked in 1 mM NaCl, 10 mM DTT for 30
min before measuring the wet delamination force.

disulfide bonds. Results for the labile-hydrazide microgels are
shown in Figure 4A. The extent of adhesion decrease under
reducing conditions was greatest for MO-HO-Hs64 where all of
the hydrazide groups were attached by labile tethers. At the
other extreme, the wet adhesion of disulfide-free MO-H62 was
not influenced by DTT.

The responses of the hydrazide microgels with labile cross-
links to DTT are shown in Figure 4B. The M68 and M100
supporting microgels gave similar decreases in adhesion with
reduction, even though M68 has 32% nonlabile MBA cross-
links, whereas M100 has no MBA cross-links. Our microgels
were prepared by batch polymerization, which gives nonuni-
form cross-linker distribution within microgel particles: MBA
tends to concentrate in the microgel core.” If for example, the
disulfide cross-links were more concentrated toward the
microgel surfaces, the adhesion decrease with reduction should
be insensitive to permanent cross-links in the microgel core.

The kinetics of DDT reduction of disulfide bonds is reflected
in the adhesion properties. Figure 5 shows wet delamination
strength as functions of rewetting time in DTT or NaCl
solutions. The DDT kinetics were pH dependent. At pH 8.5,
the adhesion decreased as quickly as we could measure it
whereas at pH 7, more than 10 h were required for a low
adhesion. The adhesion also slowly decreased in NaCl solution
at neutral pH. This trend reflects the known behavior of
hydrazone linkages; they slowly hydrolyze.”” Another example
of hydrazone slow hydrolysis is given in Figure S3, which shows
that cellulose laminates made with microgel M0-H62 lose most
of their wet strength when soaked in 1 mM NaCl for 100 h.
Since there are no disulfide linkages in microgel M0-H62, this
decay in adhesion must be due to the reversible nature of
hydrazone bonds. By contrast, two commercial wet-strength
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Figure S. Influence of rewetting solution pH on the degradation rate
of wet adhesion. The solid symbols denote laminates rewetted in 1
mM NaCl, 10 mM DTT solution whereas the open symbols represent
the laminate was rewetted in 1 mM NaCl without DTT.

resins, PVAm (polyvinylamine) and polyamide-epichlorohydrin
(PAE), show little strength loss over this extended rewetting
time, see Figure S3.

Reductant Type. The minimum pH required to reduce
disulfide bonds, degrading adhesion, depends upon the
properties of the reductant. Figure 6 compares the influence

30
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Figure 6. Influence of reductant type on the pH required to reduce
adhesion of wet, oxidized cellulose, laminated with MO0-HO-Hs64
adhesive. Laminates were rewetted in 1 mM NaCl, 10 mM reductant
for 30 min before measuring the wet delamination force.

of three reductant types on wet adhesion of cellulose laminated
with the labile-hydrazide microgel MO-HO-Hs64. All three
reductants gave the same strength after reduction when the
reductant solution pH was close to the first pK, of the
reductant. Thus, the required pH for degrading adhesion can be
tailored by choice of reductant.

B DISCUSSION

This initial investigation demonstrates the potential of
reductant-responsive microgel-based paper wet-strength resins
to give high wet adhesion between cellulose surfaces before
reductant exposure, and high recyclability after reductant
exposure. We have compared two strategies for inducing
cleavable linkages into microgel-based wet cellulose adhesive-
labile cross-links within the supporting microgel, versus labile
tethers to the adhesive hydrazide functional groups. Both
strategies were effective with almost a complete loss of wet
strength upon exposure to reductant (Figure 4). This result
demonstrates that it is possible to design reversible wet
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adhesives for lignocellulosic materials, greatly enhancing
recyclability.

Our initial hypothesis was that the labile-hydrazide microgels
would give the most dramatic responses to reductants, because
without hydrazides the supporting microgels give no wet
adhesion. By contrast, the labile-cross-link microgels did not
dissolve after reduction (Figure 2), suggesting they still would
be adhesive after reduction. We were surprised that the labile-
cross-link microgels gave essentially the same degree of
adhesion lowering as the labile-hydrazide microgels. Since
both approaches work, which is better?

In terms of technology development, the labile microgel
cross-links are very attractive because the labile function is
decoupled from the adhesive function. For example, with an
effective labile supporting microgel, one could fabricate a wide
range of labile adhesives simply by changing the adhesive
component on the microgel surfaces. Herein we employed
hydrazides as the adhesive functional groups. Hydrazides react
with aldehydes in water at neutral pH forming hydrazone
bonds, giving adhesion without drying."> However, hydrazone
bonds give a slow loss in adhesion when wet (Figure 5), which
would not be acceptable in many applications. Instead, more
robust commercial wet-strength resins, that do not require
cellulose oxidation, would be more attractive adhesive
components to combine with labile-cross-link microgels. We
will show in a future publication that a commercial PAE wet-
strength resin became reductant-responsive when supported on
disulfide cross-linked microgels. In the longer term, truly
sustainable wet adhesives that are responsive to reductants, or
some other stimulus, should be based upon fully degradable
polymers originating from the biomass.

Finally, from a mechanistic perspective, the reduced
microgels represent a limiting case of near zero cross-link
density when considering the influence of microgel cross-
linking on adhesion. Based on our previous modeling,
supported by experiments, we argued that the delamination
force increases with decreasing cross-link density.”'® This is
because only a narrow band of microgels near the peel front
support the peeling load, see Figure 3. The width of this band
increases with increasing microgel extensibility, resulting in
more microgels sharing the load. However, these arguments
were based on the assumption that failure did not occur within
the microgel network. Obviously as the cross-link density
approaches zero, the locus of failure switches from the
microgel/cellulose interface to cohesive failure within the
microgels.

B CONCLUSIONS

(1) Microgels with labile disulfide cross-links or with labile
adhesive hydrazide groups, give up to 75% strength loss in the
presence of reducing agents, providing routes to reductant-
responsive wet cellulose adhesives. Degradable adhesives are a
new way to enhance the recycling of wet-strengthened
cellulose-based materials. (2) The optimal pH for adhesion
reduction can be varied by the choice of reductants. (3)
Although both labile-hydrazide and labile-cross-link microgels
gave large decreases in adhesion with disulfide cleavage,
disulfide cross-linked microgels is the preferred approach
because a wide range of cellulose reactive materials can be
adsorbed or grafted onto the labile supporting microgel,
expanding the potential property space of degradable adhesives.
By contrast, replacing labile hydrazide groups with other
cellulose reactive groups would require synthesis of unique
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disulfide tethers for every additional type of cellulose-reactive
functional group. (4) In special cases where degradation to a
limited degree is required, mixtures labile and nonlabile
tethered hydrazides (Figure 4A) gave more accurate control
than mixtures of labile and nonlabile cross-links (Figure 4B)
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Table S1 Preparation of poly(NIPAM-co-AA) supporting microgels. Monomer
structures are shown in Figure S1

N
H

Microgel mmol in 100 mL solution
NIPAM | MBA | BAC AA | APS | SDS
MO 4.13 0.22 0 0.62 | 0.15 | 0.08
M41 4.13 0.13 0.09 | 0.62 | 0.15 | 0.06
M68 4.13 0.07 0.15 | 0.62 | 0.15 | 0.06
M100 4.13 0 0.22 | 0.62 | 0.15 | 0.06
Monomers Hydrazide Reagents
NIPAM AA MBA BAC
— — — — ADH
(0]
—IZO ) —I:o _l:o H
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NH OH NH NH NM{ NH,
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O
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Figure S1 Structures of monomers and hydrazide reagents
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Figure S2 NMR spectrum of DTDH. *H NMR was performed using an NMR
Spectrometer (Bruker AVANCE 600 MHz, US) at room temperature in
DMSO-ds solvent. The peaks at 2.5 ppm and 3.3 ppm correspond to DMSO
and water, respectively.

Table S2 Preparation of hydrazide derivatized microgels

Microgel adhesive Microgel ADH DTDH EDC NHS Total hydrazide DS
(mg) (mg) (mg) (mg) (mg) (mol%)
MO0-H62 120 141 0 187 56 62
MO0-H41-Hs21 120 94 78 187 56 62
MO0-H23-Hs45 120 47 156 187 56 68
MO0-HO0-Hs64 120 0 234 187 56 64
M41-H71 120 141 0 187 56 71
M68-H65 120 141 0 187 56 65
M100-H65 120 141 0 187 56 65

93




a0
o

E Rewetting in 1 mM NaCl
=
S 40 | PH7
o PAE
é i PVAm +
g2 | L *+
g M0-H62
8 10 | o
5
=
o L4 sl 4l Ll
0.1 1 10 100

Rewetting Time (h)

Figure S3 Degradation rate of wet adhesion. PVAm (red) with Mw 340 kDa were
provided by BASF, Germany. PAE (blue) was Kymene 5221 from Solenis, US.
The coverages of PAE, PVAm and M0-H62 were 15 mg/m? at laminate joints.
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Chapter 5

Microgel-supported PAE — a Degradable Cellulose
Wet Adhesive to Enhance Paper Recycling

In this chapter, a commercial cellulose wet adhesive, polyamide-epichlorohydrin (PAE),
was loaded on microgels with labile disulfide crosslinks via electrostatic attraction.
Compared to using hydrazides to bond with cellulose (as in Chapter 3 and 4), PAE
adhesive shows many advantages: 1) it is widely used in paper manufacturing; 2) loading
it on microgels is much easier than hydrazide functionalization; 3) it provides cellulose a
stronger and more reliable wet adhesion. This concept is a promising start to manufacture
wet-strength papers with enhanced recyclability.

The data within this chapter were collected by me with the assistance of Alexander Sotra,
who worked with me as a summer student. I summarized the data and wrote the draft
myself. Dr. Robert Pelton helped me analyze the results and edit the manuscript.

This chapter is to be submitted to Nordic Pulp and Paper Research Journal.
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5.1 Introduction

Cellulosic materials, such as paper, pulp, and wood-based products, have a great
reputation for their excellent renewability and recyclability." 2 Pristine cellulose materials
are hydrophilic. In water, a hydrogel layer will form near cellulose surfaces that can
drastically change the interfacial property of the material.®

Generally, pre-treatments and additives are necessities to enhance the reliability of
cellulosic materials in moist and water environments. Take wood products as an example:
acrylic protective coatings with 10—100 um thickness are commonly used to enhance
their durability under weathering such as water spray.* > In some applications, glues such
as phenol-formaldehyde resins and isocyanates are used to stabilize wood composite
structures.®’ The possible toxic residual from coatings and glues is a great concern in the
reuse and recycling of wood materials.®

In paper products, wet-strength resins are important additives to manufacture wet strength
papers such as premium paper towels and coffee filter papers.” The most commonly used
wet-strength resin is PAE. In the paper manufacturing process, cationic PAE first adsorbs
on anionic cellulose fibers in aqueous solutions, forming a saturated adsorbed layer on
the fiber surface with a coverage < 5 mg/m>.° A typical PAE chemical structure is shown
in Figure 5-1. During drying, PAE both covalently grafts to cellulose fibers and forms
crosslinks with carboxyls at the end of other PAE chains via the azetidinium groups,
providing paper wet strength.!* ! However, wet-strength resins have a negative impact
on the recycling of paper products. Su et al. reported the addition of 0.5-2 wt % PAE
lowered the recyclability of paper products from 100% to ~ 20%.'? According to Kanie et
al.,'® with the PAE and polyvinylamine (PVAm) addition, only approximate 10-15% of
papers was degraded after 10 days in soil, compared with 50% weight loss of papers
without wet-strength resins.

In Chapter 4, we demonstrated the concept of using microgel adhesives as degradable
cellulose wet adhesives.” In that work, hydrazide-derivatized poly(NIPAM-co-AA)
microgels were synthesized with labile disulfide bonds. Hydrazides can conjugate with
aldehydes on oxidized cellulose surfaces, providing cellulose wet adhesion, while
disulfides were reductant-responsive, providing the degradability. > !4 13

In this work, the goal was to further improve the design of degradable microgel adhesives
for wet cellulose. Microgels with labile disulfide crosslinks were synthesized to support
the wet-strength resin PAE. Microgel-supported PAE has great potential to perform as a
degradable cellulose wet adhesive due to its excellent adsorption on cellulose surfaces,
the high degradability of the microgel, the presence of adhesive azetidiniums, and the
lack of chemical conjugation and organic solvents during the synthesis. The colloidal
properties of this new microgel adhesive, such as electrophoretic mobilities and
diameters, were measured and discussed. The wet adhesion performance and
degradability were evaluated with wet-peel measurements.
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Figure 5-1 PAE structure and covalent bonding to carboxyls at the end of other PAE
chains, on supporting microgels and on cellulose surfaces. Curing reactions
require water removal and progress much faster if heated. '

5.2 Experimental Section

Materials. Regenerated cellulose membranes (Spectra/Por2, MWCO 12-14 kDa, product
number 132684) were purchased from Spectrum Laboratories, US. TAPPI standard
blotter papers were purchased from Labtech Instruments Inc., Canada. PAE was
FENNOSTRENGTH 4063 provided by Kemira, US. PVAm with Mw 15 kDa and ~ 90%
degree of hydrolysis was LUPAMIN 1595 provided by BASF, Germany. All other
chemicals were purchased from Sigma-Aldrich, Canada. Water type 1 (as per ASTM
D1193-6, resistivity 18M€Q/cm) were used in all experiments.

N-isopropylmethacrylamide (NIPMAm) was recrystallized with toluene/hexane (6/4, v/v)
mixture solution and dried under nitrogen gas purge. The inhibitor (monomethyl ether
hydroquinone) in acrylic acid (AA) was removed by passing the AA through an inhibitor
remover column (Sigma-Aldrich, US). PAE was dialyzed against water for 8 hours using
Spectra/Por3 dialysis tubes with MWCO 3.5 kDa (Spectrum Laboratories, US) and stored
in aqueous solution at 4 °C. PVAm was dialyzed against water for one week and freeze-
dried. Other chemicals were used as received.
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Supporting Microgel Preparation. A series of poly(NIPMAm-co-AA) microgels was
synthesized by redox-initiated precipitation polymerization.'® The recipes are
summarized in Table 5-S1. In a typical polymerization, 11.2 mmol NIPMAm, 0.15 mmol
sodium dodecyl sulphate (SDS) and 0.56 mmol AA were dissolved in 80 mL water in a
250 mL round bottom flask. The mixture solution was adjusted to pH 3 with 0.1 M HCl
and heated to 50 °C. The mixture solution was agitated with a magnetic stirrer bar for one
hour with nitrogen gas purging, followed by the addition of 0.16 mmol N,N,N’ N -
tetramethylethylenediamine (TEMED) in 10% water solution. After 10 minutes of
agitation, 0.4 mmol ammonium persulfate (APS) in 2 mL water and 0.59 mmol N,N -
bis(acryloyl)cystamine (BAC) in 3 mL methanol were added into the mixture. The
polymerization proceeded for six hours at 50 °C with nitrogen gas purging. The
microgels were purified by dialysis against water for one week. The properties of the four
synthesized supporting microgels are summarized in Table 5-1. Ax represents the
supporting microgels containing x/10 mmol/g titratable carboxyls.

PAE Loading on Supporting Microgels. PAE loading recipes are shown in Table 5-S2
and the properties of microgel-supported PAE are listed in Table 5-1. In a typical process,
80 mg purified PAE was added in 60 mL 1 mM NacCl solutions at pH 7 in a 200 mL
beaker. The solution was agitated vigorously with a magnetic stirrer bar for one hour. 50
mg Ax microgels were dispersed in 10 mL 1 mM NaCl solutions at pH 7 in a 20 mL
glass vial. Microgel solutions were slowly added into PAE solutions at a rate of 1
mL/min with strong agitation to avoid aggregation. After the mixing, the mixture solution
was agitated mildly overnight. Unloaded free PAE in the supernatant was removed by
ultracentrifugation at 45,000 rpm for 30 minutes. The microgels were re-dispersed in 1
mM NacCl solutions at pH 7. The centrifugation and re-dispersion were repeated three
times. Microgel-supported PAE solutions (Py-Ax) with a concentration of ~ 5 g/L were
stored in aqueous solution at 4 °C.

The fraction of PAE loading on supporting microgels (y wt %, a mass ratio of PAE
loading to supporting microgels) was determined by comparing the content of the total
mass of PAE used in loading and the unloaded PAE separated from ultracentrifugation.!”
PAE content in solution was measured by polyelectrolyte titration. The polyelectrolyte
titrations were performed using a Mutek PCD T3 titrator fitted with a Mutek PCD 03
streaming current detector (SCD) according to the method in Cui et al.'® In a typical
experiment, a 10 mL sample solution with 1 mM NaCl at pH 7 was loaded into the cell
and was allowed to equilibrate for 5 minutes before the titration. The mixture was titrated
with 1 meq/L polyvinyl sulfuric acid potassium salt (PVSK) standard solution (BTG,
US). The apparatus automatically added 0.02—0.10 mL of PVSK per injection, and the
SCD signal was recorded when the drift rate was below 8 mV in 10 seconds. The titration
ended once the SCD signal was lower than zero. The PVSK consumption at end point
was recorded. Reported values are averages of three repeated experiments and the
standard deviation is reported. PAE content was determined based on a calibration curve.
The calibration curve and calculation details are shown in Figure 5-S1.
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Microgel-supported PVAm-AS8 was prepared using the same process (Table 5-S2). In 1
mM NacCl solutions at pH 7, its hydrodynamic diameter was 357 + 15 nm and
electrophoretic mobility was 1.58 £ 0.23 (10" m?/Vs).

Microgel Characterization. The electrophoretic mobilities of microgels were measured
with a ZetaPlus analyzer (Brookhaven Instruments, US) using the phase analysis light
scattering mode. Microgels were dispersed in 1 mM NaCl solution at pH 7 at 23 °C.
Reported values were averaged over 10 cycles with 10 scans for each cycle. The standard
error is reported for each result.

Hydrodynamic diameters of microgels were measured by dynamic light scattering
(Model BI-APD, Brookhaven Instruments, US) at 23 °C with software version 1.0.0.1.
The detection angle was 90°, and we used a 633 nm wavelength laser. At least three runs
were recorded for each sample, and the standard deviation is reported. The polydispersity
index was provided by the software. Microgels were measured in 1 mM NaCl solution at
pH 7, unless specified.

Microgel carboxyl contents were determined by conductometric titrations, carried out
with a Burivar-12 automatic burette (ManTech Associates, Canada). 50 = 2 mg of
microgels was dispersed in 50 mL 1 mM NaCl with initial pH 2.7 + 0.1. All samples
were titrated by 0.1 M NaOH with a target increment of 0.05 pH units/injection. The
corresponding injection volumes were in the range of 5—-100 pL. The interval between
injections was 90 seconds. Details of conductometric data analysis are given in Figure 5-
S 2.

Once-dried Wet Adhesion. Regenerated cellulose membranes were prepared and
2,2,6,6-tetramethylpiperidine-1-yl)oxyl (TEMPO) oxidized according to our previous
work.'* The membranes were cut into strips, cleaned by agitating in water at 60 °C for 1
hour and then TEMPO oxidized at pH 10.5 for 15 minutes with the addition of TEMPO
(6.8 mg per gram cellulose), NaBr (68 mg per gram cellulose), and NaClO (30 mg per
gram cellulose). The oxidized membranes were rinsed with water and stored at 4 °C.

The laminates were prepared by “adsorption application” method described in a previous
work in our lab.! The top membrane was 6 cm x 2 cm and the bottom one was 6 cm x 3
cm. Teflon tape (1 cm wide) was put between the two membranes at one end, making an
effective adhesive area of 5 cm x 2 cm between the two membranes. In a typical
adsorption application, 1 g cellulose membrane was soaked in 50 mL 0.2 g/L adhesive
solution with 1 mM NaCl at pH 7 in plastic Petri dishes for 30 minutes. The non-
adsorbed polymers were rinsed by soaking in rinsing solution with 1 mM NaCl at pH 7.
The rinsing solution was changed three times during 10 minutes of rinsing. Two wet
membranes with adsorbed polymers were laminated immediately.

The laminates were place between two blotter papers and pressed under 334 kPa for 5
minutes in a Standard Auto CH Benchtop Press (Carver, Inc., US). In this study,
laminates were pressed at either room temperature or 85 °C. The samples were then dried
in a room with constant temperature and humidity (23 °C, 50% relative humidity) for one
day.
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A freely rotating aluminum peel wheel with a diameter of 14 cm and width of 4 cm was
attached to an Instron 4411 universal testing system with a 50 N load cell (Instron Corp.,
US). Before the wet-peeling, the laminates were rewetted for 30 minutes and then blotted
free of excess water. The rewetting solution is specified in each set of results. Wet
membranes were fixed to the wheel with moisture-resistant double-sided tape (medical
tape 1522, 3M, US). The wet-peel force was determined as once-dried wet adhesion with
a peel rate of 20 mm/min. The wet laminates were weighed before and after the
delamination. The solid contents of the laminates were in the range of 47-54 wt % during
the delamination. The reported wet-peel forces were the average of at least three
replicates. The standard deviation is reported in the results as error bars.

Table 5-1 Properties of supporting microgels and microgels-supported PAE. All
measurements were conducted in 1 mM NaCl at pH 7 at room temperature.

. . Poly- Electrophoretic | COOH

Microgel I(D;‘IE AI?EOIZCLI\T(? g?:r;céggrn?nnr%: dispersity Mobility Content

Index (10 m?/Vs) (mmol/g)

Al 0 29242 0.20 -0.84+0.07 0.11+0.00

A3 0 446+8 0.06 -1.57+0.05 0.33+0.01

A8 0 407+8 0.03 -1.83+£0.07 0.81+0.05

Al2 0 293+2 0.04 -2.27+0.09 1.15+0.01
P10-Al 9.5+£3.1 24943 0.24 1.69+0.11 -
P34-A3 34.0+£2.2 415+14 0.12 2.42+0.17 -
P53-A8 52.9+4.0 461+8 0.14 2.52+0.13 -
P69-A12 69.2+5.9 395+10 0.18 2.70+0.09 -

5.3 Results

Four types of poly(NIPMAm-co-AA) microgels were synthesized as supporting
microgels by redox-initiated precipitation polymerization. The supporting microgels were
purified by dialysis and stored as water solutions after the synthesis. As shown in Table
5-1, the supporting microgels had particle sizes ranging from 290-450 nm, and all
synthesized with 5 mol% of crosslinker (based on NIPMAm + AA). The major difference
among microgels was the carboxyl content. Supporting microgels are named using the
format “Ax”, where x/10 represents their carboxyl content (mmol/g). For example, A3
had a carboxyl content of 0.3 mmol/g. Carboxyl contents were measured by
conductometric titrations.

In this work, redox initiation was used in polymerization to avoid the uncontrolled self-
crosslinking of BAC crosslinkers, which is a common problem in thermal-initiated
polymerization.” '® As shown in Figure 5-2, supporting microgels with disulfide
crosslinks showed excellent degradability. In exposure to the reductant dithiothreitol
(DTT) at pH 9, microgels disintegrated into invisible parts in 30 minutes due to the
reduction of disulfide crosslinks. The light absorbency of microgel solutions at 860 nm
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decreased to almost zero in response to DTT. The reduction of disulfide facilitated by
DTT is illustrated in Figure 5-3.

m Control
| =10 mM DTT

A1 A3 A8 A12

Figure 5-2 Supporting microgel solutions before (control) and after reduction (10 mM
DTT). In the control group, 2 g/L microgels were dispersed in 1 mM NaCl
solutions at pH 9 for 30 minutes. In 10 mM DTT group, 2 g/L microgels were
dispersed in an aqueous solution of 10 mM DTT and 1 mM NaCl at pH 9 for
30 minutes. Light absorption was measured with a DU 800 Spectrophotometer
(Beckman Coulter, US) at a wavelength of 860 nm.

o
o

o
(%)

Light Absorbency at 860 nm
=)
a

o

In this work, industry-grade PAE samples were purified with dialysis and stored as
solutions before the application. From the NMR spectra (Figure 5-S3), we found the
content of the reactive azetidinium was 47 mol% in purified PAE. In addition to
azetidinium groups, there were secondary amines (44 mol%) and tertiary amines (9
mol%) in the PAE backbone chain, along with one primary amine and one carboxyl at the
end of each chain.
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Figure 5-3 DTT structure and its reactions with disulfide and PAE in water.

Figure 5-4 PAE precipitates in the presence of DTT at pH 10. In all the samples, 500 mg
PAE was dissolved in 10 mL, 3 mM NacCl solution. In PAE + DTT samples,
200 mg DTT was dissolved in PAE solutions with the pH adjusted by 1 M
NaOH. The solutions were agitated mildly for one hour before imaging.

The interaction between PAE and DTT was observed as shown in Figure 5-4. PAE
solutions were mixed with DTT at various pH values. PAE formed colloids with DTT at
pH 9 and formed aggregates at pH 10. It was reported that the azetidinium of PAE can
react with the nucleophilic thiol group through the ring opening reaction and form a
thioether bond in water.?° The pKa of the first and second thiol group of DTT are 9.2 and
10.1, respectively.'® As illustrated in Figure 5-3, at pH 9 one thiol group of DTT started
to deprotonate and became reactive towards PAE. Under these conditions, DTT would
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graft on PAE backbone chains via thioether bonding, which lowered the water solubility
of PAE. When the pH increased to 10, both thiols of DTT became deprotonated. The
fully deprotonated DTT started to crosslink PAE chains, leading to the formation of
aggregates. When the solution adjusted to neutral pH, we found the aggregates did not
convert back to soluble polymers.

Would DTT treatment enhance the PAE laminated cellulose joint via crosslinking? Wet
adhesion of laminates with PAE adhesive layers were measured after rewetting with or
without DTT. As shown in Figure 5-5, after DTT rewetting at pH 9, no significant
improvement in wet adhesion was observed. These results demonstrated that rewetting in
DTT solution at pH 9 did not significantly crosslink the PAE at laminate joints.

60
E m Control Once-dried Adhesion
= aDTT Laminated with PAE
-~ I
@ 40 I
2 I
u? 1
F:
Q 20
©
=

0
23 70

Press Temperature (°C)

Figure 5-5 Wet adhesion of laminates prepared with PAE. The black bar represents the
laminate rewetted in 1 mM NacCl at pH 9, and the white bar represents the
laminate rewetted in the reducing mixture of 10 mM DTT, 1 mM NacCl at pH
9.

Cationic PAE was loaded on anionic poly(NIPMAm-co-AA) supporting microgels in 1
mM NaCl solution at pH 7, according to the recipe in Table 5-S2. PAE loading on the
supporting microgels was measured by polyelectrolyte titrations. As illustrated in Figure
5-6, a higher carboxyl content of the supporting microgels led to a higher PAE loading.
Since we knew the mass ratio of PAE to Ax and the charge densities of PAE and Ax, the
net charge of all four Py-Ax microgels was predicted to be positive according to the
calculation in Table 5-2. The same results were observed from the electrophoretic
mobility measurement, where we found the mobilities positive.
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Figure 5-6 PAE binding capacity of microgels increases with carboxylic acid content of
the supporting microgel. The figure is based on the results in Table 5-1.

Table 5-2 Loaded PAE overcompensates the anionic charge on supporting microgels. All
results are millimoles per gram of microgel-supported PAE.

Carboxyls in Titratable Cationic Excess Cationic
Microgel Supporting Microgel Charge in Loaded PAE Group Content
(mmol) (mmol) (mmol)
Per Gram of Microgel-supported PAE

P10-Al 0.100 0.186 0.086
P34-A3 0.246 0.544 0.297
P53-A8 0.530 0.741 0.211
P69-A12 0.680 0.876 0.196

PAE loading had a significant effect on hydrodynamic diameters of microgels (Table 5-
1). With loaded PAE, the size of microgel particles with low carboxyl content (A1 and
A3) became smaller. In contrast, the size of microgels with high carboxyl content (A8
and A12) became larger after the PAE loading. As the size distribution of Py-Ax
microgels was more dispersed compared with the corresponding supporting microgels
(Figure 5-S4), we believed a mild aggregation happened after the PAE loading.
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Figure 5-7 Wet adhesion of laminates rewetted with or without reductants. The control
group (black) was rewetted in 1 mM NaCl at pH 9, while the DTT group
(white) was rewetted in 10 mM DTT, 1 mM NaCl at pH 9. Red numbers
represent the percentage decrease in wet adhesion of the DTT group compared
to the control group.

In this study, cationic, PAE-loaded microgels were applied on wet, anionic cellulose
membrane via the adsorption application. In each laminate, there were two layers of
adsorbed microgels between cellulose surfaces. The microgel adhesive coverage was
approximately 30 mg/m? at the laminate joint.'* As shown in Figure 5-7, cellulose wet
adhesion increased with a higher PAE loading on microgels and a higher lamination
temperature. These results align with the findings reported by other researchers: 1) the
higher dose of PAE led to a stronger cellulose wet adhesion until a plateau was
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reached;!® 2 2) the higher curing temperature provided an enhanced wet cellulose joint
due to a higher reactivity of azetidiniums.'°

We predicted that a higher PAE loading on microgels would introduce a higher density of
stable crosslinks within microgel structures, which would compromise the degradability
of wet adhesion.” However, as shown in Figure 5-7, the wet adhesion of the microgel
with the lowest PAE loading (P10-A1) only decreased 15% in response to DTT, whereas
the wet adhesion of P69-A12 with the highest PAE loading decreased as much as 46%.

5.4 Discussion

The goal of this work was to develop a cellulose wet adhesive that provides strong wet
adhesion and is degradable in the presence of reductants. Anionic poly(NIPMAm-co-AA)
microgels with labile disulfide crosslinks were first synthesized as supporting microgels.
Microgel-supported PAE was synthesized by loading cationic PAE on these degradable
microgels via electrostatic attraction. Owing to its positive surface charge, the microgel-
supported PAE can load on anionic cellulose surfaces non-selectively, making this
adhesive applicable in the papermaking processes.

- ~

Ax P34-A3 P69-A12 PAE

Increase of PAE Content

Figure 5-8 Schematic diagram of microgel-supported PAE as cellulose wet adhesives.

Microgel-supported PAE provided excellent wet adhesion especially with high-
temperature lamination (Figure 5-7). Also, we found the wet adhesion increased with a
higher loading of PAE. However, its wet adhesion was still not as strong as that of pure
PAE. Take the laminates prepared at room temperature as an example. P69-A12 showed
a wet adhesion of 32 N/m with an estimated PAE dosage of 12 mg/m? (assuming 30
mg/m? of P69-A12 at laminate joints '4). In contrast, pure PAE provided a slightly higher
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wet adhesion (35 N/m) with a lower PAE dosage, since the adsorption coverage of PAE

on a smooth cellulose surface is approximately 2-3 mg/m? 2!

The organization of wet adhesives between cellulose surfaces are illustrated in Figure 5-
8. In one extreme case, when there is only supporting microgels between cellulose, the
wet adhesion should be nearly zero and the degradability should be 100%. In the other
extreme case, when only PAE is applied, the wet adhesion is high (Figure 5-5) and the
degradability is very limited. In Py-Ax adhesives, the PAE component provides the
cellulose wet adhesion and the disulfide-crosslinked microgel provides the degradability.
In this work, the most interesting phenomenon was that the highest cellulose wet
adhesion (48 N/m) and the best degradability (46%) among all Py-Ax microgels were
observed in one microgel (P69-A12 microgel).

The P69-A12 microgel had the highest PAE loading among all Py-Ax microgels, which
guaranteed the high wet adhesion. Why did P69-A12 microgel provide a high
degradability as well? We found the P69-A12 microgel also had the highest percentage of
the loaded PAE located near the microgel surface, which may contribute to its good
degradability. According to Hoare et al.,?? acrylic acid monomers provide a uniform
carboxyl distribution in microgels. When PAE and microgel mixed in an aqueous
solution during the PAE loading, a part of PAE diffuses into microgel pores to form a
polyelectrolyte complex with mobile anionic chains of the microgel. Based on the pore
sizes of swollen microgels reported in previous works,?** the supporting microgel A12
was estimated to have an average pore size of 5—10 nm. The diffusion of PAE into the
microgel porous structure was possible due to the polydisperse nature of the PAE
chains.?® However, with a high carboxyl content in A12, the diffusion may become
difficult due to the competition and repulsion between PAE chains.

Take P34-A3 and P69-A12 as examples. The PAE loading was proportional to the
carboxyl content of the supporting microgels. The size of P34-A3 particles shrank after
the PAE loading due to the formation of polyelectrolyte complexes within the microgel
networks. As our lab reported earlier, the decreased osmotic pressure in microgels lowers
the particle diameter.?’” By contrast, the PAE loading on A 12 increased the microgel size.
Besides the contribution of aggregation, according to Greinert et al., this phenomenon
occurs when a large amount of charged polymer is located near the microgel surface.?® A
highly charged PAE shell on the surface of P69-A12 enhances the swelling of the
microgels.

We find the strong binding between microgels may be another important factor for the
high degradability of wet adhesion. Both a higher PAE loading and higher lamination
temperature led to a strong binding between microgels, showing a better degradability of
wet adhesion in the presence of DTT. This observation was confirmed when we used
PVAm in place of PAE. In this experiment, microgel-supported PVAm (PVAm-AS) was
synthesized as described in Wen et al.?” PVAm was loaded on anionic microgels via
electrostatic attraction. The interaction between microgels was mainly electrostatic
attraction, which was weaker than the covalent bonding formed between microgel-
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supported PAE. As shown in Figure 5-S5, although PVAm-AS provided a medium
cellulose wet adhesion (~ 18 N/m), no degradability was observed.

Microgel-supported PAE is a promising start to create adhesives providing a strong
cellulose wet adhesion that can be degraded by nearly a factor of two in the presence of
reductants. As these results demonstrate, the concept of the microgel-loaded PAE offers
many advantages over the degradable hydrazide-derivatized microgel adhesives (Chapter
4): 1) no hydrazide grafting required, 2) easy tuning of the adhesive chemistry by
changing the loaded polymer, 3) the application of commercial polymers and 4) a higher
wet adhesion. In another set of experiment, PAE was mixed with anionic microgels
directly to obtain a PAE/microgel mixture adhesive, as shown in Figure 5-S6. We find
the microgel-supported PAE showed a much better colloidal stability in aqueous
dispersion and a higher degradability compared to this PAE/microgel mixture adhesive.

5.5 Conclusion

1. A microgel adhesive for wet cellulose was synthesized by loading PAE on
carboxylated, disulfide-crosslinked microgels. Cellulose wet adhesion can be
degraded by nearly a factor of two by severing the microgel crosslinks with
reductants.

2. Both the cellulose wet adhesion and the degradability of the wet adhesion
increased with a higher PAE loading, a higher mass ratio of PAE located near the
microgel surface and a higher lamination temperature.

3. The PAE loading capacity increased with the carboxyl content of the supporting
microgels. The cationic, microgel-supported PAE showed good colloidal stability
in aqueous dispersion.

4. When the adsorption application was used to prepare laminates, microgel-
supported PAE put more PAE in cellulose-celluloses joint compared with PAE
alone. However, the cellulose wet adhesion was not improved.
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Supporting Information

Table 5-S1 Recipes for anionic poly(NIPMAm-co-AA) supporting microgel preparation.

Microgel mmol in 80 mL solution
NIPMAm | BAC AA APS TEMED SDS
Al 11.20 0.57 0.11 0.40 0.16 0.20
A3 11.20 0.59 0.56 0.40 0.16 0.15
A8 11.20 0.64 1.68 0.40 0.16 0.12
Al2 11.20 0.70 2.80 0.40 0.16 0.15
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Figure 5-S1 Calibration curve of PAE titrated by 1 meq/L PVSK standard solution.
Different weights of PAE were added in 10 mL 1 mM NacCl at pH 7 for
titration. The charge density of PAE was calculated to be 2.14 meq/g.
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Figure 5-S2 Conductometric titration curve of A8 microgel. V1 is the volume of the

consumed NaOH solution required to deprotonate carboxyl groups on the
microgel. The carboxyl content of A8 microgels was calculated using V1.

Table 5-S2 Recipes for polymer loading on poly(NIPMAm-co-AA) supporting

microgels.
Microgel M_i(_:rogel Ppl_ymer Polymer Loaded
Addition (mg) | Addition (mg) (mg)
P10-Al 50 40 4.7+1.5
P34-A3 50 80 17.0+0.9
P53-A8 50 120 26.5+1.4
P69-A12 50 180 34.6+1.8
PVAm-AS 50 40 4.4+0.3
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Figure 5-S3 '3C (top) and 'H (bottom) NMR spectra of PAE at pH 3. NMR spectra were
recorded on an NMR Spectrometer (Bruker AVANCE 600 MHz, US) at
room temperature with the method described in Obokata et al.>* A small
amount of D20 was added into 5 wt % PAE aqueous solution for signal
locking. TopSpin 3.2 software was used to analyze the spectra. We assume
there are three major components in the PAE sample: PAE, N-(3-chloro-2-
hydroxypropyl) polyamideamine and polyamideamine. The average value of
x was calculated to be 47 mol %, y was 9 mol % and z was 44 mol %.
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Figure 5-S4 Size distribution of microgels. Microgels were dissolved in 1 mM NaCl, pH
7 solutions for measurement at room temperature.
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Figure 5-S5 Wet adhesion of laminates prepared with PVAm and PVAm-AS8 at room
temperature. The black bar represents the laminates rewetted in 1 mM NaCl

at pH 9, and the white bar represents the laminates rewetted in 10 mM DTT,
1 mM NaCl at pH 9.
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Figure 5-S6 Wet adhesion of laminates prepared with PAE/microgel mixture adhesive.
The PAE/microgel mixture adhesive was prepared by directly mixing PAE
solutions with supporting microgel solutions with different ratios. The
mixture solutions with a concentration of 3 g/L. (PAE + A25) were dispersed
in 1 mM NaCl at pH 7 and agitated for one hour before the lamination. The
mixture solution was applied at the laminate joint using the “direct
application” as described in Chapter 4. The degradability (second y-axis)
represents the ratio of laminate wet adhesion after rewetting in 10 mM DTT,
1 mM NaCl solution at pH 9 to the wet adhesion after rewetting in 1 mM

NacCl at pH 9.
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Chapter 6

Polyelectrolyte Adhesives for Wet Cellulose

In this chapter, the performance of a commercial cellulose wet adhesive, PVAm, was
evaluated using wet-peel measurements. Many factors that influenced the cellulose wet
adhesion were discussed, such as lamination methods, cellulose pre-treatments, polymer
solution conditions, polymer dosage and rewetting durations. The phenomena in this
chapter gave us a better understanding of thin-layer cellulose adhesives. Based on this
knowledge, a novel degradable cellulose wet adhesive was developed, as described in the
following chapter.

The data within this chapter were collected by me with the assistance of Taylor Stimpson,
who worked with me as a summer student; Heera Marway, who conducted the AFM
imaging; and Lina Liu, who conducted the radiolabeling. I summarized the data and
wrote the draft myself. Dr. Joel Soucy, Dr. Anton Esser and Dr. Robert Pelton helped me
analyze the results. Dr. Pelton help me re-wrote some parts of the draft.

This chapter has been submitted to Cellulose as an invited paper.

Polyelectrolyte Adhesion Promoters for Cellulose Hydrogel Surfaces

Dong Yang, Taylor C. Stimpson, Joel Soucy, Anton Esser, and Robert H. Pelton
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ABSTRACT

The conditions are elucidated whereby strong adhesive joints between two wet cellulose
surfaces can be achieved with a polyelectrolyte adhesive. The adhesive must be
covalently grafted (or an equivalent strong bonding) to the cellulose surface — physically
adsorbed polymers give weak polymer/cellulose interfaces in water. There are two cases
which are remarkably different — never-dried joints versus dried and rewetted joints, we
call once-dried. The strength of never-dried joints, or “green strength”, is important in
paper manufacturing and is likely to be critical in the manufacture of the new
nanocellulose composites and foams described in the recent literature. We have observed
only one adhesive joint architecture giving significant never-dried green strength - joints
with only a monolayer of polyelectrolyte adhesive sandwiched between two cellulose
surfaces. We propose that polymeric chains are simultaneously covalently grafted onto
both cellulose surfaces. In the usual case of bringing together two polymer coated
cellulose surfaces in water, there is no never-dried wet adhesion because electrosteric
stabilization inhibits significant molecular contact between opposing adsorbed polymers.
By contrast, high once-dried wet adhesion is easier to achieve because polymer-polymer
molecular contact is promoted by water removal. The requirements for once-dried
adhesion are polyelectrolyte grafting to cellulose and cohesion within polymer layers,
either due to covalent crosslinking, or attractive physical interactions.
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INTRODUCTION

The environmental impacts of plastic packaging, coupled with the introduction of new
nanocellulose raw materials ! have stimulated a resurgence in the development of
cellulosic films, * foams * and composites.* In spite of the absolute water insolubility of
crystalline cellulose, the Achilles heel of cellulosic materials is the impact of water. Paper
and cardboard boxes are weaker when wet, nanocellulose films swell in humid
conditions, and the gas permeability of cellulose films is moisture sensitive. The poor
mechanical properties of wet cellulosic materials are problems during manufacture. For
example, low density cellulose foams have been prepared from nanocellulose using
aqueous processing. However, complex drying processes, such as critical point drying, °
freeze-drying, * freeze-casting, Sor solvent exchange ’ are required to prevent collapse of
the fragile wet structures due to capillary forces during water removal. In other words, the
“green strength” of materials assembled from wet nano and microscale cellulose building
blocks is too low. In this paper we develop design rules for thin polymer layers
promoting adhesion between cellulose hydrogel surfaces.

In nature, moisture sensitivity of cellulosic materials is a solved problem. Wood consists
of strong cellulose fibers coated with hemicellulose and embedded in crosslinked lignin
networks, giving tall trees and wooden ships. Man-made cellulosic materials tend to be
composites made with pulp fibers, regenerated cellulose fibers and films, and more
recently, various forms of nanocellulose. Paper coffee filters, wallpaper and paper kitchen
towels are examples of cellulose based products that are sufficiently strong when wet
because they have been strengthened by polymers called wet-strength resins that
crosslink after high temperature (100-120 °C) drying. Wet-strength resins give zero
never-dried green strength because vital polymer crosslinking and grafting to cellulose
does not occur in water. Therefore, when considering the adhesion between wet cellulose
hydrogel surfaces, it is critical to distinguish between joints that are “never-dried”, or
“green joints”, versus joints that have at least been “once-dried”, facilitating curing of
polymeric adhesives.

Developing polymer treatments giving never-dried cellulose wet strength is a real
challenge. Treatment with starch aldehyde ® is the only example in the papermaking
technology literature of an individual water-soluble polymer giving never-dried wet
adhesion between wood pulp fibers. Although authors have reported that chitosan gives
never-dried strength, % '° the strengthening is mainly at high pH where chitosan is
insoluble and present on the surfaces as sticky/tacky particles. ''* 1> Herein we show for
the first time that under the right conditions, polyvinylamine (PVAm - see Figure 1)
promotes never-dried wet adhesion between regenerated cellulose hydrogel membranes if
the membranes were mildly oxidized by TEMPO mediated oxidation. '*!# It has us taken
more than 15 years to identify a polymer giving significant never-dried wet adhesion —
we briefly summarize the milestones and the unanswered questions leading to the current
work.

In 2004, we reported '° that PVAm gives strong once-dried wet-adhesion if the cellulose
were TEMPO oxidized. Based on the work of Isogai, Saito and their colleagues, '* 14 we
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knew that TEMPO mediated oxidation generates aldehydes and carboxyls on the
cellulose C6. From the beginning, we proposed that imine and aminal bonding between
PVAm and cellulosic aldehyde/hemiacetals was critical for wet adhesion — see structures
in Figure 1.

Drying, before wet adhesion measurements, was required for strong rewetted wet joints
in spite of our very mild drying conditions (23 °C in a 50% relative humidity atmosphere)
— a process we call “damp drying” because the process is slow and the final “dried
samples” still contain 7 wt% water. For years we assumed and proposed that removing
most of the water was required for imine and aminal bond formation. Subsequently we
used XPS to quantify the aldehyde/hemiacetal contents after oxidation and showed that
these values correlated with the once-dried wet adhesion, '® supporting the hypothesis
that PVAm formed covalent imine and aminal linkages with aldehyde/hemiacetal groups
on the oxidized cellulose hydrogel surfaces. Further early results, published in the
papermaking technology literature, suggested that once-dried wet adhesion is insensitive
to PVAm molecular weight or pH from 3-9. !’

There are lingering questions about the PV Am-oxidized wet cellulose hydrogel system.
The biggest question is why is it necessary to nearly dry the joints under very mild
conditions (23 °C and 50% relative humidity) to achieve wet strength? Furthermore, is it
possible to circumvent the drying step and achieve green strength with PVAm? Herein
we provide answers for these questions and expose the general requirements for a
polyelectrolyte adhesive giving strong never-dried cellulose/cellulose joints.

NH, NH; NH; PVAm

Aminal
Imine
2 W
HN NH NHj
+
c

\ /

“C’ \ CI;H ('i)H C/ H CH
|

\ \ \Omdlzed Cellulose Surfaé\ \ \

Figure I PV Am grafting to oxidized cellulose.
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EXPERIMENTAL

Materials. Regenerated cellulose membranes (Spectra/Por2, MWCO 12-14 kDa, product
number 132684) were purchased from Spectrum Laboratories, US. Blotter papers were
purchased from Labtech Instruments Inc., Canada. PVAm 340 kDa (Lupamin 9095) and
PVAm 15 kDa (Lupamin 1595), both with degree of hydrolysis >90%, were provided by
BASF, Germany. lodine-125 (800-1200 mCi/mL) was obtained from the McMaster
University Nuclear Reactor group. All other chemicals were purchased from Sigma-
Aldrich, Canada. Water type 1 (as per ASTM D1193-6, resistivity 18.2 MQ/cm) was
used in all experiments.

PV Am was purified by dialysis in water for one week and freeze-dried. Other chemicals
were used as provided.

Regenerated Cellulose Membranes (C). Regenerated cellulose dialysis tubes were cut
into strips, with the size of 6 cm x 2 cm for top membranes and 6 cm % 3 cm for bottom
ones. The membranes were cleaned by agitating in water at 60 °C for 1 h and stored in
water at 4 °C.

TEMPO Oxidized Cellulose Membranes (TO-C). The regenerated cellulose
membranes were oxidized by the method described in our previous work.'® 68 mg
TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl) was dissolved in 2 L of water along with
680 mg NaBr and followed by 300 mg NaClO. The concentration of NaClO solution was
determined by available chlorine titration (TAPPI, Test Method T 611 ¢cm-07). The pH of
the solution was adjusted to 10.5, after which wet cellulose membranes (10 g dry weight)
were mixed at room temperature while maintaining the pH at 10.5. After 15 minutes, the
oxidation reaction was stopped by adding 10 mL ethanol. The oxidized membranes were
washed by water and stored at 4 °C.

Borohydride Reduced TEMPO Oxidized Cellulose Membranes (rTO-C). Aldehydes
of TEMPO oxidized cellulose membranes were reduced to hydroxyls by sodium
borohydride treatment. Wet oxidized cellulose with a dry weight of 1 g was dispersed in
100 mL 10 mM phosphate buffer at pH 8.5, followed by the addition of 0.5 g sodium
borohydride. The pH of the suspension was adjusted to 8.5 by 1 M acetic acid. The
reduction proceeded at room temperature at pH 8.5 for 48 hours. After the reaction, the
cellulose membranes were washed with water and stored at 4 °C.

Lamination. Polymers were applied in laminate joints by two methods, “adsorption
application” and “direct application”. In a typical adsorption application, wet cellulose
membranes with 1 g dry weight were soaked in 50 mL 0.2 g/L polymer solution in a
plastic Petri dish for 30 min, in 1 mM NacCl at pH 7, if not specified. Non-adsorbed
polymer was removed by soaking the membranes in 1 mM NacCl rinsing solution at pH 7.
The rinsing solution was changed three times during 10 min of rinsing and the treated
membranes were used immediately after this step. The direct application (d-I") was used
to apply polymer solutions directly in the laminate joints. In a typical direct application
experiment, 15 uL of polymer solution in 1 mM NaCl at pH 7 was carefully applied
between two wet cellulose membranes. A Teflon tape (1 cm wide) separated the two wet
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membranes at one end, making the effective adhesive area between the two membranes 5
cm X 2 cm.

Delamination Force Measurements — The “Wet-peel” Method. In once-dried adhesion
measurements, the wet laminates were placed between two blotter papers after the
lamination and pressed at 315 kPa for 5 minutes in Standard Auto CH Benchtop Press
(Carver, Inc., US). The laminates were pressed at room temperature, if not specified. The
samples were then dried at constant temperature and humidity (23 °C, 50% relative
humidity) for one day. The wet peel force was measured using a freely rotating aluminum
peel wheel with a diameter of 14 cm and width of 4 cm attached to an Instron 4411
universal testing system with 50 N load cell (Instron Corp., US). Before testing, the once-
dried laminates were rewetted in 1 mM NaCl solution at pH 7 for 30 min and then blotted
free of excess water. The rewetted membranes were fixed to the wheel using moisture-
resistant double-sided tape (medical tape 1522, 3M, US). The peel rate was 20 mm/min.
During the peeling, the solids contents of the laminates were in the range of 47 - 54 wt%.
The reported wet-peel forces were the average of at least 3 replicates. The error bars of
the reported results depict the standard deviation.

For never-dried adhesion measurements, wet laminates were placed between two blotter
papers and pressed at 315 kPa at room temperature. The solids content of the wet
laminate was controlled by varying the pressing time between 0.1 min and 8 min. The
wet laminates were attached to the peel wheel immediately after the pressing step and the
wet-peel force was measured using the same setup as for once-dried laminates. The
reported solids content was the average value before and after the wet-peeling.

Characterization of Adsorbed PVAm. Radiolabeled PVAm was used to determine the
surface coverage (mg/m?) of adsorbed 340 kDa PVAm on cellulose membranes. First,
PVAm was grafted with 4-hydroxybenzoic acid (HBA) by 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) mediated conjugation. 6 mg of
HBA was dissolved in 30 mL of water at pH 4.7. After the dissolution of HBA, 100 mg
EDC was added, followed by the addition of PVAm solution (172 mg in 20 mL water).
The reaction time was 2 hours, and during the reaction the solution pH was maintained at
pH 4.7. After the reaction, PVAm-HBA was dialyzed against water for 1 week. Then,
PVAm-HBA with HBA DS 0.3% was radiolabeled with '?°I using the iodine
monochloride (ICI) method developed by Brash and Sheardown. '° The details of the ICI
method are described in the supporting information. After the reaction, unbound '*°I was
removed by passing the reaction mixture through a 3 mL syringe packed with AG1-X4
anionic exchange resins (chloride form, 100 - 200 mesh, Bio-Rad, US). Then the
radiolabeled PVAm was dialyzed against water at pH 12 until the supernatant showed no
radioactivity.

In a typical adsorption experiment, cellulose membranes were cut into disks with a
diameter of 10 mm. The cellulose disks (6.5 mg) were soaked in 2 mL of the
radiolabelled PVAm adsorption solution in a 24 well-plate for 30 min with occasional
gentle shaking. The treated cellulose disks were rinsed by changing rinsing solution
without polymer 3 times over 10 min. After the rinsing, excess water on the wet
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membranes was blotted using a Kimwipe tissue. The radioactivity of the adsorbed PVAm
was counted using a Wizard 3 1480 Automatic Gamma Counter (Perkin-Elmer, US). The
coverage of radio-labelled PVAm (mg/m?) on membranes was determined using
calibration curves — see Figure S1.
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RESULTS

Cellulose Hydrogel Membranes. Although our interests lie in materials based on wood
pulp fibers and nanocellulose, the following adhesion experiments employ model
adhesive joints in which the cellulose hydrogel substrates are regenerated cellulose
membranes sold as dialysis tubing. The model joints consist of two wet membranes
which are laminated with a layer of PVAm. Adhesion was characterized as the ninety-
degree peel force required to separate the wet membranes. The workflow is schematically
illustrated in Figure 2. We recently published a review of this technique, summarizing
the impacts of the various experimental parameters. 2°

DIRECT APPLICATION
(d-I" Laminates) Spread PVAm Solution at

Wet Regenerated Laminate Joint
Cellulose .

Apply PVAm Solution on \ Press Wet
\ Wet Oxidized Cellulose Laminate Between
Blotter Papers
.
Soak in TV————
Wet TEMPO  pyAm Solution ‘
Oxidized Cellulose A . Assemble
Laminate
Rinse Un- g

adsorbed PVAmM & -

ADSORPTION APPLICATION
(o or ao Laminates)

Figure 2 Never-dried laminate preparation. For once-dried experiments, the pressed
laminates are dried (23 °C and 50% RH) and then rewetted before wet peeling.

Most of the current results employed membranes pretreated by TEMPO mediated
oxidation giving “TO-C membranes” with carboxyl and aldehyde/hemiacetal groups.
Control experiments involved unmodified “C membranes”, or oxidized membranes that
were subsequently selectively reduced to convert aldehydes back to alcohols without
impacting the carboxyl groups 4 giving “rTO-C membranes”. Some properties of the
membranes are summarized in Table S1. With a water content of 52 wt% the membranes
are hydrogels.

The density of aldehyde groups on the hydrogel membrane surfaces is important. We
employed a fluorescent probe assay to measure the total membrane aldehyde content,
which was 9.6 pmol/g. ° We have published images of oxidized membrane cross
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sections, after treatment with an aldehyde reactive dye, suggesting a uniform aldehyde
distribution. 2! To estimate the corresponding surface density, we assumed: 1) the
aldehydes were uniformly distributed in the membranes; and 2) that the surface zone
extended 5 nm into the membrane. Based on these assumptions, the area per surface
aldehyde was 62 nm”. For an adsorbed monolayer of PVAm 340 kDa, this corresponds to
6 surface aldehydes available for each adsorbed PVAm molecule.

Surface carboxylate groups promote PVAm adsorption. For example, exposure of
unmodified C membranes to 0.2 g/L PVAm in 1 mM NaCl at pH 7, gave a saturated
coverage of only 0.44 + 0.02 mg/m?, based on radio-labeled PVAm. Whereas for T-OC
membranes the coverage was 1.90 + 0.18 mg/m?. We could not determine the density of
carboxyl groups on our membranes. However, under similar oxidation conditions, the
surface carboxyl content of wood pulp fibers was about 5 times greater than the aldehyde
content. !4

a Laminate

PUAM [ s

T

aa Laminate

. PR

d-I' Laminates

Figure 3 Schematic illustration of three types of cellulose-PVAm-cellulose laminates.
The a and aa laminates were prepared by adsorbing PVAm on one (a) or both
(aa) cellulose membranes, before lamination. The d-I" laminates were prepared
by directly applying concentrated PV Am solutions between the membranes.
For most experiments I'sat =3.8 mg/m?.
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Adhesive Distributions in Laminates. Most of the following adhesion results involve
TO-C membranes laminated with 340 kDa PVAm. Herein we define the quantity of
PVAm in the joint as the coverage (I’ mg/m?), which is the dry mass of polymer per joint
area. We employed two methods for introducing PVAm into the joints — adsorption
application (o or aa) and direct application (d-I). In the adsorption applications, one or
both membranes are exposed to a PVAm solution before lamination, generating a
saturated adsorbed monolayer of PVAm on the cellulose surfaces. Laminates in which
both membranes are treated are called oo laminates, whereas laminates prepared with
one treated and one untreated membrane are called o laminates — see Figure 3. Under the
standard adsorption conditions of 0.2 g/LL PVAm in 1 mM NacCl at pH 7, the PVAm
coverage in an oo, laminate was I'sat = 3.8 mg/m?. The coverage of adsorbed PVAm was
measured using PVAm radiolabeled with '2°1.

In direct application, a small volume of polymer solution was placed between wet
membranes just before lamination. Laminates prepared by direct application are called d-
" where I is coverage of dry PVAm in the joint expressed as mg/m®. For example, a d-
20 laminate was prepared by direct application giving a dry PVAm coverage in the joint
of 20 mg/m?. Figure 3 illustrates the joint architectures. Since the density of PVAm layers
is close to 1 g/mL, PVAm coverages expressed as mg/m? also correspond to the PVAm
film average dry thickness in nanometers.

Never-dried Adhesion - a Measure of Green Strength. Figure 4 compares the never-
dried wet adhesion for different joint architectures. The y-axis shows the wet-peel force
divided by the width of the laminate. These values represent the work per joint area
required to separate the membranes. Wet-peel values below 5 N/m are low and difficult
to measure accurately, whereas values approaching 60 N/m are high and often reflect
membrane failure instead of delamination.

The x-axis is the overall solids content of the laminate. Most published never-dried
adhesion results for cellulosic materials are expressed as a function of solids content. For
example, the strength of never-dried wet paper often follows a power law relationship. >
In our case, it is important to recognize that actual water content in the “interphase
region” 2* between the membranes is unlikely to equal the overall content. To illustrate
this point we measured the solids content of a membrane and of cast PVAm film as a
function of relative humidity. The results showed PVAm takes up more water than
cellulose (see Figure S2). Therefore, we suspect that the water content in the PVAm
interphase is always higher than in the bulk cellulose membranes.

The most spectacular results in Figure 4 are the o laminates in which only one membrane
surface was saturated with adsorbed PVAm. The PVAm content in these joints was only
Y2 T'sat = 1.9 mg/m?. By contrast, the oot laminates were very weak, only slightly stronger
than the no PVAm data. The direct application joints, d-4.5 and d-30, were stronger than
the aa joints but were much weaker than the o laminates in spite of having high adhesive
coverages. The joints with low solids content were the most challenging, and only o
laminates were strong when very wet. The key distinction between o joints and the others
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is that o joints have no PVAm-PVAm interfaces parallel to the membrane surfaces — see
Figure 3.
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Figure 4 The strength of never-dried TEMPO oxidized cellulose membranes, laminated
with PVAm 340 kDa, as a function of laminate water content, which was
varied by pressing the wet laminates for various times between adsorbent
blotters. The corresponding structures of the various laminate types are
illustrated in Figure 3.

Finally, the a laminate results in Figure 4 illustrate the conclusion that PVAm can form
covalent linkages with oxidized cellulose in water at neutral pH and room temperature.
The never-dried wet-peel force for PVAm on untreated membranes are too weak to
measure.

The Wet Strength of Once-dried Laminates. In our once-dried experiments, the wet
laminates were stored at 23 °C at 50% relative humidity for 24 h to dry the laminates.
Under these conditions, the resulting laminates have a typical water content of 7%.
Before testing they were rewetted for 30 min in 1 mM NaCl solution at pH 7.

With the adsorption application, we show below that it is possible to slightly vary the
PVAm coverage in o and oo joints by varying the pH and ionic strength of the
adsorption solution. With the direct application, we easily change adhesive coverages by
orders of magnitude. Figure 5 shows the once-dried wet-peel delamination forces as a
function of the PVAm coverage.
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Figure 5 Once-dried wet adhesion as a function of PVAm coverage. o laminates were
prepared with 0.2 g/LL PVAm 340 kDa at neutral pH. oo are laminates prepared
from two series of experiments; one series in which the adsorption pH was
varied (open triangles — see Figure 8) and another series in which the NaCl

concentration in the adsorption solution was varied (solid triangles - Figure S
5)

Mirroring the never-dried results (Figure 4), the once-dried o laminate was nearly twice
as strong as the aa and d-I" joints at the same PVAm coverage. The solids contents of the
once-dried samples were about 48% after rewetting. Comparing extrapolated never-dried
o results at 48 % to the once-dried a results in Figure 5 show that the drying step doubles
the strength of the o laminates.

The highest wet-peel force in Figure 5 corresponded to the very high adhesive coverage
of 100 mg/m?. With thick adhesive layers, the viscoelastic dissipation in the PVAm film
contributes to the delamination work. To further illustrate the relative contributions of
adhesive bonds between PVAm and TO-C versus dissipation within the PVAm layer, we
performed experiments where we “turned off” PV Am-cellulose adhesive bonds. Figure 6
compares wet-peel versus coverage for the three types of cellulose substrates: 1) TO-C,
our standard TEMPO oxidized cellulose bearing carboxyl and aldehyde groups; 2) rTO-
C, reduced TEMPO oxidized removing aldehydes but leaving carboxyls; and, 3) C,
untreated cellulose membranes with neither aldehydes or carboxyls. With the unreactive
substrates, (C & rTO-C) there is essentially no adhesion until PVAm coverage is above
20 mg/m?. This result emphasizes the need for aldehyde bonding sites for PVAm. Saito
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and Isogai reported a similar aldehyde reduction result for once-dried wet strength of
paper sheets, strengthened with PVAm. 24
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Figure 6 Once-dried wet adhesion of PVAm on cellulose surfaces: C is untreated
cellulose, TO-C is TEMPO oxidize cellulose; and, rTO-C is reduced TEMPO
oxidized cellulose. PVAm was applied by direct application with different
PV Am concentrations in 1 mM NaCl, at pH 7.

The rTO-C membranes have carboxyl groups whereas the C membranes do not.
Therefore, the results in Figure 6 suggest that carboxyls do not impact the
cellulose/PVAm adhesion or the PVAm /PVAm cohesion. The direct application
experiments do not depend upon electrostatically driven adsorption. Of course, with the
adsorption application, the coverage of adsorbed PVAm does depend upon the presence
of carboxyls.

Whereas aldehyde groups are critical for wet adhesion with PVAm, the following results
reveal that once-dried PVAm wet adhesion is remarkably insensitive to PVAm MW, and
the pH and the ionic strength of the PVAm solutions, used either for direct or adsorption
application. Consider first the PVAm molecular weight. Figure 7 compares the once-
dried wet adhesion for a high and low molecular weight PVAm. For low coverages (I <
10 mg/m?) the 15 kDa laminates were slightly weaker than the 340 kDa laminates. Both
curves show an increase in adhesion at high coverages owing to the viscoelastic
contribution of thicker PVAm layers. However, the coverage corresponding to the onset
of viscoelastic contributions for PVAm 15 kDa was more than 10 times greater than for
PVAm 340 kDa polymer.
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For the results shown in Figure 7, we varied the concentration of PVAm solution used to
prepare the d-I" laminates. We estimated the overlap concentration, ¢*, from
measurements of viscosity as a function concentration (see Figure S3). Joints prepared
with PVAm solutions with concentrations above c* should have more entangled chains at
the outset of drying, and thus may be more viscoelastic when rewetted. The coverages
corresponding to the c¢* values are indicated on the x-axis in Figure 7. The c* values of
the application solutions do not relate to any transition in adhesion behaviors of the dried
and subsequently rewetted laminates.

60
Once-dried Wet Adhesion
< PVAm on TO-C,d-T
Z 40
8 340 kDa
Q
5 ~a
i
Fi
220 |
k) Cc* C*
= 15 kDa (340kDa)  (15kDa)
0 Lol T EETIN |!‘|um| Ll " iu

0.01 0.1 1 10 100 1000
PVAm in Laminate Joint (mg/m?)

Figure 7 The influence of PVAm molecular weight on once-dried adhesion. Laminates
were prepared by direct application using a range of PVAm concentrations in 1
mM NaCl solutions at pH 7. The c* values correspond to PVAm overlap
concentrations.

The degree of PVAm ionization decreases almost linearly from 0.9 at pH 4 to 0.07 at pH
9.5, % an extreme example of the polyelectrolyte effect. Thus, one might predict a strong
pH dependence on wet adhesion. However, Figure 8 shows that for the direct application
experiments (d-7.5 on TO-C and d-15 on C) adhesion increased only slightly with
application pH over the range pH 4 - 9.5. With adsorption application (i.e. the oo
laminates) the coverage was substantially higher at pH 10.5, giving stronger joints. Also
we have investigated the effects of the PVAm concentration in the adsorption solution
(Figure S4), the ionic strength of PVAm solutions (see Figure S5), and, the rewetting pH
(see Figure S6); none of these are very sensitive parameters.
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Figure 8 The influence of PVAm 340 kDa solution pH for d-7.5 laminates (top) and
oo laminates (bottom). In all cases the laminates were rewetted in 1 mM NacCl,
at neutral pH. Note the d-15 results were obtained using untreated cellulose
membranes.
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DISCUSSION

Cellulose composites include a broad range of materials from reinforced plastics to
nanocellulose composite films. However, our interests herein were focused on the
extreme of composite space where the materials are almost entirely cellulose with a low
content of polymeric binder. In addition, we have focused on wet mechanical properties,
either immediately after aqueous assembly, the never-dried green strength, or strength of
materials once-dried and then rewetted. We employed laminates of TEMPO oxidized,
regenerated cellulose hydrogel membranes, acting as physical models for wet cellulose-
cellulose joints in paper and in other high cellulose-content composites. We now discuss
the main features pointing to conclusions that extend beyond the specific PVAm/oxidized
cellulose chemistry.

The only significant improvement in never-dried green strength in the presence of a
polyelectrolyte binder (Figure 4) corresponded to o laminates, prepared from one
membrane with a saturated adsorbed layer of PVAm laminated with a pristine oxidized
membrane. High never-dried strength implies PVAm bonding to oxidized cellulose
occurs in water at room temperature. Since the wet laminate strength was measured
within minutes of the lamination process, PVAm covalent bonding must be rapid. We
therefore propose that the strength of a laminates was due to PVAm chains being
simultaneously covalently bonded to both membranes. PVAm chains simultaneously
adsorbed on two glass surfaces have been shown to promote adhesion. 2

The implication of our results is that wet cellulose composites with high green strength
can be achieved by exclusively employing a joint structures in all cellulose-cellulose
contacts. However, manufacturing cellulose composites solely based on a joints is an
enormous challenge. In papermaking, essentially a continuous filtration operation, one
could imagine adding just enough polymeric adhesive to coat half the fiber surfaces
before filtration. However, the resulting paper structure would have a combination of o
fiber-fiber joints, oo joints, and joints with no polymer. Similarly, when casting or
templating nanocellulose suspensions into macroscopic bodies, it is impossible to
generate only a joints. Therefore, we conclude that never-dried strength from o joints
although mechanistically interesting, has little practical significance.

By contrast, oo joints are easy to manufacture — simply saturate the available surfaces
with adsorbed polymer before forcing the surfaces into contact. However, another
important lesson illustrated in this work, and reported by others, 2-2% is that cellulose
surfaces coated with hydrophilic polyelectrolyte adhesives have low never-dried strength
because electrosteric stabilization prevents never-dried surfaces from establishing
sufficiently close contact for adhesive interactions to take place. We believe that green
strength from oo joint structures is possible. For example, never-dried polymer cohesion
could be achieved by reducing the electrosteric repulsion by employing grafted surface
polymers that have a low excess charge and are close to being water insoluble. Both the
electrostatic and the osmotic contributions to repulsion would be less than with highly
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water-swollen and polyelectrolytes. Green strength from aa joints remains an open
challenge.

For completeness, we acknowledge that we 2° and others *° 3! have shown that the

sequential addition of a second polymer can lead to green strength by forming afjfa joint
structures. Similarly, thick layer-by-layer assemblies giving green strength have been
reported. 3! Our focus herein however is on achieving strong wet adhesion with a single
polymeric binder.

For once-dried wet adhesion, commercial papermaking wet strength resins that can give
excellent once-dried wet adhesion, employ reactive aldehyde *? or azetidinium groups *
that give inter and intramolecular crosslinks, as well as covalent grafts to cellulose.

PV Am grafted to oxidized cellulose also gives significant once-dried adhesion (Figure 5).
However, PVAm does not form crosslinks with itself. We used to believe that drying oo
laminates was required to drive covalent bonding of PVAm to oxidized cellulose (Figure
1). However, as discussed above, we now have evidence that bonding is spontaneous in
water at room temperature. Instead, we propose that partial drying of ccao PVAm
laminates is required to eliminate the electrosteric repulsion between facing layers of
cellulose grafted PVAm. With water removal the PVAm layers can intermix developing
cohesive physical interactions. Not all grafted polyelectrolytes are sufficiently cohesive
to give once-dried wet adhesion. For example, firmly attached carboxymethylcellulose
gives oo, joints without never-dried or once-dried wet strength. 3*

The directly applied d-I" joints can have high PVAm coverages, giving thick PVAm
layers in the joints. Such materials could be prepared by casting fiber or nanocellulose
suspensions in concentrated polymer solutions, or by spraying application after the
forming section on the paper machine.>> As with aia. joints, d-I' laminates give poor
never-dried wet strength (see Figure 4), however, the once-dried laminates required the
most work to induce laminate failure when the PVAm coverage was 100 mg/m?, which
was about 50 times greater than the coverage for an a laminate. In general, the laminates
with PVAm coverages less than 10 mg/m? could be left in water indefinitely (2000 h is
our longest datum 3¢) without strength loss whereas the strength of high PVAm coverage
laminates rapidly declined with soaking time — see Figure S7.

In summary, we have demonstrated that the wet adhesion, once-dried and never-dried, is
sensitive to adhesive distribution (o vs oo vs d-I') in wet cellulose joints. An unanswered
challenge is the design of polymers that give strong, never-dried oo joints.
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CONCLUSION

Determined were some factors influencing the wet strength of never-dried and once-dried
adhesives joints prepared from wet, TEMPO oxidized, regenerated cellulose membranes
laminated with PVAm. These results illustrate the following general requirements for
cellulose hydrogel adhesives:

1. The polymer in contact with the cellulose surface must form covalent grafts or some
other linkage with equivalent strength. For never-dried joints, grafting must occur in
the presence of water.

2. The only way to achieve never-dried strength with a hydrophilic polyelectrolyte is by
forming o joints that have a single layer of grafting polymer simultaneously attached
to both substrate surfaces. With aa joints, where both surfaces are polymer coated,
electrosteric stabilization (repulsion) inhibits polymer-polymer contact and thus
cohesion within the polymer layer.

3. Once-dried joints with strong wet strength are easier to achieve because drying
removes the electrosteric repulsion, allowing polymer coated surfaces to come into
molecular contact. However, the contacting polymer layers must have significant
cohesion after rewetting in water. Not all water-soluble polymers are cohesive. For
example, once-dried PVAm gives intermediate wet cohesion, whereas grafted
carboxymethylcellulose gives none. *

4. With thick adhesive layers obtainable by casting cellulose with adhesive solutions,
viscous dissipation within the water swollen polymer layer contributes to the work
required for once-dried joint failure. However, thick layers of non-crosslinked
polymer slowly swell, weakening the joints with time.
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Table S1 Properties of wet cellulose membranes. C and TO-C membranes were dried at
room temperature. PV Am-ads-TO-C was prepared by PVAm adsorption on
TO-C membranes and then air-dried. All membranes were rewetted before the
measurement and had a wet thickness of 130 = 10 pum.

C TO-C PVAm-
ads-TO-C
Wet roughness, nm 15+ 6% g+ 1° -
Dry roughness, nm 7+ 17 6+ 3° -
302+ 14°
Water content after 53+£1 51+1 51+1
blotting, wt%
Elastic modulus, MPa 91+4 99+ 5 100 + 8
Tensile strength, MPa 24+ 2 13+1 17+ 1
Strain at break 78+ 6 % 34+7% 49+£5%
Area per surface aldehyde 0 62 nm? NA

2Root mean squared roughness calculated by AFM imaging in an area 5 pum x 5 pm. °
Root mean squared roughness calculated from profilometer image (0.9 mm % 1.2 mm) in
Appendix B, DiFlavio et al. 3

Preparation of ICI Solution. 150 mg Nal was dissolved in 8 mL of 6 M HCI. 108 mg
NalO3-H20 was dissolved in 2 mL water. The two solutions were mixed, and water was
added to make the final volume 40 mL. 5 mL CCls was added and shaken vigorously.
This step was repeated until there was no pink color in the organic phase. The residual
CCls was removed by aerating the solution. Water was added to make the final volume 45
mL. For the labeling procedure 1 part of the above ICl solution was mixed with 9 parts of
2 M NaCl. The final solution was 0.0033 M ICl in 1.8 M NacCl.

ICI Method. 2 M glycine solution in 2 M NaCl at pH 8.8 was prepared and the pH was
adjusted by adding NaOH. Solution A was prepared by mixing 1 mL 5 g/L PVAm-HBA
and 200 pL glycine buffer. Solution B was prepared by mixing 565 uL ICI solution and
2260 pL glycine buffer. Then solutions A and B were mixed for 2 min. 10 uL '*°I was
added to the mixture and stirred for 15 min. After the reaction, the radiolabeled PVAm
was purified as described in method section.
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Figure S1 The calibration curve determining the mass of radiolabelled-PVAm adsorbed
on cellulose membranes.
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Figure S2 The solids content of cast PVAm films and TEMPO oxidized regenerated
cellulose membranes as functions of the relative humidity. The extrapolated

values at 100% RH were based on water content of fully wetted membranes
(Table S1) and c¢* for PVAm.
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Figure S3 The viscosity of PVAm solutions as functions of concentration. Measurements
were made with a Sine-Wave Vibro Viscometer (SV-10, A&D Company) at
23.5 °C. The inflection point in the viscosity curves gave the overlap
concentration, ¢*, which was 0.2 g/ for PVAm 340 kDa and 20 g/L for PVAm

15 kDa.
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Figure S4 PVAm coverage and the corresponding once-dried wet-peel strengths for oo

laminates as a function of the PVAm 340 kDa concentration in the adsorption
solution.
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Figure S5 The influence of NaCl concentration in the PVAm treatment solutions on the
once-dried wet adhesion. The PVAm 340 kDa concentrations were 0.2 g/L
for the awa laminates and 1 g/L for the d-15 laminates.

60
E‘ Once-dried Wet Adhesion
> PVAm on TO-C, aa
o 40 |
o
)
LL
o 20 |
o
T
=
0 1 1 1 1
2 4 6 8 10 12

Rewetting solution pH

Figure S6 The influence of rewetting pH on once-dried wet adhesion. Laminates were
rewetted in 5 mM phosphate buffer for 30 min before the wet-peeling.
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Figure S7 The influence of rewetting time on wet-peel force.
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Chapter 7

Cellulose Wet Adhesives with Degradable Cohesive
Bonds — a Route to Enhanced Paper Recycling

Unmodified Polyvinylamine (PVAm) showed a weak cohesion at the polymer-polymer
interface in water. In this chapter, boronate-derivatized PVAm and dextran-derivatized
PVAm were synthesized to enhance the cellulose wet adhesion by introducing new
cohesive bonds. The wet adhesion of the cohesive PVAm showed an excellent
degradability in response to pH and sugar levels due to the dissociation of the introduced
cohesive bonds. We demonstrated that the cohesion of the cellulose adhesive was
important for both wet adhesion and degradability.

The data within this chapter have been collected by me. I summarized the data and wrote
the draft myself. Dr. Robert Pelton helped me analyze the results and proofread the
manuscript.

This chapter is under preparation for future publication.
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7.1 Introduction

Wet strength is an important property for many paper products, especially for those
applied in moist or humid environments, such as coffee filter papers, paper towels and
paper packaging.! Due to the weak wet adhesion between unmodified cellulose fibers,
wet adhesives are applied in paper manufacturing to enhance the wet fiber joint. This
involves laminating two layers of adsorbed polymeric adhesives between two cellulose
surfaces. However, with the current techonology, it is difficult to recycle papers that are
enhanced by commercial cellulose wet adhesives.” The development of a next-generation
wet adhesive is required to manufacture wet strength papers with enhanced recyclability.

PV Am has been proved to be a great wet adhesive for cellulose materials containing
surface aldehydes.>* As demonstrated in the last chapter, after the lamination of two
PV Am-adsorbed, wet oxidized cellulose surfaces, there were two types of interfaces in
the laminate joint: cellulose-PVAm interfaces and PVAm-PVAm interfaces. The wet
adhesion at cellulose-PVAm interfaces is strong due to the formation of covalent imine
and aminal bonds.’ By contrast, the cohesion at PVAm-PVAm interfaces is low, which
compromises the measured cellulose wet adhesion.

Many reports describe the formation of boronate-carbohydrate in water.® ” However, so
far the boronate-dextran complex has only been observed to form in anhydrous
conditions or during dewatering.®? In this work, we synthesized boronate-derivatized
PVAm and dextran-derivatized PVAm to promote the cohesion at the PVAm-PVAm
interface and thereby enhance cellulose wet adhesion. Boronic ester bonds were expected
to form between grafted boronic acids and dextran chains at the PVAm-PVAm interface
after curing. As a proof of concept, we used subtle pH changes and monosaccharides to
degrade the cellulose wet adhesion by “switching off” the cohesive boronic ester bonding
at the PVAm-PVAm interface.

7.2 Experimental Section

Materials. Regenerated cellulose membranes (Spectra/Por2, MWCO 12-14 kDa, product
number 132684) were purchased from Spectrum Laboratories, US. Blotter papers were
purchased from Labtech Instruments Inc., Canada. PVAm with 340 kDa and 83 mol %
degree of hydrolysis were Lupamin 9095 provided by BASF, Germany. All other
chemicals were purchased from Sigma-Aldrich, Canada.

Water type 1 (as per ASTM D1193-6, resistivity 18M€Q/cm) was used in all experiments.
PVAm was dialyzed against water for one week and freeze-dried. Other chemicals were
used as received.

Lactonization of Dextran. Lactonization of dextran was conducted according to the
method described by Hashimoto et al.!” First, 3 g dextran with Mw 6,000 (DP 37) was
dissolved in 15 mL water. 0.51 g iodine was dissolved in 20 mL water. 0.45 g potassium
hydroxide was dissolved in 10 mL water. Then, the iodine and potassium hydroxide
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solutions were added dropwise to the dextran solution. The reaction proceeded for 24
hours at room temperature with stirring. Dextran lactone was dialyzed for 3 days using
dialysis tube with MWCO 3 kD.

Preparation of PVAmM-D. Dextran lactone was grafted onto PVAm to form PVAm-D as
shown in Figure 7-S1. The reaction was conducted according to the method described by
Holland et al.!! 50 mg PVAm was dissolved in 10 mL DMSO/methanol (2/1, v/v) co-
solvent at 80 °C overnight. 357 mg dextran lactone was dissolved in 30 mL DMSO. The
dextran lactone solution was added slowly into the PVAm solution. The reaction
proceeded at 80 °C for 24 hours. PVAm-D was dialyzed for one week using dialysis tube
with MWCO 25 kD.

Preparation of PVAmM-PBAX. PVAm-PBAX represents PVAm grafted with 4-
carboxyphenylboronic acid (PBA). The details of the reactions are listed in Figure 7-S2
and Table 7-S1. In a typical reaction, 4-carboxyphenylboronic acid was dissolved in pH
5.5 water at room temperature. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
was added, and N-hydroxysuccinimide (NHS) was added 2 minutes later. The solution
was stirred and maintained at pH 5.5. After 15 minutes, the solution was adjusted to pH
7.2, followed by the addition of PVAm. The reaction was allowed to proceed for 1 hour
at room temperature with the pH maintained at 7.2. PVAm-PBAx was purified by
dialysis and stored as an aqueous solution at 4 °C.

Electrophoretic Mobility. The electrophoretic mobilities of PVAm-PBA were measured
with a ZetaPlus analyzer (Brookhaven Instruments, US) at 23 °C using the phase analysis
light scattering mode. For all measurements, PVAm-PBA was dissolved in 3 mM NaCl
solution. Reported values were averaged over 10 cycles with 10 scans for each cycle. The
standard error is reported for each result.

Polymer Adsorption Measurement. Adsorption measurements were performed with an
E4 quartz crystal microbalance with dissipation (QCM-D) from Q-Sense, Sweden at 23
°C. In all measurements, crystal chips with a sputtered silica surface (Q-Sense, Sweden)
were used and 1 mM NaCl solutions were injected at a flow rate of 100 xL/min. Chips
were cleaned by UV/ozone treatment and 2% sodium dodecyl sulfate solution before the
measurement. In a typical experiment, an aqueous solution at a designated pH was
injected until the baseline frequency shift was less than 0.5 Hz over 10 minutes. Then 0.2
g/L PVAm or its derivative solution at the same pH was injected until the baseline
stabilized, typically after 30 minutes. The sample was rinsed with aqueous solution
without polymer until the baseline stabilized. An example of the QCM-D data is shown
in Figure 7-S3. The adsorption results are calculated and listed in Table 7-1.

Cellulose Membrane Oxidation. Regenerated cellulose dialysis tubing was cut into
strips measuring 6 cm X 2 cm (top) and 6 cm x 3 ¢cm (bottom). The membranes were
cleaned by agitating in water at 60 °C for 1 hour. The clean membranes were oxidized as
follows. 68 mg 2,2,6,6-tetramethylpiperidine-1-yl)oxyl (TEMPO) was dissolved in 2 L of
water along with 680 mg NaBr, followed by 300 mg NaClO. The concentration of NaClO
solution was determined by the available chlorine titration (TAPPI, Test Method T 611
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c¢m-07). The pH of the solution was adjusted to 10.5, and then 10 g of cellulose
membranes were added. During the oxidation, the pH was maintained at 10.5 at room
temperature. The oxidation reaction was allowed to proceed for 15 minutes and then
stopped by adding 10 mL ethanol. The oxidized membranes were washed with water and
stored at 4 °C.

Once-dried Wet Adhesion. The laminates were prepared by a method we call
“adsorption application.” In this method, 1 g of oxidized cellulose membranes were
soaked in 50 mL 0.2 g/L adhesive solution (either PVAm or PVAm derivatives)
containing 1 mM NaCl at specific pH values in plastic Petri dishes for 30 minutes. The
non-adsorbed polymers were rinsed off by soaking the membranes in rinsing solutions.
The rinsing solutions were 1 mM NacCl solutions with the same pH value as the
corresponding adsorption solutions. The rinsing solutions were changed three times
during the 10-minute rinsing. After the rinsing, two wet, oxidized cellulose membranes
were laminated. When both membranes were adsorbed with polymers, the resulting
laminates contained two saturated layers of adsorbed polymer (aa or af) at the laminate
joints, as shown in Figure 7-1. When only the bottom membrane was adsorbed with
polymers, the resulting laminates contained only one layer of polymers () at the
laminate joints.

The laminates were placed between two blotter papers and pressed under 334 kPa for 5
minutes at room temperature in a Standard Auto CH Benchtop Press (Carver, Inc., US).
The samples were then dried in a room with constant temperature and humidity (23 °C,
50% relative humidity) for one day.

A freely rotating aluminum peel wheel with a diameter of 14 cm and width of 4 cm was
attached to an Instron 4411 universal testing system with a 50 N load cell (Instron Corp.,
Norwood, US). Before delamination, the laminates were rewetted in 5 mM phosphate
buffer for 30 minutes and then blotted free of excess water. Each set of experiments was
conducted using rewetting solution with a different pH. The wet membranes were fixed
to the wheel with moisture-resistant double-sided tape (medical tape 1522, 3M, US).
Wet-peel force was determined as once-dried wet adhesion with using a peel rate of 20
mm/min. The wet laminates were weighed before and after peeling. The solid contents of
the laminates were in the range of 47-54 wt % during the peeling. The reported
delamination forces were the average of at least three replicates. The standard deviation is
reported for the results.

NMR Spectra. In a typical experiment, 2-3 mg of freeze-dried sample was dissolved in

I mL D20. A small amount of DCI was used to increase the solubility of PVAm-PBAX in
D:20. 'H NMR was performed using an NMR Spectrometer (Bruker AVANCE 600 MHz,
US) at room temperature. Example spectra and calculations are shown in Figure 7-S4.
PVAm showed a degree of hydrolysis of 0.83. The DS of dextran on PVAm-D was 0.05
per monomer, producing a glucose ring/amine molar ratio of 2.3. The DS of PVAm-PBA
represents the number of grafted boronic acid groups per monomer. The calculation is
shown in Table 7-S1.
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7.3 Results

Wet adhesion at cellulose fiber-fiber joints is critical for paper wet strength. In this study,
regenerated cellulose membranes were used as a model substrate to simulate wet
adhesion at fiber-fiber joints. The cellulose membranes were pretreated by TEMPO
oxidation to introduce aldehyde and carboxyl surface groups.

Cationic charged PVAm and its derivatives were used as cellulose wet adhesives in this
work. The polymers were applied on wet oxidized cellulose membranes using the
“adsorption application” method. The polymer adsorbed on the cellulose surface in the
form of a single saturated layer mostly due to electrostatic attraction.'? The cellulose
membranes used in this work were dialysis tubes with a molecular weight cut-off of 12—
14 kDa. PVAm (340 kDa) stayed mainly on the surface, instead of penetrating into
porous structures.
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Figure 7-1 The schematic diagram of the three different laminate joints prepared and the
two derivatives synthesized from PVAm.

In this work, two wet, oxidized cellulose membranes with adsorbed polymers were
laminated and dried for one day. As shown in Figure 7-1, three different types of
laminates were prepared: a, ao and off laminates. In o laminates, one cellulose membrane
with adsorbed polymer was laminated with another membrane without adsorbed polymer,
producing only one adsorbed layer of polymer at laminate joints. In oo laminates, there
were two polymer layers. In of laminates, there were two layers of polymers at laminate
joints, but the two polymers were different types, an asymmetrical structure. After one
day, the dried laminates were fully rewetted and then subjected to a 90-degree wet-peel
test to determine the wet adhesion between cellulose membranes.

The compositions of PVAm and PVAm derivatives were determined by NMR spectra
(Figure 7-S4). The degree of hydrolysis of unmodified PVAm was 83 mol%. Two types
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of PVAm derivatives were synthesized, including PVAm-PBAx and PVAm-D (see
Figure 7-1). PVAm-PBAx was PVAm grafted with phenylboronic acid groups, with DS
varying from 4 mol% to 26 mol%. PVAm-D was synthesized by grafting dextran with a
DS of 5 mol%. Since the grafted dextran had an average DP of 37, the molar ratio of
glucose units and amines in PVAm-D was 2.3:1. The synthesis details are shown in Table

7-S1.
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Figure 7-2 Electrophoretic mobility and solubility of PVAm-PBA19 solutions at
different pH values.

PVAm and PVAm-D were positively charged over a wide range of pH values, while
PVAm-PBA19 was an amphoteric polymer.* ® The electrophoretic mobility of PVAm-
PBA19 at various pH values was measured at a concentration of 0.2 g/LL in 3 mM NacCl
solution. As shown in Figure 7-2, the isoelectric point of PVAm-PBA19 was
approximately pH 10.5. Amines in PVAm became less cationic with a higher pH, and
grafted boronic acid started to convert to negatively charged boronate with the
environmental pH approaching its pKa.* ® PVAm-PBA19 solutions were water
dispersible (soluble or colloidal) in the pH range of 5-11.5.

The adsorption of PVAm and its derivatives on silica were measured by QCM-D. Silica
surfaces are negatively charged at pH > 2.3 As presented in Table 7-1, untreated PVAm
showed a relatively low adsorption coverage (0.6 mg/m?) on silica. After boronic acid
groups or dextran chains were grafted on, the resulting PVAm derivatives showed a much
higher adsorption. The adsorption of PVAm-PBA19 increased significantly with a higher
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pH. Although the PVAm adsorption on silica is different from adsorption on cellulose,
the result is still very helpful for analyzing cellulose wet adhesion under different
conditions.

Table 7-1 The adsorption of PVAm and its derivatives on silica surfaces measured by
QCM-D. All experiments were performed in 1 mM NacCl solution at 23 °C, and
the adsorption of PVAm-PBA19 was tested at three different pH values. The
adsorption coverage was calculated based on the third overtone using the
Sauerbrey relationship, as described in Figure 7-S3.

Polymer Adsorption pH | Adsorption (mg/m?)
PVAmM 8 0.6
PVAmM-D 8 5.7
PVAmM-PBA9 8 1.5
PVAmM-PBA19 5 1.7
PVAmM-PBA19 8 5.0
PVAmM-PBA19 10 13.4

Table 7-2 Once-dried wet adhesion of PVAm derivatives. Laminates were prepared
using the adsorption application method at pH 8. Laminates were rewetted at
pH 7 before wet-peeling. The error bars denote the standard deviation of at
least three repetitions.

Laminates Polymers Once-(_jried Wet
a p Adhesion (N/m)
Control - - 11£2
PVAm - 33+2
a PVAm-D - 3443
PVAm-PBA19 - 35+2
PVAm - 2243
o PVAm-D - 13£3
PVAm-PBA19 - 3312
af PVAm-PBA19 PVAm 29+2
PVAm-PBA19 PVAm-D 39+4

Oxidized cellulose membranes were laminated with PVAm, PVAm-D or PVAm-PBA19
using the adsorption application method at pH 8 (Table 7-2). In Chapter 6, we showed
that in a laminate PVAm, single chains bridge two cellulose surfaces by forming covalent
linkages with cellulose aldehydes. It was interesting to find that o laminates of the PVAm
derivatives showed a similar degree of wet adhesion to unmodified PVAm (33-35 N/m).
In aa laminates, PVAm provided a medium degree of cellulose wet adhesion (22 N/m),

152



Ph.D. Thesis - Dong Yang McMaster University — Chemical Engineering

while PVAm-D provided a much weaker adhesion (13 N/m), showing that the pendant
dextran chains decreased wet adhesion by a factor of 2. The aa laminates with PVAm-
PBA showed high wet adhesion (33 N/m), which was 50% stronger compared to
unmodified PVAm.

The highest cellulose wet adhesion (39 N/m) came from the asymmetrical af laminates
with one layer of adsorbed PVAm-PBA19 and one layer of PVAm-D. The of laminate
with PVAm-PBA19 and PVAm showed a much lower wet adhesion (29 N/m). This result
illustrated the importance of the dextran grafting for the wet adhesion of aff laminates.
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Figure 7-3 The influence of PBA content in PVAm-PBA on the once-dried wet adhesion
of af laminates (PVAm-PBA+ PVAm-D). The polymers were applied on
TEMPO-oxidized cellulose using the adsorption application method.
Laminates were rewetted at pH 7 for 30 minutes before the wet-peel. PVAm-
PBAx (0.2 g/L) was water dispersible (soluble or colloidal) in 1 mM NaCl at
pH 8.

PVAm-PBA was synthesized with various DS of boronate grafting, ranging from 4 mol%
to 26 mol%. PVAm-PBA with a DS > 26 mol% was also synthesized, but it was water
insoluble. As shown in Figure 7-3, the wet adhesion of the af laminates increased as the
DS of PVAm-PBAX increased. The same phenomena were reported in Chen et al.% 4 —
a higher DS of boronate grafting led to a lower water solubility; it also led to a higher wet
adhesion as long as the PVAm-PBAx was water dispersible (soluble or colloidal).
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As shown in Figure 7-4, the wet adhesion of PVAm aa laminates remained constant (19—
23 N/m) when the adsorption/lamination pH fell in the range of pH 4-9, corresponding to
the result in Chapter 6. Earlier studies have shown that PVAm is very surface active in
water at approximately pH 10.% 1> Its wet adhesion showed a peak value (31 N/m) at pH
10, which was mainly due to the high adsorption of PVAm on cellulose, same as
described in Chapter 6. Compared to PVAm aa laminates, the wet adhesion of af
laminates (PVAm-PBA + PVAm-D) was higher, especially when they were laminated
under basic conditions. The wet adhesion of o laminates increased significantly as the
adsorption/lamination pH increased until pH 10.5. Above that pH value, wet adhesion
started to drop.
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Figure 7-4 The influence of adsorption/lamination pH on the once-dried wet adhesion of
o laminates (PVAm-PBA+ PVAm-D) compared to PVAm a0 laminates. The
polymers were applied on TEMPO-oxidized cellulose with the adsorption
application at different pH values. Laminates were rewetted at pH 7 for 30
minutes before the wet-peel.

The af laminates (PVAm-PBA + PVAm-D) not only showed a high wet adhesion but
also provided degradability to cellulose wet adhesion. As control, the oo laminates with
unmodified PVAm showed a stable wet adhesion after rewetting at pH values between 4
and 10 (Figure 7-5). For of laminates (PVAmM-PBA + PVAm-D), the wet adhesion was
high when rewetted under basic conditions but significantly lower when rewetted under
acidic or neutral conditions. For example, after rewetting at pH 5, wet adhesion (23 N/m)
was 52% lower compared to laminate rewetted at pH 9 (48 N/m).
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Figure 7-5 The influence of rewetting solution pH levels on the once-dried wet adhesion
of aff laminates (PVAm-PBA+ PVAm-D). Polymers were applied on TEMPO-
oxidized cellulose membranes using the adsorption application method at pH

8.
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Figure 7-6 The effect of monosaccharides on wet adhesion of aff laminates containing
PVAm-PBA and PVAm-D. Polymers were applied on TEMPO-oxidized
cellulose using the adsorption application methods at pH 8. Laminates were
rewetted either with 10 mM monosaccharides (glucose or sorbitol) or without

(control).
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Monosaccharides serve as an stimulus to degrade the wet adhesion of af laminates
(PVAm-PBA + PVAm-D). When sorbitol is added to the rewetting solution, wet
adhesion can be significantly degraded under basic conditions. As shown in Figure 7-6,
the wet adhesion (29 N/m) was 40% lower after rewetting in sorbitol solution at pH 9,
compared to laminate rewetted without sorbitol (48 N/m). This decrease of wet adhesion
was due to the dissociation of boronate-dextran complexes in the presence of sorbitols.
This reaction is illustrated in Figure 7-7. By contrast, glucose failed to degrade the wet
adhesion. Springsteen and Wang have reported that at pH 8.5, boronate-sorbitol ester
bonding shows a higher association constant (1000 mol ™) than boronate-glucose ester
bonding (11 mol™!), using PBA as the model molecule.'® Meanwhile, Zhang et al. have
reported that glucose shows a slightly lower affinity to boronates than dextran in water.!”
Thus, the affinity to boronates should rank as sorbitol >> dextran > glucose, which
explains why the wet adhesion can be degraded by sorbitol, but not by glucose.
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Figure 7-7 Reaction of boronate with dextran. Boronic ester bonding forms after drying
and dissociates in low pH solutions or in sorbitol solutions at high pH.
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7.4 Discussion

PVAm is a promising cellulose wet adhesive. In water, PVAm adsorbs on oxidized
cellulose via electrostatic attraction.'® After drying, wet adhesion forms between two
PV Am-adsorbed cellulose surfaces due to covalent bonding.> However, as we observed
in Chapter 6, the low cohesion at PVAm-PVAm interfaces limits the further
improvement of the cellulose wet adhesion.

How does the wet adhesion form between PV Am-adsorbed cellulose surfaces? At the
beginning of the lamination process, with much free water at laminate joints, van der
Waals attraction between surfaces is negligible due to the long distance and the low
Hamaker constant in water.!” Capillary attraction is the driving force pushing the two
surfaces towards each other. This is counteracted by the electro-steric stabilization effect,
preventing two surfaces from achieving molecular-level contact. In the presence of free
water, we believe two PV Am-adsorbed cellulose surfaces cannot reach “real” contact. As
described in Chapter 6, a very low degree of wet adhesion in never-dried PVAm aa
laminates was observed when the solids content was < 45%. When the solids content
reaches 47-49%, most of free water in laminates is removed. Under this condition,
capillary attraction and the electro-steric stabilization effect will decrease significantly —
ultimately to zero; the long-range van der Waals attraction increases; hydrogen bonds and
covalent bonds start to form.

In this work, the af laminate prepared with PVAm-PBA and PVAm-D showed much
higher cellulose wet adhesion compared with the corresponding unmodified PVAm aa
laminate, mainly due to 1) the introduction of enhanced cohesion at PVAm-PVAm
interfaces, and 2) the higher adsorption of PVAm derivatives on oxidized cellulose.

The covalent boronic ester bonding was the major contribution for the enhanced adhesion
of the asymmetrical PVAm-PBA + PVAm-D laminates. Boronic acid groups ionize to
boronates at neutral or basic conditions, depending on their pKa.!® Furthermore, Notley et
al. reported that the ionization of boronate is enhanced when it is surrounded with
PVAm.? After dewatering, anionic boronates form ester linkages with grafted dextran
chains via 1,2-diols.”2!>2? As shown in Figure 7-6, cellulose wet adhesion was much
lower after rewetting in sorbitol solutions at pH 9 (29 N/m), comparing to that without
sorbitol (48 N/m). This decrease in wet adhesion was entirely due to the dissociation of
the boronate-dextran complexes in presence of sorbitol.

Under basic conditions, the anionic charge of boronates on PVAm-PBA also contributed
to the formation of cohesion. PVAm-adsorbed layers are highly positively charged,
leading to a strong repulsive force between surfaces in water.?’ The negatively charged,
grafted boronates converted PVAm-PBA into an amphoteric polymer, which reduced the
electrostatic repulsion between PVAm adsorbed surfaces. The isoelectric point of PVAm-
PBA19 was approximately pH 10.5 (Figure 7-2), when the electrostatic repulsion reached
zero. A previous study showed that wet adhesion between PVAm-PBA adsorbed
cellulose in pH 8 aqueous solution was one order of magnitude greater compared to
adhesion between PV Am-adsorbed cellulose.?’ As shown in Figure 7-5, the wet adhesion
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of the af laminate (PVAm-PBA + PVAm-D) after rewetting at pH 9 was 48 N/m, while
the wet adhesion was much lower (23 N/m) after rewetting at pH 5. Springsteen and
Wang report that as pH drops from 9 to 5, boronates convert back to boronic acid groups,
the boronate-dextran complexes dissociate and PVAm-PBA become fully positively
charged, leading to a higher repulsive force.!® Meanwhile, an earlier study in our lab
showed no significant dative boron-nitrogen bonding was observed between amines and
boronates.®

The high adsorption coverage of PVAm derivatives was another important reason for the
extraordinary wet adhesion of the af laminate (PVAm-PBA + PVAm-D). The PVAm
used in this work was a highly positively charged polymer. PVAm-PBA and PVAm-D
both possessed a lower charge density due to the grafting. Typically, for highly charged
polymers like PVAm, adsorption increases with a lower charge density.'? We observed
this phenomenon in our QCM-D results (Table 7-1): PVAm derivatives showed a much
higher adsorption coverage on the anionic silica surface in pH 8 aqueous solutions
compared to unmodified PVAm. The higher adsorption coverage contributed to the
higher wet adhesion of the PVAm-PBA aa laminate. Surprisingly, we found the wet
adhesion of the PVAm-D oo laminate was very low (13 N/m), showing that the pendant
dextran chains interfered with the bridging of PVAm between two PVAm adsorbed
surfaces. By contrast, in a laminates, all PVAm and PVAm derivatives showed a similar
wet adhesion (33—-35 N/m), showing that 1) the dextran chains did not interfere with
covalent coupling of PVAm to cellulose, and 2) the grafted boronic acid did not form
extra bonding with cellulose.

The adsorption coverage of PVAm-PBA on oxidized cellulose depended on both the DS
of the grafting and the environmental pH. With a higher DS, the adsorption of PVAm-
PBA is higher. This was one reason why wet adhesion increased with a higher DS in
Figure 7-3. Also, we found that the adsorption coverage of PVAm-PBA increased with
pH in the range of pH 5-10. From pH 5 to 10, cationic amines gradually became neutral
and boronic acids converted to negatively charged boronates. We believe the increase of
wet adhesion of aff laminates that occurred as lamination pH increased (Figure 7-4) was
due to not only the formation of boronate-dextran complex, but also a higher adsorption
coverage at laminate joints. At an adsorption/lamination pH > 10.5, PVAm-PBA became
neutrally charged or slightly negatively charged. Under this condition, the PVAm-PBA
adsorption on negatively charged cellulose surfaces would be compromised, which
corresponds to the drop of wet adhesion at pH 11 seen in Figure 7-4.

As a proof of concept, we demonstrated that cellulose wet adhesion was reduced
significantly by “switching off” the PVAm-PV Am cohesion in response of pH changes
and sugar levels, as shown in Figure 7-5 and Figure 7-6. However, it is important to
mention that the polymer-enhanced asymmetric o laminate joints are easy to prepare for
bench-top wet-peel measurements but hard in real paper manufacturing. In next step, the
design of the degradable wet adhesive will be improved and evaluated in paper
handsheets. The requirements of the adhesive are: stable in water, reactive to cellulose,
and able to form degradable self-crosslinks.
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7.5 Conclusion

1.

When one adsorbed layer of boronate-derivatized PVAm and one adsorbed layer
of dextran-derivatized PVAm formed an asymmetrical of laminate between
TEMPO-oxidized cellulose, the wet adhesion was 80% stronger than a
symmetrical laminate with unmodified PVAm.

The high wet adhesion of the af laminate was the result of the enhanced cohesion
at PVAm-PVAm interfaces (primarily due to the boronic ester bonding) and a
high adsorption coverage of PVAm derivatives.

The enhanced PVAm cohesion can be “switched off” in water by subtle pH
changes or in the presence of sorbitol, providing controllable degradability to
cellulose wet adhesion.

When laminated at the isoelectric point of the boronate-derivatized PVAm, the af
laminate showed the strongest wet adhesion. A higher DS of boronic acid led to a
higher cellulose wet adhesion until the derivative became insoluble in water.
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Figure 7-S2 Synthesis of boronate-derivatized PVAm (PVAm-PBA).

Table 7-S1 Preparation of boronate-derivatized PVAm, i.e. PVAm-PBAx. DS of
PVAm-PBAx was calculated from '"H NMR spectra. DS represents the
number of boronic acid groups per monomer. The solubility of PVAm-PBA-
P in D20 was too low to obtain the NMR spectrum.

Polymer PVAM PBA EDC NHS | DS (mol
(mg) (mg) (mg) (mg) %)
PVAm-PBAO - - - - 0
PVAm-PBA4 86 40 92 28 4
PVAm-PBA9 86 66 154 46 9
PVAm-PBA19 86 83 193 58 19
PVAm-PBA26 86 99 231 69 26
PVAm-PBA-P 86 132 308 92 -
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Figure 7-S3 QCM-D data for the adsorption of PVAm-PBA19 on silica chips at pH 10.
The experiment started with the addition of 1 mM NacCl solution at pH 10,
followed by PVAm-PBA19 adsorption in 1 mM NaCl at pH 10 and rinsing
with 1 mM NaCl solution at pH 10. The stable normalized frequency shift
after the rinsing was used for the calculation of the adsorbed mass using the
Sauerbrey relationship.'? The third overtone was shown and was used for the

calculation.
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Figure 7-S4 '"H NMR spectra of PVAm and its derivatives. The degree of hydrolysis of
PVAm, DS of PVAm-PBA9 and DS of PVAm-D were calculated according
to the methods described by other researchers.® 2% 2* The equations used are
shown above. Purified PVAm showed a degree of hydrolysis of 0.83. The DS
of dextran on PVAm-D was 0.05, which represented a molar ratio of glucose
ring:amine of 2.3:1. The calculation results of PVAm-PBAXx are shown in

Table 7-S1.
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Figure 7-S5 Wet adhesion degradation of laminates prepared from PVAm-D and PVAm-
PBA rewetted at different pH values with or without sorbitol. Polymers were
applied on TEMPO-oxidized cellulose by the adsorption application at pH 8.
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Chapter 8

My Contributions

In this thesis, wet-peel measurements were used to evaluate the performance of cellulose
wet adhesives between two wet, regenerated cellulose membranes. Potential next
generation of cellulose wet adhesives were designed to provide both strong wet adhesion
and excellent degradability, to enhance the recycling of wet strength papers. The major
contributions of this thesis are:

1. For the first time, I demonstrated the influence of the organization of polyvinylamine
(PVAm) adhesive layer on the wet adhesion between two cellulose surfaces. I found
that a single layer of grafting PVAm at the cellulose interface can simultaneously
attached to both substrate surfaces, providing high wet adhesion with or without

drying.

2. The importance of PVAm cohesion on cellulose wet adhesion was demonstrated for
the first time. For unmodified PVAm, the wet adhesion between the two PVAm
grafted cellulose surfaces was significantly lowered by the weak cohesion of PVAm.
When cohesive PVAm derivatives were used, the cellulose wet adhesion was
enhanced by as much as 80%.

3. For the first time, the design rules for the microgel adhesives with controllable
degradability were demonstrated. Significant degradability of wet adhesion can be
achieved by either incorporating labile crosslinks in microgels or grafting adhesive
groups on microgels via labile linkages.

4. I demonstrated two new strategies for designing cellulose wet adhesives that provided
both strong wet adhesion and excellent degradability in response to stimuli: a)
boronate derivatized PVAm that gave strong and stimuli responsive cohesive bonding,
and b) degradable microgels supported polyamide epichlorohydrin (PAE) that
enhanced the recyclability of the commercial wet strength resin PAE.
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APPENDIX A

Temporary Cellulose Wet Adhesives

The data within Appendix A have been collected by myself. I summarized the data and
wrote the draft myself.

Introduction

Temporary wet-strength resins are widely used in paper and tissue products. The most
commonly used temporary wet-strength resins are glyoxalated polyacrylamide and
aldehyde-containing polysaccharides.! > Aldehydes of these wet-strength resins react
with hydroxyls on cellulose surface after drying, forming hemiacetal bonds that provide
paper wet strength. The formation of hemiacetal is enhanced by curing at high
temperature and the catalysis of metal/ammonium salts.>> The performance of aldehyde
containing temporary wet-strength resins can also be improved by the incorporation of
cationic groups and homo-crosslinking groups.®’

Temporary paper wet strength decays in water. The decay rate of the temporary wet
strength is related to many factors, such as the process of paper manufacturing, the
chemistry of wet-strength resins and the application environment of paper products. For
example, the high drying temperature and the addition of catalysts in paper
manufacturing would result in a slow decay of wet strength in water.> A slower decay
rate can also be achieved by the addition of resin with a higher dosage and a higher
molecular weight, or applying paper products in water environment with a lower
temperature and a milder pH.” It was reported that the ratio of labile and stable bonds in
wet-strength resins was tuned to control the decay rate of paper wet strength.!°

Starch additives are widely used in paper manufacturing. In this study, dextran was used
as the model of starch. Hydrophobic modification '! and periodate oxidation '? were used
to synthesize dextran derivatives that provided paper temporary wet strength with a
controllable decay rate.

Experimental Section

Materials. Dextran from Leuconostoc spp. with Mr 450 -650 kDa was purchased from
Sigma-Aldrich, Canada. Polyvinyl alcohol (PVA) with Mw 146 - 186 kDa and > 99%
DH was purchased from Sigma-Aldrich, Canada. PAE was Kymene 5221 provided by
Solenis, US. PVAm with 340 kDa were Lupamin 9095 provided by BASF, Germany. All
other chemicals were purchased from Sigma-Aldrich, Canada. Water type 1 (as per
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ASTM D1193-6, resistivity 18MQ/cm) were used in all experiments. PVAm was purified
by dialysis in water for one week and freeze-dried. Other chemicals were used as it is.

Hydrophobic Modification of Dextran. Hydrophobic dextran (D-Cx) was prepared by
esterification with fatty acid, as shown in Figure A-1A. The recipes are listed in Table A-
1. Caproic acid (C6), caprylic acid (C8), lauric acid (C12) and myristic acid (C14) were
used in dextran esterification as hydrophobic grafting. In a typical experiment, dextran
powder was slowly added into anhydrous DMSO. After the total dissolution of dextran,
fatty acid and 4-dimethylaminopyridine (DMAP) were added. The solution was stirred
for 10 min, followed by the addition of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC). The reaction was proceeded at room temperature with stirring for one day, and
terminated by precipitating the hydrophobic dextran with methanol (> 3 times of the
reaction volume). The precipitated dextran was centrifuged and dissolved by small
amount of water. Then the product was dialyzed against water and freeze-dried. The DS
was measured by 'H- NMR spectroscopy (Bruker AVANCE 200MHz, US) with samples
dissolved in D20. An example of NMR spectra is shown in Figure A-3 and the results are
listed in Table A-1. The y in D-Cx-y represents the DS of Cx grafting on dextran (mol%,
based on glucose unit).

Dextran Oxidation. The chemistry of dextran oxidation is shown in Figure A-1A. 1
mmol (based on glucose unit) dextran or hydrophobic dextran was completely dissolved
in 6 mL water. 0.5 mmol sodium periodate was dissolved in 2 mL water and added into
dextran solution. The mixed solution was stirred at room temperature in dark for eight
hours. The oxidized dextran was purified by dialysis against water and then freeze-dried.

The oxidation degree of dextran was determined by potentiometric titration as described
in Zhao et al.!* Oxidized dextran (30 mg) was dissolved in 10 mL of water and then
mixed with 10 mL, 0.2 M hydroxylamine hydrochloride solution. The mixed solution
was sealed in container and stirred for one day in dark. 30 mL water was mixed into the
solution one hour before the titration. The potentiometric titration was carried out with
Burivar-12 automatic burette (ManTech Associates, Canada). All samples were titrated by
0.1 M NaOH with a target increment of 0.05 pH units/injection. The corresponding
injection volumes were in the range 5 - 100 L. The interval between injections was 30
seconds. The titration was repeated at least twice for each sample.

A control solution was used to determine the titration end point (pHe). The control
solution was prepared by the same method as described above, but the corresponding
non-oxidized dextran/hydrophobic dextran was dissolved and mixed with hydroxylamine
hydrochloride. The aldehyde content of oxidized dextran (mmol/g) can be calculated by
the base consumption VE at the titration end point pHg, as described in Zhao et al.!* The
calculated aldehyde contents of oxidized dextran are shown in Table A-1.
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Figure A-1 Schematic diagrams of (A) preparation of oxidized dextran with hydrophobic
grafting, (B) reaction between oxidized dextran and cellulose surface, and (C)
reaction between hydrophobic dextran and TEMPO oxidized cellulose surface.

Thiol Derivatized Polyacrylic Acid (PAA-thiol). PAA-thiol was prepared by the
conjugation of a diamine reagent cystamine with carboxyls on PAA.!'* In a typical
reaction, 188 mg PAA sodium salt was dissolved in 50 mL water at room temperature
and the pH of solution was adjusted to 4.7. After 30 minutes’ stirring, 500 mg EDC was
added and 45 mg of cystamine dihydrochloride was added 2 minutes later. The solution
was stirred for two hours at room temperature with pH maintaining 4.7. The products
were purified by dialysis for one week and then dithiothreitol was added. The final
solution was 20 mM dithiothreitol solution with the pH adjusted to 9. The solution was
stirred for one hour for the reduction of disulfide bonds. After the further dialysis against
water at pH 4 for two days, the purified PAA-thiol solution was adjusted to pH 4 and
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stored at 4 °C. The DS of thiol groups (8 mol%) was determined by '"H NMR
spectroscopy (Bruker AVANCE 600 MHz, US) with the sample dissolved in D20.

Table A-1 Preparation of oxidized dextran with different hydrophobicity. Fatty acids
with different chain lengths were used in esterification. Oxidation degree of
oxidized dextran is the titratable aldehyde content measured in potentiometric

titration.
Esterification Oxidation

Hydrophobic | Dextran Z?:Etﬂy DMAP | EDC DS Oxidized O;(L(z]?'g:n

dextran (mmol) (mmol) (mmol) | (mmol) | (mol%) | dextran (mmol/g)
D - - - - 0 OD 3.6+0.0
D-C6-15 6.17 1.23 0.62 1.23 152 | OD-C6-15 | 3.9+0.3
D-C6-7 6.17 0.74 0.37 0.74 7.3 OD-C6-7 4.0+0.1
D-C6-3 6.17 0.37 0.19 0.37 3.1 OD-C6-3 4.3+0.3
D-C8-10 6.17 0.86 0.43 0.86 9.9 OD-C8-10 | 4.0+0.2
D-C8-6 6.17 0.49 0.25 0.49 5.9 OD-C8-6 4.1+0.1
D-C8-2 6.17 0.25 0.12 0.25 2.1 OD-C8-2 4.3+0.1
D-C12-4 6.17 0.37 0.18 0.37 3.6 OD-C12-4 | 4.2+0.4
D-C12-1 6.17 0.19 0.09 0.19 1.1 OD-C12-1 | 4.1+0.3
D-C14-2 6.17 0.19 0.09 0.19 1.8 OD-Cl14-2 | 4.340.1
D-Cl14-1 6.17 0.12 0.06 0.12 0.6 OD-Cl14-1 | 4.440.1

Fluorescence Measurements. Pyrene is a common fluorescent probe to characterize the
presence of hydrophobic domains in water soluble polymers. The fluorescent intensity
ratio 11/13, is used to evaluate the polarity of the microenvironment.'* '® Hydrophobic
dextran without oxidation was dissolved in 1 mM NaCl with a pyrene concentration of 6
x 1077 M. The fluorescence was measured by M1000 Plate Reader (Tecan, US) at 25 °C.
The excitation wavelength was 333 nm. The l1/15 ratio of pyrene was determined by the
emission intensities at 373 nm (l1) and 384 nm (I3). The slit widths were 10 nm for
excitation and 5 nm for emission.

Once-dried Wet Adhesion. Regenerated cellulose membranes were cut, pretreated and
2,2,6,6-tetramethylpiperidine-1-yl)oxyl (TEMPO) oxidized as described in Chapter 3.
The laminates were prepared by the direct application (Chapter 3). The details of the
adhesive solution, including concentration, pH and ionic strength, will be specified in
each set of experiment. The laminates were place between two blotter papers and pressed
under 2.2 MPa for 30 minutes. The pressing temperature will be specified in each set of
experiment.
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The once-dried wet adhesion was measured as the wet-peel force by 90-degree wet-peel
test, as described in Chapter 3. Before the measurement, all laminates were soaked in 5
mM phosphate buffer at pH 7 and then blotted free of excess water.

Results

In this work, regenerated cellulose was used as the model to simulate the surface
chemistry of paper fibers. Polymer solutions were laminated between two wet cellulose
membranes, and 90-degree peel test was used to measure the wet adhesion between two
cellulose surfaces.

In most of the experiments, regenerated cellulose was used as the substrate, where only
hydroxyls were observed on its surface. In some cases, TEMPO oxidized cellulose was
used. TEMPO oxidation converted parts of hydroxyls on C6 to aldehydes and
carboxyls.!” As shown in Figure A-2, PAA-thiol provided temporary wet adhesion
between oxidized cellulose due to the formation of hemithioacetal bonds between
aldehydes and thiols. The hydrolysis of hemithioacetal bonds led to a rapid decrease of
cellulose wet adhesion. The same phenomenon was observed with PVA or dextran as the
cellulose wet adhesive. The hydroxyls on PVA and dextran crosslinked two oxidized
cellulose surfaces by forming hemiacetal bonds with aldehydes (Figure A-1C). The wet
adhesion was temporary due to the fast hydrolysis of hemiacetal bonds in water.
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_25_ 40 L 15 mg/m?Polymer Adhesives
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Figure A-2 Temporary wet adhesion of TEMPO-oxidized cellulose. The laminates were
prepared with polymer solutions in 1 mM NaCl at pH 7 and pressed at room
temperature.
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Hemiacetal bonds are commonly found in paper products to provide temporary wet
strength.’ The hydrolysis rate of the hemiacetal determines the decay rate of wet strength.
In this study, we synthesized hydrophobic oxidized dextran as cellulose wet adhesives.
Periodate oxidation was used to introduce aldehydes to dextran, which can crosslink
cellulose surfaces by forming hemiacetal linkages. The hydrophobic grafting of dextran
was used to tune the hydrolysis rate of the hemiacetals.

Caproic acid (C6), caprylic acid (C8), lauric acid (C12) and myristic acid (C14) were
grafted on dextran via esterification. The hydrophobically modified dextran was
characterized by NMR and the DS of grafting was calculated as shown in Figure A-3. D-
C8-2 represents the dextran grafted with 2 mol% of C8, in which DS is the number of
grafted C8 per glucose unit in dextran. OD-C8-2 is the dextran derivative that is periodate
oxidized from D-C8-2. As shown in Figure A-1B, hemiacetal bonds can form between
aldehydes of oxidized dextran and hydroxyls of cellulose after drying. The
hydrophobicity of the dextran derivatives was tuned by the chain length and the DS of the
grafting.

D-C8-2 o~

5 4 J 2 I ppm]

Figure A-3 '"H-NMR spectrum of hydrophobic dextran D-C8-2. Peak at 0.8 ppm
represents the methyl group (a) of grafted hydrocarbon chains. Two methylene
groups (c) and (d) besides the carbonyl group give broad peaks at 1.5 and 2.3
ppm. The rest of methylene groups (b) of hydrocarbon chains are shown at
peak 1.2 ppm.'8 The region of 3.2-3.9 ppm is assigned to non-anomeric
protons in sugar rings (e-i)."’
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The water solubility of freeze-dried oxidized dextran is limited at acidic condition due to
the presence of intra-/inter-molecular hemiacetals.?’ The same phenomenon was observed
in this work. To prepare the oxidized dextran solution at pH 3, 2 g/L oxidized dextran
was dissolved in water at neutral pH overnight and then formulated into 1 g/L oxidized
dextran solution in phosphate buffer at pH 3. Under this condition, the majority of
aldehydes in oxidized dextran are free aldehydes in water solution, while there are still
small amounts of enols and hemiacetals.?” 2! All dextran derivatives for the lamination
were fully dissolved and the solutions were transparent.

Oxidized dextran with hydrophobic grafting was laminated between regenerated cellulose
as the temporary wet adhesive. The chemistry is illustrated in Figure A-1B. An acidic
dextran solution (pH 3) and a high pressing temperature (70 °C) were used in lamination
to increase the initial wet adhesion between cellulose surfaces. In this work, the initial
wet adhesion is defined as the once-dried wet adhesion after rewetting < 0.5 h. Figure A-
4 showed that the acidic condition and high pressing temperature led to a slower decay
rate of wet adhesion, and a higher initial wet adhesion. The formation of hemiacetals can
be promoted by acid catalyst and high temperature.> > Our previous work found that
when dextran-aldehydes were used as cellulose wet adhesives the dextran-dextran
cohesive bonds can be replaced by dextran-cellulose bonds at pH 3. In other words,
cohesive hemiacetal bonds will transform into the more desirable adhesive dextran-
cellulose bonds at pH 3.°
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Figure A-4 Influence of polymer solution pHs and curing temperature on the decay rate
of cellulose wet adhesion. The laminates were prepared with regenerated
cellulose membranes. The pH of the polymer solution used in lamination and
the temperature during pressing are shown.
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Figure A-5 Degradation of cellulose wet adhesion provided by oxidized dextran with C8
grafting. Regenerated cellulose membranes were laminated with pH 3 dextran
solutions and pressed at 70 °C.
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Figure A-6 Degradation of cellulose wet adhesion provided by oxidized dextran with
C14 grafting. Regenerated cellulose membranes were laminated with pH 3
dextran solutions and pressed at 70 °C.
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It is interesting to find in both Figure A-5 and Figure A-6 that the initial wet adhesion
increased with the DS of hydrophobic grafting on dextran. Also, the wet adhesion of
oxidized dextran with a higher density of hydrophobic grafting showed a slower decay
rate in water solution. For example, the wet adhesion of OD-C8-2 decreased to 10 N/m in
0.2 hours, whereas OD-C8-10 provided a wet adhesion > 10 N/m for a duration longer
than 100 hours.

The chain length of the hydrophobic grafting on oxidized dextran also showed an
influence on the decay rate of wet adhesion. For example, OD-C8-2 and OD-C14-2 both
had a grafting DS of 2 mol% and an aldehyde contents of ~ 4.3 mmol/g (Table A-1). OD-
C14-2 provided a wet adhesion > 10 N/m after rewetting for 50 hours, whose decay rate
was much slower than that of OD-C8-2 (0.2 hours).

Why does the hydrophobic grafting on oxidized dextran slow down the decay of cellulose
wet adhesion? We found two important reasons: 1) the formation of adhesive hemiacetal
linkages between oxidized dextran and cellulose substrate, and 2) the formation of
cohesive inter-/intra-molecular hemiacetals within oxidized dextran.

At the beginning, we considered that the hydrophobic grafting on dextran alone can
provide hydrophobic micro-environment at cellulose-dextran interfaces, slowing down
the hydrolysis of the interfacial hemiacetal. However, Figure A-7 does not support this
conclusion.
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Figure A-7 Degradation of wet adhesion of (A) oxidized dextran with C8 grafting on
cellulose substrate and (B) dextran with C8 grafting on oxidized cellulose

substrate. Laminates were prepared with pH 7 dextran solutions and pressed at
25°C.

In Figure A-7A, regenerated cellulose was laminated with hydrophobic oxidized dextran.
The decay rate of wet adhesion decreased with a higher DS of hydrophobic grafting on
oxidized dextran. In Figure A-7B, oxidized cellulose membranes were prepared and
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laminated with hydrophobic dextran (not oxidized) as the wet adhesive. The hydroxyls of
non-oxidized dextran can crosslink with aldehydes on oxidized cellulose surfaces,
providing cellulose wet adhesion. However, the decay rate of wet adhesion showed no
relation with the hydrophobicity of the dextran adhesive.

In both cases, dextran was grafted with hydrophobic chains and hemiacetals were formed
as adhesives bonds at cellulose-dextran interfaces. There was only one difference
between these two cases - the oxidized dextran in Figure A-7A can form inter-/intra-
molecular hemiacetals as cohesive bonds, but non-oxidized dextran cannot. We believe
that the formation of cohesive hemiacetal bonds not only increased the wet adhesion, but
also slowed down the degradation rate of wet adhesion. For the oxidized dextran without
hydrophobic grafting, the cohesive and adhesive hemiacetals were susceptible to the
attack of water molecules, leading to a rapid decay of wet adhesion. With hydrophobic
grafting, the hydrolysis of hemiacetals at laminate joints would be slowed down due to
the coordination of hydrophobic grafting and cohesive hemiacetal bonds.
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Figure A-8 Relation between cellulose wet adhesion and the hydrophobicity of the
corresponding non-oxidized dextran. Oxidized dextran (OD-Cx-y) solution at
pH 3 was laminated between regenerated cellulose and pressed at 70 °C.
Corresponding non-oxidized hydrophobic dextran in pyrene solution (D-Cx-y)
was used to determine its hydrophobicity (Ii/I3 intensity ratio). The
measurements were made by using dextran derivatives in Table A-1.

The hydrophobicity of dextran derivatives is indicated by l1/l3 emission intensity ratio of
a fluorescent dye - pyrene.'® The hydrophobicity was related to both DS and the chain
length of hydrophobic grafting. From Figure A-8, we find it is possible to use the
hydrophobicity of D-Cx-y to predict the decay rate of cellulose wet adhesion of OD-Cx-
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y. For example, after rewetting the laminate for 8 hours in water, the dextran derivative
with a higher hydrophobicity (a lower 11/13) provided a higher wet adhesion after the
periodate oxidation.

Conclusion

Oxidized dextran with hydrophobic grafting was synthesized as the cellulose wet
adhesive that provided a high initial cellulose wet adhesion and a controllable decay rate
in water:

1. The decay rate slowed down with a higher hydrophobicity of oxidized dextran,
either with a higher DS of the hydrophobic grafting or with a longer grafted
hydrophobic chain.

2. The presence of cohesive hemiacetal bonding between oxidized dextran was
necessary to control the decay rate of cellulose wet adhesion.
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APPENDIX B

Reductant-responsive Wet Adhesives for CMC-modified
Cellulose

Paper wet strength is an important property for many paper products, such as coffee filter
papers, paper towels, agricultural papers and packaging. For wet strength papers, their
recyclability is compromised due to the high wet strength at fiber-fiber joint. In this
thesis, we synthesized cellulose wet adhesives that provided wet strength at fiber-fiber
joints and were degradable for recycling in response to mild stimuli.

In Appendix B, a layer-by-layer strategy was used to apply wet adhesives at cellulose
interfaces. Hydrazide-derivatized carboxymethyl cellulose (CMC) was first applied as a
“primer” to modify cellulose surface with carboxyls and hydrazides. Aldehyde-dextran
was then laminated between two CMC-modified cellulose. This strategy provided
cellulose surfaces both never-dried and once-dried wet adhesion. By introducing labile
disulfide bonds to CMC derivatives, a degradable cellulose wet adhesion was achieved.
In the discussion part, we compared three strategies to synthesize degradable cellulose
wet adhesives that were demonstrated in this thesis, including microgel adhesives
(Chapter 4 and 5), polymer adhesives (Chapter 7), and layer-by-layer adhesives
(Appendix B).

The data in Appendix B have been collected by me with the assistance of Yang Chen,
who worked with me as a summer student. I summarized the data and wrote the draft
myself. This part is under preparation for the future publication.
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Experimental Section

Materials. Dithiodipropionic acid dihydrazide (DTDH) was a dihydrazide reagent with
disulfide bonds. It was synthesized and purified as described in Chapter 4. Oxidized
dextran (ODx) was prepared and analyzed as described in Appendix A, in which x mol%
is the molar ratio of sodium periodate and dextran (based on glucose unit) in the
oxidation. The reaction recipe of dextran sodium periodate oxidation was summarized in
Table B-1.

All other chemicals were purchased from Sigma-Aldrich, Canada. CMC used in this
study was Mw 250 kDa with DS 0.9. Dextran was from Leuconostoc spp. with Mr 450 -
650 kDa. Water type 1 (as per ASTM D1193-6, resistivity 18MQ/cm) were used in all
experiments.

Hydrazide-derivatized CMC. Hydrazide-derivatized CMC was prepared by
bioconjugation.! Two dihydrazide reagents were employed, including adipic acid
dihydrazide (ADH) and the reductant-responsive dihydrazide DTDH. The conjugation
recipes are given in Table B-2. ADH-CMC was CMC conjugated with ADH, and DTDH-
CMC was conjugated with DTDH. In a typical reaction, 500 mg CMC were dissolved in
100 mL water at room temperature and after thirty minutes stirring, the pH of solution
was adjusted to 5. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) was added
and then dihydrazide reagents was added two minutes later. The modification proceeded
for two hours at room temperature with pH maintaining 5. The products were purified by
dialysis for one week and stored as aqueous solution at 4 °C. The product was
characterized by NMR (Figure B-1).

Table B-1 Periodate oxidation of dextran.

Product Dextran | NalOs | Water | Titrated Aldehyde
(mg) (mg) | (mL) | Content (mmol/g)
0OD25 400 132 10 1.9+0.1
OD50 400 264 10 4.2+0.2

Table B-2 Preparation of hydrazide-derivatized CMC. Hydrazide DS was calculated
from "H NMR spectra. DS represents the number of hydrazide grafting per
glucose ring.

Product Microgel | ADH | DTDH | EDC Hydrazide DS
(mg) (mg) (mg) (mg) | (mol%, glucose ring)
ADH-CMC 500 202 - 187 0.20
DTDH-CMC 500 - 322 260 0.23
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Figure B-1 NMR spectrum of ADH-CMC. 2-3 mg of freeze-dried sample was dissolved
in 1 mL D>0O. 'H NMR was performed using an NMR Spectrometer (Bruker
AVANCE 600 MHz, US) at room temperature.

Wet Adhesion Measurement. Cellulose membranes were cut, cleaned and pre-treated
by CMC as described in Chapter 2. Dextran adhesives were applied in laminate joints
between cellulose membranes by “direct application”. The lamination and the wet-
peeling measurement were proceeded as described in Chapter 3. For once-dried wet
adhesion, laminates were dried for one day and rewetted in aqueous solution for thirty
minutes before the wet-peel. The wet-peel force was measured as the once-dried wet
adhesion. For never-dried wet adhesion, the wet-peel force of the never-dried wet
laminate was measured.

Results

In this study, regenerated cellulose membranes were used as the model to simulate
cellulose surfaces. CMC or CMC derivatives were used to modify the surface of
cellulose. To enhance cellulose wet adhesion, aldehyde-dextran was laminated between
two CMC-modified cellulose surfaces. The wet-peel force to delaminate wet membranes
were measured as the wet adhesion. In each laminate, a layer-by-layer adhesive structure
formed at the joint, as shown in Figure B-2 — an adhesive layer between two CMC
“primed” cellulose surfaces.

Two hydrazide-derivatized CMC were synthesized by bioconjugation, including ADH-
CMC and DTDH-CMC. Our previous work showed that hydrazides were very effective
groups to provide cellulose wet adhesion.? Hydrazide can form hydrazone bonds with
aldehydes on oxidized cellulose either with the presence of water or after drying.
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Figure B-2 The reaction between DTDH-CMC modified cellulose and oxidized dextran.
The disulfide bonds in DTDH can be degraded into two thiols in response to
DTT at basic condition.
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Figure B-3 Stability of CMC or ADH-CMC modified cellulose. The membranes were
modified with CMC or its derivatives, rinsed and stored at room temperature
from one hour to forty days. PAE was laminated with modified cellulose
membranes and dried for one day. Before the wet-peel, laminates were
rewetted in 1 mM NacCl, at pH 7 for 30 min.
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Hydrazides were grafted on ADH-CMC via stable linkages. The hydrazide DS of ADH-
CMC was calculated to be 0.20 by NMR spectra (Figure B-1). By contrast, hydrazides
were grafted on DTDH-CMC via labile disulfide linkages with a DS of 0.23. When
exposed to reductants, such as dithiothreitol (DTT), at high pHs, adhesive hydrazide
groups on DTDH-CMC will leave the CMC backbone due to the reduction of disulfide
bonds.

CMC modification is an important technique to modify cellulose surface via irreversible
physical adsorption.? In a similar process, CMC derivatives were also be used to modify
cellulose, according to the previous study.* In this work, hydrazide-derivatized CMC was
used to modify the surface of regenerated cellulose. As shown in Figure B-3, CMC-
modified cellulose was stable in water. No significant loss of CMC or ADH-CMC from
cellulose surfaces was observed after stored in neutral, 1 mM NaCl solution at room
temperature for over one month.

Dextran was oxidized by sodium periodate as described in the previous study.’> The
degree of oxidation was controlled by changing the molar ratio of sodium periodate and
glucose unit in the oxidation. OD25 was the dextran oxidized with an aldehyde content of
1.9 mmol/g, and OD50 was oxidized with an aldehyde content of 4.2 mmol/g. As shown
in Table B-3, the wet adhesion performance of dextran derivatives were evaluated. For
ADH-CMC modified cellulose, the wet adhesion increased in the order of dextran <<
0OD25 < 0OD50. The wet adhesion of oxidized dextran was significantly higher, due to the
formation of hydrazone linkages between hydrazides and aldehydes. However, a higher
density of aldehydes in OD50 did not significantly enhance the cellulose wet adhesion
comparing to OD25.

Table B-3 Once-dried wet adhesion of 7.5 mg/m? adhesives laminated with CMC-
modified cellulose. Before the wet-peel, laminates were rewetted in 1 mM NacCl
at pH 7 for 30 min.

Cellulose Modification . Once-dried Wet
Adhesive .

Top Bottom Adhesion (N/m)
CMC CMC - 0.8+0.5
CMC CMC ADH-CMC 8.3£1.6

ADH-CMC CMC - 4.3+1.0
ADH-CMC ADH-CMC - 12.8+2.1
ADH-CMC ADH-CMC CMC 7.2+1.0
ADH-CMC ADH-CMC ADH-CMC 14.7£2.6
ADH-CMC ADH-CMC Dextran 11.8+1.9
ADH-CMC ADH-CMC OD25 25.7+1.9
ADH-CMC ADH-CMC OD50 28.4+0.1
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When 7.5 mg/m? of OD25 was applied, the aldehyde density at laminate joint was ~ 14
pmol/m?. To estimate the hydrazide density, we assume 0.34 mg/m? of ADH-CMC was
adsorbed on regenerated cellulose.® With the DS of 0.23, the estimated hydrazide density
was ~ 1 umol/m? at the joint. Aldehyde content of OD25 (14 pmol/m?) was much higher
than hydrazides on cellulose surface (1 pmol/m?), which explained the reason why the
further increase of aldehyde (OD50) did not lead to a significant increase of wet
adhesion. For the same reason, the higher coverage of oxidized dextran at laminate joint
showed an enhanced wet adhesion in a range of 0 — 7.5 mg/m?, while reached a plateau
after the critical point at 7.5 mg/m?, as shown in Figure B-4.

50
— Once-dried Wet Adhesion
_2E_ 40 | ADH-CMC modified cellulose
'-d-; with OD25
© 30 -
5 —
(1
E 20
o
° 4
= 10
0 1 1 1
0 10 20 30 40

Polymer Coverage (mg/m?)

Figure B-4 Once-dried wet adhesion of ADH-CMC modified cellulose laminated with
different coverage of oxidized dextran. Before the wet-peel, laminates were
rewetted in 1 mM NaCl at pH 7 for 30 min.

Another interesting result was the presence of a medium wet adhesion (13 N/m) between
ADH-CMC modified cellulose without any adhesive. Comparing with CMC-modified
cellulose membranes, we find the introduction of hydrazides on ADH-CMC modified
cellulose increased the wet adhesion from 1 N/m to 13 N/m (Table B-3). From NMR
spectra, a small amount of remaining EDC was observed in dialyzed ADH-CMC
samples. Thus, the EDC activated carboxyls on the surface of ADH-CMC modified
cellulose can bridge the other surface via the formation of ester bonds.

DTDH-CMC was hydrazide-derivatized CMC with labile linkages (Figure B-2).
Oxidized dextran provided DTDH-CMC modified cellulose a medium once-dried wet
adhesion, due to the formation of hydrazone bonds. The labile disulfide linkages were
introduced in DTDH-CMC to provide cellulose a degradable wet adhesion. Disulfide
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bonds are reduced to two thiols in response to reductants at basic conditions.” In this
work, DTT was used as the reductant to “switch off” the cellulose wet adhesion. After
rewetting laminates in DTT solution at pH 9, 90% wet adhesion of DTDH-CMC
modified cellulose was degraded as the result of the disulfide reduction, as shown in
Figure B-5.

50 50
— Once-dried Wet Adhesion Once-dried Wet Adhesion
§ 40 | Laminated with 7.5 mg/m? OD25 E 40 | Laminated without adhesives
— ORewet without DTT Z ORewet without DTT
§ 30 | mRewet with DTT g 30 m Rewet with DTT
L e
820 ! $ 20 |
Q o
‘é "t:'.; I I
=10 =10 [ [ 1 . t

0 | 0 i |

ADH-CMC DTDH-CMC ADH-CMC DTDH-CMC
modified modified modified modified

Figure B-5 Once-dried wet adhesion of CMC-modified cellulose laminated with OD25
(left) and without adhesives (right). Before the wet-peel, once-dried laminates
were rewetted in 1 mM NacCl, pH 9 solution for 30 min with or without 10 mM
DTT.

Our previous work showed hydrazide-derivatized microgels provided never-dried wet
adhesion to wet cellulose (Figure B-6).? In this work, instead of using microgels, oxidized
dextran was applied between CMC “primed” cellulose surfaces to form a layer-by-layer
adhesive structure at the laminate joint. As shown in Figure B-7, with the oxidized
dextran coverage increasing from 1.5 mg/m? to 30 mg/m?, the never-dried wet adhesion
at 55 wt% solids content increased from 9 N/m to 24 N/m. Also, the higher aldehyde
content in dextran adhesives led to a higher never-dried wet adhesion.
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Figure B-6 Never-dried wet adhesion of CMC-modified cellulose laminated with
oxidized dextran. Purple curve is the result from Yang et al.?, in which 15
mg/m? hydrazide-derivatized microgel adhesives (1 mM NaCl at pH 7) were
applied on TEMPO oxidized cellulose.’
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Figure B-7 Never-dried wet adhesion of ADH-CMC modified cellulose laminated with

dextran derivatives.

186



Ph.D. Thesis - Dong Yang McMaster University — Chemical Engineering

Discussion

In previous chapters, both degradable microgel adhesives and degradable polymer
adhesives for wet cellulose materials were demonstrated. Some important properties of
these wet adhesives are listed in Table B-4, including their required dosage, wet adhesion
performance, the degradability and their responsive properties. For microgel adhesives
with labile hydrazides (Chapter 4), the advantages are their high never-dried wet
adhesion and their excellent degradability (75 %) in response to reductants.® The
disadvantages are their high required dosage (30 mg/m?) and the high content of disulfide
bonds and hydrazides.

In Chapter 5, we improved the degradable microgel adhesives by 1> using a commercial
wet strength resin polyamide-epichlorohydrin (PAE) to replace the grafted adhesive
hydrazides, and 2> using microgel with labile crosslinks to reduce the density of
disulfides. However, as the result of these changes, the degradability of wet adhesion was
decreased to < 40%. A high lamination temperature (85 °C) was required to improve the
degradability of wet adhesion to approximately 50%.

In Chapter 7, polyvinylamine (PVAm) with controllable cohesive bonds was synthesized.
The advantages of cohesive PVAm are their high cellulose wet adhesion (40 N/m) and
the low dosage at adhesive joints (10 mg/m?). However, only < 50% of the wet adhesion
was degradable in response of sorbital and pH change.

In this work, CMC with labile hydrazides were used to modify the surface of regenerated
cellulose. Oxidized dextran was applied between CMC-modified cellulose to form a
layer-by-layer structure in adhesive joints (Figure B-2). There are many advantages of
this wet adhesive system. First, no cellulose oxidation is needed to enhance the wet
adhesion. Second, the degradability of wet adhesion is excellent - as high as 90%.
Compared with microgel adhesives, the dosage of this adhesives is low, and less
disulfides or hydrazides are needed in adhesives. In the following study, we will work on
further improving the once-dried and never-dried wet adhesion of this layer-by-layer
adhesive.
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Table B-4 Degradable cellulose wet adhesives. All results listed here are from laminates
prepared at room temperature.

Microgel with Degradable . CMC with
: ; Cohesive .
labile microgel- PVAM labile
hydrazides supported PAE (Chapter 7) hydrazides
(Chapter 4) (Chapter 5) b (Appendix B)
Oxidized Oxidized Oxidized Untreated
Cellulose
cellulose cellulose cellulose cellulose
. 1+1
AQheSIV'e at 2 Adsorbed 2 Adsorbed Adsorbed Layer-by-layer
laminate joints layers layers 1
ayers
~0.7 (CMC
Polymer ~30 ~30 ~ 10 (PVAm derivatives);
coverage (mg/m?) derivatives) ~ 5 (Dextran
derivatives)
Functional ~ 30 Disulfide; ~10 ~20 ~ 1 Disulfide;
groups (umol/m?) | ~ 30 Hydrazide Disulfide Boronic acid | ~ 1 Hydrazide
Once-dried wet
adhesion (N/m) ~20 ~30 ~ 40 ~20
. Reductant and Reductant and Sorbitol and Reductant and
Stimulus
pH pH pH pH
Degradability <75% < 40% <50% <90%
(%)
Never-dried wet
i [0)
adhe_5|on at 55% 12 4 3 13
solids content
(N/m)
Conclusion

1. In this study, regenerated cellulose was modified by hydrazide-derivatized CMC,
providing cellulose surface both anionic carboxyls and adhesive hydrazides.

2. Aldehyde-dextran were laminated with hydrazide-CMC modified cellulose as wet
adhesives. This layer-by-layer adhesive was one of the very few wet adhesives
showing both never-dried cellulose wet adhesion and once-dried wet adhesion
between non-oxidized cellulose surfaces.

3. Labile disulfide linkages were used to tether adhesive hydrazide groups on CMC,
which provided the wet adhesion excellent degradability — 90% of wet adhesion
was degraded in response to reductant.

4. Comparing to our previous degradable wet adhesives (Chapter 4, 5 and 7), this
layer-by-layer strategy showed many advantages: a) no cellulose oxidation pre-
treatment was required; b) adhesives dosage was low; c) less disulfide or

hydrazide groups were required.
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